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an expanded and updated second edition of Bioanalytical Chemistry. Over the past
decade, we have both read, in the primary literature, about enormous advances in
certain areas, including imaging and microfluidic devices. It had also been suggested
that an introductory chapter involving instrumental measurement principles and
methods would be helpful to readers. New chapters were warranted, and we have
included these in our second edition.

Traditional areas of bioanalytical chemistry, such as electrophoresis, chromatog
raphy and immunoassay, have also seen surprising and significant developments. An
enormous development in 2D electrophoresis, involving the simultaneous separation
of two or more cell lysates on a single gel, has provided a quantum leap for proteo
mic studies. Nanoparticles, quantum dots and new polymers have seen many appli
cations to biomolecule separation and quantitation. We have attempted to provide an
introduction, as well as leading references, to these areas in our second edition.

The Argentine-Canadian collaboration of the authors began in the mid-1990s as
a result of mutual interests in bioanalytical chemistry research and teaching. Over the
years, despite the advantages of modern telecommunications technology, we have
found that travel is both necessary and beneficial, especially when the final stages of
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Preface to First Edition

The expanding role of bioanalytical chemistry in academic and industrial environ
ments has made it important for students in chemistry and biochemistry to be intro
duced to this field during their undergraduate training. Upon introducing a
bioanalytical chemistry course in 1990, I found that there was no suitable textbook
that incorporated the diverse methods and applications in the depth appropriate to an
advanced undergraduate course. Many specialized books and monographs exists that
cover one or two topics in detail, and some of these are suggested at the end of each
chapter as sources of further information.

This book is intended for use as a textbook by advanced undergraduate chemis
try and biochemistry students, as well as bioanalytical chemistry graduate students.
These students will have completed standard introductory analytical chemistry and
biochemistry courses, as well as instrumental analysis. We have assumed familiarity
with basic spectroscopic, electrochemical and chromatographic methods, as they
apply to chemical analysis.

The subject material in each chapter has generally been organized as a progres
sion from basic concepts to applications involving real samples. Mathematical
descriptions and derivations have been limited to those that are believed essential for
an understanding of each method, and are not intended to be comprehensive reviews.
Problems given at the end of each chapter are included to allow students to assess
their understanding of each topic; most of these problems have been used as exami
nation questions by the authors.

As research in industrial, government and academic laboratories moves toward
increasingly interdisciplinary programs, the authors hope that this book will be used
to facilitate, and to prepare students for, collaborative scientific work.

SUSAN R. MIKKELSEN

EDUARDO CORTÓN

Waterloo, Canada
July 2003
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Chapter 1

Quantitative Instrumental
Measurements

1.1. INTRODUCTION

This chapter introduces the basic principles underlying many common methods of
signal transduction. This term is used to describe the conversion of one type of
energy to another. Generally, analytical specialists use the term transducer to
describe the conversion of a concentration (or mass) into a useful electronic signal,
which is ultimately almost always a voltage. This voltage is related to the concentra
tion (or mass) of the analyte, or species of interest, in the original sample. The spe
cies that can be measured by one or more of these methods is not always the analyte
itself; for example, if the analyte is an enzyme or other catalytic species, the deple
tion of reactants or accumulation of products is assessed based on their own unique
properties.

Transduction can be accomplished in many different ways, and the choice of the
best method depends on which of many possible physical properties are exhibited by
the measured species. In this chapter, we consider the three main types of transduc
tion that are widely used in instrumental methods in bioanalytical chemistry. The
conversion of light into current is performed by photodiodes or photomultipliers,
and this current is then electronically converted into a voltage that is proportional to
the intensity of the light. Electrochemical and surface plasmon resonance transducers
convert chemical energy into a measured voltage or into a current that is subse
quently converted to a voltage. Scintillation counters, used in many radiochemical
methods, first convert beta-particle radioactivity to light, and the light is detected
using photodiodes or photomultipliers. Thermal transducers, used for calorimetry,
convert heat into current (and then voltage).

Considerations for the choice of a transduction method include the uniqueness
of the various measurable properties of the measured species, since it is often present
in a complicated sample matrix. The matrix is the surrounding environment, and
includes all other components present in the sample. Matrix components can inter
fere with measurements in direct or indirect ways: a matrix component may exhibit a

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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2 Chapter 1 Quantitative Instrumental Measurements

similar physical property to the analyte, and interfere with analyte measurement;
also, a matrix component may interact with the analyte, changing the nature of its
physical property and/or the magnitude of its resulting signal.

This chapter is intended as an introduction and brief review of common trans
duction methods used in bioanalytical chemistry. More detailed descriptions of
applications and instrumental variations will be found within specific chapters of
this book, where more specialized adaptations are described for specific assay
methods.

The reader is referred to two excellent analytical chemistry textbooks for greater
depth of coverage of most of the basic descriptions given in this chapter, as well as
two excellent review articles for more information on thermal measurement meth
ods, listed at the end of the chapter.

1.2. OPTICALMEASUREMENTS

The majority of quantitative optical methods make use of light that is either absorbed
or emitted in the ultraviolet and visible regions of the electromagnetic spectrum.
These regions formally correspond to wavelengths of 1.0× 10-8 to 7.8× 10-7 m, and
are more commonly expressed in nm units (10 to 780 nm). The far UV region, also
called the vacuum UV region, is generally not analytically useful, but the near UV
and the visible regions are widely used.

The colours that surround us result mainly from wavelength-selective visible
light absorption by molecules present in the items that we see. However, differences
between species, and between individuals within a species, cause the wavelength
range of visible light, and the colours within this range, to be perceived differently.
Common examples are bumblebees, that have blue-shifted visible ranges, and
hummingbirds, that have red-shifted ranges. For this reason, standard wavelength
ranges have been defined for the different colours of the visible spectrum. For
example, blue light is defined as the 440–470 nm range, and if blue light is absorbed,
its complementary colour, orange, is observed. Similarly, if green light
(500–520 nm) is absorbed, purple is the observed colour. Many compounds absorb
light at multiple wavelengths, and it is the combination of complementary colours
that we observe.

The relationship between wavelength, frequency and energy of light is shown
below:

E hυ hc=λ; (1.1)

where E is the energy of the light, h is Planck’s constant (6.626× 10 34 J s), υ is the
frequency of the light (s 1), λ is the wavelength of the light (m), and c is the speed of
light (2.998× 108 m/s in a vacuum, and this number is divided by the refractive
index n for any other medium). This relationship connects the two key concepts that
light is both a particle (a photon with energy E) and a wave, with frequency υ and
wavelength λ.
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In the visible and near UV regions of the spectrum, molecules absorb and emit
light as their electronic configurations change. For example, electrons convert
between paired and unpaired states, or between bonding and non-/antibonding orbi
tals. These conversions are accompanied by energy gains or losses as the molecule
absorbs or emits a photon. Depending on molecular structure, as well as many other
factors including solvent, pH and temperature, fixed electronic energy levels exist,
and only photons of particular energies (wavelengths) can be absorbed or emitted.
Associated with each electronic energy level are vibrational and rotational energy
levels, which are separated by much smaller energy differences. Isolated vibrational
or rotational transitions can be made to occur using infrared or microwave radiation,
which have much lower energy. But the electronic transitions that occur in the UV-
visible region are accompanied by vibrational and rotational transitions, and this
means that a range of wavelengths can be absorbed by molecules, shown in Eq. 1.2:

ΔERot; (1.2)ΔET ΔEElec ΔEVib

where, for a given electronic transition, the total energy ΔET of the photons absorbed
is the sum of the energy required for the electronic transition itself, ΔEElec, which is
fixed, plus the energy changes associated with multiple possible vibrational and rota
tional transitions, ΔEVib and ΔERot. This means that, for any given electronic transi
tion, molecules absorb or emit a fairly wide range of wavelengths, centered on a
wavelength of maximal absorption or emission. For molecules absorbing or emitting
light in the near UV and visible regions, the range of wavelengths can be as large as
100 nm for a given electronic transition, because of these accompanying vibrational
and rotational transitions.

1.2.1. UV-Visible Absorbance

A simple spectrophotometer, an instrument for measuring absorbance, consists of a
light source, a monochromator (or filter), a sample compartment and a light detector,
all of which are enclosed to prevent interference from ambient light. These compo
nents are shown as a block diagram in Figure 1.1. Typically, the light source is a
tungsten filament lamp (for the visible region) and/or a deuterium lamp (for the UV
region); both of these sources emit continuous radiation over a wide range of wave
lengths. Wavelength selection can be accomplished using filters, for repetitive fixed-
wavelength measurements, or a monochromator containing a diffraction grating or
prism, that allows adjustment of wavelength as well as wavelength scanning. The
quality of the filter or monochromator determines the width of the wavelength range
in the light beam that exits the device and is directed into the sample. Analyte solu
tions are contained in a cuvette (or cell) made of a material that is transparent to the
wavelength(s) of interest, such as quartz, glass or polystyrene. Light detection may
be accomplished using a photomultiplier tube, a photodiode, or a photodiode array
(in which the spatial distribution of light of different wavelengths allows nearly
instantaneous acquisition of a complete spectrum).
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Figure 1.1. Block diagram of a simple UV-Vis absorption spectrophotometer.

Many variations of this simple design have been introduced for specialized
applications. For example, dedicated instruments may employ an inexpensive light-
emitting diode as the light source, a combination of absorption and interference fil
ters for wavelength selection, or a flow cell in which a solution continuously flows
past the light beam. In all cases, the instruments are designed to measure the absorp
tion of light by an analyte.

The intensity, or power, of the incident monochromatic beam of light is given
the symbol PO, and the light intensity that exits the sample compartment has the
symbol P. Commonly, PO is measured using a reagent blank solution, i.e. a solution
containing all of the components of the sample solution except the analyte. Transmit
tance, T, is the ratio of these values (P/PO), and may be expressed as this simple
ratio, with a value between zero and one, or as a percentage that ranges from zero to
one hundred.

As the concentration of the analyte in the sample cell is increased, the transmit
tance decreases, but the dependence of transmittance on concentration is not linear.
For quantitative purposes, transmittance values are converted to absorbance (A) val
ues as follows:

A log T log Po=P (1.3)

Absorbance increases linearly as analyte concentration is increased. It also
increases linearly with the distance through which the light beam travels in the sam
ple; this is called the path length and is given the symbol b. The Beer-Lambert Law
(Eq. 1.4), also called Beer’s Law, is the most important relationship in quantitative
spectrophotometry.

A εbc (1.4)

In this relationship, absorbance A depends linearly on analyte concentration c
with two proportionality constants: b, the path length, and ε, the molar absorptivity
of the analyte. Absorbance is unitless, and so the units of ε are generally M-1cm-1,
when analyte concentration is in molar units and path length is expressed in cm.

Absorbance is additive. If there is more than one absorbing species present in a
solution, the total absorbance at a given wavelength is the sum of the absorbances of
the individual species at that wavelength. This property is analytically useful for the
quantitation of multiple absorbing species, if the molar absorptivities are known at
multiple wavelengths. The concentrations of two components, for example, can be
determined by measuring absorbances at two wavelengths, at which the molar
absorptivities of the two components are known.
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Absorbance spectra, plots of absorbance against wavelength, are used to deter
mine the best wavelengths for analyte quantitation. A maximum, or peak, in this plot
indicates the wavelength at which ε has its highest value, and at this wavelength, the
slope of the calibration curve of A vs. c (the sensitivity) will be maximal. There may
be several peaks in an absorption spectrum; the choice of the best wavelength to use
for quantitation depends on both the molar absorptivities at the peaks and the likeli
hood of interfering species absorbing light at the chosen wavelength.

Most bioanalytical methods focus on analytes that are present in aqueous solu
tions, and most of these analytes have charge states that are pH dependent. Absorp
tion spectra can change quite dramatically as pH is varied, because the electronic
energy levels change with the protonation state of the molecule. Molecules contain
ing carboxylic acid and amine groups, for example, exhibit pH-dependent absorption
spectra. Some of the most dramatic examples of this effect are found in small mole
cules that are used as visible indicators in pH titrations. Control of the pH of the
analyte and standard solutions is thus critical.

Molar absorptivity also depends on temperature, ionic strength and solvent. Its
value, if needed, is commonly determined from the slope of a plot of absorbance
against concentration, using a calibrated cuvette with a known path length.

1.2.2. Turbidimetry (Light-Scattering)

These methods employ the same instruments used for absorbance spectro
photometry. They are applied to turbid solutions, meaning that the solutions appear
cloudy due to suspensions of particulate matter. The particles can be cells or precipi
tates formed by reactions. An apparent absorbance value is measured, for which the
scattering, rather than the absorption of light is the cause. Often the term “optical
density” is used rather than absorbance. Light scattering tends to increase as the
wavelength decreases toward the UV region of the spectrum, but absorbance, rather
than scattering, also increases at lower wavelengths. Turbidity is typically measured
at a wavelength near 540 nm, where absorbance is rare. Optical density depends on
particle size, and, for a constant particle size and low concentrations, is linearly
related to particle concentration.

Cells in suspension are often quantitated by turbidimetry. Calibration is required
for each species, by correlation with plate counts, or colony-forming units. A second
area of wide application involves latex particles that are surface-modified to react
with a soluble analyte. This causes clumping of the particles, or a growth in average
particle size, allowing the quantitation of the soluble analyte by turbidimetry. These
latex agglutination tests are discussed in more detail in Chapter 6.

1.2.3. Fluorescence

The instruments used for fluorescence spectroscopy are more complicated than those
used for absorbance measurements. They use a very high-intensity light source, such
as a xenon arc lamp, and they require two monochromators, as shown in Figure 1.2.
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Incident monochromatic radiation is used to excite the analyte, i.e. to change its
energy from the ground to an excited electronic state. This incident light is direc
tional, meaning that a beam of light is directed through the sample. During the life
time of the excited state, which is typically 0.01–100 μs, the molecule rotates and can
lose vibrational and rotational energy through radiationless deactivation. Emission of
a photon then allows the molecule to return to the ground electronic state. Emitted
photons are generally of lower energy (longer wavelength) because of radiationless
deactivation. The difference between the excitation and the emission wavelengths is
called the Stokes shift. For instruments that are used only for fluorimetry, P is not
measured, and this light is simply absorbed by the flat black internal walls of the
instrument housing. In some instruments, Po is measured as a reference signal (in
case of fluctuations in lamp intensity) using a beam splitter and a reference light
detector; with this configuration, the sample emission is related to Po, and this pro
vides improved precision.

Figure 1.2. Block diagram of a simple spectrofluorimeter.

From a quantitative perspective, the finite lifetime of the excited state is very
significant. Excited state molecules rotate randomly, and when photons are emitted
by fluorescent molecules in solution, they are emitted in all directions. This means
that emitted light can be collected at right angles to the incident excitation beam, and
this is the common detection geometry for stand-alone fluorescence instruments.
This collection geometry minimizes background light that reaches the detector. This
geometry has important analytical implications: for fluorescent molecules, quantita
tion by fluorescence can be as much as 1000-fold more sensitive than quantitation by
absorbance.

The appropriate fixed wavelengths for the two monochromators are chosen
by sequentially scanning wavelengths with each device to obtain excitation and
emission spectra. An excitation spectrum is obtained by monitoring the emission
at a fixed wavelength, and scanning the excitation wavelengths; it is a plot of
emission intensity against excitation wavelength. A maximum in the excitation
spectrum indicates the appropriate fixed wavelength to use in order to obtain the
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emission spectrum. The emission spectrum is acquired by fixing the excitation
wavelength and scanning the emission wavelength; it is a plot of emission
intensity against emission wavelength. For a new analyte, an absorbance spec
trum may be acquired initially, to aid in the selection of an appropriate excita
tion wavelength.

Once these wavelengths have been determined, the monochromators are fixed at
these values, and a calibration is performed. At low concentrations of fluorescing
species, fluorescence intensity is directly proportional to concentration. The propor
tionality constant (or the slope of the calibration curve) depends on many factors
including molar absorptivity and quantum yield of the analyte, as well as a number
of instrumental parameters that determine how much light is collected and how
monochromatic it is when it is detected.

A molecule’s quantum yield is the ratio of the number of molecules that emit a
photon to the number of molecules that are in the excited state. The value lies
between zero and one, with one representing the most fluorescence. Structurally
rigid, aromatic molecules and functional groups (and some amino acid side chains)
tend to exhibit strong fluorescence. Factors such as solvent, pH, dissolved oxygen
concentration and temperature also affect fluorescence.

Self-absorption is a phenomenon that occurs when the concentration of the fluo
rescent species is high. Under these conditions, emitted light is absorbed by nearby
fluorescent molecules that are not already in an excited state. Calibration curves that
extend to high concentrations generally exhibit a linear region, at low concentration,
followed by a maximum and then a continuous decrease in fluorescence intensity as
concentration increases.

Quenching of fluorescence can occur when a different molecular species is able
to absorb photons that are emitted by a fluorescent molecule. This concept has been
used in a number of important bioanalytical methods and devices that are described
in later chapters.

Specialized fluorescence measurement methods include time-resolved fluo
rescence and fluorescence polarization, and are largely employed when fluores
cent labels are used in homogenous immunoassays. In these methods, the
persistence of fluorescence with time, or the polarization of the light emitted
after excitation by polarized light, is measured. For certain useful labels, these
properties change significantly when the fluorescently-labelled molecule inter
acts with its binding partner.

1.2.4. Chemiluminescence and Bioluminescence

Excited-state molecules can be generated as products of chemical or bio
chemical reactions. When the excited-state reaction products return to their
ground states, photons are emitted at characteristic wavelengths. A well-known
example of bioluminescence involves the firefly: the enzyme luciferase gener
ates an excited-state product, and when the product molecules emit photons, the
fireflies glow in the dark.
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The instrumentation needed for these measurements is very simple: a housing
painted flat black on the inside, containing a sample compartment, light collection
optics and a light detector such as a photomultiplier tube or photodiode. Filters and
monochromators are possible, but are generally not needed for bioanalytical
measurements.

The signal obtained from chemi- and bioluminescence measurements is funda
mentally different from that obtained from fluorescence measurements. Instead of
the continuous absorption and emission of photons, as occurs in fluorescence, pho
tons are produced stoichiometrically, as products of the (bio)chemical reaction. For
this reason, a limited number of photons are produced, and can be detected, with
these methods, and when the reaction has proceeded to completion, no further pho
tons will be produced.

Instruments used for these measurements generally allow the integration of the
signal from the light detector. When signal integration is performed for a fixed time
interval following the start of the reaction, these integrated signals are proportional to
the reaction rate and thus to the concentrations of reactants.

1.3. ELECTROCHEMICALMEASUREMENTS

This family of measurement methods is based on reduction-oxidation (redox)
reactions in which one or more electrons are stoichiometrically transferred from a
reduced species to an oxidized species. These types of reactions are widespread in
biological and biochemical systems, and are the basis of respiration in living orga
nisms. Aerobic organisms, after a long series of enzyme-catalyzed redox reactions,
ultimately transfer electrons to molecular oxygen, reducing it to water.

An overall, or net, electron transfer reaction can also be made to occur through
an external circuit that separates two containers, each containing one of the two reac
tants. An electrode, made of an inert material such as platinum or carbon, is placed in
each container, and if these two electrodes are connected with, e.g. a copper wire,
electrons will flow from the container containing the reduced form to the one con
taining the oxidized reactant. The circuit is completed by a salt bridge that allows the
movement of ions from the container with the oxidized reactant to that with the
reduced reactant, to compensate for electron flow and maintain electroneutrality.
Thus, electrons flow through the external circuit, while ions flow between the solu
tions. The transduction event, the conversion of ion current into electronic current,
occurs at the surfaces of the two electrodes, where electrons are either accepted from
or donated to the reacting species in the solutions.

In each of these two containers, a half-reaction (either an oxidation or a reduc
tion) occurs. When the two reactions are balanced for the number of electrons trans
ferred, and then summed, a net, or overall cell reaction is obtained. The standard
reduction potential, Eo, and the formal reduction potential, Eo

’, of each of the two
half reactions are thermodynamic properties that indicate the propensity of the reac
tant to either accept or donate electrons. The standard reduction potential value
applies to unit activities of the reacting species, and is not widely used for biological
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systems. The formal reduction potential, however, is widely used, and values are
based on specified conditions of pH, temperature and ionic strength. These values
are widely available in tables.

For analytical purposes, we are generally interested in only one of the two half-
reactions, but the second half-reaction is needed to complete the circuit to allow the
measurement to occur. The second half-reaction can be made to occur under constant
conditions in a reference half-cell, also called a reference electrode, that is contained
in, typically, a small glass tube that is separated from the analyte solution by a
porous glass frit, which acts as a salt bridge, allowing the movement of ions. Various
geometric options exist for the manufacture of electrochemical cells, including
screen-printing of both electrodes/half cells onto flat plastic, disposable substrate
materials that are very useful for the measurement of blood glucose and lactate levels
when a drop of blood is placed onto the surface, connecting the two electrodes via
the mainly aqueous liquid.

The key equation for most electrochemical measurements is the Nernst Equation
(Eq. 1.5), which, when constants are evaluated for 25 °C and collected into one term,
simplifies to Eq. 1.6:

(1.5)

; (1.6)

E Eo’ RT=nF ln R = O Eref

E Constant 0:05916 log R = O

where R is the Rydberg constant, T is absolute temperature, F is Faraday’s constant
and n is the number of electrons involved in the reduction of the oxidized species, O,
to the reduced form, R:

-O n e R: (1.7)

Strictly, activities, rather than concentrations, exist in the Nernst Equation; the
activity coefficients are also collected into the Constant term of Eq. 1.6. In these
expressions, E (on the left side) represents the net cell potential, in volts, and this is
the driving force for the overall reaction. It is important to note that E is related to the
logarithm of the concentration ratio.

Typically, in biochemical or organic chemical redox reactions, protons, as well
as electrons are involved in half-reactions:

-O mH n e R; (1.8)

where m is the stoichiometric factor for protons in the reaction, and often, m has the
same value as n. Because of this pH dependence, and because standard conditions
involve unit activity of reactants (i.e. 1 M acid, or a pH of zero), formal reduction
potentials, Eo

’, are used, and are determined by measurements made when [O]= [R],
under specified conditions of pH, temperature and ionic strength. Buffers are used to
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maintain constant pH, and thus pH-related terms in the Nernst Equation are collected
into the value of the Constant shown in Eq. 1.6.

For analytical purposes, it is generally unnecessary to know the exact values of
Eo
’ or Eref, as long as they are constant, since calibration curves are generated.

1.3.1. Potentiometry

Potentiometric methods employ a high-impedance voltmeter to measure the
value of E while preventing the overall cell reaction from occurring to any sig
nificant extent.

The most widely familiar example of potentiometric measurement involves the
combination pH electrode. In this device, two reference half cells are incorporated
into a single probe, using concentric tubes. The half cells are connected by a porous
glass frit, exposed to the external solution. The key element in the pH electrode is a
glass membrane that separates one of the reference half-cells from the external (ana
lyte or calibration) solution. The glass membrane allows the selective transport of
protons (hydronium ions) and thus incorporates an ion-selective connection between
the two reference electrodes. The ionic or solution connection is thus from one refer
ence electrode, through the glass membrane, through the analyte solution, through
the glass frit (salt bridge) into the second reference electrode compartment. If the
two reference electrodes are identical, any difference in proton concentration (pH)
on the two sides of the glass membrane generates a measurable, nonzero potential
difference that is calibrated to the pH of standard solutions.

The glass membrane of a pH electrode can be covered with a gas-only-perme
able membrane, trapping a thin layer of weakly buffered solution between the two
membranes. With this arrangement, dissolved gas present in the analyte solution can
cross into the thin layer. Due to their acid-base equilibria, both ammonia (NH3/
NH4

+) and carbon dioxide (CO2/HCO3
-) can be quantitated using these devices, in

which the measurement of the pH of the thin layer of solution is calibrated against
the concentration of the dissolved gas in the analyte solution.

Various other ion-selective membrane materials have been developed to allow
potentiometric measurements of anions and cations. With all ion-selective electro
des, calibration curves are constructed as plots of measured potential against the log
arithm of the ion concentration. At 25 °C, the slopes of these calibration curves are
equal to 0.05916/z V/decade, where z is the charge on the ion (e.g. ±1, ±2). Thus, a
Ca2+ ion-selective electrode will produce a slope of +0.02958 V/decade, while a Cl

electrode will yield a slope of 0.05916 V/decade.

1.3.2. Amperometry

Amperometric measurements involve the application of a potential E to the cell
(Eq. 1.6), to control the [R]/[O] ratio at the surface of the working, or indicator elec
trode (where the reaction of interest occurs). If this dictated ratio is different from the
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ratio existing in the solution, current flows, and current is the measured parameter.
The reactions only occur at the electrode surfaces, and not in the bulk of the solution,
so transport of the analyte to the working electrode surface is a key factor in deter
mining the magnitude of the current that is measured. Flowing or stirred solutions
can be used to enhance mass transport.

Electrodes used for amperometry are good conductors, such as platinum, gold or
different forms of carbon. They may be thinly coated with a blocking agent to pre
vent the adsorption of reactants, products or other constituents present in the analyte
solution that would cause fouling of the electrodes and thus decreased currents.

When the applied potential is sufficiently extreme, all analyte that reaches the
working electrode surface reacts. Under these conditions, the measured current is
directly proportional to analyte concentration. Current may also be integrated for a
defined period of time, to provide the total charge consumed during this integration
time. Charge is also directly proportional to analyte concentration.

One widely-used application of amperometry involves the Clark oxygen elec
trode. This small, self-contained device contains two electrodes, one of which con
verts molecular oxygen to hydrogen peroxide. An inner solution is separated from
the external analyte solution using a gas-permeable membrane, allowing only dis
solved gases to cross into the inner solution. The applied potential is controlled to
allow mass-transport-limited reduction of oxygen, and the resulting current is pro
portional to dissolved oxygen concentration in the external solution. Many enzy
matic reactions that consume oxygen (e.g. the oxidases) have been studied with the
aid of the Clark electrode.

1.3.3. Impedimetry

In bioanalytical chemistry, impedance measurements can be used to monitor changes
in the ionic strength, or conductivity of a solution as a result of a (bio)chemical
reaction. In weakly-buffered solutions, reactions that produce or consume ions can
be monitored by impedimetry.

With these methods, a small, alternating (sinusoidal) voltage is applied across
two electrodes that are present in the solution. This alternating waveform is centered
on zero volts, and its small peak-to-peak magnitude ( 50 mV) and high frequency
(kHz) prevent redox reactions from occurring at the electrode surfaces. Instead, it is
the movement of ions present in the solution that provides the basis for the measure
ment. Ions migrate toward the oppositely-charged electrode, changing direction
when the polarity of that electrode changes. The magnitude and phase of this alter
nating ion current are measured, and often just the ac magnitude is used for
quantitation.

Fundamental relationships exist between solution conductivity and ion type and
concentration; however, these are not used in practical quantitative methods. Cali
brations are performed, and it is generally the change in alternating current magni
tude that occurs during a defined reaction time, rather than its absolute value, that is
used for quantitation.
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1.4. RADIOCHEMICALMEASUREMENTS

Radioactive isotopes of the elements contain unstable nuclear configurations due to
their numbers of neutrons, and undergo radioactive decay, to form more stable prod
ucts. Many radioactive elements have been used as labels in bioassays, including
isotopes of iodine, carbon, phosphorus, sulphur and hydrogen. While the use of
radioisotopes has been decreasing with the introduction of alternative, less hazardous
labels, radioisotopes are still used in a number of methods.

Radioactivity is characterized by the type of decay as well as the half-life of the
radioactive element. The major types of radiation are called alpha (α), beta (β) and
gamma (γ). Of these, the emitted β and γ forms of radiation are useful, due to the
elements used in bioassays. Isotopes of carbon (14C), phosphorus (32P), sulphur
(35S) and hydrogen (3H) emit β radiation, which consists of high-energy electrons.
These electrons are detected by scintillation counting. Radioactive iodine (125I) is
also used as a tracer in bioassays and metabolic studies; it emits γ radiation, which
has no mass or charge, but is detectable using a Geiger counter.

The half-life of a radioisotope is the time required for half of the atoms to decay
to their more stable products, and this value is a characteristic constant for each
radioisotope. For the elements of interest in bioassays, the half-lives are: 5715 years
(14C), 14.3 days (32P), 87.2 days (35S), 12.3 years (3H) and 59.9 days (125I).

1.4.1. Scintillation Counting

This method involves the capture of β particles in a liquid or solid scintillator. The
function of the scintillator is to convert these high energy electrons into light that is
detected using a photomultiplier tube or photodiode. Liquid scintillators are solu
tions that usually contain more than one organic species that can both absorb the
energy of the β particle and then emit light at a characteristic maximum wavelength.
Solid scintillators consist of these types of molecules dispersed in an otherwise trans
parent solid block.

Depending on their energies, β particles can penetrate a few centimetres to several
metres into a surrounding medium, and their capture results in the excitation of scintillator
molecules, which release this energy as photons, as they return to their ground states.

Modern instruments for scintillation counting employ coincidence detection, in
which two light detectors are used. The detectors are placed in different locations
near the scintillator, and a signal is registered only when both detectors simulta
neously provide a nonzero signal. This arrangement has greatly improved both the
sensitivities and the detection limits of scintillation-based bioassays, since random
non-analyte signals are minimized.

1.4.2. Geiger Counting

Geiger counters are used to detect γ radiation, which has a lot of energy, but no mass
or charge. This device, called a Geiger-Mueller tube, consists of a housing that
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contains polarized inner electrodes, an anode and a cathode. The tube is filled with a
mixture of ionizable gases such as argon and neon. The cathode is a hollow metal
cylinder of large area, while the anode is typically a wire located in the centre of the
cylindrical cathode.

The γ radiation penetrates the housing of the tube and collides with the glass or
metal walls or electrodes, causing the ejection of electrons that collide with the gas
molecules, causing their ionization due to the loss of outlying electrons. These
reactions result in the formation of cations and electrons in the gas phase, and
because of their positive and negative charges, migrate to and are captured by the
electrodes. This results in a measurable current in an external circuit. These devices
are very sensitive, and produce current spikes as random collections of individual
events are detected. The amplified audio version of these current spikes are the com
mon experience of those familiar with these devices.

Different Geiger counter designs are used for detection of γ radiation in air and
for immersion in liquid samples.

1.5. SURFACE PLASMON RESONANCE

This method is used to detect and follow binding reactions that occur on a surface. It
is largely used for research on the thermodynamic and kinetic properties of associa
tion/dissociation reactions, but practical applications to quantitative binding assays
and biosensors have been suggested.

This is an optical detection method, in which the angle of reflection of a polar
ized and generally monochromatic light beam is influenced by the refractive index of
a very thin layer of material bound to a very thin ( 50 nm) layer of a metal, which is
often gold. The surface-bound layer is on one side of this thin, planar film, while a
glass prism is present on the other side.

The principles of SPR are illustrated in Figure 1.3. Light is directed onto one
side of the prism. It refracts at the air-glass interface, partially reflects off of the gold
film, and travels out the other side of the prism, refracting once again at the glass-air
interface. A position-sensitive light detector, such as a photodiode array or a CCD
camera, is used to monitor both the intensity and angle of the exiting light beam.

The surface plasmon phenomenon involves the excitation of electrons present at
the interface between the conducting material (the gold film) and an insulating layer
bound to the surface opposite the prism. As the incident light angle is varied, a criti
cal angle is reached at which light is absorbed at the interface, creating surface plas
mons. At this surface plasmon resonance angle, a minimum is detected in the
intensity of reflected light. The angle at which the minimum occurs is dependent
upon the refractive index of the layer of surface-bound material.

As the incident light angle is scanned, light intensity is measured, and data are
plotted as intensity against incident angle. From these data, the resonance angle is
determined. Since the resonance angle depends on the refractive index of the sur
face-bound layer, and this depends on what is bound to the surface, any change in
angle indicates a change in the nature of the layer.
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Figure 1.3. Instrumental principles for simple surface plasmon resonance measurements.

Association/dissociation reactions, with one binding partner immobilized on the
gold surface (often with the aid of a thin polymer coating to allow covalent binding
of one reactant), have been studied using this method. The change in resonance angle
can be of the order of 0.1 degree, but instruments are able to measure changes as
small as ten microdegrees. Because the resonance angle is sensitive to potentially
fluctuating experimental parameters such as temperature and flow rate, a second
complete flow cell with a second chip and detection system is used to provide a ref
erence measurement, and the differences between the sample and reference measure
ments are recorded.

These sensor chips, as they are called, are often employed with a specially
designed flow cell, to allow the continuous flow of buffer containing introduced
quantities of the solution-phase binding partner across the surface opposite the
prism. Binding reversal, and regeneration of the original surface conditions, allows
multiple measurements using the same chip.

Challenges with this method include the need for strict temperature control and
the elimination of nonspecific binding (adsorption) of solution-phase species that do
not interact with the surface-bound binding partner, but stick to the surface of the
chip. Another present obstacle involves the expense of the chips, but manufacturing
advances may occur to lower these costs, making this transduction method more
practical for routine assays.

1.6. CALORIMETRY

Calorimetry involves the measurement of heat. Bio(chemical) reactions may be
either exothermic or endothermic, and involve the release or absorption of heat.
These reactions result in an increase or decrease in the temperature of the reaction
medium. The rate of change of temperature with time is proportional to the rate of
the reaction. Two possibilities exist for measurement: temperature change can be
monitored as a function of time, using a thermally-jacketed reaction cell, or the
reaction medium can be maintained at constant temperature with measurement of
the energy required to do this, again as a function of time.
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These methods can be used to study protein-ligand interactions, protein unfold
ing and denaturation, DNA denaturation, DNA/protein/lipid-drug interactions, drug-
delivery agents, the incorporation of drugs into nanoparticles, lipid phase transitions,
antimicrobial drug mechanisms of action as well as drug purity and thermal stability.
Their introduction into the bioanalytical fields has resulted from improvements in
sensitivities and detection limits, because limited quantities of biomolecules are
commonly available for these studies.

1.6.1. Differential Scanning Calorimetry (DSC)

Older DSC instruments used adiabatic measurements, meaning that heat transfer
between samples and their environments was absent or at least minimized by thermal
jackets. Since then, it has been shown that non-adiabatic systems can be used to
improve baseline stability and reproducibility.

Modern DSC instruments employ microcells such as capillaries, so that no tem
perature gradients exist across a sample (large surface area/volume ratio), and
employ a power compensation method to monitor the difference in power required
to maintain sample and reference cells at the same temperature. Temperature is scan
ned and, since equilibrium conditions are implied by the equations used for subse
quent calculations, slower scan rates are preferred (a very slow scan rate for DSC is
0.1 °C/min). There is a tradeoff, however, since slower scan rates yield smaller sig
nals and require more sensitive measurements. Some instruments can simultaneously
monitor multiple samples against the same reference solution.

The difference in power required to maintain sample and reference solutions at
the same temperature is used to calculate the excess heat capacity of the sample over
the reference solutions, as a function of temperature, as temperature is scanned. The
excess heat capacity is plotted against temperature in a thermogram (or thermoana
lytical curve). The thermogram exhibits a negative-going peak for an exothermic
reaction, and a positive-going peak for an endothermic process.

Simple two-state transitions, with no cooperativity, yield flat baselines with
symmetric peaks in their DSC thermograms. The peak maximum occurs at Tm, the
transition midpoint temperature, and the area under the peak yields the enthalpy of
the transition (ΔH). Because, at Tm, the Gibbs free energy (ΔG) of the transition is
zero, and since ΔG=ΔH TmΔS, entropy (ΔS) can also be calculated as the ratio of
ΔH/Tm.

Most biological systems exhibit sloped baselines with asymmetric peaks, due to
multiple states during the transition and/or cooperative association/dissociation pro
cesses. Many studies have investigated the deconvolution of the resulting thermo
grams, and some have applied the peak width at half-height, ΔT1/2, to determine the
number of states, their fractional occupancies, and the cooperativity of a given over
all transition.

Bioanalytical applications of DSC are generally concerned with changes in Tm

values with, for example, solvent conditions, pH values and concentrations of analy
tes, rather than the absolute values of Tm and its associated thermodynamic



16 Chapter 1 Quantitative Instrumental Measurements

parameters. Comparisons of different drugs, for example, can be used to determine
which drug binds more strongly to a given protein, causing stabilization (or destabi
lization) of its fully folded state. Similarly, stabilization of double-stranded DNA
towards denaturation by intercalating anticancer drugs can be studied by DSC. DSC
applications do not extend to the determination of concentrations of biomolecules.

1.6.2. Isothermal Titration Calorimetry (ITC)

Instruments for ITC are designed to maintain sample and reference solutions at con
stant temperature during the course of a titration. Sensitive temperature difference
measurements and an electronic feedback loop are used to introduce or remove heat
from the sample solution during the course of the titration as reagent is added. Instru
ments measure the input of power as a function of time, and values are corrected for
the volume of titrant added to the sample cell. Each aliquot of reagent causes a spike
of power, and the integration of a power spike with respect to time results in a value
for the heat liberated or evolved as a result of each reagent addition. Cumulative
integration of spikes allows a titration curve to be plotted, from which thermo
dynamic parameters and reaction stoichiometry can be determined.

Applications of ITC include the determination of association constants over a
very wide range (102 to 1012 M-1), reaction mechanisms, and the study of enzyme
kinetics and inhibition.

1.7. AUTOMATION: MICROPLATES, MULTIWELL LIQUID
DISPENSERS ANDMICROPLATE READERS

Automation of bioanalytical methods has developed along with individual reaction
and measurement principles. Many methods have been adapted for use with micro-
plates and their associated hardware/software systems to allow simultaneous
reactions and measurements on large numbers of samples.

Microplates are disposable, molded, hollow plastic trays of approximate dimen
sions 12.8× 8.5× 1.4 cm, that possess wells in which reactions occur. The number of
wells per plate may be as few as 6 or as many as 1536 (6, 24, 96, 384, and 1536 well
plates are in use; while 3456 and 9600 well plates are being developed) with corre
sponding well volumes of several mL down to tens of nL. Wells are arranged in a
3× 2 pattern: e.g. a 6-well plate is arranged as 3 columns by 2 rows, a 96-well plate
(the most commonly used at this time) has 12 columns by 8 rows, and a 1536-well
plate has 48 columns and 32 rows. Ultra-high-density microplates currently under
development have 72× 48 wells (3456) and 120× 80 wells (9600). Wells are usually
circular in top view, but may be square for certain applications (for sample storage,
square wells provide better seals with their corresponding covers). Wells are about
1 cm deep and may be flat-bottomed, hemispherical or conical. Disposable well
inserts are available for lower density microplates, for purposes that include filtration
and tissue culture. For microplate filtration, special swinging-bucket rotors are used
for centrifugation of balanced pairs of microplates that contain filtration inserts.
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Polystyrene is the most common material used for microplates, but many other
materials are also used, depending on the surface properties and detection methods
desired. Polystyrene may be modified by the addition of either titanium dioxide, for
opaque white microplates compatible with luminescence detection, or carbon, for
opaque black microplates used for fluorescence detection. Scintillating microplates
have also been developed. Inner well surfaces may be modified either for
deactivation towards nonspecific adsorption or to provide reactive surfaces for chem
ical modification.

In addition to polystyrene, polypropylene, polycarbonate and cyclo-olefin mate
rials are also available. Polypropylene microplates are used for applications involv
ing wide temperature variations (e.g. 80 to +100 °C). Polycarbonate is very
inexpensive and is useful for less extreme temperature variation (e.g. +4 to +90 °C).
Cyclo-olefin microplates have been introduced for measurements involving ultra
violet light, since the other materials are transparent to visible light in their
unmodified forms but absorb ultraviolet radiation. Polystyrene, polypropylene and
cyclo-olefin microplates are manufactured by injection-molding, while the softer
polycarbonate microplates are vacuum-formed.

Microplates can be used in conjunction with various robotic equipment and
multichannel detectors for automated, simultaneous multi-sample assays, commonly
referred to as high-throughput screening (HTS).

Pneumatic liquid dispensers, calibrated to accurately and precisely deliver equal
volumes of solution to each well, are available to simultaneously initiate and stop
reactions. Multichannel aspirators and plate washers are also used, along with
robotic devices for agitation (reagent mixing) as well as microplate movement,
stacking and incubation.

Microplate readers, or detectors, are mostly based on the optical principles of
absorption, fluorescence and bio(chemical) luminescence spectroscopy. Measure
ments may be sequential or parallel, and may involve complex monochromators or
simple wavelength selection filters. The introduction of ultra-high-density plates
with 3456 and 9600 wells has been limited largely by the pace of development of
microplate readers that have adequate quality and speed.

At present, a state-of-the-art, high-end microplate reader from one manufacturer
allows multiple modes of measurement (absorbance, fluorescence intensity, fluores
cence polarization, time-resolved fluorescence and luminescence), contains a dual
monochromator system, and allows kinetic measurements with 3456-well micro-
plates. For comparison, inexpensive microplate readers for UV-visible absorption
only are based on removable filters (a specific filter is purchased for the wavelength
of interest) and are useful for routine/repetitive measurements at this wavelength, for
example, if the same label is used in assays for routine screening of a library of
enzyme inhibitors, or if an absorbance-based assay is used for routine medical labo
ratory testing. Robotic options (liquid dispensing, stacking, incubating) as well as
software options are generally available.

Advances in this field are fast-paced, and are due largely to demand from the
pharmaceutical industry, for which the ultra-HTS screening of compound libraries is
of significant importance. The reader is advised to use the internet to determine the



18 Chapter 1 Quantitative Instrumental Measurements

current state-of-the-art in microplates, associated robotics, microplate readers and
data analysis software.

1.8. CALIBRATION OF INSTRUMENTALMEASUREMENTS

For any instrumental measurement, calibration of the instrument’s signal is critical.
While inputs, or independent variables (such as wavelength calibration for mono
chromators or applied potential calibration for amperometric devices) are calibrated
less frequently, the calibration of output signals that depend on analyte concentration
must be done at least daily, and with each batch of unknown samples. Calibration
involves the determination of the mathematical relationship between an instrument’s
output signal and analyte concentration. This relationship may be linear (allowing
standard linear regression) or non-linear (and possibly requiring curve-fitting soft
ware, e.g. for enzyme kinetics or antibody-antigen reactions). Accepted standard
methods for calibration are detailed below.

1.8.1. External Standards

This method involves the preparation of a series of separate solutions containing the
analyte at different, precisely (and accurately) known concentrations. These solu
tions are examined by the instrumental method to be employed, and the instrumental
signal at each concentration is obtained. A plot of signal against [analyte] (or log
[analyte]) is obtained. The equation for the dependence of signal on concentration is
obtained, and this equation is used to determine the analyte concentrations in the
unknown solutions.

Two important points must be made regarding the use of this popular calibration
method. The first is that measurements must be made on a “blank” solution, contain
ing no analyte, since the obtained signal will not necessarily be zero. A reagent-
blank solution should be used for this purpose, in which all assay reagents are
present in the assay buffer at their initial concentrations. There may be a constant or
time-dependent signal that results from the reagents themselves or the background
decomposition of the reagents that contributes to all signals obtained with standard
and unknown samples. Signals for the reagent-blank solution are subtracted from
signals obtained with standards and unknowns. Replication, or multiple measure
ments made on identically-prepared solutions, significantly improves precision,
when calibration curves are prepared using the average measurement for the reagent
blank and for each standard solution; average values for the unknown solutions are
then also used.

Special consideration should also be given to matrix matching. The sample
matrix consists of everything present in the sample solutions other than the analyte.
The unknown samples may be present in a solution that contains many other chemi
cal or biochemical species, and these may influence the instrumental signal obtained
for the unknowns but not the signals for the standard solutions. All available knowl
edge should be applied to the preparation of standard analyte solutions in a matrix
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that resembles the unknown solutions. Validation methods, such as the parallelism
test (Chapter 17), can be used to determine whether this is a significant problem,
and, if so, either increased dilution of unknown solutions or the use of the standard
additions method is recommended.

1.8.2. Internal Standards

This method involves the intentional addition of a new (bio)chemical compound to
all standards and unknowns. This compound must not already be present in either
standard or unknown solutions, it should be structurally similar to the analyte, and it
should behave in similar physical and chemical ways. The quantity of internal stan
dard added to standard analyte solutions and unknown solutions should be the same,
and the additions are made before any sample preparation stages.

Calibration data for each solution are collected by measuring the unique signals
for each of the two compounds (the analyte and the internal standard). For example,
the two compounds may absorb light maximally at different wavelengths, and an
absorbance reading would be acquired at each of these wavelengths. For each solu
tion, the signal ratio is then calculated as the signal from the analyte divided by the
signal for the internal standard. This value is then plotted against [analyte] to pro
duce the calibration curve. The signal ratios for each of the unknown solutions are
then calculated and used to determine the unknown analyte concentrations.

The purpose of the internal standard method is to improve both precision and
accuracy. During the sample preparation steps employed prior to the instrumental
measurement, the internal standard, if well chosen, behaves identically to the analyte
(for example, in precipitation, centrifugation or solvent extraction steps). Thus, if
only 80% of the original quantity of analyte remains for instrumental measurement,
a similar percentage of internal standard also remains (the exact percentages are not
critical, as long as they are constant). During measurements, slow fluctuations in
instrumental parameters are common and these may include light source power and
light detector sensitivity (for optical methods), flow rate variations (chromatographic
methods), voltage or temperature fluctuations (electrophoresis) and ionization source
efficiency (mass spectrometry). The use of the signal ratio, rather than the absolute
signal from the analyte, these fluctuations are cancelled, or at least minimized, lead
ing to improved precision and lower detection limits.

The so-called “isotope dilution” method, commonly used in mass spectrometry,
is an application of internal standards that has been given a special name. A stable or
unstable isotope of an element in the compound under investigation is added at
known concentration to an aliquot of the analyte solution. Separate mass spectra are
obtained for an aliquot of the original solution and for the “spiked” solution. The
signal intensity (or intensity change if the spike isotope was already present at low
natural abundance) is used to determine the signal change that results from the spike
concentration, while the ratio of signals from the main analyte signal to the spike
isotope signal is used to determine the analyte concentration. This is an example of a
single-point internal standards method, and is not recommended unless the linearity
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of the signal magnitude with concentration has already been verified for both the
analyte and the spike isotope.

1.8.3. Standard Additions

While this method is more cumbersome than either the external or internal stan
dards methods, it is necessary for accurate quantitation of analytes that interact
with matrix components present in the unknown solutions. Instrumental mea
surements often generate signals that correspond to only the “free” forms of the
analyte, rather than the total concentrations, because physical properties often
change if the analyte is bound to a matrix component. As examples, cholesterol
exists in both free and protein-bound forms, many drugs associate strongly with
albumin and other serum proteins, and environmental toxins may bind very
strongly to humic and other natural materials present in environmental samples.
Generally the total concentration of the analyte is the desired quantity, rather
than just the free form. Properties that may change upon binding include
extractability during sample preparation, optical properties (absorption and/or
emission wavelengths), diffusion coefficients, reactivities in chemical or enzy
matic assays, abilities to bind with antibodies in immunoassays as well as chro
matographic and mass spectrometric parameters.

The standard additions method was introduced to eliminate these problems from
accurate analyte quantitation. In this method, a series of solutions are prepared, each
containing the same volume of the unknown solution. Increasing volumes of a stan
dard solution, containing a high concentration of the same analyte, are added to each
solution in the series, beginning with an addition of zero standard solution and end
ing with a high enough quantity to be equal to or greater than the quantity present in
the unknown aliquots. All solutions are then diluted to the same final volume. Upon
mixing, the added analyte behaves in the same way as the analyte originally present,
and will bind to matrix components in the same way, since it is the same (bio)chemi
cal species. Thus the [free]/[bound] ratio will be the same for the added analyte as it
was for the analyte originally present.

The instrumental signal, which results from only the free form, is then measured
for each of the solutions, and this signal is plotted against the added analyte concen
tration. Ideally, a linear dependence is observed with a distinctly non-zero y-inter
cept (because analyte is present in the unknown aliquots that are present in each
solution).

The equation for the line is then determined, and the x-intercept, which is a neg
ative concentration value, is determined by setting y to zero and calculating x using
the regression equation (the x-intercept is the negative of the y-intercept divided by
the slope). This value represents the concentration of analyte (after dilution) that
would be subtracted from the unknown solution in order to achieve a signal of zero.
The positive of this value, corrected for dilution, represents the concentration of
analyte present in the original unknown.



1.9 Quantitative and Semi-Quantitative Measurements 21

Once linearity has been established for a given standard additions method, a less
cumbersome single-point standard addition method can be used. In this method only
the non-spiked and a single spiked solution are used. While the principles are the
same, linear regression is not used with this method. Effectively, the y-intercept is
the signal obtained for the non-spiked sample, while the slope is calculated from the
signal change divided by the concentration change due to the single spike. Replica
tion is recommended to ensure accuracy.

1.9. QUANTITATIVE AND SEMI-QUANTITATIVE
MEASUREMENTS

1.9.1. Exact Concentration

When the analyte is naturally occurring in the sample of interest, it is often the exact
concentration (and time-based fluctuations) that is of interest. In this case, a quantita
tive value, with uncertainty, is the desired result. Calibration methods, whether by
linear regression or by other curve-fitting methods, provide a value with its associ
ated uncertainty for the analytical result.

The uncertainty is an important parameter that varies with the method and with
the analyte concentration: for example, if analyte concentrations are near the detec
tion limit of the method, very high relative uncertainties are observed. Statistical
methods must be used for all quantitative assays, and these are discussed in detail in
Chapter 20.

1.9.2. Positive or Negative Result

Many bioanalytical methods and devices are designed as screening tools that are
intended to provide a preliminary result regarding whether an analyte is present or
absent. The desired result is not a quantitative number, but a yes/no answer. These
semi-quantitative methods are based on measurements for which a cutoff value is
predetermined. The signal magnitude is used to determine whether the analyte is or
is not present, according to the cutoff value.

During method development, using samples with known analyte concentrations,
the cutoff value is adjusted to minimize false negative results (for most applications).
True positive and true negative results are obtained when the method correctly pre
dicts the presence or absence of the analyte. False positives occur when the analyte is
present below the cutoff value but the method indicates its presence above this value.
False negatives occur when the method predicts the absence of the analyte, yet it is
present above the cutoff concentration.

These types of tests, in a medical context, are used to screen for pathogens or
antibodies to pathogens, in large sample populations. Positive results in a screening
test lead to further, more detailed testing, while negative results lead to no further
investigation. For this reason, the elimination of false negatives is a priority, and cut
off values are adjusted for this purpose.
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PROBLEMS

1. In quantitative measurements, replication is needed to ensure that measured values really
represent results from samples and standards (i.e. they are not statistical outliers), and to
allow averaging of values obtained for each preparation. There is a tradeoff with reagent
consumption as well as the time needed for preparation and measurement for each sample.

(a) How many replicate measurements should be made to ensure the reliability of results:
2, 3, 6, 10 or 20?

(b) Considering the number chosen for (a), and the use of a 96-well microplate with five
analyte concentrations for external calibration as well as a blank solution, how many
unknown samples can be examined per plate?

2. Most quantitative measurement methods employ a “reagent blank” as one of the samples
along with calibration standards and unknowns. The reagent blank contains all of the com
ponents of the other samples, except the analyte (often distilled water or buffer is used
instead of an aliquot of analyte solution). Typically, a small but nonzero average value is
obtained for replicate reagent blank measurements. How is this value used during the proc
essing of values obtained for standards and unknowns (for example, when fluorescence
measurements are used to quantitate a fluorescent analyte)?

3. Measured absorbance values should fall within the range 0.1–2.0 to ensure good measure
ment precision with most spectrophotometers. An analyte that absorbs maximally at
360 nm with a molar absorptivity of 6600 M-1 cm-1 will be examined using a 1 cm path
length cuvette. What is the corresponding concentration range for this analyte? Assume
that the reagent blank gives a very small signal (almost zero).

4. A researcher wants to follow the progress of a biochemical reaction using an instrumental
method. For what kinds of reactions might calorimetry be preferred over optical measure
ments (e.g. absorbance, fluorescence or luminescence)?

5. External standard calibrations are preferred in quantitative measurements because they
allow examination of many samples using one calibration curve. Give two reasons why a
standard addition calibration method might be initially preferred over the external stan
dards method, considering possible sample components. If results from the two calibration
methods are obtained and compared, under what conditions might external standards be
used for subsequent samples?



Chapter 2

Spectroscopic Methods for the
Quantitation of Classes of
Biomolecules

2.1. INTRODUCTION

The objective of many bioassay methods is to selectively quantitate a single bio
molecule, such as a particular enzyme or antibody, or to determine the presence or
absence of a known DNA sequence in an unknown sample. Methods for these very
selective assays will be considered in later chapters.

When faced with a true unknown, for example, during the isolation or purifica
tion of a biomolecule, it can be important to characterize the unknown matrix, or the
components in the unknown solution that are present along with the species of inter
est. This involves the estimation of the total quantity of the different types of
biomolecules.

Biochemists often estimate the total quantity of protein and nucleic acid in an
unknown by the nomograph method.1 In this method, the absorbance of the
unknown solution in a 1-cm cuvette is measured at 260 nm and 280 nm. The nomo
graph (Figure 2.1) is then used to estimate concentrations.

The nomograph method is rapid and involves no chemical derivatization, but
suffers from several disadvantages. Interferences result from any species present in
the unknown, other than protein or nucleic acid, that absorb at these wavelengths.
Phenol, for example, which is used at high concentrations during the purification of
nucleic acid, absorbs at both 260 and 280 nm and leads to overestimation of total
nucleic acid. Furthermore, the nomograph method does not distinguish between
DNA and RNA, and is useful only for samples containing relatively high concentra
tions of protein and nucleic acid.

In this Chapter, we will consider simple colorimetric and fluorimetric methods
for the quantitation of total protein, DNA, RNA, carbohydrate and free fatty acid. All
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of the methods are based on the generation of a chromophore or fluorophore by a
selective chemical reaction.

2.2. TOTAL PROTEIN

The three most common assays for total protein2-4 are the Lowry (enhanced copper),
Smith (bicinchoninic acid, BCA) and Bradford (Coomassie Blue) methods. All are
colorimetric methods, and are based on the generation of absorbing species in propor
tion to the quantity of protein present in the sample. The ninhydrin assay is also use
ful, as are a number of more recent methods involving the generation of fluorescence
signals by reaction of a chemical or dye with protein. Each method has advantages
and compatibility limitations in terms of the types of proteins and buffer constituents.

2.2.1. LowryMethod

The Lowry, or enhanced alkaline copper method, begins with the addition of an alka
line solution of Cu2+ to the sample. The copper forms a complex with nitrogen atoms
in the peptide bonds of proteins under these conditions, and is reduced to Cu+. The
Cu+, along with the R groups of tyrosine, tryptophan and cysteine residues of the
protein then react with the added Folin-Ciocalteau reagent, which contains sodium
tungstate, sodium molybdate, phosphoric acid and HCl (W6+/Mo6+). During this
reaction, the Cu+ is oxidized to Cu3+, which then reacts with the peptide backbone to
produce imino peptide (R1-CO-N=C(R2)-CO-R3) plus Cu2+, and the Folin reagent is
reduced to become molybdenum/tungsten blue. Absorbance is measured in glass or
polystyrene cuvettes at 720 nm, or if this value is too high (>2), at 500 nm.

A calibration curve obtained with standard protein solutions (e.g. bovine serum
albumin) is used to obtain total protein in the unknown. Under optimum conditions,
and in the absence of reactive side chains, it has been shown that two electrons are
transferred per tetrapeptide unit; however proteins, with significant proline or
hydroxyproline content, or with side chains that can complex copper (such as gluta
mate) yield less color. The side chains of cysteine, tyrosine and tryptophan contrib
ute one, four and four electrons, respectively.5 It should be noted that different
proteins will produce different color intensities, primarily as a result of different tyro
sine and tryptophan contents.

With reagents prepared in advance, the Lowry assay requires about one hour. A
400μL sample is required, containing 2 100μg protein (5 250μg/mL). Nonlinear cali
bration curves are obtained, due to decomposition of the Folin reagent at alkaline pH
following addition to the sample which results in incomplete reaction. Interferences
include agents which acidify the solution, chelate copper, or cause reduction of copper(II).

2.2.2. Smith (BCA) Method

The Smith total protein assay is also based on the initial complexation of copper (II)
with peptides under alkaline conditions, with reduction to copper (I). The ligand
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Figure 2.1. Nomograph used to estimate total protein and nucleic acid concentrations [Reprinted, with

permission, from Calbiochem, San Diego, CA.]

bicinchoninic acid (BCA) is then added in excess, and the purple color (562 nm peak
absorbance) develops upon 2:1 biding of BCA with Cu+ (Figure 2.2).

Figure 2.2. Complex formed upon reaction of bicinchoninic acid with Cu+.
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The Smith assay takes about one hour, and requires a minimum volume of
500 μL with 0.2 to 50 μg protein (0.4 100 μg/mL). As with the Lowry assay, calibra
tion curves are nonlinear, with negative deviation at high protein concentration.
Interferences include copper reducing agents (such as reducing sugars) and complex
ing agents as well as acidifying agents in the unknown sample. Common membrane
lipids and phospholipids have also been shown to interfere, and an apparent protein
concentration of 17 μg protein (as BSA) was found for 100 μg of 1,3-dilinoleoygly
cerol.6 Since BCA is a stable reagent at alkaline pH, it can be added to the alkaline
copper reagent, so that only one reagent addition is required. The Smith assay has
been adapted for 96-well microtiter plates,7 and a linear dependence of absorption
(570 nm) on protein concentration was observed over the 1 10 μg/mL concentration
range, with 10 μL sample volumes.

This method has been modified by the substitution of neocuproine (2,9
dimethyl-1,10-phenanthroline hydrochloride) for bicinchoninic acid.8 Reported
advantages of neocuproine as a 2:1 ligand for copper(I) include less sensitivity to
interferences, no reoxidation of the complex (so that color fading does not occur
over time), and greater sensitivity. The absorbance maximum of the complex is
450 nm. Interferences from glucose and thiol-contaning compounds is minimized by
using a less alkaline pH for the assay.

2.2.3. Bradford Method

The Bradford method is based on the noncovalent binding of the anionic form of the
dye Coomassie Blue G-250 with protein.9 Only proteins with a molecular weight
above 8 kD should be assayed with this method; because of this, for example, it
should not be used for the quantitation of bioactive peptides.

The dye reacts chiefly with arginine residues, which have a positively-charged
side chain, and slight interactions have also been observed with basic residues (histi
dine and lysine) and aromatic residues (tyrosine, tryptophan and phenylalanine). In
the absence of protein, the dye reagent is a pale red, and upon binding to protein, a
blue color is generated with an absorbance maximum at 590 nm. The structure of the
dye is shown in Figure 2.3.

Figure 2.3. Coomassie Blue G-250, used in the Bradford total protein assay.
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The Bradford assay is very popular because it is rapid (5 minutes) and involves a
single addition of the dye reagent to the sample. It provides a nonlinear calibration
curve of A590 against concentration over the 0.2 20 μg range of total protein con
tained in a 20 μL sample volume (10 1000 μg/mL). Negative deviation from linear
ity occurs with this method as with the Lowry and Smith methods. In the Bradford
assay, curvature is due to depletion of free dye at high protein concentration, and a
better approximation of linearity can be achieved by plotting A595-A465 against con
centration, to take dye depletion into account.

The Lowry and Bradford methods have been compared for protein quantitation
in samples containing membrane fractions.10 While the Lowry method yielded
reproducible results over two weeks of sample storage at -20 °C, the Bradford
method was shown to significantly underestimate membrane proteins, even after
treatment with base or surfactants, with lower estimates occurring after longer peri
ods of sample storage. Tissue homogenates from rat brain assayed by the Bradford
method initially showed 52% of the protein estimated by the Lowry method; after
14 days storage, this value had decreased to about 30%. Since membrane lipids and
phospholipids interfere with the Smith total protein assay, membrane proteins should
be quantitated by the Lowry method, or by the ninhydrin method described below.

2.2.4. Ninhydrin-Based Assay11

This method is based on the quantitation of total amino acids following acid hydrol
ysis of proteins present in tissue samples. Microplates are used in this assay. Tissue
samples (10 μg) are first hydrolyzed in 500 μL of 6 M HCl at 100 °C for 24 h to liber
ate ammonium. The samples are then lyophilized (chilled and evaporated), and the
residue, containing ammonium chloride, is dissolved in a known volume of water.

Ninhydrin reagent, containing ninhydrin, ethylene glycol, acetate buffer and
stannous chloride suspension, initially a pale red color, is added to 1–10 μg of pro
tein hydrolysate in a flat-bottom microtiter plate. During the 10 min incubation at
100 °C, ammonia reacts with the ninhydrin reagent to produce diketohydrindyli
dene-diketohydrindamine (Eq. 2.1, below).

(2.1)

Under these conditions, the product exhibits a broad absorption band between
560-580 nm, and a uv-visible microplate reader set at 575 nm may be used for mea
surement. Correlation of absorbance with protein concentration has been performed
using several protein standards, as shown in Figure 2.4, which also shows results
obtained with the same protein standards by the Bradford method. These data dem
onstrate much better sensitivity with the ninhydrin method, and suggest an
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approximate tenfold improvement in detection limit. An important advantage of this
method is that the differences in calibration curves obtained using different protein
standards are relatively small. Interferences include free amino acids as well as other
compounds containing amine groups.

Figure 2.4. Comparison of results of ninhydrin and Bradford methods for total protein concentration in
tissue samples. Proteins in both assays are the same.11 [Reprinted, with permission, from B. Starcher,
Anal. Biochem. 292, 2001, 125-129. “A Ninhydrin-Based Assay to Quantitate the Total Protein Content of

Tissue Samples.” Copyright  2001 by Academic Press.]

2.2.5. Other Protein Quantitation Methods

The method of nitration has been reported for protein quantitation. In this method,
aromatic amino acid residues are treated with nitric acid, and the products of nitra
tion absorb at 358 nm. In the case of tyrosine, nitration occurs at the 3- position of
the aromatic ring, producing 3-nitrotyrosine. This method has been compared to the
Smith and Bradford assays using BSA standards, and practically identical results
were obtained, as shown in Figure 2.5. The detection limit of this assay is 5 μg, and
known interferences include Triton X-100 and phenolic compounds.12

An older method employing fluorescamine may be used if improved detection
limits are required. In this method, fluorescamine (Figure 2.6) reacts with the pri
mary amine groups of the protein, generating flourophores that can be excited at
390 nm to generate emission at 475 nm. Figure 2.6 also shows calibration curves for
a variety of proteins; this method is capable of detecting as little as 10 ng total
protein.13

A variety of assay kits are available from different suppliers for the quantitation
of protein by generation of fluorescent species when (usually proprietary) chemicals
interact with protein. These assay kits are subject to industry-related changes, and are
not discussed here, but the reader is referred to the internet for current suppliers and
trade names.

One novel fluorescence-based assay, which has been commercialized, involves
the natural product epicocconone.14 This compound, initially isolated from a fungus,
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Figure 2.5. Relationship between actual and measured BSA concentration in six samples, showing that

this method produces comparable results to the Bradford and BCA total protein assays. [Reprinted, with
permission, from K. C. Bible, S. A. Boerner, and S. H. Kaufmann, Anal. Biochem. 267, 1999, 217-221.
“A One-Step Method for Protein Estimation in Biological Samples: Nitration of Tyrosine in Nitric Acid.”

Copyright  1999 by Academic Press.]

Figure 2.6. Chemical structure of fluorescamine, and calibration curves obtained for different proteins.
[Reprinted, with permission, from P. Böhlen, S. Stein, W. Dairman, and S. Undenfriend, Archives of

Biochemistry and Biophysics 155, 1973, 213-220. “Fluorometric Assay of Proteins in the Nanogram
Range.” Copyright  1973 by Academic Press, Inc.]

reacts reversibly with primary amines that are found on lysine residues as well as the
N-termini of proteins. The product is a highly fluorescent enamine that is easily
hydrolyzed under either basic or strongly acidic conditions. The reaction with a pri
mary amine, H2N-R, is shown in Equation 2.2. Excitation at 520 nm allows fluores
cence intensity to be measured at 605 nm. This assay is useful over the 40 ng/mL to
200 μg/mL range.
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(2.2)

Table 2.1 summarizes detection limits and interferences for the main protein
assay methods described here.

Table 2.1 Detection Limits and Interferences for Protein Assay Methods

Detection
Assay Limit Interferencesa

Lowry 2 μg Acidifiers, Cu chelating agents (e.g. high phosphate)
concentration), Cu2+ reducing agents (e.g. reducing sugars,
thiols), Tris, HEPES, EDTA, neutral detergents.

Smith 0.2 μg Acidifiers, Cu chelating, reducing agents, Tris, ammonium
sulfate, EDTA, lipids+ phospholipids. (neutral detergents and
SDS do not interfere).

Bradford 0.2 μg Lipids+ phospholipids, neutral detergents, SDS.
Ninhydrin 0.02 μg Free amino acids and other compounds containing amine

groups.
Nitration 5 μg Triton X-100, phenolic compounds (Tris, SDS, urea, thiols,

reducing agents, glycerol, ammonium sulfate, neutral
detergents do not interfere).

Fluorescamine 10 ng Primary amine groups, secondary amines at high concentration,
Tris, ammonium sulfate (phosphate does not interfere).

Epicocconone 40 ng Heme proteins, Tris and other amine-containing buffers,
ammonium sulfate.

aTris= tris(hydroxymethyl)aminomethane; HEPES=N-(2-hydroxyethyl)piperazine-N -ethanesulfonic
acid; SDS= sodium dodecyl sulfate; EDTA= ethylenediaminetetraacetic acid.
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2.3. TOTAL DNA

Several methods are available for the colorimetric or flourometric determination of
total DNA. The first two that will be considered involve depurination of DNA under
acidic conditions, and are followed by chemical reactions with 3,5-diaminobenzoic
acid (DABA) or diphenylamine (DPA). Two fluorescence methods based on selec
tive, noncovalent interactions of a probe molecule with DNA will then be
considered.

The flow chart shown in Figure 2.7 may be helpful in deciding which of the
many available protein assays are appropriate for a particular application. This chart
considers the natures of both the protein(s) and the components of the sample
matrix.3

Figure 2.7. Steps in the selection of a total protein assay.
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2.3.1. Diaminobenzoic Acid (DABA) Method

Samples containing DNA are incubated in 1 N perchloric acid for ten minutes. Under
these conditions, DNA is depurinated, deoxyribose is released and converted to
w-hydroxylevulinylaldehyde. An equal volume of 1.3 M DABA dihydrochloride is
added and the solution is heated at 60 °C for 30 minutes. Under these conditions, the
reactions shown in Equations 2.3 and 2.4 occur:15

(2.3)

(2.4)

Following a tenfold dilution of the sample with 0.6 M perchloric acid, the prod
uct of these reactions absorbs maximally at 420 nm. The original assay, developed
by Kissane and Robins,16 uses DABA dihydrochloride for depurination (no per
chloric acid was used) and employs fluorescence measurements at 520 nm after exci
tation at 420 nm. More recent work shows that the assay with perchloric acid can be
conducted with 10 μL DNA sample volumes and provides a linear fluorescence cali
bration curve over the 10 500 ng total DNA range (1 50 μg/mL).17 The DABA
method has since been modified for colorimetric measurements at 420 nm, and has a
detection limit of 25 μg.18 The DABA reaction is specific for DNA, but measure
ments are affected by the presence of lipids, saccharides, salts and the surfactant
Triton X-100, these species can be removed form DNA samples by ethanol
precipitation.19

2.3.2. Diphenylamine (DPA) Method

The DPA method is based on the colorimetric measurement of products formed by
reaction of ω-hydroxylevulinylaldehyde (from the deoxyribose released after depuri
nation of DNA) with diphenylamine in 1 M perchloric acid.18-20 The reaction yields
a mixture of products, such as that shown in Equation 2.5,21 which together have an
absorbance maximum at 595 nm. This method has a similar dynamic range to the
DABA assay with colorimetric measurement. Interferences include proteins, lipids,
saccharides and RNA.
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(2.5)

2.3.3. Other Fluorimetric Methods

Sensitive fluorimetric assays for double-stranded (native) DNA in tissue extracts are
based on the noncovalent interaction of intercalating dyes (Figure 2.8) such as ethi
dium bromide (EB), 4 ,6 -diamidino-2-phenylindole (DAPI), 2-(2-[4-hydroxy
phenyl]-6-benzimidazolyl)-6-(1-methyl-4-piperazyl)benzimidazol trihydrochloride
(Hoechst 33258), or 2-(N-bis-(3-dimethyl-aminopropyl)amino)-4-(2,3-dihydro-3
methyl-(benzo-1,3-thiazol-2-yl)-methylidene)-1-phenylquinolinium (PicoGreen)
with double-stranded DNA in neutral, aqueous solutions.

Figure 2.8. DNA-intercalating dyes: (a) ethidium, (b) DAPI, (c) Hoechst 33258 and (d) PicoGreen.
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When free in aqueous solution, these dyes exhibit limited fluorescence, but upon
binding DNA, their fluorescence increases markedly. Ethidium binds to RNA and
DNA while DAPI, Hoechst 33258 and PicoGreen interact more selectively dsDNA.
Hoechst 33258 at a final concentration of 1 μg/mL in 0.05 M phosphate, pH 7.4, with
2 M NaCl has been used to quantitate as little as 10 ng double-stranded DNA.22

PicoGreen, while expensive, allows determination of 25 ng/mL dsDNA and has
a linear range up to 1 μg/mL with a single dye concentration; it can also be used with
standard fluorescein excitation and emission filters and, unlike Hoescht 33258, is
insensitive to the GC content of the DNA.23,24

Because these dye-binding methods involve intercalation between the bases of
double-stranded DNA they are not useful for the quantitation of single-stranded
DNA, short oligomers or DNA probes. Samples containing RNA may be pretreated
with DNase-free RNase to remove this potential interferent.

Single-stranded DNA containing deoxyguanosine residues can be quantitated in
the presence of terbium(III). Ten micromolar Tb3+ in pH 6 cacodylate buffer shows
no detectable fluorescence, with excitation at 290 nm and emission measured at
488 nm. In the presence of single-stranded DNA, Tb3+ coordinates with deoxygua
nosine-5-phosphate nucleotides, and a linear dependence of fluorescence on concen
tration has been observed over the 1 10 μg/mL range of thermally denatured rat
liver DNA.25

2.4. TOTAL RNA

The only method used to selectively quantitate ribonucleic acid is the orcinol
assay.26 With this method, RNA is depurinated in concentrated HCl and the resulting
ribosephosphates are dephosphorylated and dehydrated to produce furfural. Furfural
then reacts with orcinol in the presence of Fe3+ to yield colored condensation prod
ucts, as shown in Eq. 2.6, which together possess an absorption maximum at 660 nm.

(2.6)

DNA also undergoes a limited reaction under these conditions, and yields about
10% of the color of a similar concentration of RNA; the dehydration step to form
furfural is not readily accomplished by 2-deoxyribose.

The original orcinol assay has been modified to improve its selectivity towards
RNA over DNA and sugars. The improved method27 uses a 1.0 mL RNA sample
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incubated 24 h at 40 °C with 4.0 mL of 85% sulfuric acid prior to addition of the
orcinol reagent (containing no Fe3+). Under these conditions, colorimetric measure
ments are made at 500 nm, where products formed by the reaction of levulinic acid
(from DNA) with orcinol do not absorb. Proteins (e.g. BSA) do not interfere, and the
method is sixfold more selective to RNA over DNA than the original orcinol assay.

Less selective dye-binding assays, such as one that uses the unsymmetrical cya
nine dye RiboGreen, are available. This dye detects both ssDNA and RNA, and
selectivity for RNA is achieved by pretreating samples with DNase. Phenol also
interferes with this assay. Standard fluorescein filters can be used for this assay,
which has a range of 10 ng/mL –2 μg/mL. Lower signal intensities are observed if
the RNA is less than 500 bases in length.28,29

2.5. TOTAL CARBOHYDRATE

Methods reported for the quantitation of reducing sugars, i.e. those that possess a
terminal aldehyde group, involve redox reactions with oxidizing agents such as
Cu2+ (in the presence of BCA) or Fe(CN)6

3-. Nelson reagents (alkaline copper sul
fate and solutions of molybdate and arsenate in dilute sulfuric acid that reduce to
molybdenum blue),30 or 2-cyanoacetamide.31 The Cu2+-BCA assay has been
described earlier for protein quantitation, and the method used for quantitation of
reducing carbohydrates is almost identical to the total protein method.32 Methods for
total carbohydrate determination employ strong acids to affect hydrolysis of oligo
saccharides and polysaccharides, and dehydration to reactive species such as furfu
ral. These reactive intermediates form chromophores in the presence of phenol,
2-aminotoluene33 or anthrone34 and fluorophores with 2-aminothiophenol. We will
consider the ferricyanide method for reducing sugars, the phenol-sulfuric acid and
2-aminothiophenol methods for total carbohydrate, and the purpald assay for bacte
rial polysaccharides.

2.5.1. FerricyanideMethod

This assay employs an alkaline solution of potassium ferricyanide (2.5 mg/mL in
phosphate buffer) as the only reagent. Eighty microliters of reducing sugar solution
is combined with 20 μL of this reagent, and the mixture is heated in a sealed tube to
100 °C for 10 min. Following the addition of 300 μL of cold water, absorbance is
measured at 237 nm, which is the wavelength of maximum absorbance for ferro
cyanide. This method allows the quantitation of mannose over the 1 25 nmol (about
1.3 30 μg/mL) range of reducing monosaccharides. Tryptophan and tyrosine resi
dues of proteins were found to interfere significantly with the assay, but the extent of
interference can be quantitated by measuring A237 following an initial incubation at
40 °C, where these residues reduce ferricyanide, but reducing sugars remain inert.
This method was developed to determine the carbohydrate content of
glycoproteins.35
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2.5.2. Phenol-Sulfuric Acid Method

In concentrated sulfuric acid, polysaccharides are hydrolyzed to their constituent
monosaccharides, which are dehydrated to reactive intermediates. In the presence of
phenol, these intermediates form yellow products, such as that shown in
Equation 2.7,36 with a combined maximal absorbance at 492 nm.

(2.7)

The phenol-sulfuric acid method has been adapted for use with 96-well micro-
titer plates. Carbohydrate samples are combined with an equal volume of 5% (w/v)
phenol in the wells of a microtiter plate, the plate is placed on a bed of ice and
0.125 mL of concentrated sulfuric acid is added to each well. Following incubation
of the covered plate at 80 °C for 30 min. and cooling to room temperature, the
absorbance of each well measured at 492 nm. This method shows good linearity for
maltose over the 0.2 25 μg range, using an initial sample volume of 25 μL
(10 200 μg/mL).32

2.5.3. 2-Aminothiophenol Method

In this assay, furfural and related monosaccharide dehydration products formed
in strong acid are reacted with 2-aminothiophenol to form highly fluorescent
2-(2-furyl)benzothiazole and related species (Equation 2.8.)

(2.8)

The reagent solution contains 0.4% (w/v) 2-aminothiophenol, and is prepared
by combining equal volumes (0.34 mL) of aminothiophenol and ethanol, and dilut
ing to 100 mL with 120 mM HCl. Samples (0.5 mL) are combined with reagent
(0.2 mL) and 30% (w/v) H2SO4 (0.5 mL) in sealed vials, heated to 150 °C for
15 min, cooled and diluted by the addition of 0.8 mL water. Fluorescence is meas
ured at 411 nm with excitation at 361 nm. The assay can easily detect 50 ng of carbo
hydrates such as galactose, glucose and xylose, and pentoses such as arabinose are
detectable at the 10 ng level. Calibration curves show slight curvature, with negative
deviations from linearity. Most of the carbohydrates studied yielded useful
curves over the 50 600 ng range (0.5 6 μg/mL).37 Interferences from surfactants
(0.5% w/v) such as SDS and Triton X-100 are significant and are thought to alter the
polarity of the environment of the fluorophores. Tris buffers and high protein
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concentration (e.g. 0.1 mg/mL BSA) should also be avoided, unless blanks contain
ing similar concentrations of these species can be prepared.

2.5.4. Purpald Assay for Bacterial Polysaccharides

Polysaccharides containing substituted or unsubstituted glycols in residues such as
glycerol, ribitol, arabinitol, furanosyl galactose and sialic acid may be quantitated by
reaction with sodium periodate, follow by reaction with the purpald reagent, as
shown in Figure 2.9. The formaldehyde produced in the first step reacts with the
purpald reagent, and the product of this reaction is further oxidized by periodate to
form a purple product with an absorbance maximum at 550 nm. The limit of detec
tion has been reported as 15 μg/mL using the native polysaccharide from
S. pneumoniae.38

Figure 2.9. Chemistry of the purpald assay for bacterial polysaccharides (PS). The substituent groups R

and R must be released during treatment with NaOH and H2SO4, before the periodate reaction.

2.6. FREE FATTY ACIDS

Most methods for the quantitation of free fatty acids involve chemical derivatization
followed by gas chromatography. Over the years, these methods have been simpli
fied into one-step extraction/esterification reactions in which an internal standard is
added to the sample at the beginning of the preparation process.39,40

In the absence of a gas chromatograph, a colorimetric method is available for the
quantitation of long-chain (C> 10) free fatty acids in plasma, and is based on the
color developed by cobalt soaps of free fatty acids dissolved in chloroform.41

The assay involves four solutions: (1) chloroform:heptane:methanol (4:3:2 by
volume), (2) 0.035 M HCl, (3) the salt reagent, consisting of 8 mL of triethanolamine
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added to 100 mL of an aqueous salt solutions containing 20 g Na2SO4, 10 g Li2SO4

and 4 g Co(NO3)2.6 H2O, and (4) the indicator solution consisting of 20 mg
1-nitroso-2-naphthol in 100 mL of 95% ethanol.

The procedure uses 100 μL samples (heptane blank, standard or plasma sample)
combined with 4.0 mL of chloroform:heptane:methanol and 1.0 mL 0.035 M HCl in
sealed vials. After mixing and centrifugation steps, the upper aqueous methanol
phase is discarded, and 2.0 mL of the salt reagent is added and mixed. A second
centrifugation step is followed by combining 2.0 mL of the upper phase with 1.0 mL
of the indicator solution. After 20 min absorbance is measured at 435 nm.

Linear calibration curves were obtained for palmitic acid over the 0.10 1.2 μM
concentration range, with few interferences. Protein (2% BSA) and many major
metabolites such as lactic acid or β-hydroxybutyrate do not interfere, but some color
development is observed for high concentrations of phospholipids such as lecithin.
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PROBLEMS

1. Total protein in an unknown sample was estimated using the Lowry and Bradford assays.
Results were 33± 2 μg/mL from the Lowry assay and 21± 1 μg/mL from the Bradford
assay, using stock solutions of bovine serum albumin (BSA) as standards in each assay.
The unknown sample was then thoroughly oxygenated, and the assays were repeated. The
Lowry method yielded 22± 1 μg/mL, while the Bradford results did not change. Why did
the results of the Lowry assay decrease by 33%?

2. The Lowry, Smith and Bradford assays provide an estimate, rather than an exact measure
of total protein. Why? What is the importance of the standard protein chosen for the con
struction of calibration curves?

3. An analyst suspects that an unknown sample containing double-stranded DNA also
contains a significant quantity of carbohydrate. The DABA assay for total DNA
yields a concentration of 44± 3 μg/mL, while the ferricyanide assay for reducing car
bohydrate, conducted on an tenfold dilution of the unknown sample, yielded a result
of 1.8± 0.3 μg/mL. The formula weight of one deoxynucleotide monophosphate resi
due of DNA is about 330 g/mol, while monosaccharides have a molecular weight of
about 180 g/mol. Assuming that interference in the DABA assay is due solely to
reducing monosaccharides, and that one monosaccharide molecule yields the same
absorbance as one deoxynucleotide monophosphate in the DABA assay, calculate the
actual quantity of DNA in the sample. Suggest a more selective assay for double
stranded DNA that could be used to confirm this value.

4. Various dyes (e.g. Hoescht 33258, ethidium and others) can be used to determine the total
nucleic acid content of an unknown sample. Explain why these methods are useful with
supernatants of freshly lysed and centrifuged aliquiots of bacterial cultures, but are not
used for samples that have been previously boiled or acidified.

5. Two methods are commonly used to quantitate total carbohydrate. The phenol-sulfuric
acid method yields products that absorb maximally at 492 nm and has a linear range for
maltose of 10-200 μg/mL. The 2-aminothiophenol method generates fluorescent products
(excitation at 361 nm and emission at 411 nm) and has a linear range for most carbohy
drates of 0.5-6 μg/mL, but surfactants interfere significantly. Both methods employ very
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strong acid to hydrolyze polysaccharides and dehydrate the products to furfural deriva
tives. High protein concentrations (>0.1 mg/mL) interfere with both methods.

(a) For a surfactant-free sample that contains mono-, oligo- and polysaccharides as well as
protein and nucleic acids, with a carbohydrate content somewhere near 100 μg/mL
before dilution, what advantage(s) is/are expected with the 2-aminothiophenol
method?

(b) Give one reason why the detection limit for the 2-aminothiophenol method is 20-fold
lower than that of the phenol-sulfuric acid method.

6. Three types of proteins (typically BSA, IgG and gelatin) are generally used to characterize
new total protein assays. Explain why this is done, and discuss why one of these is often
chosen for the calibration of a total protein assay that will be used following each step of a
protein purification procedure.
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Enzymes

3.1. INTRODUCTION

Enzymes are biological catalysts that facilitate the conversion of substrates into prod
ucts by providing favorable conditions that lower the activation energy of the
reaction.

enzyme
Substrate s Product s (3.1)

An enzyme may be a protein, a glycoprotein or a lipoprotein, and consists of at
least one polypeptide moiety. The regions of the enzyme that are directly involved in
the catalytic process are called the active sites. An enzyme may have one or more
groups that are essential for catalytic activity associated with the active sites through
either covalent or noncovalent bonds; the protein/glycoprotein/lipoprotein moiety in
such an enzyme is called the apoenzyme, while the nonprotein moiety is called the
prosthetic group. The combination of the apoenzyme with the prosthetic group
yields the active holoenzyme.

The enzyme D-amino acid oxidase, for example, catalyzes the conversion of
D-amino acids to 2-keto acids according to Equation 3.2:

D-amino acid oxidase
H3N-CH R -COO R-CO-COO NH4H2OO2 H2O2

(3.2)

This enzyme is monomeric, consisting of one polypeptide apoenzyme and one
prosthetic group, a flavin adenine dinucleotide moiety (FAD, Fig. 3.1), that is non-
covalently bound, with an association constant1 of 3.6× 106 M 1. The active holo
enzyme can be prepared, or reconstituted, by the addition of FAD to a solution
containing the apoenzyme.

FAD is a redox-active prosthetic group commonly found at the active site of
oxidase enzymes. A related species, flavin mononucleotide (FMN) is present at the
active sites of many dehydrogenase enzymes. What these two prosthetic groups have
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Figure 3.1. Structure of flavin adenine dinucleotide.

in common is the flavin moiety, which is capable of undergoing a reversible two-
proton, two-electron redox cycle, shown in Figure 3.2.

Figure 3.2. Redox half-reaction of flavin species.

The prosthetic group accepts electrons from the substrate species to generate
reduced flavin from the oxidized form in the active site; the primary product diffuses
away from the active site, and a secondary substrate, an electron acceptor such as
molecular oxygen, then regenerates the oxidized form of the flavin in the active site
to complete the catalytic cycle. This is represented by Eqs. 3.3–3.5:

Enzyme FAD Substrate Enzyme FADH2 Product (3.3)

Enzyme FADH2 O2 Enzyme FAD H2O2 (3.4)

Eq. 3.5 is the sum of Eqs. 3.3 and 3.4

Substrate O2 Product H2O2 (3.5)

This cycle is typical of many enzymatic reactions, in that the initial substrate
conversion is followed by an enzyme regeneration step.

3.2. ENZYMENOMENCLATURE

Enzyme names apply to a single catalytic entity, rather than to a series of individu
ally catalyzed reactions. Names are related to the function of the enzyme, in
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particular, to the type of reaction catalyzed. This convention implies that one name
may, in fact, designate a family of enzymes that are slightly different from each other
yet still catalyze the same reaction. For example, lactate dehydrogenase (LDH) has
five such isoenzymes in humans. LDH catalyzes the oxidation of L-lactic acid by
nicotinamide adenine dinucleotide (NAD+), a common cofactor for dehydrogenase
reactions, as shown in Eq. 3.6 and Figure 3.3.

L-Lactate NAD
LDH

Pyruvate NADH H (3.6)

Figure 3.3. Redox half-reaction of nicotinamide adenine dinucleotide (NAD+).

While each of the five LDH isoenzymes catalyzes the conversion of lactic acid
to pyruvic acid, the isoenzymes are produced in different organs. Because of this, the
polypeptide moieties and the rates at which lactate can be converted to pyruvate are
slightly different for each isoenzyme. Similarly, different species often possess iden
tical metabolic pathways, and have equivalent but slightly different enzymes that
catalyze identical reactions. The differences that occur within such a family of
enzymes usually occur in noncritical regions of the polypeptide moiety, by the sub
stitution of one amino acid residue for another, or by the deletion of amino acid
residues.

3.3. ENZYME COMMISSION NUMBERS

The ultimate identification of a particular enzyme is possible through its Enzyme
Commission (E.C.) number.2 The assignment of E.C. numbers is described in guide
lines set out by the International Union of Biochemistry, and follows the format E.C.
w.x.y.z, where numerical values are substituted for w, x, y and z. The value of w is
always between one and six, and indicates one of six main divisions; values of x
indicate the subclassification, and are often related to either the prosthetic group or
the cofactor required for the reaction; values of y indicate a sub-subclassification,
related to a substrate or product family; and the value of z indicates the serial number
of the enzyme.
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The six main divisions are (1) the oxidoreductases, (2) the transferases, (3) the
hydrolases, (4) the lyases, (5) the isomerases, and (6) the ligases (synthetases). All
known enzymes fall into one of these six categories. Oxidoreductases catalyse the
transfer electrons and protons from a donor to an acceptor. Transferases catalyse
the transfer of a functional group from a donor to an acceptor. Hydrolases facilitate
the cleavage of C-C, C-O, C-N and other bonds by water. Lyases catalyse the cleav
age of these same bonds by elimination, leaving double bonds (or, in the reverse
mode, catalyse the addition of groups across double bonds). Isomerases facilitate
geometric or structural rearrangements or isomerizations. Finally, ligases catalyse
the joining of two molecules, and often require the hydrolysis of a pyrophosphate
bond in the cofactor adenosine triphosphate (ATP, Figure 3.4) to provide the energy
required for the synthetic step.

Figure 3.4. Hydrolysis of adenosine triphosphate (ATP) to adenosine diphosphate (ADP) and inorganic
phosphate (Pi).

The enzymes D-amino acid oxidase and lactate dehydrogenase (Equations 3.2
and 3.6) have the Enzyme Commission numbers E.C. 1.4.3.3 and E.C. 1.1.1.28,
respectively; both are oxidoreductases and therefore fall into the first of the six
main divisions. The enzyme cholesterol esterase catalyses the hydrolysis of choles
terol esters into cholesterol and free fatty acids (Equation 3.7), and has been assigned
E.C. 3.1.1.13.

(3.7)

In addition to the Enzyme Commission number, the source of a particular
enzyme is usually given, listing the species and the organ or tissue from which it
was isolated.
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3.4. ENZYMES IN BIOANALYTICAL CHEMISTRY

Enzymes can be employed to measure substrate concentrations as well as the con
centrations of species that affect the catalytic activity of the enzyme toward its sub
strate, such as activators and inhibitors. The first known enzymatic assay was
reported by Osann in 1845: hydrogen peroxide was quantitated using the enzyme
peroxidase. In 1851, Schönbein reported a detection limit of 1 part hydrogen perox
ide in 2× 106 (i.e 500 ppb!) using this method. Enzymatic methods are popular
because they are relatively simple, require little or no sample pretreatment, and do
not require expensive instrumentation. The single critical advantage, however, is the
lack of interferences due to the selectivity of enzymes for their natural substrates.

The selectivity of glucose oxidase (E.C. 1.1.3.4) from Aspergillus niger has
been studied through a comparison of the maximum rates of product formation from
a variety of structurally related sugars, shown in Table 3.1.3 Glucose oxidase is most
reactive towards its natural substrate, β-D-glucose (Eq. 3.8), so that this substrate has
been assigned a relative oxidation rate of 100%.

(3.8)

Table 3.1 Substrate Selectivity of Glucose Oxidasea

Substrate Relative Rate of Oxidation (%)

β-D-Glucose 100
2-Deoxy-D-glucose 25
6-Deoxy-6-fluoro-D-glucose 3
6-Methyl-D-glucose 1.85
4,6-Dimethyl-D-glucose 1.22
D-Mannose 0.98
D-Xylose 0.98
α-D-Glucose 0.22

aSee Ref. 3. [Reprinted, with permission, from M. Dixon and E. C. Webb,
Enzymes, 3rd ed., Academic Press, New York, 1979, p. 243. Third edition
 Longman Group Ltd. 1979.]

The data in Table 3.1 show that the only substrate that would represent a signifi
cant interference in an enzymatic assay for glucose using glucose oxidase is 2
deoxy-D-glucose. It is of particular interest that the anomeric form of the enzyme’s
natural substrate, α-D-glucose, cannot be oxidized at a significant rate, even though
the two compounds differ only in the position of the hydroxyl group at the C1 posi
tion of the sugar (Eq. 3.9). It is this exquisite selectivity that is exploited in
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enzymatic assays, enabling their use for substrate quantitation in matrices that may
be as complex as blood or fermentation broths.

(3.9)

To understand how enzymes are used in bioanalytical methods, and how their
concentrations are represented and determined, it is first necessary to examine the
kinetics of one- and two-substrate enzymatic reactions.

3.5. ENZYME KINETICS

The dramatic increases in reaction rates that occur in enzyme-catalyzed reactions can
be seen for representative systems in the data given in Table 3.2.4 The hydrolysis of
the representative amide benzamide by acid or base yields second-order rate con
stants that are over six orders of magnitude lower than that measured for benzoyl-L
tyrosinamide in the presence of the enzyme α-chymotrypsin. An even more dramatic
rate enhancement is observed for the hydrolysis of urea: the acid-catalyzed hydroly
sis is nearly thirteen orders of magnitude slower than hydrolysis with the enzyme
urease. The disprotionation of hydrogen peroxide into water and molecular oxygen
is enhanced by a factor of about one million in the presence of catalase.

Table 3.2 Examples of the Catalytic Power of Enzymesa

Substrate Catalyst T (oK) k (M 1 s 1)

Amide (hydrolysis)
-Benzamide H+ 325 2.4× 10 6

-Benzamide OH 326 8.5× 10 6

-Benzoyl-L-tyrosinamide α-Chymotrypsin 298 14.9
Urea (hydrolysis) H+ 335 7.4× 10 7

Urease 294 5.0× 106

Hydrogen peroxide Fe2+ 295 56
Catalase 295 3.5× 107

aSee Ref. 4. [Reprinted, with permission, from N. C. Price and L. Stevens, Fundamentals of Enzymology,
2nd ed., Oxford University Press, 1989  N. C. Price and L. Stevens, 1989.]

Enzymes derive both their selectivities and their reaction rate enhancements by
the formation of enzyme-substrate complexes. This complex formation results in a
transition state for the reaction, that lowers ΔG , the activation energy, but does not
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affect the net free energy for the conversion of substrate to product. This is
represented in Figure 3.5, for the simple one-substrate enzyme reaction shown in
Eq. 3.10:

E EE S E•S P

where E is the enzyme, S is the substrate, E•S is the enzyme-substrate complex, and
P is the product of the reaction.

Figure 3.5. Free energy profiles during uncatalyzed and enzyme-catalyzed reactions.

The critical first step in enzyme-catalyzed reactions is the formation of E•S, and this
is usually represented as a simple association reaction, as in Eq. 3.10. Because it is
the E•S complex that is the reactant in the substrate conversion step, its concentra
tion determines the rate of the reaction; it follows, then, that the reaction rate will
reach a maximum when all available enzyme effectively exists in the form of the
E•S complex. This situation occurs at high substrate concentrations, where the
enzyme is said to be saturated with substrate. If enzyme concentration is held con
stant, a plot of initial reaction rate against initial substrate concentration (Figure 3.6)
will yield a curve typical of saturation kinetics, where a plateau is observed at
high [S].

Figure 3.6. Initial reaction rate (ν) vs initial substrate concentration ([S]) for an enzyme-catalyzed

reaction at constant enzyme concentration.
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The plot shown in Fig. 3.6 has two regions that are important in analytical meth
ods. First, when [S] is very low, the reaction rate is linearly related to [S]; under these
conditions of first-order kinetics, reaction rates can be used to quantitate substrate.
The second region of interest occurs at very high [S], where the reaction rate is inde
pendent of [S]; under these conditions of zero-order kinetics, all of the available
enzyme exists as E•S, and the reaction rate can be used to determine the total amount
of enzyme present in the sample.

3.5.1. Simple One-Substrate Enzyme Kinetics

One-substrate enzyme kinetics are applied to many reactions that require water
as a cosubstrate, i.e. the hydrolases (such as esterases and proteases), since
aqueous solutions have a water concentration of 55.6 M. The kinetic model is
based on the initial formation of the enzyme-substrate complex, with the rate
constants as shown below:

k1

E•SE S
k2

P (3.11)E
k 1

From this model, the dissociation constant of the enzyme substrate complex, Kd,
will be equal to k 1/k1, which is equal to [E][S]/[E•S].

The mathematical derivation of the expression for the reaction rate is based
upon the initial rate of the reaction. We will assume that, almost immediately after
the reaction begins, the rate of change of concentration of the enzyme-substrate com
plex is zero; that is, a steady-state [E•S] value is achieved. The rate of change of
[E•S] with time, d[E•S]/dt, may be expressed as in Eq. 3.12:

d E•S =dt k1 E S k 1 E•S 0 (3.12)k2 E•S

where [E•S] is formed only from the association reaction, but is removed either by
dissociation into E and S, or by conversion to product.

The enzyme exists in solution as either E or E•S, so that at any time, the total
enzyme concentration is equal to the sum of these concentrations, or [E]0= [E]+
[E•S]. Using this expression to substitute for [E] in Eq. 3.12 yields:

d E•S =dt k1 E E•S S 0 (3.13)k1 E•S k2 E•So

Rearranging to collect terms in [E•S] yields Eqs. 3.14 and 3.15:

S k1 S k 1 E•S 0 (3.14)k2k1 E o

E•S E o S = S k 1 (3.15)=k1k2
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Equation 3.15 can now be used to find the initial rate of formation of product, as
given in Eq. 3.16:

ν k2 E•S
(3.16)

S = S k 1 =k1k2k2 E o

Recalling that the maximum initial rate of reaction, Vmax, occurs when all available
enzyme exists in the form of the enzyme-substrate complex (i.e. [E•S]= [E]o), the
term Vmax may be substituted for k2[E]o; in addition, the constant Km is used to repre
sent (k 1+ k2)/k1, so that Eq. 3.16 simplifies to the standard form of the Michaelis-
Menten Equation (Eq. 2.17):

S = S (3.17)Kmν Vmax

It should be noted that the Michaelis-Menten constant, Km, is related to the dissocia
tion constant for the enzyme-substrate complex, Kd; in fact, Km will always be
greater than Kd, but will approach Kd as k2 approaches zero. It is also noteworthy
that when [S]=Km, ν=Vmax/2; in other words, the reaction rate is half-maximal
when the substrate concentration is equal to Km.

There are two simplifications of the Michaelis-Menten equation that are of tre
mendous analytical importance. The first occurs at low substrate concentration: if
[S] Km, then Km+ [S] Km. Under these conditions, Eq. 3.17 simplifies to Eq. 3.18:

S =Km Constant S (3.18)ν Vmax

The initial rate of reaction is therefore directly proportional to initial substrate concentra
tion at low [S], and can be used to quantitate substrate. This is shown in the initial linear
region of the plot of reaction rate against substrate concentration in Figure 3.5, where the
slope in this region is equal to Vmax/Km.

The second simplification of Eq. 3.17 occurs at high substrate concentration. If
the substrate concentration greatly exceeds Km, then [S]/(Km+ [S]) 1 and ν Vmax.
Under these conditions,

ν Vmax k2 E o (3.19)

The initial reaction rate is now independent of [S], as shown in the plateau region of
Figure 3.5. The rate now depends linearly on enzyme concentration, and a plot of
initial rate against total enzyme concentration will have a slope of k2. Thus, at high
substrate concentrations, initial reaction rates can be used to determine enzyme
concentrations.

In practice, Eq. 3.18 may be used if [S]< 0.1Km, while Eq. 3.19 is useful if
[S]> 10Km. It should be remembered that the steady-state assumption underlying
these expressions is only valid if [S]@ [E]o, and that, in practice, substrate concen
trations in excess of 103[E]o are used.



50 Chapter 3 Enzymes

3.5.2. Experimental Determination of Michaelis-Menten
Parameters

Equations 3.18 and 3.19 show that the two regions of analytical utility in the rate vs
substrate concentration profile of an enzyme occur at [S]< 0.1Km (for substrate
quantitation) and [S]> 10Km (for enzyme quantitation). In developing a new assay,
or in adapting an established assay to new conditions, it is thus important to establish
the Km value of the enzyme. It is of practical importance to also establish and adjust
Vmax, so that an assay may be accomplished in the minimum time required to yield a
given precision.

Four graphical methods may be used to establish Km and Vmax values under
given experimental conditions, called the Eadie-Hofstee, Hanes, Lineweaver-Burk
and Cornish-Bowden-Eisenthal methods. All four involve the measurement of initial
rates of reaction as a function of initial substrate concentration, at constant enzyme
concentration.

3.5.2.1. Eadie-Hofstee Method.5,6

The Michaelis-Menten equation (Eq. 3.17) can be algebraically rearranged to yield
Eq. 3.20, below:

ν= S (3.20)ν Vmax Km

A plot of ν (as y) against ν/[S] (as x) will yield, after linear regression, a y-intercept of
Vmax and a slope of Km (Figure 3.7). This is the preferred “linear regression”
method for determining Km and Vmax, since precision and accuracy are somewhat
better than those obtained using the Hanes plot, and much better than those found
using the Lineweaver-Burk method.

Figure 3.7. Eadie-Hofstee plot for ν measurements with varying [S].

3.5.2.2. Hanes Method.7

A different rearrangement of the Michaelis-Menten equation yields the form that is
used in the Hanes plot:

S =ν Km=Vmax S =Vmax (3.21)



3.5 Enzyme Kinetics 51

In the Hanes plot (Figure 3.8), [S]/ν (as y) is plotted against [S], yielding a slope
of 1/Vmax and a y-intercept of Km/Vmax following linear regression. Km is then calcu
lated as the y-intercept divided by the slope.

Figure 3.8. Hanes plot for ν measured as a function of [S].

3.5.2.3. Lineweaver-Burk Method.8

The Michaelis-Menten equation may be algebraically rearranged to Equation 3.22,
yielding a third linear plot, called the Lineweaver-Burk or double-reciprocal plot:

1=ν 1=Vmax S (3.22)Km= Vmax

The reciprocal rate 1/ν is plotted against the reciprocal substrate concentration
1/[S], yielding a straight line with a positive slope of Km/Vmax and a y-intercept of
1/Vmax. Km is then calculated from the linear regression values of the slope divided
by the y-intercept (Figure 3.9). While the Lineweaver-Burk plot is the most com
monly used graphical method for the determination of Michaelis-Menten parameters,
it yields the poorest accuracy and precision in these values. The main reason for this
is that, since it is a reciprocal plot, the smallest [S] and ν values yield the largest
values on the plot. These small values have the greatest relative imprecision, yet
standard linear regression programs assume constant uncertainty in all y-values (1/ν)
plotted. One approach to minimizing this problem uses weighted linear regression,
where these imprecise points obtained at lower concentrations are given less

Figure 3.9. Lineweaver-Burk plot for ν measured as a function of [S].
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significance in the calculation of slope and intercept values. The popularity of the
Lineweaver-Burk plot results from its use as a diagnostic plot for enzyme inhibitors,
a topic discussed in a Section 3.7.

3.5.2.4. Cornish-Bowden-Eisenthal Method.9

This method is distinct from the previous three linear regression methods, in that
each pair of (ν, [S]) values is used to construct a separate line on a plot in which
Vmax and Km form the y and x axes, respectively. This method uses another
rearrangement of the Michaelis-Menten equation, in which Vmax is the y value and
Km is the x value as shown below:

ν= S Km (3.23)Vmax ν

It can be seen that each (ν, [S]) data point will yield a unique y-intercept (ν) and
slope (ν/[S]). These values define a unique line on a Vmax vs Km plot. Each (ν/[S])
pair will define a different line, but in the absence of experimental uncertainty, all of
these lines will intersect at an identical point that defines the Vmax and Km for the
enzyme studied. This type of plot is shown in Figure 3.10.

In practice, the lines do not pass through a single unique point as shown in
Fig. 3.10, but instead a cluster of intersection points is observed. All of the intersec
tion points are then used to calculate average Km and Vmax values. This unusual
method has been shown to yield the best accuracy and precision for statistically
treated model data sets.

Figure 3.10. Cornish-Bowden-Eisenthal plots obtained with four (ν, [S]) data pairs.

3.5.3. Comparison of Methods for the Determination
of Km Values10

The precisions and accuracies of the four methods described above for the determi
nation of Km values were compared statistically by first generating an “error-free”
data set of ν and [S] data, and then introducing different types of error to the ν values
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to generate a total of one hundred individual data sets. The error-free data set was
generated using Eq. 3.17 with Vmax =Km = 1, and the seven individual values are
given below in Table 3.3.

Fifty data sets containing absolute error were then generated by adding random
numbers of mean zero and standard deviation 0.05 to each ν value. Another fifty data
sets were generated to contain relative error, by multiplying each ν value by a ran
dom number of mean one and standard deviation 0.10. These one hundred data sets
were then analyzed individually by each of the four methods, to generate one hun
dred Km values for each method. The average Km value and its uncertainty for each
method and each error type are summarized in Table 3.4.

Table 3.3 Error-free Michaelis-Menten Data for Methods Comparison

[S] ν

0.25 0.200
0.50 0.333
0.75 0.428
1.00 0.500
1.25 0.556
1.50 0.600
1.75 0.636

Table 3.4 Mean Estimates of Km (True Value= 1.00) for Data with Different Error Types

Error Type

Method Absolute Relative

Lineweaver-Burk
(1/ν vs. 1/[S])

Hanes
([S]/ν vs. [S])

Eadie-Hofstee
(ν vs. ν/[S])

Cornish-Bowden-Eisenthal
(Vmax vs. Km)

1.13± 0.82 1.09± 0.43

1.05± 0.46 1.05± 0.33

0.93± 0.46 0.88± 0.31

0.79± 0.31 0.94± 0.29

The values summarized in Table 3.4 show that, while all four methods give
accurate Km values (in all cases, Km= 1.00 is within the uncertainties reported), the
Lineweaver-Burk method yields significantly poorer precision than any of the other
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three methods. The Cornish-Bowden-Eisenthal method yields the most precise val
ues for Km, in the presence of either absolute or relative error.

3.5.4. One-Substrate, Two-Product Enzyme Kinetics

Hydrolytic enzymes that release two products in a defined sequence require a
slightly more complicated model for their kinetic behavior. These enzymes pass
through two intermediate stages in the catalytic cycle, E•S and E•S , and the forma
tion of products involves two steps with associated rate constants k2 and k3:

k1 k2
E•S E•SE S

k3
P1 (3.24)EP1 P2

k 1

The rate-determining step is assumed to involve the release of the first product
P1 and the conversion of E•S into E•S . Application of the steady-state approxima
tion to both [E•S] and [E•S ] (i.e. assuming that d[E•S]/dt= 0 and d[E•S ]/dt= 0)
yields Eq. 3.25 for the reaction rate, after steps analogous to Eqs. 3.12–3.16:

ν k2 E•S
k2k3= k2 k3 E o S

k 1 k2 =k2 k3= k2 k3 S
(3.25)

While Eq. 3.25 looks much more complicated, it has the same form as Eq. 3.17.
In fact, if the substitutions Vmax= kcat[E]o= {k2k3/(k2+ k3)}[E]o, and Km = {(k 1+
k2)/k2}{k3/(k2+ k3)} are made, Eq. 3.17 is obtained, and Michaelis-Menten kinetics
are observed with these types of enzymes.

3.5.5. Two-Substrate Enzyme Kinetics

The kinetic behavior of many enzymes cannot be described by the simple Michaelis-
Menten equation, because more than one substrate is involved in the reaction. Such
is the case for the oxidoreductases, the transferases and the ligases, three of the
six major divisions of enzymes. The kinetic behavior of these systems is necessarily
more complicated, and depends on whether or not a ternary enzyme-primary sub
strate-secondary substrate complex is formed.

If a ternary complex is formed, the mechanism may be considered ordered or
random. The ordered mechanism requires that the first substrate (S1) must bind to
the enzyme before the second substrate (S2) will bind, and is represented by
Eq. 3.26:

E E P (3.26)E•S1 E•S1•S2S1 S2 S2

Dehydrogenase enzymes that use NAD+ as a cofactor follow this mechanism,
since an enzyme-NAD+ complex forms initially, and changes the local structure at
the enzyme’s active site to allow substrate binding.
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If no particular order is required for substrate binding, the model shown in
Eq. 3.27 is used:

E S1 S2 E•S1

E•S2

S2

S1

E•S1•S2 E P
(3.27)

In this case, either substrate will bind to the enzyme initially, and a ternary com
plex is then formed that will decompose to products. By assuming that all three com
plexes, E•S1, E•S2 and E•S1•S2 form rapidly, and that the transformation of
E•S1•S2 into products is relatively slow (and rate-determining), we obtain Eq. 3.28
for the initial reaction rate:

ν Vmax= 1 Km1= S1 Km2= S2 Km12= S1 S2 (3.28)

Eq. 3.28 contains a new term, Km12, that represents a change in affinity of the
enzyme for one substrate once the other substrate is bound. If the mechanism is
ordered, the simple relationship Km12 =Km1 ×Km2 may be applied. For a random
mechanism, the value of Km12 is determined experimentally. Creatine kinase (CK,
Eq. 3.29) is an example of this type of enzyme. Creatinine and ATP bind to the
enzyme randomly in nearby, but independent binding sites.

(3.29)

If the two-substrate mechanism does not involve the formation of a ternary com
plex, then sequential substrate binding and product release occurs in the so-called
“ping-pong” mechanism, Eqs. 3.30 and 3.31:

E E P1 (3.30)E•S1S1

E E P2 (3.31)E •S2S2

In this mechanism, two independent steps occur in which the enzyme is initially
converted into an intermediate state E , and this altered enzyme, independent of S1

and P1, reacts with the second substrate. Aspartate aminotransferase is such an
enzyme; it catalyzes the transfer of an amino group from aspartate to 2-oxoglutarate
by first removing the amino group from aspartic acid (S1), to release oxaloacetate
(P1), and then adding the amino group to 2-oxoglutarate (S2) to produce glutamic
acid (P2). The enzyme’s prosthetic group is pyridoxal phosphate, which is readily
converted to pyridoxamine phosphate by the removal of an amino group from aspar
tate, as shown in Figure 3.11.
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Figure 3.11. Pyridoxal phosphate at the active site of aspartate aminotransferase.

Aspartate aminotransferase, and all other enzymes possessing a ping-pong
mechanism, are described by Eq. 3.32:

ν Vmax= 1 (3.32)S1 S2Km1= Km2=

In these cases, the third term in the denominator (Km12/[S1]× [S2] in Eq. 3.36) is
absent because no ternary E•S1•S2 complex is formed. The individual values of Km1

and Km2 may be found in two separate experiments in which S1 and S2 are varied
under saturating conditions of S2 and S1, respectively, so that the second and first
terms in the denominator become vanishingly small.

3.5.6. Examples of Enzyme-Catalyzed Reactions and
their Treatment

It is not always immediately apparent from an enzymatic reaction whether it should
be treated with single- or dual-substrate enzyme kinetic expressions. Lactose hydro
lase, which catalyses the hydrolysis of lactose according to:

lactose D-galactose D-glucose (3.33)H2O

is best (and perhaps obviously) treated by simple one-substrate Michaelis-Menten
kinetics, since H2O may be safely ignored as a second substrate. Glucose oxidase
catalyzes a two-substrate reaction, however:

D-glucose δ-D-gluconolactone H2O2 (3.34)O2

and must be treated with two-substrate kinetics; it has been shown that the ping-pong
mechanism applies in this case.

Lactate dehydrogenase (misnamed since it usually functions in the reverse direc
tion and so would be more aptly named pyruvate hydrogenase) represents a yet more
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complicated system:

Pyruvate NADH H L-Lactate NAD (3.35)

In this case, the question is: should H+ be considered a third substrate? It has, in fact,
been treated in this manner by researchers, who have shown that if both pyruvate and
NADH concentrations are maintained at saturating levels, the initial rate of the enzy
matic reaction is pH-dependent, showing a gaussian-like curve over the pH range of
6–8. Data taken on the alkaline side of this curve may be used to obtain a KmH+

value, or, alternately, the alkaline pH value at Vmax/2 value may be read directly
from the ν vs pH curve. Research has shown that, in general, Vmax/2 occurs at a pH
value that is at least two orders of magnitude (two pH units) alkaline of the optimum
pH for the reaction, where ν=Vmax. This means that, at the pH optimum, [H+]
100×KmH+, so that the deviation of ν from Vmax is less than 1%. Furthermore, in a
buffered solution, [H+] is constant, so that deviations of ν from Vmax, even at an
unusually narrow pH optimum, appear as constants in the kinetic expressions. It has
therefore been concluded that, for all practical purposes, H+ may be safely ignored as
a second or third substrate.

It must also be remembered that enzymes have structures that depend upon pH.
Under excessively acid or alkaline conditions, denaturation of the tertiary protein
structure will occur due to disruption of the normal hydrogen bonding modes, and
this denaturation will have dramatic effects on enzyme activity.

3.5.7. Curve Fitting for Enzyme Kinetic Data11–14

Linear regression methods used to determine Michaelis-Menten parameters, and to
generate calibration curves relating initial reaction rates to either substrate or enzyme
concentrations, contain assumptions that are not always valid. For example, the
quasi-steady-state assumption is inherent in all of the derivations. Inhibition of the
enzyme by excess substrate(s) or by the reaction product(s) are not considered.
Reactions that do not go to completion, but instead reach an equilibrium concentra
tion ratio of product(s) to reactant(s), are also not considered. During the develop
ment of a new enzyme assay, the full characterization of the enzyme with respect to
its kinetic and equilibrium properties is very valuable.

Many commercial software packages are available to allow models to be fit to
experimental data. Full progress curves can be examined at each initial substrate con
centration; in these experiments, reactions proceed until substrate concentrations
reach their final values. Calibration curves can be modeled over the full range of
substrate concentrations.

The keys to these curve fitting methods are nonlinear regression and the
assumption of a model, or equation, that is believed to describe the experimental
data. Given the equation, and initial estimates for the values of constants that appear
in the equation, the software adjusts the values of these constants in order to mini
mize the differences between the experimental data points and the values calculated
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by the model. As with linear regression methods, only uncertainties in the measured
signals are considered, while uncertainties in initial substrate concentrations are
assumed to be zero.

There are many examples of the utility of curve fitting methods for enzyme
kinetic studies. The enzyme cellulase, for example, degrades cellulose by hydrolyz
ing glycosidic bonds and breaking down the high molecular weight glucose polymer
into smaller units, and finally to glucose. Glucose, cellobiose and other hydrolysis
products inhibit the enzyme.

Lactate dehydrogenase, functioning in the reverse direction to Equation 3.35,
has an equilibrium constant of 8.4× 10 14 M. Used at a fixed pH of 8, the ratio of
products to reactants is about 10 5. Unless products are continually removed, as is
the case in LDH-based bioassays, the reaction leans very much towards lactate
production.

Horseradish peroxidase, another very important enzyme for bioanalytical
assays, is very selective for hydrogen peroxide, but the cosubstrate can be any of a
wide variety of chemicals. The compound resazurin is one of these, and its reaction
product is the highly fluorescent resorufin. This reaction has been used in single-
molecule studies of the enzyme, in which enzyme molecules were trapped in lipo
somes (artificial vesicles). The liposomes were attached to a surface for individual
examination. Resazurin and hydrogen peroxide freely cross the membranes and react
with the enzyme, but the product, resorufin, which is negatively charged, remains
trapped within the vesicles. Within these confines, it was shown that only a few
resorufin molecules are needed to significantly inhibit the enzyme.

3.6. ENZYMEACTIVATORS

A large variety of chemical and biochemical compounds are known to affect the
activity of enzymes without themselves being involved in the enzyme-catalyzed
reaction. Activators are species that increase enzyme activity; they may be necessary
for the enzyme to possess any catalytic activity (such as a prosthetic group), or they
may increase the specific activity of an already active enzyme (e.g. ions such as Ca2+

and Mg2+ that interact with phosphate-containing substrates). At constant, saturating
levels of substrate(s), increasing concentrations of activator yield increasing initial
reaction rates, with a limiting rate reached at high activator concentrations. In some
cases, such as for prosthetic group activation, the following sequence of reactions
may be used as a model for kinetic descriptions:

A Eactive (3.36)Einactive

S P (3.37)Eactive S•Eactive Eactive

where A represents the activator species. Parallel reaction sequences must be consid
ered if the enzyme is catalytically active in the absence of activator. With the
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exception of prosthetic group activation, activators are not usually specific, and sev
eral species may have similar activating effects on an enzyme. For example, isoci
trate dehydrogenase is activated by both Mn2+ and Mg2+; it has been shown that, in
the absence of Mg2+, Mn2+ levels as low as 5 ppb may be determined via measure
ment of isocitrate dehydrogenase activity. Anions are also relatively nonspecific acti
vators, and the activation of α-amylase by buffer anions (especially Cl ) has been
studied in detail. An exception to this nonspecific ion activation occurs with pyru
vate kinase: this enzyme is activated by K+, but is inhibited by Na+.

While activator concentrations may be quantitated through activity assays, the
presence of unknown concentrations of activators in samples requiring substrate or
enzyme quantitation can represent a significant source of error. If activators are pres
ent or suspected in such samples, activators are added in excess to both samples and
calibration standards.

3.7. ENZYME INHIBITORS

Enzyme inhibitors are species that cause a decrease in the activity of an enzyme.
Inhibitors usually interact with the enzyme itself, forming enzyme-inhibitor (E•I)
complexes, but in a few cases, the inhibition mechanism involves reaction with one
of the substrates. Inhibition is considered to be reversible if the enzyme recovers its
activity when the inhibitor is removed, and irreversible if the inhibitor causes a per
manent loss of activity. Reversible inhibition affects the specific activity and appar
ent Michaelis-Menten parameters for the enzyme, while irreversible inhibition
(where the E•I complex formation is irreversible) simply decreases the concentration
of active enzyme present in the sample. A well-known example of irreversible inhi
bition is the effect of nerve gas on the enzyme cholinesterase.

Inhibitors may be quantitated using enzyme activity assays if the unknown
inhibitor sample does not contain the enzyme employed in the inhibition assay. Stan
dards containing constant enzyme and saturating substrate concentrations are pre
pared with varying concentrations of inhibitor. The resulting activity vs [inhibitor]
calibration curves, for reversible and irreversible inhibitors, are shown below in
Figure 3.12.

Figure 3.12. Calibration curves for (A) reversible and (B) irreversible inhibitors.
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The curvature seen for reversible inhibition (Figure 3.12, curve A) indicates that
an inhibitor-binding equilibrium precedes the conversion of substrate to product.
Three types of reversible inhibition may be distinguished: (1) competitive inhibition
occurs when the degree of inhibition decreases as substrate concentration increases
and Vmax is unaffected; (2) noncompetitive inhibition exists when the degree of inhi
bition does not vary with substrate concentration, and Km is unaffected; and (3)
uncompetitive inhibition exists if the degree of inhibition increases as substrate con
centration increases; both Vmax and Km are affected. Uncompetitive inhibition is
often thought of as a mixture of competitive and noncompetitive behavior.

3.7.1. Competitive Inhibition

Competitive inhibitors compete with the substrate for the enzyme’s active site, but
are not converted to products after they are bound. They block the active site from
substrate, and their effectiveness is described by their inhibition constant, KI, which
is the dissociation constant of the enzyme-inhibitor complex (k 3/k3):

E S
k1

E•S
k2

E P (3.38)
k 1

E I
k3

E•I (3.39)
k 3

In this model, the enzyme-inhibitor complex is completely inactive, but is in equili
brium with the active form of the enzyme. For a simple one-substrate reaction, the
effect of a competitive inhibitor on the initial rate of the reaction is described by
Equation 3.40:

ν Vmax= 1 Km= S 1 I (3.40)=KI

It can be seen from this equation that competitive inhibitors have no effect on the
Vmax of the enzyme, but alter the apparent Km. In the presence of inhibitor, Km will
be increased by a factor of (1+ [I]/KI). Lineweaver-Burk plots constructed at various
inhibitor concentrations provide a useful diagnostic for this type of inhibition.
Figure 3.13 shows that identical y-intercepts (1/Vmax) are obtained at different inhibi
tor concentrations, while x-intercepts (reciprocal of apparent Km) decrease with
increasing [I], and are equal to -1/{Km(1+ [I]/Ki)}.

3.7.2. Noncompetitive Inhibition

Noncompetitive inhibitors interact reversibly with enzymes to form an inactive spe
cies, effectively “removing” active enzyme and thus interfering with the rate of
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Figure 3.13. Lineweaver-Burk plots for competitive inhibitors.

conversion of substrate to product. The inhibitor may interact with free enzyme, or
with the enzyme-substrate complex. The key feature of noncompetitive inhibition
that distinguishes it from competitive inhibition is that inhibition does not affect the
apparent affinity of the enzyme for its substrate (i.e. the apparent Km). For example, a
noncompetitive inhibitor may bind in a region remote from the active site to cause a
reversible change in enzyme tertiary structure that completely prevents substrate
binding and product formation. In this type of inhibition, the quantity of active
enzyme appears to decrease as inhibitor concentration increases, so that the apparent
Vmax for the reaction decreases.

ν Vmax= 1 I 1 S (3.41)=K i Km=

where Vmax,app=Vmax/{1+ [I]/Ki}

Figure 3.14 shows Lineweaver-Burk plots that are typical of noncompetitive
inhibition.

Figure 3.14. Lineweaver-Burk plots for noncompetitive inhibitors.
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3.7.3. Uncompetitive Inhibition

Uncompetitive inhibitors bind with the ES complex, affecting both the apparent Km

and the apparent Vmax of an enzymatic reaction. Their behavior is approximated by
Equation 3.42:

ν Vmax= S I 1 (3.42)Km= =K i

In this case, Lineweaver-Burk plots (Fig. 3.15) may yield a series of parallel
lines (in the case of one-substrate enzymes), in which the y-intercept is equal to the
reciprocal of the apparent Vmax, 1/Vmax,app= {1+ [I]/Ki}/Vmax, while the x-intercept
is the negative reciprocal of the apparent Km, 1/Km,app = {1+ [I]/Ki}/Km. This
model predicts an apparent equivalent change in Km and Vmax, resulting in lines of
identical slope.15

Figure 3.15. Lineweaver-Burk plots for uncompetitive inhibitors.

3.8. ENZYMEUNITS AND CONCENTRATIONS

Enzyme concentrations may be represented in an identical manner as with noncata
lytic species, such as is in molar units or as mass per unit volume. The information
required for this calculation is minimal: the percentage purity of the enzyme prepara
tion, the molecular weight of the enzyme, and the mass and volume of the solution
prepared. Enzyme concentrations are rarely represented in this way, however,
because such values say nothing about the catalytic power of the solution prepared.

The concentration of an enzyme solution is most commonly given as the num
ber of International Units (I.U.) per unit volume. The International Unit is defined as
that quantity of enzyme required to consume one micromole of substrate per minute
at a given temperature and pH, under conditions of substrate saturation:

International Unit I:U: 1-μmol substrate consumed=minute (3.43)
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Since one I.U. is usually a very large quantity of enzyme, concentrations are often
given as milliunits (mU) or microunits (μU) per liter or milliliter.

To convert these units to molar concentrations, it is necessary to know the turn
over number, kcat, of the particular enzyme used. For a simple one-substrate enzyme,
kcat = k2. This value is a fundamental characteristic of an enzyme, indicating the
maximum rate at which substrate can be consumed, and is generally given in units
of s 1. Under conditions of substrate saturation,

1 L 1ν Vmax kcat E o mol S converted s (3.44)

Vmax is obtained from the I.U. of enzyme activity present in a given volume (VT) of
enzyme solution:

Vmax 10 6 mol=μmol 1 min=60 s I:U:=VT ; or
1:67 10 8 I:U:=VT mol s 1 L 1 (3.45)

Combining Eqs. 3.44 and 3.45, the molar concentration of an enzyme solution
may be found:

E o 1:67 10 8 I:U:=VT 1=kcat (3.46)

While Eq. 3.46 is preferred for the calculation of [E]o, it requires that the kcat

value be known for the enzyme of interest under the conditions required for its use,
and this value is not always available in the literature.

Specific activity is defined as I.U. of enzyme activity per unit weight (under
given conditions of T and pH), and is considered a measure of enzyme purity: the
higher the specific activity of a given enzyme preparation, the greater is its purity.
Specific activity is generally reported in I.U. per milligram of solid enzyme. If the
molecular weight of an enzyme is known, and if a given preparation can be assumed
to be 100% pure, then its specific activity can be used to estimate kcat through
Eq. 3.47:

kcat 1:67 10 5 Specific activity Molecular weight (3.47)

where the constant has been calculated for specific activity in I.U./mg, molecular
weight in Daltons, and kcat in s 1.

Because of the nonstandard units associated with the I.U. system for defining
enzyme concentrations, an equivalent S.I. Unit has been defined, and is called the
Katal. One Katal of enzyme activity is that quantity which will consume one mole
of substrate per second; one microkatal is equal to 60 I.U.

Enzyme concentrations expressed as activity per unit volume must specify the
temperature at which activity is measured. Even simple enzyme-catalyzed reactions
consist of at least three stages, all of which are temperature-dependent: the formation
of the enzyme-substrate complex, the conversion of this complex to the enzyme
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product complex, and the dissociation of the enzyme-product complex. The overall
effect of temperature on reaction rates is a combination of the effects produced at
each stage. In general, a 10 °C increase in T will double the rate of an enzymatic
reaction. Temperature control to within 0.1 °C is necessary to ensure the reproducible
measurement of reaction rates. Temperatures below 40 °C are generally employed, to
avoid protein denaturation.
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PROBLEMS

1. The enzyme alanopine dehydrogenase reversibly catalyzes the reaction shown below. It is
present in gastropod mollusks, such as the periwinkle (Littorina sp.), that live in intertidal
regions. These species survive exposure during low tides through valve closure, and their
metabolism switches from the aerobic lactate dehydrogenase pathway to the anaerobic ala
nopine dehydrogenase pathway. Exposed mollusks accumulate alanopine in their tissues,
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and alanopine levels have been related to exposure times.

NH CH CH3 COOH NAD H2O
NADH

2 Alanopine

HCH3COCOOH PyruvateH2NCH CH3 COOH Alanine

(a) In the forward direction as written above, should alanopine dehydrogenase be consid
ered a one-, two- or three-substrate enzyme? Why?

(b) Alanopine dehydrogenase from periwinkle has been shown to possess Km values for
alanopine and NAD+ of 17 mM and 0.22 mM, respectively. What minimum NAD+

concentration should be used to obtain a linear dependence of initial reaction rate on
alanopine concentration? Over what alanopine concentration range is the linear depen
dence expected to hold?

(c) In the reverse direction, it has been found that the product NAD+ acts as a reversible
inhibitor of alanopine dehydrogenase. Under conditions of excess alanine and pyru
vate, the initial rate of the reaction was measured as a function of NADH concentra
tion, with NAD+ concentrations of 0, 1 and 2 mM initially present. Lineweaver-Burk
plots of 1/ν vs 1/[NADH] were constructed from these data, and these plots showed
that the y-intercept was identical at all three initial NAD+ concentrations. The x-inter
cepts, however, were negative, and tended towards zero at higher initial NAD+ con
centrations. What kind of inhibitor is NAD+? What effect does NAD+ have on the
apparent Km and Vmax for NADH?

2. An enzyme has a molecular weight of 47 kDa and a preparation that is 100% pure has a
specific activity of 700 I.U./mg, at 25 °C in a pH 7.5 phosphate buffer. The enzyme is
known to be monomeric (one active site per enzyme molecule).

(a) Calculate the mass of the pure enzyme preparation needed in 100 mL of buffer (satu
rated with substrates) to produce a solution that will initially consume substrate at the
rate of 5× 10 7 M/min.

(b) Calculate kcat for the enzyme.

(c) A second preparation of this enzyme was tested for activity. In 100 mL of buffer,
1.6 mg of the solid enzyme was dissolved. This enzyme solution was mixed with a
substrate solution in the ratio 500:1500 μL, and in the final solution, all substrates
were present in great excess of their Km values. Absorbance spectroscopy showed that
0.32 mM substrate was consumed per minute. Calculate the specific activity of the
enzyme preparation.

3. The enzyme methylamine dehydrogenase catalyzes the oxidation of aminomethane to
formaldehyde according to the following equation:

CH3NH2 2 AC-Cu2

HCHO
H2O

NH3 2H 2 AC-Cu :

The abbreviation AC represents amicyanin, a “blue” copper protein that acts as the physio
logical electron-acceptor. AC can be replaced in vitro by the low molecular weight elec
tron-acceptor phenazine ethosulfate (PES). PES is oxidized in a single two-electron step,
so that 1:1 stoichiometry prevails between aminomethane and PES. The reduced form of
PES reacts rapidly with 2,6-dichloroindophenol, again in 1:1 stoichiometry, to produce an
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intensely colored product with an absorbance maximum at 600 nm and a molar absorptivity
of 2.15× 104 M 1 cm 1. Calculate the initial change in absorbance with time that would be
expected at 600 nm in a 1-cm cuvette, for a solution containing excess aminomethane, PES
and 2,6-dichloroindophenol, if the solution also contained 20 ng/mL of a methylamine
dehydrogenase preparation known to have a specific activity of 16 I.U./mg.

4. An enzyme converts substrate S to product P, and obeys simple one-substrate Michaelis-
Menten behavior. The following rate data were obtained with 5× 10 8 M enzyme at 25 °C
in pH 7.2 phosphate buffer:

[S], (mM) 4.000 1.336 0.800 0.568 0.448 0.368
Initial rate (mmol/min) 0.648 0.488 0.418 0.353 0.310 0.275

Using the Eadie-Hofstee and the Cornish-Bowden-Eisenthal approaches, determine the
values of Km and Vmax for this enzyme. Which is likely to yield more precise estimates?
From these results, calculate kcat for the enzyme.

5. A Hanes plot of [S]/ν against [S], obtained at constant enzyme concentration, T and pH,
yielded a positive slope of 100 min/mM and a y-intercept of 0.0020 min.

(a) Calculate Vmax and Km for the enzyme.

(b) If the solution was known to contain 10 ng/mL of a solid (lyophilized) enzyme, calcu
late the specific activity of the enzyme preparation.



Chapter 4

Quantitation of Enzymes and
Their Substrates

4.1. INTRODUCTION

The quantitation of enzymes and substrates has long been of critical importance in
clinical chemistry, since metabolic levels of a variety of species are known to be
associated with certain disease states. Enzymatic methods may be used in complex
matrices, such as serum or urine, due to the high selectivity of enzymes for their
natural substrates. Because of this selectivity, enzymatic assays are also used in
chemical and biochemical research. This Chapter considers quantitative experimen
tal methods, the biochemical species that is being measured, how the measurement is
made, and how experimental data relate to concentration. This chapter assumes
familiarity with the principles of spectroscopic methods (absorbance, fluorescence,
chemi- and bio-luminescence, nephelometry and turbidimetry), electrochemical
methods (potentiometry and amperometry), calorimetry and radiochemical methods.
For an excellent coverage of these topics, the student is referred to Daniel C. Harris,
Quantitative Chemical Analysis (6th Ed.), published by Freeman (2003). In addition,
statistical terms and methods, such as detection limit, signal-to-noise ratio (S/N),
sensitivity, relative standard deviation (RSD) and linear regression are assumed
familiar; Chapter 17 in this volume discusses statistical parameters.

Biochemical literature often uses the terms detection limit and sensitivity inter
changeably. We will use detection limit to describe the minimum detectable amount
of analyte, which is that amount required to generate a signal that is two or three
standard deviations in magnitude above the signal obtained for a reagent blank solu
tion (i.e. a blank that contains everything except the analyte). The slope of the cali
bration curve of signal vs analyte concentration is defined as the sensitivity of a
quantitative assay; this slope describes how sensitive the assay is to changes in ana
lyte concentration. It follows from this definition that, for nonlinear calibration
curves, sensitivity is a function of concentration. These definitions conform to con
ventions in analytical chemistry.

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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4.2. SUBSTRATE DEPLETION OR PRODUCT
ACCUMULATION

When a substrate can be directly measured, the reason for using an enzymatic assay
for its quantitation may not be immediately apparent. However, complex biological
matrices may contain a variety of species that interfere with the direct measurement
of analyte concentration. For example, if the analyte absorbs in the visible or ultra
violet region, direct quantitation may result in erroneously high values if interfering
species absorb at the measurement wavelength. An enzymatic method, on the other
hand, can monitor the absorbance decrease that occurs as a result of the selective
consumption of analyte by the enzyme, thus avoiding the spectral interference.

An assay for uric acid involves the enzyme urate oxidase, which catalyzes the
following reaction:

Uric acid 2H2O Allantoin CO2 (4.1)O2 H2O2

While allantoin is difficult to measure spectrophotometrically, uric acid possesses a
strong ultraviolet absorption with a maximum at 293 nm (molar absorptivity
1.22× 104 M-1 cm-1).1 Uric acid quantitation thus involves monitoring the decrease
in A293.

Coenzyme A (CoA) may be quantitated using the enzyme phosphotransacety
lase, which catalyzes the acetylation of CoA by acetylphosphate:

CoA-SH CH3CO-OPO3H CoA-S-COCH3 H3PO4 (4.2)

In this case, CoA-S-COCH3 accumulation is measured, since it possesses an absorp
tion maximum at 232 nm (molar absorptivity 4.5× 103 M-1 cm-1).2 A232 will there
fore increase as the reaction proceeds.

With some enzymatic reactions, both substrate and product may be readily
measured, so that reactions may be followed by measuring either the depletion of
substrate or the accumulation of product. The optimum choice of species for mea
surement then depends upon the measurable properties of the substrate and product
and on the measurement technique employed, so that a comparison of sensitivities
and detection limits is necessary.

For example, if substrate and product are both fluorescent with identical molar
absorptivities and quantum yields but different excitation or emission wavelengths,
product quantitation is preferred because a small increase in fluorescence intensity is
readily measured when superimposed on a background signal near zero, where the
noise magnitude is very low. A more complicated decision is required if absorbance
spectroscopy is to be used, if substrate and product have equal molar absorptivities.
Absorbance measurements are generated by instruments that actually measure the
quantity of light transmitted by a sample, so that the largest signals (with poorest
precision) are generated at low analyte concentrations. The best RSD values are
obtained for absorbance values in the 0.1–2.0 range. Although the measurement of
product accumulation is usually chosen, a rigorous comparison of calibration data
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for substrate and product measurements is necessary for an optimized direct absorb
ance-based assay. In practice, product accumulation is almost invariably measured in
an indirect manner, since it is often possible to couple a second reaction in series
with the first substrate-selective reaction in order to generate an easily-monitored
secondary product.

4.3. DIRECT AND COUPLEDMEASUREMENTS

Some enzymatic reactions can be followed directly, either by substrate depletion or
product accumulation measurements, with adequate precision for direct enzymatic
assays. However, many enzymes catalyze reactions involving species that are not
themselves readily measured. In these situations, products are converted to species
that are measurable, in a coupled, or indicator reaction. The indicator reaction may
be chemical or enzymatic, and quantitatively converts the product of the primary
reaction into a readily measurable species. The main requirement for the indicator
reaction, whether it is chemical or enzymatic in nature, is that the conversion of the
primary product into the measured product must be rapid and quantitative.

Eprim Eind
Substrate Primary product Measured product (4.3)

An assay for adenosine involves the primary enzyme adenosine deaminase, and a
chemical indicator reaction that consumes ammonia by reaction with the ninhydrin
reagent:

(4.4)

The product of this reaction absorbs visible light, with a maximum at 546 nm. The
ninhydrin indicator reaction3 may be employed with virtually any primary reaction
that produces NH3.

The most commonly used indicator enzymes are dehydrogenases and peroxi
dases. The reactions catalyzed are shown below:

Reduced substrate NAD P
dehydrogenase

Oxidized substrate NAD P H H

(4.5)

peroxidase
Reduced dye H2O2 Oxidized dye H2O (4.6)

Dehydrogenases are used in cases where the primary enzymatic reaction produces
the reduced substrate for a particular dehydrogenase enzyme reaction. These species
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are then converted to their oxidized forms in the indicator reaction, where the forma
tion of reduced nicotinamide coenzyme (NADH or NADPH) allows absorbance
measurements at 340 nm, where the molar absorptivities4 of the reduced coenzymes
are 6.2× 103 M-1 cm-1 (Fig. 4.1). Dehydrogenase indicator reactions are common
because few interferences exist for absorbance measurements at 340 nm.

Figure 4.1. Absorption spectra of nicotinamide coenzymes.4 [Reprinted, with permission, from

H. Netheler, in Methods of Enzymatic Analyis, Wiely-VCH, 1983, Vol. 1. Edited by Hans Ulrich
Bergmeyer, 3rd English Edition,  Verlag Chemie GmbH, Weinheim, 1983.]

Peroxidase indicator reactions may be used to follow any primary reaction
that produces hydrogen peroxide. Peroxidases are very specific for H2O2, but
will react with a variety of organic dye species that are colorless in the reduced form,
but highly absorbing in the oxidized form. Examples include 2,4-dichlorophenol,
O-dianisidine, malachite green, and benzidine.

Two commercial enzymatic assays exist for the determination of glucose in
serum. One involves the primary enzyme glucose oxidase and the indicator enzyme
peroxidase:

Glucose O2 δ-D-Gluconolactone H2O2 (4.7)

O-Dianisidine H2O2 2; 2 -Dimethoxydiphenylquinonediimine 2H2O

(4.8)

The oxidized form of O-dianisidine is red, and shows an absorbance maximum at
450 nm with a molar absorptivity5 of 8.6× 103 M 1 cm 1.

The second glucose assay involves hexokinase as a primary enzyme, and uses
glucose-6-phosphate dehydrogenase as an indicator enzyme:

Glucose ATP Glucose-6-phosphate ADP (4.9)

Glucose-6-phosphate NADP 6-Phosphoglyceric acid NADPH H

(4.10)
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Based on the molar absorptivities of the products, the glucose oxidase/peroxi
dase assay may be expected to yield higher sensitivity and a lower detection limit.

Ideally, the indicator enzyme converts primary product into measured product in
a “linear” manner, meaning that every molecule of primary product is instantane
ously converted, regardless of substrate concentration. To accomplish this, primary
product concentrations are kept low, so that they fall into the linear region of the
saturation kinetics curve. For linear conversion at all analyte (primary substrate) con
centrations, the effective rate of the indicator reaction, (Veff)ind, must equal Vmax for
the primary reaction:

1 P1 S2 (4.11)Vmax Vmax Km;P1= Km;S2=Veff indprim ind=

Since Km,P1 is a characteristic of the indicator enzyme, and [P1] is dictated by the
analyte concentration, the only variables that can be controlled experimentally are
(Vmax)ind, which is equal to kcat[Eind] (cf. Chapter 3) and the cosubstrate concentra
tion [S2]. For this reason, a large excess (100-fold or more) of indicator enzyme is
employed, in addition to saturating levels of cosubstrate (O-dianisidine in Eq. 4.8,
and NADP+ in Eq. 4.10).

When making initial rate measurements with coupled enzyme systems, there is
often a significant lag time during which the linkage products build up to steady-state
concentrations.6 It should also be remembered that some dehydrogenase reactions
possess unfavourable equilibria; lactate dehydrogenase, for example, which cataly
ses the reaction shown in Eq. 4.12:

Lactate NAD Pyruvate NADH H (4.12)

prefers to convert pyruvate to lactate (K= 5× 10-5) at pH 7. For this reason, coupling
lactate dehydrogenase to a lactate-producing enzyme will not be effective, unless
a trapping reagent is used to remove pyruvate or NADH and force the reaction
towards products. For example, at pH 9.5, phenylhydrazine will trap pyruvate
to produce a phenylhydrazone, shifting the lactate dehydrogenase equilibrium to
K= 2× 10-2.7 Alternatively, NADH may be trapped with an electron-transfer reagent
such as phenazine methosulfate (PMS) which is colorless in the oxidized form but
absorbs at 388 nm in the reduced form.

4.4. CLASSIFICATION OFMETHODS

Enzymatic assay methods are classified as fixed-time assays, fixed-change assays or
kinetic (initial rate) assays. Kinetic assays continuously monitor concentration as a
function of time; pseudo-first-order conditions generally apply up to about 10%
completion of the reaction to allow the initial reaction rate to be determined. If the
initial substrate concentration is greater than 10Km, then the initial rate is directly
proportional to enzyme concentration. At low initial substrate concentrations
(<0.1Km), then the initial rate will be directly proportional to initial substrate
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concentration (cf. Chapter 3). For enzyme quantitation, a plot of initial rate against
[E] provides a linear calibration curve, while a linear plot of initial rate against [S] is
used for substrate quantitation.

A commercial serum creatine kinase assay8 employs the kinetic method for
enzyme quantitation. This is a three-enzyme, coupled assay involving the following
sequence of reactions:

creatine kinase
Creatine phosphate ADP Creatine ATP (4.13)

hexokinase
ATP Glucose ADP Glucose-6-phosphate (4.14)

In this assay, diluted serum is preincubated with glucose, hexokinase, NADP+ and
glucose-6-phosphate dehydrogenase to allow any creatine phosphate and ADP pres
ent in the serum sample to be consumed. When a constant A340 value is achieved, a
reagent solution consisting of concentrated creatine phosphate and ADP is added,
and the increase in A340 is monitored as a function of time. A typical trace is shown
in Figure 4.2. The slope of the initial linear section of this curve is directly propor
tional to enzyme concentration.

Glucose-6-phosphate NADP
G6P dehydrogenase

6-Phosphogluconate
NADPH H (4.15)

Figure 4.2. Kinetic trace for creatine kinase assay.

Fixed-time assays include the so-called “endpoint” assays, and measure the
change in [S] or [P] that occurs over a fixed, relatively long, period of time. They
rely on quantitative (or near-quantitative) conversion of substrate to product, and are
used exclusively for substrate quantitation. A linear calibration curve of signal
change against initial substrate concentration is used to quantitate substrate. Fixed-
time assays do not require [S]o < 0.1Km, since essentially complete conversion
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occurs. This type of assay cannot be used for enzyme quantitation since saturating
substrate conditions are not maintained over the duration of the reaction.

A commercial endpoint assay for total serum cholesterol9 employs three
enzymes, cholesterol esterase, cholesterol oxidase and peroxidase:

cholesterol esterase
Cholesterol ester Cholesterol Fatty acid (4.16)H2O

cholesterol oxidase
Cholesterol Cholest-4-en-3-one H2O2 (4.17)O2

H2O2 4-Aminoantipyrene

p-Hydroxybenzenesulfonate
peroxidase

Quinoneimine dye 2 H2O (4.18)

Serum cholesterol exists as a mixture of fatty acid esters and free cholesterol. Quanti
tation of total cholesterol involves the initial conversion of the esters to free choles
terol, followed by the total conversion of free cholesterol to its oxidation product.
This reaction is coupled to the familiar dye-peroxidase indicator reaction. A500 mea
surements using stock cholesterol solutions provide a calibration curve. A reagent
blank solution is prepared using all components except cholesterol, and this value is
subtracted from all measured A500 values, correcting for any background oxidation
of the dye.

Fixed-change assays are relatively uncommon, and are used for enzyme quanti
tation. These assays monitor the time required for the generation of a given concen
tration of product. The enzyme concentration is inversely related to the time required
for this extent of reaction to occur, so that a linear plot of 1/t against [E] is used as a
calibration curve.

4.5. INSTRUMENTALMETHODS

A wide variety of instrumental methods have been used to quantitate enzymes and
their substrates. The choice of method depends primarily on the physical properties
of the species being measured, and this is generally the product of the enzymatic or
indicator reaction. In this section, instrumental detection methods are broadly classi
fied as optical, electrochemical or “other”, where other techniques include radio
chemical and manometric methods.

4.5.1. Optical Detection

4.5.1.1. Absorbance

The detection of substrate depletion or product accumulation through the measure
ment of visible or ultraviolet light absorbance is based on the Beer-Lambert law
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(Equation 1.4), which directly relates absorbance at a given wavelength to concentra
tion. This law is valid for virtually all light-absorbing species at low (<0.1 mM) con
centrations. Apparent deviations from the Beer-Lambert law occur if analytes are
involved in reversible equilibria (such as pH-dependent protonations or association
reactions) or if they decompose in solution.

The sensitivity of an absorbance-based assay depends directly on ε, the wave
length-dependent molar absorptivity of the species being measured. For example,
consider the two glucose assays in Eqs. 4.7–4.8 and 4.9–4.10, and assume that the
primary reactions proceed at identical rates for a given glucose concentration (this is
not generally true, but aids in an understanding of this concept). In the former assay,
peroxidase produces the dye 2,2 -dimethoxy-p-phenylenediimine, in a 1:1 stoichio
metric ratio with glucose consumed in the glucose oxidase reaction. In the
latter reaction scheme, NADPH is the species being measured, and it too is produced
in a 1:1 stoichiometric ratio to glucose. Sensitivity is the slope of the plot of
signal against concentration, so that a comparison of the two assays requires a com
parison of these slopes. If the indicator reactions have been configured for linear
conversion of primary substrate into measured product, then over a given time
period, identical quantities of glucose will yield identical quantities of measured
product for the two reaction schemes. Since ΔA= εbΔC, and ΔC is identical for the
two assays, the magnitudes of the signals generated will depend on the ε values of
the products of the indicator reactions. For the peroxidase indicator reaction, the oxi
dized dye has ε= 8.6× 103 M-1cm-1 at 450 nm, while the dehydrogenase reaction
produces NADPH, with ε= 6.2× 103 M-1cm-1 at 340 nm. Clearly, the slope of the
calibration curve of ΔA (for fixed-time assays) or ΔA/Δt (for kinetic assays) against
[glucose] (i.e. the sensitivity of the assay) will be greater for the peroxidase indicator
reaction.

The detection limits of absorbance-based assays are also dependent on molar
absorptivity. We have defined the detection limit of an assay as being the minimum
analyte concentration required to generate a signal two or three times as large as the
standard deviation (noise) in the blank measurement. If the magnitude of the blank
noise is comparable for measurements made at 340 and 450 nm, then comparable
absorbance values will be measured at the detection limit. Under these conditions,
since A= εbC, higher molar absorptivities yield lower detectable concentrations of
analyte. The detection limit of the dye/peroxidase-based based assay is therefore
expected to be lower than that of the dehydrogenase assay by a factor of 8600/6200
(about 1.4). The detection limits of enzymatic assays for substrates are generally in
the micromolar concentration range.

Serum alkaline phosphatase, which is an important metabolic indicator, is gen
erally quantitated by absorbance methods. alkaline phosphatase catalyzes the
dephosphorylation of NADP+ and a variety of other substrates in vivo, but in vitro,
the synthetic substrate p-nitrophenylphosphate can be used:

(4.20)
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The product, nitrophenol, absorbs at 405 nm10 with ε= 1.85× 104 M-1cm-1. When a
diluted serum sample is subjected to saturating concentrations of p-nitrophenylphos
phate, and incubated at room temperature for 15 min, and absorbance measured at
405 nm, the detection limit of the assay is 4× 10-12 M alkaline phosphatase in the
original serum sample. While this may seem like a very low concentration, diagnos
tic tests often require an improved detection limit.

A cascade amplification method has been proposed for improving the detection
limit of the alkaline phosphatase assay, and involves a different synthetic substrate,
(oxotrifluorobutyl)phenylphosphate:11

(4.21)

When this substrate is dephosphorylated, its product acts as an inhibitor of a second
enzyme, rabbit liver esterase. Thus, as alkaline phosphatase activity increases, there
is a corresponding increase in the concentration of inhibitor produced, and conse
quently a decrease in the activity of the esterase. A second synthetic substrate was
prepared for the (relatively nonselective) esterase, so that the indicator reaction is as
shown below:

(4.22)

The substrate for the indicator reaction, dichloroindophenylbutyrate, is pale yellow.
The product of the reaction is deep blue, with an absorbance maximum at 620 nm.
The ingenuity of this method lies in the production of an enzyme inhibitor, (oxotri
fluorobutyl)phenol, rather than a species which is directly quantitated. The inhibitor
affects the activity of the esterase, resulting in catalytic amplification of the initial
alkaline phosphatase activity. The detection limit of the amplified assay has been
reported as 3.2× 10-14 M, a 100-fold improvement over the detection limit of the
standard alkaline phosphatase assay.

4.5.1.2. Fluorescence

The use of molecular fluorescence spectroscopy for the quantitation of enzyme
reaction products has resulted in detection limits that are several orders of magnitude
lower than those achieved by standard absorbance methods. At low analyte concen
trations, fluorescence emission intensity is directly proportional to concentration, and
its value depends upon both the molar absorptivity of the analyte at the excitation
wavelength, and the fluorescence quantum yield of the analyte, under the
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assay conditions. More details regarding fluorescence measurements are given in
Section 1.2.3.

Fluorescence detection is inherently more sensitive and selective than absorb
ance detection. For example, assays employing dehydrogenase enzymes may moni
tor NAD+ or NADP+ absorbance at 340 nm with reasonable sensitivity and
selectivity. However, if excited at 340 nm, the nicotinamide coenzymes fluoresce at
460 nm. Not only do the fluorescence measurements inherently have lower detection
limits, but they also provide selectivity against potential interferents that may also
absorb at 340 nm but do not emit at 460 nm. Novel substrates for many hydrolase
enzymes, including alkaline phosphatase, β-galactosidase and β-glucuronidase have
been synthesized so that reaction products have unique and easily-measured fluores
cent products.

Fluorescence measurements are subject to certain difficulties, the most com
monly encountered being quenching and inner-filter effects. Any compounds that
absorb near the emission wavelength will quench emitted light and reduce the appar
ent emission intensity. Polypeptides and oligonucleotides possess absorption
maxima below 300 nm and so do not usually act as quenchers; however, prosthetic
groups such as flavins, hemes and coordinated metal atoms will effectively quench
fluorescence emission in certain regions of the visible spectrum. Inner-filter effects
must be considered if the selected excitation wavelength is absorbed by species other
than the analyte, again resulting in reduced apparent emission intensity. The tyrosine
and tryptophan residues of proteins contribute to inner-filter effects for excitation
wavelengths near 300 nm.

The principles of fluorescence quenching have been successfully applied to
assays for protease activity. Proteases are digestive enzymes that degrade polypepti
des into smaller oligopeptides or constituent amino acids. A general assay12 for pro
tease activity employs a substrate prepared by covalently derivatizing a protein,
transferrin, with a number of fluorescein isothiocyanate (FITC) labels. FITC-labelled
proteins (Figure 4.3) exhibit absorbance maxima at 495 nm and emission maxima at
525 nm.

When transferrin is labelled with FITC, the coordinated iron atom at the active
site acts as an effective quencher of emitted light, so that this prepared substrate
exhibits low emission intensity at 525 nm. Upon exposure to protease, cleavage of
the polypeptide occurs, resulting in the release of FITC-labelled amino acids and

Figure 4.3. Labelling of protein Lys residues (R-NH2) with FITC.
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oligopeptides. Because the fluorophore and the quencher are no longer fixed in close
proximity, the intensity of emitted light increases. The assay therefore involves mon
itoring the increase over time of emission intensity at 525 nm.

A second protease assay based on fluorescence quenching was designed for
Astacus protease,13 a specific endopeptidase found in freshwater crayfish that cleaves
between arginine and alanine residues. A synthetic substrate (Figure 4.4) was pre
pared by linking an oligopeptide containing one fluorescent tryptophan residue with
a terminal dansyl group that is an effective quencher of tryptophan fluorescence.
Note that the cleavage site occurs between tryptophan and dansyl groups.

Figure 4.4. Synthetic substrate for Astacus protease activity assay.

Tryptophan is excited at 285 nm, and emits at 360 nm. In the synthetic substrate,
tryptophan fluorescence is quenched by the dansyl group by radiationless energy
transfer; the fluorophore and the quencher are fixed in close proximity, allowing this
process to occur. Upon cleavage of the Arg-Ala bond, the fluorescent product, Ala-
Pro-Trp-Val, shows much higher emission intensities at 360 nm, since the dansyl
quenching group is no longer held in close proximity.

4.5.1.3. Luminescence

Bioluminescence methods rely on the production of light by an enzyme-catalyzed
reaction. The enzymatic reaction yields an excited-state product, which returns to
the ground state upon emission of light, as shown in Eq. 4.23.

enzyme

Bioluminescence methods are distinct from absorbance and fluorescence methods
because the light measured is now transient rather than steady-state. Because of this,
initial rate measurements yield a constant level of detected light, rather than the lin
ear increases observed with absorbance and fluorescence measurements. Since pho
tons are a product of the reaction, they are produced in stoichiometric proportion to
the amount of substrate consumed. Absorbance and fluorescence measurements, on
the other hand, produce a steady stream of detectable photons. For this reason, light
intensities are much lower with luminescence reactions, and signals are generally

Substrate s Excited product s Product s hν (4.23)
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integrated over several minutes to yield acceptable S/N levels. Instrumental require
ments are simple (see Section 1.2.4).

Primary reactions that produce hydrogen peroxide have been tested14 with a
luminol/peroxidase indicator reaction, Eq. 4.24:

(4.24)

The oxidized form of luminol is produced in the excited state, and the emitted
light is integrated over four minutes. When this reaction was used as an indicator
reaction for a glucose assay using glucose oxidase, linearity was observed between
0.1 and 2.0 mM glucose, while a cholesterol assay using cholesterol oxidase yielded
a linear calibration curve between 50 and 100 mg/mL. The sensitivity of the indicator
reaction, and thus of both of the assays, depended strongly on the particular peroxi
dase used. Arthromyces (fungal) peroxidase was found to yield calibration curve
slopes that were 28 times greater for the glucose assay and 134 times greater for the
cholesterol assay than horseradish peroxidase.

Firefly luciferase15 may be employed as an indicator reaction for any primary
enzymatic reaction that produces ATP. Luciferase catalyzes the oxidative
decarboxylation of luciferin according to Eq. 4.25:

(4.25)

This reaction results in light emission between 540 and 600 nm. Luciferase is acti
vated by divalent magnesium, so experiments are carried out in the presence of
excess Mg2+ (1 mM). This reaction does not yield a constant light output under
pseudo-first-order conditions, as shown in Figure 4.5. This is thought to be due to

Figure 4.5. Light intensity vs. time for luciferin/luciferase reaction.
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product inhibition of firefly luciferase. Figure 4.5 also shows the effect of hydropho
bic and amphipathic species on light output; these species may be quantitated by
their inhibitory effect on the luciferase reaction.

The light output is integrated over one second to yield a total emission value that
is used for quantitation. This reaction has been used to study the partitioning of anes
thetics into lipid bilayers, where the anesthetics acted as competitive inhibitors of
luciferase.

Most luciferase-based assays use the enzyme isolated from the American firefly
(Photinus pyralis). However, luciferase enzymes have been isolated from other fire
fly species (notably from the Luciola genus), from the Brazilian beetle Amydetes
fanestratus (which exhibits blue-shifted emission) as well as from certain marine
(genera Vibrio and Photobacterium) and terrestrial bacteria (genus Photorhabdus).
Genetically engineered variants of these enzymes, which have different emission
wavelengths, have been studied for eventual incorporation into new bioassays.

4.5.1.4. Nephelometry

This method is related to turbidimetry (Section 1.2.2). Nephelometry, or light-scat
tering, may be employed to monitor enzymatic reactions when the turbidity of the
reaction medium changes as the reaction proceeds. At low turbidities, scattered light
intensity is proportional to concentration. Standard spectrofluorimetric instrumenta
tion is used to measure light scattered perpendicular to the incident light beam. This
method has been used to quantitate lipids, using the enzyme lipase.16 This enzyme
catalyzes the hydrolysis of lipids into their constituent fatty acids, which are more
soluble than lipids in aqueous media. The turbidity of the sample therefore decreases
as the reaction proceeds.

4.5.2. Electrochemical Detection

4.5.2.1. Amperometry

Amperometric methods measure the current produced at a working electrode in
response to an applied potential (see Section 1.3.2). Amperometric enzyme assays
rely on the production of an oxidizable or reducible species from an enzyme-catalyzed
reaction. The applied potential is extreme enough to completely oxidize (at positive
potentials) or reduce (at negative potentials) any analyte that contacts the working
electrode. In stirred or unstirred solutions, the current produced under such mass
transport-controlled conditions is directly proportional to analyte concentration.

Amperometry is often employed in enzymatic assays in which hydrogen perox
ide is one of the products. Hydrogen peroxide can be oxidized at a constant potential
of +700 mV vs. SCE to produce molecular oxygen:

H2O2 2H 2e- (4.26)O2

The electrons produced in this oxidation reaction result in a measured current that is
directly proportional to H2O2 concentration.
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Amperometry has been used to quantitate inorganic phosphate17 in a dual-
enzyme assay, shown in Eqs. 4.27–4.28:

nucleoside phosphorylase
Phosphate Inosine Ribose-1-phosphate Hypoxanthine

(4.27)

xanthine oxidase
Hypoxanthine 2H2O Uric acid H2O2 (4.28)O2

In addition to peroxide-producing reactions, amperometry may be used in conjunc
tion with a variety of oxidase and dehydrogenase enzymes that employ low molecu
lar weight mediators as electron-acceptors that replace molecular oxygen (oxidases)
or react in indicator reactions with the reduced forms of the nicotinamide coenzymes
to become themselves reduced (dehydrogenases).

Ferricinium derivatives, ferricyanide, a variety of quinone and phenazine deriv
atives as well as other organic oxidants have been used as mediators of oxidase and
dehydrogenase reactions. Following their reductions in solution, these mediators are
reoxidized at a working electrode, yielding measurable currents. Electron-transfer
mediators that possess fast rates of heterogeneous (electrochemical) electron transfer
have been shown to yield better S/N than oxygen/hydrogen peroxide detection for
oxidase reactions.

4.5.2.2. Potentiometry

Potentiometric methods (Section 1.3.1) rely on the logarithmic relationship between
measured potential and analyte concentration. The most common example for enzy
matic assays involves an instrument called a “pH-Stat”, in which a glass (pH) elec
trode follows reactions that either consume or produce protons. Since pH changes
cause changes in enzyme activity, the pH is maintained at a constant value by the
addition of acid or base. The rate of titrant addition is then proportional to the rate of
the enzymatic reaction. Precise measurements using the pH-Stat require low buffer
concentrations in the enzymatic assay mixture.

Other potentiometric methods employ gas-sensing electrodes for NH3 (for
deaminase reactions) and CO2 (for decarboxylase reactions). Ion-selective electrodes
have also been used to quantitate penicillin, since the penicillinase reaction may be
mediated with I- or CN-.

4.5.2.3. Conductimetry

Conductimetric methods, related to impedimetric methods (Section 1.3.3), involve
the application of a small alternating voltage across two electrodes in the assay solu
tion, and the measurement of the magnitude of the alternating current response. This
current is directly proportional to the conductivity of the solution, which, in turn, is
dictated by ionic strength.
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The urease reaction, in particular, is ideally suited to conductimetric quantita
tion.18 Urea is hydrolyzed by urease according to Eq. 4.29:

urease -H2NCONH2 3H2O 2NH4 HCO3 OH- (4.29)

In this reaction, four ions are produced from a single uncharged molecule of sub
strate, resulting in a significant increase in ionic strength. Good S/N may be achieved
if the initial ionic strength (buffer concentration) of the assay medium is low, in the
5–10 mM range.

4.5.3. Other DetectionMethods

4.5.3.1. Radiochemical

Radiochemical methods are increasingly becoming supplanted by methods which do
not require specialized facilities, although in some cases, the method of choice still
involves the use and quantitation of radioactive species. Examples include the end
point assays for guanosine-5 -triphosphate (GTP) and guanosine-5 -diphosphate
(GDP).19 These species are involved in hormone regulation, protein synthesis and
secretion, and gluconeogenesis.

The GTP assay involves the reactions below, in Eqs. 4.30 and 4.31:

aspartate

Aspartate 14C α-Ketoglutarate
aminotransferase

Oxaloacetate 14C Glutamate

(4.30)

phosphoenolpyruvate

All reagents are added in excess, and the mixture is equilibrated overnight with the
GTP sample, so that the quantity of PEP(14C) produced is limited by the quantity of
GTP present in the sample and the equilibrium constants of the enzymatic reactions.
The labelled PEP is then separated by anion-exchange chromatography and quanti
tated in a scintillation counter. The assay for GDP is conducted using the same
reactions in reverse (both enzymes are reversible, and yield an equilibrium mixture
of reactants and products), and labelled PEP as a reagent. This is followed by the
separation and quantitation of labelled aspartate. It should be noted that all radio
chemical enzymatic assays require a separation step prior to quantitation.

4.5.3.2. Manometry

Simple manometric methods may be used in endpoint assays, to measure the total
quantity of a gas (such as NH3 or CO2) produced in an enzymatic reaction.

Oxaloacetate 14 C GTP
carboxykinase

Phosphoenolpyruvate 14C
GDP CO2 (4.31)
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Automated manometers may be used in a kinetic mode, to quantitate gas evolution
as a function of time. These methods are based on the ideal gas law, which states that
the volume occupied by a gas is directly proportional to the number of moles of the
gas at constant pressure and temperature. The gas volume is thus measured as a func
tion of time or following completion of the reaction. Manometric methods have been
largely supplanted by more selective instrumental techniques.

4.5.3.3. Calorimetry

Isothermal titration calorimetry (ITC, see Section 1.6.2) has been proposed as a gen
eral method for the determination of enzyme reaction rates.20 This method is based
on the relationship between the power needed to maintain constant temperature and
the number of moles of substrate converted.

The sensitivity of this method is directly related to the apparent molar enthalpy
of reaction, so that very endo- or exothermic reactions will be most readily followed.
Examples of the application of this method to the determination of enzyme kinetic
parameters include dihydrofolate reductase, creatine phosphokinase, hexokinase,
urease, trypsin, HIV-1 protease, heparinase, and pyruvate carboxylase.

4.6. HIGH-THROUGHPUT ASSAYS FOR ENZYMES AND
INHIBITORS

Developments in the design of miniaturized well plates (see Section 1.7) have dem
onstrated that many enzyme reactions that can be followed using conventional 96
well microplates can be adapted to newer 384- and 1536-well microplates. Motiva
tion for this increased assay capacity has come largely from the pharmaceutical
industry, where screening of a large number of drug candidates allows higher pro
ductivity and more rapid identification of lead compounds. Challenges in high-
throughput assay development involve the reduction in assay volume from as much
as 250 (96-well) to less than 10 μL (1536-well) with the concomitant problems of
solvent evaporation and the development of instrumentation to reliably determine
assay signals from such small sample volumes. Absorbance, fluorescence and lumi
nescence-based assays are currently the most readily adapted, since path length
decreases by only a factor of 2 for the 1536-well plates as compared to the conven
tional 96-well plates. Assays have been demonstrated for phosphatase, ATPase and
beta-lactamase, as well as their inhibitors, under conditions where the 1536-well
plates had completely filled wells (10 μL total volume).21–23

Angiotensin I-converting enzyme (ACE) catalyzes the hydrolysis of angiotensin
I, a decapeptide, into a vasoconstricting octapeptide, agiotensis II, and a dipeptide.
Inhibitors of ACE, such as captropril and lisinopril, are therapeutically used to con
trol blood pressure in humans, but negative side-effects exist. Screening for ACE
inhibitors had been laborious, involving solvent extraction followed by product sep
aration and quantitation by liquid chromatography (HPLC) or capillary electrophore
sis (CE). Neither the HPLC nor the CE method is readily automated, and single



4.6 High-Throughput Assays for Enzymes and Inhibitors 83

samples had been sequentially examined. A novel HTS colorimetric assay involving
the synthetic ACE substrate hippuryl-histidine-leucine is now available.24 ACE pro
duces hippuric acid (C6H5-CONH-CH2-COOH) by hydrolysis of the dipeptide.
Reaction of hippuric acid with pyridine and benzylsulfonyl chloride, in a chemical
indicator reaction, produces an azlactone that absorbs maximally at 410 nm. Per
formed in 96-well microplates with a total volume of 250 μL (following the addition
of indicator reagents), a detection limit of 0.2 μM hippuric acid was reported. The
dose-dependent behaviour of captopril and lisinopril were studied by this method,
and IC50 values (concentrations at which 50 % ACE activity inhibition is observed)
compared well with the older HPLC method.

Selective inhibition of enzymes that are present in the parasite Plasmodium fal
ciparum, which is responsible for malaria, is an active area of study. One report
details a new HTS assay for inhibitors of dihydroorotate dehydrogenase.25 The para
sitic enzyme is quite different from the human version, and, unlike humans, the para
site does not have alternate synthetic or scavenging routes for pyrimidines, which are
building blocks for nucleic acids. The enzyme catalyzes the dehydrogenation of L
dihydroorotate by coenzyme Q (a quinone), producing orotate and CoQH2 (a hydro
quinone). A chemical indicator reaction is used to reoxidize the CoQH2 by reduction
of 2,6-dichlorophenolindophenol (DCIP), yielding a loss of the blue color of DCIP,
measured at 600 nm. A chemical library of 220,000 compounds was screened for
inhibitory properties using 384-well microplates, robotic liquid handling and absorb
ance detection, using both the human and malarial forms of dihydroorotate
dehydrogenase. The compound with the best inhibitory properties gave an IC50

value of 16 nM with the malarial enzyme, and was 12500-fold less active against the
human enzyme. This study used purified enzyme preparations, and when this inhibi
tor was studied using a whole-cell assay as a step toward in vivo testing, results were
not as promising, possibly due to exclusion of the inhibitor from the cytoplasm. The
inhibitor was used as a lead compound, and derivatives showed much better inhibi
tion in subsequent whole-cell assays.

A new approach to the selective targeting of enzymes in crude protein extracts
involves the use of affinity-based probes.26 These reactive, labeled chemical species
are very selective for the active site of the enzyme under investigation, and cova
lently modify (and block) the active site. This allows the examination of a variety of
potentially selective enzyme substrates, to determine whether other components of
the crude extracts are able to react with the substrates. This study used the enzyme
dipeptidylaminopeptidase I (DPAP I) to demonstrate the utility of this approach.
DPAP I is present in crude extracts of cell lysates from the malarial Plasmodium
parasite, and a very selective assay for its activity in these extracts would allow a
much simpler HTS method for inhibitor screening, since purified enzyme prepara
tions would not be required. With this method, a very selective substrate was found:
(pro-arg)2-rhodamine. DPAP I cleaves the substrate twice, yielding the two pro-arg
dipeptides as well as free rhodamine, which is detected fluorimetrically with excita
tion and emission wavelengths of 492 and 523 nm, respectively. The HTS assay is
performed in 384-well microplates with a 20 μL reaction volume. This model assay
will be useful for the screening of potential new antimalarial drugs, while the novel
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approach can be applied to any HTS enzyme inhibitor assay for which an affinity-
based probe is available, allowing crude extracts (rather than laboriously purified
proteins) to be assayed.

4.7. ASSAYS FOR ENZYMATIC REPORTER
GENE PRODUCTS27-30

Reporter genes are routinely used by genetic engineers, molecular biologists and bio
chemists to determine whether a newly-inserted gene is being translated into its pro
tein product by the host cell. Typically, the dsDNA for the protein of interest is
linked, through a short code for a flexible polypeptide linker, to the dsDNA that
codes for the reporter protein, and this construct is inserted into a plasmid (circular
dsDNA) or into the genome of the host cell. Once translated, the protein of interest is
linked to the reporter protein by the flexible polypeptide.

Non-enzymatic reporter genes are sometimes used; for example, green fluores
cent protein and various mutants with different emission wavelengths allow direct
examination of cells by fluorescence microscopy. Many common reporter genes,
however, are enzymes, and these include luciferase (luc or lux), β-galactosidase
(lacZ), β-glucuronidase (GUS) and chloramphenicol acetyltransferase (CAT).
Enzyme activity assays are performed following cell lysis, and use the centrifugation
supernatant, to determine the extent of protein product formation by the engineered
cells. A key requirement for a good reporter gene/product is that the native expres
sion of this protein by the host cell should be minimal or nonexistent, like an internal
standard. For this reason, the GUS promoter (yielding β-glucuronidase) is used with
plant cell hosts (but not with vertebrate or mollusc cells), while the CAT promoter is
often used with mammalian and other eukaryotic cell hosts.

Assays for luciferase activity are based on Equation 4.25 (Section 4.5.1.3) and
are popular because only simple, inexpensive instrumentation is required (Section
1.2.4). Most studies use luciferase from the American firefly (Photinus pyralis),
which emits light maximally at 557 nm, but various alternative luciferase sources
have been studied, yielding isoenzymes with quite different emission maxima. For
example, a Brazilian beetle, Amydetes fanestratus, has a luciferase variant that emits
at 538 nm, and various terrestrial and marine bacterial luciferases have been isolated
that emit at different wavelengths. These options may be important if the sample
matrix absorbs light at or near 557 nm.

The hydrolase reporters, β-galactosidase and β-glucuronidase, require β-D-galac
toside and β-D-glucuronide derivatives, respectively, as substrates for their activity
assays. As products of their natural environments, galactosides and glucuronides are
formed to solubilize organic molecules for their removal from the host organisms.
Because of this, the galactoside and glucuronide enzymes are not selective regarding
the moiety that is attached to the sugar at the hydrolysis junction, and a variety of
synthetic substrates is widely available for assays of their activities. Nitrophenyl
derivatives, for example, both ortho- and para- have been used with absorbance
detection of the nitrophenol products. Substrates that produce fluorescent products
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include acridine, umbelliferone and fluorescein derivatives. Structures of two fluo
rescent derivatives of these sugars, used as substrates for β-galactosidase and β-glu
curonidase reporter gene assays, are shown in Figure 4.6. These same fluorescent
groups are also available as phosphate derivatives (at the same sites), rather than
sugar derivatives, to allow alkaline phosphatase activity assays by fluorimetry.

Figure 4.6. Structures of (a) DDAOG (9H-(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl)-β-D

galactopyranoside), a lacZ reporter gene substrate with product wavelengths of 645 (ex) and 660 nm (em)
and (b) MUG (4-methylumbelliferyl-β-D-glucuronide), a GUS reporter gene substrate with product
wavelengths of 360 (ex) and 449 nm (em).

The CAT reporter gene is commonly used in mammalian cell studies, because
this enzyme, chloramphenicol acetyltransferase, evolved in bacteria as a response to
antibiotic overuse, and is not present in eukaryotic cells. Assays for CAT gene activ
ity have routinely required 14C-labeled chloramphenicol as a substrate, a separation
step (typically thin-layer chromatography) and an autoradiography detection method
in which 14C-labeled acetylchloramphenicol is quantitated by X-ray film followed
by densitometry. 3H labels have also been used, allowing scintillation counting fol
lowing separation. A less hazardous fluorescent method is available, that yields
results comparable to this older method. The substrate is BODIPY-1-deoxychloram
phenicol, for which only one acetylation site exists. Acetylation causes a shift in the
BODIPY fluorescence properties, allowing selective quantitation of the product with
excitation at 504 and emission at 510 nm. A modified BODIPY fluorophore is avail
able for this reagent, requiring 543 nm excitation and 569 nm emission.

4.8. PRACTICAL CONSIDERATIONS FOR
ENZYMATIC ASSAYS

With any assay involving enzymes, care must be taken to avoid denaturation and
loss of activity due to improper handling and storage conditions. In particular, the
following conditions should be avoided for most enzymes: temperatures in excess of
40 °C, pH values above 9 or lower than 5, and the presence of organic solvents, sur
factants, and trace metals. When adjusting the pH of an enzyme solution, acids or
bases should be added dropwise along the sides of the vessel, with stirring, to avoid
local pH extremes.
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Enzyme activity is preserved by cold storage. Lyophilized (freeze-dried) pro
teins are stored in a freezer or refrigerator, while dilute solutions are stored at 2–5 °C
or flash-frozen with liquid nitrogen to allow long-term storage at 80 °C. Concen
trated suspensions of enzymes in ammonium sulfate are usually stable for long peri
ods at 2–5 °C.

Some enzymes strongly adsorb to glassware. If this is the case, solutions are
commonly prepared in the presence of a large (100-fold) excess of an inert protein,
such as albumin, to avoid activity losses that would lead to miscalibrations.

The reduced forms of the pyridine coenzymes, NADH and NADPH, are sensi
tive to light (20% loss over 7 weeks), moisture (50% loss in 24 hr) and high tempera
tures (10% loss over 3 weeks at 33 °C).The oxidized forms of these coenzymes are
more stable, but should also be stored at low temperature. Flavin cofactors are light-
sensitive, and should be stored in the dark.

Buffered solutions should be prepared under sterile conditions, and stored after
ultrafiltration. Many biochemical buffer systems are excellent growth media for
bacteria.
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PROBLEMS

1. For which type of substrate assay, the kinetic or the endpoint, is it necessary to maintain the
substrate/analyte concentration at levels well below the Km of the enzyme used?

2. In a direct absorbance-based kinetic assay in which a nonabsorbing substrate is enzymati
cally converted to an absorbing product, over what substrate concentration range can the
assay be used to quantitate substrate? Over what substrate concentration range can the
assay be used to quantitate enzyme activity?

3. Indicator reactions are employed in series with an enzymatic reaction in order to gen
erate an easily-measured product. Would you expect detection limits to be better
(lower) if the indicator reaction generates a fluorophore directly, or if the indicator
reaction produces a species that inhibits an additional enzymatic reaction that gener
ates a fluorophore?

4. A new assay has recently been reported for the enzyme alkaline phosphatase. The reactions
upon which the assay is based are shown below:

alkaline phosphatase

FAD Apo-D-Amino acid oxidase D-Amino acid oxidase
activeinactive

D-amino acid oxidase
D-Proline 2-Oxo-5-Aminopentanoic acidO2 H2O2

peroxidase
4-Aminoantipyrene 3; 5-Dichloro-2-hydroxybenzenesulfonate

N- 4-Antipyryl -3-chloro-5-sulfonate-p-benzoquinoneimine

FADP H2O FAD Pi
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The product of the fourth reaction absorbs strongly at 520 nm, with a molar absorptivity
of 2.3× 104 M-1cm-1. Following a 10-min incubation, 100 amol (1 amol= 10-18 mol) of
alkaline phosphatase in 0.100 mL total volume hydrolyzes 0.1 mM of the FADP (0.5% of
the initial saturating substrate concentration of 20 mM), and converts 12% of the originally
100 nm apo-D-amino acid oxidase to the active holoenzyme.

(a) Which of the four reactions shown above is/are critical to the assay for alkaline phos
phatase? Which are indicator reactions that may be replaced by others?

(b) Calculate the concentration of alkaline phosphatase in I.U./mL.

(c) Given that the kcat for D-amino acid oxidase is 3.6 s-1, and assuming that all substrates
are present in great excess, calculate the absorbance change that would occur for
12 nM holo-D-amino acid oxidase over 10 minutes.

(d) Given that the measured absorbance change in the assay is one-half of the value calcu
lated in (c) (since the holoenzyme is generated in a linear fashion with time over the
10-minute incubation period), calculate the working concentration range over which
alkaline phosphatase may be quantitated. Assume that final absorbance values are to
be between 0.1 and 2.0 absorbance units, and report the alkaline phosphatase concen
tration range in I.U./mL.

5. 1,5-Anhydro-D-glucitol (AG, 164 g/mol) is one of the main sugar alcohols in human cere
brospinal fluid and blood. In plasma, the normal AG level is 24.6± 7.2 mg/L (539 patients
tested), while patients with diabetes mellitus show reduced AG levels of 7.3± 7.1 mg/L
(808 patients tested). Because reduced AG levels are specific indicators of this type of dia
betes, a diagnostic enzyme assay for AG has been developed. The assay employs the
enzymes pyranose oxidase (PROD) and horseradish peroxidase (HRP) in the following
reaction scheme:

PROD
AG AG-LactoneO2 H2O2

HRP
ABTSred ABTSox 2H2OH2O2

The oxidized form of ABTS exhibits an absorbance maximum at 420 nm, with a molar
absorptivity of 3.48× 104 M-1cm-1. The AG assay was developed as an endpoint assay,
relying on the complete conversion of substrate to product over a one-hour period at 37 °C
and pH 5.9, the optimum pH for the complete system. The specific activity of PROD at this
pH is 2.11 I.U./mg.

A plasma sample from a patient suspected of having diabetes mellitus was diluted ten
fold during sample preparation and reagent addition, and was incubated one hour at 37 °C.
During this time, O2, PROD, ABTSred, and HRP were present in large excess to ensure
complete conversion of normal levels of AG. Following incubation, the absorbance of the
resulting solution at 420 nm was measured in a 1-cm cuvette, yielding A= 0.174. Is the
patient diabetic?

6. The enzyme aconitase (E.C. 4.2.1.3) is part of the TCA cycle and converts citrate to
isocitrate. Low aconitase activity in humans has been linked to both types of diabetes
as well as to iron deficiency. An assay for aconitase activity makes use of the follow
ing reactions:

aconitase
citrate isocitrate
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isocitrate dehydrogenase
isocitrate NADP α-ketoglutarate CO2 NADPH

Properties of the two enzymes are given below:

Table 4.1

Property Aconitase Isocitrate Dehydrogenase

MW (kDa) 84 165
Km (mM) 0.41 (citrate), 0.50 (isocitrate)

0.0068 (NADP+)
Turnover Number (min-1) 1980 8280

The molar absorptivity of NADPH at 340 nm is 6270 M-1cm-1. The assay employs
detection at this wavelength after a 10 min incubation. At t= 0, 0.500 mL of enzyme prepa
ration is added to 2.000 mL of the assay solution. Measurement is made using a 1.00 cm
cuvette.

Normal aconitase levels in liver cell extracts is 34 mIU/mg protein, while a decrease to
20 mIU/mg protein indicate a disease state.

(a) What components must be present in the assay solution prior to sample addition, and
(for substrates) what initial concentrations should be used?

(b) Considering samples that contain 2.0 mg/mL protein, calculate the final absorbance
changes that would be measured for (i) normal and (ii) reduced aconitase activity.

7. Two dehydrogenase enzymes (A and B) have Km values for NAD+ of 35 μM (A) and
80 μM (B). What are the minimum concentrations of NAD+ that would be needed for
assays of their cosubstrates?
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Immobilized Enzymes

5.1. INTRODUCTION

Soluble enzymes are employed in a wide variety of substrate and enzyme activity
assays, and specialized instrumentation has been developed to automate reagent
addition and quantitation. However, several disadvantages exist with the analytical
use of soluble enzymes for substrate assays. Soluble enzymes are not reused or
recycled, unless the cost of the enzyme justifies a lengthy repurification procedure.
Furthermore, the activities of soluble enzymes tend to decrease significantly with
time, so that fresh assay reagent solutions are frequently required. For these reasons,
many assays that employ soluble enzymes have been adapted for use with immobi
lized enzymes. These immobilized enzymes are often incorporated onto or into a
stationary phase in a flow system; substrate is introduced via a mobile buffer phase,
and conversion into products occurs as the mobile phase flows through a column
containing immobilized enzyme. A postcolumn detector allows product quantitation.

Enzyme reactors, the columns or channels containing immobilized enzymes,
may be reused many times, often for several months. Assays employing enzyme
reactors are readily automated using robotics and software originally designed for
HPLC automation. Furthermore, the stability of immobilized enzymes with respect
to time, temperature and pH is almost always greater than that of soluble enzymes,
due to the effects of the local environment in which the immobilized enzyme exists.
For these reasons, quantitative substrate assays that employ immobilized enzyme
reactors are often preferred over soluble enzyme assays.

5.2. IMMOBILIZATIONMETHODS

Enzyme immobilization methods are classified as chemical or physical. Chemical
methods involve the formation of covalent bonds between functional groups on the
support material (also called the matrix or the carrier) and functional groups on the
enzyme. Chemical methods are subclassified as either nonpolymerizing or crosslink
ing methods. Nonpolymerizing methods involve the formation of covalent bonds
only between enzyme and support, but not between individual enzyme molecules,

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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while crosslinking methods allow the formation of both enzyme-support bonds as
well as enzyme-enzyme crosslinks. Chemical immobilization methods may be repre
sented by the illustrations shown in Figures 5.1(a) and (b).

Physical immobilization methods do not involve covalent bond formation with
the enzyme, so that the native composition of the enzyme remains unaltered. Physi
cal immobilization methods are subclassified as adsorption, entrapment and micro
encapsulation methods. Adsorption of proteins to the surface of a carrier is, in
principle, reversible, but careful selection of the carrier material and the
immobilization conditions can render desorption negligible. Entrapment of enzymes
in a crosslinked polymer is accomplished by carrying out the polymerization reaction
in the presence of enzyme; the enzyme becomes trapped in interstitial spaces in the
polymer matrix. Microencapsulation of enzymes results in regions of high enzyme
concentration being separated from the bulk solvent system by a semipermeable
membrane, through which substrate, but not enzyme, may diffuse. Physical
immobilization methods are represented in Figures 5.1(c), (d) and (e). The following
sections consider each immobilization method in detail.

Figure 5.1. Enzyme immobilization methods. (a) Nonpolymerizing; (b) Crosslinking; (c) Adsorption;
(d) Entrapment; and (e) Microencapsulation.

5.2.1. Nonpolymerizing Covalent Immobilization

Covalent immobilization methods rely on functional groups on both the enzyme and
the support material for the formation of stable covalent bonds. For this reason, the
choice of a support is crucial in that it determines the immobilization chemistry and
the stability of the enzyme-support bonds. Carriers may be activated under harsh
conditions, to convert relatively unreactive functional groups into activated species
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which will then readily react with proteins under mild conditions of T, ionic strength,
and pH. Table 5.1 gives a representative listing of support materials onto which
enzymes have been immobilized, and shows the reactive functional groups present
on the support that may be used for coupling.

The amino acid residues constituting the polypeptide component of enzymes
provide sites at which covalent attachment to the support material may occur. Func
tional groups present on the side chains include primary amines (lysine), phenol
hydroxyls (tyrosine), carboxylic acids (aspartate, glutamate), thiols (cysteine),
hydroxyls (serine, threonine), and imidazole nitrogen (histidine). Of these, primary
amines, carboxylic acids and hydroxyls are most commonly used for protein immo
bilizations, because their hydrophilic character suggests that they will occur in an
accessible area of the protein, at the aqueous interface, and will therefore be readily
available for chemical reactions. Mild coupling conditions are essential in order to
avoid the chemical modification of amino acid residues near the active site, as well
as any change in tertiary structure that may affect the activity. It is sometimes possi
ble to include a substrate analog, or competitive inhibitor, in the enzyme
immobilization reaction to protect the enzyme’s active site from coupling reagents.

5.2.1.1. Controlled-Pore Glass

Silanol groups on the glass surface provide sites at which silanization may be per
formed. Silanization may be effectively performed with a 5% aqueous solution of
aminopropyltri(ethoxy)silane (APTES),1 which results in the provision of more
reactive primary amino groups for further derivatization:

-Si OH 3 CH3CH2O 3Si CH2 3NH2 -Si OH 2OSi OH 2 CH2 3NH2 (5.1)
3CH3CH2OH

Table 5.1 Representative Support Materials for Enzyme Immobilizations

Functional Group Support Materials Used

-Si(OH)3

-CONH2

-COOH

R-COO-CO-R
-NH2

-OH

Controlled-pore glass
Polyacrylamide
Polyacrylic acid
Polyaspartic acid
Polyglutamic acid
Carboxymethylcellulose
Maleic anhydride/ethylene copolymer
Polystyrene (nitrated and reduced)
Nylon (after cleavage in HCl)
Cellulose
Sephadex
Agarose
Sepharose
Carboxymethylcellulose
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Since primary amine groups are reasonably reactive as nucleophiles, a number of
reactions may follow this initial activation step. Dehydrating reagents, such as
water-soluble carbodiimides, may be used to activate protein carboxylic acids to
O-acylisourea intermediates under mild (pH 7) conditions, to allow amide bond for
mation with the APTES-derivatized glass.2 If carried out in the presence of sulfo
nated N-hydroxysuccinimide, this reaction is highly selective for primary amine
groups, but may still result in significant protein crosslinking. For more selective
nonpolymerizing immobilization, however, further derivatization of the surface is
necessary. Exposure to p-nitrobenzoyl chloride results in the addition of a nitro-
phenyl group, which is then reduced to the aminophenyl group (Eq. 5.2):

-RNH2 ClCO C6H4 NO2 -RNHCO C6H4 NO2 -RNHCO C6H4 NH2

(5.2)

One final activation step is required, and is the conversion of the aminophenyl group
to the diazonium salt:

HONO
-RNHCO C6H4 NH2 -RNHCO C6H4 N2 (5.3)

The diazonium salt is readily prepared from the aminophenyl group, but does not
result from treatment of an aliphatic amine (such as the APTES-derivatized surface)
with nitrous acid. The activated surface is now ready for enzyme coupling, since
diazonium salts are very reactive towards protein tyrosine residues (Eq. 5.4):

(5.4)

Although four activation steps are required prior to enzyme immobilization, this
method possesses the advantages of not only providing selective covalent
immobilization through tyrosines, but also of avoiding enzyme-enzyme crosslinks
that can result in activity losses.4

5.2.1.2. Polysaccharides

Polysaccharides possess readily accessible hydroxyl groups that may be derivatized
for selective protein immobilization. We will consider the two most commonly used
immobilization reactions, the triazine and the cyanogen bromide reactions.
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The triazine method5 involves the direct reaction of polysaccharide hydroxyls
with a substituted triazine, to form a derivative which is reactive towards the lysine
primary amine groups of the enzyme (Eq. 5.5). The R group on the triazine may be
-Cl (cyanuric chloride), OCH2COOH, NHCH2COOH, or NH2. The activation step is
usually carried out using a nonaqueous solvent, while the enzyme coupling step is
performed under mild aqueous conditions.

(5.5)

The cyanogen bromide method6 is not as efficient as the triazine immobilization
method, since side reactions deactivate some of the activated functional groups.
However, it is a method used to prepare commercially available derivatives of poly
saccharides in large quantities, so that users may reproducibly immobilize proteins
without performing the activation reactions. This method also employs hydroxyl
groups on the polysaccharide, and reaction with cyanogen bromide produces a cya
nate derivative, which rearranges to a reactive imidocarbonate group that is selective
for lysine primary amino groups:

(5.6)

(5.7)

The side reaction that deactivates the surface involves hydrolysis of the cyanate
group to form an unreactive carbamate on the polysaccharide surface:

R OH OCN H2O R OH OCONH2 (5.8)

Following the initial reaction of the polysaccharide with cyanogen bromide, the sup
port material is stored under dry conditions as the reactive imidocarbonate. Cyano
gen bromide derivatives of cellulose and sephadex are commercially available from
a number of suppliers. Exposure of these materials to enzyme solutions under mild
conditions results in the covalent coupling of the enzyme to the support with no
crosslinking.
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5.2.1.3. Polyacrylamide

Polyacrylamide possesses free amide groups that will undergo substitution with pri
mary amines under conditions where a large excess of the primary amine is availa
ble. If reacted with neat ethylenediamine, for example, free primary amine groups
are generated:7

R-CONH2 NH2CH2CH2NH2 R-CONHCH2CH2NH2 (5.9)

Under extreme conditions, the free amine group can be activated by diazotization
and then coupled to protein tyrosine residues in a mild subsequent immobilization
step.

5.2.1.4. Acidic Supports

Three methods will be considered for enzyme immobilizations onto carboxylic acid-
containing supports. All result in the formation of amide bonds to the primary
amines of lysine residues on the protein, but the selectivity for lysine varies with the
method used.

In the acyl azide method,8 the carboxylic acid group is sequentially converted to
its methyl ester, acyl hydrazide and acyl azide:

(5.10)

The acyl azide is subject to nucleophilic attack, and is most reactive towards primary
amino groups (lysine), but will also react with tyrosine hydroxyl, cysteine sulfhydryl
and serine hydroxyl groups:

(5.11)

Woodward’s Reagent K9 is a water-soluble dehydrating reagent that activates carbox
ylic acid groups towards nucleophilic attack. It may be used under mild, aqueous
conditions, and sequential activation and coupling steps prevent enzyme crosslinking:

(5.12)
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(5.13)

If crosslinking is not expected to occur, then Woodward’s Reagent K may be included
in an enzyme solution, and a single-step immobilization reaction may be performed.

Carbodiimide dehydrating reagents10 activate carboxylic acid groups towards
nucleophilic attack by the formation of an O-acylisourea intermediate:

(5.14)

The intermediate is reactive towards lysine, tyrosine, cysteine, serine and methio
nine, to result in amide, ester and thioester linkages. The selectivity of this reaction
is significantly improved by adding an N-hydroxysuccinimide derivative during the
activation step, resulting in the formation of an N-hydroxysuccinimide ester:

(5.15)

The NHS ester requires a very strong nucleophile, such as a primary amine group,
for displacement, and is selective for the formation of amide bonds to lysine residues.

5.2.1.5. Anhydride Groups

Anhydride groups present on commercially available ethylene/maleic anhydride
copolymers are readily reactive with the nucleophile-containing amino acid residues
of proteins.11 These groups react directly with lysine residues, for example, to form
amide bonds:

(5.16)
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5.2.1.6. Thiol Groups

Thiol groups generated on the surface of a polymeric support material12 allow the
chemically reversible immobilization of enzymes, through a redox process involving
the formation of disulfide bonds with cysteine residues:

-RCH2SH Enzyme-SH 2Fe CN 6
3 -RCH2S-S-Enzyme

2Fe CN 6
4 2H

(5.17)

With this scheme, the subsequent addition of a disulfide reducing agent, such as mer
captoethanol or dithiothreitol, allows the recovery of the immobilized enzyme.

Table 5.2 shows a summary of the selectivities of the immobilization reactions
discussed in Section 5.2.1.

Table 5.2 Selectivity of Immobilization Methods

Method Amino Acid Residues Modified

Diazotization Lys, His, Tyr, Arg, Cys
Triazine Lys
Cyanogen bromide Lys
Acyl azide Lys, Tyr, Cys, Ser
Carbodiimide Lys, Tyr, Cys, Ser, Met
Carbodiimide+NHS Lys
Anhydride Lys
Disulfide Cys

5.2.2. Crosslinking with Bifunctional Reagents

Crosslinking reagents are used for the covalent immobilization in cases where the
enzyme is available in large quantities, and retention of a high percentage of the
original activity is not crucial. Crosslinking usually results in a high quantity of
immobilized protein, since bonds between enzyme molecules form in addition to
enzyme-support bonds. However, loss of activity on immobilization is generally
higher if crosslinking occurs, since the polymeric network of enzyme that forms
may obscure the active sites, slow the diffusion of substrates and products, and dis
tort the tertiary structure of the enzyme. Crosslinking immobilizations are popular
because of their speed and simplicity.

Crosslinking reagents consist of two reactive functional groups, separated by
a spacer group. The reactive groups may be identical, such as in glutaraldehyde
(OHC-(CH2)3-CHO), in which case it is called a homobifunctional reagent. If the
two functional groups are different, the reagent is a heterobifunctional crosslinker.

Common homobifuctional crosslinking reagents are shown in Figure 5.2. They
include glutaraldehyde,13 which is selective for primary amines, forming imide
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linkages that may be subsequently reduced to secondary amines by borohydride
reduction; diazobenzidine14 is reactive towards tyrosine residues, but also reacts
with histidine nitrogen and lysine; hexamethylene-bis(iodoacetamide),15 which is
selective for lysine amino groups by nucleophilic substitution of iodide; and bis(N
hydroxysuccinimidyl)dithiodipropionate,16 which is not only selective for lysine
amino groups, but is also a reversible crosslinking reagent, since the disulfide bond
may be broken by common reducing agents.

Figure 5.2. Homobifunctional crosslinking reagents.

Heterobifunctional crosslinking reagents are less commonly used, but provide
an additional level of selectivity due to the different reactivities of the terminal
groups. Some commercially available heterobifunctional reagents are shown in
Figure 5.3. Reagents with isocyanate and isothiocyanate groups are selective
towards primary amines, with the isocyanate group being reactive at room tempera
ture, and the isothiocyanate reacting at elevated temperatures to form substituted
ureas and thioureas, respectively.17 Reagents possessing maleimido groups are selec
tive towards thiols, while the NHS ester functionalities react with primary amines.18

Figure 5.3. Heterobifunctional crosslinking reagents.

5.2.3. Adsorption

Adsorption is the simplest of methods for enzyme immobilization. An enzyme solu
tion is incubated with an adsorbent for several hours; the adsorbent is then removed
and rinsed with a buffer. Common adsorbents19 include alumina, carbon or charcoal,
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ion-exchange resins, clays, collagen, metals, and glass. Adsorptive interactions may
be ionic, polar or hydrogen-bonding, or they may involve hydrophobic or aromatic
stacking interactions. These interactions are all noncovalent, and are, in principle,
reversible. With adsorptive immobilizations, the activity yield of the immobilized
enzyme is not directly related to the amount of protein adsorbed, since drastic con
formational changes can occur upon adsorption that cause significant losses in
activity.

For practical applications, essentially irreversible adsorption is required to pre
vent leaching, or desorption, which leads to activity loss. Optimum conditions are
determined empirically, by varying pH, temperature, ionic strength, and quantities
of protein and adsorbent. Desorption of enzymes may also be substrate-induced,
where high substrate concentrations cause leaching due to conformational changes.

5.2.4. Entrapment

Entrapment, also called inclusion, occlusion and lattice entrapment, involves the for
mation of a highly crosslinked polymer network in the presence of an enzyme, so
that the enzyme is trapped in interstitial spaces. Smaller species, such as substrates
and products, freely diffuse through the polymer network, while the large size of
enzyme molecules prevent their leaching through diffusion. The most commonly
used entrapment network is the polyacrylamide gel,20 which is formed by crosslink
ing acrylamide with N,N -hexamethylenebisacrylamide in the presence of potassium
persulfate in the absence of oxygen, shown below:

(5.18)

The resulting crosslinked polyacrylamide possesses characteristics that are deter
mined by the quantities of monomer and crosslinker used. The [monomer]/[cross
linker] ratio determines the pore size in which enzyme is entrapped. The total
[monomer]+ [crosslinker] quantities determine the so-called mechanical properties
of the gel: its stability and rigidity.

For example, cholinesterase may be entrapped in a gel prepared from 5% cross-
linker and 15% monomer in aqueous solution.21 Under these conditions, 56% of the
total enzyme activity was retained. At higher total [monomer]+ [crosslinker], the
enzyme denatured, while higher [crosslinker] values yielded less entrapped enzyme.

In the early stages of the polymerization reaction, the mixture may be cast onto
flat surfaces, such as capillary walls or electrode surfaces, to provide a continuous
layer that separates the surface from an external, substrate-containing aqueous
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solution. While porous, polyacrylamide gels are relatively soft and collapse readily
under pressure. However, work in this area has led to the investigation of more rigid,
yet still porous, continuous polymers that are suitable for enzyme entrapment. These
are called monoliths, and they have been used for enzyme entrapment on flat surfaces
as well as continuous, rigid fillings for immobilized enzyme reactors. Once the
polymerization reaction is complete, the solid, porous monolith has the shape of the
container in which it was prepared (e.g. a disk or a tube), and is able to withstand
relatively high pressure without collapsing allowing pressure-driven flow of solution
through the monolith.22,23

Silica-based sol-gels have been intensely studied for monolith entrapment of
biological macromolecules, including enzymes. The preparation of these silica-
based polymers typically proceeds from silica alkoxides (Si(OR)4, where R is a
methyl or ethyl group) with initial hydrolysis, condensation and polycondensation
reactions conducted in the absence of protein. An alcohol-free precursor, glyceryl-
silane, has been used in some studies to enhance activity retention.23 In a second
step, protein and buffer are added, and after an appropriate time (e.g. days), gelation
and aging of the polymer results in a rigid, porous monolith with a spatially even
distribution of entrapped enzyme. Polyethylene oxide has been used as an additive
to control pore size, since pores must be small enough to trap the enzyme without
leaching, but large enough to allow pressure-driven flow of analyte solutions
through the monolith. A variety of enzymes has been studied following sol-gel
entrapment. One interesting application uses adenosine deaminase (important in
immune disorders) entrapped in a capillary monolith for the automated, pressure-
driven screening of inhibitors.22

Rigid organic monoliths have also been studied for enzyme entrapment. Differ
ent monomers, such as glycidyl methacrylate, ethylene glycol dimethacrylate, acryl
amide and N,N -methylenebis(acrylamide), in combination with porogens, such as a
combination of 1-dodecanol with cyclohexanol, have been studied. Applications to
date have largely focused on the entrapment of trypsin (a protease) and DNase; both
of these hydrolytic enzymes allow the study of substrates with different molecular
weights.22,23

5.2.5. Microencapsulation

Enzymes may be immobilized by encapsulation in nonpermanent (e.g. liposomes)
or permanent (e.g. nylon) microcapsules. The enzyme is trapped inside by a semi
permeable membrane, where substrates and products are small enough to freely dif
fuse across the boundary. While nonpermanent microcapsules are useful in
biochemical research, only permanent microencapsulations yield analytically useful
systems, because of their mechanical stability.

Nylon microcapsules can be formed by the interfacial polymerization of hexam
ethylenediamine with sebacoyl chloride.24 The hexamethylenediamine is initially
present in an aqueous enzyme solution, while the sebacoyl chloride is present in an
organic phase such as 4:1 hexane:chloroform. The two solutions are mixed to form
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an emulsion. The nylon-6,10 membrane forms around the emulsified microdroplets,
at the organic-aqueous interface:

-HCl
H2N CH2 6NH2 ClCO CH2 8COCl -NH CH2 6NHCO CH2 8CO

(5.19)

The microcapsules are then rinsed and transferred to an aqueous solution containing
a water-soluble surfactant, to prevent aggregation. This immobilization method
requires a high protein concentration in the aqueous phase (about 10 mg/mL), result
ing in a high osmotic pressure that prevents the collapse of the microcapsules, and
also acts as an emulsifier. Particles are spherical, with diameters ranging from 2 μm
to several millimeters, while pore sizes are of the order of nanometers.

5.3. PROPERTIES OF IMMOBILIZED ENZYMES

The behavior of immobilized enzymes differs from that of dissolved enzymes
because of the effects of the support material, or matrix, as well as conformational
changes in the enzyme that result from interactions with the support and covalent
modification of amino acid residues. Properties observed to change significantly
upon immobilization include specific activity, pH optimum, Km, selectivity and
stability.25 Physical immobilization methods, especially entrapment and encapsula
tion, yield less dramatic changes in an enzyme’s catalytic behavior than chemical
immobilization methods or adsorption. This is because entrapment and encapsula
tion result in the enzyme remaining essentially in its native conformation, in a hydro
philic environment, with no covalent modification.

When an enzyme is immobilized onto a support material, a diffusion layer is
created around the particle so that, even with vigorous stirring, substrates must be
transported from the bulk of the solution across this stagnant layer to reach the
enzyme. Products must also diffuse from the particle surface to the bulk solution.
Steric repulsion of substrates and products may also occur, since the enzyme-support
system is a crowded molecular environment. Steric factors are particularly signifi
cant for enzymes that have high molecular weight substrates, since accessibility of
the active site is less easily achieved following immobilization. Particle size is also
an important consideration: smaller particles have been observed to yield catalytic
properties more closely approximating those obtained with soluble enzymes. The
flexibility of polymeric support materials also plays a role in determining the trans
port properties of substrates and products. Hydrophilic supports have been shown to
have less drastic effects on enzyme properties than hydrophobic support materials.
Ionic groups on polymeric supports have been shown to interact with enzymes, and
also to affect local pH in the microenvironment of the polymer network.

Chemical immobilization methods may alter the local and net charges of
enzymes, through covalent modification of charged residues such as lysine (NH4

+),
aspartate and glutamate (COO-). Conformational changes in secondary and tertiary
protein structure may occur as a result of this covalent modification, or as a result of
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electrostatic, hydrogen-bonding or hydrophobic interactions with the support mate
rial. Finally, activity losses may occur as a result of the chemical transformation of
catalytically essential amino acid residues.

The specific activity of an enzyme almost always decreases on immobilization.
The active sites are less accessible to substrate, and the diffusion of substrates and
products across the stagnant layer of solution at the particle surface, and within poly
mer networks, lowers apparent values of Vmax and raises apparent Km values. The
activity of an immobilized enzyme should be expressed as specific activity (i.e. units
per mg protein) rather than activity per unit weight of the support plus protein. This
is because the quantity of protein immobilized onto a support varies from a few
micrograms to hundreds of milligrams per gram of support material, depending on
the immobilization method and the support material chosen. The highest specific
activities for immobilized enzymes have been achieved with hydrophilic support
materials.

The optimum pH for an enzymatic reaction may shift by as much as 3 pH units
upon immobilization.26 This shift is a result of both the charge of the support mate
rial and the chemical modification of the enzyme. Figure 5.4 illustrates the dramatic
shifts that occur in the pH optimum of chymotrypsin, a proteolytic enzyme, follow
ing covalent immobilizations onto a polyornithine (positive) carrier and an ethylene/
maleic anhydride copolymer (negative).

Figure 5.4. Relative activity vs pH for (b) native chymotrypsin (optimum pH 8.6) and for chymotrypsin
bound to (a) polyornithine (optimum pH 7.0), (c) ethylene/maleic anhydride copolymer (optimum pH
9.4). [Reprinted, with permission, from L. Goldstein, and E. Katchalski, Fresenius’ Z. Anal. Chem. 243,
1968, 375-396. “Use of Water-Insoluble Enzyme Derivatives in Biochemical Analysis and Separation”.

 1968 by Springer.]

This shift in the pH optimum can be explained by an uneven distribution of H+

and OH between the bulk of the external solution and the polyelectrolyte (carrier)
phase. Polyornithine, shown in Figure 5.5, possesses side chains with primary amino
groups that are used for the covalent attachment of enzyme. Not all of these groups
will react, and those that remain underivatized do so either for steric reasons or due
to incomplete coupling reaction steps.
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The primary amine groups that remain underivatized exist in the protonated
form, and these positively-charged -NH3

+ groups attract OH from the bulk solu
tion. This increases the local [OH ] relative to that in the bulk, so that:

OH OH-
bulk; and pHsurface > pHbulksurface >

Figure 5.5. Enzyme immobilized onto a polyornithine carrier.

The apparent pH optimum therefore occurs at lower measured pH values, and this is
observed in Figure 5.4 for chymotrypsin: the apparent pH optimum occurs at pH 7.0
instead of the native value of 8.6 following immobilization onto polyornithine.

When chymotrypsin is immobilized onto the ethylene/maleic anhydride
copolymer, one acidic group is created on the surface for each enzyme molecule
immobilized, as shown in Figure 5.6. This and other negatively-charged supports
attract H+ from the bulk of the solution to the surface of the carrier, so that the local
pH at the surface is lower:

H H bulk and pHsurface < pHbulksurface >

Figure 5.6. Enzyme bound to an ethylene/maleic anhydride carrier.

Because the local pH at the surface of the support is lower than the bulk, or
measured pH, the apparent pH optimum shifts to higher pH values with this and
other negatively-charged support materials. Figure 5.4 shows that chymotrypsin
immobilized onto an ethylene/maleic anhydride support exhibits a pH optimum of
9.4, almost one full pH unit higher than that observed for the native enzyme.
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The same phenomenon has been observed for the enzyme invertase, using three
different sephadex-based support materials. Diethylaminoethyl (DEAE) sephadex,
which is positively-charged support, results in a pH optimum of 3-4. Immobilization
onto carboxymethyl (CM) sephadex yields an invertase pH optimum of 5-6. Native
invertase, in solution, has a pH optimum of 4-5.24

The increase in apparent Km values observed following the immobilization of
enzymes is also readily explained by considering local effects at the carrier surface.
Recalling the Michaelis-Menten equation (ν=Vmax[S]/{Km + [S]}), and its deriva
tion (Chapter 3), we know that for soluble enzymes, Km is independent of enzyme
concentration and is a constant under a given set of conditions. Immobilized
enzymes suspended in an aqueous medium have an unstirred solvent layer surround
ing them, called the Nernst or diffusion layer. Substrates and products must diffuse
across this layer, and, as a result, a concentration gradient is established for both
substrates and products, as shown in Figure 5.7.

Figure 5.7. Relative substrate (a) and product (b) concentrations as a function of distance from the

surface of a support particle. [S]2,bulk> [S]1,bulk and [P]bulk= 0.

The effects of this concentration gradient are most significant at low bulk con
centrations of the substrate, since substrate is converted to product as soon as it
reaches the surface of the particle, so that the surface concentration of substrate is
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zero. At very high bulk substrate concentrations, the enzymatic reaction rate is lim
ited by enzyme kinetics rather than mass transport, so that surface concentrations do
not differ significantly from those in the bulk. Because of the concentration gradient,
however, enzyme saturation with substrate occurs at much higher bulk substrate con
centrations than required to saturate the soluble enzyme. Apparent Km values Km
for immobilized enzymes are larger than Km values obtained for the native soluble
enzymes.

Diffusion layer thickness may be reduced by using smaller particles or by
increasing the rate of stirring of the solution; K values will then approach the Kmm
values observed for the soluble enzyme. It should be remembered that electrostatic
and steric factors may also affect K values if they lead to local concentrations thatm
differ from bulk concentrations.

The selectivities of enzymes that catalyze reactions involving high molecular
weight substrates have been found to change when these enzymes are immobilized.
This is because the diffusion of macromolecular substrates is slower, and because
steric factors lower the activity of the enzyme by preventing free access of substrate
to the enzyme’s active site. For example, the enzyme ribonuclease (RNase) catalyzes
the hydrolytic cleavage of phosphodiester bonds linking the nucleotides of poly
meric RNA:

(5.20)

RNase will also catalyze phosphodiester bond cleavage in low molecular weight
substrates, such as cyclic cytidine monophosphate (cCMP) to produce 5 -CMP:

(5.21)

Following covalent immobilization onto the hydroxyl groups of agarose, RNase
showed decreased activity towards RNA cleavage, when compared to the soluble
enzyme.27 In order to make the comparison, it was assumed that the rate of cCMP
cleavage would not be affected significantly by the immobilization. Normalized rates
could then be calculated as rates of RNA cleavage divided by the rate of cCMP
cleavage. These rates were measured for RNA substrates over a wide range of
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molecular weights, and an empirical correlation was observed between lower
reaction rates and higher molecular weights:

Normalized rate with soluble enzyme
A B log MW (5.22)

Normalized rate with immobilized enzyme

This study definitively showed the effects of steric exclusion on reaction rates
observed with immobilized enzymes.

Enzyme stability with respect to both storage time and denaturation temper
ature has generally been found to improve upon immobilization. Immobilized
enzyme reactors may be used for several months with little change in conver
sion efficiencies. Urease immobilized onto a nylon membrane has been studied
with respect to its thermal denaturation properties. Figure 5.8 illustrates the
comparative thermal stabilities of immobilized and soluble urease, determined
by measuring relative activity as a function of incubation time at elevated tem
peratures.28 Clearly, the immobilized urease exhibits improved thermal stability
that results from the protective microenvironment at the surface of the support.

Figure 5.8. Thermal stability of soluble (a) and nylon-immobilized (b) urease at pH 7.0. [Reprinted,
with permission, from P. V. Sundaram, and W. E. Hornby, FEBS Letters 10, October 1970, 325-327.
“Preparation and Properties of Urease Chemically Atached to Nylon Tube”.  1970 by Elsevier.]

A spectacular example of stability enhancement through immobilization has
been reported for the enzyme catechol-2,3-dioxygenase.28 This enzyme, isolated
from the thermophilic bacterium Bacillus stearothermophilus, catalyzes the conver
sion of catechol to 2-hydroxymuconic semialdehyde (which can be monitored by
absorbance at 375 nm). The soluble enzyme exhibits maximal activity at 50 °C, but
following immobilization on glyoxyl agarose beads with a borohydride reduction
step, the optimum reaction temperature shifted to 70 °C. At a total protein concentra
tion of 0.010 mg/mL and a temperature of 55 °C, the half life of the soluble enzyme
was 0.08 h, while the enzyme-modified beads had a half-life of 68 h. This represents
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a 750-fold enhancement of stability that has been attributed to the prevention of sub
unit dissociation upon immobilization.

5.4. IMMOBILIZED ENZYME REACTORS

The immobilization of enzymes onto particulate carriers that may be packed into a
column (the “packed-bed” reactor), such as a typical HPLC column, facilitates repet
itive use of the enzyme and also allows the automation of enzymatic assays.30 Open-
tubular reactors have also been constructed by covalently immobilizing an enzyme
onto the inner wall of a nylon or polyethylene tube.31 Immobilized enzyme reactors
are used in conjunction with a pump, to force a buffer, or mobile phase, through the
reactor at a steady rate, an injector located between the pump and the reactor to allow
the introduction of substrate solutions, and a detector located close to the column
exit. The optional inclusion of automatic sampling devices and data acquisition and
processing systems provides a completely automated instrument for enzymatic sub
strate assays. The mobile phase contains all required cosubstrates and activators
required for the enzymatic reaction, but does not contain the analyte substrate. A
typical packed-bed system may use a 25 cm long reactor with a 5 mm inner diameter,
packed with the carrier-enzyme solid phase at high pressures. Flow rates of
0.5–2 mL/min and sample injection volumes of 10–100 μL are common. Detection
involves the same principles used in homogeneous enzymatic assays, and flow-
through optical absorbance and fluorescence detectors, and amperometric and poten
tiometric electrochemical detectors may be employed, with detector volumes of the
order of tens of microliters being standard.

Enzyme reactor systems may be of the continuous flow or the stopped-flow vari
ety. Continuous flow systems are further categorized as open or closed systems. The
open system, shown in Figure 5.9, continuously pumps fresh buffer through the
injector, reactor and detector, ultimately into a waste reservoir for discarding. This is
the preferred arrangement for the testing of enzyme reactors, since unreacted sub
strate, cofactors and the products of the enzymatic reactions will not be reexposed to
the column.

Figure 5.9. Diagram of an open enzyme reactor system.

Closed systems may be employed when buffer recycling is possible, that is
when the buffer contains high concentrations of all necessary cosubstrates, when
complete consumption of injected substrate occurs within the reactor, and when
products of the enzymatic reaction do not inhibit the immobilized enzyme. A closed
system for immobilized oxidase enzymes is shown in Figure 5.10.
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Figure 5.10. Diagram of a closed enzyme reactor system.

Both open and closed continuous flow systems rely on the fixed-time, or end
point method for the determination of substrate concentrations. At a fixed and con
stant flow rate, the injected volume of substrate will spend a fixed time on the
column, and this time is related to the volume of the column (that volume not occu
pied by stationary phase) and the mobile phase flow rate.

Indicator reactions that are chemical in nature may be introduced either into the
mobile phase or at the end of the column by the method of postcolumn reagent addi
tion. Postcolumn addition of reagents dilutes the column eluent, so that, when possi
ble, the addition of indicator reagents to the mobile phase is preferable.

The conditions under which chemical indicator reactions are used often necessi
tates the use of postcolumn addition, however. Figure 5.11 shows an experimental
setup for urea assays using an immobilized urease reactor.32 The postcolumn addi
tion of sodium hydroxide allows the NH4

+ produced by the reactor to be detected as
NH3 at an ammonia gas-sensing electrode placed in a flow cell.

Figure 5.11. Enzyme reactor system for urea based on immobilized urease and potentiometric
detection.32

If the indicator reaction is also enzyme-catalyzed, then two methods may be
used for the conversion of primary reaction product into the detected species. The
first involves the use of a second reactor column containing immobilized indicator
enzyme between the primary column and the detector, in a dual-reactor system.
The second, and more common approach, employs a single reactor containing
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coimmobilized primary and indicator enzymes. For linear conversion of primary
product, it must be remembered that the quantity of indicator enzyme present must
be sufficient for the complete conversion of all primary product, so that an excess of
immobilized indicator enzyme must be present.

These systems are designed for the endpoint determination of substrate concen
trations, and do not provide a straightforward means for making kinetic measure
ments. Stopped-flow enzyme reactor systems have been designed for automated
kinetic assays. A diagram of a stopped-flow reactor that uses a postcolumn chemical
indicator reaction is shown in Figure 5.12.33 In this system, the flow rate of the
mobile phase through the reactor dictates the residence time of the analyte on the
column.

Figure 5.12. Stopped-flow enzyme reactor with absorbance detection.

5.5. THEORETICAL TREATMENT OF PACKED-BED
ENZYME REACTORS34-37

Packed-bed enzyme reactors, those employing enzymes immobilized onto a particu
late phase that is subsequently packed into a column, may be characterized by their
column capacity, C, and the degree of reaction P. C is defined in Eq. 5.23, below:

C kEtβ; (5.23)

where k is the decomposition rate constant for the enzyme-substrate complex (either
k2 or kcat), Et is the total molar quantity of enzyme immobilized. The value of β is a
constant for a given reactor, and is equal to the ratio of reactor volume to total vol
ume (reactor plus void volume). The value of β is always less then unity. The degree
of reaction, P, varies between zero (no product formed) and unity (complete conver
sion of substrate).

An equation equivalent to the Michaelis-Menten equation has been derived for
immobilized enzymes in packed-bed reactor systems, and is given in Eq. 5.24:

P S o K ln 1-P C/Q; (5.24)m
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where Q is the volume flow rate of the mobile phase. In general, this equation pre
dicts that for a given column capacity, the degree of reaction, P, is inversely related
to mobile phase flow rate, Q. That is, the faster the analyte plug flows through the
reactor, the less likely will be its complete conversion into product.

Equation 5.24 has been experimentally tested using a carboxymethylcellulose
stationary phase onto which the enzyme ficin (E.C.3.4.22.3) has been immobilized.
Ficin catalyzes the hydrolysis of a variety of ester substrates, but the synthetic sub
strate N-benzoyl-L-arginine ethyl ester (BAEE) has been chosen for this series of
experiments:

(5.25)

Using a constant initial substrate concentration [S]o, the effect of flow rate on
degree of conversion has been determined. Figure 5.13 shows the dependence of P
on Q/C as predicted by Eq. 5.24, and the experimental dependence of P on Q found
for the immobilized ficin reactor. Good agreement is observed between the theoreti
cal and the experimental results, and that complete conversion of substrate into prod
uct requires low flow rates and a high column capacity. The theoretical curves use
constant [S]o values that are a multiple of K , in order to take changes in K withm m
flow rate into account.

As noted earlier in this Chapter, the apparent Km values of immobilized
enzymes vary with the thickness of the diffusion layer surrounding the particles. In
packed-bed enzyme reactors, the thickness of this layer varies with the mobile phase
flow rate. Faster flow rates produce smaller diffusion layers and therefore K valuesm
that more closely approximate the true Km of the enzyme. This effect has also been
observed with the ficin-CM-cellulose reactor, and plots of K against flow rate Qm
obtained at different mobile phase flow rates are shown in Figure 5.14.

For packed-bed enzyme reactors, these results show that low flow rates ensure
quantitative conversion of substrate into detectable products. The variation of Km
with flow rate indicates that lower flow rates produce higher K values, so that them
linear region of the saturation kinetic curve extends to higher substrate concentra
tions at lower flow rates. This effect becomes significant when complete conversion
does not occur during the residence time of the analyte.

A study involving glucose oxidase immobilized by physical entrapment in
hydroxyethyl methacrylate-based hydrogel beads has shown that equation 5.24 can
also be applied to this two-substrate immobilized enzyme.36 Linear plots of P[S]o

against ln(1-P) were obtained, and K values were calculated from the slopes ofm
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Figure 5.13. Theoretical (a) and experimental (b) dependence of degree of reaction on flow rate.
(a) K 2:5 mM: curve 1, S o 0:1K ; curve 2, S o K ; curve 3, S o 4K ; curve 4,

S o 10K
m m m m

. (b) [S]o= 0.5 mM, 5.0 mM and 15 mM for curves 1, 2 and 3, respectively.34 [Reprinted,
with permission, from M. D. Lilly, W. E. Hornby, and E. M. Crook, Biochem. J. 100, 1966, 718-723. “The
Kinetics of Carboxymethylcellulose-Ficin in Packed Beds”.  1966 by The Biochemical Society,
London.]

m

these plots. However, the cosubstrate (dissolved oxygen) concentration was not
measured or controlled, and because of this, the measured glucose K valuesm
increased from 2.95 mM at Q= 0.33 mL/min to 11.3 mM at Q= 1.40 mL/min.
This illustrates the importance of using an appropriate kinetic model to understand
the behaviour of packed-bed enzyme reactors.

Beginning from similar principles, a more recent and possibly more general
theoretical and experimental study37 has considered streptavidin-coated silica micro-
spheres (5 μm dia.) treated with biotin-modified alkaline phosphatase after the beads
had been loaded into a 15 μm deep by 85 μm wide channel in a borosilicate glass
microfluidic chip. The beads, held in place by a weir, formed a packed bed of



112 Chapter 5 Immobilized Enzymes

Figure 5.14. Effect of flow rate on K of immobilized ficin for BAEE at ionic strength 0.04 M

(curve 1), 0.1 M (curve 2) and 0.4 M (curve 3).34 [Reprinted, with permission, from M. D. Lilly, W. E.
Hornby, and E. M. Crook, Biochem. J. 100, 1966, 718-723. “The Kinetics of Carboxymethylcellulose-
Ficin in Packed Beds”.  1966 by The Biochemical Society, London.]

m

100 μm average length. Enzyme kinetic properties were measured using the sub
strate 6,8-difluoro-4-methylumbelliferyl phosphate; alkaline phosphatase dephospho
rylates this compound to produce the fluorescent umbelliferone. Assuming simple
one-substrate Michaelis-Menten kinetics, Eq. 5.25 was produced and examined
experimentally:

S L Kmln υmaxVbed/Q : (5.25)S L/ S OS O

In Eq. 5.25, [S]O and [S]L are the bulk substrate concentrations introduced and
remaining (after flow through the reactor of length L), respectively. Km and υmax have
their usual Michaelis-Menten definitions. Vbed is the volume of the reactor bed, and Q
is the volume flow rate of the mobile phase, which was controlled using a pump.

For each experiment, Q was maintained at a constant value, [S]O was varied and
[S]L was determined. A plot of [S]O – [S]L against ln([S]L/[S]O) allowed the determi
nation of Km from the slope. Under conditions of low substrate conversion, linear
plots were obtained for experiments conducted using different constant Q values,
and the same slopes (Km values) were obtained. At high substrate conversions, the
model did not correctly fit the data. The applicability of the simple Michaelis-
Menten equation and the likelihood of product inhibition (from phosphate) were
discussed.

A novel and generally applicable component of this study involved the estima
tion of a dimensionless parameter, λ (0 λ 1), which is defined as the ratio of the
enzymatic reaction rate to the mass transfer rate.37 The value of λ varies between
reactor designs and with the experimental conditions. A survey of previous IMER
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studies (including both packed-bed reactors and surface-immobilized enzyme
reactors) showed λ values that varied from less than 10-5 to 0.1. The differences in
the values of this parameter were put forward as a means of reconciling the different
conclusions reached by the authors of the studies surveyed.
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PROBLEMS

1. Outline the steps necessary for the preparation of a packed-bed enzyme reactor for choles
terol, using the enzyme cholesterol oxidase and polystyrene stationary phase particles. In
the absence of any indicator reaction, what kind of detector could be used to directly mea
sure the hydrogen peroxide produced in the reactor? Suggest how the system might be
modified so that a flow-through absorbance detector could be used.

2. Suggest how the covalent immobilization of urease onto particles of an ethylene/maleic
anhydride copolymer might be expected to change (a) its apparent pH optimum, and (b) its
apparent Km for urea.

3. The figure below shows a new type of enzyme reactor that has been devised for assays of
choline and acetylcholine, using the enzymes acetylcholinesterase and choline oxidase.
The reactions catalyzed by these enzymes are shown below:

acetylcholinesterase
Acetylcholine Choline Acetic AcidH2O

choline oxidase
Choline BetaineO2 H2O2

In this reactor, the enzyme solution is retained between the two 0.04 μm-pore mem
branes, and the membranes are fitted into the flow cell. A pump and injector are
placed at the upstream end of the reactor. Injected acetylcholine and choline react
with the enzyme(s), producing hydrogen peroxide. The H2O2 is detected downstream
of the reactor, at a platinum working electrode poised at +700 mV vs SCE, so that
H2O2 is converted to O2.
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(a) Is this a chemical or physical immobilization method? Would this type of
immobilization be expected to affect the apparent Km or pH optima values of the
enzymes? Why or why not?

(b) Sketch the shape of the response current vs. [acetylcholine] calibration curve, for very
low concentrations up to values well above the K of acetylcholinesterase.m

(c) This reactor may be used to examine the properties of reversible acetylcholin
esterase inhibitors, by injecting samples containing a fixed concentration of the
suspected inhibitor along with increasing concentrations of acetylcholine. Sketch
the Lineweaver-Burk plots of 1/current vs 1/[acetylcholine] that would be
obtained in the absence and in the presence of a reversible, competitive acetyl
cholinesterase inhibitor.

4. At pH 6, the enzyme fumarase (50 kDa/subunit) converts fumarate to malate, and has a
soluble Km for fumarate of 5.7 μM. The dissociation rate constant for the enzyme-substrate
complex into enzyme plus malate has been measured as 1.45× 103 s-1.

(a) Give two methods by which fumarase can be covalently immobilized onto controlled-
pore glass beads.
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(b) The glass beads from (a) were found to possess 0.10 gram of enzyme per gram total
mass. A column 25 cm long× 5 mm i.d. was packed with 3.0 g of this product. The
total volume of the column, 5.0 mL, was found to have a void volume of 2.0 mL.
Calculate the capacity of this packed-bed enzyme reactor, in mol/min.

(c) Calculate the maximum flow rates that may be employed with this reactor, to achieve
at least 95% conversion of fumarate into malate, when S o 0:01K ,m
S o 0:10K , and S o K .m m



Chapter 6

Antibodies

6.1. INTRODUCTION

The enzymatic methods described in the previous three chapters are important
bioanalytical tools for the quantitation of those biochemicals participating in
enzyme-catalyzed reactions. A vast number of biochemicals that are of analytical
interest, however, are not amenable to enzymatic assay techniques. These species
are not involved in metabolic processes for which a sufficiently selective enzyme
exists, and may not even be species that are commonly found in living systems. For
many of these analytes, whether macromolecular or of relatively low molecular
weight, immunoassays are the methods of choice.

Immunoassays rely on the selective binding properties of antibodies, large
glycoproteins with monomeric molecular weights of 150 kDa, that possess two iden
tical binding sites per molecule and are thus called bivalent. They are produced in
living animals (but not in plants) via the immune response, in response to an immu
nogen, which may be defined as any agent capable of eliciting an immune response.
Immunogenic compounds have high molecular weights (>1 kDa), have chemical
complexity (e.g. polyethylene glycol is not immunogenic) and are foreign to the
individual organisms.1 Contact with an immunogen triggers a chain of events that
leads to the activation of lymphocytes (white blood cells) and the synthesis of anti
bodies that selectively bind the immunogen. A schematic representation of the
immune response is shown in Figure 6.1.

Once antibodies have been generated, their selective binding properties toward
high molecular weight immunogens allow their interaction with other species that
possess certain structural similarities. Antigens are species that are capable of bind
ing selectively to components of the immune response, such as antibodies (humoral
immunity) and lymphocytes (cellular immunity). Antigens are not necessarily capa
ble of generating the immune response themselves; thus, all antigens are not immu
nogens, while all immunogens are also antigens. Haptens are low molecular weight
compounds that can only elicit an immune response when they are chemically bound
to a high molecular weight compound, such as a carrier protein.

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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Immunoassay methods exploit the selective recognition and binding properties
of antibodies for the recognition and quantitation of antigens or haptens.

Figure 6.1. Simplified representation of the immune response.

6.2. STRUCTURAL AND FUNCTIONAL PROPERTIES OF
ANTIBODIES

When the red blood cells are removed from whole blood, and the resulting plasma is
allowed to clot, the fibrinogen may be removed to yield serum. Serum contains a
variety of proteins, some of which are called globulins because their solubility prop
erties are different from the other serum proteins. Antibodies are a subclass of serum
globulins that possess selective binding properties. Antibodies are also called immu
noglobulins (Ig).

All immunoglobulins have a number of structural features in common.2 They
possess two “light” polypeptide chains, each with an approximate molecular weight
of 25 kDa, and two “heavy” polypeptide chains, of about 50 kDa each. These four
chains are bound together in a single antibody molecule by disulfide bonds, and
form a Y-shape with a central axis of symmetry (Figure 6.2). The two halves of a
natural immunoglobulin are identical.
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Figure 6.2. Structural diagrams representing antibody molecules.

The N-terminal ends of the light polypeptide chains (L) occur near the top of the
“Y” structure, in the so-called Fab fragments. These are the antigen-binding frag
ments of the antibody, and have been cleaved and used in immunoassays based on
primary antigen-antibody interactions in the same manner as a whole antibody mole
cule is used. Fragments of Fab include Fv, the part of Fab that has a variable amino
acid sequence for epitope selectivity, and scFv, a smaller single chain variable frag
ment. It is the amino acid sequence of these N-terminal ends that determine the spe
cific antigen-binding properties of the molecule. The sequence of the heavy chains
(H) in the so-called Fc fragments (crystallizable fragments) determines the antibody
class: the most abundant classes are called IgG, IgM, IgA, IgE and IgD. Antibodies
in different classes may have exactly the same antigen-binding properties, but
exhibit different functional properties. The abundances and functional properties of
the five major classes of antibodies3 are listed in Table 6.1.

Both IgA and IgE are secretory immunoglobulins: they form multimeric species
in the cytosol and are then secreted from cells as first lines of defense against infec
tions. The process of multimerization occurs in the cytosol, where a small joining



120 Chapter 6 Antibodies

Table 6.1 Properties of Common Immunoglobulinsa

Immunoglobulin
Class

Adult Serum
Concentration Functional Properties

IgG
IgE
IgM

12 mg/mL
0.3 μg/mL
1.0 mg/mL

Only Ig that crosses the placenta
Major class involved in the allergic response
Can cause lysis of bacteria by activating other

IgA
IgD

1.8 mg/mL
30 μg/mL

serum components
Found in secretions (tears, saliva)
Found on lymphocytes

aAdapted from Ref. 3.

protein, called the J protein is attached to Fc. The J protein is 137 amino acids long
(about 15 kDa) and contains 8 cysteine residues. Disulfide bond formation occurs to
join IgA monomers (primarily into a dimer) and IgM monomers (primarily into a pen-
tamer). Once the multimeric species have formed, polymeric Ig receptor and a secre
tory compenent present in secretory epithelial cells actively transport the multimers to
the exterior.4 Immunoassays typically employ monomeric holoantibodies, but some
have been developed using Fab, Fv and scFv fragments. Note that the intact antibody
has two binding sites, but the fragments have only one site for antigen/hapten binding.

Antiserum is that part of the serum containing antibodies. It maybe prepared
from whole serum by a series of ammonium sulfate precipitation steps, where suc
cessively lower concentrations of ammonium sulfate generate a precipitate that is
centrifuged and resuspended in buffer.5 The antiserum is then dialyzed or affinity-
purified, and assayed for total protein.

The selectivity of antigen-antibody (and hapten-antibody) interactions is analo
gous to the selectivity of substrate-enzyme interactions. The antigen-binding site of
an antibody has a structure that allows a complementary fit with structural elements
and functional groups on the antigen. The portion of the antigen that interacts specif
ically with the antigen-binding site on the antibody is called the antigenic determi
nant, or epitope. The epitope has a size of approximately 0.7× 1.2× 3.5 nm, which
is equivalent to about 5–7 amino acid residues. The complementary site on the anti
body is called the paratope, and this has about the same size.

Antigens may be classified according to their binding characteristics of valency
(meaning the total number of sites) and their determinacy (meaning the number of
different types of sites).6 There are four classes of antigens:

1. Only a single epitope on the surface that is capable of binding to an antibody:
unideterminate and univalent. Haptens are unideterminate and univalent.

2. Two or more epitopes of the same kind on one antigen molecule: unidetermi
nate and multivalent.

3. Many epitopes of different kinds, but only one of each kind on one antigen
molecule: multideterminate and univalent. Most protein antigens fall into
this category.
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4. Many epitopes of different kinds, and more than one of each kind per antigen
molecule: multideterminate and multivalent. Proteins containing multiple
identical subunits, as well as polymerized proteins and whole cells, fall into
this category.

Binding interactions between antigen and antibody involve electrostatic, hydro
phobic, and van der Waal interactions, as well as hydrogen-bonding. These are all
relatively weak, noncovalent forces, and for this reason, complementarity must
extend over a relatively large area to allow the summation of all available interac
tions. Antigen-antibody association constants are often as high as 1010 M 1.

6.3. POLYCLONAL ANDMONOCLONAL ANTIBODIES

Polyclonal antibodies are isolated directly from serum, by a similar procedure to the
one outlined earlier in this chapter. The immunogen used to generate polyclonal anti
bodies may consist of a small molecule (a hapten) covalently bound to a carrier pro
tein. The resulting antiserum will contain a mixture of antibodies that bind to
different epitopes of the hapten-carrier conjugate, as well as antibodies generated in
response to other immunogens present in the organism. This results in an antiserum
possessing a wide range of selectivities and affinities, and may result in significant
cross-reactivities, or interferences, when employed in immunoassays.

Monoclonal antibodies7 are a homogeneous population of identical antibody
molecules, having identical paratopes and affinity for a single antigenic epitope.
They are biochemically synthesized in a procedure first described by Milstein and
Köhler in the 1970’s, work for which these researchers won the Nobel Prize.
Figure 6.3 shows an outline of Milstein and Köhler’s procedure for monoclonal
antibody production.

An animal immunized with an antigen (Ag) increases its population of antibody
(Ab)-producing lymphocytes. These cells are short-lived and can exist in cell cul
tures only for a few days. Malignant plasma cells are separately cultured. These cells
are essentially immortal, and can be cultured for years, but they are poor producers
of Abs. Some malignant plasma cells are deficient in the enzyme hypoxanthine phos
phoribosyltransferase (HPRT), and will die unless HPRT is supplied to the culture
medium. These are the malignant cells that are used for the production of
hybridomas.

Hybridomas (or fused cell culture lines) are produced by fusing lymphocytes
isolated from the spleen of an immunized animal with the HPRT-deficient malignant
plasma cells. The lymphocytes. The unfused cells die, since spleen cells survive
only a few days, while the malignant plasma cells lack HPRT. Fused cells, how
ever, are HPRT positive as well as immortal; these hybridomas, or hybrid cells,
retain the Ab-producing characteristics of the spleen cells. Hybrid cell lines that
produce a specific antibody are then cloned from the single cells and cultured.
Each clone created in this manner produces antibodies of a single epitope
specificity!
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While monoclonal antibodies are initially almost prohibitively expensive to pro
duce, they offer very distinct advantages over polyclonal antisera for analytical
applications. Of primary importance is the immortality of the hybridoma lines:
monoclonal Abs produced by this cell line will show relatively little batch-to-batch
variation, and the repetitive use of animals for antibody production becomes
unnecessary. In addition, the single-epitope selectivity of the monoclonal Ab tends
to minimize cross-reactions, except with epitopes possessing very similar structural
characteristics to the original immunogen’s epitope.

Figure 6.3. The generation of hybridoma cell lines for monoclonal antibody production.

6.4. ANTIBODY-ANTIGEN INTERACTIONS

The interactions of antibodies with their selective binding partners, antigens or hap
tens, are classified as primary or secondary binding interactions. Primary interac
tions involve the specific recognition and combination of an antigenic determinant
(epitope) with the binding site (paratope) of its corresponding antibody. All Ab-Ag
interactions begin with a primary interaction, which occurs very rapidly (on a milli
second time scale), and is macroscopically invisible.

The equilibrium relationships involved in the primary binding interaction can be
studied using haptens, which, due to their univalent, unideterminate nature, prevent
secondary binding interactions from occurring. Free hapten exists in equilibrium
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with antibody-bound hapten as shown below:

(6.1)

Secondary antibody-antigen reactions occur as a result of antigen multivalency,
and result in agglutination or precipitation of a polymeric antigen-antibody network.
A visible product is formed over a time scale of minutes to hours:

(6.2)

Both primary and secondary Ag-Ab interactions may be exploited for analytical
purposes, but most quantitative bioanalytical methods make extensive use of primary
binding interactions. The intrinsic association constant which characterizes antibody
epitope(hapten) binding is called the affinity:

Ab H Ab:H (6.3)

Affinity K Ab:H = Ab H (6.4)

Typical affinity values8 for antibody-hapten interactions range from 105 to 1012 M 1.
Because of the very high affinities involved, the reversal of Ab-H binding may be
accomplished only under extreme conditions: at high or low pH values, at high ionic
strength, or in the presence of chaotropic ions (e.g. perchlorate) or denaturants (urea,
guanidinium) that interfere with hydrogen-bonding.

Affinity values are typically determined by maintaining a constant total Ab con
centration, and varying the H concentration. Quantitation of [H]free and [H]bound then
allows the construction of a Scatchard plot, where [H]bound/{[H]free[Ab]total} is plot
ted against [H]bound/[Ab]total. The slope of this plot is the negative of the affinity, -K.
Scatchard plots for monoclonal and polyclonal antibodies are shown in Figure 6.4.
Note that polyclonal antibodies yield a curved Scatchard plot due to their range of
epitope selectivities and affinities.9

For polyclonal antibodies, experimental K values represent an average affinity,
which is usually represented as Ko.

Methods used for the estimation of affinities, in addition to equilibrium dialysis,
also include ELISA10 (see Chapter 7) and surface plasmon resonance11 (the BIAcore
instrument, see Chapter 1).
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Figure 6.4. Scatchard plots for monoclonal and polyclonal antibodies.

6.5. ANALYTICAL APPLICATIONS OF SECONDARY
ANTIBODY-ANTIGEN INTERACTIONS

6.5.1. Agglutination Reactions

Agglutination occurs when an antibody interacts with a multivalent, particulate anti
gen (i.e. an insoluble particle), resulting in crosslinking of the antigen particles by
the antibody. This eventually leads to clumping, or agglutination, and will not occur
with haptens. Agglutination may occur when a unideterminate, multivalent antigen
(i.e. possessing many copies of single epitope “A”) interacts with a single antibody
(Anti-A); it may also occur if a multideterminate, univalent antigen (with epitopes A,
B, C, etc.) interacts with at least two distinct antibodies (Anti-A plus Anti-B, for
example). Whether or not agglutination occurs depends on the relative concentra
tions of antigens and antibodies.

The agglutination test is used to qualitatively test for the presence of antibodies
in serum, and is also used in blood grouping. As an example, we will consider a test
for the presence of antibodies to the bacterium Brucella abortus.12 In this test, a
series of test tubes are prepared (or a series of microplate wells are used), each con
taining the same quantity of the bacterial suspension, which is the antigen. To each
tube is added increasingly dilute solutions of serum. If the antibody is present, agglu
tination will be observed over a range of serum dilutions, as shown in Figure 6.5.
Two dilution zones are apparent, one called the “prozone” and the other, the

Figure 6.5. Agglutination test for Brucella abortus antibodies.12 [Reprinted, with permission, from
E. Benjamini, G. Sunshine, and S. Leskowitz, “Immunology: A Short Course,” 3rd Ed., Wiley-Liss,
New York, 1996. pp. 115-118. ISBN 0-471-59791-0. Copyright  1996 by Wiley-Liss, Inc.]
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“agglutination zone”. In the prozone, no difference is apparent after serum is added
and allowed to incubate for several minutes. In the agglutination zone, a visible pre
cipitate forms, and settles to the bottom of the tube. The high dilution end of the
agglutination zone is called the titer of the serum, and is used as a semiquantitative
expression of the Ab concentration for the comparison of sera. It should be noted that
tests made on sera at only one dilution may give misleading results, because of the
lack of agglutination in the prozone and at high serum dilutions.

Agglutination occurs only over a certain range of serum dilutions because of
either antigen or antibody excess. In the prozone, a large excess of antibody is pres
ent, so that each antibody behaves univalently and crosslinking does not occur:

(6.5)

At very high serum dilutions, a large excess of antigen exists, so that not enough
antibody is present to crosslink the antigen and cause agglutination. In this case the
antigen behaves in a univalent manner:

(6.6)

Only at the intermediate dilutions do the proportions of antibody and antigen
allow significant, visible agglutination to occur.

Blood typing is one common application of the agglutination test.13 Human
erythrocytes may possess either or both of epitopes A and B on their surfaces. Indi
viduals possessing only epitope A have Anti-B in their serum, while individuals pos
sessing only epitope B on their erythrocytes have circulating Anti-A. Some
individuals have neither epitope, and both antibodies present, while others have both
epitopes, and neither antibody. Table 6.2 lists the four major blood groupings, and
the epitopes and antibodies present in their serum.

Table 6.2 The Major Human Blood Groupings

Blood Group Erythrocyte Epitopes Present Antibodies Present in Serum

AB Both A and B Neither Anti-A nor Anti-B
A Epitope A Anti-B only
B Epitope B Anti-A only
O Neither A nor B Both Anti-A and Anti-B

Specific agglutination reactions were discovered in 1896, and were collectively
termed the Gruber-Durham reaction. In 1900, Landsteiner established the ABO
blood grouping system, which is still in use today. The first application of the agglu
tination phenomenon to infectious diseases was by Widal, for the diagnosis of
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typhoid fever. The interested reader is referred to Durham’s obituary (Nature, 156,
1945, 742).

In 1956, Singer and Plotz introduced the use of sensitized latex particles, instead
of particulate antigens (like bacteria, viruses and specialized cells) in latex agglutina
tion tests (LATs).14 In these tests, small latex particles are surface-modified with
either an antigen or an antibody (depending on the analyte) and the clumping, or
agglutination, is easily observed as a clarification of a milky suspension of latex par
ticles to produce a transparent supernatant with a precipitate (agglutinin) at the bot
tom of a tube or microplate well. In the modern era, LATs have been very widely
used for point-of care diagnostics for both human and animal diseases, because they
are readily portable and quite inexpensive. They represent modernizations of an old
discovery.

One example involves a field-portable device that uses light-scattering (turbi
dimetry) for the detection of foodborne pathogens like E. coli.15 Unlike most agglu
tination tests, this method and device provide quantitative information about the
concentration of reactive species present in the test solutions, rather than just a quali
tative presence/absence result.

Many latex agglutination tests are available as test kits for bacterial and viral
analytes as well as parasites and proteins. Currently, test kits include Salmonella,
Cryptococcus, Campylobacter, E. coli O157, Leptospirosis, Staphylococcus aureus,
HIV-1 antibody, Listeria, antibodies to Toxoplasmosis gondii, Legionella pneumo
phila, Streptococcus grouping, rheumatofactors and pneumococci.

6.5.2. Precipitation Reactions

Precipitation reactions are similar in principle to agglutination reactions, the differ
ence being that both the antigens and antibodies are present as soluble, molecular
species in the assay solutions. At a certain Ab:Ag ratio, the crosslinked polymeric
network of antibody and antigen loses its solubility and precipitates. This is called
the precipitin reaction.16 Figure 6.6 shows how the quantity of precipitin produced
varies with the quantity of antigen added, for a fixed total antibody concentration.

Figure 6.6. Precipitin formation as a function of added antigen.
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Three zones are apparent in the curve shown in Figure 6.6. At low antigen con
centrations, there is a zone of antibody excess, where antibody behaves univalently.
In the equivalence zone, antigen and antibody are present in roughly equal propor
tions, and the largest quantity of precipitin forms. At higher antigen concentrations,
the antigen behaves univalently, and its excess does not allow the formation of a
highly crosslinked, insoluble network of precipitin.

The precipitin reaction can be induced in a gel, allowing qualitative tests for the
presence of certain antibodies in serum. The gels used are often agar, and are cast on
a flat glass plate, such as a microscope slide. The double-diffusion method17 uses
such a cast gel, with two wells cut into the gel, one at each end of the slide. The
unknown serum is placed in one well, and the test antigen solution is placed in the
other. Both solutions diffuse into the gel, and set up two opposing concentration
gradients between the wells. If the suspected antibody is present in the serum, then
at some distance between the wells, the Ab:Ag concentration ratio will be optimal
for precipitin formation. As shown in Figure 6.7, a precipitin line forms at Ab:Ag
equivalence. Provided that the diffusion rates of different antigens in the gel are
known, a multiple test may be conducted on a single slide, with the positions of the
precipitin lines indicating which antibodies are present in the serum sample.

Figure 6.7. The double-diffusion method for (a) a single Ab and (b) multiple antibodies. In (b) all the
Abs diffuse at different rates with 1> 2> 3.

The double-diffusion method is an easier qualitative test than the precipitin
reaction in solution, because it requires only one gel, rather than a series of test tubes
with varying serum dilutions.

A double-diffusion method also exists to test for antigen identity.18 In this test,
three wells are cut into the agar gel on the microscope slide, as shown in Figure 6.8.
The central well contains a known antiserum, while Ag1 is the unknown. Ag2 is a
standard antigen that is suspected of being identical with Ag1. A distinctive semi
circle of precipitin forms around the antibody well if Ag1 and Ag2 are identical. If
the two antigens are completely different, then two independent precipitin arcs are
formed. Partial identity indicates that one antigen possesses some, but not all, of the
epitopes present on the other; in Figure 6.8, Ag2 possesses some of Ag1’s epitopes,
but is not identical to Ag1.

The single radial immunodiffusion test (SRID)19 is a quantitative assay for anti
gen, and is also based on the precipitin reaction. This test is performed in a gel that is
cast with a constant, uniform concentration of antibody distributed throughout.
Wells cut into the gel contain standard antigen solutions at different concentrations.
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The precipitin produced after Ag diffuses into the gel forms a ring around the wells,
as shown in Figure 6.9, and the ring d2 (diameter2) is directly proportional to [Ag] in
the well. Values of d are corrected by subtraction of the well diameter. A calibration
curve of d2 vs [Ag] is used for antigen quantitation.

Figure 6.8. Double-diffusion test of antigen identity: (a) identity; (b) nonidentity; and (c) partial
identity.

Figure 6.9. The single radial immunodiffusion test for antigen quantitation.

Precise quantitative work with the SRID test requires that the wells be cut repro
ducibly, and have vertical walls to produce distinct rings. To facilitate measurement,
once the precipitin forms, the slide can be rinsed with PBS overnight to remove free
Ab from the gel, then stained with a general protein stain such as Coomassie Blue or

7 Ma silver-based stain. With this staining technique, detection limits of about 10
antigen have been achieved.

Although SRID may seem to be an old and labor-intensive method, it is still in
use for quality control of human influenza vaccines because there is currently no
other globally accepted method for the quantitation of potency-defining haemagglu
tinin content. Rather than testing a single aliquot of the vaccine, a dilution series of
both standard haemagglutinin and vaccine are tested. A parallel line model, plotting
surface area inside the ring against concentration, is used to evaluate the data.20

Secondary reactions such as agglutination and precipitation are generally used
to identify or screen for the presence of certain suspected antibodies or antigens.
They require antigens to be either multivalent, or multideterminate, or both, to allow
crosslinking to occur. Secondary reactions cannot be used to quantitate or identify
haptens, since haptens are always unideterminate and univalent.
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Primary antigen-antibody interactions can be used to quantitate both antigens
and haptens. Methods exploiting primary interactions have been developed for both
antigen/hapten and antibody quantitation. These methods involve combining antibody
with antigen, and then determining the concentrations of free and bound reactants.
Competition between a labeled analyte (a reagent) and an unlabelled (unknown) ana
lyte allows quantitation. These types of assays are the subject of the next chapter.
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PROBLEMS

1. Two polyclonal antibody preparations have been prepared according to the method out
lined in this Chapter. The preparations were tested for antibody concentration by
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measuring their titer. Preparation A possesses a titer of 1:1024, while preparation B has a
titer of 1:128. Which is the more concentrated preparation of antibodies?

2. Explain why Scatchard Plots for antigen-binding are linear for monoclonal antibodies, and
curved for polyclonal antibodies.

3. Which of the following combinations may be expected to yield precipitin near 1:1 anti
body:antigen equivalence:

(a) A univalent, multideterminate antigen (epitopes A, B, C, and D) and Anti-A,

(b) A multivalent, unideterminate antigen (epitope A) and Anti-A,

(c) A univalent, unideterminate antigen (epitope A) and Anti-A, and

(d) A multivalent, multideterminate antigen (epitopes A, B, C, and D) and Anti-A.

4. An agglutination test for a bacterium was performed on serial dilutions of a freshwater
sample. Using dilution factors of 1:1 to 1:512, the results showed the appearance of an
agglutination zone and a zone of antibody excess, but no prozone was observed. Was the
bacterium present? Why was no prozone observed?

5. In Figure 6.7, the double-diffusion method shows a precipitin line present as an arc nearer
to the Ab well than to the Ag well, and curving towards the Ab well. These results are
expected if the diffusion coefficient of Ag through the gel is much faster than that of Ab.
What would be the appearance of the precipitin line if the Ab diffused much faster than the
Ag (e.g. if Ag was a very high molecular weight species)?

6. Explain the difference between an agglutination reaction and a precipitin reaction, and
indicate which of these can be made to occur in an electrophoresis gel in the technique
known as “single radial immunodiffusion.”



Chapter 7
 

Quantitative Immunoassays
with Labels

7.1. INTRODUCTION

Quantitative immunoassays constitute an enormous group of assay techniques 
designed for the selective quantitation of trace levels of low and high molecular 
weight species in complex biochemical media. In these immunoassay methods, the
ligand (antigen or hapten) is almost always the analyte; while the qualitative identi
fication of unknown antibodies is often of clinical importance; precise quantitative 
results are not normally required. In this Chapter, the term ligand is used synony
mously with hapten and antigen, because secondary binding reactions are not 
involved. Quantitative immunoassay methods exploit the primary binding of anti
body and ligand, that is the recognition and combination of antibody paratope with 
antigen epitope, with intrinsic affinity K. Secondary binding interactions do not gen
erally occur, even with macromolecular antigens, because a large excess of either 
antibody or ligand is usually present. In practice, however, the possibility of second
ary interactions should be considered during the development of new immunoassays. 

The classification of immunoassay methods is based on (a) whether they are 
homogeneous, with no separation step needed prior to measurement, or heteroge
neous, where a separation step is required; (b) which species, antibody or antigen, is 
labelled; and (c) the type of label employed. 

The ideal label for immunoassay methods has the following properties. It is 
inexpensive, safe, and simple labeling procedures exist. It is covalently linked to the 
assay reagent at multiple sites, for high sensitivity. The labeled species is stable. 
Labeling has a minimal effect on the binding behavior, i.e. the labeled and unlabeled 
reagents behave identically with respect to antibody-antigen binding. The label is 
easily detected using inexpensive instrumentation that is readily automated. Finally, 
the label should have properties that enable the differentiation of the free and bound 
forms without requiring a separation step. 

While no real labels meet all of these needs, the properties of some of the more 
recently introduced labelling systems are approaching the ideal. Radioisotopes, once 

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón. 
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc. 

131



132 Chapter 7 Quantitative Immunoassays with Labels 

the only type of label used for immunoassays, have clearly been overwhelmed by 
current applications of fluorescent labels, including quantum dots, enzyme labels 
and even coenzyme and prosthetic group labels. A variety of alternative labels has 
also been investigated, including red blood cells, latex particles, viruses, metals and 
free radicals. Table 7.1 shows a representative listing of labels used in modern 
immunoassays.1 

7.2. LABELING REACTIONS

Reagents used for the labeling of protein antigens and antibodies are similar to those 
used for the immobilization of enzymes by covalent and crosslinking methods (see 
Chapter 5). Homobifunctional and heterobifunctional crosslinking reagents are com
mon, using NHS ester, maleimido, aldehyde, thiocyanate and isothiocyanate groups 
to provide selectivity. Glycoproteins such as antibodies may also be bound to labels 
containing primary amine groups through the initial oxidation of sugar residues by 
periodate; the resulting aldehyde groups form Schiff bases with primary amines, 
which may be subsequently reduced to secondary amines under mild conditions 
with sodium borohydride or cyanoborohydride.2 Following the coupling reactions, 
labeled macromolecular reagents are usually purified by gel filtration chromatogra
phy: porous stationary phases retain small solutes, but allow high molecular weight 
species to elute unretarded in aqueous buffer mobile phases. Dialysis or affinity 
chromatography may also be used for conjugate purification. 

The preparation of labeled haptens may occur under more extreme conditions, 
since protein denaturation is only a factor if the label is an enzyme. The first critical 
step in hapten labeling is the introduction of a reactive group onto the hapten. This 
may be done by the alkylation of O or N substituents with haloesters,3 followed by 
hydrolysis: 

(7.1) 

A second reaction converts hydroxyl groups into carboxylates using succinic anhy
dride:4 

(7.2) 

Alternatively, ketone groups may be used to generate reactive carboxylates:5 

(7.3) 
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TABLE 7.1 Immunoassay Labelsa

Immunoassay 
Type Label Type Label Property Measured 

Heterogeneous Fluorophore Fluorescein Fluorescence intensity 
Lanthanide Time-resolved fluorescence 

chelates 
Phycobiliproteins Fluorescence intensity 
Quantum dots Fluorescence intensity 

Chemiluminescent Acridinium ester Ester hydrolysis 
Phenanthridinium Ester hydrolysis 

ester 
Enzyme Alkaline Enzyme activity 

phosphatase 
β-Galactosidase Enzyme activity 
Peroxidase Enzyme activity 
Urease Enzyme activity 

Cofactor ATP Kinase activity 
NAD Dehydrogenase activity 

Lysing agent Mellitin Release of liposome-trapped 
enzyme (activity) 

Secondary label Biotin Binds avidin-enzyme and 
streptavidin-enzyme conjugates 
(activity) 

Homogeneous Fluorophore Fluorescein Fluorescence polarization 
Fluorescence quenching 

Quantum dots Fluorescence energy transfer 
Lanthanide Fluorescence polarization 

chelates Fluorescence energy transfer 
Fluorescence energy transfer 

Chemiluminescent Acridinium ester Ester hydrolysis 
Isoluminol Light emission 

Prosthetic group FAD Glucose oxidase activity 
Enzyme Glucose-6 Enzyme activity 

phosphate 
dehydrogenase 

Malate Enzyme activity 
dehydrogenase 

Peroxidase Aggregation and enzyme activity 
Hexokinase Substrate channeling 

Electroactive Ferrocenes Oxidation current 
Spin label Nitroxides Broadening of ESRb signal 
Substrate Galactosyl- Enzymatic hydrolysis 

umbelliferone 

aadapted from Ref. 1.
 
bElectron spin resonance =ESR.
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Following the introduction of a carboxylic acid group onto the hapten, a variety of 
reagents may be used to activate these groups towards nucleophiles such as primary 
amine groups. The mixed anhydride method uses isobutylchloroformate6 to generate 
a mixed anhydride in the presence of a base such as triethylamine: 

(7.4) 

The product of the mixed anhydride reaction is reactive towards primary amine groups 
as well as hydroxyl groups, but is susceptible to hydrolysis. Yields of 20%–30% con
jugate have been obtained using a 10 to 20-fold excess of isobutylchloroformate. 

Carboxylic acids may also be activated using carbodiimide and carbodiimide/ 
hydroxysuccinimide reagents, as described in Chapter 5 for enzyme immobilization. 
For the carbodiimide reaction alone, average yields of 20% conjugate have been 
reported, due to a competing side reaction that converts the intermediate O-acylisourea 
to a stable N-acylurea. NHS esters may be generated in situ and reacted directly with the 
label; for the progesterone + β-galactosidase reaction, a 10% loss in activity was 
reported, and 26% of the active enzyme was found to be immunoreactive. However, the 
stability of the NHS ester allows its isolation and purification; the purified NHS ester of 
progesterone, following reaction with enzyme, yielded a 100% immunoreactive 
enzyme-hapten conjugate, and the steroid:enzyme molar ratio was found to be 2:1.7 

Excess carbodiimide coupling reagent has been found to deactivate many enzymes 
when the in situ method is  used,  and the isolation of the NHS ester intermediate allows 
direct control over stoichiometry in the coupling step. 

Conjugates are generally characterized by determining the hapten:label or anti
body:label molar ratio, and by examining the characteristics of the label to determine 
whether conjugation has resulted in property changes. For example, the specific 
activity of enzyme labels is determined, and the molar absorptivity and quantum 
yields of fluorescent labels are compared before and after coupling. Enzymatic labels 
may be protected from deactivation by including a competitive inhibitor in the 
reaction mixture during coupling; the presence of this species can protect reactive 
groups at the active site from modification.8 Immunoreactivity, the fraction of 
the hapten-label or antibody-label conjugate that can be bound by excess antibody 
or antigen, respectively, is often used to characterize a labeled reagent, and binding 
affinities may also be determined. 

The above reactions are given as examples of the methods used to link haptens 
and antibodies to detectable labels; a comprehensive listing of conjugation proce
dures is beyond the scope of this work. 

7.3. HETEROGENEOUS IMMUNOASSAYS

Many immunoassays require a separation step prior to quantitation, in order to sepa
rate the bound and free fractions of the labeled species. Consider an immunoassay in 
which a labeled ligand, Ag∗, competes with unlabeled analyte, Ag, for a limited 
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quantity of antibody binding sites. This competitive equilibrium is represented by 
Eqs. 7.5 and 7.6, below: 

Ab Ag⇄Ab :Ag (7.5) 

Ab Ag*⇄Ab :Ag* (7.6) 

We will assume that the presence of the label has no effect on the affinity of the anti
body for the ligand. After equilibration, the reaction mixture contains Ag, Ag∗, Ab: 
Ag, and Ab:Ag∗. Because the quantity of Ab present is low relative to the quantities 
of Ag and Ag∗, essentially no free Ab remains. If the label itself is not affected by 
antibody binding, then separation of the bound and free fractions is necessary to 
determine the extent of binding of the labelled species. Separation may be accom
plished by adding a precipitation step, or by conducting the assay with antibodies 
immobilized onto solid supports or particles. 

Precipitation methods employ salts or solvents to precipitate the bound fraction, 
i.e. Ab:Ag and Ab:Ag∗, from the reaction mixture. If this bound fraction is large or 
unstable enough to precipitate spontaneously, a simple centrifugation or filtration step 
is added. More often, ammonium sulfate or ethanol is used to promote precipitation. 
Precipitation may be enhanced by using a second antibody, for example, anti-IgG 
prepared by innoculating an animal with the IgG from a different species. The high 
molecular weight Ab2:Ab1:Ag and Ab2:Ab1:Ag∗ that result are easier to precipitate 
quantitatively. Polyethylene glycol (PEG) may also be added to yield lower particle 
weight precipitates, increasing the speed and specificity of the precipitation process. 

Modern heterogeneous immunoassay methods employ antibodies immobilized 
onto solid supports. Antibodies and other proteins/glycoproteins adsorb strongly and 
spontaneously to glass and some plastics (such as polystyrene). They can thus be 
attached to beads, tubes, columns, or the wells of microtiter plates. While both lower 
and higher density plates are available (e.g. 6-, 24-, 384- and 1536-wells) the 96-well 
version shown in Figure 7.1 is in common use for immunoassays. It consists of eight 
rows and twelve columns of wells, and are usually injection molded from poly
styrene, to which antibodies and other proteins adsorb irreversibly. Standard dimen
sions are 86 mm width, 128 mm length and 7 mm diameter wells, with a well volume 
between 0.3–0.4 mL. The well bottoms may be flat, curved or conical. Automation 
for sample/reagent dispensing, agitation and centrifugation of microtiter plates is 
available, and well inserts for filtration and tissue culture have also been developed. 

Immobilization of the antibody onto a solid support results in all bound species 
(e.g. Ab:Ag and Ab:Ag∗ for a competitive immunoassay) also being immobilized. 
Unbound material is easily removed (i) as a centrifugation supernatant, if beads or 
particles are the solid phase; (ii) by elution or rinsing, if the solid phase is a tube or 
column of particles; or (iii) by decantation and rinsing, if the solid phase is a micro-
titer plate. These methods require that the covalent binding or adsorption of the anti
body to the solid phase is reproducible and irreversible. 

One solid phase used by commercial immunoassay kit manufacturers employs 
antibody covalently bound to cellulose particles that contain an iron(III) oxide core 
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Figure 7.1. Top view of a 96-well microtiter plate for automated immunoassay methods. 

or shell.9 These small, paramagnetic particles do not spontaneously sediment, and 
have a large surface area. The particles are retained magnetically during decantation 
and rinsing steps, allowing easy separation of the bound fraction after equilibration 
with Ag and Ag∗. 

7.3.1. Labeled-AntibodyMethods

Labeled-antibody methods rely on the presence of a large excess of the labeled anti
body. This antibody is incubated with standard concentrations of added antigen (the 
analyte), and the concentration of bound antibody is determined. The resulting cali
bration curve is linear, as shown in Figure 7.2(a), and linearity extends upwards to 
concentrations where Ab∗ is no longer in excess. Even for very low antigen concen
trations, if an excess of Ab∗ is present, some complex will form; in principle, even a 
single Ag molecule can be detected.10 

Sandwich assays employ two antibodies, and are useful for ligands possessing 
two or more distinct epitopes. The primary, or unlabeled antibody, is immobilized 
onto a solid support, and must be present in excess quantities relative to the total 
[Ag] present in standards and unknowns. Following incubation with antigen, to 
allow quantitative capture Ag, and a rinse step, the labeled antibody is added in 
excess, and a second incubation proceeds. The labeled antibody reacts only with the 
antigen that has been retained on the solid phase by the primary antibody. After a 
second rinse, the quantity of immobilized Ab:Ag:Ab∗ “sandwich” is then deter
mined, and is equal to the quantity of antigen in the sample. 

7.3.2. Labeled-Ligand Assays

In labeled-ligand immunoassays, a limiting amount of antibody is allowed to react 
with excess labeled antigen (Ag∗) in the presence of varying concentrations of ana
lyte Ag. Generally, the total quantity of antibody used is that amount required to 



7.3 Heterogeneous Immunoassays 137

Figure 7.2. Antigen calibration curves for (a) labeled antibody methods, and (b) labeled ligand 
methods, where the dashed lines show the analytically useful region of the curve. 

produce 50% binding of the labeled ligand in the absence of analyte, or unlabeled 
ligand. Unlabeled Ag inhibits the binding of Ag∗ with the antibody, through compet
itive equilibria. A series of standard Ag concentrations are used to construct an inhi
bition curve, as shown in Figure 7.2(b), and an unknown [Ag] can then be 
determined from the degree of inhibition of Ab:Ag∗ formation. The detection limits 
obtained with this method depend on the affinity of the antibody for the antigen, and 
the experimental uncertainty in quantitating the bound or free fraction of labeled 
antigen.10 For a Ko value of 1012 M 1, antigen detection limits of 10 14 M have been 
achieved. 

For example, a separation-based radioimmunoassay (RIA) has been developed 
for human placental lactogen (HPL).11 HPL is a protein hormone secreted by the 
placenta. HPL levels have been used as indicators of normal placental function dur
ing pregnancy. It is immunogenic, and antibodies may be produced by immunizing 
an animal with the human protein. HPL is labeled by iodination with 125I at its tyro
sine residues, to give a labeled antigen, HPL∗. This labeled species is a low-energy 
gamma ray emitter. Figure 7.3 shows an outline of the assay procedure. A fixed 
amount of HPL∗ and the unknown HPL are incubated with a fixed, insufficient 
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Figure 7.3. Outline of RIA for human placental lactogen (HPL). 

quantity of anti-HPL antibodies. Competition for the Ab binding sites ensues, and 
after a fixed incubation period, the bound fraction is precipitated by the addition of 
ethanol. After centrifugation, the radioactivity in either the precipitate or the super
natant is measured. 

Standard curves are constructed by plotting radioactivity against log[HPL], as 
shown in Figure 7.4. If precipitate radioactivity is measured, then the measured sig
nal decreases as HPL concentration increases, since fewer HPL∗ molecules will have 
access to the binding sites on the antibody. If supernatant radioactivity is quantitated, 
then the inverse will be true. Both curves exhibit a sigmoid shape, and the position of 

Figure 7.4. Calibration curves for HPL. 
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the midpoint of the curve on the log[HPL] axis depends upon antibody affinity 
for HPL∗. 

For quantitative purposes, these sigmoid curves can be linearized using the logit 
transformation. First, the measured signals are normalized to values that lie between 
zero and one. The logit transformation is then performed, using logit(y) = ln{y/ 
(1 y)}. If y is the fraction of the label in the supernatant, then a plot of logit(y) 
against log[HPL] will be linear with a negative slope, as detailed in Chapter 19. If 
the radioactivity of the precipitate is measured, then the logit transformation will 
yield a straight line with a positive slope. Commercial curve-fitting software is often 
used for sigmoid calibration curves like these. The analytically useful concentration 
range is generally taken to be between 10% and 90% of the normalized signal. 

7.3.3. Radioisotopes

Because radioisotopes were the first labels used in immunoassay methods, there 
exists a vast historical array of radioimmunoassays. Radioisotopes are easily 
detected at low levels, and labeling procedures are simple. The label has virtually no 
effect on antibody-antigen binding. However, radioisotopes are costly, hazardous, 
and require inconvenient monitoring and disposal procedures. In addition, isotopic 
decay necessitates the regular replacement of the labeled component. 

In general, 125I is used as a label for large-protein antigen labeling.12 It has a 
half-life of 60 days, is a low-energy gamma emitter, and thus requires only 
inexpensive instrumentation for detection. 3H is commonly used for hapten labeling. 
It has a 12-year half-life and is a β-emitter, thus requiring a scintillation counter for 
detection. A further disadvantage of 3H  is  that it has  a low  specific activity, and 
yields poor detection limits relative to 125I. Some specialized assays employ isotopes 
of Co, Fe, and Se. 

RIA detection limits for antigens are around 10 12 M, and can be equaled by 
enzymatic labels, since these are capable of catalytic signal amplification, and by 
some fluorescent labels. 

7.3.4. Fluorophores

Commonly used fluorescent labels13 have include fluorescein, rhodamine and 
umbelliferone derivatives (Figure 7.5). More recently, a group of proteins isolated 
from algae have been used as immunoassay labels due to their high molar absorptiv
ity (at least ten times that of fluorescein) and their quantum yields higher than 0.8; 
these are the phycobiliproteins, called phycoerythrin, phycocyanin and allophyco
cyanin. A family of cyanine dyes has also been employed as immunoassay labels. 
Fluorescent labels are safe, and require no licensing, unlike radiolabels. Antigen 
detection limits of about 10 10 M are normal with fluorescent labels, two orders of 
magnitude higher than those of radioactive labels, as a result of scattering, quench
ing, and background fluorescence from biological samples, especially those contain
ing significant quantities of protein. Fluorescent labels offer many options for signal 
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Figure 7.5. Common fluorescent labels used in immunoassays. 

generation in heterogeneous immunoassays,14 and may be classified as indirect, 
competitive or sandwich methods. 

7.3.4.1. Indirect Fluorescence

This method is normally used for antibody quantitation or screening. Antigen is 
immobilized onto a solid support, and antiserum is added. If specific antibodies are 
present, these antibodies will be immobilized on the support. Following a rinse step, 
fluorophore-labeled antibodies to the particular antibody class are added (e.g. fluo
rescein-anti-IgG). These labeled antibodies are immobilized only if primary antibod
ies to the immobilized antigen are present on the solid support. Fluorescence 
intensity thus increases with antibody concentration. 

7.3.4.2. Competitive Fluorescence

Antibodies to the antigen or hapten (analyte) are immobilized onto a solid support. 
Fluorophore-labeled and unlabelled antigen compete for a limited number of anti
body binding sites. The support is rinsed, and fluorescence is measured. Higher ana
lyte concentrations result in fewer immobilized labeled species, yielding reduced 
fluorescence intensity. 

7.3.4.3. Sandwich Fluorescence

This method, also called a two-site fluorometric immunoassay, is not readily adapted 
to hapten assays, because the antigen must be large enough to possess at least two 
distinct epitopes, to allow the independent binding of two different antibodies. 
Immobilized primary antibody is allowed to quantitatively bind antigen (analyte) in 
the sample. Fluorophore-labeled second antibody is then added, to form a support
antibody-antigen-antibody-fluorophore “sandwich”. The fluorophore is immobilized 
only if antigen is bound to the primary antibody. Fluorescence intensity increases 
linearly with the amount of antigen present in the sample. 

7.3.4.4. Fluorescence Excitation Transfer

This is a modified-sandwich method, shown in Eq. 7.7, in which both antibodies are 
labeled, but with different fluorophores (F1 and F2) that are chosen so that the 
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emission spectrum of one overlaps with the excitation spectrum of the other. The 
phenomenon, often called fluorescence resonance energy transfer, or FRET, involves 
nonradiative internal quenching when F1 and F2 are held in close proximity. If F1 
and F2 are close, the emission of F1 is quenched by F2 absorption. Following a rinse 
step, if the emission of F1 is measured, for increasing antigen concentrations, emis
sion intensity decreases. Alternatively, if the emission of F2 is measured, emission 
intensity increases as antigen concentration increases. 

(7.7) 

This method has been developed into a “two-site sandwich assay” for digoxin, 
using phycoerythrin as F1 and fluorescein as F2.15 Phycoerythrin is isolated from red 
algae, has a quantum yield of 0.80 and absorbs thirty times more light than does 
fluorescein. Phycoerythrin-labeled primary antibody is immobilized onto microtiter 
plate wells. Following incubation with the digoxin sample to allow quantitative bind
ing, fluorescein-labeled second antibody is added. Fluorescein quenches the emis
sion from phycoerythrin, as shown in Figure 7.6, so that greater quantities of 
immobilized digoxin yield reduced phycoerythrin emission intensities. This assay 
has a detection limit of 0.5 mg/L digoxin, with a 6% coefficient of variation. 

7.3.4.5. Time-Resolved Fluorescence

This instrumental technique may be applied to most immunoassays that require fluo
rescence intensity measurements, but do not require antibodies to the fluorophore 

Figure 7.6. Fluorescence excitation transfer (FRET) in a two-site sandwich assay. 
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itself. Its popularity stems from the rejection of interfering fluorescent signals and 
scattered excitation radiation. If a mixture of short- and long-lived fluorophores is 
excited with a short (<1 μs) pulse of light, then the excited molecules will emit fluo
rescence that is either short- or long-lived. In both cases, fluorescence will decay 
exponentially with time, but short-lived fluorescence will decay to nearly zero very 
quickly. 

Typical organic dyes have excited state lifetimes on the order of ns, while long-
lived fluorescence occurs over time scales of μs to ms. If emission measurements are 
taken after 100–200 μs, only long-lived fluorescence will be measured. Short-lived 
fluorescence and scattered light may thus be eliminated from measured signals. The 
labeling fluorophore must possess a long-lived excited state, and only a few species, 
notably lanthanide chelates, have suitable fluorescence properties.16,17 Chelates of 
Eu3+ are more common, but Tb3+, Dy3+ and Sm3+ chelates have also been used as 
labels. Lanthanide chelates show large Stokes shifts (the emission wavelength 
increase from the excitation wavelength), narrow emission bands, and  no  overlap  
between excitation and emission spectra. 

For example, proteins labeled with para-isothiocyanatophenyl-EDTA at lysine 
residues will chelate Eu3+ with formation constants in excess of 1012 M 1. Typically, 
a 1  μs excitation pulse at 337 nm is followed by a 200 μs delay, following which 
emission at 613 nm is integrated between 200 and 600 μs. Background long-lived 
fluorescence from polystyrene (used for microtiter plates) is extremely low, but other 
solid-phase supports, such as nitrocellulose and 3M paper, exhibit significant long-
lived background signals. 

The dissociation-enhanced lanthanide fluorescence immunoassay (DELFIA) 
system employs a sandwich assay format, where the second antibody has a typical 
labeling degree of 15–25 chelators per IgG. These chelators quantitatively carry the 
lanthanide tags through the assay, and fluorescence is developed at the end, by the 
addition of an enhancement solution containing the additional ligands that, once 
bound to the lanthanide ions, allow long-lived fluorescence signals to be measured.17 

The detection limits of the DELFIA assays are fM to low pM, and vary according to 
the nature and size of the antigen; as an example, an assay for prostate-specific anti
gen (PSA) has a detection limit of 3 ng/L. 

7.3.5. QuantumDots

Semiconductor quantum dots (QDs) can act as fluorescent labels in immunoassays. 
The cores of these nanoparticles are typically below 10 nm in diameter and have 
broad ranges of excitation wavelength. Their narrow emission spectra have wave
lengths that vary with core composition and particle size, and can be tuned over the 
visible and near infrared regions.18,19 Core compositions include CdSe, CdTe, InAs 
and ion-exchanged ternary alloys such as CdSe1 xSx, CdTexSe1 x, HgxCd1 xSe, 
HgxCd1 xTe and PbxCd1 xSe. Fluorescence quantum yields are high (0.2 to 0.7 in 
aqueous buffer), and do not vary with particle size, but molar absorptivities at the 
excitation wavelength increase with approximately the third power of the particle 
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size. Thus, larger QDs are brighter. Single QDs can also exhibit rapid on/off emis
sion (this is called blinking) that enables a distinction between individual dots and 
aggregates. 

QDs can be modified by adsorptive coating with lipid bilayers or functionalized 
polymers. Adsorption is strong, and functional groups on the adsorbent allow 
covalent attachment to proteins, nucleic acids or other species of interest. 

While QDs can be used as traditional fluorescent labels in single-analyte immu
noassays, their unique optical properties are best exploited in multiplexed immuno
assays.20 Traditional heterogeneous assays have been automated using microtiter 
plates of steadily increasing well numbers (and decreased well volume) per plate, 
with a single data point per well, since the primary antibody is immobilized on the 
well interior surface. Multiplexing adds a new dimension, but requires that the labels 
are individually addressable. 

QDs meet the requirements for multiplexing, due to their narrow, tunable emis
sion wavelengths. Each well of a microtiter plate can now contain multiple, indepen
dent, quantitative assays. Two heterogeneous sandwich immunoassay schemes have 
been introduced, and both involve primary antibody immobilization onto magnetic 
microbeads. In addition to multiplexing, the suspended magnetic beads allow reten
tion during rinsing steps, and facilitate more rapid binding kinetics than are possible 
with flat microplate surfaces. 

In one multiplexed scheme, the primary antibodies are not labeled. Magnetic 
beads are separately labeled with different primary antibodies. These are then com
bined, in one well, and the analyte mixture is added. After antigen binding and rins
ing, a second antibody mixture is added. Each individual solution of second 
antibody, with its unique selectivity, is labeled with a unique QD possessing a 
unique emission wavelength. The emission wavelengths and intensities allow both 
identification and quantitation of the antigens. 

In the second scheme, primary antibodies are labeled with QDs that have emis
sion wavelengths tuned for excitation of the QD-labeled second antibodies in a fluo
rescence excitation transfer (or FRET) mode. Separate populations of magnetic 
beads are modified with these labeled primary antibodies, then combined and intro
duced into a microtiter plate well. Following antigen binding and rinsing, a solution 
of labeled second antibodies is added. This solution contains a mixture of antibody 
populations, each population labeled with a different QD, to allow excitation transfer 
to occur. Again, the unique emission wavelengths can be monitored for qualitative 
and quantitative data. 

In these examples, immunoassay multiplexing allows multiple readings per 
well, and effectively converts a traditional 96-well plate into a 96 × n multiassay, 
where n is the number of analytes per well. 

7.3.6. Chemiluminescent Labels

Chemiluminescent labels may be employed in sandwich or competitive antigen 
assays. In sandwich assays, a solid support holds a primary antibody, and incubation 
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with ligand yields a species which is detectable following a second incubation step 
with a labeled second antibody. Luminol has been tested as an immunoassay label; it 
may be coupled to proteins through its primary amino group. Luminol reacts with 
hydrogen peroxide and hydroxide in a microperoxidase-catalyzed reaction, which 
yields light at 430 nm: 

(7.8) 

Following the second incubation and rinse steps in the sandwich immunoassay, 
immobilized Ab:Ag:Ab-Luminol is detected by the addition of OH and microper
oxidase to the support, then the integration of the light produced upon H2O2 addition 
for a defined period (5–10 s), as shown in Figure 7.7. Since this is a noncompetitive, 
labelled-antibody method, the integrated light intensity increases linearly with anti
gen concentration. 

The luminol reaction is not particularly effective as a labeling system, since the 
photon emission yield of luminol is much lower if luminol is chemically bound to 
another species. 

A more recently introduced chemiluminescent labeling system employs aryla
cridinium esters21 as labels that are readily coupled to protein tyrosine residues.  
In the presence of hydroxide and H2O2, the ester is oxidatively cleaved, yielding 
10-methylacridone plus light (Eq. 7.9). This reaction does not require an enzymatic 
catalyst, and photon yields are high even when the label is attached to proteins, since 
quenching by hapten or protein is minimized by the release of the excited acridone. 
Nearly all light is given off within 10 s after oxidation, so high S/N values are achie
vable. Furthermore, antibodies can be labeled to such an extent that specific activities 
of 1015 photons are obtained per gram of antibody. However, the phenyl ester bond 

Figure 7.7. Light intensity at 430 nm as a function of time, for Ab:Ag:Ab-Luminol sandwich assay. 
Integration occurs between the time of H2O2 addition and tm. 
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is inherently unstable to hydrolysis, so that labeled reagents have a limited shelf life. 
Research towards more stable acridinium esters continues. 

(7.9) 

Chemiluminescent labels may also be used in labeled-antigen (competitive) 
assays. The antigen (analyte) competes with the labeled analyte for immobilized 
antibody, and, following a rinse step, reagents are added to generate chemilum
inescence from the labels. 

Immunoassay kits using luminol and arylacridinium ester labels have been 
developed by nine companies for a variety of thyroid, steroid and pituitary hor
mones, viruses, digoxin and creatine kinase. One assay for total and free thyroxin 
has a detection limit of about 20 pM in serum, while another for total and free tri
iodothyronine has a 3 pM detection limit in serum. These analytes are used as clini
cal indicators of thyroid gland malfunction. While research has shown that detection 
limits using chemiluminescent labels should equal those obtained using enzymatic or 
radioactive labels, practical applications show limited precision as a result of emis
sion kinetics. The luminescence reactions proceed so rapidly (500,000 photons/s) 
that the reproducibility of capturing a consistent fraction of photons requires a pho
tomultiplier that possesses excellent precision over a dynamic range of many orders 
of magnitude. Tests using a thyroxine-isoluminol conjugate yielded coefficients of 
variation in integrated response of 13% to 18% over 15 replicate measurements. 

7.3.7. Enzyme Labels

Enzymes have been widely used and investigated as labels for immunoassays. This 
is because a single enzyme label can provide multiple copies of detectable species, 
and this catalytic amplification results in immunoassay detection limits that rival 
those of radioimmunoassay without the storage and disposal problems associated 
with radioisotopes. Enzyme immunoassays label either ligands or antibodies with 
enzyme, and enzyme activity in bound or free fractions is measured. Heterogeneous 
immunoassays employing enzymatic labels have been named Enzyme-Linked 
Immunosorbent Assays (ELISAs). ELISA methods usually employ antibody immo
bilized onto the wells of polystyrene microtiter plates, and may be competitive or 
noncompetitive. In a competitive ELISA, enzyme-labeled antigen competes with 
free antigen (the analyte) for a fixed, insufficient quantity of immobilized antibody 
binding sites, as illustrated in Figure 7.8. After incubation, the support is rinsed to 
remove unbound species, and the enzyme substrate is added in saturating concentra
tion. The conversion of substrate to product may be measured continuously, in a 
kinetic assay, in which the rate of conversion decreases with increasing free antigen 
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Figure 7.8. Competitive ELISA. 

concentration. More often, a fixed-time approach is used; after a given incubation 
time, the reaction is stopped by the addition of strong acid or base that denatures the 
enzyme. Product quantitation then yields a calibration curve in which product con
centration decreases with increasing free antigen concentration. 

Noncompetitive ELISA methods are based on sandwich assays, as shown in 
Figure 7.9. An immobilized primary antibody is present in excess, and quantitatively 
binds antigen. An enzyme-labeled second antibody is then allowed to react with the 
bound antigen, forming a sandwich that is detected by measuring enzyme activity 
bound to the surface of the support. Noncompetitive ELISAs yield calibration curves 
in which enzyme activity increases linearly with increasing free antigen concentration. 

Both competitive and noncompetitive ELISA methods employ microtiter tech
nology for automation. Robotics are used for reagent addition and timing, while 
automated microtiter plate readers are available for the measurement of absorbance 
values in each well. A typical ELISA uses some rows for serial dilutions and repli
cates of a standard antigen solution, while others are used for serial dilutions and 
replicates of the unknowns. Several unknown dilutions are employed to ensure that 
at least one dilution value will yield results that allow interpolation on the calibration 
curve. Furthermore, the greatest sensitivity in a competitive ELISA occurs when 
equal concentrations of free and enzyme-labelled antigen compete for immobilized 
antibody. With noncompetitive ELISAs, the antigen concentration must be low 
enough for complete (100%) antigen binding to occur. 

An ideal labeling enzyme should have a high turnover number (kcat), a product 
that is easily measured, and a substrate that does not interfere with measurement. In 
addition, it should be inexpensive, stable and resistant to interferences that may be 
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Figure 7.9. Noncompetitive ELISA 

present in biological samples. The enzyme, and its substrate and product should not 
normally be present in samples for assay. 

Five enzymes are commonly employed as labeling enzymes in immunoassays.22 

The most widely used is horseradish peroxidase (E.C.1.11.1.7), because of its high 
specific activity (4500 U/mg at 37 °C) and because this 40 kDa enzyme is relatively 
nonspecific for its secondary substrate. This means that a variety of reduced dyes 
may be used as substrates that are converted to their highly absorbing oxidized 
forms. Pyrogallol is often used as a substrate for this reaction: 

(7.10) 

Alkaline phosphatase (E.C.3.1.3.1) is also used in many enzyme-amplified 
immunoassays. It catalyzes the hydrolysis of an orthophosphoric monoester, to pro
duce an alcohol and orthophosphate. This 100 kDa enzyme has a pH optimum near 9, 
and exhibits activities of 1000 U/mg (37 °C). With p-nitrophenylphosphate as sub
strate, the p-nitrophenol produced may be monitored at 450 nm: 

(7.11) 
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β-Galactosidase (E.C.3.2.1.23) catalyzes the hydrolysis of terminal non-reducing β-D
galactose residues in β-D-galactosides. This enzyme has a molecular weight of 
540 kDa, a pH optimum of 7.0 and a specific activity (37 °C) of 600 U/mg. A syn
thetic substrate, o-nitrophenyl-β-D-galactoside, yields readily detectable o-nitrophenol 
upon hydrolysis: 

o-Nitrophenyl o-Nitrophenol D-Galactose H2O 
(7.12) 

β-D-galactose 

Glucose-6-phosphate dehydrogenase (E.C.1.1.1.49) is also commonly used as a label. 
This enzyme has a molecular weight of 104 kDa, and pure preparations show optimum 
activity at pH 7.8, with 400 U/mg specific activity at 37 °C. The dehydrogenase cata
lyzes the oxidation of D-glucose-6-phosphate with concomitant reduction of NADP+. 
Absorbance or fluorescence of the resulting NADPH may be used for quantitation. 

D-Glucose- NADP D-Glucono-δ-lactone- NADPH 
(7.13) 

6-phosphate 6-phosphate 

Urease (E.C.3.5.1.5) catalyzes the hydrolytic decomposition of urea into ammo
nium, bicarbonate and hydroxide ions. It has a molecular weight of 483 kDa, and 
preparations with specific activities of 10,000 U/mg at 37 °C and pH 7.0 are commer
cially available. 

7.3.8. Lateral Flow Immunoassay

Heterogeneous ELISAs may be used with conventional microtiter systems in clinical 
laboratories, but have also been adapted for point-of-care and home diagnostic test 
devices. For example, a device for detecting antibodies to the human immuno
deficiency virus (HIV) operates as shown in Figure 7.10.23 

Preparations of glucose oxidase (GO), recombinant HIV antigen, and human 
IgG, all immobilized on latex beads (0.9 mm diameter), are embedded in a glass fiber 
paper wick at successive positions along the wick (A, B, and C, respectively). A 
whole blood sample is added at position A, and it spreads and interacts with the 
HIV-latex beads. A glucose oxidase/peroxidase substrate solution is then allowed to 
flow along the wick from the sampling end, and a protein A-horseradish peroxidase 
conjugate is added at position B. Protein A binds immunoglobulins in a region far 

Figure 7.10. Immunoassay test device for HIV antibodies.23 



7.4 Homogeneous Immunoassays 149

removed from the antigen-binding site. The flow of substrate solution results in 
hydrogen peroxide release at position A, where glucose oxidase is immobilized. 
This is carried in the substrate solution to position B, where it reacts with the protein 
A-peroxidase conjugate that is captured by anti-HIV antibodies bound to the HIV-
latex beads. A reduced dye present in the substrate solution is converted to an 
insoluble colored product, which forms a colored deposit at site B. Unreacted protein 
A-peroxidase conjugate flows downstream to site C, where it is captured by the anti
IgG-latex beads. The same insoluble colored deposit is therefore also formed at site 
C. The flow of substrate solution along the wick is maintained by positioning a 
sponge, or absorbent wick, at the far end. Results are obtained in less than 15 min
utes, with color at sites B and C representing a positive test for anti-HIV, while color 
at only site C represents a negative test. The detection limit of this device is similar to 
a conventional ELISA method for anti-HIV, but it is designed to be used as a qualita
tive, disposable system. 

This is one example of a Lateral Flow Immunoassay (LFIA). There are now 
many examples of such devices, all of which use a soaked sponge and a wick to 
induce solution flow past particle-immobilized reagents. Some are based on paper 
substrates, while others use nitrocellulose or nylon between the sponge and wick. 
Detection principles are based on many types of labels, and although most are 
designed to give a qualitative yes/no result due to an ultimate color change, interest 
in quantitative analyte measurements with these devices is increasing. Interested 
readers are directed to two review articles.24,25 

7.4. HOMOGENEOUS IMMUNOASSAYS

Homogeneous immunoassay methods have been slower to appear than heteroge
neous methods. They rely on labeled species that show large signal changes upon 
antibody binding, so that separation of the bound and free fractions of the label is 
unnecessary. Fluorophores and enzymes represent the majority of labels used in 
homogeneous immunoassays26, and representative examples of these are given 
below. 

7.4.1. Fluorescent Labels

7.4.1.1. Enhancement Fluorescence

In this method, the antigen or ligand is labeled with a fluorophore. The fluorescence 
intensity increases on antibody binding, due to either the change in the environment 
of the fluorophore (hydrophilic to hydrophobic, for example) or due to energy trans
fer from fluorophores such as tryptophan and tyrosine in the antibody. An increase in 
unlabelled antigen concentration results in a decrease in binding of labelled antigen, 
and therefore a decrease in fluorescence intensity. One reported enhancement 
fluorescence immunoassay for thyroxine (T4) employs fluorescein-labeled T4 as the 
hapten-label conjugate. The mechanism for fluorescence enhancement upon anti
body binding is thought to involve the intramolecular quenching of fluorescein 
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fluorescence by the iodine atoms on T4; the quenching is relieved upon antibody 
binding, when the iodothyronine epitope interacts with the antibody paratope, so 
that, in the absence of free T4 (the analyte), a maximum in fluorescence intensity is 
observed. The addition of T4 results in reduced fluorescence intensity. This homoge
neous assay shows a four-fold increase in fluorescence intensity on complete binding 
of labeled antigen. Applications of this method are rarely reported, because enhance
ment effects are often too small to be analytically useful. 

7.4.1.2. Direct Quenching Fluorescence

This homogeneous method employs the decrease in fluorescence intensity that 
occurs upon binding of the fluorophore-labeled ligand by antibody as the analytical 
signal. The decreased fluorescence from the label occurs as a result of quenching of 
the label’s fluorescence by the antibody. At high antigen (analyte) concentrations, 
less of the labeled antigen is bound to the antibody, so that the fluorescence intensity 
increases. The change in fluorescence signal is generally small with this method, 
especially when the antigen is large and partially shelters the fluorescent label. How
ever, a useful assay for gentamicin has been developed using this principle. The fluo
rescence of fluorescein-labeled gentamicin decreases by about 40% when it is bound 
to anti-gentamicin; this quenching is inhibited in the presence of free gentamicin, so 
that fluorescence intensity increases with analyte concentration. 

7.4.1.3. Indirect Quenching Fluorescence

With this method, a second antibody is generated to the fluorescent label itself. Fol
lowing incubation of fluorophore-labeled and unlabeled antigen with the primary 
antibody, antibody to the fluorescent label is added. Because of steric hindrance, this 
second antibody will only bind the fluorescent label if the labelled antigen is free, i.e. 
not bound to the primary antibody. Upon binding of the second antibody, the fluo
rescence of the label is quenched. Increased free antigen concentrations yield 
increased free labeled antigen concentrations, and therefore decreased fluorescence 
intensity: 

(7.14) 

This principle has been applied to assays for T4, human placental lactogen, and 
human serum albumin. The T4 assay involves fluorescein-labeled T4 complexed with 
a low-affinity antifluorescein antibody. When anti-T4 is added, it reacts with the fluo
rescein-labeled T4 and pulls it away from the antifluorescein antibody. This results in 
an increase in fluorescence intensity. In the presence of free T4, less of the labeled T4 

is bound to the anti-T4 antibody, so that more antifluorescein-fluorescein-T4 complex 
is present, and fluorescence intensity is reduced. One important advantage of this 
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method over other homogeneous immunoassay methods is that relatively impure 
antigen may be used for the labeling reaction. In principle, fluorophore-labeled 
impurities in the labeled-antigen reagent will be quenched by the antifluorophore 
antibodies, so that they will not contribute to background fluorescence. 

7.4.1.4. Fluorescence Polarization Immunoassay

Polarized excitation radiation yields polarized fluorescence emission due to the fixed 
relationship between molecular orientation and the absorption and emission of radia
tion. First reported in 1973,27 

fluorescence polarization immunoassay (FPIA) meth
ods rely on differences in the speed of rotation, or tumbling, with molecular weight. 
Ideally, a small fluorophore-labeled antigen or hapten will rotate very quickly in 
solution, and will exhibit a maximum in emission intensity measured perpendicular 
to the incident polarized excitation beam. Upon binding to the large antibody mole
cule, slow rotation yields a significantly diminished perpendicular emission. Com
petitive homogeneous assays therefore yield increased perpendicular emission 
intensities with increased free antigen concentration, since more fluorophore-antigen 
conjugate exists free in solution. This principle has been successfully applied to a 
variety of commercial immunoassays. 

(7.15) 

A phenobarbitone assay, for example, using a fluorescein label, has a free 
labeled antigen molecular weight of about 500, which increases to over 150 kDa 
upon antibody binding. A similar competitive assay for digoxin yields a detection 
limit of 0.2 μg/mL. 

FPIAs with traditional organic fluorophores have been widely used for the rapid 
quantitation of mycotoxins, including aflatoxins and ochratoxin A, in foodstuffs and 
commodities.28 

Fluorescent quantum dots have also been used in homogeneous FPIAs. In one 
example, the analytes are hepatitis B surface antigens.29 A multiplexed immuno
assay format is used, where a QD of a certain emission wavelength is linked to one 
of the assay antibodies. Polarization is measured at the emission wavelengths of the 
different QD/antibody combinations, yielding quantitative values for each of the hep 
B antigens from measurements on a single sample. 

7.4.1.5. Fluorescence Excitation Transfer

Similar to the heterogeneous FRET assay described earlier, the excitation transfer 
immunoassay employs two fluorophores, F1 and F2. When held in close proximity, 
F2 quenches F1 emission, but when F1 and F2 are far apart, essentially no quenching 
occurs. In published examples, F1 is fluorescein isothiocyanate, which, when bound 
through a thiourea linkage to an antibody or antigen, absorbs at 490 nm and emits at 



152 Chapter 7 Quantitative Immunoassays with Labels 

525 nm. F2 is tetraethylrhodamine, which exhibits an absorbance maximum at 
525 nm. A direct assay for morphine uses rhodamine-labeled antimorphine and fluo
rescein-labeled morphine. A maximum quenching of 72% (or a minimum fluores
cence intensity of 28%) was observed for the rhodamine-antimorphine-morphine
fluorescein conjugate, compared to the free fluorescein-morphine conjugate in solu
tion. In the bound complex, the fluorophore and quencher are within 5–10 nm of 
each other, facilitating dipole-dipole coupled excitation energy transfer. Unlabeled 
morphine competes with the fluorescein-labeled morphine for antibody binding sites, 
and results in increased fluorescence intensity (or decreased quenching). 

Surface-modified  quantum dots have  also been used in homogeneous  FRET  
immunoassays.30,31 Most reports show QDs as donors (F1), with organic dyes used 
as acceptors (F2), but the reverse has also been demonstrated. High molar absorptivi
ties, large quantum yields and quenching efficiencies, and lack of photobleaching are 
viewed as advantages in the use of QDs as FRET labels. 

7.4.2. Enzyme Labels

Both competitive and noncompetitive methods have been incorporated into homoge
neous enzyme-labeled immunoassays that ultimately relate enzyme activity to ana
lyte concentration.32 The competitive-binding assays are called enzyme-multiplied 
immunoassay technique (EMIT), substrate-labeled fluorescein immunoassay 
(SLFIA), apoenzyme reactivation immunoassay (ARIS), and cloned enzyme donor 
immunoassay (CEDIA), while a noncompetitive method is called enzyme inhibitory 
homogeneous immunoassay (EIHIA). 

7.4.2.1. Enzyme-Multiplied Immunoassay Technique

EMIT is a homogeneous method for the quantitation of haptens, especially hor
mones, therapeutic drugs and drugs of abuse. EMIT is a competitive assay, in which 
hapten and enzyme-labeled hapten compete for a fixed, insufficient quantity of anti
body (Eq. 7.16). 

(7.16) 

Free enzyme-labeled hapten exhibits high enzyme activity, but if antibody is 
bound to the hapten moiety, enzyme activity is drastically reduced due to steric hin
drance or structural changes at the active site that result from antibody binding. 
Enzyme activity therefore increases with increasing free antigen concentration. With 
these assays, glucose-6-phosphate dehydrogenase or lysozyme are used as the label
ing enzyme. Detection limits of about 1 ng/mL are typical. 
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A second type of EMIT has been developed using the enzyme malate 
dehydrogenase as the enzymatic label. Research has shown that thyroxine competi
tively inhibits malate dehydrogenase. A conjugate prepared with thyroxine cova
lently bound close to the enzyme’s active site shows very low specific activity that 
can be restored by binding of the thyroxine to anti-thyroxine antibody. In this very 
specific assay for thyroxine, enzyme activity increases upon antibody binding, so 
that in a competitive assay for free thyroxine, activity decreases with increasing free 
thyroxine concentration. 

7.4.2.2. Substrate-Labelled Fluorescein Immunoassay

This assay, also called enzyme-release fluorescence immunoassay, employs a fluoro
phore-labeled antigen in which fluorescence is either quenched by the antigen or is 
nonexistent as a result of the conjugation. Following incubation with antibody, the 
resulting mixture is incubated with a hydrolytic enzyme that cleaves the fluorescent 
label from free labeled antigen only. Cleavage does not occur with antibody-bound 
labeled antigen, because the presence of the antibody prevents access to the 
enzyme’s active site. Increased free antigen concentrations yield increased free 
labeled antigen, and therefore increased fluorescence intensity (Eq. 7.17). This 
method has been adapted into several commercial assay kits, including more than 
ten therapeutic drugs such as the antiasthmatic drug theophylline as well as the anti
biotics gentamicin and tobramycin. In the gentamicin assay, gentamycin coupled to 
β-galactosylumbelliferone is used as the labeled antigen, which is not fluorescent. 
Free β-galactosylumbelliferone reacts with β-galactosidase to form a product which 
emits at 453 nm following excitation at 400 nm. When the labeled antigen is bound 
to anti-gentamicin antibody, steric hindrance prevents the enzymatic cleavage of the 
conjugate into a fluorescent product. This assay can easily detect gentamicin levels 
of 1 μg/mL serum, using serum volumes of 1 μL. 

(7.17) 

7.4.2.3. Apoenzyme Reactivation Immunoassay

ARIS assays employ a prosthetic group, flavin adenine dinucleotide (FAD), as an 
antigen label for competitive immunoassay in solution and in the new film and paper 
strip formats for dry immunochemistry. In solution, competition between free and 
FAD-labeled antigen for antibody binding sites yields a mixture of free and bound 
FAD species. The free species are able to combine with the glucose oxidase apoen
zyme to form an active holoenzyme, while the bound antigen-FAD conjugates are 
sterically hindered from combining with the apoenzyme. Enzyme activity thus 
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increases as free antigen concentration increases. A commercial ARIS assay kit for 
theophylline has a detection limit of 5 ng/mL. 

7.4.2.4. Cloned Enzyme Donor Immunoassay

This technique, abbreviated CEDIA, has arisen as a result of recombinant DNA tech
nology, and a fundamental understanding of the enzyme β-galactosidase. This 
enzyme is active only in its native tetrameric structure; the four identical subunits 
comprising the tetramer are inactive if the quaternary structure of the holoenzyme is 
absent. It is now known that if any of the amino acids between positions 10 and 60 
from the N-terminal end of the β-galactosidase subunit are absent, an active tetramer 
cannot be formed. 

Given this information, researchers have devised “donor” and “acceptor” com
ponents of the β-galactosidase subunit. The enzyme donor is conjugated to antigen, 
and becomes the indirect label in a competitive immunoassay. If this labeled 
antigen is not bound to antibody, then the combination of donor and acceptor 
result in a complete subunit that can combine with three other complete subunits to 
form an active tetramer. If the labeled antigen is antibody-bound, steric effects 
prevent donor-acceptor combination, so that the generation of active enzyme is 
not possible from this potential subunit. The concepts in this assay are shown in 
Eq. 7.18: 

(7.18) 

CEDIA assays show increased β-galactosidase activity with increased free antigen 
concentration. Commercial CEDIA assays for digoxin and other antigens show 
detection limits of the order of nanograms per milliliter of serum, and so are compet
itive with other enzyme-labeling methods. 

7.4.2.5. Enzyme Inhibitory Homogeneous Immunoassay

This noncompetitive, homogeneous immunoassay method uses an enzyme-labeled 
antibody, where the enzyme substrate is an insoluble species. The assay has been 
found most suited to macromolecular antigens, such as α-fetoprotein (where high 
levels indicate abnormal pregnancies) and ferritin, an iron transport protein. The 
enzymes employed in the commercial assays are α-amylase and dextranase, both of 
which hydrolyse high molecular weight substrates into low molecular weight 
constituents. 
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EIHIA is based on the inability of the enzyme to access substrate in the presence 
of excess antigen, as shown in Eq. 7.19: 

(7.19) 

In effect, antibody-antigen binding blocks the active site of the enzyme, and does not 
allow its approach to the insoluble substrate. The higher the molecular weight of the 
antigen, the greater is the inhibitory effect on enzyme activity in the enzyme-anti
body-antigen complex. The assay kits for α-fetoprotein and ferritin have detection 
limits of 1 ng/mL and 5 ng/mL, respectively, and show very good correlations with 
conventional RIA and ELISA methods. 

7.5. EVALUATION OF NEW IMMUNOASSAY
METHODS33,34

This section highlights some aspects of validation especially important for immuno
assay methods. Some background in data analysis is assumed; methods generally used 
for evaluation and validation of new assays are described later in this book (Chapter 19) 
and should be consulted to clarify some of the concepts used in this section. 

The sample matrix plays a more important role in immunoassays than in many 
other types of analysis. By matrix, we mean everything in the sample that is not the 
species of interest. In immunoassays, the matrix has many more components than a 
typical reagent blank used for colorimetry. The assay reactions are often very sensitive 
to the presence of proteins, the ionic strength, and the presence of lipids and enzymes. 
Matrix components may interact by protecting the analyte from adsorbing to glass or 
plastic, and so may even increase recoveries. Protein concentration is a major contrib
utor to the matrix effect. For this reason, most immunoassay kits provide standards 
prepared in human or animal serum. Animal sera are often used for zero standards, 
and may be used throughout the curve. Therapeutic drug levels are often measured in 
nonserum samples such as cerebrospinal fluid, urine or ultrafiltrates; separate standard
izations in these matrices are required, since errors arise when serum standard curves 
are used. Control runs must be performed to assess nonspecific binding of the assay 
reagents; these controls include all assay components except antibody, where an inert 
protein is substituted to maintain exactly the same matrix. 

During methods evaluation, standard curves should be plotted in several ways, 
since different plots reveal different reaction characteristics. For example, the bound/ 
free versus concentration plot is very steep at the low concentration end, and may be 
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used to calculate the detection limit of the assay. The sigmoidal plots of bound/total 
against log concentration clearly show regions of insensitivity (low and high concen
tration ends) which might not be clearly apparent in the logit-log curve. 

The low detection limits of immunoassays depend on the typically high affini
ties of antibodies for haptens and antigens, as well as the detection limits of the 
labels used. The detection limit is usually defined as the concentration that yields a 
signal that is equal to the mean of the blank signal plus two or three standard devia
tions. This establishes the confidence range for the zero response. For this calcula
tion, the bound/free versus concentration plot is used. While detection limits allow 
comparisons of different immunoassay methods at the lower concentration end, they 
say nothing about assay reliability; for this reason, both detection limits and preci
sion profiles should be compared. 

Accuracy can be defined as the fundamental ability any assay to measure the 
true concentration of an analyte. Pure standards in a valid matrix are often difficult 
to obtain, and the biological reactivity of less pure standards may not parallel their 
immunoreactivity in the assay. On the other hand, standards may be pure, but the 
assay antibody may react with similar molecules or fragments; this cross-reactivity 
is discussed in detail below. Accuracy must be confirmed by comparison with an 
established method(s) using real samples. 

Cross-reactivity (an indicator of assay specificity) has critical importance for 
immunoassay methods in which a particular analyte is assayed in the presence of 
very similar species; for example, in the monitoring of a therapeutic drug in serum 
where various metabolites of the drug are also present. For the sake of uniformity, 
cross-reactivity is usually reported as the mass or concentration of interferent 
required to displace 50% of the label, as shown in Figure 7.11. 

Cross-reactivity is evaluated by comparing the ability of each potential cross-
reacting material to displace label. The percent cross-reactivity is equal to 100 times 
the concentration of analyte (S) at 50% response divided by the concentration of 
interferent or cross-reactant (C) at 50% response (Figure 7.11). 

Figure 7.11. Cross-reactivity of an interferent in a competitive immunoassay. 
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Cross-reactivity depends on the selectivity of an antibody for a particular epit
ope, and can be controlled to some extent by the careful design of the immunogen 
used to produce antibodies. Both the site of attachment and the nature of the hapten 
linkage to the carrier protein are critical for the selectivity of the assay. Additionally, 
the hapten-carrier conjugate should be prepared in the same way as the hapten-label 
conjugate used in the assay, so that similar epitopes are available for antibody-bind
ing. Antibodies raised against a hapten conjugated to a carrier protein through a link
ing group sill often recognize the linking group; for example, the hapten 2,4
dinitrophenol can be linked to a carrier protein by the reaction of 2,4-dinitrofluoro
benzene (Sanger’s reagent) with the primary amine groups of lysine residues, 
yielding an antibody that preferentially binds 2,4-dinitrophenyllysine over 2,4
dinitrophenol.35 

Heterology is the term used to describe the use of different hapten derivatives 
for the preparation of the immunogen and the preparation of the labeled hapten. 
There are three types of heterology that are recognized as being important to assay 
selectivity.36 Hapten heterology occurs when different haptens are used to produce 
the immunogen and the labeled species; for example, an estradiol assay that pro
duces the immunogen by linking estradiol to the carrier protein through the 11
hydroxy group, while the enzyme-labeled species was produced by linking esterone 
to peroxidase through the 11-hydroxy group, using the same linking reagent. Bridge 
heterology occurs when, for example, a succinyl linking group is used in the immu
nogen, and a glutaryl group is used for the hapten-label conjugate. Finally, site heter
ology occurs when the same linking group is connected to different sites on the 
hapten, such as the 11-hydroxy and 17-hydroxy groups on estrogen. 

In the absence of nonspecific interferences, any heterologous combination of 
immunogen and labeled hapten results in better detection limits, often as much as 
100-fold lower than those achievable with no heterology, although selectivity may 
suffer. This is because heterology reduces the association constant for the labeled 
hapten with the antibody, so that free hapten displaces the labeled hapten more read
ily. Lower concentrations of free hapten are thus more readily detected. While heter
ology improves the detection limits of an assay, it significantly increases the cross-
reactions that occur with similar analytes. It has been found that antibodies with 
the best selectivity are produced when immunogens are prepared by coupling hap
tens at a site far from the regions where interfering species have slight structural 
differences. In a classic assay development for morphine (Figure 7.12), for example, 
the immunogen and the enzyme-hapten conjugate were prepared in exactly the same 

Figure 7.12. Structure of morphine and interfering species. 
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Figure 7.13. Selectivity of morphine assay in the presence of codeine. 

way for each assay tested, while the linking sites were varied from one assay to 
the next.37 

The selectivity of each assay was determined by measuring the responses to the 
interfering species and to morphine at a fixed, equal concentrations. The structures of 
the conjugates, and the selectivities of the assays are shown in Figure 7.13. 

These site heterology experiments with the morphine assay show that substitu

are structurally different. The antibodies raised to this conjugate thus have a paratope 
complementary to this “protruding” region of the immunogen, and show high selec
tivity for morphine. 

The cross-reactivity of polyclonal antibodies raised to an atrazine-protein conju
gate (linked at the chlorine group) was evaluated, using a peroxidase-atrazine labeled 
species linked in the same manner, in order to determine the reliability of a competi
tive immunoassay kit for environmental atrazine monitoring.38 A wide variety of 
similar compounds (Figure 7.14) were screened, and the concentrations given beside 
the compounds indicate the apparent concentration of atrazine that would be errone
ously recorded from the responses obtained to 1 μg/mL concentrations of each of 
these interferents. 

Cross-reactivity was highest with those compounds most closely resembling 
atrazine, that is, those possessing the 4-ethylamino and 6-isopropylamino groups. 

tion at the R position with linking groups yielded the best selectivity for morphine 
over codeine. This is because the R group is the same for morphine and codeine, and 
because the R group is far from the R group, which is where morphine and codeine 
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Figure 7.14. Chemical structures and immunoassay responses of 1 μg/mL concentrations of triazine 
interferents in an atrazine immunoassay kit. 

The substituent at the 2-position had little effect on response, and this is to be 
expected since this is the site used to link atrazine to both the carrier protein for the 
immunogen and the peroxidase label. The responses indicate that the relative 
response of the immunoassay is related to antibody recognition and binding to the 
N-alkyl side chains on the triazine ring. 

Nonspecific interferences increase or decrease the apparent result of an assay, 
without reacting specifically with the antibody or antigen. Components such as lip
ids, pigments and endogenous enzymes may adsorb or bind nonspecifically to the 
solid phase or to reagents, or may affect the detection step. Blocking reagents39 are 
commonly used to prevent the nonspecific adsorption of proteins onto microtiter 
plates or beads following antibody immobilization; albumin or other proteins 
are used to saturate areas of the support not containing antibody, so that further bind
ing is prevented. A unique interference is present in some samples that contain anti
bodies to one of the reactants in the immunoassay; for example, endogenous 
anti-insulin is present in the serum of patients treated with beef or pork insulin, 
and invalidates the measurement of insulin levels by some immunoassays.40 
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Interferences in thyroxine assays include human serum albumin and some genetic 
variants, which have high affinity for thyroxine.41,42 
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PROBLEMS

1. In the binding reaction between each of the following pairs of reactants, indicate which 
component would normally be regarded as the ligand: (a) estrogen and anti-estrogen anti
body, (b) goat anti-human alpha-fetoprotein and human alpha-fetoprotein, (c) mouse anti
body and rabbit anti-mouse Ig, and (d) nicotinic acetylcholine receptor and acetylcholine? 

2. In a heterogeneous, competitive, labeled-ligand immunoassay: (a) which component is 
bound to the solid phase, (b) which component(s) is/are present at limited concentration, 
and (c) which component(s) is/are present in excess? 

3. From the list of immunoassay labels given in Table 7.1, classify each label type as giving 
either (i) a single detectable event, (ii) a continuous signal, or (iii) catalytic signal 
amplification. 

4. A new strategy has been developed for the competitive sandwich immunoassay of small 
molecules, using automated ELISA technology and polystyrene microtiter plates. The 
method is based on the formation and quantitation of the complex Ab:H-H:Ab∗, where Ab 
and Ab∗ are the immobilized and labeled antibodies, respectively, and H-H is a synthetic 
bis-analogue of the hapten H. The bis-analogue competes with monomeric hapten (the ana
lyte) for immobilized antibody binding sites. This assay has been tested for the model ana
lyte testosterone (A), using a competing bis-testosterone species (B) for the competitive 
sandwich immunoassay, and antibodies (both Ab and Ab∗) that were raised to the immu
nogen shown in (C), shown in Eq. 7.19. 
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(7.19) 

(a) Which of the four species, Ab, Ab∗, H-H and H, must be present at limited concentra
tion, and which must be present in excess? 

(b) In addition to the species Ab:H-H:Ab∗, which other species involving Ab and any of 
Ab∗, H-H and H will exist on the polystyrene microtiter plates following the final incu
bation with Ab∗ and rinsing away of excess reagents? 

(c) Three potential interferants are shown below in structures D, E and F. Which of these 
is likely to present the greatest cross-reactivity in the competitive sandwich immuno
assay, and which is expected to present the least cross-reactivity? Why? 

(7.20) 

(d) Draw a plot of label signal vs. log[testosterone] that would be expected in this type of 
assay. 
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5. Biotin deficiency results from a number of inborn errors of metabolism, and biotin quanti
tation therefore represents a general screening method for these diseases. Recently, a new 
method was proposed for biotin quantitation in serum. The method has been called an 
enzyme-linked ligand-sorbent assay (ELLSA), and relies on the following competitive 
reaction: 

Biotins Biotinf Avidin-E Biotins:Avidin-E Biotinf :Avidin-E 

where Biotins and Biotinf are the adsorbed and free (analyte) forms of biotin, respectively, 
Avidin-E is an Avidin-alkaline phosphatase conjugate that is added in limited quantity. 
Following an incubation period, reagents not bound to the microtiter plates are rinsed 
away, and the remaining enzyme activity is quantitated using a fixed time method after the 
addition of excess substrate. 

(a) Sketch the plot of enzyme activity vs. log[Biotinf] that would be expected for this type 
of assay. 

(b) A synthetic substrate (I, below) was used for enzyme activity measurements. This sub
strate undergoes dephosphorylation in the presence of alkaline phosphatase to yield an 
unstable intermediate (II) that decomposes in a chemiluminescent reaction: 

If the Km of alkaline phosphatase for compound I is 0.10 mM, what concentration of 
this substrate should be used for the enzyme activity determination? 

(c) Show the plot of light intensity vs. time that would be obtained by the continuous 
measurement of light emitted in a control well, where no free biotin had been added to 
the reaction mixture. How does this differ from a typical absorbance vs. time plot that 
would be obtained if the substrate yielded a colored (absorbing) product? 

6. In a heterogeneous sandwich immunoassay employing fluorescence excitation transfer 
(Eq. 7.7 and Figure 7.6), draw the plots of emission intensity vs. log[Ag] that would be 
expected if emission from (i) F1 and (ii) F2 were measured. 

7. Three enzymes are being considered for use as labels in an enzyme-linked immunosorbent 
assay, where the enzyme will be bound to an antibody. They are horseradish peroxidase 
(EC 1.11.1.7), alkaline phosphatase (EC 3.1.3.1) and beta-D-galactosidase (EC 3.2.1.23). 
The properties of these enzymes are shown below. Absorbance detection will be used, at 
the wavelengths indicated in the table. The table also shows the percent decrease in specific 
activity that occurs as a result of conjugation to the antibody (150 kDa IgG). 

(a) If no changes occurred in the catalytic properties of the three enzymes upon conjuga
tion, calculate the decreases in specific activity (IU/mg) that would be expected as a 
result of the molecular weight change. 
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TABLE 7.2

Horseradish Alkaline Beta-D-
Property Peroxidase Phosphatase Galactosidase 

MW (kDa) 40 100 520 
Subunits 1 2 (Identical) 4 (Identical) 
Substrate ABTS p-Nitrophenyl o-Nitrophenyl 

phosphate galactose 
Product: 414 405 420 
Wavelength, nm 21,600 17,500 4700 
Molar Abs., M 1 cm 1 

kcat, s  1 (per active site) 2600 850 354 
Km, mM 0.10 0.20 1.0 
Percent decrease in specific activity 86 66 40 
upon conjugation to
 
IgG (1:1 purified prep.)
 

(b) Give two possible reasons why one of these enzymes loses significantly more activity 
upon conjugation than what is expected based on the molecular weight change. 

(c) Assuming identical concentrations, use calculations to show which of the three conju
gates would be expected to produce the greatest change in absorbance with time (when 
saturated with substrate). 

8. Immunoassays based on fluorescence resonance energy transfer (FRET) have generated 
interest because they are homogeneous assays. A new immunoassay for morphine has 
been developed, using F ab 2 fragments from two different monoclonal antibody clones 
(with different selectivities). A europium chelate is used as a label on one antibody 
fragment (λex = 340 nm, λem = 625 nm), while an organic dye called Cy5 (λex = 625 nm, 
λem = 665 nm) is used as a label on the second antibody fragment. When morphine 
binds the first antibody fragment, the conformation of the fragment changes sufficiently 
to allow the second antibody fragment to bind, bringing the europium chelate and the 
Cy5 into close proximity and allowing the FRET phenomenon to occur, as shown in the 
figure below: 

Figure 7.15.
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(a) Indicate whether this is a competitive or a noncompetitive immunoassay. Why is one 
type preferred over the other? Should the labeled antibody fragments be present in 
limited quantity or in excess? Sketch the calibration curve that would be expected for 
morphine if the detector were to measure Cy5 emission, clearly labeling the axes. 

(b) A researcher proposes to modify this morphine assay by eliminating the second anti
body fragment and using Cy5-labeled morphine as an assay reagent along with the Eu
labeled antibody fragment. Should the antibody fragment in this modified assay be 
present in limited quantity or in excess? Would this be considered a competitive or a 
noncompetitive assay? Sketch the calibration curve that would be expected for mor
phine if the detector were to measure Cy5 emission. Given that the original assay has 
been established and validated, should this modified assay be investigated? 



Chapter 8

Biosensors

8.1. INTRODUCTION

The real-time and in situ quantitation of biologically and environmentally important
analytes has long been a goal of analytical research. The need for continuous mon
itoring of substrates in fermentation broths, pesticides and environmental contami
nants in natural waters, and biochemicals or pharmaceutical metabolites in living
organisms has led to extensive activity in the field of biosensor research. Biosensors
are devices, ideally small and portable, that allow the selective quantitation of chemi
cal and biochemical analytes. They consist of at least two components: the trans
ducer and the recognition agent, as depicted in Figure 8.1, below.

Figure 8.1. Representation of biosensor concepts and components.

The term “biosensor” has a variety of meanings in the literature. Historically,
living organisms were exposed to a substance, and changes in the organisms were
observed. This was a practical way to study the effects of unknown substances on
living organisms. One well documented early example of a biosensor consists of a

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
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canary in a cage, used in the coal mines of England. Given the sensitivity of this bird
to gases that cause asphyxia (e.g. carbon monoxide, carbon dioxide, methane), the
change in behavior, or death, of the canary was a warning, since it is more sensitive
to these gases than humans are.

There is now an IUPAC recommendation for the definition: “A biosensor is a
device that uses specific biochemical reactions mediated by isolated enzymes, immu
nosystems, tissues, organelles or whole cells to detect chemical compounds usually
by electrical, thermal or optical signals.”1 Using this definition, it is clear that the
canary itself is not a biosensor. However, it could be considered a precursor or ante
cessor of biosensors.

IUPAC also defines a bioassay as “a procedure for determining the concentra
tion or biological activity of a substance (e.g. vitamin, hormone, plant growth factor,
antibiotic) by measuring its effect on an organism or tissue compared to a standard
preparation.1 This concept is quite broad, and encompasses both the canary in a cage
as well as most microbial assays.

According to these IUPAC definitions, certain intracellular assays are not con
sidered biosensors. For example, one such assay uses intracellular signaling mole
cules (such as periplasmic hydrocarbon binding proteins) that are modified at the
genetic level by the addition of the green fluorescent protein sequence; when the
protein binds its corresponding hydrocarbon, the fluorescence is altered and/or can
be spatially imaged by microscopy or other optical methods to estimate or quantitate
localized hydrocarbon concentrations. Another example involves the fluorescence
resonant energy transfer (FRET) phenomenon: two different fluorescent species are
attached to the hydrocarbon binding protein; the conformational change that occurs
upon binding of the protein and its target hydrocarbon causes a change in distance
between the fluorophore donor and acceptor, and an increase or decrease in fluores
cence is measured. Some of these types of assays have been recently reviewed.2

In this Chapter, we consider a biosensor to be a device in which recognition and
signal generation occur at or on the surface of the transducer. Immobilization of the
recognition agent is required. While a true biosensor employs naturally-occurring
biochemical or biological materials for recognition (enzymes, antibodies, nucleic
acids, living cells and tissues), we also consider the use of artificially generated poly
mers, proteins and nucleic acids as recognition agents in biosensors.

These agents, immobilized at the surface of the transducer, cause a change in a
measurable property in the local environment near the transducer surface. The trans
ducer monitors this property, and converts the recognition event into a measurable
electronic signal. Transducers may measure electrochemical, optical, thermal or
other physical or chemical properties that change in the presence of the analyte.

The first biosensor was introduced by Clark and Lyons in 19623 and consisted
of an enzyme, glucose oxidase, trapped at the surface of a platinum electrode by a
semipermeable dialysis membrane that allowed substrates and products to freely dif
fuse to and from the enzyme layer, as shown in Figure 8.2. At low external glucose
concentrations (relative to Km), the rate of the enzymatic reaction is proportional to
[glucose]. The conversion of glucose and molecular oxygen to gluconolactone and
hydrogen peroxide may be monitored electrochemically, by reoxidizing hydrogen
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peroxide to molecular oxygen at the surface of the platinum electrode. The generated
current depends on the local H2O2 concentration, and therefore on the bulk glucose
concentration.

Figure 8.2. Amperometric glucose biosensor using glucose oxidase (GOx) for recognition.

The signal magnitude for the glucose biosensor shown in Figure 8.2 depends on
four main factors. First, mass-transport kinetics determine the rates at which sub
strates can be supplied to, and products removed from, the reaction layer in which
enzyme is trapped. Secondly, enzyme kinetics determine the rate at which H2O2, the
detected species, is generated within this reaction layer. Electrochemical, or hetero
geneous reaction kinetics determine the rate at which H2O2 produced enzymatically
can be converted to O2 to generate the measured signal. Finally, some H2O2 will
escape across the semipermeable membrane to the bulk of the solution without
undergoing oxidation; the fraction oxidized is called the conversion efficiency, and
measured signals are directly related to this factor. It is important to remember that
all of these processes occur only within the thin reaction layer at the surface of the
transducer; steady-state concentrations of reactants and products exist within this
layer when a constant transducer signal is achieved. Enzyme-based biosensors do
not generally alter concentrations in the bulk of the analyte solution.

The glucose biosensor shown in Figure 8.2 represents the first successful combi
nation of a recognition agent with a transducer, but it possesses a number of deficien
cies that preclude its use for in vivo or in situ glucose quantitation. An obvious
difficulty for in vivo use is size, but even with miniaturized versions of this sensor,
difficulties associated with biocompatibility exist. In addition, signals depend not
only on analyte (glucose) concentration, but also on the concentration of dissolved
oxygen, which may be very low, or variable, leading to unreliable results. Much bio
sensor research has been directed toward “reagentless” devices, where the concentra
tion of a single analyte species determines the response.

Other relevant aspects of biosensor design include the compatibility between the
recognition agent and the transducer. Enzymes, for example, may generate optically
or electrochemically detectable products, while non-catalytic ligand-binding proteins
may have detection by mass-sensitive transducers such as piezoelectric or surface
acoustic wave devices. The recognition event must be matched with an appropriate



8.2 Biosensor Diversity and Classification 169

transducer. The method for immobilizing or retaining the recognition agent at the
transducer surface is also critical, because binding and catalysis depend on confor
mation and/or chemical modification. Fouling of the transducer surface or fouling of
the recognition agent can occur as a result of immobilization, and these phenomena
have rarely been systematically studied. Membrane-based barriers can be introduced
to limit diffusion or to eliminate interferences, allowing more selective detection of
analytes over an optimized calibration range.

Ideally, a biosensor might possess the following features. It allows the measure
ment of analyte without prior purification, in complicated matrices such as blood,
milk, environmental samples or fermentation broths. If designed for single analyte
detection, they should be highly selective, while designs for general toxicity testing
(using cell-based biosensors) should respond to all toxins. The response should be
rapid, of the order of seconds, and should be stable. They should be small,
inexpensive, lightweight, portable, and consume minimal energy, especially for
applications in field testing and for point-of-care testing in rural areas or developing
countries.

Many hurdles remain for this technology to be competitive, although forecasts
made more than ten years ago predicted a strong future for biosensors outside of the
area of clinical chemistry. The measurement of glucose in the daily home care of
diabetic patients is still the principal area of biosensor application in terms of market
share. Disposable enzyme-based biosensor strips, based on either glucose oxidase or
glucose dehydrogenase, have been the first real successes of this industry, and still
explain about 85% of the world biosensor market. The principles behind this very
successful application, including technical and commercial developments, have
been recently reviewed.4 Redox enzymes such as glucose oxidase, lactate oxidase,
cholesterol oxidase, peroxidase and others oxidases, reductases and dehydrogenases
are popular recognition agents and couple well with amperometric transducers.
Commercial advances in genetic testing have occurred as a result of DNA sensor
arrays, and specialized biosensors for lactic acid quantitation during the training of
high-performance athletes have also appeared. While many in vivo and in situ devel
opments and applications have been reported from research studies, further advances
in calibration methods, sensitivity, reproducibility, stability and accuracy are still
needed.

8.2. BIOSENSOR DIVERSITY AND CLASSIFICATION

Biosensors are usually classified according to the transducer or recognition agent, as
shown in Figure 8.3. An additional classification according to the area of application
is sometimes employed (e.g. clinical chemistry, environmental or food monitoring).
Figure 8.3 demonstrates the amazing variety of biosensors that are possible through
the combination of different recognition agents with different transducers. Not all
combinations have been demonstrated, and new recognition and transduction sys
tems are continually being reported. The principles of most transduction methods
have been introduced in Chapter 1.
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Figure 8.3. Examples of recognition agents (a) and transducers (b) in biosensors.
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8.3. RECOGNITION AGENTS

8.3.1. Natural Recognition Agents

Naturally-occurring recognition agents come from living organisms and result
from natural evolution. They may be isolated biomolecules or complex natural
systems. Of these, enzymes have been the most widely used for substrate detection
and quantitation. Many of the principles introduced in Chapter 4 regarding enzy
matic assays are relevant for biosensors that employ enzymes immobilized on
transducer surfaces for substrate quantitation. Immobilization methods, and the
effects of immobilization on enzyme binding and kinetic parameters, were intro
duced in Chapter 5. Since most enzymes require more than one substrate (the ana
lyte and at least one cosubstrate), efforts have been made to tether the cosubstrate
to the transducer surface, to the enzyme itself or to another macromolecule, so that
the addition of a freely-diffusing cosubstrate to the analyte solution is not required.
Disposable single-use biosensors, such as the family of home glucose sensors,
contain dehydrated cofactor (along with the oxidase or dehydrogenase enzyme)
that, once dissolved in the analyte medium (a drop of blood) are present in excess
and can freely diffuse.

Most other naturally-occurring biomolecules provide recognition through bind
ing but do not catalyze a reaction. These include antibodies and their active frag
ments, lectins, membrane receptors and hydrocarbon-binding macromolecules; they
are typically glycoproteins or lipoproteins. During the post-translational stage of bio
synthesis, the addition of sugar, fat or charged groups (e.g. sulfate or phosphate) to
the surface of the protein affects its solubility in an aqueous or lipid environment.
This allows localization (e.g. cytosol or membrane) for its natural function, and can
affect selectivity.

Antibody-based biosensors are also called immunosensors. Many of the princi
ples of quantitative heterogeneous immunoassay (Chapter 7) are also relevant for
immunosensors and for other binding-but-noncatalytic recognition agents used in
biosensors. For many transducers, a labeling strategy is required to generate a detect
able signal; fluorophores, and enzymes that generate fluorescent or redox-active
products are popular. Other transducers, such as impedimetric, piezoelectric and sur
face acoustic wave devices, do not require a label and are able to detect the
recognition event by monitoring changes in surface physical properties that occur
upon analyte binding. For these methods, high molecular weight analytes result in
larger signal changes.

Naturally-occurring nucleic acid sequences, mainly single-stranded DNA and
oligodeoxynucleotides, have also been used as recognition agents; these rely on
the capture of a complementary sequence, by hybridization. Some of these sen
sors can detect a single base mismatch, and this concept is fundamental to DNA
sensor array technology. Naturally-occurring DNA sequences are readily synthe
sized and are quite stable. Once again, labels such as intercalating fluorophore or
redox-active label binding are required for optical and amperometric transducers;
these labels usually bind selectively to the double- but not the single-stranded
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immobilized DNA. Label-free detection of the recognition event (hybridization)
has been accomplished by mass-sensitive and impedimetric transduction, and
remains under investigation.

Cell-based biosensors have been implemented using a variety of microorgan
isms, but most have been based on bacteria or yeasts. Cells are retained at the trans
ducer surface using size-selective dialysis membranes or by physical immobilization
methods such as adsorption or entrapment in a hydrophilic polymer (see Chapter 5).
Transducers follow the cellular response as an increase or decrease in metabolism.
Reports have described the measurement of produced or consumed gases, intra
cellular or extracellular potentials, and more recently, changes in impedance between
cell-modified interdigitated electrodes. Changes in metabolism may result from
many physical or chemical properties present in a sample, and because of this, the
main area of application is the general environmental screening for pollutants. Bio
sensors able to measure biochemical oxygen demand (BOD) are commercially avail
able; these sensors measure the oxygen needed for the cells to oxidize the easily
degradable organic matter presented in water, and measurements are used to detect
organic wastewater contamination. A second important application area is in acute
toxicity assessment; these devices are designed as early warning systems for rivers
or other water resources. More recently, biosensors that incorporate mammalian or
other eukaryotic cells (such as fish or frog cells) have been proposed as a way to
study the overall physiological effect of an analyte on the metabolism of these more
complex cell types. Organelles such as plant chloroplasts and organs such as anten
nae from insects or marine animals have also been studied.

Tissue-based biosensors have also been reported, and mainly act in a similar
manner to enzyme-based biosensors. Tissues from mushrooms, for example, contain
high concentrations of tyrosinase, while banana tissue is very high in polyphenol
oxidase (the enzyme that causes fresh fruits to brown when exposed to air). While
selectivity for specific analytes is low, due to the measurement of an overall meta
bolic response, the use of appropriate tissues with high concentrations of the
enzymes of interest allow the enzyme purification step to be omitted, decreasing the
cost of these devices.

8.3.2. Artificial Recognition Agents

Artificial or biomimetic recognition agents have also been extensively studied for
applications in biosensors. These are not isolated from living organisms, but have
been inspired by natural phenomena. Artificial recognition agents include catalytic
antibodies, monoclonal antibodies, molecularly imprinted polymers, aptamers,
nucleic acid analogues, and artificial ion channels. Biomimetic materials can be com
mercially produced to obtain very homogeneous final products. Some have extended
stabilities at temperatures, pH values or under other physical or chemical conditions
where naturally occurring biomolecules are inactive or denatured. It is also possible
to produce materials with properties that evolution (as we understand it) will never
allow, such as the selective catalysis of chemical reactions in exotic solvents like
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Figure 8.4. Overview of MIP preparation process.

supercritical carbon dioxide. Laboratory-based directed evolution methods, designed
to rapidly and synthetically modify existing natural proteins into more useful artifi
cial biomolecules, are the subject of Chapter 9.

Molecularly imprinted polymers (MIPs) are synthetic three-dimensional cross
linked materials with artificially generated recognition sites. Polymerization pro
ceeds in the presence of the template (also called the target or mould) to create these
recognition sites. MIPs are characterized by their binding in comparison with a nega
tive control called a non-imprinted polymer (NIP) prepared under identical condi
tions but lacking the template. Figure 8.4 depicts a typical MIP preparation process.
Once prepared, MIPs can be attractive alternatives to antibodies.9

MIPs are generally synthesized in aprotic organic solvents with low polarity
such as toluene or chloroform, in order to favor hydrogen bonding and electrostatic
interactions between the template and monomers. Acetonitrile is often used as a
modifier to overcome template solubility problems.8 Templates are sometimes cova
lently bound to monomers (and must then be removed by a chemical reaction), but
more commonly non-covalent association between template and monomers is
exploited. Bulk polymerization produces solid ingots that must be ground and sieved
to produce a collection of irregular particles. Depending of the selected size of the
particles (usually relatively large), the washing process can only remove a fraction
of the template molecule, which results in a material with low binding capacity.
These particles are often used for chromatography, but rarely for biosensors. Alter
native methods, such as UV assisted polymerization in spin or spray coated films, or
electropolymerization, allow control of the film thickness and produce MIP mem
branes directly on transducer surfaces. Examples of sensors constructed using elec
tropolymerization and electrochemical transduction with pyrrole and 1,2
benzenediamine monomers include devices that recognize caffeine, melamine and
paracetamol; transducers have included voltammetric, impedimetric and amperomet
ric electrochemical devices as well as mass-sensitive transducers.10 The design and
application of MIPs to high molecular weight analytes remains a challenge, and
approaches to model proteins such as BSA, lysozyme and hemoglobin have recently
been reviewed.11 Attempts to use a virus as a template have also been reported.12

Other applications of MIPs as recognition agents to biosensors for food and environ
mental sensors have been reviewed.13-15

Aptamers were originally defined as single-stranded DNA or RNA oligomers,
but the definition now also includes oligopeptides. These synthetic biomolecules
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exhibit high binding affinity and selectivity for their target, and have been called
synthetic, artificial, or “chemical” antibodies. Aptamer targets have included heavy
metals, small organics, peptides and proteins, as well whole organisms (bacteria and
other cells). They are obtained by means of a selection process that is also used for
the directed evolution of proteins (see Chapter 9). In most cases, the selection pro
cess, called SELEX (Systematic Evolution of Ligands by Exponential Enrichment),
starts by systematically subjecting a large library (1014

–1015 DNA or RNA mole
cules) to a successive enrichment processes, where low-affinity or unspecific binders
are filtered out and the remaining molecules are copied to increase their concentra
tions, and then used in subsequent cycles of enrichment and amplification. This pro
cess was described in 1990 by Tuerk and Gold.17 When a good aptamer sequence
has been identified, it can be chemically synthesized in the required quantities, using
automated synthesis. Typically, the selected sequence is 80–100 nucleotides long,
and these are truncated to the 25–40 nucleotides that are essential to the recognition
process to facilitate further synthesis and improve functionality. Relevant character
istics of nucleic acid aptamers have recently been discussed.18

Nucleic acid analogs are compounds that resemble natural ones, in that they are
polymeric materials able to recognize complementary sequences and harbor infor
mation. They are synthesized using modified nucleobases and backbones. They can
be used as new tools for diagnostics, since they may have comparatively better sta
bilities, functionalities and binding characteristics. Examples of some non-natural
nucleosides are peptide nucleic acid (PNA), locked nucleic acid (LNA), hexitol
nucleic acid (HNA) and phosphoramidate morpholino (MORFs) oligomers. A recent
review has described the use of these analogs as recognition agents for SPR-
transduced biosensors.19

Artificial ion channels are also under investigation for selective ion quantitation
by biosensors. Natural ion channels are presented in almost all biological mem
branes, and consist of water-filled pores formed by integral membrane proteins.
They regulate the flow of ions into and out of cells. These channels have very high
ion transport rates (e.g. 106 s-1), small size (a few atoms wide), and transport occurs
along concentration and/or electrochemical gradients. Ion channels have selective
permeability, allowing only ions of certain size or charge to pass through, such as
sodium or potassium. In many ion channels, passage is “gated,” and the gate may be
opened or closed in response to chemical or electrical stimuli. The application of ion
channels to biosensors began with naturally occurring channels in biomembranes,
chemically modified channels, and reconstructed membranes and channels, but the
inherent instabilities of the lipid membranes and the pore protein complexes pre
vented practical applications. Efforts to chemically modify natural ion channels for
analytical applications have recently been reviewed.22

Fully artificial ion channels are under investigation. In a recent report, the con
struction of nanochannels with further modification has allowed the production of a
chiral L-histidine biosensor. Nanochannels were fabricated in track-etched poly
ethylene terephthalate membranes, 12 μm thick, which have mechanical and
chemical stability. These were modified with β-cyclodextrin, a chiral cyclic oligo
saccharide, to obtain the desired selectivity. The artificial channel shape was conical,
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from ca. 640 to 11 nm at the narrow opening. Changes in the ionic current flowing
through the nanochannel were used as the analytical signal.23

The remainder of this Chapter consists of a mathematical description of pro
cesses occurring at enzyme-based biosensors, to allow a general understanding of
the important parameters relevant to the design of many types of biosensors; this is
followed by a series of examples of biosensor configurations, to demonstrate the
diversity of successful combinations of recognition agents with transducers.

8.4. RESPONSE OF ENZYME-BASED BIOSENSORS5

The theoretical description of the response of enzyme-based biosensors assumes that
within the enzyme layer, steady-state concentrations of substrates and products exist.
Because the reaction is effectively occurring at a two-dimensional surface, rather
than in a bulk, or three-dimensional medium, the rates of the various processes
involved in signal generation are represented as fluxes, and the magnitudes of these
fluxes depend upon distance from the transducer surface (i.e. concentration gradients
exist). The flux, j, is equal to the homogeneous reaction rate multiplied by the thick
ness of the enzyme reaction layer, l, as given below:

j rate l (8.1)

For a homogeneous reaction rate given in mol/(cm3s) and an enzyme layer
thickness given in cm, flux units of mol/(cm2s) are obtained. The importance of the
transducer surface area in determining the magnitude of the response is thus immedi
ately apparent. The two-dimensional nature of the reaction results in concentration
gradients for both substrate and product: at the surface of the transducer, substrate
concentrations are lower, and product concentrations are higher, than those in the
bulk solution. These concentration gradients exist over a distance called the diffusion
layer thickness, δ. The diffusional transport of substrate across this layer is repre
sented by the reaction given in Eq. 8.2, and occurs at a rate proportional to the bulk
to-surface concentration difference, Eq. 8.3:

kS
So (8.2)

S * S ; (8.3)jS kS o

where jS is the substrate flux, [S]∗ is the bulk and [S]o is the surface substrate concen
tration, and kS is the mass transport rate constant, which is equal to the substrate
diffusion coefficient, DS, divided by the diffusion layer thickness. Eq. 8.4:

kS DS=δ: (8.4)

S*
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Once substrate has arrived in the reaction layer, simple one-substrate Michaelis-
Menten kinetics (Eq. 8.5 for oxidoreductase enzymes, where Eo and ER represent
oxidized and reduced enzyme, respectively) yield fluxes for the formation of the
enzyme-substrate complex (jC) and the decomposition of this complex to form prod
uct (jP), Eqs. 8.6 and8.7:

Eo S
k1

ES
k2

ER P (8.5)
k-1

jC l k1 Eo S k 1 ES (8.6)

jP lk2 ES (8.7)

These fluxes are simply the homogeneous reaction rates multiplied by the thickness
of the enzymatic reaction layer, as given in Eq. 8.1.

For amperometric transducers, it is the regeneration of Eo by reaction with an
oxidant (O2 or another mediating species M2+) that results in the species actually
measured by the transducer. This reaction, Eq. 8.8, results in a flux for the regenera
tion of ER given by Eq. 8.9:

ER M2 kE
Eo M (8.8)

jE lkE ER M2 (8.9)

Recalling that at all distances from the transducer surface, the total enzyme concen
tration is equal to the sum of the concentrations of the three enzyme species ([E]T=
[Eo]+ [ES]+ [ER]), and setting j= jS = jC = jP = jE (as a direct result of the steady-
state assumption), the flux j is described by Eq. 8.10:

1/ j K = lk2 E T S * j=kS 1= lk2 E T 1= lkE E T M2 (8.10)m

As written in the inverse form, the flux is separated into three component terms. The
first describes substrate transport and ES complex formation, the second describes
the decomposition of the ES complex, and the third term describes the regeneration
of Eo by oxidant. Ideally, the decomposition of ES and the regeneration of Eo are
rapid with respect to complex formation, so that [S]o= 0; in this case, only the first
term of Eq. 8.10 is significant, and it can be simplified to Eq. 8.11:

kS S *1=j K = lk2 E T S * 1= (8.11)m
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The first term of Eq. 8.11 is related to enzyme kinetics, while the second term
gives the flux dependence on substrate transport to the reaction layer. It can be seen
that the flux increases with increasing substrate (analyte) concentration, with increas
ing enzyme concentration in the reaction layer, and with increasing reaction layer
thickness.

The current measured by an amperometric electrode is directly proportional to
the flux described in Eq. 8.11, with proportionality constants n (electrons in the stoi
chiometric electrochemical reaction), F (Faraday’s constant, 96,487 coulombs/mol),
A (electrode area) and B (fractional collection efficiency):

i nFABj (8.12)

By substituting for the flux, we obtain:

i nFAB lk2 E TkS= Km kS lk2 E T S *: (8.13)

It can be seen from Eq. 8.13 that the measured signal is directly proportional to
analyte concentration. This relationship will hold as long as [S]o= 0, that is at ana
lyte concentrations low enough for complete and rapid conversion to product to
occur within the reaction layer. At higher analyte concentrations, [S]o> 0, and the
measured current plateaus at a limiting value. This expression was derived using a
number of assumptions that allowed simplification; for example, uniform concentra
tions of substrate and product within the reaction layer (no gradients) and the rapid
decomposition of the ES complex and rapid regeneration of Eo were assumed. More
detailed derivations have been performed that do not rely on these simplifications.6,7

Many enzyme-based biosensors do not rely on the consumption of one of the
products for the generation of a signal. For example, optical fiber transducers rely on
local absorbance or fluorescence measurements, where signal magnitudes are related
to steady-state product concentrations. Similarly, potentiometric transducers mea
sure, but do not consume, product. These biosensors are described by solving the
steady-state flux equations for the local product concentration [P] within the reaction
layer (the solution of these equations is greatly simplified by assuming uniform con
centrations within the reaction layer). The analytically useful regions of these curves

(8.14)

again occur for S * < Km , and [P] is then given by Eq. 8.14:

P 1 lk2 E T=kSKm S *:

For optical transducers, the measured signals are directly proportional to [P], so
that, once again, reaction layer thickness and mass-transport kinetics determine the
sensitivity of the biosensor, and signals are directly proportional to analyte concen
tration. For potentiometric transducers, signals are proportional to log[P], and there
fore to log[S]∗.

While enzyme-based biosensors employ only one of many possible chemical
recognition agents, they are the devices that are currently the most thoroughly
understood and described. Other recognition agents, such as antibodies and
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chemoreceptors, rely on primary binding interactions for the preconcentration of
detectable species at the surface of a transducer. Also, other materials and living cells
(from unicellular of pluricellular organisms) are being used as biological recognition
element.

8.5. EXAMPLES OF BIOSENSOR CONFIGURATIONS

These examples reflect a small and selected sampling of the diversity possible with
biosensors. Advances in transducer development, and the discovery and synthesis of
new recognition agents are continuing to provide new possibilities for the detection
and quantitation of small and large analytes.

8.5.1. Ferrocene-Mediated Amperometric
Glucose Sensor24

This enzyme-based biosensor uses glucose oxidase as a chemical recognition ele
ment, and an amperometric graphite foil electrode as the transducer. It differs from
the first reported glucose biosensor discussed in the introduction to this chapter in
that a mediator, 1,1 -dimethylferricinium, replaces molecular oxygen as the oxidant
that regenerates active enzyme. The enzymatic reaction is given in Eq. 8.15, and the
electrochemical reaction that provides the measured current is shown in Eq. 8.16.

β-D-Glucose 2 C5H4CH3 2Fe
GOx

Gluconolactone 2 C5H4CH3 2Fe 2H

(8.15)

C5H4CH3 2Fe C5H4CH3 2Fe e- (8.16)

While glucose oxidase (GOx) is very selective for its primary substrate, β-D-glucose,
a number of low molecular weight oxidants may be used in place of molecular oxy
gen. The ferrocene species used in this sensor is coadsorbed to the surface of the
graphite foil in its reduced form with GOx, and the sensor surface is then covered
with a dialysis membrane. The resulting sensor is used with reference and counter
electrodes, and the potential is maintained at +0.16 V vs. SCE to generate the ferrici
nium form of the mediator. At this potential, any H2O2 generated by the competing
reaction of reduced enzyme with molecular oxygen remains undetected, and the low
applied potential ensures that electroactive interferences present in biological fluids,
such as ascorbic acid, will not be oxidized. Figure 8.5 shows a diagram of the
sensor, and the glucose calibration curves that are recorded in nitrogen-saturated,
air-saturated and oxygen-saturated solutions.

The calibration curves in Figure 8.5(b) show that very little difference in electro
chemical signal is observed for solutions in which oxygen is absent and for those in
which oxygen is present at ambient levels (0.2 mM). Significant interference from
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Figure 8.5. (a) Ferrocene-mediated glucose sensor; (b) Calibration curves recorded in N2, air and
O2-saturated solutions; (c) Disposable glucose strips.

the competing reaction with oxygen occurs only at high (saturating) oxygen concen
trations of about 1.2 mM.

These principles have been incorporated into home testing devices for diabetics,
using a different ferrocene derivative. A drop of patient blood is placed onto a
test strip containing at least (a) ferrocene and GOx adsorbed onto a conductor
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(WE, working electrode), and (b) a counterelectrode (or auxiliary electrode) conduc
tor; most commercial strips also include a third electrode, a reference electrode, that
allows precise control of the potential applied to the WE. The test strip is inserted
into a portable, handheld potentiostat, and the current measured by the device is
directly related to the blood glucose concentration. A similar device for the quantita
tion of lactate is available, and another, for cholesterol quantitation, is to be intro
duced in the near future. Figure 8.5(c) shows a typical disposable electrochemical
strip. These are usually made by the screen printing process, where ink (typically
carbon-based) is used to print a simple electrical circuit onto an insulating support.
After printing, GOx and a convenient mediator are applied in the WE area (shadow
circle), and are often covered with a transparent window that allows visual confirma
tion that sufficient sample (blood) is used.

8.5.2. Potentiometric Biosensor for Phenyl Acetate25

Phenyl acetate has been chosen as a model analyte for the evaluation of catalytic
antibodies as chemical recognition agents. A catalytic antibody is an antibody raised
to an immunogen, where the immunogen contains a transition-state analog for a
chemical reaction. In this example, the reaction is the hydrolytic cleavage of the ester
linkage of phenyl acetate:

(8.17)

Antibodies raised to the transition-state analog (Fig. 8.6) will bind to the transi
tion state of the hydrolysis reaction, lowering the activation energy and therefore
catalyzing the reaction. These antibodies were trapped at the surface of a pH elec
trode using a dialysis membrane [Figure 8.7(a)]. The reaction (Eq. 8.17) produces a
change in local pH at the surface of the electrode, since acetic acid is one of the
products. The measured pH therefore decreases as the phenyl acetate concentration
increases in the external solution, since the steady-state concentration of acetic acid
in the reaction layer increases [Figure 8.7(b)].

Figure 8.6. Transition-state analog hapten used for the generation of catalytic antibodies for phenyl

acetate hydrolysis.
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The linear dynamic range of the sensor’s response to phenyl acetate is 0.02 mM
to 0.50 mM, and the detection limit has been reported as 5 μM when a 0.25 mM Tris
buffer is employed. Studies of the sensor’s selectivity have shown that a number of
structurally similar compounds yield signals, particularly those containing the
RCOOC6H5 group. However, the selectivity is similar to that of hydrolytic enzymes.
Research has also shown that ambient buffer concentration is critical to the magni
tude of the signals obtained, and an inverse linear dependence of log(signal) against
log[buffer] was obtained over the 10-4 to 10-2 M range for a Tris buffer.

The phenyl acetate biosensor is not of great commercial importance, but it illus
trates a novel use of antibodies as chemical recognition agents. In principle, catalytic
antibodies may be raised for any reactions for which stable transition-state analogs
may be prepared.

Figure 8.7. (a) Diagram of phenyl acetate sensor, and (b) calibration curve.

8.5.3. Evanescent-Wave Fluorescence Biosensor
for Bungarotoxin26

This biosensor employs a quartz optical fiber as a transducer, and the chemical
recognition element is the nicotinic acetylcholine receptor (AChR). The receptor is a
membrane protein that spans a lipid bilayer; it binds acetylcholine rapidly and
reversibly, and changes shape upon binding, to allow the transport of ions through a
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channel created through the membrane. Concentration gradients of sodium and
potassium ions exist across membranes in vivo, and an open ion channel allows the
flow of ions, and therefore an ion current exists across the membrane. The acetylcho
line receptor is isolated from the electroplax tissue of electric eels and rays, where it
is found at high levels. The isolated receptors bind acetylcholine and its analogs, as
well as α-bungarotoxin (BTX, a protein isolated from snake venom) and neurotoxins
such as tubocurarine. The receptor behaves like an antibody in that it has selective
binding sites, but it possesses no catalytic properties. It may be immobilized by stan
dard protein immobilization methods.

The acetylcholine biosensor uses competitive binding between fluorescein iso
thiocyanate (FITC) labelled or unlabelled bungarotoxin and receptor immobilized
by adsorption onto the surface of a quartz optical fiber. Once bound to the protein
BTX, FITC exhibits absorption and emission maxima of 495 nm and 520 nm,
respectively. In the absence of analyte (BTX), a maximal quantity of FITC-BTX
binds to the immobilized receptor protein.

The fiber optic transducer exploits total internal reflection in acting as a wave
guide with minimal loss of light intensity between the fiber ends. Such total internal
reflection systems exhibit an evanescent wave at the quartz-solution boundary (i.e.
along the length of the fiber) that penetrates the surrounding medium to a distance of
about half the excitation wavelength. The evanescent wave allows excitation of
FITC bound near the quartz surface, and allows capture of the light emitted by FITC
at 520 nm, as shown in Figure 8.8.

Figure 8.8. Principles of evanescent wave fluorescent biosensor for BTX.

As in competitive immunoassays, competition between FITC-labelled and unla
belled BTX results in sign al changes - in this case, the intensity of light emitted at
520 nm decreases with increasing BTX concentration. Any analyte species that binds
to the BTX site on the acetylcholine receptor will displace labelled BTX, and cause a
signal decrease. Figure 8.9 shows curves obtained for three analytes: BTX, tubocura
rine, and carbamylcholine. The curve obtained for acetylcholine falls between those
obtained for carbamylcholine and tubocurarine. Because the binding reaction for
FITC-BTX with receptor is essentially irreversible, a kinetic method is used to deter
mine signal magnitudes. The change in fluorescence intensity with time is monitored
for several minutes, for FITC-BTX solutions alone, and for solutions containing
FITC-BTX and an analyte. In the presence of analyte, the fluorescence increase with
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time is less than in the absence of analyte. The irreversible nature of the reaction
necessitates cleaning of the fiber surface and readsorption of fresh receptor between
measurements, so that the sensor is not considered a reusable or continuous-use
device.

Figure 8.9. Calibration curves of relative fluorescence response against log concentration for three
analytes at the fiber/AChR/FITC-BTX sensor: (a) BTX; (b) tubocurarine; and (c) carbamylcholine.

[Reprinted, with permission, from K. R. Rogers, J. J. Valdes, and M. E. Eldefrawi, Analytical
Biochemistry 182, 1989, 353-359. “Acetylcholine Receptor Fiber-Optic Evanescent Fluorosensor”.
Copyright  1989 by Academic Press, Inc.]

8.5.4. Optical Biosensor for Glucose Based
on Fluorescence Resonance Energy Transfer27

This glucose sensor relies on macromolecules trapped at one terminus (the distal
end) of an optical fiber for signal generation. The macromolecules, FITC-labelled
dextran and rhodamine-labelled concanavalin A (Rh-ConA), are trapped by a hollow
dialysis fiber which fits snugly over the end of the optical fiber, as shown in
Figure 8.10(a). A competitive equilibrium is set up between glucose and FITC-
dextran, both of which bind to Rh-ConA:

Glucose Rh-ConA Glucose:ConA-Rh (8.18)
Analyte Receptor Analyte:Receptor

FITC-Dextran Rh-ConA FITC-Dextran:ConA-Rh (8.19)
Competitor Receptor Competitor:Receptor

FITC is excited at 490 nm, and emits light at 520 nm. Rhodamine has an absorp
tion maximum at 540 nm, and emits at 580 nm. Figure 8.10(b) shows the overlap
between the emission spectrum of FITC and the absorption spectrum of rhodamine.
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Figure 8.10. (a) Glucose biosensor; (b) spectral properties of FITC and Rh. [Reprinted, with
permission, from D. Meadows and J. S. Schultz, Talanta 35 (No. 2), 1988, 145-150. “Fiber-Optic

Biosensors Based on Fluorescence Energy Transfer”. Copyright  1988 Pergamon Journals Ltd.]

The emission intensity of FITC is monitored at 520 nm as the analytical signal.
When FITC-labelled dextran is bound to Rh-ConA, the rhodamine label quenches
the 520 nm emission, so that the intensity measured is at a minimum. In the presence
of the analyte (glucose) which diffuses across the dialysis fiber at the tip of the opti
cal fiber, FITC-dextran is displaced from Rh-ConA by glucose, and emission inten
sity at 520 nm increases. This sensor allows glucose quantitation at concentrations up
to about 5 mM, and has a relatively slow response due to equilibration of the macro
molecular reactions.

8.5.5. Piezoelectric Sensor for Nucleic Acid Detection28

This device employs single-stranded poly(adenylic acid) (poly(A)) as the recognition
agent, and was the first reported DNA sensor. This agent selectively recognizes its
complementary polymer, poly(U), through hybridization to form a double-stranded
nucleic acid. The poly(A) is immobilized onto the activated surface of a quartz piezo
electric crystal, which is a mass-sensitive transducer. Electric dipoles are generated in
anisotropic materials (such as quartz crystals) subjected to mechanical stress, and
these materials will then undergo dimensional changes, or oscillations, in the presence
of an electric field. The frequency of oscillation is of the order of MHz (106 Hz). This
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resonant frequency decreases if mass is added to the surface of the crystal; in fact, it
has been shown that the resonance frequency is inversely proportional to the surface
mass. These transducers are sensitive to humidity, so that measurements must be
made under dry or reproducibly humid conditions; in situ measurements in solution
are not possible because of viscous damping of the oscillations.

The nucleic acid sensor was prepared by first derivatizing the quartz surface
with a 3:1 styrene/acrylic acid copolymer. Poly(A) was then covalently immobilized
onto pendant carboxylic acid groups by amide bond formation with the amino
groups on the adenine base. Hybridization occurred during incubation with poly(U).
Following each of the three steps, the sensor was rinsed and dried and the resonant
frequency of oscillation was measured. Prior to any treatment, the quartz crystals
exhibited a resonant frequency of 9 MHz. Because each step in the surface treatment
involved the addition of mass to the crystal surface, a frequency decrease was
expected after each step. Figure 8.11 shows the actual frequency changes measured

Figure 8.11. Change in resonant oscillation frequency of a piezoelectric transducer (a) with, and (b)
without poly(A) immobilized to the surface. Step 1 is surface modification with copolymer, Step 2 is poly
(A) immobilization, and Step 3 is hybridization to target poly(U).28 [Reprinted, with permission, from

N. C. Fawcett, J. A. Evans, L.-C. Chien and N. Flowers, Anal. Lett. 21, 1988, 1099-1114. “Nucleic Acid
Hybridization Detected by Piezoelectric Resonance”. Copyright  1988 by Marcel Dekker, Inc.]
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for a sensor prepared as described above, as well as for a sensor prepared with no
poly(A) included in the second step (i.e. a control sensor).

While this sensor employed only a model nucleic acid probe (poly(A)), it dem
onstrates the principle of detection of the complementary sequence, the analyte
poly(U). Figure 8.11(a) shows that a frequency decrease of 600 Hz was observed
following the hybridization step, step 3, and that this decrease was not observed
with a control sensor that did not possess surface-bound poly(A). The sensor exhibits
a relatively small frequency change that is superimposed on a large initial resonance
frequency (9 MHz), and so signal/noise is low; in addition, difficulties associated
with ex situ measurements at constant humidity preclude the use of this device for
practical DNA or RNA detection.

8.5.6. Enzyme Thermistors29

A variety of enzyme-based biosensors have been tested using thermistors as the
means of signal transduction. Thermistors are similar to electrical resistors, but pos
sess highly temperature-dependent resistance values. Since many enzymatic
reactions are accompanied by significant enthalpy changes, thermistors with immo
bilized enzymes can detect local temperature changes in the environment near the
thermistor surface. For example, the reactions catalyzed by catalase, glucose oxidase
and NADH dehydrogenase are accompanied by enthalpy changes of -100, -80 and
-225 kJ/mol, respectively.

Figure 8.12 shows a schematic diagram of an enzyme thermistor used to test a
variety of immobilized enzymes in a flow-through biosensing device. The tempera
ture probe is sealed inside a flow-through reaction chamber, which is encased in an
aluminum constant-temperature jacket (to avoid responses due to ambient tempera
ture fluctuations). The Wheatstone bridge allow differential measurement of
both termistors, thus permitting measurements of small temperature changes (down
to 10-4 °C).

Figure 8.12. Typical configuration of a split-flow enzyme thermistor with an aluminum constant-

temperature jacket.
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Table 8.1 Thermal Biosensorsa

Analyte Immobilized Enzyme(s) Conc. Range, mM

Ascorbic acid Ascorbate oxidase 0.05–0.6
ATP Apyrase 1–8
Cellobiose β-Glucosidase+ glucose oxidase/catalase 0.05–5
Cephalosporin Cephalosporinase 0.005–10
Cholesterol Cholesterol oxidase+ catalase 0.03–0.15
Creatinine Creatinine iminohydrolase 0.01–10
Ethanol Alcohol oxidase/catalase 0.01–2
Galactose Galactose oxidase 0.01–1
Glucose Glucose oxidase/catalase 0.001–0.8
Glucose Hexokinase 0.5–25
Lactate Lactate-2-monooxygenase 0.005–2
Lactate Lactate oxidase/catalase 0.002–1
Lactose β-Galactosidase+ glucose oxidase/catalase 0.05–10
Oxalic acid Oxalate oxidase 0.005–0.5
Oxalic acid Oxalate decarboxylase 0.1–3
Penicillin β-Lactamase 0.01–500

aSee Ref. 29. [Reprinted, with permission, from B. Danielsson and F. Winquist in “Biosensors: A
Practical Approach”, A. E. G. Cass, Ed., Oxford University Press, New York, 1990. “The Practical
Approach Series, Edited by D. Rickwood and B. D. James.  Oxford University Press 1990.]

Using devices similar to that shown in Figure 8.12, many immobilized enzymes
have been tested. Table 8.1 summarizes the analytes, the enzymes, and the dynamic
ranges over which the enzyme thermistors provide substrate quantitation.

8.5.7. Fluorescence Sensor for Nitroaromatic Explosives
Based on aMolecularly Imprinted Polymer16

This MIP based sensor is designed for the detection of nitroaromatic explosives such
as trinitrotoluene (TNT). The MIP is generated by combining methacrylic acid
monomer, ethylene glycol dimethacrylate (EGDMA) cross-linker, and template in
chloroform. The photoinitiator 1-hydroxycyclohexylphenylketone was added, the
solution was briefly degassed with nitrogen, and polymerization occurred for 5 min
under 365 nm illumination. The bulk polymer was ground and sieved, and particles
below 20 μm were used. These were dispersed in methanol and sonicated to extract
the template. After centrifugation and resuspension in aqueous buffer, the particles
were labeled, using amine-functionalized CdSe quantum dots. Centrifugation was
again used to remove the particles from the reaction medium. Non-imprinted parti
cles were labeled and purified in the same manner.

The detection method is based on the quenching of quantum dot fluorescence by
bound analyte (TNT) present in a nonaqueous solvent. A comparison of results for
both MIP and NIP in different solvents is shown in Figure 8.13.



188 Chapter 8 Biosensors

Figure 8.13. Change in fluorescence intensity (quenching) by TNT in different solvents for quantum
dot-labeled MIP (light bars) and NIP (dark bars). (Modified from R. C. Stringer, S. Gangopadhyay, and
S. A. Grant, Detection of nitroaromatic explosives using a fluorescent-labeled imprinted polymer. Anal.
Chem., 82, 2010, 4015-4019). [Reprinted, with permission, from R. C. Stringer, S. Gangopadhyay, and

S. A. Grant, Anal. Chem., 82, 2010, 4015-4019. “Detection of Nitroaromatic Explosives using a
Fluorescent-Labeled Imprinted Polymer.” Copyright  2010 by American Chemical Society].

Figure 8.13 demonstrates that the use of chloroform as the solvent yields the
largest change in fluorescence intensity as well as the greatest difference between
the MIP and the NIP. In all solvents, however, significant nonspecific adsorption of
TNT occurs, and this is observed as more than 10% quenching at the NIP. Dose
response curves were studied, and a detection limit of 40 μM was obtained for TNT.
While this value is poor when compared with other established methods, this work
provides a basis for future improvements.

8.5.8. Immunosensor Microwell Arrays fromGold
Compact Disks

Relatively inert, solid, conducting materials such as platinum, gold and various
forms of carbon are commonly used as working electrodes in analytical electrochem
ical cells. Among other materials, both Pt and Au allow surface modification by the
spontaneous formation of self-assembled monolayers (SAMs), by means of well
known thiol chemisorption. SAMs allow simple and mild methods for biomolecule
immobilization for biosensor preparation. Highly industrialized materials, such as
compact disks (CDs), have been proposed as a very economic and reproducible
material for electrode fabrication.30 A recordable CD has four layers: an outer pro
tective layer, then a recording layer (made with an organic dye), then a reflective
metallic layer (usually gold), and a relatively thick polycarbonate base that provides
structural support.

Recently, a simple procedure to use CDs to produce gold arrays for biosensors,
and their use for Interleukin-6 (IL-6) detection has been described.31 CDs are first
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briefly immersed in concentrated HNO3 to remove the outer protective layer and the
recording layer, exposing the metallic gold layer. The CDs can then be cut to the
desired shapes. The array design is introduced by laser-printing, which transfers hot
toner to protect the gold from the subsequent etching process (thiosulfate and ferri
cyanide in basic solution). After rinsing, a second layer of laser toner, thermally
transferred, is used to define wells and contacts, and to insulate the conducting
tracks. This procedure is closely related to the well-established printed circuit board
construction method, where a ferric chloride solution is used to eliminate the
undesired copper layer, leaving just the protected circuit available. A generic proce
dure to transfer patterns, etch and protect the conducting materials is shown in
Figure 8.14.

Figure 8.14. Steps in the fabrication of gold arrays from commercial gold CDs. First the protective layer
of the CD must be removed to expose the gold film; then, a pattern is transferred onto the gold surface
(photolithography, others) (a); later, the unprotected gold is removed by immersion in a etchant solution
(b); the pattern-forming material is then removed (c); finally, a second pattern can be transferred to form

wells and protect the conductors (d).

The application of these electrode arrays to biosensor arrays targeted IL-6, a
protein that is considered a cancer marker. A sandwich-type immunosensor was con
structed, first with a SAM of mercaptopropionic acid, then by the carbodiimide
based covalent immobilization of anti-human IL-6 to the carboxyl group. If IL-6 is
captured from the sample, the second, biotinylated anti-IL6 can bind from a separate
reagent solution. After rinsing, a streptavidin-poly(horseradish peroxidase) conju
gate is added to bind at biotin sites; in Figure 8.15 the general strategy used for this
work is shown. Following another rinse step, substrate solution is added, allowing
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the enzymatic detection reaction to occur using hydroquinone as a mediator, as
shown in Eq. 8.20.

Hydroquinone H2O2
HRP

Benzoquinone H2O (8.20)

Benzoquinone is reduced at the gold electrode, which is polarized at -0.3 V vs.
Ag/AgCl. Each microwell holds 1 μL of solution, and allows sensitive detection of
IL-6, with a detection limit of 10 fg/mL. The signal was linear with log[IL-6] from
10 to 1300 fg/mL.

Figure 8.15. Amplification strategy using streptavidin conjugated with an enzyme (Strep-Enz), in a

sandwich-type immunosensor. The sandwich is formed when the immobilized Ab (Ab1) reacts with the
target analyte, and then with the biotinylated Ab2. Strep-Enz binds to the biotin-Ab2, and the enzyme
provides multiple copies of its reaction product for detection at the gold electrode.

8.5.9. Nanoparticle-Enhanced Detection of Thrombin
by SPR32

This biosensor combines antibody-modified gold nanoparticles (NPs) with immobi
lized DNA aptamers in a sandwich-type recognition format for thrombin. The ana
lytical signal is produced by surface plasmon resonance (SPR, see Chapter 1), which
works well when large surface mass changes accompany analyte recognition/bind
ing. Functionalized gold NPs possessing various shapes and sizes were used and
compared, including cubic cages, rods and quasi-spherical particles, with each pos
sessing at least one dimension in the 40–50 nm range. NPs were covalently function
alized with anti-thrombin antibody. A SAM-modified gold SPR chip was further
modified by the covalent attachment of an amine-terminated DNA aptamer that also
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selectively binds thrombin. The quasi-spherical NPs were shown to allow the detec
tion of thrombin at concentrations as low as 1 aM.

A schematic of the approach used for the preparation of antibody functionalized
NP, as well the preparation of the aptamer-modified chip for SPR measurements and
the sandwich biosensor format is shown in Figure 8.16. The procedure is based on a
heterobifunctional cross-linker (ProLinkerTM B), which is a calix-[4]-arene deriva
tive featuring both thiol groups for self-assembly onto the gold surfaces and a crown
ether moiety that enables direct coupling to the amine group attached to the 5 -end of
the aptamer sequence.

Figure 8.16. Schematics showing (a) the antibody functionalization of various gold nanoparticle shapes
via the formation of a 11-mercaptoundecanoic acid (MUA) monolayer on the NP surface followed by

covalent linking to an antibody using EDC/NHSS cross-linking chemistry. (b) The attachment of a 5 -end
amine modified DNA aptamer onto a monolayer of either ProLinkerTM B only or a mixed layer of
ProLinkerTM B and PEG created on the surface of the Au SPR chip. (c) Recognition of thrombin (Th)

using the aptamer-modified SPR chip in conjunction with different anti-Th coated gold nanoparticles.
[Reprinted, with permission, from M. J. Kwon, J. Lee, A. W. Wark, and H. J. Lee, Analytical Chemistry,
84, 1702-1707, 2012. “Nanoparticle-Enhanced Surface Plasmon Resonance Detection of Proteins at
Attomolar Concentrations: Comparing Different Nanoparticle Shapes and Sizes”. Copyright  2012 by

American Chemical Society]

This biosensor exhibits one of the most sensitive surface-based protein bioaffin
ity measurements reported to date, given that conventional SPR (without NP amplifi
cation) typically has a detection limit of ∼ 0.5 nM, depending on the SPR sensing
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configuration. Calibration curves were obtained using the sensorgrams typically
obtained with SPR instruments, as shown in Figure 8.17. As can be seen, one prob
lem related with this technique is that the time to reach a steady-state response is
relatively long, and baseline return is also a slow process. Interference studies were
limited, but successful, and are also shown in Fig. 8.17.

Figure 8.17. SPR sensorgrams obtained using quasi-spherical NPs. Thrombin concentration as low as

1 aM was detected. Two control experiments are shown; NC1 is associated with the nonspecific adsorption
of the corresponding anti-Th NP conjugate in the absence of thrombin, while NC2 represents the
nonspecific adsorption of the corresponding anti-BSA coated nanoparticles (same NP concentration).

[Reprinted, with permission, from M. J. Kwon, J. Lee, A. W. Wark, and H. J. Lee, Analytical Chemistry,
84, 1702-1707, 2012. “Nanoparticle-Enhanced Surface Plasmon Resonance Detection of Proteins at
Attomolar Concentrations: Comparing Different Nanoparticle Shapes and Sizes”. Copyright  2012 by

American Chemical Society]

8.5.10. Environmental BOD and Toxicity Biosensors
Based on Viable Cells

Cell based biosensors have been used to examine the overall effects of the complex
mixtures present in environmental samples on measurable parameters related to cell
viability. For example, water toxicity could be related to thousands of different
organic and inorganic ions or molecules, and comprehensive analysis of each sample
for each species is impractical and very expensive. Cell based biosensors involve
screening, rather than quantitative chemical/biochemical analysis. They are rela
tively simple screening tools that expose the living organisms to the sample, and
allow observation of changes to viability parameters, including death, reproductive
capacity, metabolic activity, or other phenomena. One very important measurement
is called the biochemical oxygen demand (BOD), defined as the amount of oxygen
needed for microorganisms to degrade the organic matter (and to oxidize any
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reduced species) present in a water sample. The standard BOD5 method needs 5 days
of incubation, to allow the indigenous microbes to oxidize a relevant fraction of the
organic matter present in the sample. In the last 20 years several microbial biosensors
have been proposed to allow the rapid determination (one hour or less) of this param
eter. Most of them rely on heterotrophic bacteria immobilized over Clark oxygen
electrodes, but other transducers have also been used (such as other oxygen sensing
systems, carbon dioxide electrodes, manometic systems, microbial fuel cell anodes,
and others).

BOD and toxicity biosensors are very similar in their design and behavior. Nor
mally, for BOD, the immobilized microbes and (if needed) dilution water are ini
tially depleted of any carbon source. In this way, metabolic background activity is
maintained at a minimum. If there are any carbon sources in the sample, an increase
in metabolic activity occurs and generates the analytical signal. However, when tox
icity measurement is the goal, the metabolic activity is usually maintained at a maxi
mum level, by adding easily metabolizable carbon sources (such as glucose) at
relatively high concentrations (i.e. 5 or 10 g/L). If toxic substances are present in the
sample, lower metabolic activity is expected.

A BOD biosensor based on a mixture of heterotrophic microbial species has
been reported for wastewater monitoring in a flow system [Fig. 8.18(a)].33 In this
work, a microbial membrane covered an amperometric Clark-type oxygen electrode.
A commercial microbial “blend,” typically used for inocula in traditional (250 mL,
5 days) BOD measurement was used. The effects of buffer concentration, pH and
temperature on signals were investigated. Under optimized conditions, the minimum
detectable BOD was around 0.5 mg/L BOD, and comparison between the standard
BOD5 and the BOD biosensor showed good agreement, with R2= 0.97. Excellent
stability and reproducibility was reported for different samples. The biosensor was
used as the detector in a flow system [Figure 8.18(b)]. The signal for basal oxygen
concentration (which is relatively high) results from basal microbial metabolism;
when a carbon source is present in the sample, the signal is lower due to metabolic
oxygen consumption.

This BOD biosensor displayed a notable advantage in discriminating the bio
degradation of different organic compounds and mixtures (through its kinetic
response), similar to results obtained from the conventional BOD5 method. The
authors assayed the two most used BOD calibration mixtures (GGA and OECD) as
well as individual chemical solutions, and correlated values obtained with the BOD
biosensor with those obtained by the BOD5 method. A good correlation (R2= 0.94)
was observed.

8.5.11. Detection of Viruses using a Surface Acoustic
Wave (SAW) Biosensor

In SAW devices, a surface acoustic wave travels on the surface of a piezoelectric
material such as lithium tantalite (LiTaO3), and the high frequency of the measured
electrical signal responds to surface phenomena. Waves are generated and monitored
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Figure 8.18. Microbial biosensor for BOD measurements. In (a), the assembly of the microbial
membrane on the oxygen electrode is shown. In (b) the FIA system is shown as well as the typical shape of
the signals. [Reprinted, with permission, from C. Y. Liu, C. Ma, D. B. Yu, J. B. Jia, L. Liu, B. L. Zhang,

S. J. Dong, Biosensors and Bioelectronics, 26, 2074-2079, 2011. “Immobilized Multi-species Based
Biosensor for Rapid Biochemical Oxygen Demand Measurement”. Copyright  2010 by Elsevier B. V.]

using comb-shaped electrodes called interdigitated transducers (IDTs). Shear hori
zontal acoustic wave devices (SH-SAW) are commonly used because of their high
sensitivities and good behavior in liquid media. An alternating voltage is applied
between the planar IDTs, with frequencies typically between 80 and 500 MHz,
depending on the material and other conditions. At the resonance frequency, a sur
face acoustic wave occurs with a characteristic velocity and amplitude. These char
acteristics are sensitive to changes in surface mass that occur, for example, when an
immobilized recognition agent captures a solution-phase analyte. This allows label-
free, cost-effective detection of biomolecules in real time.

SAW biosensors were introduced more than 20 years ago, and a typical configu
ration is shown in Fig. 8.19. The sensing area, shown as an square in the figure, is
located between the input IDT, which produces the alternating voltage (hence the
wave), and the output IDT, that registers any changes in the wave characteristics that
occur due to surface changes during the experiment.
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Figure 8.19. Typical SAW device used for chemical or biochemical sensing. To detect very small
changes in surface characteristics and improve selectivity, two similar SAW devices can be used (control

and reference) to compare signals.

A recent report describes the detection of viruses of medical or biodefense
importance, based on a SAW transducer.34 The goal was a biosensor capable of
detecting viruses well below the threshold necessary to affect human health, in sam
ples ranging from biological fluids (such as blood or sputum) to water. This bio
sensor operates at an input frequency of 325 MHz, and uses antibodies immobilized
on a lithium tantalate piezoelectric substrate. The concept and immobilization
reagents are is shown in Figure 8.20.

Figure 8.20. Concept of the antibody-based SAW biosensor. Neutravidin was used to couple the

biotinylated monoclonal antibodies to the piezoelectric surface [Reprinted, with permission, from M.
Bisoffi, B. Hjelle, D. C. Brown, D. W. Branch, T. L. Edwards, S. M. Brozik, V. S. Bondu-Hawkins, and
R. S. Larson, Biosensors and Bioelectronics, 23, 1397-1403, 2008. “Detection of Viral Bioagents using a

Shear Horizontal Surface Acoustic Wave Biosensor”. Copyright  2007 by Elsevier B. V.]

To assemble the biosensor, neutravidin was first adsorbed over the sensing area,
which was then incubated with the biotinlynated Ab. A biosensor designed for Cox
sackie virus detection employed a monoclonal Ab, but other viruses were also tar
geted using different antibodies. Results showed that sensitivity depends strongly of
the virus-Ab pair. Upon virus capture, a change in the amplitude and frequency of
the wave occurred, and the differential phase (with respect to a reference channel)
was used as analytical signal. Typical data are shown in Figure 8.21.
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Figure 8.21. Representative SAW biosensor plot showing the response to 1.8× 104 viral particles per
μL. The data is reported as phase differential mass shift Δϕ (indicated by the double-headed arrow). The

addition of the viral particles are indicated (A), as the signal stabilization (B). [Reprinted, with permission,
from M. Bisoffi, B. Hjelle, D. C. Brown, D. W. Branch, T. L. Edwards, S. M. Brozik, V. S. Bondu-
Hawkins, and R. S. Larson, Biosensors and Bioelectronics, 23, 1397-1403, 2008. “Detection of Viral

Bioagents using a Shear Horizontal Surface Acoustic Wave Biosensor”. Copyright  2007 by Elsevier
B. V.]

The authors found rapid detection (seconds) for increasing concentrations of
viral particles, and a dynamic range of more than an order of order of magnitude for
both the Coxsackie and the hantavirus analytes. For the hantavirus, concentrations of
1.8× 101 to 1.8× 104 viral particles/μL resulted in Δϕ of 0.63± 0.49 to 4.85± 0.77.
In this concentration range, the log of virus concentration linearly correlated with
Δϕ (R2= 0.95). The biosensor was also evaluated using virally-spiked wastewater,
river water and distilled water; without sample pre-treatment, minimal interference
and background signals were observed. Nonspecific adsorption of non-analyte spe
cies is known to cause interfering signals with SAW transducers, but in this work,
the inclusion of a reference channel and the measurement of a differential signal
allowed selective viral detection through antibody recognition and binding.

8.5.12. MEMSMicrocantilever Biosensor for Virus
Detection35

Microcantilevers are mass-sensitive transducers that belong to a class of devices
called microelectromechanical systems (MEMS). They can be mass produced at low
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cost using modified semiconductor device fabrication technologies, such as those
used to make integrated circuits and other electronics. The vibrational frequency and
amplitude (bending) respond to surface mass, but are also sensitive to viscosity, den
sity and flow rate of an analyte solution. Optical methods are commonly used to
detect frequency and/or amplitude of microcantilever vibration.

In this example, a resonant microcantilever biosensor array is reported for label-
free, real-time monitoring of virus concentration. The array was carefully designed,
using a magnetically-actuated vibration system as well as optical detection of vibra
tion frequency, to eliminate the sensitivity of electrical connections to vibrations and
humidity. The microcantilevers were produced on silicon wafers to provide arrays of
about 4000 devices in a 10× 10 mm area. The outsides of the cantilevers were elec
troplated with nickel to around 1 μm thickness onto a thin gold underlayer, given the
need for a ferromagnetic material (Ni) to induce vibration. The undersides of the
cantilevers remained as the gold underlayers. Optical detection was carried out using
a 5 mW laser diode, which interacts with diffraction gratings embedded in the tip of
each microcantilever, allowing interferometric sensing. The MEMS were included in
a flow cell of about 1 mL total volume. The experimental setup is shown in
Figure 8.22.

Figure 8.22. Instrument for MEMS biosensor array. The vibration of the cantilevers is magnetically
driven by and electrocoil situated behind the flow cell plane, and the vibration frequency is optically

followed. [E. Timurdogan, B. E. Alaca, I. H. Kavakli, and H. Urey, Biosensors and Bioelectronics,
28, 2011, 189-194. “MEMS Biosensor for Detection of Hepatitis A and C Viruses in Serum”. Copyright
 2011 by Elsevier B. V.]

To immobilize hepatitis antibodies onto the microcantilevers, dithiobis
(succinimidyl)propionate was used to form a SAM on the gold underside to allow
covalent antibody attachment. Two hepatitis antibody preparations were used
(A and C). For both immunosensors, dynamic ranges in excess of 1000 and detection
limits of 0.1 ng/mL (1.66 pM) were achieved for spiked, undiluted bovine serum
samples. Negative and positive controls were included in the biosensor arrays to
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demonstrate the selectivities of the measurements. Typical results are presented in
Figure 8.23. The authors noted that the sensitivities are comparable to those of
labeled assay methods such as ELISA.

Figure 8.23. Calibration curve and interference study for the hepatitis microcantilever biosensor array.
Curve 1 represents the capture of hepatitis A Ag by the respective Ab against hepatitis A. Curve 2 is

similar, just hepatitis C Ag and Ab were used. In curve 3, hepatitis C Ab was challenged with increasing
concentrations of hepatitis A Ag, and in curve 4 hepatitis A Ab was challenged with hepatitis C Ag. Both
curves 3 and 4 are interference experiments, where no specific reactions are expected. Each data point

represents the average of several individual cantilever responses. [E. Timurdogan, B. E. Alaca, I. H.
Kavakli, and H. Urey, Biosensors and Bioelectronics, 28, 2011, 189-194. “MEMS Biosensor for
Detection of Hepatitis A and C Viruses in Serum”. Copyright  2011 by Elsevier B. V.]

8.5.13. DNAMicroarrays

DNA microarrays are collections (libraries) of DNA fragments immobilized onto a
solid substrate such as glass, plastic or silica. Individual sequences are spatially
segrated (as spots or dots). The main application of these biosensor arrays is for the
analysis of differential genetic expression (e.g. by measuring the relative amounts of
different mRNA sequences present in a sample). These arrays can allow the simulta
neous study of several thousand genes. They are based on the detection of the
hybridization level between a specific immobilized probe and its target sequence;
hybridization is usually revealed using fluorescent dyes used as labels on the sample
sequences. This is followed by image analysis and data processing. DNA microar
rays are based on the original technology developed by Southern (the Southern blot
for electrophoresis, see Chapter 9), but in an automated, high throughput format.

Sample pretreatment is required. For differential genetic expression, the mRNA
present in the sample is first processed to obtain labeled complementary DNA
sequences (cDNAs). These hybridize with their complementary sequences on the
DNA. If a particular gene is very active, a bright fluorescent area (spot) is observed.
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Genes that are somewhat less active produce fewer mRNAs, thus, less labeled
cDNAs, resulting in dimmer fluorescent spots. If there is no fluorescence, no hybrid
ization has occurred, indicating that the gene is inactive. In one application, labeled
cDNAs are prepared with two different fluorescent dyes, red for a tumor cell sample
and green for a normal cell sample. The two samples are combined in similar propor
tions, and the resulting solution is exposed to the DNA microarray. The resulting
spot colors show in which cells (normal or tumor) the genes are highly expressed;
yellow spots indicate that a gene is equally expressed in normal and tumor cells.
Typical results of this application are shown in Figure 8.24. This type of experiment
is usually called a “two-channel microarray,” and was one of the first applications of
DNA microarray technology. Depending on the numbers of samples and dyes used
(one dye per sample), more channels can be available.

Figure 8.24. A DNA microarray biosensor experiment. A green spot (G) means that the normal gene is
expressed strongly in normal cells, whereas a red spot (R) means the gene is expressed strongly in cancer
cells. If both are expressed, a yellow spot (Y) will be observed.

Another application example involves cancer disease diagnosis, which is nor
mally based on cytological, tissue or biochemical information. DNA microarrays
allow classification of the disease using the complex gene expression pattern, and
may provide a more standardized platform for cancer diagnosis and treatment. Gene
and drug discovery are two other important applications. Toxicological research has
also been undertaken, since some toxins have significant effects on mRNA expres
sion and/or DNA damage.
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The DNA microarray biosensors, sometimes called DNA chips, offered by sev
eral companies have very large detection capabilities, some reaching the astonishing
number of 40,000 or more spots (dots) with different DNA probes. The size of each
spot tends to be less than 100 μm in diameter, while immobilized DNA probes are
typically between 25 and 80 bp. The small size of each spot and the availability of
high resolution detection devices allows high spot numbers as well as the correct
identification of each spot (that correspond to a given gene) as well as the control of
detection signal cross-contamination. In Figure 8.25, results from one DNA chip
are shown.

Figure 8.25. Example of an approximately 40,000 probe spotted DNA microarray with enlarged inset to
show detail.
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8.6. EVALUATION OF BIOSENSOR PERFOMANCE

In addition to the usual evaluation parameters for analytical methods (Chapter 19),
the sensitivity, detection limit, dynamic range and precision profile, biosensors are
also characterized with respect to the rapidity of their response and recovery. Addi
tional evaluations result from the intended use. For example, rapid and continuous
monitoring of analytes in biological or environmental samples may be required, or
the application may be individual periodic measurements with single-use disposable
biosensors.

The response time of a biosensor has been defined as the time after analyte addi
tion for the sensor’s response to reach 95% of its final value. Similarly, the recovery
time is defined as the time after analyte removal when 95% of the baseline signal has
been achieved. Biosensors with response and recovery times of the order of tens of
seconds or less provide useful in vivo or in situ devices. Many enzyme-based biosen
sors exhibit very similar response and recovery times, with parameters such as the
diffusion and reaction layer thicknesses and analyte concentration affecting the time
required for 95% change to occur. Sensors that employ antibodies or chemoreceptors
for chemical recognition often show fast responses, but take inordinately long times
to regenerate baseline readings in recovery time studies. This is primarily a result of
the large association constants of these species for their specific binding partners,
with association kinetics being rapid, and dissociation kinetics being very slow. Cha
otropic reagents and denaturants are often used ex situ, to decrease the affinity of the
recognition agent for its ligand by interfering with hydrogen bonding or by
reversibly altering the tertiary structure of the protein.

Biosensors are also evaluated with respect to their stabilities. The reproducible
generation of signal for a given analyte concentration is evaluated with respect to
storage time, under various conditions of temperature and pH, and the results indi
cate the storage stability of the sensor. Operational stability is a similar type of eval
uation, performed under conditions of continuous use. Operational stability is
usually much poorer than storage stability. Both parameters are reported as the time
required for the loss of a given percentage of the initial signal; for example, the time
required for the signal generated by a particular analyte concentration to decrease to
50% of its initial value.

Interferences are of particular importance for devices destined for use in very
complex matrices. Biosensors are tested for interferences not just from species that
are expected to bind to or react with the particular chemical recognition agent
employed; the end use of the biosensor is considered, and components of that sample
matrix are examined for potential interference. Test assays are conducted in the sam
ple matrix, and compared with results obtained in simple buffers in order to deter
mine analyte recovery.

In vivo examinations of glucose biosensors have been conducted using rats,
dogs and chimpanzees as test subjects.36,37 The objective of these continuing studies
is an artificial pancreas, where a glucose sensor is combined with a switching mecha
nism to allow automatic insulin delivery in diabetic patients. These and other studies
have shown that immune responses are often generated towards membrane materials
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and immobilized species that are directly exposed to the living system. For this rea
son, a considerable worldwide research effort has been directed towards the develop
ment of biocompatible materials for use in in vivo sensors. In the references cited
above, polyurethane/polysiloxane36 and polyethylene oxide37 were used as the outer,
biocompatible layers for the short-term in vivo studies.

To date, a significant variety of enzyme-based biosensors have been commer
cialized for clinical testing laboratories and even for use by lay consumers. The most
widely available devices measure blood glucose (diabetics) or lactate concentrations
(high level athletes). Individual sensors are now being incorporated onto multi-sen
sor arrays in microfluidic devices capable of simultaneous measurement of a number
of analytes; examples include arrays that have used enzymes,38 antibodies39 and
nucleic acids40 as recognition agents with electrochemical38 or optical
transduction.39,40

8.7. IN VIVO APPLICATIONS OF BIOSENSORS

Clinical studies are often required for human and veterinary healthcare and research.
For longer-term monitoring, where results from a single sample are insufficient,
restrictions exist for the number of samples taken and the frequency of sampling.
Some samples are relatively easy to obtain (like saliva or urine), while others (like
venous blood) involve more invasive procedures. These sampling procedures, fol
lowed by ex vivo analysis, are perfectly acceptable when the need for a new sample
occurs infrequently (usually less than four samples per day). However, the continu
ous monitoring of key drug metabolites or indigenous biochemicals is not possible
with periodic sampling. Key clinical parameters can rapidly shift to values far from
normal. Benefits of in vivo biosensors are related not only to patient comfort and
painless treatment of chronic diseases, but also to the availability of continuous or
quasi-continuous information about the analyte.

A desire for continuous analyte quantitation sparked the development of
implantable biosensors. Results could be used in drug discovery (to monitor the
appearance and disappearance of metabolites), to trigger the automatic release of a
therapeutic solution by a second implanted device (such as a glucose sensor with an
insulin pump), or as key information that requires rapid external intervention.

An implantable biosensor, to be useful, must remain functional for the longest
possible time, at least months and preferably years. Two other requirements41 that
must be met to survive in the aggressive in vivo environment are biocompatibility
(must not be identified by the host as a foreign body, to avoid any allergic or rejec
tion reactions) and non-reactivity with the biological fluids where it is inserted. A
biocompatible material is usually described as a material that does not generate
immune rejection or an inflammatory response. This definition includes most materi
als used for structural and dental implants, joint and bone replacements, and other
applications.

In addition to selective analyte quantitation, ideally with no interferences, in vivo
biosensors must possess additional characteristics. They should be reagentless
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(addition of reagent solutions containing non-natural species is difficult if not
impossible, and these could be toxic); the diffusion of the analyte from the biological
environment to the sensing area of the biosensor should remain constant during the
biosensor lifetime; and products formed by the measurement process (such as gluco
nolactone during the enzymatic oxidation of glucose) must diffuse into the biological
environment without causing damage, to avoid the inhibitory effect that product
accumulation can cause. Wireless (telemetric) devices as well as in vivo calibration
procedures have also been topics for investigation.

8.7.1. Biocompatible Materials

A biocompatible material is usually defined as a “nonviable material used in a medi
cal device, intended to interact with biological systems”.42 A variety of materials
have been assayed for this purpose. Most of these are natural polymers such as albu
min (after polymerization with glutaraldehyde), cellulose (after hydroxylation, to
decrease complement activation) and collagen or synthetic polymers such as poly
ethylene, polypropylene and perfluorosulfonic acid (Nafion). Hydrogels such as
poly(hydroxyethyl methacrylate), poly(lactic acid) and poly(vinyl-alcohol) have also
been tested, with some degree of success. However, a fully biocompatible material
for biosensors, allowing an implantable device to function for months or years is not
yet commercially available.

Some research has focused on the synergistic use of anti-inflammatory agents
released at the local site, to prevent inflammation and fibrosis, a process that would
eventually isolate the implanted biosensor from the analyte. Implantable sensors can
be covered by a “fibrous capsule,” which can completely isolate the biosensor from
the body fluids; this tissue is composed of fibroblasts and collagenous material, and
is part of the final stage of the “foreign body reaction.” The capsule is typically
50–200 μm in thickness, and confines the implanted device to prevent it from inter
acting with surrounding tissues and liquid media. To date, the best results with
in vivo biosensors have avoided the inflammatory body reaction for about one
month, as reviewed recently, using a PVA hydrogel to create a “smart” coating that
permits rapid diffusion of analytes with slow and controlled long-term release of
dexamethasone using immobilized microspheres.44

A significant medical problem associated with implantable devices is that some
parts of the devices could present a favorable surface for bacterial colonization and
biofilm formation. One established, the biofilms can become extremely robust, and
resistant to antibiotic treatment as well as host immune system reaction. Adhesion by
bacterial species such as Staphylococcus aureus and S. epidermidis to the surfaces of
medical implants has been identified as the cause of approximately half of the infec
tions associated with implants.

8.7.2. Physiological Environment of the Human Body

The internal environment in the different body fluids and tissues implies harsh work
ing conditions for any implanted biosensor, as the chemical composition is corrosive
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for many materials. Also, many of the polymeric materials present (such as proteins
and DNA) have a natural tendency to adsorb onto most surfaces. Moreover, the
immune system is always ready to detect and destroy or insulate any foreign
material.

The mineral composition of human plasma and serum (similar to all the
mammals) is very similar to a diluted version of seawater, as shown in
Table 8.2. In addition to these inorganic components, small organic molecules,
polymers, aggregates and cells may be present. Human serum also contains
60–80 mg/mL total protein and has a pH of about 7.4 (rather basic at 37 °C,
since Kw is 2.42× 10-14 at this temperature, and neutral pH is 6.8). Thus; this
environment could be considered corrosive for most metals and alloys. Addi
tionally, adsorption of plasma components obstructs the communication between
the biosensor and the biological fluid that contains the analyte. If the biosensor
is inserted into blood, a specialized protein, fibrinogen, could be activated. This
would trigger the blood clotting system to produce fibrin, which can precipitate
onto the implanted device, insulating it from the external analyte medium.

Table 8.2 Major inorganic constituents in human blood plasma and seawater

Typical Concentration (mol/L)

Species Human Plasma Seawater

Na+ 0.141 0.468
Cl 0.0625 0.546
HCO3

- 0.00877 0.00233
K+ 0.00460 0.00990
Mg2+ 0.00111 0.0532
Phosphate 0.000516 3× 10-6

Ca2+ 0.00025 0.0103
SO4

2 0.000104 0.0282
F 0.0000144 0.000053
Br 1× 10-7 0.000838
Sr2+ 0 0.0000913
Borate 0 0.000042

Early problems were encountered with attempts at non-invasive glucose moni
toring using saliva instead of blood; comparison of glucose results showed poor cor
relations. Bloodstream-implanted devices introduce risks of serious infection and
thrombus with continuous long-term monitoring. As a result, the subcutaneous tissue
has been the main focus as the most appropriate, alternative sensing site for in vivo
glucose biosensors.43 Several works have now shown that the subcutaneous glucose
concentration reflects the blood glucose concentration (with a time delay of 5–30
minutes, depending on the direction of concentration change and the location of the
biosensor), and these implantation sites are relatively non-invasive in comparison
with vascular sites.
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8.7.3. The Artificial Pancreas

Given the high and increasing incidence of diabetes in developed countries, and the
chronic nature of this disease, most research involving implantable biosensors has
been directed toward continuous glucose monitoring. One of the more ambitious
research goals in this area has been to develop an efficient and reliable “artificial
pancreas.” This is a combination of an implantable glucose biosensor, an external or
implantable insulin pump, and a control system that interprets the biosensor data and
delivers the necessary amount of insulin. Ideally, such a system should be very com
fortable for the patients, releasing them from daily blood testing and insulin
injections.

The necessary characteristics for such systems have been defined:45 linear
response over the glucose range of 0–20 mM, with a precision of +/-1 mM, specific
for glucose, biocompatible, small size to cause minimal tissue damage during
implantation, capable of internal or external calibration with an accuracy better than
10%, response time less than 10 min, and a lifetime of at least several weeks in use.
The development and current state of commercially-available in vivo glucose biosen
sors have recently been reviewed.50

Calibration of implanted biosensors has presented challenges, and again, due
to the early focus on in vivo glucose measurement, these devices have been used
to study and develop calibration methods. Immediately after implantation, the
sensitivities of the devices decrease, meaning that both the slope of the calibra
tion curve and the signals generated for a given glucose concentration decrease.
Following this initial more rapid decline, a slower deterioration of response is
generally observed over time. External calibration is generally performed prior to
implantation, and the current practice is to assume that the baseline (for zero
glucose) does not shift. Periodic comparison with externally measured blood glu
cose concentrations is used to adjust calibration parameters for the implanted
device. When signals from the implanted device deviate rapidly by a preset per
centage (e.g. 10–20%), a signal is triggered.51

Much has been learned from efforts with in vivo glucose biosensors. While
efforts to develop longer-term implantable devices for an artificial pancreas are still
underway, in some cases medical interventions have been successful. These include
the implantation of tissue-containing pancreatic islet cells that are protected from
immunological attack and able to produce insulin in response to glucose. Genetic
therapies are also under investigation for tissue modification to allow the production
of insulin.

8.7.4. An Enzymatic Fuel Cell as a Component
of an Implanted Biosensing System

An implantable device requires a power source to obtain and convert the primary
analytical signals into useful concentration data, and to transmit this information to
an external receiver for use. Power is typically provided by a battery, some of which
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can be inductively recharged and do not require replacement, at least over the life
time of the implanted biosensor.

However, alongside efforts to extend the useful lifetimes of in vivo biosensors,
there also exist efforts to develop implantable power sources that do not rely on tra
ditional battery technologies. Recently developed enzymatic devices called enzy
matic fuel cells (EFCs) have been demonstrated that use glucose to ultimately
produce electrical power. The EFCs are analogous to the more commonly known
hydrogen fuel cells, and convert chemical energy directly to electricity. With such
an EFC, one unique device could quantitate the analyte (glucose) while using the
same enzymatically catalyzed reaction to generate enough power for the device to
function. Figure 8.26 shows a diagram of one enzymatic fuel cell, where two differ
ent enzymes catalyze anodic and cathodic reactions. The anode contains an immobi
lized redox enzyme such as glucose oxidase, that shuttles electrons to the electrode.
The cathode contains another immobilized enzyme that performs a complementary
reaction, typically reducing an oxidant such as oxygen, while accepting electrons
from the cathode. The flow of electrons through the external circuit is accompanied
by the transport of protons through the electrolyte. Details regarding the design and
operation of these electrochemical devices, including the use of mediators to pro
mote effective charge transfer between enzymes and electrodes, have been reviewed
recently.46

Figure 8.26. Enzymatic fuel cell. If Enzyme 1 is glucose oxidase, and glucose limits the current
produced in the circuit, this system could simultaneously produce the power to run the electronics, and
also generate the analytical signal, related to glucose concentration.

8.7.5. Other Examples of Implantable Biosensors

Dopamine measurement is critical in the study and understanding a variety of moti
vated behaviors such as learning, and has been implicated in neurological disorders
such as Parkinson’s disease and schizophrenia. Dopamine has been measured in vivo
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using an implanted carbon electrode modified with the enzyme tyrosinase. The
enzyme was immobilized in a biocompatible matrix consisting of the biopolymer
chitosan along with cerium-based metal oxides; this matrix was deposited onto the
surface of a carbon fiber microelectrode with a diameter of ∼100 μm.47 Tyrosinase
catalyzes the conversion of dopamine to o-dopaquinone, which was detected electro
chemically. This biosensor demonstrated excellent analytical characteristics and high
selectivity against other indigenous biochemicals.

Other interesting examples of implantable biosensors have been reported in the
literature. In vivo biosensor measurements have been made of L-glutamate in the
brain48 as well as D-serine,49 lactate, pyruvate, choline and acetylcholine51 in various
tissues as well as animal and human subjects.

SUGGESTED READING

F-G Bănică, Chemical Sensors and Biosensors: Fundamentals and Applications. Wiley, New York, 2012.
A. M. Campbell, Monoclonal Antibodies and Immunosensor Technology, Elsevier, New York, 1991.
J. M. Cooper, and A. E. G. Cass, Ed., Biosensors: A Practical Approach, 2nd edition, Oxford University

Press, New York, 2004.
A. E. G. Cass, Ed., Biosensors: A Practical Approach, Oxford University Press, New York, 1989.
A. J. Cunningham, Introduction to Bioanalytical Sensors, John Wiley & Sons, New York, 1998.
R. M. Nakamura, Y. Kasahara, and G. A. Rechnitz, Eds., Immunochemical Assays and Biosensor Tech
nology for the 1990s, American Society for Microbiology, Washington DC, 1992.

T. G. M. Schalkhammer, Ed., Analytical Biotechnology, Birkhäuser Verlag, Basel-Boston-Berlin, 2002.
A. P. F. Turner, I. Karube, and G. S. Wilson, Eds., Biosensors: Fundamentals and Applications, Oxford

University Press, New York, 1987.
V. C. Yang, and T. T. Ngo, Eds., Biosensors and their Applications, Kluwer Academic/Plenum Publish

ers, New York, 2000.

REFERENCES

1. PAC. Glossary for chemists of terms used in biotechnology (IUPAC Recommendations 1992),
Pure & Appl. Chem. 64, 1992, 143-168.

2. J. Galbán, I. Sanz-Vicente, E. Ortega, M. del Barrio, and S. de Marcos, Anal. Bioanal. Chem. 402,
2012, 3039-3054.

3. L. C. Clark Jr., and C. Lyons, Ann, N. Y. Acad. Sci. 102, 1962, 29-45.
4. J. D. Newman, and A. P. F. Turner, Biosens. Bioelectron. 20, 2005, 2435-2453.
5. M. J. Eddowes in Biosensors: A Practical Approach, A. E. G. Cass, Ed., Oxford University Press,

New York, 1990. pp. 211-237.
6. C. Bourdillon, C. Demaille, J. Moiroux, and J. M. Saveant, Acc. Chem. Res. 29, 1996, 529-535.
7. P. N. Bartlett, and K. F. E. Pratt, J. Electroanal. Chem. 397, 1995, 61-78.
8. B. Tse Sum Bui, and K. Haupt, Anal. Bioanal. Chem. 398, 2010, 2481-2492.
9. P. K. Owens, L. Karlsson, E. S. M. Lutz, and L. I. Andersson, Trends Anal. Chem. 18, 1999, 146-154.

10. C. Malitesta, E. Mazzotta, R. A. Picca, A. Poma, I. Chianella, and S. A. Piletsky, Anal. Bioanal.
Chem. 402, 2012, 1827-1846.

11. D. R. Kryscio, and N. A. Peppas, Acta Biomater. 8, 2012, 461-473.
12. O. Hayden, P. A. Lieberzeit, D. Blaas, and F. L. Dickert, Adv. Funct. Mater. 16, 2006, 1269-1278.



208 Chapter 8 Biosensors

13. K. Yano, and I. Karube, Trends Anal. Chem. 18, 1999, 199-204.
14. B. Van Dorst, J. Mehta, K. Bekaert, E. Rouah-Martin, W. De Coen, P. Dubruel, R. Blust, and

J. Robbens, Biosens. Bioelectron. 26, 2010, 1178-1194.
15. B. Tse Sum Bui, and K. Haupt, Anal. Bioanal. Chem. 398, 2010, 2481-2492.
16. R. C. Stringer, S. Gangopadhyay, and S. A. Grant, Anal. Chem. 82, 2010, 4015-4019.
17. C. Tuerk, and L. Gold, Science 249, 1990, 505-510.
18. J. Zhou, M. R. Battig, and Y. Wang, Anal. Bioanal. Chem. 398, 2010, 2471-2480.
19. R. D’Agata, and G. Spoto, Artificial DNA: PNA & XNA 3, 2012, 45-62.
20. B. W. Park, D. Y. Yoon, and D. S. Kim, Biosen. Bioelec. 26, 2010, 1-10.
21. Q. Liu, and B. J. Boyd, Analyst 138, 2013, 391-409.
22. L. Steller, M. Kreir, and R. Salzer, Anal. Bioanal. Chem. 402, 2012, 209-230.
23. C. Han, X. Hou, H. Zhang, W. Guo, H. Li, and L. Jiang, J. Am. Chem. Soc. 133, 2011, 7644-7647.
24. A. E. G. Cass, G. Davis, G. D. Francis, H. A. O. Hill, W. J. Aston, I. J. Higgins, E. V. Plotkin, D. L.

Scott, and A. P. F. Turner, Anal. Chem. 56, 1984, 667-671.
25. G. F. Blackburn, D. B. Talley, P. M. Booth, C. N. Durfor, M. T. Martin, A. D. Napper, and A. R.

Rees, Anal. Chem. 62, 1990, 2211-2216.
26. K. R. Rogers, J. J. Valdes, and M. E. Eldefrawi, Anal. Biochem. 182, 1989, 353-359.
27. D. Meadows, and J. S. Schultz, Talanta 35, 1988, 145-150.
28. N. C. Fawcett, J. A. Evans, L.-C. Chien, and N. Flowers, Anal. Lett. 21, 1988, 1099-1114.
29. B. Danielsson, and F. Winquist in “Biosensors: A Practical Approach”, A.E.G. Cass, Ed., Oxford

University Press, New York, 1990. pp. 191-209.
30. R. A. A. Munoz, R. C. Matos, and L. Angnes, Talanta 55, 2001, 855-860.
31. C. K. Tang, A. Vaze, and J. F. Rusling, Lab Chip 12, 2012, 281-286.
32. M. J. Kwon, J. Lee, A. W. Wark, and H. J. Lee, Anal. Chem. 84, 2012, 1702-1707.
33. C. Y. Liu, C. Ma, D. B. Yu, J. B. Jia, L. Liu, B. L. Zhang, and S. J. Dong, Biosens. Bioelectron. 26,

2011, 2074-2079.
34. M. Bisoffi, B. Hjelle, D.C. Brown, D. W. Branch, T. L. Edwards, S. M. Brozik, V. S. Bondu-

Hawkins, and R. S. Larson, Biosens. Bioelectron. 23, 2008, 1397-1403.
35. E. Timurdogan, B. E. Alaca, I. H. Kavakli, and H. Urey, Biosens. Bioelectron. 28, 2011, 189-194.
36. B. Aussedat, V. Thome-Duret, G. Reach, F. Lemmonier, J. C. Klein, Y. Hu, and G. S. Wilson,

Biosens. Bioelectron. 12, 1997, 1061-1071.
37. J. G. Wagner, D. W. Schmidtke, C. P. Quinn, T. F. Fleming, B. Bernacky, and A. Heller, Proc. Natl.

Acad. Sci. USA 95, 1998, 6379-6382.
38. I. Moser, G. Jobst, and G. A. Urban, Biosens. Bioelectron. 17, 2002, 297-302.
39. K. E. Sapsford, Z. Liron, Y. S. Shubin, and F. S. Ligler, Anal. Chem. 73, 2001, 5518-5524.
40. A. H. Forster, M. Krihak, P. D. Swanson, T. C. Young, and D. E. Ackley, Biosens. Bioelectron. 16,

2001, 187-194.
41. A. W. Batchelor, and M. Chandrasekaran, Service Characteristics of Biomedical Materials and

Implants. Imperial College Press, 2004.
42. S. A. Guelcher, and J. D. Hollinger. Eds. An Introduction to Biomaterials, CRC Press, 2006.
43. S. A. Jaffari, and A. P. F. Turner, Physiol. Meas. 16, 1995, 1-15.
44. Y. Onuki, U. Bhardwaj, F. Papadimitrakopoulos, and D. J. Burgess, J. Diabetes Sci. Technol. 2, 2008,

1003-1015.
45. B. R. Eggins, Biosensors, an Introduction, 1997, Wiley.
46. I. Willner, Y.-M. Yan, B. Willner, and R. Tel-Vered, Fuel Cells 9, 2009, 7-24.
47. J. Njagi, M. M. Chernov, J. C. Leiter, and S. Andreescu, Anal. Chem. 82, 2010, 989-996.
48. O. Frey, T. Holtzman, R. M. McNamara, D. E. H. Theobald, P. D. van der Wal, N. F. de Rooij, J. W.

Dalley, and M. Koudelka-Hep, Sensors Actuat. B-Chem. 154, 2011, 96-105.
49. Z. M. Zain, R. D. O’Neill, J. P. Lowry, K. W. Pierce, M. Tricklebank, A. Dewa, and S. Ab Ghani,

Biosens. Bioelectron. 25, 2010, 1454-1459.
50. R. Gifford, Chem. Phys. Chem. 14, 2013, 2032-2044.
51. G. S. Wilson, and R. Gifford, Biosens. Bioelectron. 20, 2005, 2388-2403.



Problems 209

PROBLEMS

1. A biosensor for glucose has been prepared by trapping a 0.50 mM solution of glucose oxi
dase between an amperometric carbon electrode of 0.10 cm2 area and a dialysis membrane,
to form a reaction layer 0.10 mm thick. The substrate, glucose, has a diffusion coefficient
of about 5× 10-6 cm2/s, and it has been found that if the sensor is rotated at a constant rate
of 600 rpm, the thickness of the diffusion layer may be assumed equal to that of the
reaction layer. In the glucose oxidase reaction, the rate of ES complex decomposition, k2,
is equal to 780 s-1 and K is 50 mM for glucose. The collection efficiency of the electrodem
is 0.45. A ferrocene species, used to regenerate the oxidized form of glucose oxidase and
deliver electrons to the electrode surface (n= 2 mol electrons/mol glucose), shows very fast
kinetics for both processes, so that Eq. 8.13 is valid.

(a) Estimate the current, in microamperes, that would be obtained for a 6 mM solution of
glucose (this is the normal physiological concentration in whole blood).

(b) Estimate the current that would be obtained if the reaction layer thickness was reduced
by one order of magnitude (i.e. to 0.010 mm).

2. The mathematical descriptions of enzyme-based biosensor response assume that steady-
state concentrations of substrates and products exist within the thin reaction layer at the
surface of the transducer, and that the bulk concentrations of these species do not change
significantly with time. Suggest one experimental situation in which these assumptions are
not expected to be valid.

3. Polystyrene optical fibers can be derivatized by first nitrating and then reducing the surface
to produce aminophenyl groups. These can then be diazotized to allow protein
immobilization through (mainly) tyrosine residues. An evanescent-wave fluorescence bio
sensor for glucose is to be designed, using a bienzyme system consisting of hexokinase and
glucose-6-phosphate dehydrogenase (both are < 10 nm in hydrodynamic diameter) accord
ing to the following reactions:

Glucose ATP Glucose-6-phosphate ADP

Glucose-6-phosphate NADP 6-Phosphoglyceric acid NADPH;

where the product NADPH fluoresces at 460 nm following excitation at 340 nm. Which of
the following three sensor configurations may be expected to generate the largest fluores
cence intensity signals for the same bulk glucose concentration?

(a) Simultaneous coadsorption of both enzymes to underivatized polystyrene,

(b) Nonpolymerizing covalent immobilization of glucose-6-phosphate dehydrogenase,
followed by crosslinked immobilization of hexokinase, or

(c) Coimmobilization of the two enzymes through tyrosine residues to form a bienzyme
monolayer on the polystyrene surface.

4. Why is the operational stability of an enzyme-based thermal sensor for oxalic acid
expected to be poorer than an amperometric oxalate sensor prepared using the same
enzyme, oxalate oxidase?



Chapter 9

Directed Evolution for the
Design of Macromolecular
Reagents

9.1. INTRODUCTION

Macromolecular reagents, mainly enzymes and antibodies, are widely used in bioa
nalytical chemistry. Proteins used as reagents are obtained mainly from natural
microbial, plant or animal sources, but in some cases an “industrial strain” of micro
organism, able to produce large amounts of the desired protein, is selected. Some
times the protein of interest is produced by a bacterial strain not suitable for
industrial production. To overcome this problem, the gene coding for the protein
may be cloned into an appropriate bacterial strain, and the resulting recombinant
bacterium is used as the protein source. Both of these methods allow the production
of proteins that are identical, at least in their primary structure, to the original
“natural” protein.

From the origin of life until the present time, enzymes and other biomolecules
have been naturally selected for their abilities to perform relevant functions in a liv
ing cell. This slow biological evolution process is responsible for molecular design
changes. Evolution and adaptation are necessary in order to cope with environmental
and biological changes along the geological time span, improving the fitness of the
selected phenotypes.

Natural biological evolution occurs as a result of naturally occurring mutations,
fragmentation and loss of DNA, duplication and other genetic processes. Further
more, sexual recombination increases the possibility of successful genetic combina
tions. The selection of improved variants occurs as a result of environmental
conditions or selection pressures.

Natural proteins are adapted or optimized for function in specific physico
chemical conditions. For example, enzymes isolated from bacteria found in Ant
arctic seawater have high activity at low temperature, but they are denatured at
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relatively low temperature. Thermophilic bacteria adapted to survive on hotspring
water or in volcanic lakes harbor thermostable enzymes possessing almost no
activity at low temperature. The combination of thermostability and low tempera
ture activity in the same enzyme is not found in nature, because naturally-
occurring biomolecules are not adapted to cope with such extreme temperature
changes. However, enzymes possessing these two characteristics have been
designed or evolved in the laboratory.

Biological macromolecules have evolved their structures and functions for spe
cific intracellular conditions. Post-translational modifications occur to regulate struc
ture and function in this environment. For example, the enzymatic turnover rate is
one of the variables that can be controlled to regulate cellular metabolic pathways
that are critical to ensure life. Biomolecules adapted to the complex intracellular
environment generally do not possess ideal properties for analytical or industrial
applications, where control of activity (through modification) and concentration
(through biosynthesis and degradation rate) is irrelevant. The differences in the
requirements for intracellular and analytical or industrial environments have created
new research opportunities for the design of non-natural biomolecules by genetic
modification of their naturally occurring counterparts.

Goals for enzymatic targets of directed protein evolution have been to increase
stability to denaturing agents (temperature, pH, organic solvents), improve solubility
in water-organic solvent mixtures, and increase activity and/or affinity for substrate.
More ambitious projects have also been undertaken to design enzymes with catalytic
activity for new (but usually related) substrates.

Goals for antibody targets are related to improvement of affinity, production of
antibodies with new binding selectivities, and the design of catalytically active anti
bodies. Ribozymes (ribonucleotides with catalytic activity) are also targets for
directed evolution; efforts are underway to obtain ribozymes with new catalytic
activities. Examples of target molecules and their new/improved functions are pre
sented in Table 9.1.

9.2. RATIONAL DESIGN ANDDIRECTED EVOLUTION

Rational protein design (or protein engineering) implies the use of knowledge to
design or improve the characteristics of a biomolecule. Rational protein design is
accomplished by methods such as site-directed mutagenesis and the insertion or
deletion of DNA sequences to yield predictable changes in protein properties. Ratio
nal methods have been used successfully to improve enzymatic stability at high tem
perature and towards other denaturing physical or chemical agents.

Rational methods are based on experimental evidence that the effect of single
amino acid substitutions on protein stability can be well-approximated as additive,
distributed and large independent interactions. Moreover, by comparison of homolo
gous enzymes from thermophilic and non-thermophilic microorganisms, it is known
that introduction of disulfide bridges as well as increased numbers of proline residues
increase protein stability.
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Table 9.1 Examples of Biomolecules Improved by Directed Evolutiona

Biomolecule Altered Function Approach

Subtilisin E (protease)

β-Lactamase (degradation of
antibiotics, i.e. penicillin)
p-Nitrobenzyl esterase

Biphenyl dioxygenases
(degradation of poly
chlorinated biphenyls)

Green florescent protein

Immunoglobulin variable
domain

Lipase

Increased activity ( 170-fold) in
organic solvents (60%
dimethylformamide)

Activity towards a new substrate
(cefotaxime)

Thermostability and activity
increase (14 °C)

Gained activity towards
substrates poorly degraded,
improved activity

40-fold brighter bacterial
colonies

Tolerates loss of structural
disulfide bridge

Increased enantioselectivity in
hydrolysis

Error-prone PCR

DNA shuffling

Error-prone PCR/DNA
shuffling

DNA shuffling of
homologous genes

DNA shuffling

Error-prone PCR

Error-prone PCR

aThe methods used to generate diversity are described later in this chapter.

Rational design methods have been applied to a glucose dehydrogenase enzyme
to improve thermal stability, EDTA tolerance and substrate selectivity.1 Pyrroloqui
noline quinone (PQQ) enzymes are found in Gram-negative bacteria. This family of
enzymes uses PQQ as the prosthetic group. PQQ-glucose dehydrogenase
(PQQGDH) is a monomeric membrane-bound protein with a MW of 87 kDa. An
improved version of this enzyme would have an important application in glucose
sensors; the enzyme commonly used in these devices, glucose oxidase, cannot be
used under anaerobic conditions unless an oxidant is present to perform the function
of O2.

Yoshida et al. used homologous recombination of PQQGDH genes from E. coli
and Acinetobacter calcoaceticus, and previous knowledge to generate several chi
mera proteins. Their goals were to improve the PQQ binding constant (assayed as
EDTA tolerance since a divalent ions is required for holoenzyme formation), to
increase temperature stability and to improve substrate selectivity. Their procedure
is shown schematically in Figure 9.1. Seven genetic variants were produced from
the original E coli gene.

Site-directed mutagenesis was used to substitute the His residue in position 775
to Asn (His775Asn). This mutation improves the substrate specificity but simulta
neously causes a decrease in thermal stability. Some regions of A. calcoaceticus that
are responsible for EDTA resistance and for thermal stability were inserted into the
E. coli gene by homologous recombination.

The chimeric genes obtained were used to transform E. coli cells, with each sin
gle clone expressing one variant of PQQ-glucose dehydrogenase. The enzyme was
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Figure 9.1. Steps followed for the construction (rational design) of an improved PQQGDH enzyme.

isolated and assayed in a buffer containing PQQ to form the holoenzyme, and a col
orimetric indicator. Enzymatic activity was assayed for different substrates, and the
effect of EDTA and thermal stability were investigated. When compared with the
original E. coli enzyme, the thermal stability of the best chimeras was 8 times
greater, and the selectivity towards glucose was improved. EDTA tolerance was as
high as the original enzyme from A. calcoaceticus.

In contrast to rational design methods, where changes in protein properties may
be predicted from sequence changes, random mutation methods have been intro
duced to empirically improve protein properties in the absence of a priori knowledge
of structure-function relationships. Error-prone PCR, for example, can be used to
introduce approximately random mutations in amplified DNA sequences. The pro
tein products of these mutations may then be screened to select successful or
improved variants.2

Directed evolution may exploit both rational design and random mutation meth
ods. Generally, a three-step cycle is reiterated until the desired properties are
observed. In the first step, genetic diversity is generated. The second step involves
the physical or chemical linking of the genotype (nucleic acid) to the phenotype (the
translated protein). In the final step, the successful variants are identified and
selected. An example of a typical directed evolution protocol is shown in Figure 9.2.

The number of iterations of the three-step cycle required to achieve the desired
changes in properties depends on two main factors. First, the so-called “evolutionary



� �

214 Chapter 9 Directed Evolution for the Design of Macromolecular Reagents

Figure 9.2. A simplified directed evolution protocol; on the right an example of each step is shown.

distance” between the initial protein (or gene) and the target molecule in important
because it relates to the total number and identity of required mutations. This param
eter is often difficult to estimate because the extent of potential improvement is gen
erally unknown. The second factor is the extent of genetic diversity generated in the
first step of the cycle; if this value is high, fewer cycles should be required to obtain
the desired properties. Several authors have reported success with as few as 2 3
cycles, causing 3 4 amino acid substitutions in the evolved enzymes.3,4

9.3. GENERATION OF GENETIC DIVERSITY

The generation of a large genetic library (or repertoire) is fairly straightforward by
methods such as error-prone PCR and DNA shuffling as described below. Theoreti
cal studies have modeled the probability, P, that a given ligand/epitope will be recog
nized by at least one antibody in a repertoire, or genetically diverse population of
antibodies. In this model, P depends on the size of the repertoire (Nab) and the
desired threshold value of the dissociation constant Kd (or more specifically pKd). P
is the probability that an antibody will recognize any given epitope with an affinity
of at least Kd.

Nab pKdP 100 1 e (9.1)

This models the relationship between repertoire size and repertoire complete
ness, and shows that at least 108-1010 different antibodies are needed in the repertoire
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if a threshold Kd of 10 8-10 10 is required, depending of the probability selected
(Figure 9.3).3 Therefore, for one initial or starting sequence, the first step in the
directed evolution cycle must be capable of generating 108-1010 nucleic acid
sequences that code for different proteins. This is the library or repertoire size needed
for directed evolution according to this model. However, good results have been
obtained experimentally (mainly with enzymes) using smaller libraries, of about 104

members.5,6

Figure 9.3. Probability of finding at least one antibody than recognizes any given epitope as a function

of repertoire size and threshold Kd value.7 [Reprinted, by permission, from A. D. Griffiths and D. S.
Tawfik, Current Opinion in Biotechnology 2, 2000, 338-353. “Man-Made Enzymes - From Design to In
Vitro Compartmentalization”.  2000 Elsevier Science Ltd.]

Although early work in this area used physical and chemical mutagenesis, there
are two main methods that are now used to generate diversity: error-prone PCR
(polymerase chain reaction) and DNA shuffling. Both techniques require the initial
selection and isolation of the gene or genes of interest. Restriction endonuclease
enzymes can be used to cleave the selected gene/s from chromosomal genetic mate
rial; this is followed by purification and eventually amplification. Often the starting
gene is isolated from the corresponding mRNA, and the enzyme reverse transcrip
tase is used to obtain the corresponding complementary DNA (cDNA).8

9.3.1. Polymerase Chain Reaction and Error-Prone PCR

The polymerase chain reaction (PCR) is normally used to increase the concentration
of a given DNA sequence for analysis. For this primary use, the reagent concentra
tions and other conditions are carefully controlled to avoid the introduction of mis
takes (mutations) during the copying process.

In this reaction, a DNA sequence (template) up to 10,000 bases is used. DNA
polymerase from a thermophilic bacterium is used. For example Taq-polymerase
(from Thermus aquaticus) is used to catalyze the extension of two primers by the
sequential incorporation of complementary nucleotides, as shown in Figure 12.9
(Chapter 12). Taq-polymerase has high thermal stability, retaining activity even after
many heating cycles at 95 °C. Primers are single-stranded, short DNA sequences,
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frequently 15 to 25 bases long, complementary to the two sequences at the 5 ends of
the region of interest in the double-stranded template DNA. In this region the Taq
polymerase begins to copy the template by extending the primers in the 3 -direction,
until the template is totally copied or the process is stopped by a temperature increase
that denatures the DNA. The number of copies obtained is equal to 2n-1, where n is
the number of cycles. Substrate exhaustion normally occurs after 20-30 cycles.

Error-prone PCR uses altered reaction conditions in order to increase the rate of
production of copying errors. Taq-polymerase, when used in vitro, has an intrinsic
error rate of about one noncomplementary nucleotide for every 10,000-100,000
bases (an error rate of one in 104 or 105). In Table 9.2, conditions are described to
increase the rate of mutations, where the error rate is increased by increasing the
concentration of divalent cations (Mg2+ or Mn2+) and using increasingly unbalanced
initial concentrations of nucleotides. Note that the error rate is tuned to between 2 to
15 errors for every 1000 base pairs, an increase of one to three orders of magnitude
over the in vitro Taq-polymerase mutation rate.

Table 9.2 Random Mutagenesis of Gene-sized Fragments Using Error-prone PCRa

Error (%) [dATP] [dCTP] [dGTP] [dTTP] [MnCl2] [MgCl2]

0.2 0.35 0.4 0.20 1.35 0.5 2.50
0.3 0.20 0.2 0.18 1.26 0.5 2.04
0.4 0.22 0.2 0.27 1.86 0.5 2.75
0.5 0.22 0.2 0.34 2.36 0.5 3.32
0.6 0.23 0.2 0.42 2.90 0.5 3.95
0.8 0.23 0.2 0.57 4.00 0.5 5.20
1.0 0.12 0.1 0.36 2.50 0.5 3.28
1.5 0.12 0.1 0.55 3.85 0.5 4.82

aAll the concentrations are in mM. A typical experiment is done with nanograms of template. [dNTP] is
used to calculate the corresponding MgCl2 concentration.9 [Reprinted, by permission, from M. Fromant,
S. Blanquet, and P. Plateau, Analytical Biochemistry 224, 1995, 347-353. “Direct Random Mutagenesis of
Gene-Sized DNA Fragments Using Polymerase Chain Reaction”. Copyright  1995 by Academic Press,
Inc.]

Some protocols generate random DNA mutations, but random mutations do not
introduce a random incorporation of new amino acids in the expressed protein,
which is the target molecule to be improved by directed evolution. During the trans
lation process, every consecutive 3-base sequence (codon) codes for an amino acid
or for a stop codon, where protein translation ends. Leucine and arginine are coded
by 6 different codons, whereas only one codon exists for tryptophan. Most other
amino acids are coded by 2 to 4 codons. The implications of multiple codons for
error-prone PCR are not trivial: random DNA mutations produce a bias in amino
acid changes, where the probability of incorporation is higher for amino acids coded
by several codons, like leucine and arginine. The dNTP concentrations in the starting
PCR mixture can be adjusted to partially compensate for this, for example by reduc
ing the total dGTP+ dCTP concentration.
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9.3.2. DNA Shuffling

In this method of generating genetic diversity, the gene of interest is cleaved with
DNAse I into many short double-stranded fragments (10–50 base pairs) that are then
purified and recombined in a PCR-like process without primers. When the genes are
partially recombined, terminal primers are added and full-length sequences are
amplified. This process is usually used after an error-prone PCR step, where different
mutants of the gene are generated. Alternatively, the conditions of DNA shuffling
can be adjusted to introduce mutations, and to avoid regeneration of the original
sequence.10 Using a powerful derivative technique called “family shuffling”, homol
ogous genes pooled from different organisms are recombined. Figure 9.4 shows a
comparison of DNA shuffling and family shuffling.

Figure 9.4. Comparison of DNA shuffling (a) and family shuffling (b). White and black dots represent

advantageous and deleterious mutations, respectively.

Family shuffling uses genes than have evolved in different microbial species
from a common ancestral protein, therefore possessing sequences with a high degree
of identity. This is a requirement for the process; more than 50% sequence identity is
needed. Proteolytic enzymes like subtilisin have been shuffled, using a large family
of 26 subtilisin sequences, and improved chimeras have been obtained, with propert
ies that significantly outperform the best parental variant.11 New methods that mimic
sexual recombination have also been proposed, and some of these have been
reviewed recently.12

9.4. LINKING GENOTYPE AND PHENOTYPE

Directed evolution methods to design new or improved biomolecules are possible
because individual nucleic acid molecules can be bound to their translated protein
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product. This kind of linkage, between genotype and phenotype, allows the exami
nation of protein properties, selection of the best phenotypes, and exploitation of the
attached nucleic acid through sequencing or reverse transcription/cloning for large
scale genotype-phenotype production. Genotype-phenotype linkages may occur by
compartimentalization or may be strong, noncovalent interactions or covalent bonds.
The strategies that have been developed to generate the linkage are either cell depen
dent (in vivo) or cell free (in vitro) display.

In vitro methods have the advantage that the size of the library to be screened
can be as large as 1012 1013, whereas the size achievable using expression into cells
(in vivo methods) have between 108 1010 different DNA members. Proteins that
interfere or are detrimental to metabolic cell processes (toxins, inhibitors of protein
synthesis) cannot be selected using in vivo methods.13

In vivo methods for creating genotype-phenotype linkages are well-established
and exploit the cellular machinery necessary to process some proteins. Cell surface
display of proteins coupled with fast cell-sorting systems can increase the size of the
library that can be displayed and selected or screened.

9.4.1. Cell Expression and Cell Surface Display (In vivo)

In this method, evolved genes are incorporated into a bacterial plasmid using stan
dard molecular biology techniques. Plasmids containing different evolved genes are
used to transform different bacterial cells; the plasmid is incorporated into the bacte
rial cytoplasm and its genetic code is translated into proteins. Cells are plated on
agar, and single colonies (resulting from single cells) are isolated and replated. Each
colony produces only one genetic (evolved) variant. The protein is expressed with
out a direct linkage (bond) with the plasmid, and may be secreted or remain in the
cytoplasm, as shown in Figure 9.5. The number of clones that can be screened using
plates or liquid multiwell assays is usually limited to 105 clones.

To overcome the limited number of clones that can be screened using cell
expression methods, cell surface display techniques have been developed, in which
multiple copies of the evolved protein are displayed on the cell surface, allowing
rapid identification and selection. Display methods generally produce a physical con
nection between gene and protein product, allowing the use of selection processes
rather than screening.14 With cell-surface display, the protein product is physically
attached to the cell containing its genetic code.

9.4.2. Phage Display (In vivo)

Phage display begins with the ligation of each member of the genetic library to a
section of viral DNA that codes for one of the coat proteins of the virus. The most
commonly used virus is the filamentous M13 phage, a common lab strain, and the
coat protein is the gene III protein, (gIIIp). The population of viruses is used to infect
a bacterial culture; the resultant daughter phages display the evolved proteins and
contain the genetic code responsible for their displayed phenotypic variants.
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Figure 9.5. In vivo methods allow connection between phenotype and genotype using cellular

machinery. Synthesized proteins remain in the cytoplasm (or are secreted) in the in the non-display
method. Cell surface display is a more recently introduced technique that uses special plasmids in order to
produce proteins capable of transport into and retention by the cell membrane.

A variation of this method involves the construction of a plasmid containing the
evolved variant DNA linked to gIIIp DNA. The plasmid is introduced to E. coli,
which are cultured before M13 phage is added to the culture. This infection is neces
sary to allow the production of all the phage proteins, and therefore the production of
phages in the bacterial cell occurs at the expense of the host cellular machinery.
When phages are assembled in the bacterial cell, the viral capsids display the
evolved proteins on their surfaces and at the same time contain the corresponding
gene, as shown in Figure 9.6. Phage display is often used when molecular affinity
molecules (e.g. antibodies) are being selected. An excellent description of this dis
play system has been written by Johnsson and Ge.15

9.4.3. Ribosome Display (In vitro)

Ribosome display uses the unmodified DNA library, which is transcribed and trans
lated in vitro. The link occurs between the evolved protein and mRNA, and is
achieved by stalling the translating ribosome at the end of the mRNA, which lacks a
stop codon. Without a stop codon, the protein is not released by the ribosome, and
the complex formed by the mRNA, protein (usually correctly folded) and ribosome
is used directly for selection against an immobilized target. This method is shown
schematically in Figure 9.7(a).
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Figure 9.6. Phage display method. When the phages are extruded, binding to immobilized ligands can
be used to select evolved variants.

Later the selected mRNA complexes are separated from the immobilized target,
and are dissociated with EDTA. Using reverse transcription PCR, the corresponding
DNA is synthesized using the purified mRNA as the template.16

9.4.4. mRNA-Peptide Fusion (In vitro)

Also called mRNA display, this method was derived from ribosome display technol
ogy. Puromycin-tagged mRNA and several additional steps must be used to achieve
covalent coupling between the protein product and its mRNA, as shown in
Figure 9.7(b). Puromycin, which mimics aminoacyl-tRNA, can be attached cova
lently to mRNA by the ribosomal machinery.

9.4.5. Microcompartmentalization (In vitro)

In this two-phase technique, the DNA library, together with enzymes, cofactors and
monomers needed for the transcription and translation processes are encapsulated in
a water-oil emulsion. Each aqueous compartment has a size at or below that of a
bacterial cell (2.6 μm diameter), and contain, on average, a single genetic variant.
Advantages of this method when compared with cell expression methods include a
higher number of useful compartments per mL of solution, and a fully controllable
expression system.17 One disadvantage is the lack of a direct genotype-phenotype
linkage, which would be problematic if conditions favored coalescence of
microcompartments.
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Figure 9.7. Ribosome display is used to display binding molecules; the non-covalent complex

(ribosomes, protein and mRNA) is stabilized by changing the medium composition and lowering the
temperature (a). In mRNA-peptide fusion the link between genotype (mRNA) and phenotype (protein) is
covalent (b).

9.5. IDENTIFICATION AND SELECTION OF SUCCESSFUL
VARIANTS

Screening is usually defined as the identification of variants with the desired propert
ies, whereas selection is the enrichment of desired variants in a new, smaller molecu
lar library. Screening is limited in practice to 105 107 sequences, since it requires
the assay of each variant, whereas selection (for example “panning” using immobi
lized ligands) may be used on much larger libraries for enrichment.

Screening commonly relies on the detection of an optical change, such as an
absorbance or luminescence increase, via activation of a reporter gene, such as the
β-galactosidase or luciferase gene. In eukaryotic cells, the so-called “two hybrid”18

system has been described; it is used to screen and select for protein-protein interac
tions. In the two-hybrid system, transcription of a reporter gene is activated through
the interaction of two proteins, which reconstitute a transcription factor composed of
DNA-binding and -activation domains; commonly used reporters genes are LEU2 or
HIS3 from yeast. When protein-protein interaction occurs, transcription is activated,
conferring to the cell the capacity to grow on minimal media (without leucine or
histidine), allowing selection. Some high-throughput techniques are based on cell
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culture in low volume, high-density microtiter plates (6144 wells with volumes of
1 2 μL or less).19

Selection is based upon the functional properties of the evolved protein (pheno
type). Binding to antigen immobilized in the wells of a microtiter plate or on the
surfaces of magnetic beads are frequently-used approaches. Flow cytometry sorting
systems, some of which can sort up to 108 cells per hour, represent a promising new
class of selection technique.

9.5.1. Identification of Successful Variants Based on
Binding Properties

Gene libraries can be enriched for successful variants using a technique called “pan
ning”, in which a ligand bound to the surface of a support material is exposed to the
product mixture, containing linked phenotype-genotype species. The ligand may be
bound to the surfaces of microtiter plate wells, magnetic beads, membranes or chro
matographic stationary phase materials. In principle, successful variants bind to the
solid-supported ligand, while unsuccessful variants are readily removed during a
rinsing step.

In practice, panning methods can also select for undesirable properties. One
problem with the use of immobilized ligands is that the immobilization process may
alter their structure and binding properties. Moreover, nonspecific binding can occur,
such as adsorption to the support material. Both of these problems lead to selection
of undesired properties.

One approach that can overcome immobilization-related problems involves the
use of antigen (or ligand) covalently bound to biotin (Ag-B). Ag-B is added to
the solution at the desired concentration to allow solution-phase binding, so that the
selection process is based mainly on the differential affinity of each antibody or other
binding molecule. The mixture is then added to strepavidin-coated beads or wells,
where the formation of the biotin-strepavidin non-covalent complex allows the selec
tion of high affinity antigen-binding molecules.

Enzymes have been successfully enriched from libraries by selecting variants
that bind to transition state analogs, or by covalent trapping with surface bound sui
cide inhibitors,20 but this approach does not usually select the most active enzymatic
variants.

9.5.2. Identification of Successful Variants Based on
Catalytic Activity

When improved catalytic activity is the goal of the directed evolution process every
variant is often screened following spatial distribution (e.g. single bacterial colonies
in microtiter wells), and this generally involves the measurement of an optical
change in each well. This allows the screening of 102-106 variants, and is a reliable
but labor-intensive method.
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One selection strategy for enrichment of catalytic activity is based on the mea
surement of single-turnover activity.21 Catalytic antibodies capable of hydrolyzing
glycosidic bonds have been studied using this procedure, as shown in Figure 9.8.

Figure 9.8. Selection for improved catalytic activity using single-turnover activity. Phage mixture
contains many variants, and each fusion phage carries the DNA coding for its evolved protein that is
attached to its coat protein.21 [Reprinted, with permission, from K. D. Janda, Lee-C. Lo, Chih-H. Lo, Mui-

M Sim, R. Wang, Chi-H. Wong and R. Lerner, Science 275, February 1997, 945-948. “Chemical
Selection for Catalysis in Combinatorial Antibody Libraries”. Copyright  1997 by AAAS.]

In this example, reaction of the glycosidic bond with the evolved catalytic anti
bodies, expressed by phage display, results in the production of a highly reactive
quinone methide species at or near the active site. Reaction with any nearby nucleo
phile (e.g. an amine group on the protein) results in covalent immobilization of the
phage-displayed catalytic antibody. The immobilization allows separation of suc
cessful from unsuccessful variants by washing with buffer, removing non-covalently
bound phage.

A second example involves different evolved subtiligases. Subtilisins are pro
teolytic enzymes; subtiligases are mutants that catalyzes the ligation of peptides.
Evolved variants of subtiligase that ligate a biotinylated peptide onto their own
extended N termini were selectively captured, as shown in Figure 9.9. The reaction
of the biotin-labelled peptide substrate with the evolved enzyme variant results in a
covalent link between the peptide and enzyme. The biotin label allows separation
of successful from unsuccessful variants via neutravidin coated microtiter plate
wells.22

With single-turnover selection processes, only a single catalytic event is neces
sary for selection; therefore, the selected variants are not necessarily improved
catalysts.
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Figure 9.9. Selection for improved catalytic activity using single-turnover activity. Phage mixture
contains many variants, and each fusion phage carries the DNA coding for its evolved protein that is
attached to its coat protein.

9.6. EXAMPLES OF DIRECTED EVOLUTION
EXPERIMENTS

9.6.1. Directed Evolution of Galactose Oxidase

Galactose oxidase (EC 1.1.3.9, GAO) from the fungus Fusarium sp. was used as a
starting gene for directed evolution. GAO has a molecular weight of 68 kDa, and is a
monomeric glycoprotein with 1.7% carbohydrate, formed by 639 amino acid resi
dues. It catalyzes the following reaction:

1° alcohol aldehyde; (9.2)O2 H2O2

where the alcohol can be glycerol, allyl alcohol, D-galactose, galactopyranosides,
oligosaccharides and polysaccharides. This enzyme has been used in biosensors to
measure D-galactose and lactose in blood samples, dairy samples and in fermentation
process control. The goals of the directed evolution experiment were to increase sta
bility and activity towards non-natural substrates.

In the first step, the GAO gene was isolated from Fusarium sp., and fused to a
strong promoter (lacZ). When the promoter is induced, transcription by RNA poly
merase begins, and both mRNA and GAO are produced.

Error-prone PCR was used to generate genetic diversity, at a 2 3 base substitu
tion rate per gene. Mutated genes were cloned into a vector (plasmid pUC18), and
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used to transform E. coli cells by electroporation. Transformed cells were plated on
agar, and single colonies were picked off. These were transferred to a duplicate plate,
grown 12 h in the presence of IPTG to induce the lacZ promoter, and GAO was then
produced. The cells were then centrifuged, washed and lysed. Galactose oxidase
activity was measured for each variant culture product before and after 10 minutes at
different temperatures (55 70 °C) to determine stability.

Selected improved variants were later recombined using a method similar to
DNA shuffling. Three or four rounds of mutation allowed the selection of a mutant
enzyme with 15-fold higher activity, and approximately 5 °C increase in stability.
Substrate selectivity was unchanged with respect to the wild-type enzyme from
Fusarium.23 This is one example of the many possible applications of directed
evolution for the generation of new bioassay reagents with new or improved
characteristics.

9.6.2. α-Hemolysin Evolution

The bacterium Staphylococcus aureus secretes α-hemolysin (AH) protein monomers
that can bind to the outer membrane of susceptible cells. Upon binding, the mono
mers self assemble into an oligomeric structure, to form a water-filled trans
membrane channel. The assembled proteins have a mushroom-like shape, with a
channel of approximately 2.6 nm in their narrowest part.

The formed channel facilitates uncontrolled permeation of water, ions, and small
organic molecules, which damage the affected cell, leading eventually to osmotic
swelling and death. This seven-subunit protein is synthesized by S. aureus as a way
to eliminate competition for the scarce resources available in nature. From a techno
logical point of view, the ability to reproducibly create water channels in membranes
could be very important for the improvement of selectivity for biosensors or other
bioanalytical systems. Moreover, if the channel forming protein is modified, a given
analyte could start the channel formation process, and the changes in permeability,
ion conductivity, or impedance could be used as the analytical signal. Evolved pores
can have some advantages as sensing elements, given that single-channel recordings
can behave as a very simple and miniaturized biosensor.

In this example, an in vitro method, available for use with membrane proteins, is
presented. It is called liposome display, that has been used to evolve the properties of
membrane proteins.24 The method begins with the preparation of a randomly
mutated gene library of wild type AH, which was then used for in vitro protein syn
thesis inside liposomes. The DNA molecules encoding for different AH were encap
sulated in liposomes, with an average of one molecule per liposome.

The protein synthesis step was done using a commercially available rapid
method for gene expression analysis; this allowed a one-step reaction to complete
the transcription and translation processes for a given DNA fragment. The resulting
AH proteins were incorporated into the liposome membranes, creating pores accord
ing to the pore-forming abilities of the generated proteins. The liposomes were then
exposed to a fluorescent dye. Influx of the dye into any individual liposome depends
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on the number of pores formed by the AH protein, and establishes the genotype-
phenotype linkage that is required for all directed evolution methods. Fluorescence-
activated cell sorting (FACS) allowed not only the identification of the liposomes
with strong fluorescence, but also the recovery of all AH genes that showed higher
activity. These were amplified and brought to the next round of evolution. After
20 rounds of mutation and selection, the authors obtained an α-hemolysin mutant
that exhibited a 30-fold increase in pore-forming ability compared to the wild type,
with only two point mutations. Given the ability to modify protein synthesis and
functional screening conditions, this method may allow the rapid and efficient evolu
tion of a wide range of membrane proteins.
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PROBLEMS

1. Is the following statement true or false? Why? “Biological evolution has optimized the
fitness of life over the last 4 billon years; therefore, there are no further possibilities for
improvement of an enzyme’s performance”.

2. What is the main criterion used to decide between a directed evolution or a rational design
protocol? Propose other criteria that could be used to support a decision.

3. When error-prone PCR is used to generate diversity, the error rate is usually tuned to
between 2 to 15 errors for every 1000 base pairs. What would be the result of an error-
prone PCR experiment if the error rate were tuned to 2 errors for every 25,000 base pairs?
What if it is tuned to 2 errors for every 10 base pairs?

4. Why are PCR procedures limited to 20 30 cycles? Complete the following table
(Table 9.3) to check your answer. 5 ng of template (cDNA) are used, with MW= 448,500.
Assume that the entire template is copied in each cycle.

Table 9.3

Number Number of DNA Copies DNA
of Cycles (For each template molecule) Mass (g)

5
15
30
60
500

5. Researchers have used directed evolution methods to produce a single-chain antibody frag
ment, called scFv, that binds a 12-amino-acid peptide with an association constant of about
1012 M 1. The scFv fragment is about 150 amino acids in length. The dodecapaptide is
available in free form and also in a biotinylated form (the free form is the analyte).

(a) Describe the three general steps used in directed evolution experiments, and give one
specific example of each step.
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(b) The 12-amino-acid peptide that the scFv binds with is bioactive, and researchers want
to measure its levels in human plasma. Describe the steps in a competitive immuno
assay for the peptide that uses scFv and the biotinylated peptide as reagents. Justify
your choice of label. Indicate whether the assay is homogeneous or heterogeneous,
and sketch the calibration curve that would be expected.

(c) Give the names and brief descriptions of three important experiments that should be
done to validate the new immunoassay.



Chapter 10

Image-Based Bioanalysis

10.1. INTRODUCTION

The examination of magnified images of biological samples has a rich and storied
history. Some claim that this area of science began with Galileo Galilei in about
1600 CE, due to his invention of the telescope for the observation of the movements
of celestial bodies. However, microscopy is more commonly assigned a beginning
with the introduction of the compound light microscope around the end of that cen
tury by Cristiaan Huygens. Antoine van Leeuwenhoek began to apply microscopy to
biological samples around the same time.

Early microscopic studies exclusively involved light microscopy and visual
observation of magnified images. Sketches of images were recorded as raw data.
The introduction of stains and dyes, as well as sample illumination options, intro
duced new possibilities for obtaining contrast and highlighting components of bio
logical specimens.

More recently, microscopic methods have expanded considerably to include
many invisible “illumination” methods, including electron beams, force probes and
redox reactions. As with light microscopy, most of this work is dedicated to studies
of structure and morphology of sample components and even individual molecules.
Rapid image-capture and processing technologies even allow reactions between
macromolecular species to be imaged almost continuously using so-called “4D”

techniques, for which rapid acquisition of 3D images provides an additional time
dimension.

While much microscopy work remains descriptive and goals tend toward under
standing structure/function relationships, there have been many developments aimed
at the identification of pathogens, the search for known nucleic acid sequences, and
the search for differential protein expression levels. In this Chapter, we limit our
scope to these qualitative and semi-quantitative types of image-based bioanalysis.

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
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10.2. MAGNIFICATION AND RESOLUTION

Microscopic images are often reported with a magnification. For compound light
microscopes, the total magnification is the product of the magnifications of the
objective lens and the eyepiece lens, for example 100x and 10x respectively, giving
a total magnification of 1000x. A very good optical microscope can do 1500x. But
these numbers say nothing about the quality of the image, and the ability of the
device to allow visual resolution of two closely-spaced objects.

Resolution is a measurable parameter that is used to better define the spatial
separation of objects in an image. Resolution, R, is the smallest resolvable distance
between two objects. For a light microscope, R depends on the numerical aperture,
NA, according to Equation 10.1:

NA n sin μ ; (10.1)

Where n is the refractive index of the medium between the objective lens and
the cover slip of the sample (for air n= 1.0, and for immersion oil, n= 1.51), and μ
is half the angle of the angular aperture (the angle between the vertical normal and
the sample spot-to-outside edge of the objective lens aperture).

From the numerical aperture (Eq. 10.1), resolution is readily calculated for light
microscopes that have equal NA values for both the objective lens and the condens
ing (illuminating) optics beneath the sample stage, as given in Equation 10.2:

R 0:61 λ=NA : (10.2)

Examination of Equations 10.1 and 10.2 lead to experimental parameters that
could be adjusted to maximize resolution. While μ can be varied, in principle,
between zero and ninety degrees, a practical limit lies around forty five. Oil immer
sion objective lenses allow n= 1.51. This defines the value of the numerical aperture.
The only other parameter is wavelength of illumination, and even from visible light
studies, it is well known that short wavelength (violet) visible light produces better
resolution than long wavelength (red) light.

However, this fundamental understanding of the limits of microscopy resolution
occurred before the digital era. Images and data processing were of an analog nature.
The introduction of digitization, with CCD (charge-coupled device) and similar
types of cameras for the recording of images, whether visible or of other illumination
origins, introduced “pixellation,” which is a form of digitization error. Without digi
tization, a good optical microscope can produce a resolution of about 200 nm,
depending, of course, on the illumination wavelength.

Pixels on a CCD camera have finite dimensions, and these dimensions limit the
resolution of the image ultimately received for processing by a computer. Each pixel
may have a binary function (on/off) or may allow capture of an entire UV-Vis spec
trum of that portion of the image detected by the pixel. Microscopes are now defined
not only by their fundamental optics, but also by the qualities of their cameras and
data processing systems. A recent review article highlighting advances that involve
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“blinking fluorescent probes” that allow the diffraction barrier to be broken, in so-
called super-resolution microscopy, may be of interest to the reader.1 Another active
research area, called correlative light and electron microscopy, combines images
acquired from both fluorescence and electron microscopy techniques on the same
sample, to provide enhanced super-resolution images.2

10.3. OPTICALMICROSCOPY

10.3.1. The Compound Light Microscope

The basic components of the compound light microscope are shown in Figure 10.1(a).
A white light source is located below the sample stage. Samples on microscope slides
are moved using micromanipulators. Objective lenses, usually with three different
magnifications, are located above the stage on a rotatable turret mount. The eyepiece
unit contains additional magnification and usually allows the attachment of a camera
for image capture and viewing on a computer monitor. Coarse and fine adjustments of
the height of the lens/viewing structure above the sample are used to focus the image.
Sample illumination modes include untreated white light for bright field microscopy,
polarized white light, phase contrast (interference) and colored (filtered) light, and can
be adjusted to maximize contrast.

Fluorescence microscopes typically employ illumination from above the sample
stage. Since fluorescence emission occurs at wavelengths longer than excitation, fil
ters and dichroic mirrors can be used to isolate emitted light from the more intense
excitation light. A fluorescence filter cube or filter block [see Figure 10.1(b],
includes the excitation filter, the emission filter, and the dichroic mirror (beamsplit
ter). Xenon arc lamps, mercury vapor lamps or lasers are used to generate the excita
tion beam. The dichroic mirror is chosen to reflect the shorter excitation wavelength
and transmit the longer wavelength emitted light.

10.3.2. The Confocal Microscope

Confocal microscopy allows the reconstruction of three-dimensional fluorescence
images of samples due to its rejection of out-of-focus light through the addition of a
spatial pinhole at the confocal plane of the lens.

They are basically sophisticated fluorescence microscopes, which allow precise
mechanical or optical sample scanning in the x/y/z planes. Specific software allows
the reconstruction of the images from the obtained data. By combining the data
obtained with different dyes and the corresponding filter cubes, colorful images,
revealing fine structural and biochemical information can be obtained. Figure 10.2
shows the optical peculiarities of this type of microscope, with respect to the epi
fluorescence microscope shown in Figure 10.1(b).

The pinhole is located in an optically conjugate plane in front of the detector, so
that only fluorescence produced very close to the focal plane is detected. High reso
lution, particularly in the sample depth direction, is achieved at the expense of signal
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Figure 10.1. Components of compound microscopes for (a) visible and (b) epifluorescence microscopy.

intensity, since much of the light is blocked by the pinhole; because of this, long
exposure times may be needed, and typically lasers are used as light sources. Unlike
epifluorescence microscopy, confocal microscopy uses point illumination and detec
tion, so spatial scanning is required for image collection.

10.3.3. Sample Preparation

Preparation of specimens for light microscopy typically begins with fixation to pre
vent degradation of the sample by naturally-occurring enzymes that are released by
cells upon death. Once fixed, samples are generally embedded in a medium such as
paraffin wax or a plastic, to allow the preparation of thin slices, or sections, using a



10.3 Optical Microscopy 233

Figure 10.2. Optical components of a typical confocal microscope.

microtome. The thickness of such sections may be as small as a few micrometers or
as large as a few millimeters. These sections are then mounted on glass slides prior to
staining.

10.3.4. General and Selective Stains

While considerable information about morphology and sample homogeneity may be
achieved by simple bright field optical microscopy, staining methods are extremely
common and useful for the visualization of certain structures and components of
samples. A widely-used stain combination involves hematoxylin and eosin. Hema
toxylin is positively-charged and stains nucleic acids purple or dark blue, while eosin
is negatively charged and stains many proteins pink. The Gram stain (named after
the Danish bacteriologist H. C. Gram), consists of either crystal violet or methylene
blue in combination with iodine. It is widely used in microbiology to distinguish
gram-positive from gram-negative bacteria due to their different cell walls; micro
organisms that retain the dye-iodine complex after treatment with a decolorizing sol
vent, typically a mixture of ethanol and acetone, appear purple-brown and are
classified gram-positive. Safranin is often used as a counterstain, resulting in pink
gram-negative cells.

Different parts of cell structures may be visualized using appropriate dyes.
These include flagella, granules, capsules and spores. Much more selective staining
may be achieved using fluorescently-labeled antibodies or antibody fragments that
are categorized as immunohistology or immunohistochemistry stains. The interested
reader is referred to Bancroft’s histology text (see Suggested Reading). Recent
developments have included the dynamic tracking of nanoparticle movements in
live cells, using fluorescence microscopy.3
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10.3.5. Fluorescence In situ Hybridization

Many general nuclear stains, such as hematoxylin or ethidium bromide, allow visual
ization of cell nuclei through their binding interactions with DNA. However, these
stains are not selective, and very often samples must be examined for particular
sequences of DNA (or RNA). The fluorescence in situ hybridization (FISH) method
allows sequence-selective nucleic acid visualization, and has been used in both diag
nostic and research applications.

A DNA probe, which is a relatively short, single-stranded sequence of DNA, is
covalently labeled with an easily-detectable fluorescent species. The probe sequence
is chosen to be complementary to the sequence of interest in the sample. Following
hybridization and destaining, the presence of the fluorophore in the sample indicates
the presence of the sequence of interest. A recent review highlights applications of
FISH methods to the identification and functional analysis of microbes.4

10.3.6. Green Fluorescent Protein and its Analogues

Molecular biologists are now able to insert genes for fluorescent proteins into natural
or cloned DNA sequences so that, once expressed, the protein of interest has a fluo
rescent label. Many reports involve the use of green fluorescent protein (GFP),
which was the first of this class to be applied to protein expression studies.

There is now a wide range of fluorescent proteins with known genetic
sequences. This in vivo labeling technology allows localization, and in some cases
quantitation, of protein expression in living cells. Fluorescent proteins are now avail
able that span virtually the entire UV-visible spectrum, allowing simultaneous multi-
protein detection. These proteins, and their applications in live cell microscopy, have
been reviewed recently.5

10.4. ELECTRONMICROSCOPY

10.4.1. Principles and Instrumentation

In electron microscopy, a beam of electrons is used, instead of light, to illuminate the
sample. This implies significant differences in optics and detection strategies, but
many of the principles are similar to optical microscopy. Electron microscopy mag
nifications up to 10 million (107 x) have been reported.

Figure 10.3 shows a schematic of typical electron optics. The electron beam is
generated by an electron gun with a tungsten filament cathode, and is accelerated
through the sample toward an anode that typically produces a beam energy of
40-400 keV. The beam is transmitted downward from above the sample stage and is
focused by electrostatic and electromagnetic lenses. Appropriately prepared samples
either transmit or scatter electrons from the beam, and must be pretreated to make
them conductive. Measurements are made in a vacuum environment. The intensity
of the transmitted beam is magnified by an objective lens system prior to detection.
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Figure 10.3. Principles of electron microscopy. In the SEM microscope, as depicted, scanning coils
deflect the beam of electrons, allowing the inspection of the sample.

The intensity of transmitted electrons was originally recorded using photo
graphic film (and this is still preferred for recording images at very high resolution).
Commercial equipment typically uses a CCD camera as a detector, mainly in an
indirect mode, to capture the luminescence image produced by the impact of elec
trons on a phosphor screen, which is then processed in a computer workstation.

Different image collection modes are possible and are instrument-dependent.
Transmitted, diffracted, backscattered or secondary electron imaging modes may be
used. Advances in instrumentation have also allowed the collection of images from
untreated specimens in their native state by environmental electron microscopy.

10.4.2. Sample Preparation

Very thin sections of samples are needed for electron microscopy, typically about
100 nm thick. Biological specimens must be fixed (often glutaraldehyde or formalde
hyde for proteins, osmium tetroxide for lipids), then embedded in a polymeric resin
that produces a plastic. A recently studied alternative is cryofixation, involving the
flash-freezing of samples prior to slicing, to at least liquid nitrogen temperatures, to
preserve their solution states. Following sectioning (slicing) with an ultramicrotome,
samples are placed onto 3 mm diameter copper grids.

Nonselective staining involves solutions of heavy metal compounds, such as
lead, uranium or tungsten, that are able to scatter electrons. A typical staining proce
dure involves an initial aqueous or alcohol solution of uranyl acetate followed by
aqueous lead citrate exposure.

Selective staining methods may employ antibodies, and this area is called
immunogold labeling. The specimen is initially incubated in a solution containing a
primary antibody, to recognize the structures of interest. Following a rinse, a solution
containing gold nanoparticle-labeled second antibody (or protein A or protein G) is
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added. The second antibody (or protein) binds to the primary antibody to selectively
label the regions of interest with gold nanoparticles. Nanoparticle preparations with
different average sizes may be used with different antibodies to recognize different
components of the same specimen. A silver enhancement step, to coat the nanopar
ticles, is sometimes used to improve image quality.6

Certain components of biological specimens are very difficult to fix and stain
prior to imaging. A recent review of sample preparation and staining methods for
cell wall lipids, which are very mobile and have presented challenges for electron
microscopy, is available.7

10.4.3. Transmission ElectronMicroscopy (TEM)

The key components of the TEM include a multiply-staged vacuum system, an elec
tron emission source (such as a tungsten filament), a series of electromagnetic lenses
and electrostatic lenses to focus the electron beam, a sample stage that allows inser
tion/removal/manipulation of the specimen, and an imaging device that may collect
transmitted or diffracted electrons from the opposite side of the stage. Instrument-
dependent proprietary lensing systems allow corrections for spherical and/or chro
matic aberrations, to improve resolving power. Three-dimensional imaging is possi
ble by the rotation of the specimen angle along an axis perpendicular to the electron
beam, using software that allows image reconstruction after initial data acquisition.

Scanning transmission electron microscopy (STEM) is a variant of TEM in
which the electron beam is narrowly focused and the specimen is scanned in a ras
ter-like manner. Transmitted and/or diffracted electrons are detected from the oppo
site side of the specimen.

Some advances have occurred in TEM toward the use of lower doses of reactive
electrons, to minimize damage to the fine structures of specimens. Low-voltage elec
tron microscopy (LVEM) methods may be of considerable utility for biological spec
imens. The text by Williams and Carter (see Suggested Reading) introduces this
topic.

10.4.4. Scanning ElectronMicroscopy (SEM)

In contrast to TEM methods, where detection of transmitted or diffracted electrons
occurs on the opposite side of the specimen, SEM methods usually detect secondary
electrons on the same side of the specimen that the electron beam targets. These sec
ondary electrons are inelastically scattered by elements of the specimen following
collisions of the beam electrons with these specimen components. Back-scattered
electrons (elastically scattered) and atomically characteristic emitted X-rays may
also be detected (see Fig. 10.3). Images contain information not only about specimen
topography, but also allow specimen composition to be studied, from the properties
of the emitted electrons and X-rays. Basic SEM instruments detect secondary elec
trons. Samples must be tilted with respect to the incident electron beam to avoid
reabsorption of emissions by the specimen. As with TEM, biological specimens are
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typically coated with a conducting material (gold, palladium/gold alloy or metallic
stains) and grounded. Some recent advances with low-voltage SEM have allowed
imaging without the need for metallic coatings, but signal magnitudes remain rela
tively small for low atomic number atoms.

10.5. SCANNING TUNNELINGMICROSCOPY

10.5.1. Principles and Instrumentation

The tunneling phenomenon involves the movement of electrons between a conduct
ing specimen and an atomically sharp wire tip that is positioned very close to the
specimen surface. The barrier produced by the intervening medium (gas or liquid)
should prevent electrons from jumping the gap. However, according to quantum
mechanics, the electron is both a particle and a wave; according to the wave nature
of electrons, the tunneling phenomenon is not only possible, but is also measurable
as a current that is very dependent on the tip-surface distance. As the tip is scanned in
a raster fashion over the surface, the tip-surface distance is adjusted, using piezo
electric nanomanipulators, to maintain a constant tunneling current. Data from the
manipulation system are used to construct images of surface topography. The sample
must conduct electricity, or must be pretreated by metal deposition. Atomic resolu
tion (0.2 nm) is possible with STM, using an atomically sharp tip that ends with a
single atom.

10.5.2. Biological Applications

Due to the need for conducting specimens, most early applications of STM involved
samples that were inherently conducting, such as electronic components and metals/
alloys. An interesting advance occurred in 1994, however, when it was demonstrated
that a very thin layer of adsorbed water, from humid air, allowed sufficient conduc
tivity for STM imaging of untreated biological samples on a metal-coated mica sub
strate.8 STM has been applied (mostly with metal specimen coatings or metallic
staining) to a variety of biological specimens, and has also been used for the imaging
and manipulation of untreated membranes.9 Most reports concern specimen mor
phology and structure/function relationships.

10.6. ATOMIC FORCEMICROSCOPY (AFM)

10.6.1. Cantilevers and Operational Modes

Like other forms of microscopy, whether visible or invisible, AFM methods were
introduced, and are still used, to image specimen topography and morphology. An
atomically sharp metal tip, fixed at the end of the cantilever, is precisely moved in a
raster motion slightly above the specimen. The movement of the cantilever, as it
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follows the topography of the specimen, is detected using a small array of photodi
odes that measure the position of a reflected beam of light that is incident on the back
(top) of the cantilever. With AFM, the conductivity of the specimen is not important,
and images can be obtained with air or even a buffered aqueous solution separating
the tip from the specimen. Figure 10.4 shows the basics of this technique.

Figure 10.4. Working principle of an atomic force microscope.

Images may be collected using different operational modes: contact, non-con
tact, intermittent contact, phase imaging and by force-mode measurements. With
contact mode, the tip is constantly in contact with the surface and cantilever deflec
tion is maintained constant using a feedback loop that adjusts the vertical (z) position
of the tip. This mode is not often used for biological samples because the shear
forces generated by scraping the tip over the surface of the specimen causes damage
and artifacts. Recently very soft cantilevers have been introduced to allow contact
mode measurements on soft specimens, and applications in biology may increase. In
the non-contact mode, an ac signal controls the amplitude and frequency of oscilla
tion of the cantilever above the specimen without making tip contact. Specimens
must be completely dry. Interactions between the specimen surface and the tip by
attractive or repulsive forces affect the frequency and phase shift of the tip oscilla
tion, and a feedback loop allows control and measurement. In non-contact mode,
interactions between tip and sample are small, and while good vertical resolution
can be achieved, lateral resolution tends to be poor.

For biological samples, by far the most widely used AFM mode is intermittent
contact with simultaneous phase imaging. Also called “tapping mode,” the tip height
as well as its oscillation amplitude and frequency are controlled so that the tip con
tacts the specimen surface once per oscillation cycle. These intermittent interactions
with the sample cause damping of the oscillation amplitude as well as changes to its
frequency and phase with respect to the input signal. A feedback loop controls these
parameters and signals sent to the feedback loop allow image construction as the
oscillating cantilever is scanned over the specimen. Height (topography) and phase
images that indicate stiffness, viscosity and adhesion, collected simultaneously, pro
vide complementary information about specimen structure and composition. Both
vertical and lateral resolution are very good for these imaging modes. Shear forces
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are very small in comparison with contact mode AFM, and imaging is possible for
specimens in liquids such as aqueous buffers.

Force-mode measurements have received more attention recently due to advan
ces in methods and instrumentation. Force-distance curves are measured at defined
spots on a lateral grid by moving the cantilever tip from a distance at which no inter
action occurs to specimen contact, and then reversing the direction of movement.
During the approach and retreat of the tip, chemical and mechanical forces cause
deflections. With suitably modified cantilever tips, even the bonding forces between
molecules (one in the specimen, the other attached to the tip) can be measured. Data
from multiple force-distance measurements, at defined spots on the specimen, can be
compiled into so-called “force-volume maps” that represent local mechanical proper
ties of that region of the specimen. For quantitative measurements, calibrations of the
deflection measurement optics as well as the vertical position of the scanner are criti
cal, and measurement of the force constant of the individual cantilever is required to
convert deflection signals into force values.

10.6.2. Samples and Substrates

Biological samples are generally dispersed and attached to a substrate material prior
to imaging. The substrate must be flatter than the particles or molecules to be
imaged, and several options are available. These include glass cover slips, mica, sili
con oxide wafers, highly-ordered pyrolytic graphite (HOPG), and atomically flat
gold (prepared by flame annealing). Of these, mica, HOPG and gold provide the
flattest surfaces, allowing imaging of the smallest possible features. Gold is often
used to calibrate the z-direction (height scale) of the instrument, using the steps
between atomically flat planes.

Adhesion is accomplished using either adsorption or covalent bond formation.
The adhesive forces must be greater than any forces introduced during imaging (oth
erwise parts of the specimen might dislodge). Common approaches include polymers
that promote strong adsorption like poly(lysine) (both D and L polymers have been
used) as well as poly(ethyleneimide). Adsorbed specimens are sometimes fixed, for
example, with glutaraldehyde. Covalent bonds between glass/silica and biological
specimen components may be facilitated using aminopropyl(triethoxy)silane
(APTES) as an initial substrate treatment; this provides free primary amine groups to
allow coupling to free carboxylate groups using carbodiimide reagents. Modification
of atomically flat gold may be done using chemisorption of thiol-terminated
reagents. Particle agglomeration may result in a need for additives such as surfac
tants for imaging in liquid media such as aqueous buffers, and experimental parame
ters such as sample dilution factors and exposure time can be varied.

10.6.3. Biological Applications

As with many imaging methods, quantitative bioanalytical applications of AFM are
limited since the goal of most work involves specimen morphology and, at high res
olution, the study of individual molecular structures and assemblies.
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However, with the introduction of force-mode AFM, quantitative information
can now be obtained regarding the forces involved in individual binding events
between biomolecules. This is a rapidly-developing area, and two recent review
articles are recommended.10,11

10.6.4. Four-Dimensional (4D) Scanning

With developments in rapid AFM scanning and data acquisition, it is now possible to
add a fourth dimension, the time dimension, to AFM images of biological speci
mens. This allows the movements of biomolecules to be tracked and recorded at
sub-100 ms temporal resolution. AFM snapshots have been recorded while myosin
V travels along an actin filament, while F1-ATPase functions, and while bacterio
rhodopsin responds to a light stimulus. The current state-of-the-art and future pros
pects in this area have been reviewed.12,13

10.7. SCANNING ELECTROCHEMICAL
MICROSCOPY (SECM)

10.7.1. Principles and Instrumentation

SECM has a specialized but stellar history among the scanning probe microscopy
arsenal of imaging techniques. It relies on the reciprocal oxidation and reduction of a
redox-active substance in an aqueous electrolyte (buffer) at an anodically-poised
potential and position, and a reciprocally cathodically-poised potential and position,
that are spatially very close. The two positions, of course, are a large specimen-laden
substrate and a very finely honed scanning tip. Normally, both are inert conductors
(such as Pt or Au) and each acts as an electrode (either anode for oxidation or cath
ode for reduction), but for some biological applications, components of the specimen
provide the measured redox activity.

Consider a solution containing equimolar concentrations of Fe3+ and Fe2+ in an
acidic buffer that separates an inert, conducting tip from an inert, conducting sub
strate. If the tip and substrate are far apart, the requisite oxidation of Fe2+ and reduc
tion of Fe3+ occur locally at whichever surface is the anode or cathode. This rapidly
depletes the locally available reactant supply from the surrounding aqueous medium,
and the measured current is very small. However, if the tip and substrate are spatially
very close, the product of one electrode reaction can rapidly travel to the other elec
trode, to react in the reverse direction, in a process called redox cycling, and this
leads to amplification of the monitored current signals.

In this situation, an approach curve that plots current against tip-to-substrate dis
tance would show low currents at large distance and increasing currents with
decreasing distance to the substrate surface. On the other hand, if the surface at that
spatial position was modified with an insulating species, to block redox activity, the
approach curve would show low current at large distance and even lower (or zero)
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current with decreasing distance, due to the physical blockage of normal diffusional
routes for transport of the detected species to the tip electrode.

A different SECM imaging mode is used to study individual redox enzymes or
redox-active species in cell membranes. In this mode, the substrate is nonconducting,
and the tip is used to generate the reactive form of a low molecular weight redox
mediator (usually the oxidized form). Measured currents are low until the tip posi
tion is close to the active site of the enzyme, where electron transfer causes reduction
of the mediator to begin redox cycling and increase currents.

Spatial resolution for SECM images depends on tip electrode radius (the finer
the better, typically from 100 nm to 25 μm) as well as substrate-to-tip distance, which
is normally fixed for scanning (an alternative mode involves a constant current feed
back loop with vertical distance measured) and the precision of the electronics for
positional scanning and data collection.

10.7.2. Samples and Substrates

Substrates for SECM usually have an inert and conducting surface, and often consist
of thin, deposited Au, Pt or Pd layers on glass, mica or other flat surfaces. These
materials may be modified, or others chosen, based on their adsorptive fouling pro
pensities; the key criteria are inertness, conductivity and facilitation of electrochem
ical reactions.

For imaging of many biological specimens, including redox-active species such
as enzymes or cell membrane components, a conducting substrate is not used – glass
cover slips, or even microscope slides, suitably modified for adsorption of the speci
men, are appropriate.

Dilution and fixation of biological samples on these surfaces, to provide speci
mens for examination, are not very different from AFM sample preparation methods,
but the inert, conducting substrate surface, if needed, imposes limitations. The inves
tigated species, be they living cells or individual molecules, can provide spatially
localized insulation or amplification of redox cycling to modify the current or dis
tance signal that is detected for image processing.

10.7.3. Biological Applications

Applications of SECM to biological specimens have been expanding, and include
such fields as microbiology, plant biology and human health research. A recent
review of SECM studies on living cells is recommended for the interested reader.14

A quantitative SECM study of the enzyme catalase, an important enzyme for
defense mechanisms, in bacterial biofilms has been reported. Biofilms of a bio
luminescent marine bacterium, Vibrio fischeri, were grown on glass cover slips and
scanned with a 10 μm diameter Pt wire ultramicroelectrode tip. The researchers were
able to quantitate hydrogen peroxide consumption at 6 million molecules per bacte
rium per second.15 The consumption rate per cell was found to increase twofold if
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the bacteria were grown in media containing nanomolar concentrations of hydrogen
peroxide.

A brief communication has reported the differentiation of mouse embryonic
stem cells as viewed by SECM. In this study, images were obtained from cells sup
ported on Petri dishes, and monitored the activity of alkaline phosphatase, a differen
tiation marker, using the synthetic substrate p-aminophenylphosphate which, once
dephosphorylated to p-aminophenol, was spatially detected using a 20 μm dia. Pt
ultramicroelectrode tip.16

A quantitative SECM project targeting the measurement of photosynthetic flux
has also been reported, using mathematical models and experimental data to study
the isolated chloroplasts and thylakoid membranes obtained from a species of the
pea plant. Detection of molecular oxygen, or the reduced form of the artificial oxi
dant ferricyanide, at the tip allowed image acquisition. In this interesting paper, the
authors describe their use of 25 μm dia. Ag (for oxygen) or Pt (for ferrocyanide)
ultramicroelectrode tips positioned at constant 12.5 μm height to scan specimens pre
pared on polylysine-modified glass cover slips. The data show a stunning difference
between the off/on light responses of intact and osmotically shocked chloroplasts, as
well as single thylakoid membranes.17

SUGGESTED READING

J. D. Bancroft, Theory and Practice of Histological Techniques, 6th Ed., Churchill Livingstone (Elsevier),
London, 2007.

M. J. Dykstra, and L. E. Reuss, Biological Electron Microscopy: Theory, Techniques and Troubleshoot
ing, 2nd Ed., Kluwer Academic/Plenum Publishers, New York, 2003.

D. B. Williams, and C. B. Carter, Transmission Electron Microscopy: A Texbook for Materials Science,
Springer-Verlag, U.S., 1996.

K. S. Birdi, Scanning Probe Microscopies: Applications in Science and Technology, CRC Press, Boca
Raton, 2003.

V. J. Morris, A. R. Kirby, and A. P. Gunning, Atomic Force Microscopy for Biologists, 2nd Ed., Imperial
College Press, London, 2010.

P. C. Braga, and D. Ricci, Atomic Force Microscopy in Biomedical Research: Methods and Protocols,
Humana Press (Springer), New York, 2011.

A. J. Bard, and M. V. Mirkin, Scanning Electrochemical Microscopy, Marcel Dekker, New York, 2001.
P. M. Conn, Ed., Imaging and Spectroscopic Analysis of Living Cells: Optical and Spectroscopic Tech

niques, Methods in Enzymology Volume 504, 2012, Elsevier NY.

REFERENCES

1. N. Durisic, L. L. Cuervo, and M. Lakadamyali, Curr. Opin. Chem. Biol. 20C, 2014, 22-28.
2. D. S. Lidke, and K. A. Lidke, J. Cell Sci. 125, 2012, 2571-2580.
3. W. Li, R. Liu, Y. Wang, Y. Zhao, and X. Gao, Small 9, 2013, 1585-1594.
4. M. Wagner, and S. Haider, Curr. Opin. Biotechnol. 23, 2012, 96-102.
5. G. P. Drummen, Molecules 17, 2012, 14067-14090.
6. L. Scopsi, L. I. Larrson, L. Bastholm, and M. H. Nielson, Histochemistry 86, 1986, 35-41.
7. S. Takatori, R. Mesman, and T. Fujimoto, Biochemistry 53, 2014, 639-653.



Problems 243

8. R. Guckenberger, M. Heim, G. Cevc, H. F. Knapp, W. Wiegraebe, and A. Hillebrand, Science 266,
1994, 1538-1540.

9. R. Garcia, J. Tamayo, and C. Bustamante, Int. J. Imaging Syst. Technol. 1997, 8, 168-174.
10. Y. F. Dufrêne, D. Martinez-Martin, I. Medalsy, D. Alsteens, and D. J. Mueller, Nat. Methods 10,

2013, 847-854.
11. P. E. Marszalek, and Y. F. Dufrêne, Chem. Soc. Rev. 41, 2012, 3523-3534.
12. T. Ando, T. Uchihashi, and N. Kodera, Annu. Rev. Biophys. 42, 2013, 393-414.
13. T. Ando, FEBS Lett. 587, 2013, 997-1007.
14. S. Bergner, P. Vatsyayan, and F. M. Matysik, Anal. Chim. Acta 775, 2013, 1-13.
15. E. Abucayon, N. Ke, R. Cornut, A. Patalunas, D. Miller, M. K. Nishiguchi, and C. G. Zoski, Anal.

Chem. 86, 2014, 498-505.
16. Y. Matsumae, T. Arai, Y. Takahashi, K. Ino, H. Shiku, and T. Matsue, Chem. Commun. 49, 2013,

6498-6500.
17. K. McKelvey, S. Martin, C. Robinson, and P. R. Unwin, J. Phys. Chem. B 117, 2013, 7878-7888.

PROBLEMS

1. Imagine that you have a new job in a state-of-the-art, fully equipped microscopy laboratory
designed for biological imaging. During your first week, you are presented with a number
of different samples and are asked to prepare specimens and provide appropriate images
and data. For the following sample types and information needs, choose an imaging
method and justify your choice:

(a) Fine morphological structure of single bacterial cells must be determined. They are
rods, 1× 0.5 μm.

(b) The homogeneity of an immobilized monolayer of Ab conjugated with Au nanopar
ticles (20 nm) needs to be evaluated.

(c) The densities and types of redox proteins protruding from cellular membranes, in
physiological conditions are required.

(d) Two tissue samples are stained with two fluorescent dyes. The structure of each tissue
and the number of cell layers is required.

(e) A new batch of synthesized gold nanoparticles must be characterized; the probable
average size is around 5 nm.

(f) A tissue sample was stained with a green and a red dye. One dye interacts with fat cells
and the other with collagen cells. The ratio of these types of cells is required.

2. Immunogold labeling is to be used prior to examination of a specimen by TEM. The pri
mary antibody is directed against a known cell surface antigen. You must decide whether
to use a gold nanoparticle-labeled second antibody to the primary antibody, or a gold nano
particle-labeled protein A preparation for staining prior to imaging. Which of these would
you choose, considering selectivity and signal-to-noise issues?

3. DNA probes for FISH microscopy are commercially available for your sequence of inter
est, and you may choose one of two different available labels. One label absorbs ultraviolet
light at 280 nm and emits at 430 nm, appearing blue. The other label absorbs blue visible
light at 420 nm and emits red light at 645 nm. Considering possible interference and resolu
tion issues, which label would you choose and why?



Chapter 11

Principles of Electrophoresis

11.1. INTRODUCTION

Electrophoresis is a bioanalytical tool used in fundamental research and diagnostic
settings for the isolation and identification of high molecular weight biomolecules.
The separation is based upon the mobility of charged macromolecules under the
influence of an electric field. Mobility is a fundamental property of a macromolecule,
and its value depends upon the magnitude of its charge, its molecular weight, and its
tertiary or quaternary structure (i.e. its shape). Because most biopolymers, such as
proteins and nucleic acids, are charged, they can be separated and quantitated by
electrophoretic methods.

An electrophoretic separation occurs in an intervening medium that separates
two electrodes. At one end of the medium is the positively-charged anode, and at
the other is the negatively-charged cathode, as shown in Figure 11.1. The inter
vening (support) medium may be as short as 10 cm or as long as 1 m. Throughout
this medium, positively-charged species will migrate towards the cathode and
negatively-charged species will move towards the anode.

Figure 11.1. Movement of charged species in electrophoresis.

The intervening medium consists of a liquid, usually a buffer, that is supported
by an inert solid material such as paper or a semi-solid gel. The liquid allows the
movement of ions, while the solid support provides frictional drag. When a voltage
is applied across the electrodes, a current is generated from the movement of ions in
the electric field. The electric field strength, E, determines the rates of migration of
the species in the support and can be varied experimentally.

E applied voltage / length of support medium (11.1)

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
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Low-voltage electrophoresis is typically carried out at electric field strengths of
20 V/cm, while high-voltage techniques use field strengths of up to 200 V/cm.1

At such high field strengths and applied voltages, it is reasonable to ask why
redox processes are not important in electrophoresis, since electrochemical reactions
are known to occur at applied voltages of less than five volts. Figure 11.2 shows that
the fundamental difference between electrolysis and electrophoresis may be repre
sented by a resistor in a model circuit. Electrolysis occurs when the medium separat
ing the two electrodes possesses a high intrinsic conductivity, so that the electrode-
solution interfaces behave like capacitors, and these are connected by (ideally) zero
resistance. The applied potential difference occurs across these capacitors, and the
enormous field strengths generated in the few nanometers at the electrode-solution
interfaces generate the electrochemical reaction that, in the circuit model, discharge
the capacitors.

Figure 11.2. Experimental setup (a), equivalent electrical circuit (b) and dependence of potential on
distance between electrodes (c) for electrolysis and electrophoresis.

On the other hand, the intervening media used in electrophoresis have much
lower conductivity, and an equivalent circuit for an electrophoresis cell includes a
resistor between the capacitors at the electrode-solution interfaces. Across the sup
port medium, potential is now (in most cases) a linear function of distance, and the
electric field thus generated is responsible for driving the electrophoretic separation.
Electrophoresis occurs at the electrodes used in electrophoresis, to maintain the cur
rent through the support; however, the voltage required to generate this current
(< 2 V) is insignificant relative to the large applied voltage.

The theoretical description of electrophoretic migration2 begins with a consider
ation of a particle of charge q suspended in an insulating medium, and exposed to an
electric field E. Fundamental laws if physics state that the electric force exerted on
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the particle will be equal to its viscous drag, as shown in Eq. 11.2:

qE f v; (11.2)

where f is the frictional coefficient, and v is the velocity of the particle. The product
fv is the viscous drag exerted by the medium on the particle. In a vacuum, the fric
tional coefficent is zero, and velocity goes to infinity. In an electrophoretic support
medium, the frictional coefficient is significant, and a characteristic velocity is
achieved by charged particles as they migrate through the support.

To compensate for experimental variations in E, the electrophoretic mobility of
a particle has been defined as a fundamental characteristic of a molecule under given
conditions of support medium, pH, ionic strength and temperature. The electropho
retic mobility, μ, usually reported in units of velocity per unit field strength, is given
by Eq. 11.3:

μ v/E q/ f : (11.3)

The value of μ is a characteristic of a given macromolecule, and has been shown
to depend on its molecular weight and molecular shape (through the frictional
coefficient f), and on its net charge q. This simple equation correctly predicts that
mobility increases with q, decreases with increasing f, and is equal to zero for
uncharged particles.

Attempts to rigorously apply Eq. 11.3 to experimental data have revealed a
number of complications that are not accounted for by the simple theory. The sup
port media used in electrophoresis are not strictly insulators, and usually contain
buffer ions; charged species in such an electrolyte will attract ions, and this leads to
shielding effects, in which the apparent charge of a macromolecule is somewhat
lower in magnitude than its actual charge. In addition, the ionic atmosphere of the
migrating particle is partially disrupted by the electric field and by the motion of the
charged particles through the medium, so that the electric field is not strictly a con
stant throughout the support. For these reasons, mobility values reported for proteins
and nucleic acids depend on experimental conditions.

Three basic forms of electrophoresis have been introduced. Moving-boundary
electrophoresis is performed in a U-shaped cell, as shown in Figure 11.3. The

Figure 11.3. Moving-boundary electrophoresis.
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analyte solution is initially located at the bottom of the U, and has a high concentra
tion of a nonionizing component such as sucrose, glycerol or ethylene glycol that
increases its density and minimizes initial mixing at the boundaries of the dilute buff
ers present in the anodic and cathodic compartments. When the electric field is
applied, migration of the components occurs in both directions, according to their
charges, and the boundaries between analyte solution and buffer solutions move
towards the electrodes as the separation proceeds. The migration of analyte species
is normally monitored with refractive index detectors positioned near the upper ends
of the cell. Moving-boundary electrophoresis was the first electrophoretic technique
introduced, and is seldom used today except in situations where precise values of
mobility are required.

Zone electrophoresis is used extensively in modern research and clinical labora
tories. In this technique, the components of the analyte mixture separate completely
to form discrete zones, or bands, that may be stabilized by a support medium or may
exist as free zones. The analyte solution is applied to the medium as a spot or band,
and the electric field causes the initial band to separate into component bands
through migration, as shown in Figure 11.4.

Figure 11.4. Zone electrophoresis.

Zone electrophoresis is used for the analysis of complex mixtures of biomole
cules, for the determination of molecular weight and purity of isolated proteins and
nucleic acids and for a variety of diagnostic tests. It is not used for the quantitative
determination of mobility. The use of a support medium prevents mechanical distur
bances and convection arising from temperature changes and high local concentra
tions of biopolymers from broadening the zones. Supports may act as adsorbents, as
does paper, or as molecular sieves, as do agarose and polyacrylamide gels. Starch
gels exhibit both properties, with analyte adsorption and molecular sieving both con
tributing to zone separation. The gels used in electrophoresis are continuous gels,
rather than the beaded or particulate gels used in chromatography. In zone electro
phoresis, analyte bands migrate at constant, characteristic velocities; for this reason,
colored tracking species are added to samples for visualization of the progress of the
separation.

Steady-state electrophoresis is distinct from moving-boundary and zone electro
phoresis in that the ultimate positions of the zones are not time-dependent. After
electrophoresis has proceeded for a certain time, a steady-state is achieved wherein
the widths and positions of the zones are constant. In isoelectric focussing, for exam
ple, a stable pH gradient is created between the anodic and cathodic ends of the sup
port; during a run, a biomolecule will migrate in this pH gradient until it reaches a



248 Chapter 11 Principles of Electrophoresis

pH at which its net charge is equal to zero. For proteins and polypeptides, this pH is
the isoelectric point. Isoelectric focussing has very high resolving power, and is the
topic of Chapter 13.

11.2. ELECTROPHORETIC SUPPORTMEDIA

11.2.1. Paper

Paper, or cellulose, electrophoresis was introduced in the early 1950s as a separation
technique for proteins. Prior to the start of the electrophoretic run, the cellulose sheet
is saturated with the running buffer and placed in a tank, as shown in Figure 11.5.
The sample is then applied as a spot or a line, the tank is covered and the electric
field is applied. After the separation has proceeded for a sufficient time, the paper is
removed and dried. The separated components are then located by color, by fluores
cence under ultraviolet light, or after staining with a dye. If the components have
been radiolabelled, autoradiography of the entire paper will yield a separation
pattern.

Figure 11.5. Experimental arrangement for paper electrophoresis.

Components may be eluted from the paper following separation for further anal
ysis. This is accomplished by simply cutting the zone of interest out of the paper, and
either (a) soaking this paper in a small volume of elution buffer, (b) rinsing a triangu
lar piece of the paper with an elution buffer, and collecting drops from the tip, or
(c) electrophoresing the component of interest from the band into a small volume of
buffer. Low-voltage paper electrophoresis is rarely used today, as it has been super
seded by gel techniques. However, high-voltage paper electrophoresis is still useful
for the separation of small molecules, such as amino acids and nucleotides; with
these analytes, their low charge leads to low mobility, and their small size leads to
significant diffusional spreading, or band-broadening. The high-voltage technique
allows separation to be accomplished rapidly, but because of the high currents
involved, heat is generated (as i2R), and cooling plates are necessary (Figure 11.6) to
maintain constant temperature. An inflatable bag can be used under the cooling
plates for support.

The complete resolution of mixtures of amino acids or nucleotides is not always
possible after a single high-voltage run. For this reason, two-dimensional techniques
are sometimes used, where perpendicular electrophoresis runs or electrophoresis
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Figure 11.6. High-voltage paper electrophoresis with cooling.

followed by perpendicular chromatography may be used. The careful selection of
running buffers and chromatographic eluents allows the resolution of overlapped
bands in the second dimension.

Cellulose acetate was introduced in 1957 as an alternative to cellulose (paper) as
a support material. Cellulose possesses both electrophoretic and chromatographic
separation properties, since many components will adsorb onto, or interact with, the
hydroxyl groups on the support. Because of this, spots and bands exhibit tailing and
resolution is low. Cellulose acetate minimizes the adsorption effect, since most of the
hydroxyl groups have been acetylated. Separations using cellulose acetate are more
rapid, with improved resolution and less tailing, leading to the facilitated detection of
more concentrated spots or bands. In addition, the background staining of cellulose
acetate is lower than paper, since stain adsorption is also minimized. Cellulose ace
tate has two other advantages over paper: it is transparent, facilitating optical detec
tion of zones, and it dissolves easily in a variety of solvents, facilitating the elution
and isolation of separated components.

11.2.2. Starch Gels

Starch was the first gel medium used for an electrophoretic separation, and was intro
duced in 1958. The gel is prepared by heating a paste of potato starch in the electro
phoresis buffer until the starch grains burst and the heterogeneous mixture becomes
transparent and homogeneous. The hot solution is then poured into a horizontal tank
and cooled to ambient temperature, yielding a semi-solid gel. As shown in
Figure 11.7, a slot is cut into the gel, and sample is introduced as a slurry with starch

Figure 11.7. Starch-gel electrophoresis.
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grains. The surface of the gel is then sealed with wax or grease. Porous wicks are
inserted directly into the ends of the gel, and function as electrical connections
between the gel and the anodic and cathodic buffer compartments. Following the
electrophoretic run, the semi-solid gel is removed from the tank, and is cut into lay
ers for staining. This preparative technique allows replicate layers to be stained with
different reagents, and leaves macroscopic quantities of unstained material for isola
tion and further study. The positioning of the sample slot with respect to the anodic
and cathodic ends of the gel is based upon an initial knowledge of the species of
interest (its isoelectric pH or net charge) or is varied over multiple runs if analyte
charge is unknown.

The migration of species in the starch gel depends on both the net charge and the
molecular size. The gel has a sieving effect, so that small molecules tend to have
greater mobilities. The sieving effect can be controlled to some extent through the
pore size of the gel, which may be varied by varying the starch concentration; how
ever, the porosity of starch gels may be controlled only over a limited range of con
centration, and starch concentrations that are too high or too low yield gels that are
excessively stiff or soft.

The starch polymer possesses negatively-charged side chains (carboxylates)
that can interact with proteins and hinder migration by an ion-exchange retention
mechanism, so that starch gels, like cellulose, may possess both electrophoretic
and chromatographic properties. The negative charge on the gel also leads to a
phenomenon called electro-osmosis, wherein positively charged counterions
(H3O+) in the running buffer move towards the cathode. In effect, the buffer flows
towards the cathode, and the overall transport of analyte species in the gel is the
sum of transport due to electrophoretic migration and transport due to electro
osmosis. The electro-osmotic effect can be quantitated using blue dextran, an
uncharged oligosaccharide that possesses zero electrophoretic mobility. Blue dex
tran may be added to a sample, and the migration of the blue dextran from the
sample origin is measured after electrophoresis and subtracted from other meas
ured distances to provide corrected migration distances. Starch has been super
seded by polyacrylamide and agarose gels for most applications, but is still
occasionally used for the separation of isoenzymes.

11.2.3. Polyacrylamide Gels

Polyacrylamide gel electrophoresis (PAGE) has replaced starch gel electrophoresis
for the separation of proteins, small RNA fragments and very small DNA fragments.
Polyacrylamide is more versatile than starch, because the molecular sieving effect
can be controlled to a much greater extent, and because the adsorption of proteins to
the gel is negligible. Polyacrylamide gels are prepared3 by the reaction of acrylamide
(monomer) with N,N -methylenebis(acrylamide) (crosslinker) in the presence of a
catalyst and initiator, as shown in Eq. 11.4. Initiators include ammonium persulfate

•and potassium persulfate, where the S2O8
2- dianion decomposes into two SO4 rad

icals, while the commonly used catalyst is tetramethylethylenediamine (TEMED,
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(CH3)2N(CH2)2N(CH3)2), which reacts with the sulfate radical anion to produce a
longer-lived radical species.

(11.4)

The concentration of TEMED used during gel casting determines the length of
the polyacrylamide chains formed, and therefore the mechanical stability of the gel.
Lower monomer concentrations require higher TEMED concentrations, but excess
catalyst should be minimized, because it may interact with proteins or alter the pH of
the running buffer. Because the polymerization that occurs during the casting of a
polyacrylamide gel is a random process, a distribution of pore sizes will occur. It has
been shown that the average pore size depends on the total amount of acrylamide
used and the degree of crosslinking. The total monomer concentration is generally
between 5–20% by weight.

Experimentally, PAGE may be employed in a column, for preparative separa
tions, or in a slab, where several samples may be separated under identical condi
tions.4 These configurations are shown in Figure 11.8. The preparation of a PAGE
column begins with a tube of about 5–10 mm inner diameter, 10 cm or more in
length. During gel polymerization, the gel mixture is gently overlayered with water
to give a flat upper surface. Following casting, the water is removed, and the sample
is applied. Samples are suspended in a concentrated sucrose solution (high density)
and layered over the gel, to prevent mixing with the buffer in the upper (usually
cathodic) electrode chamber. The run is begun at low current (1 mA for about
30 min) to allow the entire sample to enter the gel. The current is then increased to
2–5 mA during the run. A tracking dye such as bromophenol blue (anionic) or meth
ylene blue (cationic) is added to the sample to monitor the progress of the separation.
Buffers are often cooled and stirred to minimize i2R heating and local pH changes
that may occur near the gel/buffer interface.

Figure 11.8. Experimental arrangements for (a) column and (b) slab PAGE.
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When the tracking dye has migrated to the bottom of the column, the gel is
removed using pressure, and proteins are fixed in place by precipitation (this occurs
during a soaking step in a solution of trichloroacetic acid (TCA)) and are then stained
for detection.

Slab PAGE allows simultaneous electrophoresis of a number of samples to be
performed under identical conditions. Slab PAGE has a higher resolving power than
column PAGE, and is often used for molecular weight and purity determinations.
Because the slab is relatively thin, heat dissipation is more efficient in a slab than in
a column. The slab can be used vertically or horizontally, but in practice, the hori
zontal slab method is used only when the monomer plus crosslinker concentrations
are low and the gel is soft. A slab gel is prepared in the same way as a column gel,
except that a comb, or slot-former, is inserted before polymerization. Removal of the
comb after the gel has set leaves sample wells that are separated from each other by
continuous strips of gel.

In zone electrophoresis, two components are considered separated when the dif
ference in migration distances exceeds the width of the original sample band.
Because of diffusional band broadening, the sharpness of bands diminishes with
increasing run time. A method used to improve the resolving power of zone electro
phoresis that is unique to gel media involves a stacking gel between the sample and
the running gel, and is called “disc” electrophoresis,5 due to the electric field strength
discontinuity that yields a very narrow sample zone. Figure 11.9 shows the compo
nents of the gels and buffers used for this method.

The running gel in disc electrophoresis is cast in the presence of the running
buffer, typically a high pH glycine buffer. The stacking gel is cast in the pres
ence of a tris buffer at lower pH and ionic strength. Because the monomer con
centration is much lower in the stacking gel, frictional drag is lower and analyte
mobility is higher. The stacking gel improves resolution because of the pH dis
continuity, and the buffering effect that occurs at the interface between the run
ning and stacking gels. At pH 6.5, glycine exists as a zwitterion, with a mobility
equal to zero because of zero net charge. At pH 8.7, glycine exists mainly as the
anion, since the amino group has been deprotonated; its mobility is nonzero and
it will migrate towards the anode. At the pH discontinuity, a deficiency of mobile
ions exists because of the shift of the glycine equilibrium towards the zwitterion.
This causes a locally high electric field strength at the discontinuity, due to the
high resistance of the uncharged interface. To maintain the flow of current in this
region of the gel, anionic proteins migrate rapidly and stack in the dilute gel near
the discontinuity. The proteins form narrow bands between the glycinate in the run
ning gel and the chloride ions in the stacking gel. The narrow bands enter the running
gel in this preconcentrated form, allowing improved resolution following the complete
run. Run times as short as twenty minutes can be used with disc electrophoresis,
because of its resolving power.

The pore size of a polyacrylamide gel controls the mobility and resolution of
components because of the sieving effect of the pores on macromolecular species.6

The pore size may be controlled by varying the total concentrations of monomer and
crosslinker, and by varying their ratio. Gel compositions are defined by two
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parameters, their %T and %C values, that represent the total and crosslinker con
tents, respectively. These parameters are defined by Eqs. 11.5 and 11.6, below:

%T Weight in grams of monomer plus crosslinker / 100 mL (11.5)

%C 100 Grams crosslinker / Grams monomer plus crosslinker (11.6)

Figure 11.9. Disc column PAGE, with stacking gel of 2–4% monomer, and running gel of 5–20%
monomer; typical values are 2.5% and 15%, respectively.

The molecular weight of a protein and its net charge may be determined by per
forming electrophoresis on gels with constant %C, by varying %T from gel to gel.
After separation, the migration of the protein is measured relative to a tracking dye,
and the Rf value is calculated:

migration distance of protein / migration distance of marker (11.7)Rf

where the marker is not restricted by the gel. A Ferguson plot7 is then constructed by
plotting log(Rf) against %T. The antilog of the y-intercept of this plot (%T= 0) yields
the ratio of protein charge to marker charge, and the slope of the straight line is pro
portional to the protein’s molecular weight. By running standard proteins of known
molecular weight alongside the unknown, in a slab gel, a plot of Ferguson slope
against molecular weight is used to determine the molecular weight of the unknown.

If the net charge or the holoprotein molecular weight of the unknown protein is
not of interest, its subunit molecular weight may be determined more quickly using
the SDS-PAGE method.8 In this method, a single gel is cast in the presence of about
0.1% sodium dodecylsulfate (SDS), which is also present in the running buffer. Pro
tein samples (molecular weight markers and the unknown) are pretreated by heating
in 1% SDS containing 0.1% mercaptoethanol. The mercaptoethanol reduces disulfide
bonds that maintain quaternary and tertiary structure, to form random coils of the
subunits, while the SDS combines with hydrophobic regions of the protein with a
relatively constant binding of 1.4 grams SDS per gram of protein. This nonspecific
binding interaction yields species with constant charge per unit weight (from the
sulfate groups of SDS), since the contribution from charged protein side chains
becomes negligible. Migration distances are then influenced only by sieving and are
directly related to the molecular weight of the protein or subunit. A plot of distance
against log(MW) is linear with a negative slope, and can be used as a calibration
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curve for unknown determinations. It should be noted that glycoproteins consistently
bind SDS to a lesser extent than proteins,9 so that an unknown glycoprotein should
be calibrated using glycoprotein molecular weight standards. SDS-PAGE can deter
mine protein molecular weights to within 5% accuracy over the 104

–106 Da range.

11.2.4. Agarose Gels

Agarose was used for the first time as an electrophoresis medium in the early 1970s.
It is a linear polymer of D-galactose and 3,6-anhydrogalactose that is isolated from
seaweed. Agarose contains ∼ 0.04% sulfate, may be dissolved in boiling water and
forms a continuous gel when cooled to < 38 °C; the gel structure is maintained by
hydrogen bonding.10 As with polyacrylamide gels, the concentration of agarose in
the gel determines the average pore size. Pore sizes are much larger with agarose
than with polyacrylamide gels, so that nucleic acids and proteins too large to be sep
arated on polyacrylamide gels can be separated and quantitated using agarose gels.
Agarose slab gels are used in both vertical and horizontal modes. In the vertical
mode, agarose concentrations as low as 0.8% can be made, allowing the separation
of proteins and nucleic acids up to molecular weights of ∼ 5× 107 daltons. In the
horizontal mode, agarose gels can be made from as little as 0.2% agarose, allowing
molecular weights of ∼ 1.5× 108 to be determined. Identical equipment is used for
agarose and PAGE electrophoresis. Agarose gels tend to be relatively fragile (espe
cially at very low agarose concentrations), and gels are either examined directly or
carefully dried to a thin film prior to staining.

Agarose gels contain charged groups - mainly sulfate and some carboxylate
groups. These charged groups interact with charged groups on proteins, and lead to
ion-exchange effects; they may also lead to significant electro-osmotic flow. The pre
treatment of agarose in alkaline solution leads to the hydrolysis of these groups, and
improves the sieving characteristics of the gels. The physical properties of agarose
gels, especially the viscosity, are very sensitive to temperature fluctuations, so that strict
control of temperature during electrophoresis is essential. Because of the large pores in
agarose gels, their major area of application is in DNA separation and analysis.

11.2.5. Polyacrylamide-Agarose Gels

Composite gels containing both polyacrylamide and agarose have been used to
achieve intermediate pore sizes in gels that possess good mechanical strength.11

These gels may be used for nucleic acids, nucleoproteins and other proteins too large
to enter the pores of standard polyacrylamide gels.

11.3. EFFECT OF EXPERIMENTAL CONDITIONS ON
ELECTROPHORETIC SEPARATIONS

Temperature is critical to the electrophoretic resolution of sample components. Joule
heating produced by the electric current must be compensated by an efficient cooling
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system. In the absence of cooling, five factors contribute to decreased resolution.
Convection currents occur because warmer solution near the center of the support
has a lower density than cooler solution near the walls; water has a maximum density
at 4 °C, and at this temperature, density variation with temperature is minimal; runs
should therefore be performed at 4 °C where possible. Diffusion, which leads to the
blurring or widening of zones, is more significant at higher temperatures, especially
if the run requires several hours. A distortion of zones occurs when cooling is
inadequate, since those parts of the zones in the warmer sections of the gel (the
inside) move faster than those in the cooler (outside) portions; this unequal speed
leads to curved bands, and sometimes to overlap with neighboring bands. In open
vessels, evaporation may lead to surface dehydration of the support, and thus to local
changes in ionic strength; for this reason covered vessels are used. Finally, viscosity
varies with temperature; higher temperatures lead to softer gels and lower frictional
coefficients, an effect particularly noticeable with agarose gels.

The pH of the running buffer can have dramatic effects on the separation
achieved. This is not normally the case for nucleotides, polynucleotides or nucleic
acids - with these species, the net charge is always negative due to the acidic sugar-
phosphate backbone, so that pH changes over the 4–10 range do not significantly
affect separations. For proteins, however, the net charge is pH dependent. For pH
values below the isoelectric point (pI), a protein will have a positive charge and will
migrate towards the cathode. Conversely, if pH > pI, the protein will possess a net
negative charge and will migrate towards the anode. It is possible for two or more
proteins to give only one band after an electrophoresis run, if conditions are such
that the proteins possess the same mobilities. For this reason, protein separations
should be carried out at two or more pH values. Studies of the purity or homogeneity
of a sample should always be carried out using multiple runs and different pH values.

The ionic strength of the running buffer also influences the quality of the separa
tion achieved. Interactions between the surface groups of charged species and buffer
ions result in an ionic atmosphere near charged macromolecules. Both the net charge
and the mobility are affected by ionic strength, and protein analytes are significantly
affected. The general rule for electrophoresis is that the ionic strength of the running
buffer should be kept low in order to minimize counterion effects while maintaining
adequate solubility of sample components.

11.4. ELECTRIC FIELD STRENGTH GRADIENTS

The variation of electric field strength with distance along the gel leads to the improved
separation of slower-moving components. Standard methods for electrophoresis gel
preparation produce constant electric field strength across the gel, where the voltage
change per unit distance is a constant over the entire gel; in these gels, the high-mobil
ity species are well-separated, but species near the origin are grouped together in a
diffuse zone due to poor resolution. This resolution near the origin can be improved by
generating an electric field strength gradient across the gel; the high field strength near
the origin increases the velocity of the slower-moving species. Figure 11.10 compares
the profiles of voltage versus distance for linear and gradient gels.
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Figure 11.10. Voltage versus distance for (a) a linear electrophoresis gel, and (b) a gradient gel. From

Ohm’s law, with constant current, the observed voltage changes mirror the resistance properties of the
gels.

Such gradients may be introduced by using either (a) wedge-shaped gels, or
(b) ionic strength gradients. With wedge gels, the resistance increases with decreas
ing cross-sectional area, so that the thin end is near the origin, and the sample
migrates towards the thicker end. These gels are cast in a slanted mold. Gels using
ionic strength gradients are prepared from polyacrylamide cast with the ionic
strength gradient. The dilute buffer end of the gel has higher resistance; this is the
sample origin, so that the sample migrates towards the end that has lower resistance.
A comparison12 of the separations achieved for one of the DNA sequencing reaction
mixtures (the T reaction) using a 6% polyacrylamide gel in the linear, wedge and
ionic strength gradient configurations is shown in Figure 11.11.

11.5. PULSED FIELD GEL ELECTROPHORESIS (PFGE)

This technique has been widely used with oddly-shaped, high molecular weight ana
lytes such as long DNA molecules (up to thousands of kilobase pairs). It exploits the
behavior of such molecules in a field that is periodically reversed or a field that
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Figure 11.11. Comparison of the band separation of linear, wedge and ionic strength gradient gels. The
T reaction of a sequencing experiment carried out on M13 mp8 DNA was run on three different 40 cm 6%

polyacrylamide gels, using (a) a standard linear gel, (b) a 0.35 mm to 1.05 mm wedge gel, and (c) a 0.05 to
0.50 M Tris buffer gradient. [Reprinted, with permission, from A. T. Bankier, and B. G. Barrel in “Nucleic

Acids Sequencing: A Practical Approach”. C. J. Howe, and E. S. Ward, Eds., Oxford University Press,

New York, 1989.  IRL Press at Oxford University Press 1989.]

periodically changes direction. With dc electrophoresis, high MW DNA molecules
become entangled in the gel pores, and the resolution of larger molecules is
degraded or impossible to achieve. By intermittently changing the direction of
the field, disentanglement of the long molecules from the gel pores can occur,
allowing their separation. Pulse patterns vary from complete reversal (180°) to
smaller pulse angles, with reversal duty cycles that may be initially quite short
to those that last more than a minute during the course of one separation. Mod
els of hindered DNA movement in electric fields have been proposed to account
for this entanglement, which is often called reptation.13 More specialized elec
trophoresis equipment is needed for PFGE to control the pulse programs as well
as the field strength and angular changes over the duration of the separation.
While still widely used, PFGE is being supplanted by electrophoretically driven
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microfluidic devices that incorporate arrays of microposts to affect separation
based on macromolecular size and shape.14

11.6. DETECTION OF PROTEINS ANDNUCLEIC ACIDS
AFTER ELECTROPHORETIC SEPARATION

Following an electrophoretic run, the band from the tracking dye is often the only
visible band. The detection of separated proteins and nucleic acids requires subse
quent treatment of the separation pattern for visualization. This treatment may be
performed directly on the gel, or may require a blotting step in which the entire sepa
ration pattern is transferred onto a thin membrane material. The choice of detection
method depends on the concentrations of analytes in the separated zones and
whether recovery of the purified sample is required.

11.6.1. Stains and Dyes15

The most common visualization method involves staining an entire gel with a spe
cies that interacts in a nonselective way with either proteins or nucleic acids. Protein
gels are removed from the electrophoresis apparatus and “fixed” by immersion in
10% trichloroacetic acid, to precipitate proteins and prevent diffusional zone broad
ening and analyte loss into staining solutions. The gel is then rinsed, and immersed
in a solution (0.1–0.2% w/v) of the stain, resulting in stain absorption throughout the
gel. A destaining rinse step then leaves stain only where interactions with protein
prevent its removal. Similar procedures are used for the detection of nucleic acids.
Table 11.1 lists stains for proteins, glycoproteins and nucleic acids.

A silver stain has been introduced that is one hundred times more sensitive for
proteins than Coomassie blue, and four times more sensitive for nucleic acids than
ethidium bromide.16 This stain is based on the reduction of Ag+ by thiol, tyrosine
and amine functional groups in proteins and by the purine bases in DNA. The solid
silver formed by reduction precipitates in the gel forming a permanent stain in the
protein/nucleic acid zones, and is not reduced by buffer or gel materials, so that
background staining is minimal. Figure 11.12 shows a comparison of identical gels
stained by Coomassie blue and a silver stain.

After staining, gels may be photographed under ultraviolet or visible light, to
yield qualitative information about the number and positions of the bands. Alterna
tively, quantitative information can be obtained from a scanning densitometer
(Figure 11.13) that measures light transmitted through the gel as a function of posi
tion in the gel.

The densitometer trace is used to measure peak positions (migration distance)
and purity or relative concentrations of components by integration of the areas
under the peaks. Modern densitometers perform this operation automatically. For
quantitative work, overloading of the gels should be avoided, since this leads to
very concentrated sample zones that may inhibit proportional staining and leads to
underestimates of sample concentrations.
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Table 11.1 Electrophoresis Stainsa

Absortion
Stain Max. (nm) Use

Amido Black 10B 620 General protein stain
Coomassie Brilliant Blue R-250 590 General protein stain, 10 times more sensitive

than Amido Black
Coomassie Brilliant Blue G-250 595 General protein stain
Alcian Blue 630 Glycoprotein
Uniblue A - Protein stain
Methylene Blue 665 RNA, RNase
Methyl Green 635 Native DNA, neutral or acidic tracking dyes
Fast Green FCF 610 Protein stain
Basic Fuschin 550 Glycoprotein, nucleic acids, sialic acid-rich

glycoproteins
Pyronin Y 510 RNA, acidic tracking dye
Bromophenol Blue 595 Neutral and alkaline tracking dye
Bromocresol Green - Tracking dye for DNA agarose electrophoresis
Crocein Scarlet 505 Immunoelectrophoresis
Xylene Cyanole FF - Tracking dye for DNA sequencing
Toluidine Blue O 620 RNA, RNase, mucopolysaccharides
Ethidium Bromide - Fluorometric detection of DNA
Stains All - General protein stain

aSee Ref. 13. [Reprinted, by permission, from P. G. Righetti, “Isoelectric Focussing: Theory,
Methodology and Applications”, Elsevier, New York, 1983. Copyright  1993, Elsevier Science
Publishers B. V.]

Figure 11.12. Comparison of identical polyacrylamide gels stained with Coomassie Blue (lanes 1–3)
and Silver Stain (lanes 4–6). The initial sample concentrations are identical for lanes 1 and 4, 2 and 5, and
3 and 6. [Reprinted, with permission, from B. S. Dunbar, “Two-Dimensional Electrophoresis and

Immunological Techniques”, Plenum Press, New York, 1987.  1987 Plenum Press.]
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Figure 11.13. Densitometer trace from a stained electrophoresis gel.

11.6.2. Detection of Enzymes by Substrate Staining17

Activity stains are of great importance during the isolation, purification and charac
terization of enzymes, since a particular catalytic reaction is involved and the detec
tion of this activity leads to the unequivocal identification of the zone of interest on
the electrophoresis gel. Following separation, the gel is removed from the electro
phoresis apparatus and is immersed in a minimal volume of a substrate solution.
Detection relies on the formation of a colored product by enzyme in the zones con
taining the enzyme. Examples of activity stains are given in Table 11.2.

The detection of enzymes by activity staining is important not only for the direct
detection of separated enzymes, but also for the detection of noncatalytic proteins
after staining with enzyme-labelled antibodies to the protein of interest. The ability
to detect a particular catalytic activity greatly reduces background staining, and
allows the unequivocal identification of a particular analyte species in very complex
sample mixtures.

11.6.3. The Southern Blot18

This procedure was introduced by E. M. Southern in 1975, and is used to transfer
DNA from agarose gels onto a nitrocellulose or nylon membrane for subsequent
detection. Transfer to nitrocellulose is accomplished after the gel has been soaked in
a denaturing solution containing about 1.5 M NaCl and 0.5 M NaOH; this disrupts
the base pairing of double-stranded DNA, so that only the single-stranded form is
present in the gel. The gel is then neutralized to a pH of about 8, and placed in a
transfer apparatus such as the one shown in Figure 11.14, below.

Once the gel has been placed in the transfer apparatus, buffer in the pan is drawn
through the gel by the wicking action of the filter paper. The transfer proceeds over
about 12 hours. The upper filter papers are replaced when they are saturated with
buffer. The nitrocellulose membrane is then removed, air-dried and heated to 80 °C
for 2 hours to ensure strong DNA binding.
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Table 11.2 Substrate Stains for Enzyme Detectiona

Enzyme Procedures

Red cell acid phosphatase Phenolphthalein diphosphate followed by alkali
Phosphoglucomutase Reduction of the tetrazolium salt of MTT
Placental alkaline phosphatase β-Naphthyl phosphate and diazo salt of fast blue

RR
β-Glucuronidase 8-hydroxyquinoline plus blue RR salt
Cholinesterase 6-bromo-2-naphthylcarbonaphthoxycholine iodide

plus blue B salt
Glucose-6-phosphate dehydrogenase Application of agar overlay containing a

tetrazolium salt
6-Phosphogluconate dehydrogenase Agar overlay with tetrazolium salt
Cytochrome oxidase α-Naphthol plus dimethylpapraphenylenediamine
Esterases α-Naphthylbutyrate plus diazo salt of fast blue RR
Lactic and malic dehydrogenases Reduction of nitro blue tetrazolium salt
Acid phosphatase Sodium α-naphthyl acid phosphate plus diazo salt

of 5-chloro-o-toluidine
Phosphorylase Reduction of silver phosphate to Ag by UV light
Succinate, β-hydroxybutyric and Reduction of nitro blue tetrazolium salt

glutamate dehydrogenase
Catalase Inhibition of starch-iodide reaction (starch gel)
Caeruloplasmin o-Dianisidine
Leucine aminopeptidase Alanyl-β-naphthylamide plus diazotized

o-aminoazotoluene
Hemoglobin (as peroxidase) Benzidine plus hydrogen peroxide

aSee Ref. 17. [Reprinted, by permission, from P. G. Righetti, “Isoelectric Focussing: Theory, Methodology
and Applications”, Elsevier, New York, 1983. Copyright  1993, Elsevier Science Publishers B. V.]

Figure 11.14. Apparatus for Southern blot.

Nylon membranes have largely replaced nitrocellulose for Southern transfers,
because nylon has been shown to improve the transfer of small (< 200 base) DNA
fragments, and it is more stable to pH extremes. Transfers to nylon follow the same
procedure as outlined above, except that NaCl is not needed in the denaturing solu
tion, and no baking step is required to enhance DNA binding to the membrane mate
rial. DNA can be covalently bound to nylon membranes by a brief exposure of
the blotted membrane to ultraviolet light. These UV-exposed membranes with
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covalently bound DNA allow multiple detection and rinsing cycles without diffu
sional zone broadening.

11.6.4. The Northern Blot19

The northern blot is used to transfer RNA from agarose onto nitrocellulose mem
branes. Conditions for the transfer are similar to those used in the Southern blot,
except for the following. Denaturation prior to transfer is done with methylmercuric
hydroxide, glyoxal or formaldehyde instead of sodium hydroxide, because NaOH
would hydrolyze RNA at the 2 -hydroxyl position. RNA is not firmly bound to nitro
cellulose until after the baking step at 80 °C, so that no rinsing step is used prior to
this step. Gels with RNA are not prestained for photography prior to the transfer
step, because the stain interferes with the transfer to nitrocellulose. Finally, special
precautions are required to prevent the contamination of the samples with RNase,
including the treatment of glassware and solutions, and the wearing of gloves during
the entire procedure.

11.6.5. TheWestern Blot20

This procedure is similar in principle to Southern and northern blots, but it is
designed for the transfer of proteins from gels onto nitrocellulose membranes. An
electrophoretic technique is often used to speed the transfer by about tenfold, and
the apparatus used for such western transfers is shown in Figure 11.15. The rapid
electrophoretic process ensures that complete transfer occurs with minimal diffu
sional zone broadening.

Figure 11.15. Apparatus for western transfer of proteins to nitrocellulose.
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11.6.6. Detection of DNA Fragments
onMembranes with DNA Probes

DNA probes take advantage of the specificity of base-pair hydrogen-bonding interac
tions over oligonucleotide lengths of 20 to > 1000 base pairs. The DNA probe is an
oligo- or polynucleotide to which a detectable label has been attached.21 Hybridiza
tion of the probe to the target nucleic acid on the nitrocellulose or nylon membrane
occurs through A-T and G-C hydrogen bonding. This is a relatively weak interaction
for individual base pairs, since only two (A-T) or three (G-C) hydrogen bonds exist.
However, if hybridization occurs over a number of consecutive base pairs (> 5), the
process is exothermic at room temperatures. The oligonucleotide sequence and length
of the DNA probe determines the selectivity of detection of a target species. For
example, statistical considerations have shown that a 17-base probe may be used to
locate a single, unique segment in a randomly-ordered, six-billion base DNA
sequence, such as the human genome.22 Of course, DNA does not possess a statisti
cally random sequence, and longer probes are generally used. Hybridization on the
membrane is used to form a heteroduplex, as shown in Figure 11.16.

Figure 11.16. Heteroduplex between target DNA and a labelled DNA probe.

Heteroduplexes may be dissociated at low ionic strength or at high tempera
tures. The temperature at which the double-to-single-strand transition occurs is
called the melting temperature, Tm. Probes with high G+C content have higher Tm

values, because a greater number of hydrogen bonds are present in the heteroduplex.
DNA probes may be labelled with single atoms (i.e. radiolabelled), functional

groups such as fluorophores, or side chains attached to enzymes, to allow the detec
tion of bands in a separation pattern that contain the sequence of interest. The label
attached to the DNA probe must not interfere with the hydrogen bonding of the
probe to the target sequence. The hybridization step is carried out by immersing the
nitrocellulose or nylon membrane in a solution containing excess DNA probe, and
incubating at a temperature just below the Tm for the heteroduplex. Excess probe is
then removed by rinsing, and the membrane is examined for the location of the label.

DNA probes are often labelled by the nick-translation method.23 This involves
the combined activities of three enzymes: DNaseI, 5 -3 -exonuclease and 5 -3 
polymerase. The latter two enzymes are present in the E. coli DNA polymerase com
plex. As shown in Figure 11.17, DNaseI randomly introduces single-stranded
breaks, or nicks, by the hydrolysis of double-stranded DNA to create free 3 
hydroxyl groups. The exonuclease then removes one or more of the bases from the

bases. The labelled nucleotides that are incorporated are complementary, i.e. the

5 -phosphoryl side of this nicked region, while the polymerase catalyzes the incorpo
ration of labelled nucleotides onto the 3 -hydroxyl side, to fill the gap with labelled
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Figure 11.17. Labelling DNA probes by the nick-translation method.

resulting strand has the same sequence as the original strand. As the reaction pro
ceeds, the nick shifts by one base in the 3 -direction; this process is allowed to con
tinue until 30–60% of the total bases have been replaced by labelled nucleotides.
Purification of the labelled probe species is unnecessary if the original DNA sample
contained only the sequence of interest. By adjusting the DNaseI concentration, it is
possible to produce short probes with many labels incorporated, or long probes with
few labels.

The nick-translation method was originally used to incorporate radiolabelled
nucleotides into DNA probes. More recent work has shown that nucleotides labelled
with biotin can also be incorporated using this method, to yield probes of equivalent
sensitivity. Uracil and adenine nucleotides that have been labelled with biotin are
shown in Figure 11.18.

Figure 11.18. Biotin-11-dUTP and Biotin-14-dATP.
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By itself, biotin is not a detectable label. It is used as a label because a subse
quent irreversible reaction with the proteins avidin or streptavidin (K> 1012 M-1) can
be used for ultrasensitive detection, if these proteins have been labelled with an
enzyme and an activity stain is used. Conjugates of these proteins with alkaline phos
phatase, peroxidase and other enzymes are commercially available, and are often used
for this purpose. Figure 11.19 shows a summary of the sequence-specific detection of
DNA, using electrophoresis, Southern blotting, hybridization with a biotin-labelled
DNA probe, and detection using an enzyme-streptavidin conjugate and activity stain.

Figure 11.19. Detection of a DNA sequence in an electrophoretic separation pattern using a
biotinylated DNA probe.
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PROBLEMS

1. A mixture of cytochrome C and myoglobin are to be separated by polyacrylamide gel elec
trophoresis. Their isoelectric pH values (pI) are 9.6 and 7.2, and their molecular weights
are 11.7 and 17.2 kDa, respectively. In which direction will each protein migrate (towards
the anode or the cathode) at (a) pH 6.0, and (b) pH 8.5?

2. Two monomeric proteins, X and Y, of molecular weight 16.5 and 35.4 kDa, respectively,
were treated with SDS in order to separate them by SDS-PAGE.

(a) Should the sample mixture be applied to the anodic or the cathodic end of the gel?

(b) Which of the two proteins will migrate furthest from the origin?
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(c) Migration distances of 9.2 and 2.6 cm were measured for the two standard proteins. An
unknown protein migrated 5.2 cm through the same gel after SDS treatment. What is
the molecular weight of the unknown protein?

3. A mixture of high molecular weight proteins and DNA is separated by agarose gel electro
phoresis. Choose a combination of stains from Table 11.1 that would allow the protein
bands to be distinguished from the DNA bands on the basis of color.

4. At what approximate pH should a western blot be conducted, in order to transfer only the
proteins in problem 3 to a nitrocellulose membrane?

5. To detect the positions of electrophoretically separated DNA fragments, would ethidium
bromide or a biotinylated DNA probe (used in conjunction with an avidin-enzyme conju
gate and activity stain) be expected to provide positional data for all DNA fragments pres
ent in the sample? Which would provide selective data for DNA fragments containing a
particular sequence?



Chapter 12

Applications of Zone
Electrophoresis

12.1. INTRODUCTION

This Chapter describes some applications of the principles and methods described in
Chapter 11. Many variations of zone electrophoresis have been developed as specific
tools for research and diagnostic tests. The examples given in this chapter, while not
a comprehensive listing, are representative of the diversity of applications of zone
electrophoresis. We will consider the determination of net charge, subunit composi
tion and molecular weight of proteins, the determination of DNA molecular weight,
the identification of isoenzymes, the diagnosis of genetic disease, DNA fingerprint
ing, DNA sequencing and immunoelectrophoresis.

12.2. DETERMINATION OF PROTEIN NET CHARGE AND
MOLECULARWEIGHT USING PAGE1

Using the principles described in Chapter 11, multisubunit proteins can be separated
according to molecular weight on polyacrylamide gels under nondenaturing condi
tions. A number of gels are prepared having constant %C and varying %T. The
unknown protein and a number of standard proteins of known molecular weight are
electrophoresed separately on these gels, with a tracking dye that is not restricted by
the gel added to each sample. For each protein on each gel, an Rf value is calculated
as the protein migration distance divided by the migration distance of the marker. Rf

values will always lie between zero and unity, provided that the tracking dye has the
same charge sign as the protein. When these data have been tabulated, a Ferguson
plot of log(Rf) versus %T is constructed for each protein. The net charge ratio
(protein:marker) is obtained from the Ferguson plot, as the antilog of the y-intercept
(%T= 0). The negative slope of the Ferguson plot is called KD, and is proportional to
molecular weight. A calibration curve of KD versus molecular weight is prepared

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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from data obtained with the protein standards, and the KD value of the unknown is
used with this plot to obtain the molecular weight of the unknown.

This technique is illustrated with the protein hemagglutinin. A series of eleven
gels were prepared using %C= 2, with %T varying from 4 to 9. Rf values determined
following electrophoresis and staining were used to construct the Ferguson plot
shown in Figure 12.1. The y-intercept of this plot yields a net charge for hemaggluti
nin of 3.13 and a KD value of 0.13379.

Figure 12.1. Ferguson plot for hemagglutinin.

Table 12.1 shows the KD values obtained on the same gels for seven standards
of known molecular weight. The calibration curve used to determine the molecular
weight of hemagglutinin is then constructed, and the molecular weight of hemagglu
tinin is determined by interpolation of this curve, shown in Figure 12.2.

Table 12.1 Ferguson Slopes and Molecular Weights of Protein Standards

Protein Molecular Weight (kDa) KD

Chymotrypsin 21.6 0.03868
Aconitase 66 0.07201
Plasminogen 81 0.08991
Lactoperoxidase 93 0.09336
Immunoglobulin G 160 0.12998
IgG dimer 320 0.25127
IgG trimer 480 0.31315
Hemagglutinin Unknown 0.13379

It should be noted that this calibration curve exhibits a linear region up to molec
ular weights that result in very little migration in the polyacrylamide gels. Data
obtained for very high molecular weight protein standards tend to lack precision,
due to the difficulty in measuring very small migration distances. The molecular
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Figure 12.2. Calibration curve for hemagglutinin molecular weight determination. [Reprinted, with

permission, from D. J. Holme, and H. Peck, “Analytical Biochemistry”, Longman, New York, 1998.
 Addison Wesley Longman Limited 1998.]

weight of hemagglutinin was thus determined to be 160 kDa, which is within the
linear region of the calibration curve. If the unknown protein showed a molecular
weight in excess of about 300 kDa, the experiment would be repeated using a lower
range of %T values and a series of standard proteins of higher molecular weight.
This technique yields molecular weight values that are accurate to within five
percent.

12.3. DETERMINATION OF PROTEIN SUBUNIT
COMPOSITION AND SUBUNITMOLECULARWEIGHTS2

Tertiary and quaternary structure in multisubunit proteins is maintained in part by the
presence of disulfide bonds between cysteine residues. When such a protein is
exposed to a reducing agent such as mercaptoethanol or dithiothreitol, the disulfide
bonds are converted to sulfhydryl groups, the subunits dissociate and the tertiary
structure of the subunits is disrupted. In the presence of sodium dodecylsulfate
(SDS), such protein subunits yield uniformly negative species. Proteins will bind
SDS in a 1.4 g SDS to 1 g protein ratio, effectively obliterating any native charge on
the protein, and this uniform negative charge/mass ratio results in electrophoretic
migration from cathode to anode with distances that depend only on the size of the
polypeptide chain. The SDS-polyacrylamide gel results in a simple molecular siev
ing action that allows small proteins to migrate rapidly, and restricts the migration of
large proteins. Plots of log(relative molecular mass) (RMM, molecular weight)
against relative mobility (migration distance) are linear, and allow the determination
of unknown molecular weights. Figure 12.3 and Table 12.2 show data obtained for
seven proteins on a 5% polyacrylamide gel containing 0.1% SDS, after heating the
samples in a mercaptoethanol-SDS solution.3

A variation of SDS-PAGE has been reported that does not denature or otherwise
damage protein subunits, and does not involve reduction of disulfide bonds that
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Table 12.2 Protein Standards Used for SDS-PAGE a

Number Protein RMM log10RMM

1 Cytochrome c (muscle) 11,700 4.068
2 Myoglobin (equine skeletal muscle) 17,200 4.236
3 IgG light chain 23,500 4.371
4 Carbonic anhydrase (bovine) 29,000 4.462
5 Ovalbumin 43,000 4.634
6 Albumin (human) 68,000 4.832
7 Transferrin (human) 77,000 4.886

aSee Ref. 3.

Figure 12.3. SDS-PAGE (a) and MW calibration (b) for proteins in Table 12.2.3 [Reprinted, with
permission, from D. J. Holme, and H. Peck, “Analytical Biochemistry”, Longman, New York, 1998.

 Addison Wesley Longman Limited 1998.]
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maintain quaternary structure. It is called Blue Native PAGE, or BN-PAGE.4

With this method, a low concentration of the general protein stain Coomassie
Brilliant Blue G-250 is contained in the running buffer of the gel, and a slightly
higher concentration is used to pretreat samples prior to the electrophoretic run.
Coomassie Blue is negatively charged, and imparts both its blue color and its
negative charge when it associates with analyte proteins. But the dye does not
impair the abilities of enzymes to catalyze their reactions or of selective stains
like labeled antibodies to bind their targets. Applications of this method to the
detection of enzyme dysfunction resulting from metal ion toxicity have recently
been reviewed.4

12.4. MOLECULARWEIGHT OF DNA BYAGAROSE GEL
ELECTROPHORESIS5

The large pore sizes of agarose gels allow the molecular sieving effect to be
employed for the determination of DNA molecular weight. Due to the negatively-
charged phosphate groups on the DNA backbone, native DNA has a constant
charge/mass ratio. The relationship between molecular weight and mobility is not as
straightforward for DNA as it is for protein MW determinations by SDS-PAGE
methods, however. Figure 12.4 shows plots of DNA length (in base pairs, n) against
mobility, for linear and circular DNA. These plots show the general expected trend
of decreasing mobility with increasing molecular weight, as well as decreasing
mobility with increasing agarose content, or decreasing pore size. However, the
semi-logarithmic plot is nonlinear, especially at higher agarose concentrations, indi
cating that the simple sieving model does not strictly apply.

Figure 12.4. Mobility of linear (+) and relaxed, circular (o) DNA through 0.3 or 0.6% agarose gels, at

0.3 V/cm for 30 or 40 hours, respectively in 0.1 M Tris, 0.09 M boric acid and 1 mM EDTA.
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The mobility behavior of DNA has been modeled using polystyrenesulfonate
polymers.6 It has been shown that the mobility depends on the degree of entangle
ment of the polymer in the gel. Only weakly entangled polymers give the expected
sieving behavior and linear calibration plots. This fundamental difference in mobility
behavior between proteins and DNA is a result of the spherical, or random-coil,
approximation that generally holds for proteins but does not hold for nucleic acid
polymers. For DNA MW determinations, either the agarose concentration should be
maintained at a minimal value, or a large number of bracketing MW standards
should be employed to define the shape of the calibration curve. Much work in the
area of pulsed-field gel electrophoresis (PFGE, see Chapter 11) has been done to
allow resolution of high MW DNA using agarose gels.

12.5. IDENTIFICATION OF ISOENZYMES

Isoenzymes are enzymes from different species, or produced by different mecha
nisms within the same species, that catalyze identical reactions. Isoenzymes often
differ from each other by only a few amino acid residues, and may have very similar
molecular weights. In some cases, charged amino acid residues in one isoenzyme
(e.g. lysine, arginine, aspartate, glutamate) may be substituted by uncharged amino
acid residues in another, and this type of substitution will result in different net
charges at a given pH, and different pI values for the different isoenzymes.

For example, human alcohol dehydrogenase exists in more than twenty forms.7

These isoenzymes are all dimers, and all have molecular weights of ∼ 80 kDa, or
∼ 40 kDa per subunit. The different subunits have been called the α, β, γ1, γ2, π and
X subunits. All of the isoenzymes catalyze the conversion of ethanol to acetaldehyde
according to Eq. 12.1:

alcohol dehydrogenase
CH3CH2OH NAD CH3CHO NADH H (12.1)

Human alcohol dehydrogenase isoenzymes have been divided into three classes.
Class I isoenzymes contain α, β, γ1 and γ2 subunit isoenzymes, are cationic at neu
tral pH, and are strongly inhibited by substituted pyrazole inhibitors. Class II isoen
zymes contain the π isoenzyme subunit, are cationic at neutral pH, and are relatively
insensitive to pyrazole inhibition. Class III isoenzymes contain the X subunit, are
anionic at neutral pH and are insensitive to pyrazole inhibitors.

Classes I and II have been studied using PAGE, with 7 M urea in the sample
solution and gel, and with 10 mM dithiothreitol in the sample.8 The urea interferes
with hydrogen bonding and unfolds the protein, while DTT reduces the disulfide
bonds. Because Class I and II isoenzymes are cationic at neutral pH, the samples are
introduced at the anode and will migrate toward the cathode. While the masses of the
different subunits are essentially identical, their net charges are significantly differ
ent, and this affects the charge/mass ratios that control electrophoretic mobilities.
Figure 12.5 shows the stained gels obtained after a series of Class I and II alcohol
dehydrogenase isoenzymes have been run.
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Figure 12.5. Electrophoretic separation of the subunits of purified ADH isoenzymes in the presence of

7 M urea. Lane 1 contains Class II ADH, with only π subunits, while the Class I isoenzymes in lanes 2–7
have subunit compositions as indicated in each lane.

12.6. DIAGNOSIS OF GENETIC (INHERITED) DISORDERS

DNA diagnostic techniques generally use analyte DNA that has been isolated from
white blood cells. This high molecular weight DNA may be digested with restriction
endonucleases to yield shorter, double-stranded fragments. The fragments are sepa
rated on agarose gels, transferred to nylon or nitrocellulose membranes, and exam
ined for the sequence of interest using labelled DNA probes.

Restriction enzymes recognize certain regions, or sequences, of the DNA. These
are relatively short, and occur at multiple sites over the entire native genome. Some
examples of restriction enzymes and their recognition sites are listed in Table 12.3.
Cleavage of the double-stranded DNA occurs where the slashes (/) are shown in the
recognition sequence. The names of the restriction enzymes are derived from the
species from which they are isolated (e.g. Eco is Escherichia coli) and contain fur
ther classification numbers.

Table 12.3 Examples of Restriction Endonucleases and
Their Recognition Sites

Enzyme Recognition Site

Sca I

Hind III

Eco RI

Alu I

5 -AGT/ACT-3
3 -TCA/TGA-5
5 -A/AGCTT-3
3 -TTCGA/A-5
5 -G/AATTC-3
3 -CTTAA/G-5
5 -AG/CT-3
3 -TC/GA-5
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The size of the recognition site of a restriction endonuclease may vary between
4 and 9 (or more) base pairs. A small site leads to multiple cleavages and many frag
ments, since this small site is statistically likely to occur more often, while larger
recognition sites lead to fewer fragments.

Sickle-cell anemia is a recessive genetic disorder that results from a single-base
substitution, or a point mutation, in the gene that codes for the β-globin sequence of
tetrameric human hemoglobin. This point mutation results in the substitution of one
amino acid in the entire β-globin polypeptide, and leads to low solubility in the
deoxygenated form of hemoglobin. DNA isolated from the white blood cells of
patients is tested using the Mst II restriction endonuclease for digestion, followed by
agarose gel electrophoresis and hybridization to a 32P-labelled DNA probe, where
the probe sequence contains the entire human β-globin coding sequence.9 Individu
als with sickle-cell anemia lack one of the Mst II cleavage sites, so that the DNA of
these individuals will produce fewer fragments, and some normal fragment lengths
will be missing. Figure 12.6 shows the autoradiogram of the separation patterns
obtained by this method. Note that only the fragments that contain the β-globin cod
ing sequence are visualized.

In Figure 12.6, it can be seen that differences in the restriction fragment lengths
occur in the 1.15–1.35 kilobase region of the separation pattern. After quantitative
digestion of the DNA by the Mst II restriction enzyme, the normal (beta-A) DNA
yields a 1.15 kilobase fragment. Because one of the restriction sites is absent on the
sickle-cell gene (beta-S), this region of the DNA is not cleaved, and the resulting
fragment is longer, at 1.35 kilobases. The patterns obtained for DNA from the
mother and father both show the normal and the sickle-cell bands, while an affected
child exhibits only the sickle-cell band at 1.35 kilobases. The results of this test
clearly show that the fetus will have sickle-cell disease.

12.7. DNA FINGERPRINTING AND RESTRICTION
FRAGMENT LENGTH POLYMORPHISM10

DNA fingerprinting methods are used in forensic labs for the identification of indi
viduals, and in clinical labs for the diagnosis of genetic disease. These methods
employ restriction enzymes that have been carefully selected by screening methods
for their particular cleavage sites. Restriction enzymes cocktails are used in
forensic methods to produce many fragments, so that sequence differences that
normally occur between individuals produce many differences in fragment
lengths. Diagnostic methods employ restriction enzymes that recognize a critical
sequence where mutations of this sequence are known to be associated with the
disease state.

The term restriction fragment length polymorphism, abbreviated RFLP, refers to
the variety of fragment lengths from DNA digestion with restriction endonucleases.
The various lengths can result in such distinct electrophoretic separation patterns that
they are like fingerprints because they are unique to an individual. Simple polymor
phisms, such as that seen in Figure 12.6 with the Mst II site lacking in sickle-cell
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Figure 12.6. Detection of the sickle-cell anemia β-globin allele.9 [Reprinted, with permission, from
G. H. Keller, and M. M. Manak, “DNA Probes”, Macmillan (Stockton Press), New York.  Macmillan

Publishers Ltd. 1993.]

patients, can be employed for diagnostics. Figure 12.7 illustrates the principles of
RFLP methods.

If the total number of fragments resulting from quantitative digestion is rela
tively small, the detection step may involve simple ethidium staining directly on the
gel, with no Southern blot. However, if many fragments are produced, Southern blot
ting and detection via hybridization with labelled DNA probes are necessary. The
probes that are chosen hybridize with many fragments, so that a significant portion
of the separation pattern is visualized, and individual DNA differences are readily
observed. Figure 12.8 illustrates DNA fingerprinting for paternity testing. The
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Figure 12.7. Restriction fragment length polymorphism for DNA identification.

Figure 12.8. RFLP for paternity testing. Step 1 (top) is the isolation and cleavage of native DNA into

restriction fragments; Step 2 (middle) is the agarose electrophoretic separation, which yields smears of
indistinguishable bands; and Step 3 (bottom) shows the pattern obtained after Southern blotting,
hybridization with 32P-labelled probes, and autoradiography.
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separation pattern resulting from the child’s DNA can be seen to contain bands pres
ent in both the mother’s and the father’s DNA, while a new band in the child’s DNA
suggests a possible new mutation. The critical reagent in RFLP methods is the
restriction enzyme (or cocktail of enzymes), which must produce very distinct frag
ment lengths for individual DNA samples.

Diagnostic RFLP methods employ DNA that is readily available from the white
cells of patient blood samples. Forensic methods, on the other hand, use DNA sam
ples of unpredictable (usually low) quantity; furthermore, if the DNA sample is old
and has been exposed to sunlight (UV radiation), the DNA may be present as
cleaved fragments rather than intact genes. In such cases, the available DNA is
amplified in concentration using the polymerase chain reaction (PCR).11 PCR tech
nology has revolutionized DNA analysis, and has made such general forensic tests
feasible.

PCR amplification of DNA uses repetitive thermal cycling between three tem
peratures to (a) dissociate analyte DNA into single strands, (b) anneal primers and
(c) biosynthesize new DNA with the enzyme DNA polymerase. A solution contain
ing the double-stranded DNA of interest, an excess of two unique primer oligonu
cleotides, a heat-stable DNA polymerase (Taq DNA polymerase is used; it is
isolated from the thermophilic bacterium Thermus aquaticus), and an excess of
deoxynucleotide triphosphates, is thermally cycled as follows. At 93–94 °C, the ana
lyte DNA is denatured into single strands. The temperature is rapidly shifted to an
annealing temperature between 37–72 °C (the best temperature is determined exper
imentally for a particular set of primers), and at this temperature, the single strands
anneal, or form heteroduplexes, with the primers. The primers are single-stranded,
20–26 bases in length and 40–60% GC content. Two unique primers are needed for
PCR amplification, with one annealing to each strand, near the 3 -end of the region
of interest. Following the annealing step, the temperature is rapidly changed to
70–72 °C, where the DNA polymerase sequentially extends the primers one nucleo
tide at a time, moving towards the 5 -end of the region of interest. The nucleotides
that are incorporated into the new double-strands are complementary in sequence to
the analyte strands. After this cycle, one copy of each analyte DNA molecule has
been produced.

Repeated thermal cycling through the denaturation, annealing and extension
temperatures yields copies of the copies, and a geometric amplification of the DNA
concentration occurs. In principle, the number of copies produced is equal to 2n-1,
where n is the number of complete thermal cycles used. Most PCR protocols specify
over 25 cycles. In practice, the amplification is somewhat less than predicted, due to
incomplete extension through the second primer sites. The usual size of the amplified
region is 100–400 bases in length. Figure 12.9 shows a schematic representation of
PCR amplification.

More recently, isothermal DNA amplification methods have also been intro
duced. These methods use different enzyme combinations to denature and replicate
the sequence of interest. Examples include an isothermal helicase method12 as well
as a recombinase system designed for lab-on-chip applications.13



12.8 DNA Sequencing With the Maxam-Gilbert Method 279

Figure 12.9. Schematic representation of the first three cycles of PCR amplification. The template DNA
can be any piece of double-stranded DNA containing the sequence of interest, ranging in size from the
PCR product itself to a human chromosome. The wavy lines indicate newly synthesized DNA; note that

the primer is incorporated into this new strand and defines the 5 -end of the product. The straight lines
indicate the template strands that are copied.

12.8. DNA SEQUENCINGWITH THEMAXAM-GILBERT
METHOD14

Determining the sequence of an unknown DNA sample may be accomplished using
either enzymatic (the dideoxy method) or chemical (the Maxam-Gilbert method)
reactions that yield a series of detectable fragments that differ in length by a single
base. The Maxam-Gilbert method uses four chemical reactions that selectively
cleave DNA at dG, dC, dG+dA and dC+dT residues, and the products of these par
tial cleavage reactions are subjected to polyacrylamide gel electrophoresis. The ini
tial step in the sequencing protocol involves labelling single-stranded DNA with 32P
at either the 5 or the 3 -end (but not both). The labelled DNA is then divided into
four portions, and subjected to four separate cleavage reactions. Each reaction results
in partial cleavage of the fragment at particular bases, and, following PAGE, the
sequence of the DNA is read from the pattern of bands on the autoradiogram.

For example, given an initial fragment, labelled at the 5 -end, that has the
sequence 32P-GCTGCTAGGTGCCGAGC, partial cleavage at (and removal of) the
G residues will yield the following detectable fragments:

32P-GCTGCTAGGTGCCGAGC
32P
32P-GCT
32P-GCTGCTA

(12.2)32P-GCTGCTAG
32P-GCTGCTAGGT
32P-GCTGCTAGGTGCC
32P-GCTGCTAGGTGCCGA



280 Chapter 12 Applications of Zone Electrophoresis

Many other fragments will also be produced, but will not be detectable, since they
lack the 32P label. Electrophoresis of this product mixture on a polyacrylamide gel
will therefore yield eight bands - one for the initial fragment and seven for the
reaction products. The initial fragment will be closest to the origin (the cathodic end
of the gel), while the shortest fragment will migrate furthest from the cathode. It is
very important that the cleavage reactions are not allowed to go to completion. If this
occurs, only the shortest fragments will be present in each of the four reaction prod
ucts. We will now consider the four degradation reactions.

1. The G Reaction: This reaction uses dimethylsulfoxide (DMSO), hydroxide
and piperidine for the selective cleavage of DNA at deoxyguanosine resi
dues, as shown in reaction scheme 12.3, below. DMSO methylates at the N7
position of guanine, and makes it susceptible to nucleophilic attack at the C8
position by hydroxide, which opens the ring. These two reactions also occur
with adenine, and it is the next step that is selective for guanine. In the pres
ence of piperidine, guanine (but not adenine) is displaced, and the deoxy
ribose unit is removed from the strand. This yields two DNA fragments,
both of which will have phosphate groups present where they were attached
to the removed sugar residue.

(12.3)

2. The C Reaction: The C reaction uses hydrazine, piperazine and hydroxide to
selectively remove dC residues from single-stranded DNA, as shown in
scheme 12.4. Hydrazine attacks cytosine at the C4 and C6 positions, opening
the pyrimidine ring. This product then cyclizes into a new five-membered
ring. The hydrazine will not attack thymidine residues if 1 M NaCl is present.
Further reaction with hydrazine releases the ring, leaving the sugar residue in
the DNA backbone as a hydrazone. Piperidine will react with this hydrazone,
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and in the presence of hydroxide, the sugar residue is removed, leaving two
fragments that are phosphorylated as in the G reaction.

(12.4)

Both the G and C reactions are specific for these bases. The two other
reactions needed for sequencing result in cleavage at both G and A residues,
and at both C and T residues, respectively.

3. The G+A Reaction: In this reaction, acid is used to weaken the glycosidic
bond by protonating (rather than methylating as in the G reaction) at the N7
position of both A and G. This protonated form is susceptible to piperidine
displacement, which then occurs as shown in scheme 12.3.

4. The C+T Reaction: The C+T reaction is performed under identical condi
tions to the C reaction, except that the 1 M NaCl used in the C reaction is
absent. Under these conditions, cleavage will occur at both C and T residues.
For example, the fragments expected for the cleavage of the 5 -labelled frag
ment 32P-ACTGTAGC in each reaction are shown in Table 12.4 below:

Table 12.4 Labeled Fragments Expected from the 32P-ACTGTAGC Cleavage Using the
Maxam-Gilbert Sequencing Method

G G+A C+T C

32P-ACT
32P-ACTGTA

32P
32P-ACT
32P-ACTGT
32P-ACTGTA

32P-A
32P-AC
32P-ACTG
32P-ACTGTAG

32P-A
32P-ACTGTAG
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It can be seen from this table that all fragments resulting from the G reaction will
also be present in the G+A reaction product, and, similarly, that all fragments result
ing from the C reaction are also present in the C+T reaction product. These product
mixtures are electrophoresed in separate lanes on a polyacrylamide slab, are sepa
rated according to size, and autoradiography then reveals the pattern shown in
Figure 12.10.

Figure 12.10. Autoradiogram of DNA sequencing gel obtained after Maxam-Gilbert sequencing

reactions of 32P-ACTGTAGC.

To read the sequence from the autoradiogram, we recall that the smallest frag
ments migrate the furthest from the cathode toward the anode. Furthermore, all of the
lanes must have an identical band closest to the origin that results from the unreacted
strand - if this is absent, then the reactions have been allowed to proceed too far
towards completion. Since the smallest fragment is known to be the 32P label, and
since this band occurs in the G+A lane, we know that the base closest to the label
must be A. The second furthest-migrating band is observed in both the C+T and the
C lanes, so that the second base is a C. The third band occurs only in the C+T lane,
and is therefore a T residue. We have now sequenced the first three bases, as
32P-ACT. Continuing in this manner, the entire sequence of the fragment is easily
read from the sequencing gel.

Polyacrylamide gels as long as one meter have been used to enable the sequence
of a 600-base DNA fragment to be read from a single gel.15 More often, however,
several gels are employed. As shown in Figure 12.11, for example, a gel with up to
20%T is used for bases 0–150, a 6%T gel for bases 140–300, and a 4%T gel is used
to sequence bases 290–600+. It is necessary to include a region of overlap from one
gel to the next, to ensure that no fragments remain undetected.

12.9. IMMUNOELECTROPHORESIS16

Antigen-antibody binding interactions can be induced after an electrophoretic sepa
ration pattern is blotted from the gel onto a membrane, in a technique called
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Figure 12.11. Autoradiograms of three one-meter sequencing gels, A= 16%T, B= 6%T, and C= 4%T.
Each gel has sixteen lanes, containing the four reaction products, in order (left to right) G, G+A, C+T, C,
for each if four DNA samples. The arrows indicate crossover points from one gel to the next. [Reprinted,

with permission, from R. F. Barker, in “Nucleic Acids Sequencing: A Practical Approach”, C. J. Howe,
and E. S. Ward, Eds., Oxford University Press, New York, 1989.  IRL Press at Oxford University Press,
1989.]

immunoblotting, and can also occur directly in the gels used for electrophoresis.
Immunoelectrophoretic methods are used for the identification and quantitation of
antigens.

The immunoblotting technique follows after the western blotting of the proteins
onto a membrane. The membrane with bound proteins is incubated in a solution con
taining a polyclonal antiserum or a monoclonal antibody, and is then rinsed. This is
the primary binding step that identifies the antigen of interest through the high selec
tivity of the binding reaction. Subsequent labelling steps, for example with an
enzyme-labelled anti-IgG followed by an activity stain, allow the detection of the
antibody selectively bound to the antigen on the membrane. For the primary step,
monoclonal antibodies are favored over polyclonals, because of the single epitope
selectivity which reduces interferences that result in the detection of non-analyte pro
teins. If polyclonal antiserum is used, all antibodies present must be considered. A
“good” antiserum contains 6–7 mg/mL immunoglobulins, and, of these, 20–30% are
so-called specific antibodies directed against the immunogen. The remaining
70–80% of the antibodies are irrelevant to the antigen of interest, and are directed
against environmental immunogens such as microorganisms and foodstuffs as well
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as against impurities in the injected immunogen. The affinity or avidity of the pri
mary binding interaction is often significantly lower in immunoelectrophoretic meth
ods than in typical immunoassays such as ELISA. This is a result of antigen
denaturation in the gel, and is particularly noticeable with SDS-PAGE separations.

Figure 12.12 shows examples of protein detection with polyclonal and mono
clonal antibodies.17 Note the large number of visible bands in the polyclonal immu
noblot, and the fact that the monoclonal appears to interact with a different antigen
epitope than most of the antibodies in the polyclonal mixture, since the one band
visualized in the monoclonal immunoblot is barely visible in the polyclonal
immunoblot.

Figure 12.12. Immunoblots of M. hyorhinis antigens.17 Lane 1: marker proteins; lane 2: Coomassie

blue stain; lane 3: polyclonal antiserum immunoblot; lane 4: monoclonal antibody immunoblot.
[Reprinted, with permission, from K. E. Johansson in “Handbook of Immunoblotting of Proteins”, O. J.
Bjerrum, and N. H. H. Heegard, Eds., CRC Press, Boca Raton, FL, 1988.  1988 by CRC Press, Inc.]
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Figure 12.13 shows a comparison of different labelling techniques, after an
identical mouse monoclonal antibody was used in the primary immunoblotting
step.18 Lane A shows the indirect immunoperoxidase method, whereby the primary
monoclonal is detected using a peroxidase-conjugated goat anti-mouse IgG anti
body, followed by a peroxidase activity stain. Lane B shows the peroxidase anti-
peroxidase method, in which rabbit anti-mouse IgG antibody is bound to the mouse
monoclonal, and an anti-rabbit IgG antibody, with its two binding sites, is sand
wiched between the rabbit anti-mouse IgG and a 2:1 peroxidase:rabbit anti-peroxi
dase complex. Finally, Lane C shows detection using a biotinylated anti-mouse IgG
antibody followed by a streptavidin-peroxidase conjugate, which is stained for activ
ity. Lanes A and C clearly indicate better immunoblot selectivity, and this results, in
part, from limited use of polyclonal antisera in the immunological reactions.

Figure 12.13. Comparison of immunoperoxidase (Lane A), peroxidase anti-peroxidase (Lane B) and

biotin-streptavidin (Lane C) immunoblotting detection methods.18 [Reprinted, with permission, from K. E.
Johansson in “Handbook of Immunoblotting of Proteins”, O. J. Bjerrum, and N. H. H. Heegard, Eds., CRC
Press, Boca Raton, FL, 1988.  1988 by CRC Press, Inc.]

A final example of immunoelectrophoresis methods is the quantitative method
called rocket electrophoresis, that employs secondary antibody-antigen interactions
for detection.19 The rocket method uses thin agarose gels, typically 1–2%, that con
tain approximately 1% antibody; the antigen is a protein (i.e. univalent and multi-
determinate) and the antibody is a polyclonal antiserum. Wells are cut into the gel
prior to the electrophoretic run, usually at the anodic end, in the same manner used
for the single radial immunodiffusion method (cf. Chapter 6). Standards and
unknown solutions are then placed in the wells. The samples are electrophoresed at
low field strength (< 20 V/cm) for about 24 hours using an acidic buffer, so that
proteins are positively charged and migrate towards the cathode. Migration causes
the dilution of the sample solutions, and when 1:1 Ag:Ab equivalence is reached, a
precipitin line forms. Higher antigen concentrations lead to larger migration
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Figure 12.14. Principles of rocket electrophoresis. Rocket height is measured from the cathodic end of
the well to the rocket tip, and is directly proportional to antigen concentration.

Figure 12.15. Dilution series of purified proteins and crude cell extracts from Chlamydomonas.20 A:

Antibodies (51 μg IgG/cm2) were raised against the large subunit of the protein RuBPCase; wells loaded
with cell extract from 31.2, 15.6, 10.4, or 7.8× 104 cells (wells 1–4) or with 600, 300, 150 or 75 ng of
RuBPCase large subunit (wells 5–8); run performed at 14 V/cm for 24 hrs. B: Antibodies (74 μg/cm2) were
raised against the small subunit of RuBPCase; wells 1–4 same as in A, wells 5–8 contain 300, 150, 75 or

40 ng RuBPCase small subunit controls; run at 8 V/cm for 24 hrs. C: Antibodies (20 μg/cm2) were raised to
thylakoid membrane polypeptide; wells 1–4 contain extracts of 7.8, 6.2, 4.2 or 3.1× 104 cells, and wells
5–8 contain purified thylakoid membranes corresponding to 20, 10, 5 or 2.5 μg of chlorophyll; run

conditions as in B. [Reprinted, with permission, from F. G. Plumley, and G. W. Schmidt, Analytical
Biochemistry 134, 1983, 86-95. Copyright  1983 by Academic Press, Inc.]
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distances before the formation of the precipitin line. The lines formed are rocket-
shaped, and the height of the rocket, from the cathodic end of the well to the rocket
tip, is directly proportional to antigen concentration.

It has been shown that the best results with this method occur with long
(> 24 hr) runs at low (5 V/cm) field strengths; under these conditions, rocket electro
phoresis may be used to determine nanogram quantities of proteins. A protein stain
such as Coomassie blue or silver may be used to facilitate visual detection of the
precipitin lines, provided that a prior rinse is used to remove unbound antibodies
from the gel. Figure 12.14 illustrates the principles of rocket electrophoresis, while
Figure 12.15 shows the quantitation of proteins present in cell extracts of a species of
green algae.
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PROBLEMS

1. The standard and unknown proteins listed below were electrophoresed using SDS-PAGE.
Estimate the molecular weight of the unknown protein.

Protein MW (kDa) Migration Distance (cm)

Aldolase 158 3.56
Catalase 210 3.23
Ferritin 440 2.86
Thyroglobulin 669 2.51
Unknown ? 3.03

2. A protein known to be highly purified is subjected to SDS-PAGE. Two bands are
observed, and these correspond to molecular weights of 50 and 75 kDa. After staining and
densitometry, the 75 kDa band is seen to possess twice the area of the 50 kDa band. What
conclusions can be reached regarding the original protein?

3. Double-stranded DNA standards and an unknown were electrophoresed in a 0.6% agarose
gel, stained with ethidium bromide and photographed under UV light. The negative of the
photographed separation pattern was then scanned with a densitometer. The following data
were obtained. Estimate the length of the unknown DNA, in base pairs.

Length (BP) Migration Distance (cm)

9162 5.56
8144 7.84
7126 10.12
6108 13.50
5090 17.93
4072 23.79
3054 32.06
? 15.27

4. An oligodeoxynucleotide ten bases in length was subjected to the Maxam-Gilbert proce
dure for sequence determination. The decamer was initially labelled with 32P (as phos
phate) at the 5 -end. The four individual sequencing reactions were carried out, and the
mixtures were applied individually to four lanes of a 20 %T polyacrylamide gel. After
electrophoresis, the following autoradiographic pattern was obtained:



Problems 289

(a) Identify the anodic and cathodic ends of the gel as either the top or bottom of the
diagram. At which end were the samples applied?

(b) Derive the base sequence of the oligodeoxynucleotide, starting from the 5 -end.

5. Two proteins are to be analyzed in parallel lanes by SDS-PAGE. Protein X has only
one subunit with a MW of 80 kDa. Protein Y has eight identical subunits, four that
each have a MW of 35 kDa and four that each have a MW of 60 kDa. Which protein
will exhibit the band that migrates farthest from the origin?



Chapter 13

Isoelectric Focusing and 2D
Electrophoresis

13.1. INTRODUCTION

Early experiments in the development of isoelectric focusing, a high-resolution
steady-state electrophoresis method, occurred in 1912, with an electrolytic cell that
was used to isolate glutamic acid from a mixture of its salts.1 A simple U-shaped
cell, such as that used for moving-boundary electrophoresis (Chapter 11), with two
ion-permeable membranes equidistant from the center, created a central compart
ment that separated anodic and cathodic chambers, as shown in Figure 13.1. Redox
reactions occurring in the anodic (Eq. 13.1) and cathodic (Eq. 13.2) electrolyte com
partments generated H+ and OH ions in the respective chambers:

2 H2O O2 4 H 4e Anode (13.1)

2 H2O 2e 2 OH H2 Cathode (13.2)

Figure 13.1. The first isoelectric focusing experiment, used to separate glutamic acid from a mixture of

its salts.

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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With this cell, glutamic acid placed in the central chamber can freely migrate
across the ion-permeable membranes. As it crosses into the anodic chamber, the low
pH causes protonation of the two carboxylates and the amine, so that a net charge of
+1 is created on the molecule. This positively charged species then migrates towards
the cathode, recrossing the membrane into the central chamber. When glutamic acid
crosses the other membrane into the cathodic electrolyte compartment, the carboxyl
ates and the amine group are deprotonated, and the molecule attains a net negative
charge. This species migrates towards the anode, recrossing the membrane into the
central compartment. The result of these migrations is that the glutamic acid
becomes concentrated within the central compartment, at a pH close to its isoelectric
pH, where it exists in the zwitterionic form with a net charge (and therefore mobility)
of zero. The high concentration of glutamic acid at its pI value was the first recorded
demonstration of the isoelectric focusing (IEF) effect.

A significant advance over this simple IEF experiment occurred in 1929,2 when
the number of compartments separating the anodic and cathodic electrolytes was
increased to twelve. This work clearly demonstrated the concept of establishing a
stepwise variation in pH from one electrode chamber to the other. This stepwise gra
dient results in a steady-state pH distribution and an accumulation of ampholytes at
their isoelectric pH values.

Ampholytes are chemical species capable of carrying net positive, zero or
negative charge, depending on the pH of the medium. Amino acids are common
examples of ampholytes. At its pI, the net charge on an ampholyte is zero, so it
will not migrate in an electric field. Ampholyte species will therefore migrate in
the field until they reach a compartment in which pH = pI; they then focus in
that compartment.

IEF was first successfully applied to proteins in 1938, when it was used to sepa
rate the protein hormones vasopressin and oxytocin from tissue extracts.3 Twenty
years later, ampholytes were first focused in a continuous pH gradient, stabilized by
a dense sucrose medium, as an alternative to the multicompartment method. The
continuous pH gradient in the sucrose medium was established by allowing acid and
base to diffuse into opposite ends of the sucrose medium, held in a U-cell, from their
respective electrode chambers. The stabilization of this continuous pH gradient with
carrier ampholyte species led to modern IEF methods.

13.2. CARRIER AMPHOLYTES

The concept of carrier ampholytes in IEF was introduced in 1961.4 Carrier ampho
lytes are species that are amphoteric, so that they reach an equilibrium position along
the separation medium, and are good electrolytes, possessing both ionic conductiv
ity, to carry current, and buffering capacity, to carry pH. They are used to generate
stable pH gradients in the presence of the electric field, and are prefocused at their pI
values before the sample is introduced. Ideally, a carrier ampholyte mixture consists
of species that have identical diffusion coefficients and electrical mobilities, and dif
fer in their pI values by only 0.05 pH unit, so that a linear pH gradient is generated.
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In practice, carrier ampholyte mixtures generate approximately stepwise changes in
pH with distance along the separation medium.

Figure 13.2 shows the pH gradients calculated for mixtures of 8 carrier ampho
lyte species possessing pI differences of 0.05 and 0.10 pH units. The individual spe
cies focus at their pI values, where their buffering capacity is low. A linear pH
gradient is generated only for very small pI differences, and it can be seen that at
0.10 pH unit differences in the pI values of the carrier ampholytes, a stepwise depen
dence of pH on distance is found.

Figure 13.2. Concentration and pH as a function of distance calculated for mixtures of 8 carrier

ampholytes with pI differences of (a) 0.05 and (b) 0.10.5 [Reprinted, with permission, from M. Almgren,
Chemica Scripta 1 (No. 2), 1971, 69–75. Copyright  by The Royal Swedish Academy of Sciences.]

The first studies of carrier ampholytes were conducted using amino acids and
dipeptides, but these species did not work well because their pK values for the amino
and carboxylate groups are too far removed from their pI values. After they were
prefocused, these species had very low buffering capacity. Good buffering capacity
is achieved with ampholytes for which pK values differ from the pI by 1.5 pH units
or less.

In 1969, a patented mixture of synthetic carrier ampholytes was introduced as
“AmpholineTM

”. These species are polyprotic amino-carboxylic acids that do not
possess peptide bonds; each molecule in the mixture contains at least four protolytic
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groups, with at least one being an amine and at least one a carboxylic acid. Because
all monovalent carboxylic acids possess pK values in the pH 4–5 range, and all
monovalent aliphatic amines are protonated below pH 9–10, it was reasoned that
chemical species containing multiple protolytic sites would provide a range of pK
values. In fact, it was known that oligo- and polyamines of linear or branched struc
ture, that have amino groups separated by ethylene bridges, have pK values spaced at
graded intervals; tetraethylenepentamine, for example, has pK values of 9.9, 9.1, 7.9,
4.3 and 2.7 at 25 °C. If such polyamines are conjugated to an acidic group, for exam
ple, acrylic acid, the requisite criteria for carrier ampholytes are met. The structure6

of a representative component of the Ampholine mixture is shown in Figure 13.3.

Figure 13.3. Typical Ampholine component.6 The pI values are varied by varying the number and type
of the R4N+ and RCOO groups.

13.3. MODERN IEFWITH CARRIER AMPHOLYTES

IEF is commonly carried out on polyacrylamide gels. The preparation and polymeri
zation of the gel are carried out in the presence of the ampholine mixture, in a verti
cal column or slab. The upper (anodic) reservoir is then filled with an acidic solution
of, for example, phosphoric acid, and the lower (cathodic) reservoir is filled with a
basic solution, such as aqueous ethanolamine. These solutions are allowed to diffuse
towards the center of the gel, to generate a pH gradient from the acid and base reser
voir solutions. This step is followed by a prefocusing step before sample introduc
tion, to allow the migration of the carrier ampholytes to their respective pI values.
The carrier ampholytes thus focus at their pIs and stabilize the initial pH gradient.
The sample is then layered at the anodic end in a sucrose solution, and the electro
focusing step is begun; this step may take several hours to reach steady-state, with
components migrating according to their mobilities until they focus at their pI val
ues. Because IEF is a steady-state technique, the components are not subject to the
diffusional broadening observed in zone electrophoresis, and very high resolutions
can be achieved. Components with pI values that differ by as little as 0.02 pH units
can be separated using the carrier ampholyte system, making it useful for the separa
tion and quantitation of isoenzymes.

Isoelectric focusing has been used extensively for the identification of hemoglo
bin variants.7 More than three hundred variants of human hemoglobin are known to
exist. The so-called “normal”, adult hemoglobin is called HbA, and contains four
polypeptide subunits called the α, β, γ, and δ-globin polypeptides, and most of the
known variants result from amino acid substitutions in the α and β-globin chains.
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Some variants that are still considered HbA result in disorders that cause the loss of
the heme groups, while variants called HbM cause either cyanosis (where Fe2+ is too
easily oxidized to Fe3+) or result in an abnormally high affinity of iron for O2

(chronic hemolysis). Sickle-cell anemia is caused by one type of HbS in which
valine is substituted for glutamate at position 6 of the β-globin polypeptide, and this
is the most common human hemoglobin abnormality.

Hemoglobin and its variants have isoelectric pH values that vary over about one
pH unit, in the 6.6–7.5 range, and IEF has become a standard diagnostic tool.
Figure 13.4 shows an IEF map of 79 human hemoglobin variants that exhibit nearly
50 distinct pI positions.

Figure 13.4. IEF map of human hemoglobin variants. IBI and IBII indicate the ferrous and ferric forms
of normal HbA, and asterisks (∗) indicate variants resulting from α-chain mutations.7 [Reprinted, with
permission, from P. Basset, Y. Beuzard, M. C. Garel, and J. Rosa, Blood 51 No. 5 (May), 1978, 971–982.

 1978 by American Society of Hematology.]
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A comparison of IEF and zone electrophoresis for the resolution of Hb variants
has been carried out using a mixture of HbA and four known variants.8 The stained
gels are shown in Figure 13.5. It can be seen that the IEF technique allows all five
bands to be distinguished, while the standard zone electrophoresis method yields
only two broad bands, and would not be useful for diagnostic purposes.

Figure 13.5. Migration patterns of a mixture of five Hb species (a) by IEF over the pH 6–9 range, and
(b) by electrophoresis on cellulose acetate strips at alkaline pH.8 [Reprinted, with permission, from
P. Basset, F. Braconnier, and J. Rosa, J. Chromatogr. 227, 1982, 267–304. “An Update on Electrophoretic

and Chromatographic Methods in the Diagnosis of Hemoglobinopathies”.  1982 Elsevier Publishing
Company.]

IEF is thus a very powerful steady-state technique that works well for the sepa
ration of good ampholytes that possess steep titration curves near their pI values,
such as proteins. As analyte moves through the pH gradient, its surface charge
changes, and decreases according to the acid-base titration curve of the molecule. At
the pI, the mobility is zero, and the species focuses. IEF is useful for proteins
because of their sharp titration curves, but short peptides cannot be focused unless
they possess at least one acidic or basic group in addition to the terminal amino and
carboxylate groups, since without these groups the peptides will have a zero net
charge over the entire pH 4–8 range. The highest molecular weight species that have
been examined using IEF on polyacrylamide gels are ∼750 kDa, because above this,
the pore size of the gel severely limits mobility. The focusing of high molecular
weight species requires long run times, because of low mobilities. IEF is a steady-
state technique, and the resulting patterns, in principle, are not time dependent, and
are not as sensitive to the technical skill of the operator as are those of zone electro
phoresis methods.

Carrier ampholyte-based IEF methods are commonly used in situations where
very high resolution of proteins according to their pI values is not required. Several
problems exist with the use of carrier ampholytes that limit their resolving power.
These include the low and uneven ionic strength that results in smearing of the most
abundant proteins in the sample, the uneven buffering capacity and conductivity, the
unknown chemical environment, a low sample loading capacity, and a long-term
instability of the pH gradient that results from cathodic drift of the carrier
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ampholytes. Even with these known disadvantages, carrier ampholyte-based IEF is
capable of resolving proteins that differ in their pI values by only 0.02 pH unit. The
highest resolving power obtainable with IEF methods is achieved when immobilized
pH gradients are used.

13.4. IMMOBILIZED pH GRADIENTS (IPGs)9

Gradients of pH can be immobilized directly into a polyacrylamide gel backbone by
casting a gradient from one type of monomer to another, where the monomer species
employed have protolytic functional groups. The buffering capacity is then held rig
idly in place, and the pH gradient is generated during the gel casting process.
Figure 13.6 shows an apparatus that is used for casting gradient gels. The diffusion
of acid and base into the gel from opposite ends converts the acidic and basic groups
to their correct forms (salts are used during casting). A prefocusing step is not
required with IPGs as it is with carrier ampholyte IEF. Because of the control that is
achievable during the casting of the gradient, linear pH gradients are readily con
structed over very narrow pH ranges, allowing the resolution of proteins that differ
in their pI values by only 0.001 pH unit.

Figure 13.6. Experimental arrangement for casting an immobilized pH gradient gel. A linear pH

gradient is generated by mixing two solutions with initially equal volumes, where one solution is dense
and the other is, and they are titrated to the extremes of the desired pH interval. The compensating rod in
the reservoir is used as a stirrer after the addition of catalysts and for hydrostatically equilibrating the two

solutions.

Examples of the monomeric species used to generate the IPG are shown in
Table 13.1. These compounds are all acrylamide derivatives, have pK values well-
distributed over the pH 3–10 interval, and are mixed with the acrylamide monomer
solutions prior to gel casting. Note that these species are not amphoteric. The R
group attached to the amide nitrogen contains either a carboxylate or an amine
group, while pH extremes can be generated by the incorporation of a sulfonic acid
group or a quaternary amine into the R group. The distance between the amide bond
and the ionizable or buffering group is great enough that the incorporation of the
monomer into the gel matrix does not significantly affect the pK of the buffering
group. Once cast, these gels can be prepared in quantity, dried and stored, so that a
rehydration step just prior to use yields gels with reproducible gradients.
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TABLE 13.1 Monomers Used for the Preparation of IPG Gelsa

pK Name Rb MW

1.2 2-Acrylamido-2-methylpropanesulfonic acid -C(CH3)2(CH2SO3H) 207
3.1 2-Acrylamidoglycolic acid -CH(OH)COOH 145
3.6 N-Acryloylglycine -CH2COOH 129
4.4 3-Acrylamidopropanoic acid -(CH2)2COOH 143
4.6 4-Acrylamidobutyric acid -(CH2)3COOH 157

6.2 2-Morpholinoethylacrylamide 184

7.0 3-Morpholinopropylacrylamide 199

8.5 N,N-Dimethylaminoethylacrylamide -(CH2)2N(CH3)2 142
9.3 N,N-Dimethylaminopropylacrylamide -(CH2)3N(CH3)2 156
10.3 N,N-Diethylaminopropylacrylamide -(CH2)3N(CH2CH3)2 184
>12 QAE-Acrylamide -(CH2)2N(CH2CH3)3 198

aAdapted from Ref. 9.
bGeneral formula: CH2=CH-CO-NH-R

With the monomers listed in Table 13.1, it is possible to create very narrow pH
gradients, using one buffering species and one titrating species. For example, 3-mor
pholinopropylacrylamide (pK= 7.0) used as a buffer, and 2-acrylamido-2-methyl
propanesulfonic acid used as a titrant can be cast so that the final pH gradient covers
the pH 6.5–7.5 range. The final pH range will be linear between pK 0.5 and pK
+0.5 for the buffering species. IPGs with such narrow pH ranges are used for very
high pI resolution.

Isoelectric focusing on such narrow pH range IPG gels have been used for the
diagnosis of hemoglobinopathies, such as β-thalassemia, which is a recessive genetic
disease. Figure 13.7 shows a comparison of IPG and carrier ampholyte gels used to
separate hemoglobins present in 18-week-old fetal cord blood of normal and thalas
semic fetuses.10 A normal fetus will possess three types of hemoglobin at 18 weeks:
fetal hemoglobin (HbF), acetylated fetal hemoglobin (HbFac), and adult hemoglobin
(HbA). If the fetus is homozygous for β-thalassemia, no HbA is present at 18 weeks.
The electropherograms show that the IPG system allows the clear resolution of the
HbA and HbFac bands, while the carrier ampholyte system yields a single band con
taining both HbA and HbFac. Thus the introduction of high-resolution IPGs has
allowed the early diagnosis of the disease using routinely obtainable blood samples.

A second example of the improvements in isoelectric focusing generated by the
introduction of IPG gels is shown in Figure 13.8, where protein samples obtained
from bean seeds are subjected to IEF for up to 12 hours, using carrier ampholytes
and immobilized pH gradients.11 In principle, proteins focused at their isoelectric
pH values are not subject to changes in position with time, since IEF is a steady-state
rather than a time-dependent technique. However, carrier ampholyte-based IEF sys
tems are known to exhibit cathodic drift which results from electro-osmosis, with the
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Figure 13.7. Separations of HbF, HbA and HbFac from fetal cord blood obtained at week 18 of

pregnancy: (a) IPG gel covering pH 6.8–7.6 range; (b) carrier ampholyte gel covering the pH 6–8
AmpholineTM range; both gels were stained with Coomassie brilliant blue R-250 in Cu2+ solution.10

[Reprinted, with permission, from M. Manca, G. Cossu, G. Angioni, B. Gigliotti, A. Bianchi-Bosisio, E.

Gianazza, and P. G. Righetti, American Journal of Hematology 22 (No. 3, July), 1986, 285–293.
“Antenatal Diagnosis of β-Thalassemia by Isoelectric Focusing in Immobilized pH Gradients”.  1986 by
Alan R. Liss, Inc.]

slow drift of buffer, and carrier ampholytes, towards the cathodic end of the gel.
Figure 13.8 shows that this drift is significant with carrier ampholytes after only
three hours of focusing, while gels with immobilized pH gradients exhibit superior
time stability over twelve hour runs.

Figure 13.8. Comparison of (A) carrier ampholyte (pH 4–6 range) and (B) IPG (pH 4–8 range)
isoelectric focusing pattern stability over time, for the separation of a mixture of bean seed proteins.11

[Reprinted, with permission, from “Methodology of two-dimensional electrophoresis with immobilized

pH gradients for the analysis of cell lysates and tissue proteins”, A. Görg, W. Postel, A. Domscheit, and S.
Günther in “Two-Dimensional Electrophoresis”, Proceedings of the International Two-Dimensional
Electrophoresis Conference, Vienna, November 1988. A. T. Endler, and S. Hanash, Eds., VCH Publishers,

Weinheim, Germany, 1989.  1988 by VCH Verlagsgesellschaft mbH.]

A variety of precast IPG gels is commercially available from electrophoresis
suppliers, and this represents another significant advantage over carrier ampholyte
systems, since gel-to-gel reproducibility is high when gels are initially prepared in
large quantities.
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The high resolution and separation stability afforded by isoelectric focusing on
immobilized pH gradient gels has also been exploited in two-dimensional electro
phoresis methods, where IEF in the first dimension is followed by a second separa
tion method performed in a perpendicular direction.

13.5. TWO-DIMENSIONAL ELECTROPHORESIS12

Two-dimensional (2D) separation techniques are those in which a sample is sub
jected to two displacement processes that occur orthogonally to each other. The two
dimensions should be based upon two completely different separation mechanisms,
since identical mechanisms merely yield diagonal separation patterns. The resolving
power of 2D techniques can be expressed by Eq. 13.3:

n2 n2 (13.3)1

where n2 is the number of components resolvable by a 2D method and n1 is the
number resolvable by a 1D technique.

To date, the most powerful combination of electrophoresis techniques employs
IEF in the first dimension, resolving on the basis of pI, and SDS-PAGE in the second
dimension to separate on the basis of molecular weight. The order is crucial, since
the isoelectric point of a protein effectively disappears upon treatment with SDS,
which yields a uniformly negative charge/mass ratio.

2D Electrophoresis was first reported in 1975, when it was used for the qualita
tive analysis of a very complex mixture of E. coli proteins for which 1D techniques
are inadequate. Carrier ampholytes were used for column IEF in the first dimension,
using pH 3–10 AmpholineTM, urea, a nonionic surfactant, acrylamide and cross-
linker, TEMED and persulfate during the gel casting process. This was followed by
diffusion of 0.02 M NaOH and 0.01 M H3PO4 from cathodic and anodic reservoirs, a
prefocusing step, and the 13-hour IEF run. The IEF voltage was selected so that the
total voltage× time product was between five and ten thousand volt-hours. The gel
was then extruded from the IEF column using a syringe and tubing, and equilibrated
for 30 minutes in a solution of glycerol, mercaptoethanol, SDS and buffer. The sec
ond dimension employed discontinuous SDS-PAGE on a slab of the same width as
the length of the initial column used for IEF, as shown in Figure 13.9.

Figure 13.9. Electrophoresis chamber used for the second dimension (SDS-PAGE).
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Three gels were used for the second dimension: (a) a loading gel of 1% agarose
that surrounded the IEF gel to minimize protein loss into the top buffer, (b) a stack
ing gel of 5% polyacrylamide with 0.1% SDS at pH 7, and (c) a running gel, possess
ing a 9–14% polyacrylamide gradient with 0.1% SDS at pH 9. A running buffer of
pH 9, containing 2% SDS was used during the 5 hour run, and the entire slab was
then removed, fixed and stained with Coomassie blue. The resulting separation pat
tern is shown in Figure 13.10.

Figure 13.10. Two-dimensional separation of E. coli protein mixture, using IEF with carrier

ampholytes, pH range 3–10, in the first (horizontal) direction, and SDS-PAGE was run from top to bottom
in the second dimension on a 9–14% polyacrylamide gradient running gel cast with 0.1% SDS.12

[Reprinted, with permission, from P. H. O’Farrell, The Journal of Biological Chemistry 250 (No. 10 May
25), 1975, 4007–4021. “High Resolution Two-Dimensional Electrophoresis of Proteins”. Copyright 

1975 by the American Society for Biochemistry and Molecular Biology, Inc.]

Two-dimensional electrophoresis is now commonly used with immobilized pH
gradients in the first dimension, and the term IPG-DALT has been coined for this 2D
technique. Commercially available IPG gels may be used for the first dimension, and
thin strips of this gel containing the focused proteins are equilibrated in an SDS
mercaptoethanol solution and then applied to the cathodic end of the SDS-PAGE
slab. Figure 13.11 shows a comparison of 2D electrophoresis conducted using a non
linear carrier ampholyte pH gradient and a linear IPG for isoelectric focusing in the
first dimension.13 Note especially the lack of smearing in the horizontal (IEF)
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dimension, as well as the improved resolution between pH 6 and 7 that occurs on the
gel employing the first-dimension IPG.

IPG-DALT can be used for the separation of up to 5000 components in a protein
mixture, and has now been incorporated as a qualitative tool for diagnostic analysis.
It is not generally used for quantitation of proteins in a mixture, however, because
loss of low molecular weight components often occurs during the SDS equilibration
and transfer steps. An excellent overview of the capabilities and technical protocols
of IPG-DALT is available in a review article.14

Figure 13.11. Comparison of 2D patterns obtained for bean seed proteins after first-dimension IEF with
(a) carrier ampholytes and (b) an immobilized pH gradient. IEF proceeded in the horizontal direction, with
pH as indicated across the gels, and SDS-PAGE occurred from top to bottom, with molecular weights

indicated in (a).13 [Reprinted, with permission, from A. Görg, W. Postel, and S. Günther, Electrophoresis
9 (1988) 531–546. “The Current State of Two-Dimensional Electrophoresis with Immobilized pH
Gradients”.  1988 by VCH Verlagsgesellschaft mbH, D-6940 Weinheim.]

13.6. DIFFERENCE GEL ELECTROPHORESIS (DIGE)

An enormous advance, first reported in 1997, allows the practical application of 2D
electrophoresis to complex proteomic and diagnostic problems. Difference gel elec
trophoresis, invented by Jonathan S. Minden, allows the comparative examination of
two or more samples on the same 2D gel, using reactive cyanine dyes to attach dif
ferent fluorescent labels to the different samples. Minden and colleagues have pub
lished a review of developments that have occurred over the first twelve years
following the original report.15

The principles of DIGE are illustrated in Figure 13.12. Typically, two samples
are examined using one 2D gel; these samples might be centrifugation supernatants
that result from lysis of cell suspensions or tissue homogenates. The purpose of the
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Figure 13.12. Principles of difference gel electrophoresis (DIGE).

experiment is to determine differences in protein identities or expression levels in the
two samples. The two samples have a similar total protein content. A third sample is
prepared as a mixture of these two samples, as a control. Each of the samples is
reacted with a different dye. The dyes are cyanine derivatives that possess N-hydrox
ysuccinimide groups to allow labeling of proteins at primary amine groups. The
commonly used derivatives are called Cy2, Cy3 and Cy5, and these have unique
fluorescence properties, allowing the association of spot signals with the original
samples.

The labeling reactions are performed under conditions that minimize the average
extent of labeling to one or zero dye molecules per molecule of protein. This is done
to minimize changes in charge and/or molecular weight, so that pI values and SDS
PAGE migration distances are not significantly altered. However, the control sample
allows any differences that result from labeling to be measured. Following these
individual reactions, all three samples (the two comparison samples and the control)
are combined and separated on the same IPG-DALT gel. The colors of the resulting
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fluorescent spots are then examined for intensities and locations. Specialized soft
ware allows subtraction of signals from samples and controls. Possible expansions
in the range of dyes and the detection cababilities of the instruments are feasible.

Before the introduction of DIGE, 2D electrophoresis gels were run with one
sample per gel, and were very difficult to compare. Significant gel-to-gel variability
was (and still is) normal, even with commercially-prepared, dehydrated IPG strips
and bulk production of SDS-PAGE media and precast gels. The comparison of sepa
ration patterns, even for replicate samples, was very challenging. Consider, for
example, the complicated spot patterns in Figure 13.11. Small differences from one
gel to the next would translate to an inability to identify spots or to compare results
from two samples. DIGE has revolutionized 2D electrophoresis and has greatly facil
itated proteomic, metabolomic and diagnostic protein separations.
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PROBLEMS

1. Explain the fundamental difference between zone electrophoresis as discussed in Chapters
9 and 10, and the steady-state technique of isoelectric focusing. Why do some IEF gels
exhibit time-dependent behavior?

2. A perfectly linear pH gradient was immobilized across a 10-cm polyacrylamide gel using
pK 7.0 3-morpholinopropylacrylamide titrated with 2-acrylamido-2-methylpropanesul
fonic acid. This gel was used to focus a mixture of three Hb variants, with pI values of
7.42 (Hb A2), 7.21 (Hb S) and 7.05 (Hb F). Calculate the positions of the three focused
bands as distances from the cathodic end of the gel.

3. Suggest a method by which an enzyme-labelled antibody could be used to identify one
component of the mixture of bean seed proteins in Figure 13.8. Why would this type of
method not be expected to work after either of the 2D separations shown in Figure 13.11?

4. When using two-dimensional electrophoresis to separate complex mixtures of proteins,
why is it necessary to perform isoelectric focusing in the first dimension?

5. Why is isoelectric focusing useful for proteins and glycoproteins, but not for nucleic acids?
What would happen to DNA or RNA present in a mixture of proteins, following a long
isoelectric focusing run over the pH 6–8 range?

6. A purified, unknown protein was examined using the Ferguson method (Chapter 12), and
its pI and molecular weight were determined to be 7.8 and 210 kDa, respectively. The pro
tein was exposed to dithiothreitol, to reduce disulfide bonds that connect subunits, and an
IPG-DALT experiment was performed over the pH 6–8.5 range. The resulting separation
pattern is shown below:

Figure 13.13.

What new information is provided by these results regarding the unknown protein?

7. At what stage should molecular weight marker proteins be added in an IPG-DALT experi
ment? Why?

8. 2D Electrophoresis is widely used in proteomics research to monitor expression levels of
proteins. Proteins that are commonly used to calibrate 2D gels are shown in the table
below, along with their pI and MW values.

(a) Describe the procedure that would be used to separate these marker proteins by 2D
electrophoresis. Indicate how separation is achieved in each of the two dimensions
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TABLE 13.2

Protein pI MW (kDa)

BSA 4.9 66.5
Ovalbumin 5.1 45
Carbonic anhydrase 7.0 29
Chymotrypsin 8.8 25
Myoglobin 7.6 17
α-Lactalbumin 4.5 14
Cytochrome c 9.6 12.4

and what steps (if any) are necessary between the two electrophoretic runs. Indicate
whether carrier ampholytes or an immobilized pH gradient would be preferred, and
why. Suggest a method by which the separated protein spots could be detected.

(b) If a linear pH gradient between pH values of 4.0 and 10.0 were used for one of the two
dimensions, sketch the expected appearance of the 2D gel following the detection step.
Clearly label the axes and show an approximate scale. Indicate the cathodic ( ) and
anodic (+) ends for each of the two dimensions, and indicate the origin (where the
sample is applied, if this matters) for each dimension.

(c) 2D Difference Gel Electrophoresis (2D-DIGE) will be used to compare the protein
extracts obtained from untreated and drug-treated human cervical cancer cell cultures
(HeLa cells). The N-hydroxysuccinimide-activated forms of three dyes are available:
NHS-Cy2, NHS-Cy3 and NHS-Cy5. The dyes are fluorescent, and absorb light at the
same wavelength, but emit at different wavelengths. They react with primary amine
groups. Explain the steps involved in the DIGE method, and indicate why it is now an
important technique for quantitative comparative proteomic research.



Chapter 14

Capillary Electrophoresis

14.1. INTRODUCTION

Both zone and steady-state electrophoresis have been carried out inside capillaries
that connect anodic and cathodic buffer reservoirs. Capillaries, filled with either buff
ers or gels, act as retainers of very small volumes of a support medium, and also
control the electroosmotic flow rate. Electroosmosis, minimized for most high reso
lution electrophoresis techniques, is of critical importance to capillary electrophore
sis (CE), because it determines the rate of flow of the analyte solution through the
capillary. Electroosmosis creates a flow of solvent through the capillary that is strong
enough to elute all of the components (regardless of charge) at one end; it is thus
readily automated, and much of the detection instrumentation developed for liquid
chromatography has been adapted for use with capillary electrophoresis.

Capillaries offer several advantages over conventional columns and slabs for
electrophoretic separations. There is enhanced dissipation of heat per unit volume
through the capillary wall, which allows higher fields to be employed during runs –
field strengths of 50 kV/m (500 V/cm) are not uncommon with capillary techniques.
This allows rapid separations with minimal diffusional band broadening. Further
more, the relatively small volume flow rates allow sampling from microenviron
ments, such as single cells.

The instrumental arrangement commonly employed in capillary electrophoresis
is shown in Figure 14.1. With untreated silica capillaries, electroosmosis causes the
buffer to flow from the anode to the cathode. Samples are introduced at the anodic
end, and an on-column or post-column detector is placed at or near the cathodic end
of the capillary. The high-voltage produced by the power supply and present in the
anodic buffer reservoir is enclosed in a protective shield.

Many electrophoresis techniques have been adapted for use in capillaries. The
most commonly used is capillary zone electrophoresis (CZE), where a flowing buffer
fills the capillary, and separation is based on mobility differences. Capillaries have
also been filled with polyacrylamide gels, and a great deal of effort has concerned the
application of gel-filled capillaries to DNA sequencing, for the Human Genome Proj
ect. Isoelectric focusing has also been accomplished inside capillaries, and techniques

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.

306



14.2 Electroosmosis 307

Figure 14.1. Instrumentation for capillary electrophoresis (CE).1 [Reprinted, with permission, from
A. G. Ewing, R. A. Wallingford, and T. M. Olefirowicz, Anal. Chem. 61, 1989, 292A-303A. “Capillary
Electrophoresis”. Copyright  1989, American Chemical Society.]

have been developed to elute focused proteins from one end of the capillary for detec
tion. These three main CE techniques will be the subject of this Chapter.

The mathematical description of CZE separations assumes that heat dissipation
is efficient (for air-cooled systems, this means thick-walled capillaries, while water-
cooled capillaries are thin-walled), and that the only significant cause of band broad
ening is the longitudinal diffusion of solute within the capillary.

We begin by initially ignoring electroosmosis, and considering only the migra
tion of the charged analyte species in an electric field. The migration velocity, v (see
Chapter 11), is related to the analyte’s mobility, μ, and the electric field strength, E,
by Eq. 14.1:

v μE μV=L (14.1)

where V is the applied voltage, and L is the length of the capillary. From this expres
sion, we can calculate the migration time of the analyte as:

t L=v L2= μV (14.2)

From Eq. 14.2 we can see that the fast elution of sample components requires
high voltages and/or short capillaries.

Through analogies to chromatographic methods, we can also calculate the num
ber of theoretical plates possessed by a given capillary at a particular voltage towards
a given analyte species. This number, N, is also called the separation efficiency;
higher values generally yield better separations.

N μV= 2D ; (14.3)

where D is the diffusion coefficient of the analyte. It should be noted that the number
of theoretical plates, N, depends on the applied voltage, but does not depend upon
the length of the capillary.

14.2. ELECTROOSMOSIS

Electroosmosis results from the charge residing on the inner wall of the capillary.
With untreated silica capillaries, this charge is negative, and positive counterions
exist in a stagnant layer adjacent to the capillary walls. The cationic nature of this
stagnant layer extends further out into solution that is mobile, covering a region that
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Figure 14.2. Ions at a silica-solution interface at the inner capillary wall in CE.

is roughly 3–300 nm from the capillary wall, for buffer concentrations of 10 3 to
10 6 M, respectively. Figure 14.2 shows a schematic representation of the ionic envi
ronment at the silica-solution interface.

The potential that exists across this interfacial region is called the zeta potential,
ξ, and may be described by Eq. 14.4:

ξ 4πnμEO=ε (14.4)

where n is the viscosity of the solution, μEO is the coefficient for electroosmotic
flow, and ε is the dielectric constant of the solution. Using Eq. 14.4, the linear veloc
ity of electroosmotic flow, U, is readily calculated as:

U ε= 4πn Eξ (14.5)

Eq. 14.5 indicates that the electroosmotic flow rate is large when ξ is large and
when the interfacial region is small.

14.3. ELUTION OF SAMPLE COMPONENTS

Taking electroosmosis into account, the velocity and residence time of the analyte
can be recalculated as:

(14.6)

(14.7)

v μ μEO V=L

t L2= μ μEO V

Using Eqs. 14.6 and 14.7, the separation efficiency, or number of theoretical plates,
N, becomes:

N μ μ V=2D (14.8)eo

It should be apparent from Eq. 14.6 that μ, the analyte mobility, may be positive
or negative (i.e. the analyte will migrate in either direction according to its charge),
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while μEO, the coefficient of electroosmotic flow, is a constant for given experimen
tal conditions that will result in flow in one direction only. For untreated silica capil
laries, if μEO is large enough, all ions will migrate towards the cathode (anions more
slowly than cations), and uncharged species will be carried by the electroosmotic
flow of the solution. The elution order of analytes will therefore be cations first, neu
trals second and anions last.

Electroosmotic flow can be varied by increasing the viscosity at the capillary-
solution interface using adsorbents, by modifying the silica walls to reduce the
charge or change its sign, or by varying the pH of the buffer. The buffer concentra
tion must be held at a significantly higher level than the analyte concentration, so that
the electric field is constant throughout the capillary. However, the buffer concentra
tion must also be low enough to avoid excessive i2R heating; experiments are usually
run at a variety of ionic strengths to determine optimal conditions.

While some techniques require the absence of electroosmotic flow during the
separation itself (capillary gel electrophoresis and capillary isoelectric focusing),
most common techniques exploit electroosmotic flow for sample introduction and
detection. Electrophoresis in buffer-filled capillaries uses electroosmotic flow in an
analogous manner to a chromatographic mobile phase: the flow is used to transport
analyte from cathode to anode and separation occurs continuously between introduc
tion and detection.

14.4. SAMPLE INTRODUCTION2

Two introduction methods are commonly employed in capillary electrophoresis.
Hydrodynamic injection is based on siphoning, or gravity-feeding the sample into
the anodic end of the capillary. The anodic end is removed from the buffer reservoir
and placed in the sample solution. The capillary end is then raised so that the liquid
level in the sample vial is at a height Δh above the level of the cathodic buffer, and is
held in this position for a fixed time t. This process has been automated for reproduc
ibility, and the hydrodynamic flow rate has been shown to obey Eq. 14.9:

vhd ρgr2Δh=8nL; (14.9)

where vhd is the volume flow rate, ρ is the density of the background electrolyte, g is
the gravitational acceleration, r is the capillary inner radius, Δh is the difference in
height between the two reservoir liquid levels, n is the background electrolyte vis
cosity and L is the capillary length. This injection technique does not discriminate
among ions, so that the relative concentrations of sample ions introduced onto the
capillary will be the same as in the sample solution.

Electrokinetic injection involves drawing sample ions into the capillary interior
with an applied potential. The anodic end of the capillary is removed from the buffer
reservoir and placed into a sample vial along with the anode. An injection voltage is
applied for a brief time to cause migration and the electroosmotic introduction of
sample. Because the applied potential induces a bulk electroosmotic flow of sample
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Figure 14.3. Three microinjectors used for the electrokinetic injection of intracellular fluids from single

cells.2

fluid into the capillary, the velocity of this bulk flow must be added to each ion’s
electromigration velocity. While both velocity components are proportional to the
applied voltage (more precisely to the local electric field), the ion mobilities and thus
the net injection velocities differ among the ions. This means that electrokinetic
injection discriminates among the ions, with larger proportions of more mobile ions
being introduced. Furthermore, if the conductivity of the sample is lower than that of
the running buffer, the high sample resistance induces a locally high electric field
that leads to larger, but less reproducible, injection quantities.

Both injection techniques have been shown to suffer from the effects of analyte
diffusion, especially when the clean capillary is initially introduced into the sample
solution. Diffusion occurs across the boundary area between analyte and buffer,
which is defined by the cross-sectional area of the capillary. Both techniques also
suffer from the effects of inadvertent hydrodynamic flow that results from the reser
voir liquids being at slightly different levels. While these effects are significant for
the buffer-filled capillaries used in capillary zone electrophoresis, they are both
much less important when the capillary is filled with a gel.

Figure 14.3 shows three microinjector designs that have been used for electro
kinetic injection of very small samples, from microenvironments such as single
nerve cells. The capillary tip diameters in these injectors are 10 μm o.d. or less, and
can penetrate and sample from single cells. The design shown in Fig. 14.3(c) has
been shown to be the most effective, because electrolysis occurs away from the cap
illary tip and therefore does not introduce bubbles that would insulate the capillary
ends from each other.

With principles derived from discontinuous SDS-PAGE (Chapter 12), sample
stacking protocols have been under investigation to improve CE resolution and sig
nal-to-noise ratios. A variety of field amplification methods has been developed,
mostly using combinations of buffers in conjunction with electrokinetic injection
methods. These sample stacking methods have been reviewed recently.3

14.5. DETECTORS FOR CAPILLARY ELECTROPHORESIS

Detectors used in the initial experiments with capillary electrophoresis were simple
absorbance and fluorescence detectors that had been adapted from HPLC equipment.
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However, it soon became apparent that these instruments yielded poor detection lim
its and sensitivity due to the nature of capillary techniques. Specific problems associ
ated with detection in capillary electrophoresis include the small capillary
dimensions, in particular, inner diameters of 100 μm or less (as low as 12.7 μm i.d.),
as well as the small zone volumes - injection volumes range between 18 pL and
50 μL. This leads to zone lengths of 10 mm or less inside the capillary. Because off-
column detectors (extending from the capillary exit) introduce significant zone
broadening, on-column devices are generally preferred

Table 14.1 shows the variety of capillary electrophoresis detection methods that
have been tested to date, as well as their reported detection limits. While detection
limits for instrumental methods are usually reported in concentration units, those
reported for CE methods are generally given in moles because of zone broadening
(the peak concentration at the detector is always less than the concentration injected)
and the variety of injection volumes that are possible between instruments with dif
ferent sized capillaries and different injection and operating potentials.

Detectors that have produced the lowest detection limits to date are based on
fluorescence with precolumn derivatization, mass spectrometry, radiometry and
amperometry. Applications are described below for these detection systems
employed with conventional CE instrumentation. For applications of these detection
methods to CE analysis using microfabricated devices, the reader is referred to a
review article4 and to Chapter 18.

14.5.1. Laser-Induced Fluorescence Detection5

This detection method has been tested with a series of amino acids derivatized prior
to injection with fluorescein isothiocyanate, to yield products that are excited at

Table 14.1 Detectors Used in Capillary Zone Electrophoresis Instrumentsa

Classification Property Measured Detection Limit (mol)

Optical Absorbance 10 15 10 13

Fluorescence
(a) Precolumn derivatization 10 21 10 17

(b) On-column derivatization 8× 10 16

(c) Postcolumn derivatization 2× 10 17

Indirect fluorescence 5× 10 17

Thermal lensing 4× 10 17

Raman 2× 10 15

Electrochemical Conductivity 1× 10 16

Current (amperometry) 7× 10 19

Radiochemical 32P Emission 1× 10 19

Mass Electrospray ionization MS 1× 10 17

aSee Ref. 1. Reprinted, with permission, from A. G. Ewing, R. A. Wallingford, and T. M. Olefirowicz,
Anal. Chem. 61, 1989, 292A-303A. Copyright  1989 American Chemical Society.
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488 nm and produce emission at 528 nm:

(14.10)

The derivatized amino acids are separated in 5 mM carbonate buffer at pH 10,
on a 50 μm i.d. fused silica capillary of 99 cm length, with a 25 kV separation poten
tial. Electrokinetic injection is performed at the anodic end of the capillary, with a
2 kV injection potential applied for 10 seconds.

Figure 14.4 shows a schematic diagram of the laser-induced fluorescence detec
tor. The fused silica capillary used for electrophoresis is placed about 1 cm into the
flow chamber of the sheath flow cuvette. The sheath stream surrounds the sample as
it exits from the capillary, forming a thin stream in the center of the flow chamber. A
focused laser beam (not shown) excites fluorescence. The fluorescence is collected at
right angles, with a microscope objective, and passed through filters (cutting off radi
ation below 495 nm and above 560 nm), to reduce Raman and Rayleigh scattered
light, and passed through an eyepiece fitted with a 200 μm radius pinhole. The pin
hole restricts the field of view of the photomultiplier (PMT) detector to the illumi
nated sample stream. Precise alignment of the laser beam, objective, eyepiece
pinhole and PMT are required for the detection of maximum sample emission. The
stainless steel body of the cuvette and the associated plumbing are held at ground
potential.

Figure 14.5 shows an electropherogram recorded by this detector after the injec
tion and separation of a mixture of 15 FITC-derivatized amino acids, and the table
below indicates detection limits observed for each amino acid. While the detection

Figure 14.4. Laser-induced fluorescence detector for CZE.5 [Reprinted, with permission, from Y.-F.

Cheng, and N. J. Dovichi, Science 242, 1988, 562-564. “Subattomole Amino Acid Analysis by Capillary
Zone Electrophoresis and Laser-Induced Fluorescence”. Copyright  1988 by AAAS.]
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Figure 14.5. Data obtained with the LIF detector for 15 amino acids.5 [Reprinted, with permission, from
Y.-F. Cheng, and N. J. Dovichi, Science 242, 1988, 562-564. “Subattomole Amino Acid Analysis by
Capillary Zone Electrophoresis and Laser-Induced Fluorescence”. Copyright  1988 by AAAS.]

of amino acids is not in itself of particular interest, peptides and proteins that are
available only in very small quantities may be analyzed for their amino acid con
tents, following acid hydrolysis, using the instrumentation described here.

14.5.2. Mass Spectrometric Detection

Mass spectrometric detectors for capillary electrophoresis are necessarily post-col
umn detectors and must be interfaced to the cathodic end of the capillary. These
detectors consist of four main components: the interface, that joins the capillary to
the ion source, the ion source, that generates ionic fragments from neutral analyte
species, the mass analyzer, that distinguishes ions by their mass/charge (m/z) values,
and the ion detector, that measures and amplifies the signal. The principles and
instrumentation of bioanalytical mass spectrometry are discussed in Chapter 17.

Soft ionization methods produce few fragments under relatively mild condi
tions. The ionization method that has received the most attention in terms of its
applicability to protein and DNA analysis is the electrospray ionization (ES) tech
nique. This is a soft method that is capable of generating molecular ions from biolog
ical macromolecules present in solution. Table 14.2 gives examples of the charge
and m/z ranges that have been observed with some biopolymer species in electro
spray ionization mass spectrometers.

Because of the range of m/z values produced by species of constant mass,
sophisticated software has been developed for data reduction with ES-MS, allowing
the molecular weights of macromolecules to be determined with very high precision
and accuracy. Because the molecular weights are so large, the natural abundances of
the isotopes must be considered when analyzing m/z data. Signals for a single parent
species are observed over a range of m/z values because of this isotopic distribution.
These topics are considered in Chapter 17.
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Table 14.2 Detection Limits Observed for Each Amino Acida

Amino Concentration Mole
20)Acid (×10 11 M) (×10 Molecules

Ala 3.4 4.6 27,000
Arg <0.5 <0.9 <5700
Asp 6.6 6.8 41,000
Cys 2.4 3.3 20,000
Glu 2.6 2.8 17,000
Gly 2.8 3.7 22,000
Ile 1.7 2.5 15,000
Leu 7.0 10 61,000
Lys 8.6 15 90,000
Met 1.6 2.3 14,000
Ser 1.6 2.3 13,000
Thr 2.6 3.7 22,000
Trp 1.1 1.7 9900
Tyr 1.1 1.4 8400

aSee Ref. 6. Reprinted, with permission, from J. B. Fenn, M. Mann, C. K.
Meng, S. F. Wong, and C. M. Whitehouse, Science 246, 1989, 64–71.
Copyright  1989 American Association for the Advancement of Science.

ES-MS has been interfaced to the cathodic end of capillaries used for capillary
electrophoresis. Figure 14.6 shows a diagram of a typical instrumental apparatus,
while Figure 14.7 shows a detailed schematic of one type of capillary - ionization
source interface. The design of the interface is critical, and has been a very active
area of research. With the device shown in Fig 14.7, the operational parameters are
as follows. The separation potential, applied between the anodic and cathodic ends
of the capillary, is between +30 and +50 kV, and the cathode is maintained at about
3 to 6 kV above ground. The focusing ring is maintained at +300 V, while the ion-
sampling nozzle and skimmer are grounded. This electrical arrangement ensures ion
formation and acceleration into the magnetic sector.

Detection may proceed by monitoring a particular m/z value, which yields a so-
called “single-ion electropherogram”. These may be obtained at several different m/z

Table 14.3 Charges and M/Z Values for Biological Macromolecules from ES-MSa

Compound MW Charge Range m/z Range

Insulin 5730 4–6 950–1450
Cytochrome c 12,400 12–21 550–1100
Alcohol dehydrogenase (subunit) 39,800 32–46 800–1300
Conalbumin 76,000 49–64 1200–>1500
Oligonucleotide (CATGCCATGGCATG) 4260 6–11 350–710

aSee Ref. 6. Reprinted, with permission, from J. B. Fenn, M. Mann, C. K. Meng, S. F. Wong, and C. M.
Whitehouse, Science 246, 1989, 64–71. Copyright  1989 American Association for the Advancement of
Science.
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Figure 14.6. Typical CZE-ES-MS instrumentation.7 [Reprinted, with permission, from R. D. Smith,
J. A. Olivares, N. T. Nguyen, and H. R. Udseth, Anal. Chem. 60, 1988, 436-441.  1988 by American

Chemical Society.]

values, for example, with one m/z value being monitored for each species of interest
in the sample to give an additional dimension in selectivity. The data may then be
combined to show the “reconstructed ion electropherogram” that shows the separa
tion of all of the components. This is shown in Figure 14.8, for a separation of
bovine insulin and sperm whale and horse heart myoglobin.

Applications of CZE-MS in proteomics have been increasing and have been
reviewed recently.8 The so-called bottom-up approach to proteomics, which has
mainly employed tryptic digestion of proteins followed by HPLC separation and
detection of fragments for sequencing by tandem MS, benefits from the small sample
requirements and rapid separations offered by CE. Proteomic examination of the
contents of single cells may be possible with these methods.

14.5.3. Amperometric Detection

Two developmental difficulties existed in the application of electrochemical methods
to CE detection. The first involved the “crosstalk” or interference that resulted from

Figure 14.7. Ionization source for CZE-MS of protein analytes.7 [Reprinted, with permission, from
R. D. Smith, J. A. Olivares, N. T. Nguyen, and H. R. Udseth, Anal. Chem. 60, 1988, 436-441.  1988 by
American Chemical Society.]
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Figure 14.8. Single [(a) (c)] and reconstructed (d) ion electropherograms from CZE-MS.7

the high voltages used in CE separations. These dc voltages may be as high as 50 kV,
and the resulting electroosmotic currents can be up to 6 orders of magnitude greater
than the faradaic currents measured at an amperometric detector poised at only a few
hundred millivolts. Because of this, initial attempts resulted in the detector signal
being overwhelmed by background signals. The second problem involved the small
size of the capillary exit and the small volume flow rates, that are not amenable to the
conventional amperometric detectors used for HPLC.

The first problem has been overcome through the use of an electrically insulat
ing interface in the cathodic buffer reservoir. This interface is porous, and connects
the separation capillary to a detection capillary. The porous contact allows the appli
cation of the ground potential in the cathodic reservoir, and electrically insulates the
detection capillary from the applied separation voltage. The detection capillary
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Figure 14.8. (Continued)

channels the analyte solution to the two-electrode detector. A diagram of the instru
mental setup is shown in Figure 14.9.

The second problem has been overcome through the use of ultramicroelectrodes
as working electrodes. These devices, initially made from carbon fibers, are 5–50 μm
in diameter, and this small size allows their insertion into the capillary exit. Eluent
flows around the working electrode, into an external buffer solution containing a
reference electrode. The small size of the working electrode makes it invisible with
out magnification, and so a microscope and a micromanipulator are used for the
exact positioning of the electrode in the detection capillary. A two-electrode system
is used because the currents measured are very small, and do not result in the refer
ence electrode drift that often occurs when large currents are measured, making an
auxiliary electrode unnecessary.
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Figure 14.9. Amperometric CE detector with cathodic insulating assembly and ultramicroelectrode.9

The system shown in Figure 14.9 was used with a 26 μm i.d. capillary for the
detection of catecholamines, and detection limits of 200–500 amol were obtained
(for S/N= 2). When the capillary diameter was reduced to 12.7 μm, the same 5 μm
carbon fiber working electrode yielded detection limits of 5–25 amol, almost two
orders of magnitude lower. The improvement results from the collection efficiency
of the working electrode. The smaller i.d. capillary allows less analyte to exit the
capillary without being electrochemically converted.9 This result contrasts directly
with those obtained with optical detectors, where detection limits are worse for
smaller capillaries because less detectable analyte is present in the light path.

Using a microinjector for electrokinetic microsampling, this instrument has been
used for the detection of catecholamines present in the intracellular fluid of single
nerve cells.10 Figure 14.10 shows a diagram of the injection apparatus and an elec
tropherogram generated with the working electrode poised at +750 mV vs. SSCE, to
oxidize catecholamines.

To date, amperometric detectors have only been applied to small, readily oxi
dized analyte species. A variety of alternate amperometric detection schemes are
under development, however, including indirect amperometry. With this technique,
the separation buffer contains a redox-active species that is continuously detected by
the ultramicroelectrode. The analyte displaces the electroactive species, so that the
electrochemical response is decreased during the elution of an analyte peak.

14.5.4. Radiochemical Detection11

Radiochemical CE detectors have been developed to test the application of CE to
conventional DNA sequencing techniques, where the detection of 32P provides the
sequence information (see Section 12.8). 32P decomposes according to Eq. 14.11,
emitting a β-particle (electron) that can be detected using scintillators.

32P 32S β antineutrino (14.11)

The half-life of 32P is 14.3 days, and the average energy of the emitted electron
has been measured as 0.57 MeV, with some electrons having energy in excess of
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Figure 14.10. (a) Electrokinetic microinjector and (b) electropherogram generated from the removal

and separation of cytoplasm samples from single nerve cells of Planorbis corneus, a pond snail.10

[Reprinted, with permission, from R. A. Wallingford, and A. G. Ewing, Anal. Chem. 60, 1988, 1972-1975.
“Capillary Zone Electrophoresis with Electrochemical Detection in 12.7 μm Diameter Columns”.  1988
by American Chemical Society.]

1 MeV. With this energy, the emitted electrons can travel up to 2 mm in aqueous
solution, or 0.95 mm in fused silica. Thus, the emitted β-particles can penetrate capil
lary walls to enter a solid scintillator, where their energy is converted to light that is
detectable with conventional photomultiplier tubes (PMTs). A coincidence radio
chemical detector is shown in Figure 14.11, where two PMTs are used, one on each
side of the solid scintillator. This detector only registers a count if both PMTs
respond simultaneously, and eliminates much of the background signal that occurs
with single PMT detection. A CE separation of 32P-labelled cytidine, adenosine and
guanosine triphosphate, obtained using the coincidence detector, is also shown.

14.6. CAPILLARY POLYACRYLAMIDE GEL
ELECTROPHORESIS (C-PAGE)12

Polyacrylamide gels have been prepared inside capillaries, and CE separations per
formed with these capillaries show that electroosmosis has been eliminated, and
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Figure 14.11. (a) Coincidence radiochemical CE detector, and (b) results for the separation of 32P-CTP,
32P-ATP and 32P-GTP.11 [Reprinted, with permission, from S. L. Pentoney, Jr., R. N. Zare, and J. F. Quint
in “Analytical Biotechnology: Capillary Electrophoresis and Chromatography”. C. Horváth, and J. F.

Nikelly Eds., ACS Symposium Series 434, American Chemical Society, Washington DC, 1990.
Copyright  1990 by American Chemical Society.]

separations based on sieving may be performed. C-PAGE has been used for DNA
sequencing, in a variety of configurations. We will consider one such method in this
section.

The dideoxy DNA sequencing method begins with the denaturation of double-
stranded DNA (dsDNA) into single-stranded DNA. The ssDNA is then annealed
with a fluorescent dye-labelled primer, which is an oligodeoxynucleotide approxi
matly 20 bases long. The heteroduplex formed is then incubated in four separate
reactions.

Each reaction mixture contains the heteroduplex, DNA polymerase, a mixture of
the four dNTP species (N=G, A, T or C), and a small amount of one of the four
dideoxynucleotide triphosphates (ddNTP), where no 3 -OH group is present. The
ratio of dNTP : ddNTP is high, about 1200:1. DNA polymerase sequentially extends
the primer with bases complementary to those present on the opposite strand, but
stops when one of the ddNTP species is incorporated. This yields a mixture of frag
ment lengths, all labelled, where polymerization has stopped at one particular type of
base as a result of the incorporation of the particular ddNTP used in the reaction. The
four individual products are then combined in volume ratios of 8 : 4 : 2 : 1, for A:C:G:
T didioxy reaction products. Following separation by C-PAGE, the fluorescent label
is detected by laser-induced fluorescence in a sheath-flow cuvette, and the sequence
is read from the peak intensities.

The separation capillary is prepared by polymerizing 6%T, 5%C monomers
with 30% formamide and 7 M urea inside a 37 cm long, 50 μm i.d. fused silica capil
lary. Electrokinetic injection at 200 V/cm for 30 s was used, since hydrodynamic
injection does not work with gel-filled capillaries. Separation on the gel occurs by
seiving, so that the shortest fragments elute first. Figure 14.12 shows data obtained
using a TAMRATM dye label that is excited at 543.5 nm and emits at 590 nm. This
method has a detection limit of 2 zmol (1 zmol= 10 21 mol) for each fragment.
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Figure 14.12. Portion of the C-PAGE electropherogram generated by dideoxy sequencing of a DNA
sample, using a TAMRA-labelled 18-mer as a primer, and laser-induced fluorescence detection. The

sequence is assigned based on peak intensities, which are 8:4:2:1 according to the relative volumes of the
four reaction products combined in the sample.12 [Reprinted, with permission, from H. Swerdlow, J. Z.
Zhang, D. Y. Chen, H. R. Harke, R. Grey, S. Wu, N. J. Dovichi, and C. Fuller, Anal. Chem. 63, 1991,

2835-2841. “Three DNA Sequencing Methods Using Capillary Gel Electrophoresis and Laser-Induced
Fluorescence”.  1991 by American Chemical Society.]

Capillary gel electrophoresis has been increasingly investigated for a variety of
protein separation applications. Different sieving matrices have been examined,
including cross-linked polyacrylamide, linear polyacrylamide, poly(ethyleneglycol),
poly(ethyleneoxide) and hydroxypropylcellulose. The linear polymers present a
sieving matrix but, unlike crosslinked polyacrylamide, are easily replaceable inside
the capillary. Many preparations are commercially available. Incorporation of capil
lary gel electrophoresis into two-dimensional separation schemes has also been a
topic of investigation. A recent review summarizes these studies.13

14.7. CAPILLARY ISOELECTRIC FOCUSING (CIEF)14

Isoelectric focusing is a steady-state technique, and its application in capillaries
requires the partial or total supression of electroosmotic flow. Capillaries used for
CIEF can be derivatized with methylcellulose or linear polyacrylamide, to block the
surface silanol groups, whose ionization is responsible for electroosmotic flow. A
mixture containing the sample and the ampholytes are then loaded throughout the
capillary, and the electric field is applied using acidic anode and basic cathode solu
tions. The current decreases with time, and reaches a minimum when the run is com
plete, at which time the focused pattern is static.

A technique called salt mobilization may be used to elute the focused protein
bands. The field is turned off, and one of the reservoir solutions is changed to a solu
tion containing acid (or base) plus a different cation (or anion) than H+ (or OH ).
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Figure 14.13. CIEF of cytochrome c (peak 1, pI 9.6), chymotrypsinogen A (peak 2, pI 9.0) and
myoglobin (peaks 3 and 4, pI 7.2 and 6.8) on a 75 μm i.d. uncoated capillary, 60 cm long and 40 cm from
anode to detector. Anolyte: 10 mM phosphoric acid; catholyte: 20 mM NaOH. Running buffer contains
0.1% methylcellulose, 1% TEMED and 5% Pharmalyte 3-10 carrier ampholytes. UV 280 nm detection.14

[Reprinted, with permission, from J. R. Mazzeo, and I. S. Krull, Anal. Chem. 63, 1991, 2852-2857.
“Capillary Isoelectric Focusing of Proteins in Uncoated Fused Silica Capillaries Using Polymeric
Additives”.  1991 by American Chemical Society.]

When the electric field is turned on again, electroneutrality causes a deficiency of
either H+ or OH to enter the capillary. The result is that the entire pH gradient
moves towards the cathode if OH is deficient, or towards the anode if H+ is defi
cient, and the focused pattern is eluted through a detector.

This method has been tested with a variety of covalently modified silica capilla
ries. It has been found that the derivatized capillaries tend to be unstable if pH values
above 7.5 are used, and are especially unstable near the cathodic ends.

An alternative method, recently proposed, involves the use of modifiers in the
running buffers, where the modifiers interact with the capillary walls to reduce, but
not eliminate, electroosmotic flow. A continuous slow migration towards the detec
tor thus occurs throughout the run. Using 0.1% methylcellulose as a modifier, spe
cies having pI values of 0.01 pH unit can be separated. Figure 14.13 shows such a
separation, using a 40 cm, 75 μm uncoated fused silica capillary operated at 30 kV.
A solution of ampholytes (5%) and sample (1 mg/mL of each protein) in the running
buffer are loaded throughout the capillary. The application of the electric field results
in slow, continuous separation and detection due to the slow electroosmotic flow.
With this method, no salt mobilization is required.
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PROBLEMS

1. A CZE experiment was performed using an open 50 μm diameter silica capillary, 50 cm
long. A 5 mM carbonate buffer at pH 10 was used, with a separation voltage of 25 kV,
following a 15 second, 1 kV electrokinetic injection of an FITC-derivatized amino acid
mixture. Detection using laser-induced fluorescence showed that the mixture contained
three main components, with elution times of 4.5, 6.3 and 10.2 minutes. How would these
elution times be expected to change if:

(a) The length of the capillary was increased to 1 meter,

(b) The separation voltage was increased to 50 kV, and

(c) A length of 1 m and a voltage of 50 kV were used?

2. Untreated silica capillaries show a cathodic drift of buffer, that is a flow of buffer from the
anodic to the cathodic end, allowing an on-column detector to be placed near the cathodic
end of the capillary. At which end of the capillary should a detector be placed if the inner
silanol surface of the capillary has been covalently modified with aminopropyltri(ethoxy)
silane, “APTES”?

3. Under acidic conditions, an analyte protein of unknown molecular weight is known to pos
sess multiple positive charge, between +5 and +8. A mixture containing this protein and
others were subjected to capillary electrophoresis in 10 mM trifluoroacetic acid, and the
eluate from the capillary was fed directly into the ionization source of an electrospray mass
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spectrometer. As the protein eluted from the capillary, the m/z range of the mass spectro
metric detector was scanned, and peaks were observed at m/z values of 938, 1071, 1250
and 1500. What is the molecular weight of the protein?

4. Detection limits obtainable with most CE detectors increase (worsen) as the diameter of the
capillary decreases. However, ultramicroelectrode-based amperometric detectors behave in
the opposite manner, with improved detection limits for smaller capillary diameters, allow
ing smaller quantities of sample to be used. Suggest a precolumn derivatization reaction
that could be used to allow the electrochemical detection of amino acids following a CZE
separation.

5. What is the main advantage of using a coincidence radiochemical CE detector over one
that uses a single photomultiplier?

6. The C-PAGE electropherogram shown below was obtained following the separation of
products of the dideoxy (Sanger) DNA sequencing reactions for a polydeoxynucleotide. A
12-base primer labelled with fluorescein isothiocyanate was used to initiate the four DNA
polymerase reactions in the 3 → 5 direction. The products of the four reactions that
included ddGTP, ddATP, ddCTP and ddTTP were respectively combined in the volume
ratio 8 : 4 : 2 : 1. Using the electropherogram, determine the sequence of the first 13 bases
that follow the primer. Remembering that the sequence of the original polydeoxynucleo
tide is complementary to the sequence of the dideoxy products detected, give the 5 → 3
sequence of this section of the original polydeoxynucleotide.

Figure 14.14.

7. Capillary isoelectric focusing was performed in a 75 μm i.d. capillary where the surface
silanols had been derivatized with linear polyacrylamide. A mixture of proteins having pI
values between 6 and 8 were focused using ampholytes covering the pH 3–10 range, using
an anolyte of 20 mM HCl and a catholyte of 20 mM NaOH. A static separation pattern was
indicated by a current minimum that occurred after 90 minutes at 15 kV. How can salt
mobilization be used to elute the separation pattern at the anodic end of the capillary?



Chapter 15

Centrifugation Methods

15.1. INTRODUCTION

Gravitational sedimentation is a well-known separation method. It was empirically
used for thousands of years, for example to separate gold particles from sand. Parti
cles that are in suspension in a fluid suffer the effects of different forces. If the parti
cle has a higher density than the fluid in which it is immersed, it tends to migrate
downward, following the gravity force direction. The frictional force acts resisting
the movement (Figure 15.1). The rate of this sedimentation may depend upon the
size as well the shape and the mass of the particles, and the viscosity and density of
the fluid. Back diffusion, a force that relies on the concentration gradient, acts to
counterbalance the tendency to settle.

The definition of “particle” in this context is very broad, and refers to every
substance dissolved or in suspension in the medium, of either microscopic or macro
scopic dimensions; this includes everything except the solvent or suspended fluid.
The particles usually separated or studied in biochemistry are cells, subcellular
organelles and large biomolecules, like DNA and proteins.1

Centrifugation methods are based on the effects of force fields stronger than the
gravitational force, in order to accelerate processes that would otherwise occur over
non-practical time scales (months or years). Moreover, overcoming back diffusion
forces allows the precipitation of small molecules that would not precipitate in our
terrestrial gravitational field.

15.2. SEDIMENTATION AND RELATIVE CENTRIFUGAL
g FORCE

Using Stokes’ law, it is possible to calculate the sedimentation rate (ν) for a particle.2

The sedimentation rate is the result of two forces, the gravitational force (or centrifu
gal) that move the particle downward, and the frictional or drag force, resisting its
motion through the solution.

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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Figure 15.1. Forces acting on a particle during centrifugation. The gravitational force is not taken into
account in practical applications, since its effect is very small in comparison with that of the centrifugal
force, even with low speed centrifuges.

Stokes’ law is valid for spherical particles that reach a constant velocity:

ν
d2 ρp ρm g; (15.1)

18μ

where d is the diameter of the particle, ρ is the density of the particle, ρ is thep m
density of the medium, μ is the viscosity of the medium and g is the centrifugal force
field. From this equation, it can be seen that the sedimentation rate of a particle is
proportional to the square of the diameter of the particle. In addition, the sedimenta
tion rate is proportional to the difference between the density of the particle and the
density of the medium, and if this difference is zero, the sedimentation rate becomes
zero. It can also be seen that sedimentation rate increases with increasing force field
and decreasing viscosity.

The relative centrifugal force (RCF) is defined as the force field relative to the
Earth’s gravitational field; Equation 15.2 shows its definition:

Fcentrifugation mω2r ω2r
RCF ; (15.2)

Fgravity mg g

where r is the distance between the center of rotation and the particle, in cm; ω is the
rotation speed in rad/sec and m is the mass of the particle. The velocity in the centri
fuge is usually expressed in revolutions per minute (rpm), and if g= 980 cm/sec2, we
can write:

ω2

g

�
2π rpm

980

=60
�2

(15.3)

1:119 10 5 rpm 2: (15.4)

Therefore,

RCF g 1:119 10 5 rpm 2r: (15.5)

Since RCF is a ratio between two forces, it has no units; however, it is custom
ary to follow the numerical value of the RCF with the g symbol. In the centrifuge
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tube, the distance r increases from the tube top to the bottom, so that we can define
an average g force (gav) for a given rotor and speed, a minimum g force in the tube
top and a maximum force in the tube bottom (gmax and gmin, respectively).

Biological particles. Stokes’ law applies to spherical particles, which are large in
comparison with the molecules that comprise the liquid medium, and are present at a
concentration low enough to avoid modification of the liquid viscosity. Most biolog
ical particles are not spherical, and Strokes’ law must be modified to take this into
account. One approach to this problem is to consider that the biological particles’
shapes could be approximated by “ellipsoids of revolution”, or spheroids with one
major and one minor axis. Calculations show that the frictional force over these
ellipsoids is greater than that expected for spherical particles of the same volume.3

Centrifugal conditions are chosen according to the type of biological material.
The chemical composition of the medium, as well as its temperature must be con
trolled to avoid denaturation. In addition, the hydrostatic pressure generated by the
centrifugal force may be large enough to permeabilise cellular membranes4 (affect
ing cell density) or split macromolecular associations, such as those that exist in
multisubunit proteins. Centrifugal forces can also modify the molecular shape; the
sedimentation rate is then non-linearly dependent on the g force applied.

15.3. CENTRIFUGAL FORCES IN DIFFERENT
ROTOR TYPES

There are four basic types of rotors: the swinging-bucket, fixed-angle, vertical and
zonal rotors. The vertical rotor could be classified as a fixed-angle rotor, in which
the angle is extreme, but most authors consider that they are different enough to con
sider separately. A detailed description of these four types of rotors and their specifi
cations can be found in Rickwood.5

The zonal rotors will not be described in detail here, since they are habitually
chosen for large volume preparative protocols (typical capacities are 300 1700 mL),
mainly using rate-zonal centrifugation. Basically, a zonal rotor consists of two half-
cylinder sections, which screw onto one another. The sample is poured inside the
rotor without the use of tubes.

15.3.1. Swinging-Bucket Rotors

The sample tube is inserted into a one-tube holder (bucket). During acceleration of
the rotor, the bucket reorients from vertical (earth gravity force) to the horizontal
position (centrifugal force). In Figure 15.2 the centrifugal g force direction is evi
dent, showing that the particles in this rotor move first to the walls of the tube, then a
bulk movement of particles and convection flow accelerates the precipitation process
(called the “wall effect”). This rotor is generally used for rate-zonal separations. Note
that the precipitation path is along the length of the centrifugation tube; therefore,
this method is relatively inefficient for pelleting.
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Figure 15.2. Centrifugal forces in different rotor types. The angle is measured with respect the rotation
axis, so this means that a fixed-angle rotor with an angle of 14° is related to a vertical rotor, and therefore

its sedimentation pathlength is shorter than in a 40° rotor.

15.3.2. Fixed-Angle Rotors

In this rotor the sample tubes fit into holes in a solid rotor. The tube angle therefore
remains constant during the loading, centrifugation and unloading process. When the
centrifugation force increases, the solution reorients inside the tube. For a given sam
ple volume, the centrifugation path with a fixed angle rotor is shorter than that with a
swinging-bucket rotor. The particles reach the tube wall more rapidly, and then slide
down the wall to form a pellet (Figure 15.2). These rotors are more efficient for
differential pelleting or other pellet-based procedures, and could be used for isopyc
nic experiments, which are equilibrium density gradient techniques, described later
in this Chapter. When the rotor angle is shallow, the sedimentation path is shorter,
and the pelleting efficiency is increased. Fixed angle rotors are available with angles
between 14° and 40°.

15.3.3. Vertical Rotors

In vertical rotors (Figure 15.2) the tubes are fixed in a vertical position during cen
trifugation, and when the centrifugal force increases the solution reorients to the g
force. The reorientation process is explained later in this Chapter. For now, this
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means that in this rotor the tube covers are important, and must be able to withstand a
large hydrostatic pressure. The sedimentation path is the shortest of all kinds of
rotors described here (the tube diameter), and the minimum g force, related to the
minimal radius, is larger for this rotor, allowing faster separations at lower speeds.
These rotors are the first choice for isopycnic centrifugation, can be used for rate-
zonal centrifugation, and are never used for pellet-related techniques, because the
pellet is formed over the entire tube wall, and usually detaches easily.

15.4. CLEARING FACTOR (k)

Pelleting capacity is related to the value of the clearing factor k, a variable that refers
to the ability of a set of centrifugation conditions to separate or pellet particles.
Smaller k values indicate greater efficiency. k is defined as follows:6

k t s 1013 or t S ; (15.6)

where t is the time required to pellet the particles, in hours, s is the sedimentation
coefficient (in seconds, and S is also the sedimentation coefficient, but in Svedberg
units (1 S= 10 13 second). The sedimentation coefficient s is defined by the follow
ing differential equation:

dx=dt
s ; (15.7)

ω2x

Now, if we consider a boundary that is x1 cm from the axis of rotation corresponding
to the rotor used, at time t1, and x2 is the position of the same boundary at time t2,
then Eq. 15.7 can be solved by integration, after rearrangement, as:

Z Zt2 x21 dx 1 dx
s dt and by integration; s dt ; (15.8)

ω2 x ω2 xt1 x1

followed by,

s t2 t1
1
ω2

ln x2 ln x1
1
ω2

ln x2=x1 ; (15.9)

and therefore,

s
1

ω2 t2 t1
ln x2=x1: (15.10)

Now, if x2 represents the maximum radius of the rotor chamber, and x1 the minimum
radius (equivalent to rmax and rmin), Eq. 15.10 becomes:

ln rmax=rmins ; (15.11)
ω2 t2 t1
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where ω is the angular velocity in radians/sec and the difference between the radius
maximum (rmax) and minimum (rmin) determines the sedimentation path. When this
path is shorter, k is smaller. A more useful expression, where the angular velocity is
replaced by speed in rpm (and therefore the time units are minutes) is shown in
Eq. 15.12:

2:53 1011 ln rmax=rmink : (15.12)
rpm2

The k value is given as a characteristic of a rotor, and applies to a particle in pure
water at 20 °C, at the maximum speed allowed for the rotor. The corresponding kactual

values at lower speeds can be calculated using the following formula:

� �2rpmmaxkactual k ; (15.13)
rpm

If the sedimentation coefficients of the particles to be pelleted are known, an approx
imate prediction can be made of the time required for the separation, with the follow
ing formula:

k
t ; (15.14)

S

were t is the time required in hours to pellet de desired molecule, and S the sedimen
tation coefficient in Svedberg units. This formula is only an approximation. The k
values are calculated on the basis that the centrifugation medium has the viscosity
and density of water. An increase in either of these parameters will increase the value
of k by changing the value of the constant in Eq. 15.12. Computer simulations can be
used for more accurate predictions of precipitation/banding times using non-gradient
media. With gradient media, viscosity and density are functions of position, and a
single k value does not apply; to predict the banding time in this situation, the
denominated k can be calculated for a determined gradient and a well-characterized
particle.6

15.5. DENSITY GRADIENTS

The introduction of density gradients allowed several improvements in the analytical
and preparative capabilities of centrifugal processes. First, it is possible to pour the
sample in the top of a tube, in a more or less thin layer; differences in density
between sample and separation medium avoid convection and delay the homogeni
zation process. Second, it is possible to diminish convection fluid movements in the
tube; convection can be produced by a difference in temperature between different
parts of the centrifugal rotor. Third, it is possible to “focus” a particle when it reaches
its own density, in a process analogous to isoelectric focusing.
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15.5.1. Materials Used to Generate a Gradient

Density gradients may be generated in aqueous solutions from many materials. The
desirable properties of an ideal material include high water solubility, high density,
low viscosity and low osmotic pressure of solutions, physiological and chemical
inertness, and uv-visible light transparency.7 We now present a short overview of
water-soluble gradient materials, with their principal characteristics. Only in very
specific situations are nonaqueous materials used (e.g. chloroform or benzene).
More detailed information can be found in Price’s excellent book.8

The most common materials used to generate density gradients are sucrose,
Ficoll and Cs salts. Sucrose solutions can be as concentrated as 65% w/w, with a
maximum density of 1.32 g/cm3 at 4 °C; however, concentrated solutions of sucrose
have high osmotic strength and viscosity. Ficoll is a brand name for a synthetic poly
saccharide with an average MW of 400,000 and a maximum density in aqueous solu
tion of 1.23. It is very useful to separate osmotically-sensitive particles, like
mammalian cells.

Cesium salts (mainly CsCl and Cs2SO4) can be used to produce self-formed
gradients by overnight centrifugation of a homogeneous salt solution. These gradi
ents are formed in situ, and the steepness of the gradient depends on the rotor and g
forces applied. The maximum density is very high: 1.9 and 2.1 g/cm3 for chloride
and sulfate salts, respectively. These are typically used for the preparation and analy
sis of nucleic acids and for plasmid separation.

Colloidal particles of silica have also been used to generate density gradients.
These particles are approximately 20 nm in diameter, and are often coated with an
organic material. Percoll, for example, is a brand name for polyvinylpyrrolidone-
coated inert silica particles. Percoll suspensions have the advantages of non-toxicity,
low viscosity and low osmotic pressure, and are the suspensions of choice to separate
membrane-bound particles, as well as cells and subcellular organelles. However, the
maximum density of a Percoll suspension is only 1.2 g/cm3.

Dense iodinated organic compounds (e.g. iodixanol) derived from X-ray con
trast materials can be used in applications that require higher densities than Percoll
(as high as 1.5 g/cm3) as well as low ionic strength and low osmolarity.

15.5.2. Constructing Pre-Formed and Self-Generated
Gradients

There are several ways to generate a gradient. Stepwise gradients can be formed by
successively layering one solution over another solution of higher density. These
stepwise gradients (4 6 layers) can be used as is, or can be transformed to a more or
less linear gradient, by allowing diffusion to linearize the gradient or by freezing and
thawing.

A more straightforward possibility is to use a device designed specifically to
produce gradients, called “gradient generators”. A simple gradient generator is
depicted in Figure 15.3, and can be used to generate linear or exponential gradients.
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Figure 15.3. Device for generating density gradients. In (a), the more dense solution is in the mixing
chamber; therefore, a gradient from dense to light will be formed, and the centrifuge tube is filled from the

top. In (b), the positions of the solutions are inverted to generate a light to heavy gradient: in this case, the
centrifuge tube is filled from the bottom.

The two cylinders are connected at their base; one cylinder contains the lighter solu
tion (the solution with the lowest gradient-forming solute concentration) and the
other contains the more concentrated or dense solution.

To generate a linear gradient the two chambers must have the same diameter,
and the solution levels in the two chambers must remain approximately equal during
gradient generation. Different gradients shapes can be produced using chambers with
different diameters, or using motor driven pistons or syringe pumps. Automated sys
tems that include gradient formers as well as a programmable gradient harvest capa
bility, on-line absorbance (or other optical parameter) measurement and fraction
collectors are also available.

Gradients can also be produced by centrifugation of a homogenous gradient-
forming solution, such as aqueous cesium chloride. The self-generated gradients
are very reproducible and predictable, but are not used frequently, because gra
dients generated in this way do not normally span a wide enough range of
densities.



15.6 Types of Centrifugation Techniques 333

15.5.3. Redistribution of the Gradient in
Fixed-Angle and Vertical Rotors

When the rotor begins to accelerate, the density gradient adjusts to the new g forces
that act upon it. In swinging-bucket rotors, the centrifuge tube follows the direction
of the g force, and the gradient undergoes no redistribution.

This is not the case with fixed-angle and vertical rotors, where the centrifuge
tube angle is fixed and determined by the rotor design. Therefore, the gradient and
sample redistribute in the tubes, as shown in Figure 15.4. This redistribution process
takes place at low velocity (0 1000 rpm), to preserve the gradient, and the accelera
tion must be controlled carefully. Once the reorientation process is finished, acceler
ation to the final velocity can proceed without limitation, and is followed by slow
deceleration prior to sample harvest.

Figure 15.4. Redistribution of the sample layer and density gradients during centrifugations using fixed-
angle and vertical rotors. In (a), the sample (with lower density than the gradient top) is layered, the rotor

is at rest. In (b), the rotor begins to accelerate, and the sample begins reorientation. In (c), the sample
separation proceeds. In (d) the rotor is at rest, and the particle bands are oriented by the Earth’s
gravitational force.

15.6. TYPES OF CENTRIFUGATION TECHNIQUES

It is possible to classify centrifugation techniques as preparative (when the main goal
is to obtain a purified material) and analytical (for characterization of purified sam
ples). Differential centrifugation is the simplest method, and does not require a den
sity gradient medium; it is a typical preparative methodology. Techniques
considered preparative but possessing analytical applications are isopycnic and rate-
zonal centrifugation, both requiring density gradient media.
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15.6.1. Differential Centrifugation9

Differential centrifugation is very useful for the separation of subcellular organelles
and membranes. The starting material is usually a tissue homogenate or lysed cells.
A standard procedure is shown in Figure 15.5, where consecutive pellets are sepa
rated as the supernatant is centrifuged to higher g forces for longer times.

Figure 15.5. Typical differential centrifugation protocol. In order to obtain more purified fractions, the

pellets could be resuspended in buffer and re-centrifuged.

Figure 15.6 illustrates the main disadvantage of differential centrifugation. The
initial sample contains a homogeneous mixture of different particles. Smaller (or less
dense) particles, which are near to the bottom, pellet together with large (or more
dense) particles. The purity of the fractions maybe increased by resuspending the
pellet and re-centrifuging, but usually differential centrifugation is only the first step
in a purification protocol.

15.6.2. Rate-Zonal Centrifugation

In rate-zonal centrifugation (or velocity sedimentation) the sample is loaded as a thin
layer on the top of a density gradient medium. During centrifugation, the sample
separates into bands, and the particles are separated on the basis of their different
sedimentation coefficients (s). For biological particles, the coefficient s is mainly
related to the size of the particles. This process is illustrated in Figure 15.7(a).
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Figure 15.6. Sedimentation process in a multicomponent system (solvent with three sizes of particles).
Note that the pellet contains a mixture of particle sizes.

Figure 15.7. Comparison between rate-zonal and isopycnic centrifugation. Note that the gradient used
in rate-zonal techniques is shallow, and if the centrifugation continues, the particles pellet. The diffusion

process causes band broadening in rate-zonal centrifugation, but this is not evident when the particles are
“focused” using isopycnic centrifugation.

The maximum density of the gradient usually does not exceed the density of the
particles. Because of this, if the centrifugation continues indefinitely, the particles
pellet at the tube bottom. The gradient is chosen to have the minimal density and
viscosity possible to allow rapid separation and minimize diffusional band
broadening.

In rate-zonal centrifugation the conditions for sensitive biological particles are
gentle (low osmotic pressure, g forces and viscosity) and typically the separation is
faster than isopycnic separations. Applications include the separation of proteins and
nucleoproteins, like ribosomes.
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15.6.3. Isopycnic Centrifugation

In isopycnic centrifugation (or equilibrium sedimentation) the particles move
through a density gradient until they arrive at their isopycnic points. This is the point
where the density of the solution equals the density of the particle. At this point, the
particle stops moving. With this technique, the time necessary for a given separation
is not critical. The sample is separated into bands, and separation occurs on the basis
of the buoyant density of the particles. Diffusional broadening is not significant, and
the particles are “focused” in very narrow bands. In this technique the sample can be
loaded at the top of the density gradient, at the bottom, or mixed with a gradient-
forming solution; the particles move until they arrive at their equilibrium positions,
as shown in Figure 15.7(b).

The isopycnic method has been used to dramatically demonstrate semi-conserv
ative DNA replication, using CsCl density gradients. Separation of DNA, RNA, pro
tein and carbohydrates can be performed in dense CsCl solutions, where the RNA
pellets, the DNA forms bands, and protein and carbohydrates form a thin layer called
a pellicle at the top of the gradient.

15.7. HARVESTING SAMPLES

Once the centrifugation is finished, there are two principal ways to collect fractions.
One of these is to pierce the bottom of the plastic (disposable) centrifuge tube, and
collect drops as different fractions; the collection is done from the higher density
particles to the lower. Another possibility is the displacement of the gradient upward
using a more dense solution; in this case, the fractions are collected from the top of
the tube, from the lower to the higher density parts of the gradient. Each fraction can
be examined separately (for example, by UV spectrophotometry) and the data plot
ted as absorbance vs effluent volume or density. Modern instrumentation allows on
line measurement at the moment the centrifuged sample is harvested.

15.8. ANALYTICAL ULTRACENTRIFUGATION

Centrifugation techniques are used mainly in separation and purification protocols,
or as a sample preparation step in analytical biochemistry. Historically, analytical
ultracentrifugation was important for highly accurate absolute calculation of the
molecular weight of biological materials and polymers. Information obtained from
ultracentrifugation experiments applies to analytes present under native conditions,
while many other techniques (e.g. size exclusion chromatography, gel electrophore
sis and mass spectrometry) apply to denatured or fragmented biomolecules.

Analytical ultracentrifugation is carried out in low volume centrifuge cells
(1 mL or less), using high purity samples, in a specially designed centrifuge,
equipped with an optical detection system to follow the sedimentation process con
tinuously. In addition to the determination of molecular weight, it is possible to
determinate molecular size and shape, sedimentation coefficients, density and
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frictional coefficients. This technique has also been used to demonstrate the semi-
conservative replication of DNA, the conformational changes that arise when
enzyme-substrate complexes form and for the study of macromolecular interactions.
Like most other analytical techniques, samples are usually not recovered after the
experiment. Typical samples are proteins, lipoproteins, nucleic acids, polysacchar
ides, subcellular particles, cells and viruses.

15.8.1. Instrumentation

The first analytical ultracentrifuge was designed by Svedberg in 1923. Since then,
the main improvements have dealt with data acquisition and processing, while the
hardware design has not been significantly modified. A typical instrument is shown
in Figure 15.8; it is basically composed of a high velocity centrifuge equipped with
an optical detection system that is capable of monitoring the optical properties of the
entire centrifuge cell.

Figure 15.8. Analytical ultracentrifuge equipped with a UV-Vis optical detection system. The “sliding
slit” at the photomultiplier allows positional recording of the absorbance along the cell.

The sample is poured into a cavity in a single or double sector centerpiece, made
of an aluminum alloy or an epoxy resin material [Figure 15.9(b)]. The centerpiece is
fitted with transparent windows made of quartz, or sapphire if high g forces are
required. A cell housing (with related parts including spacers, gaskets and screw
rings) that holds the cell assembly fits into the ultracentrifuge rotor. A simplified
representation of the assembly is shown in Figure 15.9(b). The double sector cells
allow a reference to be run simultaneously and absorbance values subtracted from
sample data, in order to calculate concentrations. More detailed descriptions of sam
ple cells and analytical ultracentrifugation instrumentation can be found in Lavrenko

10et al.
The horizontal orientation of the sample chamber allows positional detection of

the analyte with the optical system. The force lines in these sectorial cells are radial
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Figure 15.9. Basic components of typical single and double sector analytical ultracentrifuge cells. The
sector angle is the angle subtended at the center of rotation.

(Figure 15.10), and parallel to the cell walls, so that convection and “wall effects” are
avoided.

Figure 15.10. Force lines in a sectorial cell.

Other optical techniques have also been used to monitor analytical ultra
centrifugation experiments. These included refractive index (Schlieren optics) as
well as interference patterns produced using Rayleigh- or Lebedev-type optics.11 In
both cases, data are acquired using photographic or video recording equipment.
Examples of data obtained with these different optical systems are shown in
Figure 15.11.

The light sources commonly used are high power mercury arc lamps (100 W) or
lasers; high power is necessary due the short exposure time of the centrifuge cell to
the light path. In a typical rotor, the light passes through the cell for about 7 ms per
second, and the rest of the time the light is directed onto the rotor.12 High quality
optics are used to conduct the light from the source to the detector.

15.8.2. Sedimentation Velocity Analysis

In this technique, the particle moves toward an equilibrium position, but the experi
ment is terminated before equilibrium occurs. The change in velocity of the particle
is interpreted using kinetic equations. Consider a simple two-component system, like
a protein dissolved in buffer (e.g. 1 mg/mL BSA in 0.1 M phosphate buffer). In a
sectorial cell, it is possible to follow the movement of the boundary by optical tech
niques (Figure 15.11).
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Figure 15.11. Results for a moving-boundary ultracentrifuge experiment using different optical
detection systems and a double-sector cell. Part (a) is a graphical representation, (b) is the result of an
ultraviolet photograph, (c) is a plot of absorbance versus distance (from b), (d) is a photograph obtained

with Schlieren optics, (e) is an interference diagram obtained using Rayleigh optics, and (f) is another
interference diagram, obtained with Lebedev optics.

This technique is also called “moving boundary analysis”, and it is used to
determine the sedimentation coefficient s, defined as:

dr=dt d ln r 1
; (15.15)

ω2
s

ω2r dt

where ω is the angular velocity in radians/sec and r is the distance of the boundary
from the center of rotation, in cm. It is possible to integrate r in Eq. 15.15 with
respect to time (between t1 and t2), to arrive at Eq. 15.16, were time is in seconds,
and r in cm:13

2:1 102 log10 r2=r1s : (15.16)2rpm t2 t1

A plot of lnr against t (Eq. 15.15) or two measurements of boundary position
(Eq. 15.16) can be used to determine the value of s. Usually the sedimentation
coefficient is expressed in Svedberg units, where 1 S= 10 13 second.
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The s value can be used to calculate the molecular weight of a macromolecule,
using Equation 15.17:

M 1 νρ
s ; (15.17)

Nf

where M is the molecular weight, ν is the partial specific volume, ρ is the solvent
density, N is Avogadro’s number and f is the frictional coefficient of the particle.
The f value can be calculated through the diffusion coefficient (D):

RT
D : (15.18)

Nf

Substituting Eq. 15.18 into Eq. 15.17 we obtain the Svedberg equation:

sRT
M : (15.19)

D 1 νρ

The diffusion coefficient indicates the extent of boundary broadening during the
experiment, but is not easy to determine, limiting the use of this method.

In order to use Eq. 15.19 to obtain molecular weights, experimentally obtained s
and D values must be corrected to ideal conditions. The observed s and D values are
dependent on solution conditions as well as temperature. It is possible to convert an
observed s value to a standard value for a solution with the density and viscosity of
water at 20 °C using the following equation:13

ηT;m ρP ρ20ws20;w sT;m � � : (15.20)
ηT;m ρP ρTm

where sTm is the experimentally determined sedimentation viscosity using medium
m and temperature T, ηT;m and η20;w are the viscosity of the medium at T and the
viscosity of water at 20 °C respectively, ρP is the density of the particle in study, ρT;m
and ρ20;w are the density of the medium at T and the density of water at 20 °C respec
tively. The sedimentation coefficient has been calculated for a variety of biological
particles, and Figure 15.12 shows some examples of these values.

The sample concentration affects the observed s values; for example, when pro
tein concentration increases, lower s values are observed. A number of experiments
with different protein concentrations are necessary to correct this concentration-
dependent bias, to allow extrapolation of the s value to a protein concentration of

0zero. This new value extrapolated to zero concentration is known as s20;w, and is
used in the calculation of MW (M) using Eq. 15.19. But if is known that the protein
or macromolecule has a simple globular shape, instead of calculating D it is possible
to use the following empirical formula:

0s20;w 0:00248M0:67: (15.21)



15.8 Analytical Ultracentrifugation 341

Figure 15.12. Sedimentation coefficients (s) for some biological particles, with values expressed in
Svedberg units. Nuclear particles have values on the order of 106 107 S, while whole cells have values

between 107 108 Svedberg units.

Other empirical formulae have been proposed for different biological materials,
including single strand, double strand and circular DNA.14

15.8.3. Sedimentation Equilibrium Analysis

In this type of experiment, particles are allowed to move until they arrive at their
equilibrium positions. This means that sedimentation proceeds until sedimentation
forces are balanced by diffusion. There are several approaches to this technique. One
of these is to scan the cell, to obtain the absorbance profile at different times; this
allows calculation of concentration as a function of distance from the rotation axis
(dc/dr). The following expression is then used to calculate the particle mass:

RT 1 dc
M : (15.22)

1 νρ ω2 rc dr
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It is possible to use this technique to study more complex systems, including poly
disperse samples in which interactions occur between several different components.
Details regarding the mathematical methods can be found in Schachman.15

15.9. SELECTED EXAMPLES

15.9.1. Analytical Ultracentrifugation for Quaternary
Structure Elucidation16

Analytical ultracentrifugation methods have been employed to study the serine ace
tylransferase (SAT) of E. coli, in order to elucidate how many protein subunits are
present in the functional enzyme. In bacteria, L-serine is converted to cysteine in a
two-step process; SAT catalyzes the first reaction in this metabolic pathway,
described as “sulfur fixation”. The SAT subunit has been sequenced, and its MW is
29.3 kDa.

Sedimentation equilibrium experiments were performed, using three SAT con
centrations (0.096, 0.73, and 3.54 mg/mL) in buffer, at 8000 rpm and 5 °C until the
concentration versus radial distance reached equilibrium, typically within 24 h. The
cell was scanned every 3 h at 280 nm, and the absorbance values were used to calcu
late concentration profiles. The analyses of equilibrium solute (SAT) distributions
were done using computer programs provided by the ultracentrifuge manufacturing
company. The results obtained for three protein concentrations and for a control tri
meric protein, chloramphenicol acetyltransferase (CAT), in which each monomer
has a MW= 24,965, are shown in Table 15.1. These data, which have been corrected
for concentration using the following Equation:17

so
s ; (15.23)

1 ksc

where ks is the concentration dependence coefficient and c is the concentration cor
rected for radial dilution, reveal that the SAT protein is hexameric. Moreover, the

Table 15.1 Equilibrium Sedimentation Derived Molecular Weightsa

Enzyme
Concentration

(mg/mL) MW Enzyme
MW

Subunit
Apparent Quaternary

Structure

SAT
SAT
SAT
CAT

0.10
0.73
3.60
0.50

169,700± 1060
177,600± 1060
184,300± 1060

75,100± 740

29,260
29,260
29,260
24,965

5.8
6.1
6.3
3.0

aA control protein. CAT, is used to show data reliability. [Reprinted, with permission, from V. J. Hindson,
P. C. E. Moody, A. J. Rowe, and W. V. Shaw, The Journal of Biological Chemistry 275, 2000, 461–466.
“Serine Acetyltransferase from Escherichia coli is a Dimer of Trimers”. Copyright  2000 by The
American Society for Biochemistry and Molecular Biology, Inc.]
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slight correlation between the concentration and the experimental MW of the holo
enzyme is consistent with a small degree of self-association.

Additional sedimentation velocity experiments were done using three SAT con
centrations, at higher velocity (40,000 rpm), under otherwise similar experimental
conditions. The cell was scanned every 30 minutes at 280 nm for 14 h. The data
obtained at each protein concentration indicate that the protein does not self-associ
ate. The sedimentation coefficient (s0 ) was calculated as 7.08± 0.09 S, from20;w
which the frictional ratio of SAT was found to be 1.53; this value is high when com
pared with the expected value for a globular protein (about 1.15), supporting the
hypothesis that SAT subunits are not organized in a compact motif. This hypothesis
was confirmed using other techniques. The authors conclude that the fundamental
building block is probably a trimer, with SAT arranged as a pair of loosely staked
trimers.

15.9.2. Isolation of Retroviruses by Self-Generated
Gradients18

Retroviruses are viruses in which the genetic material is RNA. Several retroviruses
are related with human diseases, like influenza or HIV. Some human retroviruses
have glycoproteins as important surface structures; these are usually of crucial
importance for infectivity, and therefore for virus characterization.

Human cells from patients suffering from multiple sclerosis were cultivated, and
the supernatants were separated from cells and debris after centrifugation at 1000 g
at 4 °C for 30 min. The supernatant was transferred to a 60 mL centrifuge tube, and
underlaid with 4 mL of a concentrated solution of iodixanol, an iodinated, nonionic
density gradient medium, in HEPES-NaOH (60 mM, pH 7.4, 0.8% NaCl). This
dense underlay medium is called a “cushion”, and prevents the pelleting of particles
less dense. Particles then concentrate at the interface between the supernatant and the
cushion. The tubes were centrifuged in a fixed angle rotor (22.5°) at 45,000 g (4 °C,
2 h) and the supernatant removed from the tubes by aspiration, leaving only of
4 5 mL in the proximity of the cushion. The cushion and the overlying supernatant
were combined, and the volume measured for final regulation of the concentration of
the gradient medium.

This mixture, adjusted to contain 20% of iodixanol, was transferred to 11 mL
tubes and centrifuged in a vertical rotor at 364,000 g (4 °C, 3.5 h). Under these condi
tions, a gradient with a density from 1.02 to 1.25 was formed. Following centrifuga
tion, the gradient was collected through a puncture in the tube bottom, in 0.5-mL
fractions. Each fraction was assayed by PCR to detect retrovirus concentration.

The authors showed that the iodixanol gradient medium is better for this purpose
than the previously-used sucrose medium. Sucrose gradient media have high viscos
ity and osmolarity when compared with iodinated gradient media; these properties
can alter the external (glycoprotein) features of this virus, reducing infectivity; more
over, the gentle separations in iodixanol media allow the concentration of small
amounts of virus in comparison with sucrose gradients.
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15.9.3. Isolation of Lipoproteins from Human Plasma

Lipoproteins transport lipids in blood; an early classification system was established
using centrifugation methods, which are based on their different densities. Lipopro
teins are classified as chylomicrons, largest and lowest in density (ρ< 0.96 g/mL),
with low protein concentration (2%). Very low density lipoproteins (VLDL), low
density lipoproteins (LDL) and high density lipoproteins (HDL) are progressively
smaller, more dense and rich in protein, increasing the ρ and protein content up to
1.210 g/mL and 40 55% for HDL.

Figure 15.1 shows the forces acting during centrifugation. If the particle ρ is
lower than that of the centrifugation medium, the buoyant force becomes important
and the particle moves upward. Techniques in which the particles to be analyzed
move upward, reaching the surface of the centrifugation medium, are called flotation
or buoyant centrifugation separations.

Standard centrifugation procedures used for fractionation of lipoproteins in
human blood plasma are made by sequential flotation using KBr, NaBr, NaCl or a
combination of these salts to produce a solution with determined density, in which a
selected lipoprotein fraction moves upward.

In a typical procedure, the human plasma is centrifuged (usually in a fixed
angle rotor) at 50,000 g for 30 min; under these conditions, chylomicrons float as a
milky layer. The infranatant is removed, and centrifuged at 100,000 g for 20 h,
when a floating layer of VLDL is obtained, as well as a pellet, which contains the
plasma proteins, LDL and HDL plasma lipoprotein fractions. The pellet is resus
pended and mixed with a concentrated salt solution, in order to obtain a final den
sity of 1.063 g/mL, and centrifuged at 100,000 g for 28 h. A floating layer of LDL is
obtained, and the pellet is then resuspended and adjusted to a density of 1.21 g/mL.
Centrifugation at 100,000 g for 48 h produces a floating layer of HDL.

Using self-formed iodixanol gradients, a novel rapid method for the separation
of plasma lipoprotein has recently been described.19 The centrifugation time is
reduced to approximately 4 h, but the gradient must be collected carefully, in
0.1 0.2 mL fractions.

15.9.4. Centrifugal Microfluidic Analysis

Microfluidic devices have become popular in the literature, as they have the potential
to perform complete analysis with minimal power and space requirements. In the
search for simple and reproducible ways to move fluids in small microfluidic
devices, so-called “Lab on a CD” systems are now studied as a convenient possibil
ity. The Lab on a CD systems, also called “centrifugal microfluidic systems”, use the
forces generated during centrifugation to move or pump fluids, including separation
steps for complex samples such as blood, and to dispense and mix reagents as well as
other related operations. By combining the effects of the centrifugal, Coriolis and
Euler forces to transport and manipulate liquids and the particles presented in the
liquids, as well as to control their interactions with ad-hoc designed microstructures,
several and diverse operations can be accomplished.
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Figure 15.13. Lab on a CD multiplexed bead-based sandwich type ELISA assay. The photograph in
(A) shows a fabricated disc. The magnified image in (B) shows chambers filled with antibody coated
polystyrene beads (PS). In (C) a description of the different chambers and valves is depicted (the

numbered circles are valves). The operation of the laser operated valves is shown in (D). [Reprinted, with
permission, from J. Park, V. Sunkara, T.-H. Kim, H. Hwang, and Y.-K. Cho, Analytical Chemistry 84,
2012, 2133–2140. “Lab-on-a-Disc for Fully Integrated Multiplex Immunoassays”. Copyright  2012,

American Chemical Society]

Centrifugal microfluidics have been proposed for a number of clinical applica
tions, including PCR, multiplexed biochemical analysis, innmunosassays among
others; some of these have been recently reviewed.20,21

Some of the advantages of centrifugal pumping when compared with other
methods used in microfluidics (such as syringe or peristaltic pumps) is the simplicity
and low cost. A reliable motor similar to the kind used in computer CD units is suit
able. Also, centrifugal pumping is less dependent on the nature of the fluid to be
pumped (such as pH and ionic strength), when compared with electrokinetic pump
ing. Because centrifugal microfluidic devices can be constructed using poly
carbonate, and the complete fluid network, including valves, reagent compartments,
mixing or separating structures and the detection chamber can be included in a single
CD, production of disposable and cost effective systems can be envisioned. Valves
are a significant concern in microfluidic devices. Passive capillary valves or passive
hydrophobic valves, which only allow fluid transfer after a pressure limit has been
exceeded (at a preset spin rate) have been typical. But recently, different types of
sacrificial wax based valves, that allow opening or closing channels when heated by
a laser, have been incorporated in new designs.
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In a recent report, an example of a fully integrated multiplexed immunoassay
has been described, and the device is shown in Figure 15.13.22

The device is presented as a fully automated analytical system, for simultaneous
detection of multiple protein biomarkers in clinical samples such as whole blood or
saliva. The system allows the determination of the cardiovascular disease markers
C-reactive protein, cardiac troponin I, and N-terminal pro-B type natriuretic peptide.
The polystyrene bead based, sandwich-type ELISA is performed completely inside
the CD, using a low volume sample (200 μL) and washing buffer (700 μL). A total
processing time of 20 min, with an assay performance similar to the conventional
ELISA (96-well microtiter plates) was reported. The system is simple, only requiring a
motor for the centrifugal pumping, a laser for valve actuation, and a detection system
composed of a photodiode and a light-emitting diode for absorbance measurements.

Valves are very important in Lab on a CD design and operation, because all the
necessary reagents and samples are preloaded, allowing a routine of several spin-
stop cycles. The routine is used to process the sample, mix reagents, allow reactions
to proceed, and finally direct the fluid to the optical detection chamber. In this exam
ple, laser irradiated ferrowax microvalves are used to control the flow through the
channels (Figure 15.13B). The valves are made with a mixture of 10 nm-sized ferro
oxide nanoparticles, dispersed in paraffin wax, and can be reversibly opened by
applying the laser to the valve position.
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PROBLEMS

1. (a) Calculate the RCF maximum (RCFmax), minimum (RCFmin) and average (RCFav), for a
centrifugation tube in which the meniscus is 12 cm from the rotation axis and the bottom at
22 cm. The rotor is driven at 27,000 rpm.
(b) If the rotor is driven at half velocity (13,500 rpm) will the g force applied to the solution
be approximately half?

2. (a) A titanium fixed angle rotor can be run at a maximum speed of 52,000 rpm. It has
rmax= 10.8 cm and rmin = 3.2 cm. Calculate the k (clearing) value
(b) Compare the obtained value with the ones presented in Table 15.2. Choose the best
rotor for the separation of soluble proteins from a mammalian cell homogenate.

3. A vertical rotor data sheet specifies k= 304. The tubes for this rotor have an internal diame
ter of 2.4 cm, with rmin= 13.6 cm. What is the maximum speed for this rotor? (Note that in

Table 15.2 Values of k and Total Capacity for Ultraspeed Rotorsa

Rotor Type RCFmax (g) RCFmin (g) Total Capacity (mL) k

Swinging-bucket 90,300 39,300 102 338
Swinging-bucket 285,000 119,000 84 137
Swinging-bucket 484,200 254,000 26.4 45
Fixed-angle (18°) 59,200 29,600 940 398
Fixed-angle (14°) 94,500 63,300 210 113
Fixed-angle (29°) 511,000 220,800 112 38
Vertical 70,000 50,400 312 123
Vertical 240,600 173,400 280 34
Vertical 510,000 416,600 40.8 8

aSuperspeed rotor with RCF between 5000 and 50,000 g have k values between 400-5000 or higher.
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real situations, aging of the rotor and accumulation of stress over the rotor structure must
be considered, so the maximum velocity allowed for safe operation is gradually decreased).

4. If the k factor is 300 for a swinging-bucket aluminum alloy rotor, with rmax = 19.5 cm and
rmin = 8 cm, calculate kactual for speeds of 10,000, 20,000, 30,000 and 40,000 rpm. The
maximum speed for this rotor is 50,000 rpm.

5. How much time is necessary to pellet influenza virus particles (s20,w= 700) in a rotor with
k= 180? What is the pelleting time for eukaryotic ribosome subunits (s20,w = 40 and 60) for
small and large subunits respectively? Assume that the medium viscosity and density are
similar to water at 20 °C.

6. A protein increases its distance from the rotation axis from 7.6 cm to 9.8 cm during a 4 h
experiment, in which the rotor speed is 40,000 rpm. Calculate its sedimentation coefficient
in Svedberg units.



Chapter 16
 

Chromatography of
Biomolecules

16.1. INTRODUCTION

Chromatographic methods are used for the separation of components of a mixture 
present in a flowing mobile phase, based on their different strengths of interaction 
with a stationary phase. Stronger interaction with the stationary phase yields a lon
ger retention time, which are the times between sample introduction and component 
elution. This chapter concerns liquid chromatography, where the mobile phase is an 
aqueous solution, and the stationary phase is a particulate solid, a semi-solid particu
late gel or a solid but porous polymeric monolith. The separation mechanisms that 
will be addressed include size exclusion (gel filtration), affinity and ion-exchange 
chromatography. All of these methods are applicable to biological macromolecules 
present in aqueous solution, allow separation under mild conditions and may be used 
on either preparatory or analytical scales. 

Classical column liquid chromatography (LC) employs a vertical column 
packed with a slurry of stationary phase particles. The particles are allowed to settle 
into a densely-packed bed, and excess mobile phase is removed. The sample is intro
duced at the top of the column, followed by clean mobile phase, and is gravity-fed 
through the column by the continuous removal of mobile phase from a small exit at 
the bottom of the column. Modern preparative adaptations of this method include the 
addition of a postcolumn pump or the use of mild pressures at the top end of the 
column to speed component elution. 

High-performance liquid chromatography (HPLC) employs very fine particles 
or solid porous monoliths, and uses high-pressure pumps to force the mobile phase 
through the column. The mobile phase passes from a reservoir through the pump, an 
injector, the column and a flow-through detector. The injector allows the introduc
tion of sample mixtures into the flowing mobile phase with little or no disturbance to 
the flow. 

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón. 
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16.2. UNITS ANDDEFINITIONS

Flow rates may be expressed in linear or volume units. Linear flow rates refer to the 
column length travelled by the mobile phase per unit time, and are usually expressed 
in cm/min. Volume flow rates are more commonly used, and are expressed in mL/ 
min. The time between sample introduction and component elution is the retention 
time of the component and is symbolized tr. The adjusted retention time, t takes into r 
account the time required for a nonretained solute to pass from injector to detector 
with no interactions: 

t tr tm (16.1) 

where tm is the time required for the nonretained solute to reach the detector. An 
unretained solute has tr = tm, and thus has t 0. The relative retention of two comr 
ponents, 1 and 2, is called the selectivity coefficient, α, and is defined below: 

α (16.2)tr2 =tr1 

where tr2 > tr1, so that α values are always greater than unity. Under a given set of 
experimental conditions, an individual component has a characteristic capacity fac
tor, k: 

k =tm t =tm (16.3)tr tm r 

A large value of k for a given component usually means that a good separation will 
be achieved; however, large k values imply long elution times. Values of k between 2 
and 20 are generally considered useful. The capacity factor is related to the partition 
coefficient, K, of the solute (S) between the mobile and stationary phases, where 
K= [S]stationary/[S]mobile, and to the relative volumes of stationary and mobile phases 
at equilibrium, Vs and Vm, according to Eq. 16.4: 

k K V s =Vm (16.4) 

The relative retention of two components, α, may also be expressed in terms 
of K: 

α k2=k1 K2=K1: (16.5)tr2 =tr1 

16.3. PLATE THEORY OF CHROMATOGRAPHY1

Consider a column that is divided into N segments of equal length, and that each 
segment is just long enough to allow complete equilibration of solute partitioning 
between the stationary phase and the mobile phase, according to its partition 
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coefficient. Each of these segments is called a theoretical plate, and a column of 
length L will have a height equivalent to a theoretical plate (H) given  by  L/N. A  
“good” column will have large N values (104 >105), and a small H. Columns 
packed with a small-particle stationary phase have been shown to yield higher N
values than those packed with larger particles. 

Theoretical plates are determined experimentally for a given solute, by measur
ing the retention time and the peak width at the base: 

N tr =σ 2 16 tr =w
2 (16.6) 

where σ is the standard deviation of the (gaussian) solute elution profile, and w (=
4σ) is the  width of the  elution profile measured at the base of the peak, which is 
readily measured by triangulation of the peak. In practice, N values are determined 
periodically for a representative solute to check column performance for 
degradation. 

The plate theory assumes that complete equilibration occurs in each of the N
segments of the column. This assumption is not applicable to all solutes, and because 
of this, the rate theory was developed. 

16.4. RATE THEORY OF CHROMATOGRAPHY2

The rate theory takes into account the finite rate at which the solute can equilibrate 
between the mobile and stationary phases. The shapes of the bands that are predicted 
by the rate theory depend on the rate of elution, the diffusion of the solute along the 
length of the column, and the availability of different paths for the solute molecules 
to follow. The value of H now depends on v, the  volume  flow rate of the mobile 
phase, according to the van Deemter equation, Eq. 16.7: 

H A B=v Cv (16.7) 

where A, B and C are constants for a given column/mobile phase/solute system. The 
van Deemter equation implies that H not only varies with flow rate, but also passes 
through a minimum at an optimum value of the flow rate. 

Each of the terms in Eq. 16.7 can be conceptually associated with a different 
phenomenon present during a chromatographic separation. The first term, A, results 
from the different paths that the solute molecules in the mobile phase take in travel
ling around or through the stationary phase particles; its value is independent of flow 
rate, and smaller particles yield smaller values of A and hence smaller H values. The 
second term, B/v, arises from longitudinal diffusion that occurs at the leading and 
following edges of the injected sample plug and is partly a result of the flow profile, 
shown in Figure 16.1: 

The fastest flow of solute occurs in the center of the column; closer to the col
umn walls the flow is slower, and approaches zero in the stagnant layer contacting 
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Figure 16.1. Flow profile for injected solute travelling through a packed stationary phase. 

the walls. Solute in the center of the column at the front of the solute zone is there
fore present at higher concentration than solute near the walls at the same distance 
along the column. Because of this concentration gradient, solute diffuses towards 
the walls, and slows down. The result is that an injected plug of analyte develops 
more diffuse boundaries as it travels through the column. The final term in Eq. 16.7, 
Cv, results from the finite time that is required for equilibration of the solute between 
the mobile and stationary phases. If the solute zone moves rapidly but the solute 
cannot escape the stationary phase rapidly, then solute present in the mobile phase 
moves ahead, broadening the band. 

In an efficient column, the values of A, B, and C are all small, resulting in a 
small (10 4 to <10 5 m) H value. Very small stationary phase particles, of the order 
of 3–10 μm, have been shown to yield the best efficiencies. 

The resolution of two components may be quantitated using Eq. 16.8: 

Difference in retention times 
Resolution Δtr =wav (16.8)

Average baseline peak width 

Resolution values have been shown to increase with the square root of column 
length. Thus, doubling the length of a column will increase resolution by a factor 
of (2)1/2. 

Figure 16.2 shows the five major classes of liquid chromatography in common 
use. Each is based on a unique retention mechanism, and three of these mechanisms 
are of particular interest for the separation and quantitation of biological macromole
cules. Size-exclusion chromatography, also called gel filtration, separates species on 
the basis of molecular size, with small molecules being retained and large species 
eluting first. Affinity chromatography involves very selective binding interactions 
such as antibody-antigen and enzyme-substrate interactions. Ion-exchange chroma
tography is used to separate species on the basis of molecular charge and the distri
bution of molecular charge; the stationary phase possesses either positive or negative 
charge, and interacts only with oppositely-charged solutes. All three of these reten
tion mechanisms may be applied to macromolecular solutes that are present in aque
ous solutions, and function well under mild conditions of temperature and pH. 

More elaborate models of retention have been developed for biomacromole
cules. One recent example suggests that the pores of porous stationary phases (e.g. 
for gel filtration or ion exchange chromatography) may be easily blocked by macro
molecules in a predictable manner.3 Overloading of columns, especially during pre
parative separations, occurs at much lower concentrations than predicted by earlier 
models. 
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Figure 16.2. Retention mechanisms for the five major classes of chromatography. 

16.5. SIZE EXCLUSION (GEL FILTRATION)
CHROMATOGRAPHY

Neutral, particulate gel media have been shown to give separations related to the size 
of the components of a mixture. This was discovered independently for polymers 
dissolved in organic solvents, and for biomolecules in aqueous media. Separation is 
nondestructive, and will occur under mild conditions. In addition, separations are 
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usually independent of the composition of the mobile phase; thus, the mobile phase 
composition may be selected to suit the species being separated, for the stability of 
these components. One disadvantage of this independence is that gradients with 
varying eluting power do not exist for gel filtration separations. 

The stationary phases used for size exclusion chromatography (SEC) have tradi
tionally been porous particulate gels, and these are still in common use. If it is small 
enough, the solute can penetrate through the entire macroscopic volume of the 
packed particles. The separation conditions are chosen to avoid both specific and  
nonspecific adsorption, so that elution volumes depend only on the sizes of the sol
utes, as a result of molecular sieving. Elution volumes are never greater than the total 
bed volume of the stationary phase. Large solutes elute first, with smaller species 
eluting later, and it is not unusual to achieve 100% recovery of a purified solute. The 
first gel used for the separation and purification of proteins was SephadexTM, and  
this gel medium is still in routine use. It consists of particles of crosslinked dextran, 
and has been prepared with different pore sizes, to give different fractionation 
ranges. 

The SEC separation is governed by Eq. 16.9: 

KavVg (16.9)V e Vo 

where Ve is the elution volume of the solute, Vo is the void volume of the column (the 
volume occupied by the mobile phase), Vg is the volume occupied by the gel, and Kav 

(av = available) is the partition coefficient for the solute between the gel phase and the 
surrounding liquid phase.4 If only steric exclusion governs the separation, 

0 1 (16.10) Kav 

Figure 16.3 shows a representative separation of species of high, intermediate 
and low molecular weights. 

High MW species are too large to enter the pores of the gel, and so elute with the 
void volume. Very low MW species enter all pores, and are the last to elute. Species 
of intermediate MW are separated based on their average abilities to enter and exit 

Figure 16.3. Representative chromatogram obtained with SEC. 
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the pores of the gel, with larger molecules tending to be excluded more often. The 
retention coefficient is given by: 

R Vo =V e; (16.11) 

where R is small for highly retained (small) solutes, and approaches unity for high 
molecular weight solutes. 

The shapes of solutes are also important in their retention behavior; it has been 
shown that DNA restriction fragments (rod-shaped) have Kav values that are more 
sensitive to molecular weight than those obtained with denatured (random-coil) pro
teins. In fact, the SEC parameter governing the retention is the hydrodynamic vol
ume of the solute, which is related to its radius of gyration, Rg. The molecular 
weight of a solute is related to its radius of gyration by Eq. 16.12: 

Rg k MW a; (16.12) 

where a = 1 for rods, a 0.5 for flexible coils, and a = 0.3 for spheres. From this 
equation, it is apparent that the radius of gyration increases more rapidly with molec
ular weight for rods (DNA) than for spheres (proteins). Figure 16.4 shows the depen
dence of Kav on log(MW) for a series of protein and DNA standards.4 

For proteins, a mathematical model of retention has been developed that works 
well for Sephadex gels.6 The solute is treated as a sphere of radius rs, while the gel is 
a network represented by infinitely long, straight rods of radius rx. The rods are ran
domly distributed, and have an average density of L units of rod length per unit 

Figure 16.4. Selectivity curve from SEC of DNA (■) and protein (□) molecular weight standards on a 

106 mm × 10 mm SuperoseTM 6 gel filtration column with 0.02 M Tris-HCl pH 7.6 containing 0.15 M 
NaCl as the eluent.5 [Reprinted, with permission, from H. Ellegren, and T. Låås, Journal of
Chromatography 467, 1989, 217–226. “Size – Exclusion Chromatography of DNA Restriction 

Fragments. Fragment Length Determination and a Comparison with the Behavior of Proteins in Size-
Exclusion Chromatography”.  1989 Elsevier Science Publishers B. V.] 
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volume of gel. The values of L and rx may be calculated from known dimensions of 
dextran chains, and then Kav may be found from Eq. 16.13: 

2Kav exp (16.13)πL rx rs 

This equation has been used to evaluate the hydrated radii of proteins by determining 
Kav experimentally on three Sephadex gels, G-75 (fractionation range 3–80 kDa), 
G-100 (fractionation range 4–150 kDa) and G-200 (fractionation range 5–600 kDa). 
The results of these experiments are shown in Table 16.1, below. 

In addition to steric exclusion, other types of interactions between solute and gel 
are possible. In particular, electrostatic interactions may be very significant with 
some gels, especially if the gel has charged groups and can act as an ion-exchanger. 
If the eluent has low ionic strength, these charged groups create a Donnan potential 
between the inside and outside of the gel particles. This can happen if, for example, a 
solute has a nonzero net charge but is too large to enter the pores, while its small 
counterions can enter the pores. This results in ion-exchange properties in localized 
areas of the stationary phase. These types of electrostatic interactions may be sup
pressed by increasing the ionic strength of the eluent. This can be accomplished 
using volatile electrolytes that are readily removed from the separated components 
following the chromatographic run. 

Adsorption of the solute onto the gel matrix can also occur, but is not normally 
encountered in SEC. It may be counteracted by changing the eluent. For particulate 
gel stationary phases, the ideal eluent is a good solvent for both the solute and the 
substance forming the gel matrix. In addition, hydrogen-bond-breaking agents such 
as urea or guanidinium, or chaotropic ions, or surfactants may be added to eluents to 
improve SEC characteristics. 

To test for either adsorptive or electrostatic interactions, the SEC separation is 
performed at a variety of temperatures. If the separation occurs by size alone, the 
retention coefficient R (= Vo/Ve) is independent of temperature; very small variations 
may be observed as a result of stationary phase swelling or microstructural changes. 
The presence of a significant dependence of R on T indicates the presence of a mech
anism other than size exclusion. While R should not vary with T, diffusion coeffi
cients increase with T and so zone broadening occurs, leading to decreased 
resolution with increasing separation temperatures. 

Table 16.1 Determination of rs for Proteins Using SEC on Sephadexa

Kav on Sephadex 

Substance G-75 G-100 G-200 rs (Å) 

Cytochrome c 0.43 0.59 0.72 16.4 
Human serum albumin 0.04 0.19 0.41 36.1 
Human immuno-globulin G 0.00 0.05 0.21 55.5 

aAdapted from Ref. 6. 
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Figure 16.5. Calibration plot of Kav against log(MW). 

Normally, an approximately linear relationship is observed between Kav and log 
(MW) over the fractionation range of the stationary phase. The expanded relation
ship is, in fact, sigmoidal, as shown in Figure 16.5. The calibration curve can be 
linearized using the logit transformation, where logit(Kav) = ln(Kav/(1 Kav)) is plot
ted against log(MW). 

Resolution and separations in SEC are described by the van Deemter equation 
(Eq. 16.7). The main contributions to zone broadening, in order of importance, are as 
follows. The first factor involves the kinetics of partitioning between the mobile and 
stationary phases; there is a limited rate at which equilibrium can be established, and 
this rate depends on the solute’s diffusion coefficient. Secondly, differences in the 
lengths of possible stream paths through the stationary phase between injector and 
detector result in “eddy diffusion”; with an ideally packed particulate gel column, 
this is not a significant problem, but in practice, eddy diffusion may be significant. 
Finally, longitudinal diffusion within the column contributes to band broadening, but 
this is a relatively small effect. 

The effect of flow rate has been examined as a factor that influences band width, 
and therefore resolution. Figure 16.6 shows a typical plot of band width as a function 
of flow rate. At low flow rates, longitudinal diffusion is significant, and leads to 
larger band widths than at the optimum. At high flow rates, the kinetics of partition
ing become the dominant factors that lead to increased band widths and decreased 
resolution. The contribution of eddy diffusion is independent of flow rate. 

For particulate gel stationary phases, particle size has also been shown to exert a 
significant effect on resolution. Small particles result in fast equilibration of solutes, 
as well as smaller contributions of eddy diffusion to band broadening. There is a 
practical limitation in the use of small particles, however. The smaller the particle, 
the higher is the resistance to the flow of mobile phase. Thus, small particles require 
higher pressures to elute solute at a given flow rate. The gels used in particulate SEC 
stationary phases are usually soft, or elastic, so that higher pressures can result in 
compression and column blockage. 
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Figure 16.6. SEC bandwidth versus mobile phase flow rate. 

The separation temperature also affects resolution, in that diffusion coefficients 
increase with temperature, so that partitioning equilibria are faster at higher T. This 
equilibration time is the factor that usually limits resolution. 

The length of the column is important, because the number of theoretical plates 
(N) increases with the square root of column length; however, practical limitations 
are imposed on column length. Components eluted from the column are diluted with 
respect to their initial concentrations, and reasonable separations yield dilution fac
tors of about 2, for standard column lengths (20 cm). 

SEC mobile phase composition is, in principle, not an important factor. In prac
tice, however, electrostatic effects may be important. Under physiological conditions 
(0.9% NaCl), Donnan effects are usually negligible. The eluent pH may be altered to 
change the net charge on macromolecules, to minimize Donnan effects. For exam
ple, the separation of nucleic acids is normally performed at low pH, so that some 
phosphate groups are protonated. In some cases, charged groups on the stationary 
phase may be chemically removed prior to column packing. For protein separations, 
denaturing additives, such as urea or guanidinium-HCl, are used to produce random 
coils of polypeptides for molecular weight determinations. SDS and disulfide bond 
reducing agents may also be added to the mobile phase. 

Finally, the viscosity of the samples may be important if macromolecule con
centrations are high enough to contribute to band broadening as a result of unstable 
flow. 

16.6. STATIONARY PHASES FOR SIZE EXCLUSION
CHROMATOGRAPHY

16.6.1. Particulate Gels7

Gels used for bioanalytical SEC must have hydrophilic properties. Polysaccharides, 
such as dextran and agarose, as well as synthetic polymers, such as polyacrylamide, 
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have been used successfully for SEC. The monomers and low molecular weight 
forms of these polymers are water-soluble, and must be crosslinked to create 
insoluble gel beads. Some types of gels may be dried and rewetted reversibly, such 
as dextran. These are called aerogels, and are known to maintain their open structure 
when they are dehydrated. Xerogels, on the other hand, shrink when dried, and swell 
when they are rewetted, so that alterations in pore size may occur. Table 16.2 lists 
some of the commercially available SEC stationary phase materials, along with their 
molecular weight fractionation ranges for globular proteins. 

Table 16.2 SEC (Gel Filtration) Stationary Phase Materials 

MW Fractionation 
Name (TM) Range, kDa 

Sephadex G-10 <0.7 
Sephadex G-15 <1.5 
Sephadex G-25 1–5 
Sephadex G-50 1.5–30 
Sephadex G-75 3–80 
Sephadex G-100 4–150 
Sephadex G-150 5–300 
Sephadex G-200 5–600 
Sephacryl S-100 1–100 
Sephacryl S-200 5–250 
Sephacryl S-300 10–1500 
Sephacryl S-400 20–8000 
Sephacryl S-500 40–20,000 
Sepharose 2B 70–40,000 
Sepharose 4B 60–20,000 
Sepharose 6B 10–4000 
Bio-Gel P-2 0.1–1.8 
Bio-Gel P-4 0.8–4 
Bio-Gel P-6 1–6 
Bio-Gel P-10 1.5–20 
Bio-Gel P-30 2.5–40 
Bio-Gel P-60 3–60 
Bio-Gel P-100 5–100 
Bio-Gel P-150 15–150 
Bio-Gel P-200 30–200 
Bio-Gel P-300 60–400 
Bio-Gel A-0.5 m <10–500 
Bio-Gel A-1.5 m <10–1500 
Bio-Gel A-5 m <10–5000 
Bio-Gel A-15 m 40–15,000 
Bio-Gel A-50 m 100–50,000 
Bio-Gel A-150 m 1000–150,000 
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The trade names of the stationary phase media represent particular polymers 
formed under well-controlled conditions. Sephadex consists of dextran, crosslinked 
with epichlorohydrin in alkaline solution. Sephacryl is an allyl dextran, crosslinked 
with N,N -methylenebisacrylamide. Sepharose is a beaded form of agarose gel, 
where aggregates of the polysaccharide chains are formed. Bio-Gel P is a beaded 
polyacrylamide gel, and has separation properties similar to Sephadex. Bio-Gel A is 
a beaded agarose gel, like Sepharose; it has the largest pore sizes known, and is even 
capable of separating small virus particles. 

16.6.2. Monolithic Stationary Phases8

The application of organic polymer monoliths to SEC separations is a relatively new 
area of study. These solid, continuous and porous materials are usually organic poly
mers that are prepared in situ (in the column or capillary) by photopolymerization or 
by catalyst-induced polymerization. Derivatives of poly(ethylene glycol) are exam
ples. Pores are created and controlled through the use of inert additives in the polym
erization mixture. These may also be organic polymers, of known average MW, but 
must be inert to the polymerization reaction and conditions. These monolithic poly
mers are more rigid than the soft particulate gels that are traditionally used for SEC, 
allowing higher pressures to force mobile phase through the matrix. While results to 
date have not demonstrated resolutions or dynamic MW ranges that are competitive 
with particulate gel methods, improvements have been made to both monolith com
positions and pore size distributions; further refinements and applications of mono
liths to SEC separations may be expected. 

16.7. AFFINITY CHROMATOGRAPHY

Chromatography may be considered to have two extremes. At one extreme, long, effi
cient columns of low to moderate selectivity are used for the separation of complicated 
sample mixtures into many component peaks or bands. This is the case for (a) normal 
phase chromatography, where the stationary phase is hydrophilic (silica, alumina) and 
the mobile phase is hydrophobic; (b) reversed phase chromatography, where aqueous 
or semi-aqueous mobile phases are used with a hydrophobic stationary phase such as 
silica-bound C18; (c) ion exchange chromatography and (d) gel filtration. 

The other extreme involves the use of short, inefficient columns of very high 
selectivity to separate a small number of components (often only one) from hundreds 
of unretained solutes. This is the basis for affinity chromatography. As the name 
implies, affinity chromatography relies on the specific binding interactions that occur 
between biochemical recognition agents and their ligands. The high selectivities 
afforded by these interactions can yield separations in a minute or less, using col
umns as short as 1 cm. 

Affinity ligands are those species that are bound to a solid support to form the 
stationary phase. They may be “specific” in the sense that an antibody binds to only 
one solute or epitope, or they may be “general”, such as nucleotide analogs or lec
tins, that bind to certain groups of solutes. Affinity ligands may have a low or high 
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molecular weight: for example, an immobilized antibody is an affinity ligand for 
antigen purification and quantitation, while an immobilized antigen may be used as 
an affinity ligand for antibody purification. Table 16.3 shows examples of a number 
of general affinity ligands and their selectivities. 

As an example of the steps involved in affinity chromatography, we will con
sider the purification of an enzyme present in a mixture of proteins, using an immo
bilized competitive inhibitor as an affinity ligand. The first step after column 
preparation is the application of the sample; during this step, the enzyme that binds 
to the inhibitor is retained, or “adsorbed” on the column. This is followed by a rinse 
step, whereby all nonbinding species are removed. The third step involves elution, 
and this step must involve a reversal of enzyme-inhibitor binding; this may be 
affected by a change in pH, or the use of an eluent containing free substrate or 
inhibitor. Finally, the column is regenerated by returning to the initial mobile phase 
composition. Classical affinity chromatography employs a gravity-feed of the 
mobile phase through a vertical column, while high-performance affinity chroma
tography (HPAC) uses a pump to force mobile phase through the column. HPAC 
allows the use of smaller stationary phase particles, yielding columns with higher 
efficiencies, and the same basic equipment is used as in HPLC methods (pump, 
injector, column, detector). 

Ideal support media for affinity chromatography are rigid, stable, have a high 
surface area, and do not adsorb any species nonspecifically. Classical AC employs 
organic gels, such as dextran, agarose, cellulose or polyacrylamide for stationary 
phase materials. For example, Sepharose 6B has 6% agarose, a 100 μm particle size, 
pores averaging 150 Å in diameter, and an operating pH range of 4–7. It can with
stand only 1 psi pressure, but can be crosslinked with 2,3-dibromopropanol to 
improve its chemical and mechanical stability. The crosslinked form can be used 
over the pH 2–9 range, at up to 6 psi pressure. 

The so-called “medium performance” AC supports can withstand higher pres
sures, and have particle sizes of around 40 μm. Examples include hydrophylic 

Table 16.3 General Affinity Ligands and their Binding Partnersa

Ligand(s) Selectivity 

Cibachron blue dye, or derivatives of 
AMP, NADH or NADPH 

Lectins: concanavalin A, lentil lectin, 
wheat germ lectin 

Trypsin inhibitor, methyl esters of amino 
acids, or D-amino acids 

Phenylboronic acid 

Protein A 
Nucleic acids, nucleosides or nucleotides 

Dehydrogenase enzymes, through binding at the 
NAD(P)H binding site 

Polysaccharides, glycoproteins, glycolipids and 
membrane proteins with certain sugar 
configurations 

Proteases 

Species containing cis-diol groups, such as 
glycosylated hemoglobins, sugars, nucleic acids 

Immunoglobulins, binding through Fc fragment 
Nucleases, polymerases, nucleic acids 

aAdapted from Ref. 9. 



362 Chapter 16 Chromatography of Biomolecules 

polyacrylamides (pH 1–14, 100 psi), as well as the bonded-phase silica/controlled
pore glass supports (pH 2–8, >1000 psi). 

High performance affinity chromatography employs bonded-phase silica with 
particle sizes of 10 μm, having pore sizes of 300 Å, as well as nonporous particles of 
1.5 μm diameter or less. With these support media, pressures in excess of 2500 psi 
may be used, and these are the pressures commonly encountered in HPLC systems. 

16.7.1. Immobilization of Affinity Ligands

Affinity ligands are immobilized through covalent binding to the support material. A 
dense, stable coverage of the support is desired, and most methods for 
immobilization use two steps: support activation and coupling to the affinity ligand 
(see Chapter 5 regarding enzyme immobilization methods). 

An effective immobilization method must consider the following factors. The 
functional groups on the ligand that are available for coupling may be one or more 
of amine, thiol, alcohol, and carboxylic acid. Spacer arms are often needed when 
small solutes are immobilized so that the immobilized ligand may access the binding 
site of a macromolecule; these spacers are often substituted hydrocarbon chains, and 
may alter the binding properties through hydrophobic or ionic interactions (neutral 
hydrophilic spacers such as polyethylene glycol have been very effective). The pH 
during immobilization must be controlled, since this determines the reactivity of the 
functional groups and may cause irreversible damage of the ligand or support at 
extreme values. Finally, the density of active groups on the support must be consid
ered: multipoint attachment of large ligands to a support yields high stability, but 
may distort the binding site and decrease affinity; and improper orientation or spac
ing of the ligands may also lead to reduced affinity, so that immobilization condi
tions must be optimized. Figure 16.7 illustrates the effects of some of these factors.10 

Many support materials are commercially available in a preactivated form, 
requiring only the coupling of the desired affinity ligand. These materials already 
have a spacer arm incorporated, and possess an active functionality for ligand 
immobilization. Table 16.4 lists a number of reactions of activated supports with 
ligand functional groups. For all of these illustrated reactions, the R group of the 
ligand may be a small molecule, such as a hapten or inhibitor, or a macromolecule, 
such as a protein, carbohydrate or nucleic acid that has been modified, if necessary, 
to possess the indicated functional group. 

Monolithic stationary phases have received much recent attention for applica
tions in affinity chromatography, and the acronym AMC, for affinity monolith chro
matography, has been introduced. As with attempts to use monolithic stationary 
phases with SEC, common AMC monoliths are generally organic copolymers (an 
example is a copolymer of glycidyl methacrylate and ethylene glycol dimethacry
late). Functional groups on the copolymers allow the covalent immobilization of 
affinity ligands. Various reports have described the use of biomacromolecules like 
antibodies as well as surface-bound metal ions and biomimetic dyes. Advantages of 
AMC over particle-based affinity chromatography include increased permeability 
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Figure 16.7. Effects of immobilization on a macromolecule.10 Top: ideal immobilization; middle: 
altered three-dimensional structure; and bottom: improper orientation and spacing. 

Table 16.4 Reactions of Activated Support Materials with Affinity Ligands 

Activation Method Reaction with Affinity Ligand 

Cyanogen bromide 

Active ester (NHS) 

Epoxide 

Tresyl chloride 

Carbonyldiimidazole 

Thiol/disulfide exchange 

Diazonium 
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due to porosity, which results in lower back pressures for mobile phase pumping, as 
well as reportedly smaller plate heights (H) and higher mass transport efficiencies 
that lead to rapid analysis times. The variety of formats (e.g. columns, disks, capilla
ries and microchips) allow great flexibility, since the monolith is cast to the desired 
shape within the required device. The reader is directed to two recent reviews.8,11 

16.7.2. ElutionMethods

Elution methods are classified as either biospecific or nonspecific. Biospecific elution 
is accomplished by the addition of a low molecular weight inhibitor or competitor to 
the mobile phase, causing competitive binding. For example, the binding between 
immobilized glucosamine and a lectin may be reversed by the addition of glucose as 
a modifier to the mobile phase; glucose in the eluent interacts with the lectin binding 
sites, and a lectin-glucose complex is eluted. The immobilized glucosamine and the 
soluble glucose in the eluent compete for lectin (analyte) binding sites. On the other 
hand, if the lectin is immobilized for the purification of a glycoprotein, glucose may 
again be used as a mobile phase modifier, but in this case the glucose will displace 
the glycoprotein from the column by competition with the analyte (glycoprotein) for 
immobilized lectin binding sites. In this case, the free glycoprotein elutes. 

Nonspecific elution methods are also common in affinity chromatography. 
These methods are used to induce binding reversal, and may consist of one or more 
of the following changes to the mobile phase: (a) pH change, e.g. from 7 to 3; (b) 
addition of denaturants such as urea or guanidinium; (c) addition of chaotropic ions 
such as thiocyanate or perchlorate; (d) addition of organic solvents; or (e) change of 
ionic strength. Elution conditions must be determined empirically, and must be mild 
enough so that the support, ligand and analyte are not irreversibly damaged. Non
specific elution methods are generally faster than specific methods, because the rate 
of dissociation of bound analyte from the support is increased. This results in less 
band broadening, or a more concentrated sample in the eluted zone. 

Figure 16.8 illustrates an affinity chromatographic separation of the five isoen
zymes of human lactate dehydrogenase, using immobilized adenosine-5 -monophos
phate (AMP) as an affinity ligand, and biospecific elution using a continuous 
gradient of NADH concentration.12 AMP is a competitive inhibitor of lactate 
dehydrogenase, and binds at the NADH binding site. AMP was bound to a Sephar
ose stationary phase, to generate an N6-(6-aminohexyl)adenosine-5 -monophosphate 
linkage. This type of separation may be accomplished using biospecific elution  
methods, but would not be possible with nonspecific elution, where significant 
changes in the structures of all of the isoenzymes may be expected to occur during 
elution, yielding one major elution zone. 

16.7.3. Determination of Association Constants by High
Performance Affinity Chromatography13

Association constants for the reactions of biomolecules with their binding partners 
can be evaluated using affinity chromatography. Basically, an immobilized affinity 



16.7 Affinity Chromatography 365

Figure 16.8. Biospecific elution of LDH isoenzymes from a Sepharose-AMP affinity column using a 
concave NADH gradient. [Reprinted, with permission, from P. Brodelius, and K. Mosbach, FEBS Lett. 35, 
1973, 223–226. “Separation of the Isoenzymes of Lactate Deshydrogenase by Affinity Chromatography 

Using an Immobilized AMP-Analogue”. The exclusive  for all languages and countries is vested in the 
Federation of European Biochemical Societies.] 

ligand competes with a soluble ligand for the binding sites of the biomolecule, and 
the retention volume of the biomolecule is measured as a function of the concentra
tion of soluble ligand. Samples injected contain a fixed concentration of the bio
molecule, and varying concentrations of soluble ligand. 

The classic theoretical approach to relate retention volumes to association con
stants is based on a model that consists of a monomeric biomolecule that has a single 
binding site (e.g. it is applicable to the Fab fragments of antibodies, but not to intact 
immunoglobulins). The biomolecule interacts with an immobilized ligand and a sol
uble ligand, each of which also has a single binding site. The model is depicted in 
Figure 16.9. Because of the general applicability of the model, the biomolecule is 
represented as A, and the immobilized ligand and soluble ligand are shown by the 
symbols X and L, respectively. The species to consider in developing the 

Figure 16.9. Model of species present during the biospecific elution of biomolecule A from a column 

having immobilized affinity ligand X, using ligand L. 
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relationships are therefore A, X, L, AX and AL, and they are related through the two 
equilibrium expressions: 

A L AL; KAL AL = A L ; (16.14) 

and 

A X AX; KAX AX = A X ; (16.15) 

where molar concentrations are represented by square brackets (mol/L), and surface 
concentrations are shown with parentheses (mol/m2 or mol/cm2). The only species 
present on the surface of the stationary phase particles that are represented using 
surface concentrations are X and AX. 

The only assumptions needed are (i) that A, X and L are univalent (this implies 
that identical epitopes are present on X and L for binding to A), (ii) that the soluble 
ligand L does not interact with X or XA, and (iii) that neither A nor L interact non-
specifically with the stationary phase particles. 

From expressions for mass balance, the total concentration of A in the mobile 
phase, [A]t, and the total quantity of A bound to the stationary phase, QA, can be 
represented by Eqs. 16.16 and 16.17: 

(16.16) 

(16.17) 

A t A AL 

QA AX surface area 

where [A]t is a concentration represented in molar units and QA is a total quantity 
given in moles. Since the total quantity of immobilized ligand, QX, is represented in 
a form similar to Eq. 16.17 as: 

QX X AX surface area ; (16.18) 

then the ratio of QA to QX is simply the surface concentration ratio: 

QA =QX AX = X AX : (16.19) 

Using the expression for KAX given in Eq. 16.15 to substitute for {AX}, and rear
ranging to cancel {X} yields: 

QA=QX A KAX= 1 A KAX : (16.20) 

Now, Eq. 16.16 can be used to substitute ([A]t-[AL]) for [A], and KAL (Eq. 16.14) is 
introduced to substitute for [AL], yielding Eq. 16.21: 

QA QX A tKAX = 1 A tKAX L KAL : (16.21) 
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A general expression that relates retention volumes to QA for many forms of chroma
tography is shown in Eq. 16.22: 

(16.22)δQA =δ A tV r Vo A t 0 

where Vr is the uncorrected retention volume, Vo is the void volume of the column, 
and the derivative is evaluated at [A]t = 0 so that the availability of binding sites on 
the stationary phase does not limit the reaction. Taking the derivative of Eq. 16.21 
with respect to [A]t, and evaluating it at [A]t = 0 yields Eq. 16.23: 

= 1 L KAL ; (16.23)V r Vo QXKAX 

which rearranges to the final form used in the experimental determination of KAL: 

1= 1= L KAL= QXKAX : (16.24)V r Vo QXKAX 

In Eq. 16.24, it can be seen that Vo, QX, KAX and KAL are all constants. Retention 
volumes are measured as a function of [L], and a plot of 1/(Vr-Vo) against  [L] is  
constructed. This plot is linear, and the ratio of the slope to the y-intercept yields the 
value of KAL. Note that this method does not require knowledge of either QX or KAX 

for the determination of KAL. It should also be noted that [L] is the free ligand con
centration ([L] = [L]t - [AL]), but in practice, [L] [L]t because [L]t is usually much 
greater than [A]t. 

An example of this type of experiment is shown in Figure 16.10.14 The informa
tion desired is the association constant for the binding of ribonuclease (RNase) and 
thymidine 5 -monophosphate (5 -TMP). A stationary phase was prepared using 
Sepharose, with TMP bound to yield thymidine 3 -(p-Sepharose-aminophenylphos
phate)-5 -phosphate (i.e. 5 -TMP was immobilized through the 3 -hydroxyl group 
onto the stationary phase). Purified RNase was injected into mobile phases contain
ing free 5 -TMP concentrations ranging from 7.5 × 10 5 to 5.0 × 10 4 M. In this 
experiment, constant-volume fractions of the eluent were collected, and the absor
bances of the eluted fractions were measured at 260 nm. A more modern version of 
this experiment would simply use a UV detector with a flow-through cell, and moni
tor absorbance as a function of time at constant flow rate; the elution volumes of 
RNase would then be calculated by multiplying the flow rate by the retention times. 
It is readily apparent from Fig. 16.10 that higher free 5 -TMP concentrations yield 
smaller retention volumes, since the RNase elutes in earlier fractions. The inset 
shows a plot of 1/(Vr Vo) against [5 -TMP], according to Eq. 16.24, and the value 
of KAL, determined by dividing the slope of this plot by the y-intercept, is 
3.8 × 104 M 1. 

Association constants between immobilized affinity ligands and mobile phase 
solutes have also been determined using frontal affinity chromatography.15 Special
ized applications of affinity chromatography in glycobiology, using immobilized lec
tins, have been demonstrated.16 Another specialized topic, affinity proteomic 
profiling, has also been reviewed recently.17 



368 Chapter 16 Chromatography of Biomolecules 

Figure 16.10. Elution profile of RNase as a function of free [5 -TMP], using an affinity column with 

immobilized 5 -TMP. The concentrations of 5 -TMP in the mobile phase were 5.0 × 10 4 M, 4.0 × 10 4 M, 
3.0 × 10 4 M, 2.0 × 10 4 M, 1.0 × 10 4 M, and 7.5 × 10 5 M for the earliest to the latest eluted fractions, 
respectively. The inset shows the plot according to Eq. 16.24 that was used to determine the association 
constant for the RNase-5 -TMP binding reaction.14 [Reprinted, with permission, from B. M. Dunn, and 

I. M. Chaiken, Biochemistry 14, 1975, 2343–2349. “Evaluation of Quantitative Affinity Chromatography 
by Comparison with Kinetic and Equilibrium Dialysis Methods for the Analysis of Nucleotide Binding to 
Staphylococcal Nuclease”.  1975 by American Chemical Society.] 

16.8. ION-EXCHANGE CHROMATOGRAPHY

Ion-exchange chromatography is based on the equilibration of solute species 
between the solvent, or mobile phase, and charged sites fixed on the stationary 
phase. Anion-exchange columns have cationic sites immobilized, and anionic sol
utes are retained; cation-exchange chromatography uses columns with immobilized 
anionic sites, so that cationic species are retained. For biopolymer separations, ion-
exchange columns use stationary phase gels such as cellulose, dextran, agarose and 
polyacrylamide. These gel media are derivatized to create immobilized charged 
groups. Ion-exchangers are classified as either strong or weak, depending on whether 
the quantity of immobilized charge may easily be controlled through the pH of the 
mobile phase. Table 16.5 shows representative functional groups generated on the 
gels by chemical methods, and their classifications. 

For any separation by ion-exchange chromatography, the choice of strong or 
weak exchanger depends on the operating pH and the selectivity required. Weak 
acids are protonated at pH 4, so that they lose their ion-exchange capacity at low 
pH; similarly, weak and intermediate base ion-exchangers lose their charge at high 
pH. In addition, high ionic strength mobile phases tend to decrease the strength of 
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Table 16.5 Functional Groups on Representative Ion-Exchange Gels 

Type Classification Name Functional Group 

H+

Weak acid Carboxymethyl (CM) -OCH2COO H+

Anion Strong base Triethylaminoethyl (TEAE) -OCH2CH2N+(CH2CH3)3 

Intermediate base Diethylaminoethyl (DEAE) -OCH2CH2N(CH2CH3)2 

Weak base p-Aminobenzyl (PAB) -OCH2(C6H4)NH2 

Cation Strong acid Sulfopropyl (SP) -OCH2CH2CH2SO3 

interaction between charged solutes and the stationary phase. Therefore, pH and/or 
ionic strength gradients are used to elute components of a mixture. With cation-
exchange chromatography, gradients of high to low pH, or of low to high ionic 
strength are used (e.g. increasing [HCl] throughout the run). Anion-exchange col
umns use gradients of low to high pH or of low to high ionic strength (e.g. increasing 
[NaOH] during the run). 

The classical model of selectivity18 in ion-exchange chromatography is based 
upon stoichiometric exchange; for example, the competition of Na+ and Li+ for sites 
on a cation-exchanger (R ): 

R Na Li R Li Na (16.25) 

The selectivity coefficient for this classical model is the thermodynamic equili
brium constant for this reaction: 

K R Li Na = R Na Li : (16.26) 

This classical model works well for small, inorganic ions, but does not ade
quately describe the interactions of biological macromolecules, such as proteins 
and nucleic acids, with ion-exchange resins. With these polyelectrolyte species, 
electrostatic interactions do not follow simple stoichiometric laws, and the multi
ple charges are not all simultaneously accessible to the ion-exchanger. For this 
reason, a more elaborate model has been developed to account for the behavior 
of polyelectrolytes. 

16.8.1. RetentionModel for Ion-Exchange
Chromatography of Polyelectrolytes19

An expression relating the capacity factor k= (Vr Vo)/Vo (and Eq. 14.3) to the 
Gibbs free energy of retention, ΔGret, has been developed as a general relation that 
applies to all retention mechanisms. This expression is shown in Eq. 16.27: 

ln k ln ϕ ; (16.27)ΔGret =RT
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where ϕ is the phase ratio of the column, and is equal to the volume occupied by the 
stationary phase divided by that occupied by the mobile phase (the void volume) of 
the column: 

ϕ V s =Vo; (16.28) 

and the value of ϕ is considered a constant for a given column. The value of ΔGret 

varies with experimental conditions, so that capacity factors vary with pH, ionic 
strength and temperature, depending on the susceptibility of the retention equili
brium to these parameters. 

A model has been developed to describe the dependence of ΔGret on electro
static interactions between the stationary phase and a polyelectrolyte molecule. It is 
based on the assumption of an  interaction between two charged,  flat surfaces that 
are in contact with a buffered salt solution. This purely electrostatic treatment yields 
Eq. 16.29: 

1=2 1=2σ2 RT = (16.29)F 2IϵoϵrΔGret Ap p 

where Ap is the area of the protein (or polyelectrolyte) surface that interacts with the 
stationary phase (assumed to be half of the total surface area of a sphere), σp is the 
charge density on the protein (the total charge at a given pH divided by total surface 
area), F is Faraday’s constant, I is the ionic strength of the mobile phase, εo is the 
permittivity of a vacuum, and εr is the dielectric constant of the mobile phase. 
Figure 16.11 shows how the free energy varies with distance between the charged 
stationary phase and the protein surface. 

Figure 16.11. Plots of the Gibbs free energy per unit area, ΔG/Ap, as a function of the distance between 

the two oppositely charged surfaces, L, at different ionic strengths. The results were calculated using 
εr = 80, and by setting 0.16 and +0.03 C/m2 as the charge densities of the stationary and mobile phases, 
respectively.19 [Reprinted, with permission, from J. Ståhlberg, B. Jönsson, and C. Horváth, Anal. Chem. 
63, 1991, 1867–1874. “Theory for Electrostatic Interaction Chromatography of Proteins”.  1991 by 

American Chemical Society.] 
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Substituting Eq. 16.29 into Eq. 16.27 and rearranging yields Eq. 16.30: 

1=21=2ln k Apσ2 = F 2RTϵoϵr 1=I ln ϕ (16.30)p 

This equation correctly describes the linear dependence of ln(k) on  I 1/2, and further
more allows the calculation of the net charge on a protein from the slope of this plot, 
provided that the surface area (or radius) of the protein is known. The constants in 
the slope can be evaluated, under conditions of an aqueous mobile phase at 25 °C 
with 0.05 I 0.5 M, so that the net charge, q, is given by: 

q slope surface area =135 1=2; (16.31) 

where surface area is in units of Å2. 
Figure 16.12 shows the plots of ln(k) against  I 1/2 obtained for chymotrypsinogen, 

lysozyme and cytochrome c on a weak cation exchange column at pH 6.0. Except for 
the nonlinearity of the chymotrypsinogen plot at low ionic strength, the plots show 
good linearity over a wide range of I, and Eq. 16.31 was used to evaluate the net 
charges of lysozyme and cytochrome c as +10.6 and +10.7, respectively. 

Similar experiments to those shown in Fig. 16.12 have been performed for a 
large number of proteins at different pH values and using different eluting salts and 
stationary phases. The net charge values calculated from the chromatographic plots, 
qchr, have been compared to values previously obtained from titration data, qtitr. The 
results of these experiments are shown in Table 16.6, where the ratio of qchr/qtitr is 

Figure 16.12. Plots of the logarithmic retention factor of proteins as a function of the reciprocal square 
root of the ionic strength in ion-exchange chromatography of α-chymotrypsinogen (square), lysozyme 

(circle), and cytochrome c (triangle). A Zorbax Bioseries WCX300 (weak cation-exchanger) was used at 
pH 6.0, with (NH4)2SO4 as the eluting salt.19 [Reprinted, with permission, from J. Ståhlberg, B. Jönsson, 
and C. Horváth, Anal. Chem. 63, 1991, 1867–1874. “Theory for Electrostatic Interaction Chromatography 

of Proteins”.  1991 by American Chemical Society.] 
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also tabulated, and should be close to unity if the assumptions inherent in the model 
are valid. 

Some discrepancies may be observed in Table 16.6 between chromatographic 
and titrimetric values of the net charge, qchr and qtitr. If  qchr/qtitr > 1, the protein is 
believed to have a nonuniform charge distribution, so that the apparent charge den
sity is higher over some areas of the surface that interact more strongly with the sta
tionary phase. If qchr/qtitr < 1, then the protein is believed to possess a higher charge 
density than the surface of the stationary phase, so that the stationary phase propert
ies dominate the electrostatic interactions. In general, there is very good agreement 
between chromatographic and titrimetric data. Since only fundamental constants are 
used for the chromatographic estimation of q, and no adjustable parameters are pres
ent, as exist in previous models, this is the best quantitative theory in existence that 
describes the chromatographic retention of polyelectrolytes on ion-exchange col
umns. Its applicability to other biopolymers, such as highly charged nucleic acids, 
has yet to be determined. 

16.8.2. Further Advances in Ion-Exchange
Chromatography

Preparative ion-exchange chromatography is widely applied to the purification of 
biomacromolecules. Recent advances in the application of monolithic stationary 
phases have also been reported. Review articles in these areas have been pub-
lished,8,20 and these early studies may result in further quantitative bioanalytical 
methods based on ion-exchange principles. 
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PROBLEMS

1. A mixture consisting of two main protein components was subjected to gel-filtration chro
matography, with pH 7.1, 0.05 M phosphate as the mobile phase and Sephadex G-100 as 
the stationary phase. An unretained species, blue dextran, eluted in 2.6 minutes, while pro
teins X and Y eluted at times of 6.7 and 9.1 minutes, respectively. 

(a) Calculate the relative retention, α, of the two protein components. 

(b) Which protein has a higher molecular weight? 

2. A gel-filtration column prepared using Bio-Gel P-100 had a void volume of 5.0 mL and a 
stationary phase volume of 50.0 mL. The column was calibrated using six proteins of 
known molecular weight, by measuring the elution volume of each peak. An unknown 
protein was then applied to the column, and its elution volume was measured. Given the 
data in the table below, determine the molecular weight of the unknown protein. 

3. Describe a method by which a dehydrogenase enzyme can be purified from a mixture of 
proteins (all of similar molecular weight), so that only the free dehydrogenase enzyme is 
present in the final buffered solution. (Hint: use more than one chromatographic step). 

Table 16.7

Protein MW (kDa) Elution Volume (mL) 

Cytochrome c 
Myoglobin 
IgG light chain 
Ovalbumin 

11.7 
17.2 
23.5 
43.0 

42.9 
37.8 
33.9 
26.1 

Aconitase 
Transferrin 
Unknown 

66.0 
77.0 

? 

20.4 
18.3 
31.2 
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4. A new receptor protein has been isolated from the sensory tissue found on the barbels 
(whiskers) of the Louisiana blue catfish. Studies have shown that this protein interacts 
strongly with glutamate. An affinity column was prepared by immobilizing a dipeptide of 
glutamic acid through its N-terminal amine group onto cyanogen bromide-activated cellu
lose. The void volume of the final column configuration was determined to be 2.3 mL, by 
measuring the elution volume of an unretained dye. A series of experiments was performed 
to determine the elution volume of the receptor protein as a function of mobile phase gluta
mate concentration. From the data given below, determine the association constant for the 
reaction of glutamate with receptor. 

TABLE 16.8

[Glutamate], μM Elution Volume (mL) 

0.1	 52.3 
0.2	 35.6 
0.3	 27.3 
0.4	 22.3 
0.5	 19.0 



Chapter 17
 

Mass Spectrometry of
Biomolecules

17.1. INTRODUCTION

Mass spectrometry (MS) is widely used for the qualitative analysis of unknown sam
ples, and in particular, for the identification and characterization of biological macro
molecules. Recent decades have seen the introduction and optimization of the so-
called “soft” ionization methods that provide intact, vapor-phase biomolecular ions 
for separation and detection. This Chapter considers MS fundamentals, ionization 
methods and applications to biological macromolecules. Conventional mass spec
trometers used for low volatile molecular weight samples that are introduced in the 
vapor phase are called single-focusing mass spectrometers, and use an electron-
impact ion source.1 Figure 17.1 shows a diagram of this type of instrument. 

With this type of MS, ions are generated by bombarding the vapor-phase sample 
with electrons at high energy. These electrons are emitted by a hot tungsten or rhe
nium wire, or filament, and are accelerated towards an electron trap that is held at 
about +70 V. The impact of these electrons with the sample molecules generates 
ions according to Eq. 17.1: 

M M e (17.1)e beam e beam 

The sample ions generated in this process are repelled through accelerating 
plates, which are successive plates held at increasingly negative potentials. The gain 
in kinetic energy for sample molecules passing through these plates is related to the 
ion charge (z) and the voltage difference (V) through which the ions pass, according 
to Eq. 17.2: 

Kinetic energy mv2 =2 zeV (17.2) 

where v is the velocity of an ion of mass m and number of charges z, and  e is the 
charge of and electron. The ions then follow a curved flight path as they pass through 

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón. 
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc. 
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Figure 17.1. Single-focusing MS with electron-impact ionization source. 

the mass analyzer, traversing a 60° or 90° sector of a circumference. As the ion 
passes through the magnetic sector, its centrifugal force (=mv2/r, where  r is the 
radius of the sector) and magnetic force (=Bzv, where  B is the magnetic field 
strength) are equal. The centrifugal force pushes the ion towards a straight path, 
while the magnetic force pulls the ion towards the center of the circle. 

The ion detector monitors the number of ions colliding with it as a function of 
their m/z values. The derivation that follows shows how the m/z values of ions are 
related to the magnetic field strength, the radius of the magnetic sector and the accel
eration voltage. We begin by equating the centrifugal and magnetic forces: 

mv2 =r Bzev (17.3) 

and rearrange this expression to yield: 

2v Bzer=m 2 (17.4) 

from Eq. 17.02, we can substitute v2 = 2zeV/m, to obtain: 

2V Br 2ez=m (17.5) 

and this expression readily yields the desired equation for m/z: 

m=z Br 2 e=2V (17.6) 

Therefore, given fixed B, r and V values, only ions of a particular m/z value will 
reach the ion detector to generate a signal. Ions that are too heavy (m/z too large) 
impact with the outer wall of the magnetic sector, while lighter ions (small m/z) have 
small radii of curvature and impact with the inner wall. Mass spectrometers allow 
either B or V (or both) to be scanned to detect ions of interest at particular m/z values. 

MS is a well-established technique: J. J. Thompson designed the first mass spec
trometer in 1912. The methods for ion production in these early times were limited to 
gaseous samples (or low vapor pressure molecules) for analytical purposes. Organic 
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molecules fragment extensively upon electron impact, but small organic molecules 
are often identified from their fragmentation patterns. 

Soft ionization methods were developed over the last two decades, and allow the 
formation of gaseous molecular ions from large polymeric biomolecules. These meth
ods allowed MS to be introduced to the biological chemistry area, and are now partic
ularly useful for the study of proteins, glycoproteins, nucleic acids and their reactions. 

Molecular weights are now readily determined for these molecules with very 
high precision and accuracy. Variation between the experimental and the predicted 
MW of a protein (predicted from its DNA code) help in the determination of post
translational modifications of the polypeptide chain. Noncovalent interactions 
between biomolecules and ligands may also be studied using soft ionization 
methods. 

MS has also been used to analyze nucleic acid mutations and polymorphisms, 
and for the identification and chemical characterization of microbial cells. 

17.2. BASIC DESCRIPTION OF THE INSTRUMENTATION

As shown in Figure 17.1, there are three main components of every mass spectrome
ter. The ion source is used to produce gas-phase ions by capture or loss of electrons 
or protons. In the mass analyzer, the ions are separated according to their m/z ratios: 
ions of a particular m/z value reach the detector, and a current signal is produced. 
This section describes the soft ionization sources, mass analyzers and detectors that 
are used in experiments involving biological macromolecules. Furthermore, over the 
past 10 years a new specialized application of MS has been reported for biological 
samples: mass spectrometry imaging (MSI). This new technique consists of the 
sequential scan of planar samples, combining ionization and desorption to produce 
chemical images of tissues slices, including the interiors of single cells. For further 
applications in microscopic imaging, improvements in the spatial resolution of MS 
desorption procedures are progressing. Newer ionization methods (or combinations 
of established methods), for use at atmospheric pressure, have also been introduced. 
These methods are discussed later in this Chapter (Section 17.9). 

17.2.1. Soft Ionization Sources

The ion source used for the generation of biomolecular parent ions is critical, and 
only recently have the so-called “soft” ionization methods been developed.2 

Electron-impact ionization sources fall into the category of “hard” sources, whereby 
the sample must be in the vapor phase initially, and the ionization process produces a 
very large number of fragments. Soft methods were introduced to overcome the 
problems associated with the thermal instability and involatility of macromolecular 
analytes. Soft ionization produces few fragments under relatively mild conditions. In 
Table 17.1 a comparison is shown between the three main soft ionization methods; 
some of these values are strongly dependent on individual mass spectrometer config
urations and the desired resolution. 
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17.2.1.1. Fast Atom/Ion Bombardment (FAB)

This ionization technique utilizes a high-energy beam (keV) of Xe atoms, Cs+ ions 
or glycerol-NH4 

+ clusters to sputter the sample and matrix from the probe surface. 
Matrices commonly used with peptides are glycerol and 3-nitrobenzyl alcohol, 
which are non-volatile and do not overload the vacuum pumps. The sample is dis
solved in the matrix and inserted into the ionization camera over a metallic plate. 
When a high-energy beam impacts the sample (Figure 17.2), a fraction of its energy 
is transferred, mainly to the solvent molecules; in this way excessive analyte frag
mentation is avoided. Some analyte and matrix molecules are desorbed to the gas 
phase, and if they are not already charged, they can be charged in the gas phase by 
reaction with the surrounding gas-phase ions. Charged molecules are propelled elec
trostatically to the mass analyzer and, eventually, reach the detector. FAB was the 
first soft ionization method, and was introduced in 1981. One year later, molecules 
as large as human insulin were analyzed, and became the benchmark for resolution 
and sensitivity.5 

Table 17.1 Comparison of Soft Ionization Sources Used in Biological MSa,b

FABc ESId MALDIe

Mass range, 7000 Daa; 25,000 
Typically up to Dab

Sensitivity Low. Analyte at 
nanomole level 

Fragmentation Little 
Background High (matrix) 
Not suitable for Species that are not 

easily charged 
Type of process Batch 
Ionization Continuously 

proceeds 
Matrix Yes, liquid phase, 

non-volatile 
solvents 

70,000 Daa; 
200,000 Dab

High. Analyte at pico
femtomole level 

Usually none 
Very low 
Mixtures. High purity 

required 
Continuous 
Continuously 

Aqueous solution 

300,000 Daa,b

High. Analyte at pico
femtomole level 

Little or none 
High (matrix) 
Photosensitive analytes 

Batch 
Short pulses 

Yes, solid phase 
microcrystalline 
structure 

aSee Ref. 3.
 
bSee Ref. 4.
 
cFast atom/ion bombardment =FAB.
 
dElectrospray ionization =ESI.
 
eMatrix-assisted laser desorption-ionization =MALDI.
 

17.2.1.2. Electrospray Ionization (ESI)

Electrospray is an especially soft ionization method, capable of generating molecular 
ions (without fragmentation) from biological macromolecules present in aqueous 
solution. For this reason it has received increased attention in terms of its applicabil
ity to protein and DNA analysis. 
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Figure 17.2. FAB ionization source. Total volume of sample and matrix is typically at the microliter 

(μL) level. 

Figure 17.3 shows a diagram of this ionization source. The hollow stainless steel 
needle is maintained at a few kV relative to the chamber walls and the cylindrical 
cathode surrounding it. The liquid sample enters at a rate of 1–20 μL/min through 
the needle, but lower flow rates (10–100 nL/min) are becoming more common in 
modern instrumentation. The electric field at the needle tip disperses the liquid by 
coulombic forces into a fine spray of charged droplets. These droplets migrate in the 
field towards the glass capillary inlet. A flow of drying gas (typically N2 at 100 mL/s) 
evaporates the solvent from the droplets, so that their diameter decreases, and the 
surface charge density on each droplet increases. When this surface charge density 
reaches the Rayleigh limit, the coulombic repulsion is approximately equal to the 
surface tension, and the droplet explodes into smaller droplets. This process contin
ues until the field due to the surface charge density is strong enough to ionize the 
macromolecules, which are then propelled through the skimmer and into the mag
netic sector. Most biological macromolecules that are ionized in this manner are mul
tiply charged. 

17.2.1.3. Matrix-Assisted Laser Desorption/Ionization (MALDI)

In this ionization method, the analyte is combined with a matrix compound, in a 
molar ratio of about 1 : 1000, and evaporated onto a metallic plate. The matrix 

Figure 17.3. ESI ionization source. 
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compound is chosen to absorb strongly at the laser wavelength used. Absorption 
causes a rapid increase of temperature, allowing vaporization of the sample without 
extensive fragmentation. This is shown schematically in Figure 17.4. 

Short pulses of laser radiation are used, typically at 337 nm, (nitrogen laser) but 
UV or IR lasers can also be employed, depending on the matrix compound selected. 
Common matrix compounds are 2,5-dihydroxybenzoic acid, nicotinic acid, sinapinic 
acid and α-cyanocarboxylic acid.6 

Figure 17.4. MALDI ionization source. 

17.2.2. Mass Analyzers7,8

Different physical principles are used to analyze the ions produced by the ionization 
source, and one or more mass analyzer systems may be used in tandem in a given 
instrument. A brief description of the main mass analyzers will be presented here. 
The values quoted for the resolution of these analyzers indicate their ability to distin
guish closely-spaced m/z value ions according to Equation 17.7: 

M
Resolution (17.7)

Δm

were M is experimentally measured mass of the peak of interest (Da), and the Δm
(Da) value is the mass separation between the maxima of two (symmetrical) closely 
spaced peaks, as shown in Figure 17.5. Usually the 10% valley definition is used to 
establish whether a peak is separated from another (Figure 17.5); by this definition 
two peaks are considered separated if they coalesce at a maximum intensity of 10% 
of the peak height. An analogous criterion is the 50% valley definition; by this defi
nition, the resolution calculated from a given set of data is nominally higher. 

A resolution of R= 1000 means that the mass spectrometer can separate an ion 
at m/z 10,000 from another at 10,010. If the resolution is low, two or more peaks 
may appear as only one. 

Alternatively, one isolated symmetrical peak can be used to estimate R. In this 
case, Δm can be defined as the peak width at 5%, or at the 50% level, which is usu
ally referred to as FWHM (full width at half maximum) as shown in Figure 17.6. 
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Figure 17.5. Resolution can be calculated using different definitions. The more stringent of these is the 
10% valley definition, which is more commonly used in magnetic sector MS. 

In quadrupole and ion trap spectrometers, it is customary to use the unit resolu
tion definition; which means that each mass can be separated from the next integer 
mass (500 from 501, 2000 from 2001, etc.). The comparison and conversion 
between the different resolution definitions is not trivial, considering that they are 
strongly dependent on peak shape (Gaussian, triangular, trapezoidal, Lorentzian, 
etc.).9 

Resolution is also used to compare the theoretical (calculated or predicted) mass 
value to the experimentally observed value. Resolution defines the peak width, and a 
parts per million (ppm) error value can be calculated with Eq. 17.8; this allows esti
mation of the precision of an experimental mass assignment: 

106 106Δm
ppm (17.8)

R M

In Table 17.2, examples of the relationship between these MS figures of merit 
are shown.10 

The magnetic sector basis of separation was explained in the first pages of this 
chapter; the magnetic field is usually scanned from low to high fields, therefore ions 
with low m/z ratios reach the detector at the beginning of the scan. 

Figure 17.6. Estimation of resolution using one isolated peak. 
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An electrostatic analyzer is formed from two curved plates with opposite elec
tric fields that attract and repel ions. Each ion follows a certain path that depends on 
its momentum; ions with low momentum travel a short path compared to ions with 
higher momentum, thus producing a focusing effect. This type of mass analyzer is 
usually used in combination with a magnetic sector, to increase the final resolution 
of the instrument. 

Table 17.2 Resolution as R=M/Δm and Its Effect on Precision in MS 

m/z Δm Resolution ± ppm Mass Range (Da) 

2,000 5 400 2,500 1,995–2,005 
2,000 0.5 4,000 250 1,999.5–2,000.5 
2,000 0.05 40,000 25 1,999.95–2,000.05 
20,000 5 4,000 250 19,995–20,005 
20,000 0.5 40,000 25 19,999.5–20,000.5 
20,000 0.05 400,000 2.5 19,999.95–20,000.05 
200,000 5 40,000 25 199,995–200,005 
200,000 0.5 400,000 2.5 199,999.5–200,000.5 
200,000 0.05 4,000,000 0.25 199,999.95–200,000.05 

The quadrupole analyzer (or mass filter) is formed by four metal rods (usually 
high-grade steel), positioned precisely in each corner of an imaginary square. 
Between diagonally opposed rods a direct current (dc) voltage is applied, with a 
superimposed radiofrequency (rf) alternating field. Both dc and rf voltages are scan
ned. Ion trajectories across the quadrupole are complicated. Under given conditions 
of dc and rf, ions of only one m/z value will reach the detector. All other m/z ions 
possess unstable paths that impact on the rods. 

Time of flight analyzers (TOF) allow ions to move across a vacuum tube (usu
ally named flight tube). Ions are generally produced by MALDI or by another tech
nique capable of producing discrete bursts of ions. About 100–500 ns after the laser 
pulse, a strong acceleration field is switched on, and this imparts a fixed kinetic 
energy to the ions. As the ions travel across the vacuum tube, ions with low m/z
travel faster and arrive at the detector first.11 The resolution of MALDI-TOF MS 
instruments is low (usually less than 500) but the mass range is practically unlimited. 
In order to increase resolution, the TOF-reflectron has been introduced. The reflec
tron is an electrostatic mirror used to correct for the distribution in the initial kinetic 
energy imparted to the ions (the ions do not enter the flight tube precisely at the 
same time); it is therefore possible to reach higher resolution (Table 17.3) in TOF
reflectron instruments. 

MS/MS instruments possess a combination of two or more mass analyzers in 
tandem. A diversity of different configurations have been assembled, using one or 
several quadrupole, magnetic and electrostatic analyzers. A triple quadrupole mass 
analyzer is composed of two scanning quadrupoles separated by one rf-only quadru
pole, where a gas collides with analyte ions in order to produce fragmentation (CID, 
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Table 17.3 Comparison of Different Mass Analyzersa

Characteristic Magnetic Sector Quadrupole QIT TOF-Reflectron FTICR 

Mass Range, up to (Da) 15,000 4000 100,000 Unlimited >106
 

Resolution 200,000 Unit 30,000 15,000 >106
 

aAdapted from Ref. 12. 

collision-induced dissociation). Figure 17.7 shows two common combinations of 
ionization source and mass analyzer. 

Relatively new mass analyzers with very high resolution include the quadrupole 
ion trap (QIT) and the Fourier-transform ion cyclotron resonance (FTICR) instru
ments. In both analyzers, ions are trapped in a 3D field, and are analyzed once 
trapped. In Table 17.3 the mass analyzers described here are compared. The combi
nation of MS with other analytical techniques is also very common; MS has been 
widely used following chromatographic separations, for mass analysis. 

17.2.3. Detectors

The ions separated by the mass analyzer are detected through their production of a 
current signal; this is generally achieved using an electron multiplier or a scintillation 
counter. 

Figure 17.7. Typical configurations used in biological MS. In MALDI-TOF, the ions produced by a 
short laser pulse travel across a flight tube, arriving at different times at the detector. In ESI-Triple 
quadrupole, the first quadrupole (Q1) is used to separate the sprayed ions, in the second (Q2, also called 

the fragmentation cell) argon atoms collide with the ions; the resulting ions (daughter ions) are analyzed in 
Q3, and subsequently detected. 
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An electron multiplier consists of a series of dynodes held at increasing 
potential; the ions arrive at the first dynode, producing an emission of second
ary electrons. These are accelerated in the electric field and strike a second 
dynode which produces more electrons. Successive dynodes continue to amplify 
the current, and the total amplification is high; values of 106 are normally 
obtained. The operation and design are very similar to a photomultiplier tube, 
but the electron multiplier is not shielded by a glass bulb; for this reason con
tamination, mainly at the first dynode, is important and the lifetime of the elec
tron multiplier is relatively short. 

In the scintillation counter, ions strike a dynode, from which electrons are emit
ted. These electrons impact a phosphorous-coated screen, causing light emission that 
is detected by a photomultiplier tube. 

17.3. INTERPRETATION OFMASS SPECTRA

High-resolution MS of low molecular weight compounds results in a series of iso
topic peaks for the parent ion and each detectable fragment. The intensity of each 
peak in the series depends on the relative abundance of a given isotope as well as the 
number of atoms of a given identity in the detected fragment. For example, a mass 
spectrum of CO2 shows two main peaks that correspond to 12C16O2 and 13C16O2 

(with the latter showing ∼1.1% of the intensity of the former) as well as a number of 
less intense peaks that result from other isotope combinations. Table 17.4 shows the 
main isotopes of several elements as well as their relative abundances; from these 
data, it is clear that molecular and fragment ions containing C and S atoms are 
expected to produce isotopic peaks with significant intensities. 

Table 17.4 Isotopic Abundances of Selected Elements 

Isotope Mass (Da) Abundance (%) 

12C 12.0000 98.89 
13C 13.003354 1.11 
1H 1.007825 99.986 
2H 2.014102 0.015 
14N 14.003074 99.63 
15N 15.000109 0.37 
16° 15.994915 99.762 
17° 16.999131 0.038 
18° 17.999160 0.200 
32S 31.972071 95.02 
33S 32.971457 0.75 
34S 33.967867 4.21 
36S 35.967081 0.02 
31P 30.973762 100 



17.3 Interpretation of Mass Spectra 387

The resolution of the mass spectrometer, R, and the charge state of the detected 
ion, z, are the most important factors that determine whether individual isotopic 
peaks will be observed at a given m/z value. At low resolution, these individual spe
cies contribute to the observed coalescent “envelope peak”, as shown in Figure 17.8. 
It can be seen in this Figure that the position of the envelope peak is offset with 
respect to that of the most abundant isotope; this offset is predictable based in the 
natural isotopic abundances of the elements. 

Figure 17.8. Mass spectra for a peptide of nominal mass 2537. Note that at resolution 2000 (R= 2000) 
6 isotope peaks are clearly observed. The figure represents the spectra for a unique molecular ion state, for 
example (M +H)+, a protonated molecule without fragmentation. 

The mass of a given chemical species may be calculated in three different ways. 
The simplest of these uses the integer mass of the most abundant isotope of each 
element, and results in the nominal mass of the species; this value is not particularly 
useful in MS. The monoisotopic mass, calculated using the exact mass of the most 
abundant isotope of each element, is more useful, especially for high-resolution MS 
of low-molecular-weight species. For biomolecules and their fragment ions, the most 
useful value is the average mass. The average mass is calculated using elemental 
atomic weight values that are averaged over all isotopes; this value allows the posi
tion of the envelope peak to be predicted.13 

Table 17.5 shows examples of nominal, monoisotopic and average mass values. 
Although the differences between nominal and average values may appear small, 
especially for elemental species, they become larger as molecular complexity 
increases and are important in establishing the identities of proteins. In particular, 
site-directed mutagenesis and post-translational modification studies require accurate 
average mass values to confirm the identities of product proteins. 

For purified samples of small molecules studied on low resolution mass spec
trometers, and for singly-charged larger molecules, fragment ions are readily identi
fied by straightforward calculations using average mass values. The presence or 
absence of observable fragments (including the parent ion) are known to depend on 
the type of ion source (e.g. hard vs. soft) as well as ionization source variables (such 
as ionization and acceleration voltages). 
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Biomolecules such as proteins and oligonucleotides present mass spectra that 
are complicated by the presence of multiply-charged families of ions. The parent 
species, for example, generated by a soft ionization method such as FAB of ESI, 
will yield several m/z peaks in which m is equal to a constant plus (protein) or minus 
(nucleic acid) a variable number of proton masses, while z is a variable. 

Table 17.5 Nominal, Monoisotopic, and Average Mass for Some Elements and Moleculesa

Element or Molecule Nominal Mass Monoisotopic Mass Average Mass 

Carbon 12 12.0000 12.0111 
Hydrogen 1 1.0078 1.0080 
Nitrogen 14 14.0031 14.0067 
Oxygen 16 15.9949 15.9994 
Sulfur 32 31.9721 32.0660 
Phosphorus 31 30.9738 30.9738 
Tripeptide C27H29N3O7 507 507.1998 507.5476 
Porcine insulin C256H381N65O76S6 5771 5773.6083 5777.6755 

ain daltons (Da). 

Egg white lysozyme, for example, yields ESI-mass spectra with fine parent 
peaks between m/z values of 1194 and 1791; the corresponding z values are 12 to 8 
[see Figure 17.9(a)]. Larger analytes with more protonation/deprotonation sites yield 
larger families of peaks for each fragment, and the overlap of m/z ranges for different 
fragment families can further complicate the spectra of biomolecules. For this rea
son, soft ionization methods, that produce few fragments, are particularly useful for 
biomolecule MS. 

Accuracy in MS depends on calibration of the m/z axis of the spectra. Calibra
tion is typically performed using separate samples or solutions of the calibrant stud
ied under identical instrumental conditions as the analyte. Calibrants are selected 
based on the ionization technique and the m/z range required for the analyte; typical 
calibrants used for soft ionization methods with biomolecules include bovine trypsin 
fragments, bovine insulin (5734 Da), cytochrome C (12,361 Da) horse myoglobin 
(16,951 Da), lysozyme (14,317 Da) and propylene glycols. Separate solutions of the 
analyte prepared in the absence and presence of a calibrant species may also be used. 
Table 17.6 shows typical calibration peaks found with bovine trypsin autolysis 
fragments.14 

17.4. BIOMOLECULEMOLECULARWEIGHT
DETERMINATION

Electrospray ionization is the most commonly used ionization source for bio
molecular studies. In this ionization process, multiply charged ions are formed (with
out fragmentation), and this has two important consequences. First, large molecules 
can be detected using MS equipment with low mass range; for example, an ion of 
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Figure 17.9. Typical protein ESI-MS spectra for egg white lysozyme (a, b) and  BSA (c, d), showing an 

algorithm-based MW calculation (HyperMass reconstruct).16 [Reprinted, with permission, from Gary Siuzdak, 
“Mass Spectrometry for Biotechnology”, Academic Press, 1996. Copyright  1996 by Academic Press, Inc.] 
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Table 17.6 Bovine Trypsin Autolysis Fragments, Used for m/z Calibration 

Amino Acid Residues 
Mass (Da) 

(from-to) Monoisotopic Average Sequence 

110–111 259.19 259.35 LK 
157–159 362.20 362.49 CLK 
238–243 623.31 632.67 QTIASN 
221–228 905.50 906.05 NKPGVYTK 
146–156 1152.57 1153.25 SSGTSYPDVLLK 
70–89 2162.05 2163.33 LGEDNINVVEGNEQFISASK 
21–63 4550.12 4553.14 IVGGYTCGA . . . VVSAAHCYK 

mass 10,000 Da with 1 proton would be detected at m/z 10,001 whereas the same 
ion with 9 additional protons will be detected in a different m/z position ( 1001). 

Secondly, the multiplicity of peaks allows molecular weight estimation as a 
multiple-peak average by means of ad-hoc computational algorithms, improving the 
precision of the resulting MW. 

There are several computer algorithms, normally incorporated into the instru
ment software, used to calculate MW. The algorithms are based on the following 
simple assumptions and calculations. If two adjacent peaks in the spectrum (p1 and 
p2), are from the same biomolecule, and differ only by the addition of a single pro
ton, we can write the following equations:15 

M nH =n and m2 M n 1 H =n 1 (17.9)m1 

where m1 and m2 are the m/z values for the peaks p1 and p2 respectively, M is the 
desired experimental MW value, n is the number of charges and H is the mass of the 
proton; m2 <m1. 

Using two contiguous peaks, the molecular mass of a biopolymer can be calcu
lated by solving the following Eqs. 17.10 and 17.11. 

(17.10) 

(17.11) 

n2 
m2 H 
m1 m2 

M n m1 H 

These equations use only two peaks; computer algorithms use all identified peaks to 
obtain more precise MW values. The number and relative abundance of different 
molecular ions depend on the protein medium (buffer, salt concentration) and instru
mental parameters (i.e. voltage, vacuum). Typical MW determination results are 
shown in Figure 17.9. 

Multiply-charged molecular ions, as seen in Figure 17.9, allow precise calcula
tion of the molecular weight, as long as the charge states of the molecular ions are 
known. High resolution mass spectrometers allow charge states to be determined 
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from the isotopic peaks for a given molecular ion. The peaks corresponding to 
molecular ions shown in Figure 17.9 are formed by the coalescence of different iso
topic peaks. If the molecular ion peak has a charge state of +1, (M +H)+, the differ
ences in mass between the isotopic peaks must be 1 Da; similarity, in the charge state 
+2, (M + 2H)2+, the differences must be 0.5 Da. As shown in Figure 17.10, 
increased resolution is necessary to observe isotopic peaks when the charge state of 
the molecular ion is increased; the resolution provided by most instrumentation 
allows the observation of isotopic peaks only from singly to triply-charged molecular 
ions. 

Figure 17.10. Formation of multiply-charged protein molecules using ESI methods. For mass and m/z
calculations, see Table 17.8. 

Isotope peaks observed for proteins are mainly produced by the 12C and  13C 
mass difference of ∼1 mass unit. Once one molecular ion charge state is determined, 
the other charge states are readily assigned by spectral observation. ESI, MALDI and 
FAB are usually used in the positive-ion mode, especially for protein MW determi
nation; therefore the proton mass must be used to calculate the ion mass, as shown in 
Table 17.7. 

Table 17.7 Calculated Relationship Between Molecular Ion Mass and m/z Values for 
Multiple Charged (Protonated) Molecular Ions 

Protein Mass 
(Mr) 

Number of 
Charges 

Molecular Ion 
Mass m/z

Distance (m/z) Between 
Isotopic Peaks 

38,523.5 1 
2 
3 
4 
5 

10 

38,524.5 
38,525.5 
38,526.5 
38,527.5 
38,528.5 
38,533.5 

38,524.5 
19,262.8 
12,842.2 

9631.9 
7705.7 
3853.4 

1 
0.5 
0.33 
0.25 
0.2 
0.1 
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17.5. PROTEIN IDENTIFICATION

The protein molecular mass is insufficient information for identification, but it is 
adequate to confirm identity; therefore, MS is one of the preferred techniques for 
characterization and quality control of recombinant proteins and other biomolecules. 
In the same way, it has been used to study posttranslational modifications (like gly
cosylation and disulfide bonding pattern), and other processes that can modify pro
tein mass.11 

For identification purposes two basic approaches have been used. In the first, a 
purified protein is enzymatically digested, the product peptide mixture is analyzed 
and a mass spectral pattern is obtained. This pattern, called the “MS fingerprint”, is  
used to search in internet-available protein or DNA databases.17 Information about 
protein origin and an estimate of its MW are required in order to improve the chances 
of a correct match. The search algorithm then theoretically digests all appropriate 
proteins in the database with the specified enzyme, and matches the theoretical and 
experimental masses. The best matches are ranked, and a confidence parameter is 
usually calculated.18 

The second approach uses peptide sequence tags to identify the peptide, and 
therefore the protein. This method is based on the assumption that in a MS/MS pep
tide spectrum some consecutive amino acid residues can usually be clearly identified. 
In a typical protocol, the peptides obtained from a protein tryptic digest are ionized 
using ESI, separated by mass (first quadrupole), selected peptides are fragmented by 
CID, and the fragments are mass analyzed (Figure 17.11). The determined amino acid 
sequence can be very short (two residues), but considering the selectivity of the enzy
matic reaction and that the peptides’ MW values are known, the probability of ran
dom matches is usually low, for example 3% for a hypothetical situation with only 
two known amino acid residues.19 In this example, data presented in Table 17.8 are 
used to produce a computer search string, and entered into a database. 

Figure 17.11 also shows a scheme for the sequence tag approach; in this scheme 
the definition used is that m1 +m2 +m3 =M, where M is  the peptide  mass.  

Table 17.8 Data Used to Search for a Peptide Sequence Using the Tag Approacha

Match Criteria 

Enzyme specificity Trypsin 
Measured peptide molecular mass 2111 ± 0.4 
Run of sequence ions 977.4, 1074.5, 1161.5 
Type of ion series b series (see Fig. 17.13) 
Partial sequence PS 
Mass of region 1 (m1) 977.4 
Mass of region 3 (m3) 949.5 
Search string (977.4)PS(949.5) 

aThe masses are monoisotopic and in daltons. The mass difference between the 997.4 and 1074.5 peaks 
corresponds to the mass of a proline residue. 
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Figure 17.11. Peptide sequence elucidation using the sequence tag approach, with posterior protein 
identification. 

Computer programs that use algorithms designed to search using this tag procedure 
are accessible on the internet.20 

Obviously, some knowledge of the protein sequence (or the gene sequence) is 
necessary in order to use this method for protein identification. Therefore, the proba
bility of a correct match is higher when the protein to be identified comes from an 
organism possessing a totally sequenced genome, such as E. coli, B. subtilis or 
H. sapiens. 

17.6. PROTEIN-PEPTIDE SEQUENCING

There are several instrumental MS methods that can be used to obtain sequence 
information from proteins and peptides. ESI-triple-quadrupole is frequently used; 
this configuration produces a reasonable number of fragments, the resolution is usu
ally sufficient and the equipment is relatively inexpensive. With this MS/MS config
uration, peptides up to 2500 Da. can be analyzed. MALDI with a TOF reflectron and 
Fourier transform-ion cyclotron resonance mass analyzers are also beginning to 
be used.21 
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A typical procedure for protein sequencing begins by digestion with a protease 
such as trypsin in order to obtain a collection of tryptic peptides. Other enzymes and 
their cleavages sites are described elsewhere.22 This peptide collection can be ion
ized using ESI, separated by the first quadrupole according to m/z ratios, and then 
fragmented (CID), with the resulting fragments analyzed in the third quadrupole. 
The mass spectrum can be analyzed to establish the peptide sequence, or compared 
directly with a peptide database. Figure 17.12 depicts this typical protocol. 

The CID procedure causes more or less random peptide bond cleavage. There
fore, a number of fragments are obtained that differ by a single amino acid residue. 
Several types of fragments are produced, and their nomenclature is shown in 
Figure 17.13. 

Two main classes of ions are formed by CID, those that contain the C terminus 
plus one or more additional residues (ions of types xn, yn and zn) and those that con
tain the N terminus and one or more additional residues (ions of types an, bn and cn). 
Ions of types yn and bn are formed by the rupture of amide bonds, and the mass 
differences between these fragments are limited to the masses of the naturally-occur
ring 19 different amino acid residues (Table 17.9). Isoleucine and leucine, which are 
structural isomers and therefore have the same molecular weight, cannot be distin
guished with MS. Moreover, lysine and glutamine can only be differentiated if reso
lution is high, since their mass difference is only 0.0432 daltons. 

Figure 17.12. Typical procedure used to obtain protein sequence information. 

The sequencing process consists of the simultaneous measurement of a peptide 
collection, as shown in Figure 17.14. The sequence is obtained by observation of the 
mass differences within one family of ions; the “y” family is fully represented in this 
example. The obtained sequence was then matched to an E. coli membrane protein.23 
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Figure 17.13. Nomenclature used for the more common fragments produced by CID peptide 
fragmentation. The b and y fragment “families”, that occur when the peptide bond is broken, are normally 

produced at higher concentration. 

Table 17.9 Average Masses of Amino Acids in Their Free and Residue Statesa

Codes Mr 

Amino Acid 3-Letter 1-Letter Residue Free 

Alanine 
Arginine 
Asparagine 
Aspartic acid 
Cysteine 
Glutamine 
Glutamic acid 
Glycine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Proline 
Serine 
Threonine 
Tryptophan 
Tyrosine 
Valine 

Ala 
Arg 
Asn 
Asp 
Cys 
Gln 
Glu 
Gly 
His 
Ile 
Leu 
Lys 
Met 
Phe 
Pro 
Ser 
Thr 
Trp 
Tyr 
Val 

A 
R 
N 
D 
C 
Q 
E 
G 
H 
I 

L 
K 
M 
F 
P 
S 
T 

W 
Y 
V 

71.0786 
156.1870 
114.1036 
115.0884 
103.1386 
128.1304 
129.1152 

57.0518 
137.1408 
113.1590 
113.1590 
128.1736 
131.1922 
147.1762 

97.1164 
87.0780 

101.1048 
186.2128 
163.1756 
99.1322 

89.0938 
174.2022 
132.1188 
133.1036 
121.1538 
146.1456 
147.1304 

75.0670 
155.1560 
131.1742 
131.1742 
146.1888 
149.2074 
165.1914 
115.1316 
105.0932 
119.1200 
204.2280 
181.1908 
117.1474 

aOne letter codes are customary in the MS area. Reprinted, by permission, from M. Mann and M. Wilm, 
Anal. Chem. 66 (No. 24), 1994, 4390–4399. “Error Tolerant Identification of Peptides in Sequence Data
bases by Peptide Sequence Tags”. Copyright  1994 American Chemical Society. 
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With this instrumentation, it is possible to analyze peptides with MW up to 2500 Da, 
although some limitations apply; if only a limited peptide collection is obtained, only 
limited sequence information can be produced. 

Sequence information can also be obtained using Edman degradation to remove 
amino-terminal residues from a peptide, to produce a collection of peptides. 
MALDI-TOF can then be used to obtain the peptides masses, and the sequence 
determined by mass difference between consecutive peptides. This methodology is 
called protein ladder sequencing, and allows information to be obtained for up to 30 
residues. This method is useful for the identification of post-translational modifica
tions, such as phosphorylated amino acid residues.24 

Once a peptide family has been sequenced, the next step is to overlap the 
available sequence information, in order to obtain the protein sequence. How
ever, peptide sequences are more frequently used to identify proteins by search
ing the peptide sequences in databases. Several databases are available, and 
their utility is expected to improve as more experimental data are incorporated. 
In this regard, it must be noted that two mass spectra are comparable only if 
they were obtained under very similar instrumental/operational conditions; 
therefore, several different databases are needed, at least one for each ionization 
system. MALDI and ESI spectra are quite different, because these two ioniza
tion methods produce different types of ions. 

Figure 17.14. Determination of peptide sequence using nanoelectrospray ionization, and a very 
high-resolution mass analyzer (Q-TOF). In the first quadrupole, a doubly-charged peptide ion of 

m/z= 625.41 was selected and later fragmented. The m/z CID spectrum yields the FGDYGSIDYGR 
sequence, shown at the top.23 [Reprinted, with permission, from E. Gustafsson, K. Thorén, T. Larsson, 
P. Davidsson, K. Karlsson, and C. L. Nilsson, Identification of Proteins from Escherichia coli Using 

Two-Dimensional Semi-Preparative Electrophoresis and Mass Spectrometry. Rapid Communications in
Mass Spectrometry 15, 2001, 428–432. Copyright  2001 John Wiley & Sons, Ltd.] 
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17.7. NUCLEIC ACID APPLICATIONS

The application of MS techniques to nucleic acids has been limited in comparison 
with protein-polypeptide applications. This is mainly due to the difficulty of ionizing 
DNA or RNA, since their chemical and structural properties (mainly the negatively-
charged sugar phosphate backbone) prevent efficient positive ionization by MALDI 
or ESI. The use of NH4 

+ counterions is an established method that allows the pro
duction of oligonucleotide ions, but the sensitivity and resolution obtained is low. In 
general, the MALDI ionization process is very inefficient for nucleic acids in com
parison with peptides. Generally, 100 times more DNA has to be used to achive sim
ilar signal intensity. 

Another approach being used to enhance the ionization process is the chemical 
modification of the nucleic acid molecule in order to improve ionic volatility. For 
example, the replacement of phosphate protons from native DNA backbones by 
alkyl groups25, or the replacement of phosphate groups by phosphorothioate groups 
followed by alkylation26 have been reported. 

Another useful possibility is to use ESI in the negative ion mode, which yields a 
better signal for nucleotides. Multiply charged ions of the type (M nH)n are 
formed. Precise mass measurements with of synthetic oligonucleotides with as many 
as 132 residues have been reported.27 

Almost all procedures described for nucleic acid analysis (usually DNA) rely on 
PCR amplification. Short oligonucleotides sequences have been sequenced (usually 
up to 30 nucleotides), although today MS is used more as a sequence confirmation 
method than as a sequence determination method. A nomenclature for ion fragments 
with higher probability of formation has been proposed,28 and some recent work 
describes procedures for DNA sequence elucidation using ESI ionization and ion 
fragmentation29 (CID spectra). The theory is similar to that used for protein sequenc
ing; when a complete series of fragments is found, the mass difference between two 
consecutive fragments corresponds to a nucleotide residue mass. In practice, how
ever, MS nucleic acid sequencing methodology is not competitive with alternative 
sequencing methods. 

Several assays have been patented for mutation detection; these are mainly 
designed for single-nucleotide polymorphism (SNP) analysis and use MALDI-TOF 
spectrometry (Invader, Sequazyme-PinPoint assay, MassARRAY, GOOD assay) all 
of which use PCR amplification, or require a high DNA concentration in the sample 
(Invader). 

MAGIChip is a generic microchip-size device, where spots of polyacrylamide 
gel are separated by hydrophobic glass. Several gel squares (100 μm) are contained 
on one glass support, and are separated by 200 μm. Short DNA sequences are immo
bilized on the gel and are assayed for hybridization; later, the matrix compound is 
added, allowed to dehydrate and the spots are analyzed by MALDI-TOF. With this 
device, different SNP sequences are recognized by their different masses. 

SOMA assay (Short Oligonucleotide Mass Analysis) uses PCR amplification 
followed by restriction endonuclease incubation to digest the amplified DNA; the 
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short oligonucleotides are later separated by HPLC and analyzed by ESI-Triple 
quadrupole MS (used in the negative ionization mode), generating a fingerprint. 
This method has been used to genotype several variant sites in the human adenoma
tous polyposis coli gene, for which some variants have been associated with an 
increased risk of colorectal cancer.30 

17.8. BACTERIALMASS SPECTROMETRY

The classical microbiology approach to microorganism identification or classifica
tion relies on differential metabolic pathways. More recently, molecular biology has 
allowed genetic sequencing methods to be used to identify and/or classify micro
biological diversity. Chemical characterization (or chemotaxonomy) of bacteria and 
other organisms is a third general approach. 

Chemical characterization hypothesizes that certain molecules are unique and 
representative of individual microorganisms, and therefore the mass spectra can be 
characteristic of given species. A typical bacterial spectrum obtained by MALDI
TOF usually contains between 20–40 large peaks, mainly produced by proteins, 
phospholipids and cyclic lipopeptides, in the MW range of 4–20 kDa.31 ESI is less 
frequently used; samples containing intact cells can clog electrospray devices, and 
the formation of multiply-charged species complicates the spectra. 

The cells to be analyzed (mainly bacteria, but fungus or virus particles have also 
been studied) are typically physically or chemically lysed; exposure to the matrix 
solution may be sufficient to lyse the cells. Spores are digested (for example, with 
strong organic acids), and then the MALDI matrix is added. 

Interpretation of bacterial mass spectra is done with difficulty. First, a large por
tion of cellular compounds are common between different bacterial strains. Second, 
the spectral reproducibility for a given bacterial strain and protocol/instrument is 
poor, whether it is tested in the same or different laboratories. There are a number of 
biological and instrumental sources of variability, including differences in cellular 
composition for different culture phases, culture media and stress; minor variations 
in the sample/matrix ratio cause significant modification in the resulting spectra. 
Figure 17.15 shows typical bacterial spectra obtained for one strain of E. coli; note 
that many peaks are common to both spectra. Efforts are underway to improve repro
ducibility, and good results have been obtained by some authors.33 

Two main approaches have been used to interpret bacterial mass spectra. First, 
pattern recognition methods have been used, in which reference spectra are obtained 
under standardized conditions to generate a fingerprint collection. An unknown bac
terial spectrum obtained under the same conditions is then compared to the collection 
and matched if possible. 

A second approach exploits the information contained in genome and protein 
sequencing databases. The masses of a set of proteins from the bacterial strain under 
study are determined and used to search databases for protein molecular mass match
ing. This has been used as a method to differentiate B. subtilis and E. coli, two orga
nisms that have completely sequenced genomes.34 
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Figure 17.15. Comparison of MALDI spectra of E. coli (strain ATCC 11775) grown in different 
laboratories, under the same experimental conditions. The asterisks indicate common peaks in the two 
spectra.31,32 [Top trace reprinted, with permission, from Z. Wang, L. Russon, L. Li, D. C. Roser, and S. R. 

Long, Rapid Communications in Mass Spectrometry 12, 1998, 456–464. “Investigations of Spectral 
Reproducibility in Direct Analysis of Bacteria Proteins by Matrix-Assisted Laser Desorption/Ionization 
Time-of-Flight Mass Spectrometry”.  1998 John Wiley & Sons, Ltd. Bottom trace reprinted, with 

permission, from C. Fenselau, and P. A. Demirev, Mass Spectrometry Reviews 20, 2001, 157–171. 
“Characterization of Intact Microorganisms by MALDI Mass Spectrometry”. Copyright  2002 by John 
Wiley & Sons, Inc.] 

17.9. MASS SPECTROMETRY IMAGING

Mass spectrometry imaging (MSI) is becoming an important imaging technique 
since a number of instrumental and data processing advances have allowed a suffi
cient spatial resolution as well as the computational capability to manage 
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multidimensional data. Each “pixel” of the MSI detector may contain spatial infor
mation about hundreds of different compounds, and depending on the ionization 
source, each compound may be broken into fragments that require data processing. 
This is a rapidly growing area of mass spectrometry. MSI, like other imaging tech
niques, allows the combination of composition-related information (i.e., molecular 
mass) with spatial information, therefore providing a map of biological surfaces, 
such as tissues slides. High spatial resolution can allow the mapping of the bio
chemical components of intracellular structures. The methods and applications that 
have been reported in the MSI area have been recently reviewed.35,36 

MALDI-TOF was the first MS system used for imaging. Figure 17.16 shows a 
good example of different images obtained using this technique, and the results 
obtained when the signal obtained for a single m/z substance is represented; more 
complex images are obtained when several m/z signals are combined, using false 
colors, on single images.37 Actually, TOF is also used in combination with other 
ionization systems. The speed and broad detection range of this mass analyzer is 
well suited to this task (see Table 17.1). MALDI and other ionization methods have 
also been adapted for work under atmospheric pressure conditions. Some of these 
techniques are suitable for sampling analytes from surfaces, by forming the ions dur
ing or after sampling, and subsequently transporting these ions into a vacuum for 
mass analysis and detection. The literature in this area contains many acronyms that 
may be helpful to specialists (the reader is warned), and has been recently 
reviewed.38 

Figure 17.16. Adult mouse brain cerebellum images, left image is a hematoxylin and eosin stained 
optical picture, for comparison. The MS images (all others) were collected at a 10 μm lateral resolution 

with the laser spot size focused at a distance of 8.4 mm, and using 2,5-dihydroxybenzoic acid as the 
MALDI matrix. Each of the five MS images show the major lipid species detected: glycerophosphatidic 
acid (PA), glycerophosphoserine (PS), sulfatide (acidic glycosphingolipid) (ST), and 

glycerophosphoinositol (PI). [Reprinted, with permission, from P. M. Angel, J. M. Spraggins, H. S. 
Baldwin, and R. Caprioli. Analytical Chemistry 84, 2012, 1557–1564. “Enhanced sensitivity for high 
spatial resolution lipid analysis by negative ion mode matrix assisted laser desorption ionization imaging 
mass spectrometry”. Copyright  2012 by American Chemical Society] 

Briefly, three ionization methods for MSI are widely used.36 In secondary ion 
mass spectrometry (SIMS), high energy primary ions (e.g. Ar+, Ga+, In+) are used 
to strike the sample surface; after the primary ion penetrates the sample surface it 
induces a collisional cascade, releasing secondary ions from the surface. This tech
nique typically desorbs and ionizes small molecules, and produces extensive 
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fragmentation (it is a hard ionization method). The practical mass range is limited to 
∼m/z 1000, and the depth of the analyzed substance is about 1 nm. A sample matrix 
is not necessary, but if used, it can improve the detection of higher mass species. 

MALDI is also suitable for MSI, but at present, the primary concern is the rela
tively low spatial resolution, which is mainly limited by the laser beam diameter to 
submicron size. Research in underway to allow work under atmospheric pressure 
conditions with improved focusing of the laser in order to gain spatial resolution. 

The third system is a modified ESI, able to work at atmospheric pressure and to 
desorb material from the sample surface. This is called desorption electrospray ion
ization (DESI). DESI is performed using the interaction of electrospray generated 
charged droplets with the sample surface. After the impact of the droplets with the 
surface, a second generation of charged droplets (that includes dissolved surface 
molecules) is produced. These secondary droplets proceed through an electrospray
type mechanism to form gaseous ions which are directed into the atmospheric inlet 
of the mass spectrometer. DESI allows ambient surface sampling without sample 
pretreatment, albeit with lower spatial resolution than SIMS and MALDI.36 

Advances in single-cell imaging have been described recently. Further research 
toward improvements in spatial resolution and sensitivity will be needed to achieve 
the ambitious practical goal of routine MSI use.39 
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PROBLEMS

1. Calculate the monoisotopic and average mass (Mr) for the following molecules 
(Table 17.10). 

http://pepsea.protana.com/
http://www.proteometrics.com/
http://prowl.rockefeller.edu/cgi-bin/ProFound
http://prowl.rockefeller.edu/cgi-bin/ProFound
http://www.mann.embl-heidelberg.de/Services/PeptideSearchIntro.html
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Table 17.10

Compound 

Glycine 
Tryptophan 
Polipeptide 
Porcine insulin 
Myoglobin 
Big heterodimer protein 

Formula 

C2H5NO2 

C11H12N2O2 

C84H101N15O14 

C256H381N65O76S6 

C769H1212N210O218S3 

C1802H2933N532O462S12 

Monoisotopic Average 

2. In which case (low or high MW) is the monoisotopic peak intensity higher than isotopic 
peak intensity? 

3. A protein molecule is protonated using an ESI nanoelectrospray system, and analyzed 
using a mass filter (quadrupole). The Mr (average mass) of this protein is 23,630.36. Use 
adequate nomenclature to symbolize the molecular ion family, for the charge range +1 to  
+6. Calculate the mass of each ion, and its position in the mass spectrum obtained. 

4. β-lactoglobulin was purified, and an ESI spectrum was obtained, as shown in the 
Figure 17.17. Calculate the protein mass for each peak and the average for all the peaks. 
Present a hypothesis to explain the absence of low-charged species. 

Figure 17.17

5. Calculate the resolution for the following mass spectrum (Figure 17.18). 

Figure 17.18



Chapter 18

Micro-TAS, Lab-on-a-Chip,
and Microarray Devices

18.1. INTRODUCTION

The past three decades have produced great activity in the design and manufacture of
very small, self-contained devices that allow sample and reagent introduction, sepa
ration and detection for analyte quantitation. The goals of many of these projects
involve single-use, disposable devices, and some are commercially available. Some
of these devices are biosensors that incorporate recognition and signal transduction
on a single surface, as described in Chapter 8. In this Chapter, we distinguish devices
that require the spatial separation of analytical steps as well as forced fluid move
ment. These have been variously called micro-total analysis systems (μ-TAS),1 lab
on-a-chip, and microarray devices.

There have been motivations from diverse fields for the research and develop
ment of self-contained, miniature analytical devices, including field testing and
point-of-care diagnostics. An often overlooked but interesting area of potential appli
cation is in the field of astrobiology.2 Aboard exploratory vehicles, physical storage
space and trained technical personnel are limited, and the concept of self-contained
test strips, or chips, is very attractive.

Technical motivations also exist for the development of these devices. Separa
tions are rapid and very efficient, due to the very small channel dimensions. Sample
and reagent consumption is low, typically nL to pL. Heat dissipation is rapid while
power consumption is low. There is also the attractive prospect of parallelization, or
multiplexing, for which multiple sample separations/quantitations can be done using
a single chip.

Many other areas of application are also under investigation. The prospect of
mass-produced, self-contained, inexpensive and small devices able to selectively
quantitate biological analytes is of general interest and has received international
support. In this Chapter, we introduce concepts and examples that aim to demon
strate some of this interest. Much further information may be found in the references
for Suggested Reading.

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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18.2. DEVICE FABRICATIONMATERIALS ANDMETHODS

Initially, silicon was the material of choice in early μTAS and lab-on-a chip devices,
because fabrication methods had already been developed by the microelectronics
industry. Photolithography and etching methods were well-established, and allowed
the microscale channels and reservoirs to be produced on inexpensive silicon wafers.
Glass was then introduced, in part due to its transparency that readily allowed visual
inspection as well as incorporation of optical detection components. Glass forms a
better capillary wall than silicon in terms of its use with EOF fluid management, and
it more easily bonds with a second layer, to seal the formed microchannels and reser
voirs into a bilayered (or multilayered) device.

More recently, polymers such as polydimethylsiloxane (PDMS), polymethylme
thacrylate (PMMA) and polycarbonate (PC) have been used for lab-on-a-chip
devices. These softer materials allow fabrication by injection molding, hot emboss
ing, casting or stereolithography methods.

The choice of material, and thereby fabrication method, for a chip device
requires consideration of the nature of the sample (acid, solvent) as well as the detec
tion method. Many optical detection methods do not work well with the softer poly
mer materials because these absorb UV light, and harsh sample and reagent
conditions are often not suitable for these materials. Glass and silicon remain of
interest in device development.

18.3. MICROFLUIDICS

18.3.1. Fluid Transport

Bulk movement of electrolyte/buffer solutions as well as samples and reagents have
been accomplished by a variety of methods, including mechanical pumping, capil
lary wicking, evaporation and thermal gradients. However, the majority of chip
devices exploit electro-osmosis for fluid movement,3 because this is driven by the
simple application of an electric field between two ends of an inherently charged
microchannel. Electroosmotic flow (EOF), introduced in Chapter 14 as the key fluid
movement mechanism in capillary electrophoresis, allows less diffusional band
broadening than mechanical pumping because it has a flat (laminar) fluid flow pro
file. Figure 18.1 demonstrates the differences between the flow profiles of these two
fluid movement approaches.

With aqueous solutions at near-neutral pH values, silica chips naturally provide
a negatively-charged channel surface, and EOF is toward the cathodic (negative)
flow control electrode. Other materials, including chemically-modified silica, allow
positively-charged surfaces, inducing EOF in the opposite direction, toward the
anodic electrode.

Centrifugal pumping has also been introduced and investigated for controlled
fluid flow in microchannels (see Chapter 15). To induce and control centrifugal
flow, careful design and precise rotation of the device is required. The compact disk
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Figure 18.1. Fluid flow profiles for (a) mechanical pumping and (b) electroosmotic flow. Mechanical
pumping creates more rapid flow in the centre of the channel, resulting in more diffusional band
broadening.

substrate, described in Example 15.9.3, is an emerging area of interest for this
method of fluid manipulation.

18.3.2. Valves and Reservoirs

Great creativity has occurred in the design of tiny valves that can be activated either
on- or off-chip, to allow sample and reagent introduction, mixing, separation and
detection. Initially, the cross-flow channel design was used with external, pneumatic
pumping (e.g. a syringe pump) to allow the delivery of a fixed and known volume of
sample or reagent to the main flow channel. This design is illustrated in Figure 18.2.

Figure 18.2. Cross-flow channel design for sample and reagent introduction. The volume of the channel
intersection (which can be calibrated) is the volume delivered to the main flow channel.

Pulsed flows can be generated using a series of PDMS membrane valves with
external pressure-based activation. But the integration of valve actuation onto the
chips, to avoid the need for external devices, has been accomplished using piezoelec
trics, electromagnetics, thermal expansion and electrostatics. Chip devices are not
normally planned for multiple use; thus, valves do not have to be reversibly reusable.
In Example 15.9.3, a type of wax was used for valves; the wax valves were melted
by a laser at the appropriate stages of use, unblocking sample/reagent channels. In
other work, temperature-sensitive hydrogels have also been employed in this way.

18.3.3. Mixing and Sample Separation

Lab-on-a-chip devices often incorporate a mixing channel, to allow samples to react
with on-chip-added reagents, perhaps for labeling or enzymatic digestion, prior to
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separation. The mixing process may or may not involve a short flow stoppage to
allow the reactions to occur. Following this, samples are moved to a separation chan
nel or array. The microscale dimensions of these devices have encouraged not only
investigations of electrophoretic separations by common CE methods (see
Chapter 14), but also the incorporation of nanoparticles (e.g. magnetic or sorbent-
coated chromatographic particles) as well as the introduction of novel size-selective
separation features, such as micropost arrays for very high MW DNA separations.
Selected examples of original research, in Section 18.5, present some of this
diversity.

18.4. DETECTORS

Many of the principles used for detection in CE have been adapted for use in lab-on
a-chip devices. Having already been downsized to CE dimensions from chromatog
raphy, many of the challenges of small sample volume and quantity for on-chip
detectors had already been addressed. Certain other factors require attention, how
ever, and one has been the decision between on-chip and off-chip detection.

On-chip detection has been demonstrated using optical (absorbance, fluores
cence, luminescence) and electrochemical (amperometric, conductimetric) devices
that are integrated into the chip design. The key to on-chip detection is the expense.
It makes sense, for disposable, single-use devices, to use inexpensive components.
For example, LED light sources and photodiodes have been used for fixed wave
length optical detectors, and carbon electrodes used for electrochemical devices.
Measurement flexibility is lost but inexpensive chips for specialized applications are
gained.

Off-chip, non-disposable (expensive) reusable detectors offer the other extreme
of flexibility, but require interfaces from the chip to the detector. For example, inter
facing chips with electrospray ionization mass spectrometers (see Section 14.5.2)
began with what are now called chip-edge emitters. The electrospray voltage was
applied to the end of the chip, which was inserted into the ionization source of the
spectrometer. Early work showed that EOF of the sample buffer did not produce
sufficient material that was directed into the ionization source, and now integrated
emitters can be microfabricated into devices to allow directed electrospray. The chip
is inserted into the instrument, whereby the integrated emitter is connected to power
for the fluid flow and the electrospray ionization source.

Multiplexed lab-on-a-chip devices offer additional detection challenges, either
with timed valves or multiple detectors. Developments in these areas continue, with
consideration of the very small sample zones and volumes.

18.5. EXAMPLES OF BIOANALYTICAL DEVICES

Most lab-on-a-chip and μTAS devices exploit principles of enzymatic assays, immu
noassays and/or electrophoresis that have been discussed for relatively large-volume
measurements in Chapters 4-8 and 11-14. While the principles of many of the assays
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are very similar, the process of miniaturization while maintaining quantitative capa
bilities and integrating components is not trivial. We offer here a small sampling of
recently reported studies to demonstrate the variety of possible configurations and
applications of these devices.

18.5.1. DNA Separation Using a Nanofence Array
Microfluidic Device4

As discussed in Chapter 11, the separation of very high MW DNA is challenging,
and conventional pulsed-field agarose gel electrophoresis can take hours to perform.
A prototype microfluidic device, constructed of oxidized silicon, has been intro
duced for this application. Fluid is driven by electroosmosis, and the separation
occurs as a result of collisions between migrating DNA and regularly spaced nano
fences that, with gaps much larger than agarose gel pores, allow rapid separation of
large DNA. The posts of the nanofence were prepared by a photoresist/etching pro
cedure and were 2 μm tall, and the separation channel, with regularly-spaced fences,
was less than 2 cm long. Different spacing, post density and post design (fences,
arrays) have been proposed by different authors. A diagram of generic post and fence
layouts is shown in Figure 18.3, below.

Figure 18.3. Nanopost (a), (b), and nanofence (c), (d) array layouts for high MW DNA separations.

To demonstrate the utility of this device design, a mixture containing high MW
double-stranded DNA, ranging in size from 15 to 48.5 kilobase pairs, was labeled
with a fluorescent dye. An inverted epifluorescence microscope was used to detect
the elution of the labeled sample components.

Rapid and efficient separations were achieved. Less than 10 min were required,
and the observation of single DNA molecule elution was possible. The authors com
pared their results with those obtained using a regular hexagonal post array, and
required a new collisional model to explain the superior separations achieved using
the nanofence device.
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18.5.2. Two Dimensional Electrophoresis on a
Microfluidic Chip.5

While further developments in chip design and separation media have occurred since
then, the first stunning example of rapid and efficient 2D electrophoresis on a small
plastic microfluidic device was reported in 2004. Applications to proteomics were
envisioned, and have since materialized. Non-native isoelectric focusing in a micro-
channel, in the first dimension, occurred after denaturing samples using urea, reduc
ing disulfide bonds with dithiothreitol, and alkylating with iodoacetamide. A carrier
ampholyte pH gradient (see Chapter 13) was employed in the IEF microchannel,
between reservoirs A and B in Figure 18.4. Interfacing and transfer to the second
dimension was the major advance reported in this paper. SDS (a 2% solution) was
electrokinetically introduced from a reservoir (D in Figure 18.4) in a very short
pulse, and since the proteins were already denatured, a 5 min incubation prior to the
size-based separation was found to be sufficient. At the same time, a fluorescent dye
was introduced to noncovalently label the proteins.

Figure 18.4. Microchip for 2D Electrophoresis. [Reprinted, with permission, from Y. Li, J.S. Buch, F.
Rosenberger, D. L. DeVoe, and C.S. Lee, Anal. Chem. 76, 2004, 742-748. “Integration of Isoelectric

Focusing with Parallel Sodium Dodecyl Sulfate Gel Electrophoresis for Multidimensional Protein
Separations in a Plastic Microfludic Network”. Copyright  2004 by American Chemical Society.]

Separation in the second dimension occurred after switching the applied voltage
from the AB channel to the CD channels. These channels were filled with a neutral
gel of polyethyleneoxide to act as the size sorter (instead of PAGE). Detection was
accomplished using a fluorescence microscope. Proteins with a pI difference of 0.05
were separated, and while detection limits with this device, using a fluorescence
microscope and CCD camera for observation, were relatively poor (0.5 ng/μL), the
tiny sample requirements and the novel platform provided a foundation for further
2D microchip separations.
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18.5.3. Microfluidic Antibody Capture for Single-Cell
Proteomics.6

This device is now called the MAC system, and has been proposed as a general
approach to microfluidic capture of analytes by antibodies, followed by labeling for
detection. The device is intended for proteomic studies in which the proteins released
from single cells are captured by immobilized antibodies in reservoirs large enough
for only one cell; the cell is then lysed by laser cavitation. The released cell contents
allow individual protein molecule copy numbers to be established. Due to the sto
chastic nature of protein production, the copy numbers of certain proteins in individ
ual cells are of interest.

Individual cells were optically manipulated into separate microanalysis cham
bers, where they were captured by immobilized antibodies, lysed, and their proteins
detected by total internal reflection fluorescence microscopy. This detection system
is nondestructive, and only sees fluorophores that are within 200 nm of the surface.
Initial studies used green fluorescent protein-modified proteins, while further work
studied a sandwich assay format, using a fluorescently-labeled second antibody and
an immobilized capture antibody to monitor the breast cancer tumor suppressive pro
tein p53.

The device was fabricated from polydimethylsiloxane using soft lithography,
and sandwiched between a microscope slide and a glass cover slip. Results showed
an impressive detection limit of 100 molecules/spot of p53 protein.

18.5.4. Multiplexed PCR Amplification and DNA
Detection on aMicrofluidic Chip.7

A very interdisciplinary academic/industrial project from France and the US has
resulted in a novel device that is intended for use in forensic human identification
applications. It has not only a novel separation platform for PCR amplification prod
ucts, but also an on-chip, infrared laser-assisted PCR amplification system that per
forms the reaction in about 45 min (compared with 1.5 h for benchtop versions).

The device is fabricated by injection molding, using a cylic olefin polymer,
and is very inexpensive to produce. The reported design involves multiplexing of
four samples per chip, allowing controls and a sample (perhaps two replicates) to
be amplified, separated and detected at the same time, under the same condi
tions. Separation occurred in a valveless capillary filled with a linear poly
acrylamide-co-dihexylacrylamide block copolymer, which had previously been
studied for size-based separations on microfluidic devices. The separation chan
nel was 7 cm long. Off-chip detection consisted of confocal optics coupled to an
imaging spectrometer. Dyed PCR reagents allowed detection, and fluid loading
and flow was controlled both pneumatically and electrophoretically. Figure 18.5
shows a schematic diagram of this device.

Preliminary results were obtained for the detection of short tandem repeats
(STRs) in human salivary DNA. These samples and markers are commonly used for
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Figure 18.5. Multiplexed PCR/DNA Separation Microfluidic Device for Forensic Identification.
[Reprinted, with permission, from D. Le Roux, B. E. Root, C. R. Reedy, J. A. Hickey, O. N. Scott, J. M.

Bienvenue, J. P. Landers, L. Chassagne, and P. de Mazancourt, Anal. Chem. 86, 2014, 8192-8199. “DNA
Analysis Using an Integrated Microchip for Multiplex PCR Amplification and Electrophoresis for
Reference Samples”. Copyright  2014 by American Chemical Society.]

the forensic identification of individuals. Comparison of the microfluidic chip
results with those obtained by conventional benchtop methods showed complete
concordance.

18.5.5. Silicone Protein Separation Chip Based on a
Grafted Ion-Exchange Polymer.8

This device is based on a polydimethylsiloxane chip with a micropillar array, in which
the pillars and the inner walls of the separation capillary were modified by grafting
carboxyl-functionalized hyperbranched polyglycerols, as ion-exchangers, onto the
inner surface. Various polyglycerol molecular weights and degrees of substitution
were investigated. Soft lithography microfabrication methods were used, with oxygen
plasma bonding of cover slips to contain channels and reservoirs. An off-chip fluores
cence microscope, equipped with selective filters and a CCD camera, provided detec
tion. The micropillars cross section (as shown in Figure 18.3) is about 15× 15μm.

Each small pillar, as well as the surrounding wall, formed from PDMS, has been
modified with the carboxyl-polyglycerol to be an ion-exchanger. Preliminary investi
gations of FITC-BSA and DAPI-Avidin using FITC and DAPI-labeled proteins
showed that ion-exchange capture was strong and reversible.

18.5.6. Circular, Biofunctionalized PEGMicrochannels
for Cell Adhesion Studies.9

One of the major challenges in microfluidics has been the construction of microchan
nels with circular cross sections. In this work, the authors report polyethylene glycol
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(PEG) hydrogel microchannels with adjustable circular cross sections of micron
dimensions, and biofunctionalized by decoration with modified gold nanoparticles.
The authors demonstrate applications to cell-surface interactions mimicking biologi
cal processes.

To prepare cylindrical microchannels, the authors etched glass fibers to control
lably reduce their dimensions from around 125 μm to around 25 μm. The gold nano
particles were transferred to the PEG hydrogel by anchoring to the PEG-diacrylate
during polymerization, which was UV-mediated. The microchannel construction
process, is relatively complex, and involves many steps.

The authors investigated the interaction of cells in the microchannel by using a
fusion protein of P-selectin with IgG, immobilized on the gold nanoparticles. The
selectin protein is upregulated during endothelial inflammation, and was used as a
model system along with human myeloid KG1a cells. This cell line was chosen
because it expresses a counter-receptor for the selectin. Protein A was used to con
nect selectin to the nanoparticle surface on the inner channel walls. Phase contrast
and fluorescence microscopy were used to image the separations. Their results
clearly showed the interaction of cells with the biofunctionalized nanoparticles that
were embedded in the PEG capillaries.

Further research in this area is occurring rapidly, and the interested reader is
encouraged to monitor the cited journals for recent developments.

SUGGESTED READING

P. C. H. Li, Ed., Fundamentals of Microfluidics and Lab on a Chip for Biological Analysis and Discovery,
CRC Press, Boca Raton, 2010.

W.-C. Tian, and E. Finehout, Eds., Microfluidics for Biological Applications, Springer, New York, 2008.
A. Folch, Introduction to BioMEMS, CRC Press, Boca Raton, 2013.
R. E. Oosterbroek, and A. Berg, Eds., Lab-on-a-Chip: Miniaturized Systems for (Bio)Chemical Analysis

and Synthesis, Elsevier, Amsterdam, 2003.
K. E. Herold, and A. Rasooly, Eds., Lab on a Chip Technology, Volume 1 (Fabrication and Microfluidics)

and Volume 2 (Biomolecular Separation and Analysis), Caister Academic Press, Norfolk UK, 2009.

REFERENCES

1. A. Manz, N. Graber, and H. M. Widmer, Sens. Actuators B1, 1990, 244–248.
2. M. F. Mora, A. M. Stockton, and P. A. Willis, Electrophoresis 33, 2012, 2624–2638.
3. E. Gulhen, Electrophoresis 35, 2014, 138–146.
4. S.-G. Park, D.W. Olson, and K. D. Dorfman, Lab Chip 12, 2012, 1463–1470.
5. Y. Li, J.S. Buch, F. Rosenberger, D. L. DeVoe, and C.S. Lee, Anal. Chem. 76, 2004, 742–748.
6. A. Salehi-Reyhani, J. Kaplinsky, E. Burgin, M. Novakova, A. J. deMello, R. H. Templer, P. Parker, M.

A. A. Neil, O. Ces, P. French, K. R. Willison, and D. Klug, Lab Chip 11, 2011, 1256–1261.
7. D. Le Roux, B. E. Root, C. R. Reedy, J. A. Hickey, O. N. Scott, J. M. Bienvenue, J. P. Landers, L.

Chassagne, and P. de Mazancourt, Anal. Chem. 86, 2014, 8192–8199.
8. P.-Y. Yeh, N. A. A. Rossi, J. N. Kizhakkedathu, and M. Chiao, Microfluid. Nanofluid. 9, 2010,

199–209.
9. S. Kruss, L. Erpenbeck, M. P. Schoen, and J. P. Spatz, Lab Chip 12, 2012, 3285–3289.



Problems 413

PROBLEMS

1. Give two reasons why a microfluidic post array device would be preferable to standard
pulsed-field agarose gel electrophoresis for the separation of very high MW DNA.

2. In designing a microfluidic device, you have a choice of Si wafers, glass slides or PDMS
for the substrate, within which the microchannels will exist. Which would you choose for
electroosmotic flow, pressure-driven flow and centrifugal flow (consider each separately)?
Which would you choose for on-chip visible absorbance detection (e.g. 540 nm), on-chip
ultraviolet absorbance detection (e.g. 280 nm) and off-chip mass spectrometric detection
(consider each separately)?

3. A glass microfluidic channel is packed with nanoparticles that are coated with a reversed-
phase chromatographic stationary phase. You have a choice of electroosmotic flow or cen
trifugal flow to drive the fluid through the channel. Which would you choose, and why?

4. Can the size-based separation of biological macromolecules be done in a microfluidic cap
illary that is not filled with a 3D crosslinked gel? This is a capillary, not a micropost array.
If yes, then explain how this can be done.



Chapter 19

Validation of New
Bioanalytical Methods

19.1. INTRODUCTION

Validation has the primary goal of selecting the best available method for detection
and/or quantitation, based on objective performance data. Regulations require that
clinical laboratories show documentation and validation data when new tests are
introduced. These data are also important for quality control and troubleshooting.
The successful use of an assay depends first on a fundamental understanding of the
analytical principles governing the assay. Assay characteristics such as precision,
accuracy and detection limit depend on the properties of the components, the assay
format and the detection system. For example, both manual and automated assays
may have problems associated with timing or reaction rates, but the automated
method may be expected to have better precision in reagent delivery. Both may have
imprecision as a result of low analyte concentration or a slow approach to equili
brium. Even when the assay has been optimized in theory, practical work requires
care and technical skill for optimum performance. Completeness of recovery in each
step should be checked independently, for example, by using an independent tracer
to follow the progress of a reaction. Equilibration rates may be very sensitive to tem
perature, the order of addition of reagents and stir rates. Assaying standards in each
run exactly the same way as samples counterbalances some minor errors; however,
poor timing or temperature control often results in increased coefficients of variation
for replicate measurements. Incubation times (when necessary) are often shortened
to the minimum, and room-temperature incubations are common; if equilibration has
not occurred, minor technical variations may have exaggerated effects (for example,
room temperature may vary considerably from summer to winter).

Decisions must be made about the method based on the quality of the data pro
duced, and quality criteria must be established. This is not a trivial task, since new
guidance documents are continually produced to determine whether an analytical
method can be used for a quantitative analysis, or whether a new method can replace
an established (standard) one. Guidance documents and regulations have been
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produced by domestic and international agencies for approval of new methods, in
order to protect public health, food quality and other sensitive areas.

Different levels of validation are usually defined. For example, methods pro
posed to be used worldwide in medically-related applications must demonstrate high
quality data related to both precision and accuracy, whereas analytical methods used
for research purposes require less stringent validation.1 High degrees of validation
involve several laboratories and the assay of a large number of samples; this tends to
be very expensive and impractical for locally or occasionally used methods. This
topic is becoming more commonly taught at the undergraduate level, and an excel
lent approach to course development has been published.2

International organizations such as AOAC International (International Associa
tion of Official Analytical Chemists), FAO (Food and Agriculture Organization of
the United Nations), IAEA (International Atomic Energy Agency), IUPAC (Interna
tional Union of Pure and Applied Chemistry), and ISO (International Organization
for Standardization) have produced international guidelines that can be used in con
junction with the different local policies in effect around the world. In the specific
case of biomedical testing in the USA, regulations are contained in CLIA (Clinical
Laboratory Improvement Amendments), which are the responsibilities of the US
Food and Drug Administration (FDA), the Center for Medicaid Services (CMS) and
the Center for Disease Control (CDC). Following established validation procedures
is a necessary step to obtain regulatory approval to use a new analytical method, or to
use an approved method in a new application.

The definitions, methods and parameters used to validate analytical and bioana
lytical methods are not universal; they vary with the type of assay and the regulatory
agency. We introduce here the more broadly- used figures of merit with their gener
ally accepted definitions. Basic statistical procedures are also presented. More tech
nical sources of further information are offered in Suggested Reading, and a few
recent reviews of validation methods, particularly directed at chromatographic and
ligand-binding assays, are available.3–5

Bioanalytical methods are classified according to the kind of results they
provide. Qualitative assays provide information about the presence or absence of
the analyte, whereas quantitative assays give the analyte concentration and the
uncertainty in this value, in the sample. Semi-quantitative methods give an esti
mate of concentration and are used to determine whether analyte is present at a
level that is above or below a reference concentration; therefore the report can
state if the concentration in the sample is higher, similar or lower than the refer
ence value.

19.2. PRECISION ANDACCURACY

Uncertainty is classified in two major groups. Random error is always present
in experimental data and can never be completely eliminated. It can result from
the random nature of collisions that lead to chemical or biochemical reactions,
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or may be caused by small voltage fluctuations in measurement instrumentation.
Random error causes positive and negative deviations from the true value, and
affects the precision of the results. Precision is usually discussed in terms of
standard deviation (s) and relative standard deviation (RSD), both defined later
in this Chapter.

Figure 19.1. Precision and accuracy are not synonymous.

Systematic error is produced by a more or less constant mistake, and results
in a consistent positive or negative deviation of measured values from true val
ues. For example, absorbance measurements that are not corrected for the absorb
ance of a blank solution, that contains no analyte, will produce experimental
results that are systematically higher that the true concentration values. System
atic errors affect the accuracy of the results, and are studied by comparison of
experimental results with “real” concentrations using certified reference materials
or with another analytical method that is known to be very accurate. In principle,
systematic error can be eliminated from experimental results, because the cause
of the error can be found and eliminated. Figure 19.1 shows a graphical compari
son of precision and accuracy.

19.3. MEANAND VARIANCE

Arithmetic mean (x) and standard deviation (s) are defined as follows, where n is the
number of individual measurements and xi are the values of those measurements.

X xix
n

(19.1)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffis

(19.2)s

P
xi x 2

n 1

The calculated standard deviation s is a good estimator of the population standard
deviation σ if the number of measurements is high enough. An equivalent alternative
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form of Eq. 19.2 is presented in Eq. 19.3; this form is more useful when a non-pro
grammable calculator is used.

vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(19.3)

The sample variance (s2) is used instead of s in some calculations.

19.4. RELATIVE STANDARD DEVIATION ANDOTHER
PRECISION ESTIMATORS

Precision (as discussed previously) is the ability of the assay to give the same result
when repeated multiple times either within the same run, or from day to day (i.e.
between runs). Precision data are usually collected early in the evaluation at a new
method, since the quality of the method depends on the level of precision. If preci
sion is poor, more elaborate validation experiments must be postponed until the sour
ces of imprecision are identified and controlled.

Relative standard deviation (RSD) and coefficient of variation (CV), are used to
estimate precision, and are defined by the following equations:

RSD s=x (19.4)

CV s=x 100 (19.5)

Other parameters frequently used are the mean absolute deviation (MAD), as an
estimator of the dispersion of groups of single observations, and the standard error
of the mean (SEM), which is used to calculate the confidence limits of a mean value.
Their formulae are presented below:

P
MAD

xi
n

x
(19.6)

SEM
s
ffiffiffi (19.7)
n

Precision varies with concentration; because of this, precision should be eval
uated at the low, middle and high concentration regions of the standard curve, and
should be evaluated in the different matrices that will be encountered in real assays.
The precision profile (Section 19.4.3) is used to establish the working range of the
assay.
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Figure 19.2. Gaussian (normal) distribution.

19.4.1. Distribution of Errors and Confidence Limits

When the concentration values obtained from repetitive measurements of replicate
samples are plotted, a normal (or Gaussian) distribution of results is often obtained.
The normal curve is symmetrical about x, and the greater the s value, the wider the
spread of the curve.

Another important characteristic of the normal distribution is that approximately
95% of the data values lie within ±2s, and 99.7% in the range ±3s, as shown in
Figure 19.2. This distribution of error in a normal distribution allows the calculation
of confidence intervals for x. The confidence interval is the range of concentration
within which the real sample concentration is expected to occur, for a given degree
of confidence. Therefore, the interval size depends of the degree of confidence (for
greater confidence, a larger interval is required), the value of s and the sample size n,
as shown in Eq. 19.8, for a confidence interval of 95%

2s
x x ffiffiffi (19.8)

n

Other commonly used limits are 99.0% and 99.7%, as shown in Eq. 19.9 and
19.10 respectively.

2:58s
x x ffiffiffi (19.9)

n

2:97s
x x ffiffiffi (19.10)

n
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When the sample size (n) is small, the values of the t-distribution are used, as
shown in the following Equation.

ts
x x ffiffiffi (19.11)

n

Values of the t-statistic are tabulated for commonly-used confidence intervals
and degrees of freedom (n 1).

19.4.2. Linear Regression and Calibration

When a linear relationship is observed between two variables, the correlation is
quantified by a method such as linear least-squares regression. This method deter
mines the equation for the best straight line that fits the experimental data.

The line has the form of the Eq. 19.12, were x and y are variables, a is the slope
and b is the intercept on the y axis. Linear regression determines the best values of a
and b, along with their uncertainties.

y ax b (19.12)

A linear relationship between a measurable parameter (like absorbance) and
concentration is observable in many analytical methods, and the least squares
method is used to fit the best calibration curve.

Normally a minimum of 6–8 points is necessary to ensure the linearity of the
calibration curve and to calculate the regression parameters. In this case, the follow
ing Equations are used to calculate a and b values and its confidence limits. We
assume that σ∼ s and that σ is independent of x.

sffiffiffiffiffiffiffiP P P
n xiyi xi yi ns2

ya (19.13)
D D

a a sa (19.14)

sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP 2X X X X s2 xiy2b yi xi (19.15)xi xiyi D

b b sb (19.16)

where

X �X �2
D n 2 xi (19.17)xi
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and
P� �2

2 yi ypreds (19.18)y n 2

To determine x from a measured y sy value:

vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiu0qffiffiffiffiffiffiffiffiffiffiffiffiffi12� �u 2s2 s � �2b say b y b u yt@ Ax (19.19)
a a y b a

x x sx (19.20)

where ypred is the y predicted by the calibration curve, sy is the standard error of the
estimate (sometimes denoted s(y/x)), t is the t-statistic, tabulated for given confidence
levels, and n the number of points on the calibration curve. Confidence limits for x
are calculated using Equation 19.11.

The correlation coefficient r, or more frequently r2 is used to calculate the qual
ity of the calibration line obtained (Eq. 19.21). A value of 1 indicates a perfect posi
tive correlation; values above 0.95 are usually considered acceptable.

(19.21)r2

P
xi x yi y

	 
2

P
xi x 2 P yi y 2

19.4.3. Precision Profiles6

Precision profiles are useful to establish the concentration range (for a given level of
precision) for which a method can be used. Precision is generally worst at the lowest
concentration of this range.

Figure 19.3 demonstrates how the dynamic (or working) concentration range of
an assay is determined. In Figure 19.3(b), the dynamic range of the assay is shown as
the range over which the CV is below 10%. Precision profiles are very useful means
of comparing two different assay methods for the same analyte.

Precision studies can be performed under different conditions, and are strongly
influenced by variables such as temperature, source and quality of reagents, repro
ducibility of reagent delivery and instrumental noise. Therefore, if all precision stud
ies are done in the same laboratory (intralaboratory study) higher precision is
expected in comparison with interlaboratory studies, where several laboratories pro
duce the data used to prepare the method precision profile

Intralaboratory precision studies are classified as intra-assay, where the profile
is obtained doing the replication in only one run, using the same batch of reagents, or
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inter-assay, where the precision profile is obtained by comparison of runs done on
different days. Poorer precision is generally obtained in inter-assay studies.

Figure 19.3. A linear calibration curve is shown (a), whereas in (b) the log concentration has been
plotted to recognize the poor precision at both ends of the dynamic range. If lower precision is acceptable,
the dynamic range becomes wider.

19.4.4. Limit of Quantitiation and Detection

Limit of detection (LOD) is defined as that analyte concentration which gives a sig
nal significantly different from the blank or background (b) signal. For practical use
the meaning of “significantly different” is usually defined as the blank signal plus 2
standard deviations of a well characterized blank (sb). Well characterized means at
least 10 blank measurements.

b 2sb (19.22)yLOD

The LOD value is then calculated from linear regression parameters obtained
from calibration data,

b ax b (19.23)2sb

where x is the concentration at the detection limit of the assay.
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The limit of quantitation (LOQ) is defined by the maximum acceptable level of
uncertainty in the measured values, and is generally considered to be the analyte
concentration that yields a signal equal to the blank signal plus ten standard devia
tions, as shown below. These and alternative definitions of LOD and LOQ are pre
sented elsewhere.7

b 10sb (19.24)yLOQ

19.4.5. Linearizing Sigmoidal Curves (Four-Parameter
Log-Logit Model)

When an assay presents a non-linear calibration curve (Figure 19.4), the data can be
linearized using standard functions.8 The Log-Logit function transforms a sigmoid
curve with a single point of inflection into a straight line, and is used extensively
with data from competitive immunoassays.

The first step to linearizing a sigmoidal curve is to normalize the response values
so that 0< y< 1. Normalized values can be calculated using Eq. 19.25.

R Rminy (19.25)
Rmax Rmin

Figure 19.4. Sigmoid response curves: positive (a) and negative (b) sigmoid responses are shown.
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The data are then linearized using the logit function:

1 y
logit y ln (19.26)

y

Values obtained for logit(y) are then plotted against log[analyte], and a linear plot is
obtained as shown in Figure 19.5.

19.4.6. Effective DoseMethod

This method is used for estimating analyte concentrations by immunoassay with
maximum precision. Serial dilutions of a standard analyte solution are prepared and
assayed; serial dilutions of the unknown are also prepared and assayed. Responses
from both dilution series are plotted against log10 of the dilution factor, as shown in
Figure 19.6.

The best precision (lowest RSD) occurs at the steepest point on the curves. The
difference between these points (unknown minus standard) is the effective dose (ED):

ED log10 unknown dilution log10 standard dilution (19.27)

Figure 19.5. Linear plots obtained using the logit function. In (a), when response increases with the

concentration and (b) when response decreases with concentration.
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ED log10
unknown
standard

therefore, the unknown concentration can be calculated from Eq. 19.29:

unknown standard 10ED

(19.28)

(19.29)

Figure 19.6. By plotting standard and unknown signals, the effective dose (ED) can be calculated
graphically.

19.5. ESTIMATION OF ACCURACY

Accuracy is the ability of any assay to provide the “correct” result. Ideally, the assay
should detect all of the analyte (100% recovery) and nothing else (no interference or
cross-reactivity). To estimate the method accuracy, a comparison of method results
with true sample concentrations must be completed. A straightforward procedure
involves the use of a standard reference material, in which the analyte concentration
is known with high accuracy and precision. Standard reference materials are not gen
erally available for biochemical analytes, however. When a reference material is not
available, accuracy can be established by comparison with alternative previously
validated analytical techniques, or currently accepted methods. Intralaboratory tests
of matrix effects and interferences are also conducted in order to establish the accu
racy of a new method.

19.5.1. Standardization

Standard solutions are the fundamental basis for the accuracy of assays. In preparing
standards, it is usually necessary to make a number of assumptions, related to the
purity and behavior of the standards. Standards and samples are assumed to react
with assay reagents in the same way, and matrix effects are assumed absent.
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Standard solutions should be dilutions of a stock solution of highly purified material.
Often, in the case of a hormone or other complex molecule, the standard is assigned
a concentration or unit value based on a comparison with a master standard curve
prepared from an international standard. Organizations such as the US National Insti
tute of Standards and Technology are continuing efforts to provide biological and
biochemical standard reference materials, but few are currently available.

19.5.2. Matrix Effects

19.5.2.1. Recovery

Recovery experiments are designed to show whether a method measures all the ana
lyte present in the sample. Interactions with matrix components (e.g. formation of
complexes) can sometimes prevent a fraction of the analyte present from be detected.

The recovery of a known amount of analyte from a sample matrix has long been
taken to demonstrate accuracy. For this to hold true, the standard material must be
pure and the matrix must not interfere with the reactions. When the experimental
conditions have been set, the recovery experiments involve spiking a base matrix
with analyte. Recovery (R) is calculated from the signal difference between the
spiked base and the base itself, and is equal to (measured concentration-base concen
tration)/(added concentration). The volume of the spike should be small (<10% of
the total volume), so that the matrix is essentially unchanged by the spike. The
recovery (%) can be calculated using the following Equation:

Measured concentration 100
%Recovery (19.30)

Calculated concentration

Recoveries at different concentrations are used to construct the recovery plot, as
shown in Figure 19.7, where linearity with slope equal to 1 demonstrates 100%
recovery. Recoveries >90% are considered acceptable for bioassays. In the same

Figure 19.7. Recovery plot. Low recovery can be explained by association of the analyte with matrix

components, losses of analyte during sample manipulation, or inadequate concentration of assay reagents.
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Figure, expected deviations from the ideal behavior at low and high concentration
are shown.

19.5.2.2. Parallelism

The parallelism experiment is used to determine whether an assay’s accuracy
depends on the analyte concentration in the sample used. This characteristic is tested
by diluting a standard sample, and determining whether results agree after correction
for the dilution. Alternatively, results can be plotted against expected values, ideally
to yield a straight (flat) line in which the determined concentration is independent of
the dilution factor. The diluent must be carefully selected to ensure a consistent
matrix among the dilutions. Failure of the parallelism test may indicate extreme sen
sitivity of the assay to matrix composition, lack of sensitivity at the extremes of the
standard curve or inaccurate standards.

Nonideal behavior at low dilution (as shown in Figure 19.8) can result from
association of analyte with matrix components, association of assay reagents with
matrix components, presence of enzyme activators/inhibitors in the matrix and/or
nonspecific contributions to the signal, e.g. from turbidity or background absorbance.

Figure 19.8. Parallelism plot. At high dilution factors matrix effect are minimized. The ideal curve is a
flat horizontal line, where the measured concentration, after correction for dilution, is independent of the
dilution factor.

19.5.3. Interferences

Interferences are substances that can be present in the sample, that cause overestima
tion or underestimation of the true analyte concentration. These species are often
structurally related to the analyte, and interact with assay reagents in similar ways to
produce positive interference or overestimation.

This kind of interference is called cross-reactivity, or specific interference, and
is usually quantitated by assaying for the interferent in the absence of analyte. Vali
dation procedures involve screening a large number of potential interferents at con
centrations higher than their expected levels in real samples. Cross-reactivity
methods for immunoassays have been described in Chapter 7.
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19.6. QUALITATIVE (SCREENING) ASSAYS

As was stated at the beginning of this Chapter, qualitative assays report whether the
analyte is present or not in the sample. A qualitative “yes/no” result is important in
many clinical assays, where the presence of a certain antibody, for example, indi
cates a disease state regardless of its concentration. Automated instrumental meth
ods, however, provide numerical results, and it is the conversion of these numerical
results into a binary “yes/no” format that is a large component of the validation pro
cess. Conversion to the binary format requires a cutoff value. This value may be
selected as the signal corresponding to the LOD or LOQ; it may also be chosen as
the signal produced by a legal or accepted cutoff concentration. A large sample pop
ulation is then screened by the new assay and by an accepted (validated) quantitative
method. Each sample is then characterized as:

True positive: Both methods yield positive results.

True negative: Both methods yield negative results.

False positive: New assay positive, accepted assay negative.

False negative: New assay negative, accepted assay positive.

For this categorization, the important assumption has been made that the quanti
tative method always yields the correct results. The predetermined cutoff value is
then adjusted to minimize or eliminate false negatives. Screening assays are used on
large sample populations, often to determine which samples require further investi
gation. For this reason, false positives are not as problematic as false negatives, since
they will be further examined. False negatives, however, can result in misdiagnoses,
with severe consequences.

19.6.1. Figures of Merit for Qualitative (Screening)
Assays

Sensitivity percent positives identified

True positives (19.31)
100%

True positives false negatives

Specificity percent negatives identified

True negatives (19.32)
100%

True negatives false positives

Efficiency percent correct results

True positives true negatives (19.33)
100%

Total number of samples
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Sensitivity is generally considered the most important of these figures of merit,
because it is an indication of the likelihood of false negative results.

19.7. EXAMPLES OF VALIDATION PROCEDURES

19.7.1. Validation of a Qualitative Antibiotic
Susceptibility Test9

Medical laboratories are frequently asked to determine which antibiotic compounds
are effective against clinically-isolated microorganisms. An accepted method for
determining antibiotic susceptibilities involves culturing the microorganism on an
agar plate in the absence or presence of antibiotic on a small filter-paper disk placed
on the agar surface. Growth of the culture (reproduction) is then allowed to occur
during overnight incubation at 37 °C. A ring with no growth around a filter-paper
disk indicates that the microorganism is susceptible to that antibiotic. This method
requires at least 8 h and may require several days, depending on the growth rate of
the organism.

In the proposed new method, microorganisms suspended in a liquid culture are
incubated at 37 °C for 20 min in the absence or presence of an antibiotic, using the
same drug concentration as is present in the accepted agar plate method. Respiratory
activity (breathing) is then measured by a new electrochemical method. If respiratory
activity is less than 90% of the control measurement, made in the absence of anti
biotic, the microorganism is susceptible to the antibiotic. The new method requires
only 25 min, and can therefore provide results (and effective treatment regimes)
much more rapidly than the accepted method.

Validation was performed using a common laboratory strain of E. coli with 13
antibiotics possessing different mechanisms of action, using both the accepted and
the new method. Comparison of results for each antibiotic allowed classification of
the results as follows: A true positive shows no growth by the agar plate method and
decreased respiratory activity by the new method. A false positive involves growth
on the agar plate but decreased respiration in the new method. A true negative
involves growth on agar, and no charge or an increase in respiration. Finally, a false
negative result occurs if there is no observable growth around the filter paper disk by
the agar plate method, while the new method shows no charge or an increase in
respiratory activity. Table 19.1 summarizes the results obtained in this validation
experiment.

From the results shown in Table 19.1, three parameters may be calculated:
selectivity, sensitivity and efficiency, as defined in Eqs. 19.31–19.33. In this exam
ple, all three parameters are equal to 100%.

Prior to use in a clinical laboratory, this kind of test must undergo regulatory
approval. Data are required from several hospital labs, from numerous control and
sample organisms, as well as a range of antibiotics.
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TABLE 19.1 Validation Tesults for the New Qualitative Antibiotic Susceptibility Test

Antibiotic Agar Plate Result Respiration Result Validation result

Penicillin G No growth Decrease True positive
D-Cycloserine No growth Decrease True positive
Vancomycin No growth Decrease True positive
Bacitracin Growth Increase True negative
Cephalosporin C No growth Decrease True positive
Tetracycline No growth Decrease True positive
Erythromycin Growth No change True negative
Chloramphenicol No growth Decrease True positive
Streptomycin Growth No change True negative
Nalidixic acid No growth Decrease True positive
Rifampicin No growth Decrease True positive
Trimethoprim No growth Decrease True positive
Nystatin Growth No change True negative

19.7.2. Measurement of Plasma Homocysteine by
Fluorescence Polarization Immunoassay (FPIA)
Methodology10

Elevated concentrations of plasma homocysteine (HCY) are related to an increased
risk of cardiovascular disease. HCY exists in numerous forms in plasma, with the
main form existing as a disulfide with itself, cysteine or albumin. Therefore, the first
step in the measurement involves treatment with a reducing agent, in this case dithio
threitol (DTT), to obtain HCY in its free form (Eq. 19.34). Some amino acids (e.g.,
L-cysteine and L-methionine) are present in human plasma at higher molar concentra
tions than HCY and may interfere with this assay. To avoid this possible interfer
ence, the highly selective enzymatic conversion of HCY to S-adenosyl-L
homocysteine (SAH), as shown in Eq. 19.34, is used. Both reactions (reduction and
conjugation) are accomplished in 30 min at 34 °C.

(19.34)
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A monoclonal antibody was raised against SAH, and used in a competitive
reaction where the antibody binds either SAH or a fluoresceinated SAH analog
(tracer), during 20 min at room temperature, as shown in Eq. 19.35.

(19.35)

The fluorescence polarization (P) was calculated from measured fluorescence
values according to Eq. 19.36, where F//is the fluorescence intensity parallel to the
excitation plane, and F is the fluorescence intensity perpendicular to the excitation
plane.

F== F
P (19.36)

F== F

A calibration curve was constructed using five HCY concentration and a blank
solution, and the non-linear curve obtained (Figure 19.9) was used to calculate the
unknown concentrations.

Figure 19.9. Calibration curve based on determinations of HCY standards. [Reprinted, with permission,
from Mohammed T. Shipchandler, and Ewin G. Moore. Clinical Chem. 41:7, 1995, 991–994. “Rapid,

Fully Automated Measurement of Plasma Homocyst(e)ine with the Abbot Imx Analyzer”. Amer. Assoc.
for Clinical Chemistry.]
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Coefficients of variation for intraassay and interassay calibration data are shown
in Table 19.2.

TABLE 19.2 Intraassay and Interassay Variation Coefficients for Calibration Data from the
Plasma Homocysteine Assaya

CV

Standard, μmol/L Intraassay (n= 3) Interassay (n= 3)

3.75
7.50
15.00
30.00
60.00

8.0
3.6
3.4
2.7
1.8

9.1
4.5
6.5
3.0
2.6

aReprinted, with permission, from Mohammed T. Shipchandler and Ewin G. Moore. Clinical Chem. 41:7,
1995, 991–994. “Rapid, Fully Automated Measurement of Plasma Homocyst(e)ine with the Abbot Imx
Analyzer”.  Amer. Assoc. for Clinical Chemistry.

Matrix effects were studied by dilution with buffer of two real plasma samples.
Both parallelism tests (Table 19.3) show that matrix effects are not significant for
this method, since the observed/calculated results show apparently random scatter
about 100%.

TABLE 19.3 Parallelism, Tested in Two Real Plasma Samples (Plasma 1 and Plasma 2)
Diluted with Buffera

HCY (μmol/L)

Buffer:Plasma (vol. ratio) Observed Calculated (Obs./Calc.)× 100%

Plasma 1
0 : 1 47.51 47.51 100.0
1 : 3 33.78 35.63 94.8
1 : 2 32.74 31.64 103.5
1 : 1 25.29 23.76 106.5
3 : 1 12.79 11.88 107.7
7 : 1 6.82 5.94 114.8

Mean (SD) 104.5 (6.9)
Plasma 2

0 : 1 40.40 40.40 100.0
1 : 3 29.14 30.30 96.2
1 : 2 — — —

1 : 1 19.48 20.20 96.4
3 : 1 10.09 10.10 99.9
7 : 1 5.13 5.00 102.6

Mean (SD) 99.0 (2.7)

aReprinted, with permission, from Mohammed T. Shipchandler and Ewin G. Moore. Clinical Chem. 41:7,
1995, 991–994. “Rapid, Fully Automated Measurement of Plasma Homocyst(e)ine with the Abbot Imx
Analyzer”.  Amer. Assoc. for Clinical Chemistry.
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TABLE 19.4 Recovery of L-Homocysteine Added to Plasma Samplesa

HCY, μmol/L

Added (x volume) Calculated Observed Recovery (%)

None
0.00
3.75
7.50
15.00
30.00
60.00
120.00

—

6.07
6.70
7.32
8.57

11.07
16.07
26.07

Plasma 1
7.29
6.05
5.77
7.20
7.93

10.56
16.36
27.56

—

99.7
86.1
98.4
92.5
95.4

101.8
105.7

None
0.00
3.75
7.50
15.00
30.00

—

13.5
14.13
14.75
16.00
18.50

Plasma 2
Mean (SD)

16.2
13.56
14.50
14.77
15.35
18.55

97.7 (6.4)

—

100.4
102.6
100.1

95.9
100.3

Mean (SD) 99.9 (2.4)

aReprinted, with permission, from Mohammed T. Shipchandler and Ewin G. Moore. Clinical Chem. 41,
1995, 991–994. “Rapid, Fully Automated Measurement of Plasma Homocyst(e)ine with the Abbot Imx
Analyzer”.  Amer. Assoc. for Clinical Chemistry.

Another method used to study matrix effects is the recovery experiment.
Table 19.4 shown that recoveries are within acceptable limits, since the calculated
values are again scattered about 100%.

Cross-reactivity was study for similar molecules expected to be present in
plasma. L-cysteine (hydrochloride) and L-methionine at 5 and 4.5 mmol/L, respec
tively, were assayed in buffer. The observed polarization values correspond to HCY
concentrations of 0.0 and 0.1 μmol/L, respectively. Thus, the antibody-binding
reaction is sufficiently selective in the presence of these potential interferents.

Accuracy was assessed by comparison with established methods. Regression
equations were determined for clinical samples analyzed by this new method and
four established HCY quantitation methods. Results from this new method were
plotted as x values and the established method results were plotted as y. Table 19.5
shows the regression equations and their statistical quality parameters.

The correlation coefficients (r) obtained between the tested methods are good,
although the differences in slopes are large, indicating either overestimation of HCY
concentration by methods B-D, or underestimation of HCY concentrations by
method A and the new method. The authors believe that these differences can be
attributed to different purities of commercial standards (HCY) used in the different
laboratories.
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The use of standard reference materials, as indicated previously in this Chapter,
would allow a better assessment of the accuracy of the new method. However, for many
biological analytes, these materials are not available. Under these conditions, a compari
son of results obtained using different methods, as shown above, is appropriate.

19.7.3. Determination of Enzymatic Activity of
β-Galactosidase11

Neutral lactase (β-Galactosidase) is an enzyme produced on an industrial scale,
which catalyzes the hydrolysis of lactose. Industry utilizes this enzyme in the pro
duction of low lactose dairy products, whey treatment and fermented lactic products.
The goal of this study is to demonstrate that a new colorimetric method to measure
the enzymatic activity is adequate for use as a standard method.

The method is proposed to be applicable to solutions of lactase between
2000–5000 units/g, where one enzymatic unit is defined as the quantity of enzyme
that liberates 1.30 μmol o-nitrophenol/min under assay conditions. Lactase decom
poses the artificial substrate o-nitrophenyl-β-D-galactopyranoside into o-nitrophenol
and galactose. Absorbance of o-nitrophenol (yellow in alkaline medium) is measured
to estimate the enzymatic activity, at 420 nm.

Analysis of the data presented in Table 19.6 allows the rejection of anomalous
data (outliers) using statistical tests, producing better precision, from 2.94 to 5.01
(RSDr) and from 7.50 to 13.84 (RSDR). These precision parameters are considered
acceptable, and this preliminary validation of the colorimetric method was therefore
considered successful.

TABLE 19.5 Accuracy of the HCY Assay. Determined by Comparison of Results from
Clinical Samples with Results from Established Methods (A to D), Performed in Different
Laboratories.

Method Equation r sy n

A y= 1.030x+ 0.184 0.980 1.183 42
B y= 1.212x 0.319 0.995 0.457 10
C y= 1.119x+ 0.167 0.996 0.557 8
D y= 1.493x 1.145 0.997 0.877 21

Thirteen laboratories participated in this study; each one received the complete
protocol including precise instructions about the preparation and storage of each
reagent, test samples to calibrate the procedure before beginning the interlaboratory
study, and 5 blind duplicate samples. The relatively low number of samples is due to
the fact that only two concentrations (2000 and 5000 units/g) were tested in this
study.

Data received from three laboratories were excluded from the statistical analysis
because all three reported low enzymatic activity (less than 50% of the expected
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TABLE 19.6 Interlaboratory Comparison of Results for the Determination of
β-Galactosidase Activity Expressed in NLU/g a

Samples

Laboratory 1+ 10 2+ 7 3+ 8 4+ 6 5+ 9

A 4401, 4343 1680, 1655 1716, 1690 4583, 4385 1586, 1542
B 5278, 5591 2232, 2139 2280, 2347 5386, 5340 2004, 2024
C 4522, 4569 1821, 1825 1870, 1874 4879, 4638 1718, 1649
D 5040, 5099 1903, 1856 1955, 2059 5113, 5037 1780, 1706
E 5320, 5097 2086, 2036 2107, 2088 5405, 5340 1924, 1884
F 5404, 5533 2125, 2108 2189, 2146 5470, 5472 1959, 1940
G 5462, 5246 2249, 2099 1980, 2114 5329, 5250 2012, 1916
H 4925, 4765 1693, 1838 1356, 1569 4022, 5066 1834, 1578
Mean 5031 1959 1959 5044 1816
RSDr (%) 3.20 3.75 8.62 7.53 5.01
RSDR (%) 8.77 10.83 16.35 10.88 10.26

aIn samples 1, 4, 6 and 10, the expected activity is 5000 NLU/g, whereas in the rest of the samples the
expected activity is 2000 NLU/g. The data presented are averages of two replicates samples. The
underlined data were later identified as outliers and were not used in further calculations. Intralaboratory
(RSDr) and interlaboratory (RSDR) precision values are also shown. [Reprinted, with permission, from A.
J. Engelen and P. H. G Randsdorp, Journal of AOAC International 82, 1999, 112–118. “Determination of
Neutral Lactase Activity in Industrial Enzyme Preparations by a Colorimetric Enzymatic Method: Collab
orative Study”.  1999 by Association of Official Analytical Chemists.]

values), due to procedural errors. For example, laboratory “J” performed sample pre
treatment over a period of 4 days and assayed for activity during the 5th day, this
caused significant loss of enzymatic activity. Two laboratories did not return results.
Statistical analyses were conducted using the data produced by the remaining partic
ipants; results are shown in Table 19.6.

19.7.4. Establishment of a Cutoff Value for
Semi-Quantitative Assays for Cannabinoids12

When drugs of abuse or other banned substances are determined, a two-step proce
dure is often used. In the first step, specimens are tested by a semi-quantitative assay;
specimens determined positive in this step are examined by a confirmatory, quantita
tive assay in a second step. The second method is generally based on a fundamen
tally different analytical principle, to reduce the potential impact of interfering
species (such as cross-reactants in immunoassays). The first assay must be highly
sensitive to identify presumptive positive samples and eliminate false negatives,
while the second, quantitative method must be highly specific to eliminate false posi
tive results.
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In this example, urine specimens from 6 healthy male subjects with a history of
marijuana use, who were undergoing medical treatment, were initially tested using
eight semi-quantitative cannabinoid immunoassays. In these assays, the metabolite
11-nor-9-carboxy-Δ9-tetrahydrocannabinol (THCCOOH) was detected. The effect
of two different cutoff values (100 and 50 μg/L THCCOOH) were investigated
with respect to sensitivity, specificity and efficiency, as defined previously in
Eq. 19.31–19.33. In this study, all the specimens were also assayed by gas chroma
tography/mass spectrometry (GC/MS), as a quantitative confirmatory method, using
a cutoff value of 15 μg/L; this value was used to define positive and negative test
results ( 15 and <15 μg/L, respectively).

True positive specimens were defined as having immunoassay results equal to
or greater than the specified cutoff concentration (100 or 50 μg/L) and 15 μg/L
THCCOOH by GC/MS. True negative specimens had results less than the cutoff
concentrations for the immunoassays and the GC/MS test. False positive samples
had immunoassay results greater than or equal to the immunoassay cutoff concentra
tion and <15 μg/L THCCOH by GC/MS. False negative samples had immunoassay
results lower than the specified immunoassay cutoff concentration and 15 μg/L
THCCOOH by GC/MS.

In this study, from 957 specimens analyzed, GC/MS results indicate 151 posi
tive and 806 negative results. These are compared with results of the immunoassay
methods. This study concluded that lowering the cannabinoid cutoff concentration
from 100 to 50 μg/L THCCOOH increases the percent correct identification of true-
positive specimens by all of the commercial immunoassays tested. Therefore, the
sensitivities of all of the immunoassays were enhanced, resulting in improved effi
ciency for these assays. As expected, the specificity decreased slightly when the
lower (50 μg/L) cutoff value was used. It was also evident that there are discrepanc
ies between the results of the eight commercial immunoassays. Preliminary tests sug
gest that these discrepancies can be attributed to differences in antibody selectivities,
since different antibodies are used in the different assays; these antibodies may be
expected to show different cross-reactivities with other cannabinoid metabolites, as
well as other interfering species.
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Answers to Selected Problems

CHAPTER 2

1. It is likely that interferences (Cu2+ reducing agents, possibly reducing sugars) are
present in the first Lowry assay; thorough oxygenation of the solution oxidizes
these species, so that they do not interfere in the second assay.

2. The sensitivities of these methods are related to the amino acid compositions of
the standard and unknown proteins, among other factors including the exposure of
particular residues, which affects their reactivities. In addition, glycoproteins often
reacts differently with the assay reagents than do proteins lacking a polysaccharide
component. Therefore, when calibration curves are made using different standard
proteins, their slopes are different. The choice of standard protein will determine
whether total protein is over- or underestimated in the unknown sample.

3. After correction for dilution, the ferricyanide method yields 18± 3 μg/mL. This
concentration of carbohydrate will produce a signal in the DABA assay that is
equivalent to 33 μg/mL of DNA (18× 330/180). The remaining signal in the
DABA assay is due to DNA; its concentration is therefore 11 μg/mL. A dye-
binding assay (e.g. ethidium bromide) can be used as a confirmative method.

CHAPTER 3

1. (a) Two substrates, since water is 55 M and does not change.
(b) [NAD+] must be greater than 10Km for NAD+, i.e. >2.2 mM; linearity should

be observed from 0-1.7 mM (0.1Km for alanopine).
(c) NAD+ is a competitive inhibitor. The apparent Km for NADH is higher in the

presence of added NAD+ than in its absence; Vmax is not affected.

2. (a) Require enzyme solution of concentration 0.5 I.U./L, so for 100 mL we need
0.05 I.U.; from enzyme’s specific activity we calculate 0.05 I.U./700 I.U./
mg= 70 ng enzyme.

(b) From specific activity and MW we find (700 I.U./mg)(1000 mg/g)(45000 g/
mol)= 3.15× 1010 I.U./mol= 3.15× 104 mol substrate/(min×mol enzyme);
converting min to sec gives kcat= 525 s 1.

(c) 0.64 I.U. x (100 mL/0.5 mL) = 120 I.U.
120 I.U./1.6 mg = 75 I.U./mg

Bioanalytical Chemistry, Second Edition. Susan R. Mikkelsen and Eduardo Cortón.
 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.
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3. Enzyme preparation has 20 ng/mL (2.0× 10 5 mg/mL) of solid having
16 I.U./mg, so the activity of this solution is 2.0× 10 5× 16= 3.2× 10 4 I.U./ml,
or 0.32 I.U./L. This solution converts 0.32 μM substrate per minute. From Beer’s
law we calculate A= (2.15× 104 M 1 cm 1)(1 cm)(3.2× 10 7 M/min)= 0.0069
AU/min.

4. Eadie-Hofstee Method: plot ν vs. ν/[S], slope= Km, y-intercept is Vmax. Values
obtained by linear regression are Km= 0.62 mM and Vmax= 0.74 μmol/min, with
R= 0.996, using the data shown below:

ν 0.648 0.488 0.418 0.353 0.310 0.275

ν/[S] 0.162 0.365 0.523 0.621 0.692 0.747

Cornish-Bowden-Eisenthal Method: each of the ν, ν[S] points shown above
gives the equation for a straight line, according to Vmax= ν+ (ν/[S])Km. The six
equations are thus:

Vmax= 0.648+ 0.162 Km [1]

Vmax= 0.488+ 0.365 Km [2]

Vmax= 0.418+ 0.523 Km [3]

Vmax= 0.353+ 0.621 Km [4]

Vmax= 0.310+ 0.692 Km [5]

Vmax= 0.275+ 0.747 Km [6]

Each pair of equations is then used to solve for Vmax and Km (2 equations/
2 unknowns), so that 5+ 4+ 3+ 2+ 1= 15 values are obtained for each. These
values are:
Vmax: 0.776, 0.751, 0.753, 0.753, 0.752, 0.652, 0.683, 0.691, 0.694, 0.770,

0.763, 0.756, 0.750, 0.741, 0.727 (Avg± SD= 0.73± 0.04 μM/min).
Km: 0.788, 0.637, 0.643, 0.638, 0.638, 0.443, 0.527, 0.554, 0.558, 0.663, 0.639,

0.638, 0.606, 0.619, 0.636 (Avg±SD= 0.62± 0.08 mM).
The CB-E method is likely to yield better estimates of Km and Vmax.

To find kcat, we use the Vmax value determined by the CB-E method and the enzyme
concentration: (0.73μM substrate/min)/0.050μM enzyme)= 15 min 1= 0.25 s 1.

5. Hanes plots yield slopes of 1/Vmax and y-intercepts of Km/Vmax. So, from the
values given, Vmax= 0.0100 μM/min and Km= 2.0× 10 5 μM, or 20 pM. Specific
activity is calculated from Vmax = 0.0100 I.U./L, since enzyme concentration
is known to be 10 ng/mL (i.e.0.010 mg/L): (0.0100 I.U./L)/(0.010 mg/L)=
1.0 I.U./mg.
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CHAPTER 4

1. The kinetic method requires [S]< 0.1Km, since initial rates are measured, and
these depend linearly on [S] only under these conditions.

2. For a substrate assay, [S]< 0.1Km, and for an activity assay, [S]> 10Km.

3. Detection limits would be considerably improved (lower) if the indicator reaction
generates and inhibitor of a fluorophore-producing enzymatic reaction, because
of the additional catalytic amplification provided by this reaction.

4. (a) Only the first reaction is critical for the AP assay. The other three reactions are
indicator reactions that could be used with any primary reaction producing
FAD.

(b) 0.1 μmol substrate/L converted in 10 min = 1× 10 5 μmol/(min mL)= 1×
10 5 I.U./mL.

(c) Calculate Vmax = (3.2 s 1)1.2× 10 8 M enzyme)= 4.32× 10 8 M/s; after
10 min (600 s), 4.32× 10 8 M/s× 600 s= 2.59× 10 5 M substrate has been
converted. Since 1:1 stoichiometry prevails, the absorbance change is
(2.3× 104 M 1 cm 1)(1 cm)(2.59× 10 5 M)= 0.60 AU.

(d) In the activity assay, 1.2× 10 8 M enzyme would yield and absorbance
change of 0.3 AU. Assuming a linear relationship between ΔA and [S],
0.4× 10 8 M enzyme would yield 0.1 AU, and 8.0× 10 8 M would give
2.0 AU. The approximate dynamic range of the alkaline phosphatase assay is
thus 0.004 - 0.080 μM. Since kcat= 3.6 s 1 (or 216 min 1), and Vmax= kcat[E],
the Vmax values range from 0.86 μM/min to 17 μM/min. These values convert
to 8.6× 10 4 and 1.7× 10 2 I.U./mL.

5. From Beer’s law, [ABTS]ox= 0.174 AU/(3.48× 104 M 1 cm 1× 1 cm)= 5.00×
10 6 M. The AG:ABTS stoichiometry is 1:1, so taking dilution into account, the
original [AG] was 5.00× 10 5 M. Converting units yields [AG]= 8.20 mg/mL,
indicating that the patient is diabetic.

6. (a) Citrate 4.1 mM, NADP+ 0.068 mM, isocitrate dehydrogenase in sufficient
excess to quantitatively convert NADP+

(b) Normal 68 IU/L after 10 min and 0.5 to 2.5 mL dilution yields 136 μM
NADPH; reduced 40 IU/L yields 80 μM NADPH. With 1 cm path and
1.36× 10 4 M 1cm 1, Normal is 0.853 and reduced is 0.502 abs unit change.

7. 350 μM for (A) and 800 μM for (B)

CHAPTER 5

1. Steps consist of support activation, enzyme coupling and column packing. Poly
styrene must first be activated to generate suitable functional groups fro
immobilization. This requires nitration, reduction and diozotization in the activa
tion step. The subsequent coupling step to immobilize the enzyme then consists
of exposing the support to a buffered aqueous solution containing cholesterol
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oxidase. Following this mild coupling step, the polystyrene particles are filtered,
rinsed and packed into a column. Cholesterol oxidase, like other oxidase
enzymes, generates hydrogen peroxide which can be detected amperometrically
at +0.7 V vs SCE. To use an absorbance detector, peroxidase must be coimmobi
lized with the cholesterol oxidase, and a dye reagent must be included in the
mobile phase so that a colored reaction product is generated.

2. (a) This copolymer yields residual carboxylate groups after immobilization.
The negative charge attracts counterions including H+, so that local pH at the
particle surface is lower than bulk pH. This means that the apparent pH opti
mum will be higher for the immobilized enzyme than for the dissolved, homo
geneous enzyme. This applies to any enzyme immobilized on ethylene/malic
anhydride copolymer.

(b) Due to the stagnant (diffusion) layer at the particle surface, the apparent Km

for urea will be larger than the homogeneous Km. The same is true for any
immobilized enzyme.

3. (a) This is a physical immobilization method. The enzyme is trapped between
membranes, but is not chemically bound. The effect of this immobilization on
Km could be to increase it slightly (Km is never lower for immobilized
enzymes), but the pH optimum is not expected to change. In effect, the
enzyme exists in solution that is trapped between membranes, but it is not
chemically bound to the surface. Physical immobilization methods have less
effect on Km and pH optima than do chemical methods.

(b) Response increases linearly with [acetylcholine], then levels off at high con
centrations. K occurs at half-maximal response.m

(c) Same as Figure 2.12.

4. (a) Silanol groups are derivatized using APTS, giving primary amine groups.
These can be reacted directly with protein carboxylate groups, using a dehy
drating reagent such as a carbodiimine/NHS reaction; alternately, the primary
amines can be diazotized, then coupled to protein residues.

(b) From Equation 4.23, capacity C= kETβ= {(1.45× 103 s 1)(0.3 g enzyme)/
(5× 104 g/mol}× (3 mL/5 mL)= 3.5× 10 3 mol s 1= 0.21 mol min 1.

(c) From Equation 4.24, substitute C= 0.21 mol min 1, P= 0.95 and given Km
values. Using the homogeneous Km value, maximum flow rates of 1.2× 104,
1.2× 104 and 9.2× 103 L/min are obtained with the values given (this column
has an extremely large capacity).

CHAPTER 6

1. Preparation A is more concentrated, since it must be diluted to a much greater
extent to reach the dilute end of the equivalence/agglutination zone.

2. Monoclonal antibody preparations contain a homogeneous population of identi
cal antibody molecules with identical binding sites. They have a well-defined
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interactions between this site and a single antigen epitope. This results in a linear
Scarchard plot. Polyclonal preparations consist of a mixture of antibody mole
cules, some reacting with antigen. Those that bind antigen possess a number
of different paratopes, so that a variety of antigen epitopes bind, each with a dif
ferent affinity. This results in a curved Scatchard plot.

3. (a) No precipitin forms. Anti-B, -C, or -D must also be present to obtain
precipitin.

(b) Precipitin is present since antigen is multivalent.
(c) No precipitin forms because only the primary Ag:Ab reaction can occur.
(d) Precipitin forms (same argument as for (b)).

4. Yes, the bacterium was present, since an agglutination zone was observed. A
prozone is only observed if the antigen is present in excess, at the low dilution
(concentrated) end of the dilution series; since no prozone was observed, the bac
terium was initially present at too dilute a concentration for the observation of a
prozone.

5. The precipitin line would curve towards the antigen well.

CHAPTER 7

1. (a) estrogen, (b) human α-fetoprotein, (c) mouse antibody, and (d) acetylcholine.

2. (a) antibody, (b) antibody, and (c) labelled ligand and ligand/unknown.

3.
Fluorophore Continuous

Chemiluminescent Single event (e.g. 1 photon/reaction)

Enzyme Catalytic amplification

Cofactor Continuous (like substrate)

Lysing agent Catalytic amplification (trapped E)

Secondary label Catalytic amplification (binds E)

Prosthetic group Catalytic amplification (creates active E)

Electroactive Single event (e.g. 1 electron/ferrocene)

Spin label Continuous

Substrate Continuous (e.g. A of product)
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4. (a) Ab is present at limited concentration, while H, H-H and Ab∗ are all present in
excess.

(b) Only one other species will be present, Ab-H.
(c) Of these potential interferents, E is expected to cross-react to the greatest

extent, since it is the most identical to C, especially in the region most likely
to comprise the epitope. D is the least likely to interfere, since it is different in
the Ab-binding region.

(d) Plot is sigmoid, with signals high at low [testosterone] and decreasing as con
centration increases.

5. (a) Plot is sigmoid, with higher signals at low [free biotin] values, decreasing as
[biotin] increases.

(b) [Substrate] > 1.0 mM should be used (10Km).
(c) Ideally, the plot of light intensity, or photons detected, as a function of time

will be flat, i.e. photons are emitted and detected at a constant rate. In contrast,
absorbing products accumulate in an enzymatic reaction, so that absorbance
increases with time.

6. This assay is noncompetitive, so that linear emission-concentration (rather than
sigmoid emission-log[Ag]) plots are observed. Linear log-log plots will also be
observed, and as shown in the Figure 6.6, F1 emission decreases with increasing
concentration while F2 emission increases with increasing Ag.

7. (a) Remaining fractional activity=MW(enz)/(MW(enz)+ MW(ab)), so for HP
21%, AP 40% and BG 78%. Decrease is 100-remaining, so HP has 79%, AP
60% and BG 22%. Specific activities as k(cat)/MW× 60 s/min, for HP
(one active site) 3900 IU/mg, AP (two active sites) 1000 IU/mg and BG
160 IU/mg. Multiply by remaining activity to get HP 820 IU/mg, AP 400 IU/
mg, BG 125 IU/mg.

(b) Measured HP 86, AP 66, BG 40; calculated HP 79, AP 60, BG 22. Biggest
difference is with BG. Possibly conformational change (loss of 4° structure),
modification of active site residue(s) or blocking of some active sites.

(c) Adjusting k(cat) for activity remaining, HP 364 s 1molE 1, AP 578, BG 850,
so multiply molar abs of product by these k(cat) values to get absorbance
changes per second with 1 cm path to get HP 7.9× 106, AP 1.0× 107, BG
4.0× 106. Based on these values, AP is the choice.

CHAPTER 8

1. (a) i= 26 μA; don’t forget to convert cm3 units to L.
(b) Same as (a) - current does not change.

2. The assumption is invalid when very small sample volumes are used. Then
analyte is consumed, and the concentration of analyte in the reaction layer
decreases with time.
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3. We want NADPH to be produced very close to the surface of the optical fiber,
so that the evanescent wave will detect it. Option (a) is not the best, since
adsorption would lead to a loss of activity, and the monolayer would have a low
total activity. Option (c) also produces a monolayer, and may not fully convert
glucose (i.e. [S]o does not equal 0). Option (b) looks the best, since complete
conversion of glucose would occur in the outer layers, and the production of
NADPH occur in the outer layers, and the production of NADPH occurs at the
surface of the fiber.

4. Thermal sensors rely on heat retention, to measure heat generated by the enzy
matic reaction. This will result in denaturation over the longer term. Amperomet
ric sensors are not insulated, so that heat dissipation is more efficient.

CHAPTER 9

1. False. Biological and analytical “figures of merit” are not always the same.

2. The main criterion is the availability of knowledge to guide a rational design pro
cess. Secondary criteria would include the lack of an available method to screen a
large library, and the nature of the desired improvement.

3. In the first case, the diversity generated will be low; the PCR products will consist
mainly of perfect copies of the template, with no mutations. In the second case,
it is unlikely that a functional protein will be produced due to the very high
error rate.

4. The number of original DNA molecules in 5 ng of template is about 6.72× 109.
The mass of the template molecules was not included in the total DNA mass
calculation.

Number of
Cycles

Number of DNA Copies
(for each template molecule)

Molecules
Copied

DNA Mass
in Grams

5 31 2.08× 1011 1.55× 10

15 32,767 2.20× 1014 1.64× 10

30 1.07× 109 7.19× 1018 5.35

60 1.15× 1018 7.72× 1027 5.75× 109

500 3.27× 10150 2.20× 10160 1.64× 10142

5. (a) Generate genetic diversity (e.g. error-prone PCR or DNA shuffling), link
genotype to phenotype (e.g. ribosome display or phage display), then

7

4
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selection/screening (e.g. panning with immobilized ligand or single-turnover
substrate or testing of individual cultures).

(b) Immobilize scFv e.g. on microplate wells, rinse, add solutions containing
fixed [peptide] and varied [peptide] to wells, incubate, rinse. Add excess of
enzyme-labeled avidin or streptavidin, rinse, add excess substrate. Best if
product is fluorescent. This is heterogeneous and competitive (signal vs log
conc).

(c) Precision profile, parallelism, recovery, interference study. See Chapter 19.

CHAPTER 10

1. (a) SEM.
(b) AFM.
(c) SECM.
(d) Confocal microscopy.
(e) TEM.
(f) Visible light microscopy.

CHAPTER 11

1. (a) pH 6: Both proteins are positively charged, and will migrate to the cathode.
(b) pH 8.5: Myoglobin has a negative charge and will migrate to the anode, while

cytochrome c has a positive charge and will migrate to the cathode.

2. (a) SDS gives a uniformly negative charge/mass ratio, so samples are applied at
the cathodic end of the gel and will migrate to the anode.

(b) The smallest protein migrates farthest, i.e. protein X.
(c) Distance migrated is proportional to log(MW). Using this relationship with

the two points given, the MW of the unknown is 26.3 kD.

3. Proteins stained with Coomassie Blue show as visible blue bands. DNA stained
with ethidium show bands only under UV illumination.

4. If pH> 3, DNA is always negatively charged, and proteins will all be positively
charged, so that DNA and proteins will transfer in different directions.

5. Ethidium will stain all DNA present, while the DNA probe will bind only to its
complementary sequence.

CHAPTER 12

1. Regression of distance (cm) against log(MW) gives the line y= ( 1.56)x+ 11.6;
from this, y= 3.03 cm gives log(MW)= 5.49, so MW= 309 kD.

2. The protein has a subunit ratio of 2 (75 kD): 1 (50 kD), with a minimum MW of
200 kD.
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3. Regression of distance (cm) against log(length, BP) yields y= ( 55.45)x+ 224.3;
from this, y= 15.27 cm gives log (length)= 3.77, so the length of the unknown is
5884 BP.

4. (a) Cathode= bottom; Anode= top; samples are applied at the bottom.
(b) 5 -GCGATCACCG-3

CHAPTER 13

1. Zone EP causes a continuous migration in one direction, as long as the voltage is
applied; bands can migrate right off the gel. IEF causes initial migration, but
reaches a steady-state when all proteins are at their pI values and have zero net
charge.

2. The pH range of the gel is 6.5 (anode) - 7.5 (cathode), over the 10-cm length. The
three HB variants will be 0.8 cm (pI 7.42), 2.9 cm (pI 7.21) and 4.5 cm (pI 7.05)
from the cathodic end of the gel.

3. After the IEF run, the gel is exposed to a solution containing the E-Ab conjugate.
The enzyme is chosen to convert a colorless substrate into a highly absorbing
product. A colored band appears where the Ab binds its Ag. Reaction of proteins
with SDS, needed in the second dimension of the 2D separation, results in a loose
of the tertiary/quaternary structure of the antigen, so that Ab probably will not
bind.

4. IEF is performed on proteins in their native state, and is based on migration to the
pI value in the gel. SDS disturbs the protein structure, and gives a uniformly neg
ative charge/mass ratio, so that separation is based only on size (sieving).

5. Nucleic acids inherently have a uniformly negative charge/mass ratio from the
sugar-phosphate backbone. An IEF run over the pH 6-8 range would cause
migration of nucleic acids off the anodic end of the gel.

6. The IPG-DALT gel shows the presence of two subunits. One has pI 8.2 and MW
50 kD, while the other has pI 7.1 and MW 80 kD. Since the 80 kD band is darker
(larger), the intact protein probably contains two 80 kD and one 50 kD subunits.

7. MW markers are added at the end of the IEF run, to one end of the IEF gel, so
that they do not interfere with (or obscure) the focussing of analyte proteins, and
provide a distinct series of bands on one side of the 2D gel.

CHAPTER 14

1. Using equation 12.7, retention times (a) increase by a factor of four, (b) decrease
by a factor of two, and (c) increase by a factor of two.

2. APTES modification will cause an anodic drift, so the detector should be placed
at the anodic end of the capillary.
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3. The lowest m/z corresponds to the highest charge (+8), and the highest m/z corre
sponds to the lowest charge (+5). The four calculated MW values are thus 7504,
7497, and 7500, so MW= 7500.

4. All amino acids have the reactive primary amino group. This can be derivatized,
for example, with an aldehyde group present on a redox-active species, such as
ferrocenecarboxaldehyde, (C5H5)Fe(C5H4CHO).

5. The coincidence detector eliminates background noise by requiring both PMTs to
simultaneously record a count.

6. The G:A:C:T ratio is 8:4:2:1. Thus the sequence can be read as 5 -CTGCAG
CATCATG-3 . The complementary (analyte) sequence is therefore 5 -CAT
GATGCTGCAG-3 .

7. To elute the pattern at the anodic (acid) end of the capillary, the focussed proteins
should develop a negative charge. This is done by shifting to basic conditions by
adding a salt (e.g. NaCl) to the anodic buffer reservoir.

CHAPTER 15

1. (a) RCFmin= 97,890 g, RCFmax= 179,465 g, RCFav= 138,678 g.
(b) No; the relationship between rpm and g force is not linear.

2. (a) k= 114.
(b) The vertical rotor with k= 8.

3. 48,036 rpm.

4. k values are 469 (40,000 rpm); 833 (30,000 rpm); 1875 (20,000 rpm) and 7500
(10,000 rpm).

5. Influenza virus particles 16 min; ribosome subunits, 4.5 and 3 h for small and
large subunits respectively.

6. 5.52 S (Svedberg)

CHAPTER 16

1. (a) 1.6
(b) Protein X has higher MW because it elutes earlier than does protein Y.

2. A plot of (VE-Vo) vs log(MW) yields the regression equation y= ( 30)x+ 160; if
y= 26.2 mL, x= 4.46, corresponding to MW= 28.8 kD.

3. If the mixture contains other dehydrogenases, an affinity column (e.g. cibachron
blue) will separate all dehydrogenases. Then ion exchange chromatography can
be used to isolate the dehydrogenase of interest based on net charge and charge
distribution characteristics in the dehydrogenase of interest.
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4. A plot of 1/(VR-Vo) (in L units) against [glutamate] (in μM units) yield y=
100x+ 10. The association constant is calculated as slope/intercept, and is
10 (μM 1), or 1.0× 107 M 1.

CHAPTER 17

1.
Compound Formula Monoisotopic Average

Glycine (Gly or G) C2H5NO2 75.0319 75.0677

Tryptophan 204.0896 204.2303C11H12N2O2

(Trp or W)

Polypeptide 1543.7629 1544.8325C84H101N15O14

Porcin insulin 5773.6183 5777.6755C256H381N65O76S6

Myoglobin 16,972.9091 16,983.7061C769H1212N210O218S3

Big heterodimer 39,770.8635 39,796.4794
protein

C1802H2933N532O462S12

2. Monoisotopic peak is the more intense in low molecular weight compounds.
When the number of carbon atoms increase, molecules bearing one or more 13C
atoms becomes common, and therefore these peaks are more intense. At high
MW, there is a negligible probability of not bearing at least one 13C atom; there
fore the monoisotopic peak is not observable in these spectra.

3.
Ion Charge Symbol Ion Mass Position (m/z)

+1 (M+ 1H)+ 23,631.36 23,631.36

+2 (M+ 2H)+2 23,632.36 11,816.1800

+3 (M+ 3H)+3 23,633.36 7877.7866

+4 (M+ 4H)+4 23,634.36 5908.5900

+5 (M+ 5H)+5 23,635.36 4727.0720

+6 (M+ 6H)+6 23,636.36 3939.3933
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4.
m2 m1 Δm n2 (Calculated) n2 (Integral Units) M

1306.4 1219.4 87.0 14.00 14 18,275.6

1219.4 1143.3 76.1 15.01 15 18,276.0

1143.3 1076.1 67.2 16.00 16 18,276.8

1076.1 1016.3 59.8 16.98 17 18,276.7

1016.3 963 53.3 18.05 18 18,275.4

(a) m/z range of spectrometer.
(b) Concentration negligible.

5. Δm at 50% level is equal to 2.9, and M 1204.5, therefore the calculated reso
lution is equal to 415 using FWHM definition.



Index

α-Bungarotoxin, 182
α-Cyanocarboxylic acid, 382
α-Hemolysin, 225
β-Galactosidase, 84,148, 221, 433
β-Globin polypeptide, 275
β-Glucuronidase, 84
β-Lactamase, 212
β-Thalassemia, 297
μ-TAS, 404

Numbers
10% Valley definition, 382
2,5-Dihydroxybenzoic acid, 382
2-Aminothiophenol method, 36
2D Electrophoresis, 299
3,5-Diaminobenzoic acid method, 31
5 -3 -Exonuclease, 263
5 -3 -Polymerase, 263
50% Valley definition, 382

A
Absorbance

and transmittance, 4
spectra, 5
units, 4
enzyme assay, 74

Accelerating plate, 377
Accuracy, 416, 424
Acetylcholine biosensor, 182
AChR, 181
Acridinium ester, 145
Acrylamide, 250
Active site, 41
Activity stain, 260
Acyl azide method, 95
Adenosine

deaminase, 69

diphosphate, 44
triphosphate, 44

ADP, 44
Adsorption, 99

of protein, 91
Affinity chromatography, 360, 361

association constant, 364
theoretical approach, 365
ligand, 360
monolith chromatography, 362
-based probe, 83

AFM, 237
substrate, 239

Agarose
gel electrophoresis, 254
electro-osmotic flow, 254

Agglutination
reaction, 124
zone, 125

Alcohol dehydrogenase isoenzyme, 273
Alkaline

copper method, 24
sulfate, 35

phosphatase, 74, 111, 147, 242, 265
Allantoin, 68
AMC, 362
Ammonia electrode, 10
Ammonium persulfate, 250
Amperometric, 178

detector (CE), 316
Amperometry, 10, 79

electrode, 11
Ampholine, 292
Ampholyte, 291

in CE, 321
Analyte, 1
Analytical ultracentrifugation, 336
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Angular aperture, 230
Anhydride group, 96
Anion-exchange column, 368
Anneal primer, 278
Annealing temperature, 278
Anode, 244
Antibiotic susceptibility test, 428
Antibody, 117

artificial, 172, 174
directed evolution, 211
-antigen binding, 122
-based biosensors, 171

Antigen, 117
calibration curve, 137
-binding fragments, 119
classification, 120

Antiserum, 120
Apoenzyme, 41

reactivation immunoassay, 153
Apparent Km value, 105
Aptamer, 173
APTES, 92
ARIS, 153
Arithmetic mean, 416
Artificial

antibody, 172, 174
ion channel, 174
pancreas, 205
recognition agent, 172

Arylacridinium ester, 144
Aspartate aminotransferase, 55, 81
Atomic force microscopy, 237
ATP, 44
Autoradiogram, 282, 283
Average mass, 387
Avidin, 265

B
Back diffusion, 325
Back-scattered electron, 236
Bacterial mass spectrometry, 398
Baking step, 262
Band-broadening, 248
BCA method, 24
Beamsplitter, 231
Beer-Lambert law (Beer’s Law), 4, 73
Benzoquinone, 190
Bicinchoninic acid method, 25
Bifunctional reagent, 97

Bioassay, definition, 167
Biochemical oxygen demand, 172

biosensor, 192
Biocompatible material, 202
Bio-Gel A, 360
Bio-Gel P, 360
Bioluminescence, 7

method, 77
Biomimetic recognition agent, 172
Biosensor,

calorimetric, 186
definition, 166
evaluation of performance, 201
fuel cell based, 206
implantable, 202
in vivo, 201
microcatilever, 197
potentiometric, 180
recognition agents, 170
response time and recovery, 201
SAW based, 194
SPR based, 190
stability, 201
transducer, 170

Biotin, 190
conjugate, 265
label, 223

Biotinylated DNA probe, 265
Biphenyl dioxygenase, 212
Blank solution, 18
Blinking fluorescent probe, 231
Blocking reagent, 159
Blood group, 125

typing, 125
Blue dextran, 250
Blue Native PAGE, 272
BN-PAGE, 272
BOD, 172
Bradford method, 26
BTX, 182

C
Calibration, 18
Calorimetry, 14–16, 82
Canary in a cage, 167
Cantilever, 197, 237
Capacity factor, 350
Capillary

electrophoresis, 306
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detector, 310
instrumentation, 307
sample injection, 309

ionization source interface, 314
isoelectric focusing, 321
polyacrylamide gel electrophoresis, 319
residence time, 308
wall, 308
zone electrophoresis, 306

Carbamylcholine, 183
Carbodiimide, 96

reaction, 134
Carbohydrate total method, 35
Carbon

dioxide electrode, 10
fiber electrode, 317

Cardiovascular disease marker, 346
Carrier ampholyte, 291
Casting gradient gel, 296
CAT, 84, 342
Catalase, 241
Catalytic

activity and directed evolution, 222
antibody, 180, 223

Catechol-2,3-dioxygenase, 106
Catecholamines, 318
Cathode, 244
Cation-exchange chromatography, 368
CCD camera, 230
CDs as gold electrode, 188
CE, 306
CEDIA, 154
Cell

based biosensor, 172, 192
surface display, 218

Cellulose
acetate electrophoresis, 249
electrophoresis, 248

Centrifugal
microfluidic systems, 344
pumping, 345

Centrifugation method, 325
Cesium salt, 331
Chaotropic ion, 356
Charge-coupled device, 230
Charged species, 244
Chemiluminescence, 7
Chemiluminescent label, 143
Chimera, 217

Chimeric gen, 212
Chloramphenicol acetyltransferase, 84, 342
Cholesterol esterase, 44, 73
Chromatogram, 354
Chromatographic method, 349
Chromatography

affinity, 361
elution method, 364
five major classes, 353
ion exchange, 368
normal phase, 360
plate theory, 351
rate theory, 351
resolution, 352
reversed phase, 360

Chymotrypsin, 102
Chymotrypsinogen, 371
CID, 384

ion classes formed, 394
CIEF, 321
Clark oxygen electrode, 11, 193
Clearing factor k, 329
Cloned enzyme donor immunoassay, 154
Coefficient of variation, 417
Coincidence detector, 12, 319
Collision-induced dissociation, 385
Colour, 2
Column PAGE, 252
Comb-shaped electrode, 194
Compact disk electrode fabrication, 188
Competitive

ELISA, 146
fluorescence, 140
inhibition, 60
-binding assay, 152

Concentration gradient, 104
Conductimetric method, 80
Conductivity, 11
Confidence

interval, 418
limit, 417

Confocal microscope, 231
Conjugate, 265
Constant charge per unit weight, 253
Contact mode AFM, 238
Continuous flow, 107
Convection current, 255
Cooling plate, 248
Coomassie Blue, 26, 258, 272
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Coriolis force, 344
Cornish-Bowden-Eisenthal plot, 52
Counterelectrode, 180
Coupled reaction, 69
Coxsackie virus, 196
C-PAGE, 320

electropherogram, 321
Creatine kinase, 55

assay, 72
Cross-flow channel design, 406
Crosslinked dextran, 354
Crosslinking

method, 91
reagent, 97

Cross-reactivity, 156, 158, 426
Crosstalk, 315
Crystal violet, 233
Cu2+-BCA assay, 35
Curved band, 255
Cutoff value, 427, 435
CV, 417
Cyanogen bromide method, 94
Cytochrome c, 371
CZE, 306

mathematical description, 307
-ES-MS instrumentation, 315

D
DABA, 31–32
D-Amino acid oxidase, 41, 44
DAPI, 33
Dehydrogenase, 54, 69, 212
DELFIA, 142
Denaturation temperature, 106
Denaturing additive, 358
Densitometer, 258

trace, 260
Density

gradient, 330
materials, 331
redistribution, 333

centrifugation, 326
DESI, 401
Desorption electrospray ionization, 401
Detection

limit, 67
protein assay method, 30
CE, 311

Deuterium lamp, 3

D-Galactose polymer, 254
Diaminobenzoic acid method, 32
Dichroic mirror, 231
Dideoxy DNA sequencing

method (CE), 320
Difference gel electrophoresis, 301
Differential

centrifugation, 334
scanning calorimetry, 15

Diffusion
coefficient, 340
layer, 104

Diffusional
broadening, 252, 293
spreading, 248
transport of substrate, 175

DIGE, 301
Digitization error, 230
Dihydroorotate dehydrogenase, 83
Dipeptidylaminopeptidase I, 83
Diphenylamine method, 31, 32
Direct quenching fluorescence, 150
Directed

evolution protocol, 214
protein evolution, 211

Disc electrophoresis, 252
Disposable glucose strip, 179
Dissociation constant, 214
Dissociation-enhanced lanthanide

fluorescence immunoassay, 142
Dithiothreitol, 273
DNA

aptamer, 190
chip, 200
diagnostic technique, 274
dye-binding method, 34
fingerprinting, 275
fluorimetric method, 33
microarray, 198, 200
molecular weight, 272
polymerase, 215, 278, 320
probe, 200, 234, 263
sensor, 184
separation and analysis, 254
sequencing, 279
shuffling, 217
total method, 31

DNAse I, 263, 217
Dopamine, 206
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Double sector cell, 337
Double-diffusion method, 127
Double-reciprocal plot, 51
DPA, 31–32
DPAP I, 83
Drag force, 325
DSC instrument, 15
DTT, 273
Dynamic range, 420
Dynode, 386

E
E.C. number, 43
Eadie-Hofstee plot, 50
Earth’s gravitational field, 326
ED, 423
Eddy diffusion, 357
EFCs, 206
Effective dose, 423
Efficiency, 428
Egg white lysozyme, ESI-MS spectra,

389
EIHIA, 155
Elastically scattered electron, 236
Electric field, 244
Electrode, 244
Electrokinetic

injection, 309
microinjector, 319

Electrolysis, 245
Electromagnetic lens, 234
Electron

beam, 234
microscopy, 234
multiplier, 385, 386

Electronic transition, light absorption, 3
Electron-impact ion source, 377–378
Electroosmosis, 307
Electro-osmotic effect, 250
Electropherogram, 313

from CZE-MS, 316
Electrophoresis, 244

and electrolysis, 245
detection method, 258
experimental condition, 254
field gradient, 255
pulsed field, 256
stain and dye, 258
support media, 248

Electrophoretic
migration theory, 245
resolution, 254

Electrospray ionization, 380
as CE detector, 313
MW determination, 388

Electrostatic analyzer, 384
ELISA, 145
Ellipsoids of revolution, 327
Elution volume, 354
Emission spectra, 6
EMIT, 152
Encapsulated, 220
Encapsulation, 100
Endonuclease, 274
Endpoint assay, 72
Enhanced alkaline copper method, 24
Enhancement fluorescence, 149
Entrapment, 99
Envelope peak, 387
Enzymatic fuel cell, 206
Enzyme 41

activator, 58
catalytic power, 46
categories, 44
covalent immobilization, 91
denaturation, 85
immobilization

method, 90–91
support material, 92

immobilized properties, 101
immunoassay label, 145
inhibitor, 59
inhibitory homogeneous

immunoassay, 154
kinetic data fitting, 57
kinetics, 48

one substrate, 53
two substrate, 54

microencapsulation, 91
names, 42
reaction steps, 47
reactor, 107
restriction, 274
specific activity, 63
storage, 86
thermal stability, 106
unit, 62
-based biosensor theoretical response, 175
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Enzyme (Continued ) Filter cube, 231
-linked immunosorbent assays, 145 Firefly
-multiplied immunoassay technique, 152 bioluminescence, 7
-release fluorescence immunoassay, 153 luciferase, 78
-substrate complex, 63 FISH, 234

Eosin, 233 FITC, 76, 182, 183
Epicocconone method, 28 -derivatized amino acid, 313
Epitope, 120 Fixation, microscopy, 232
Equilibrium sedimentation, 336 Fixed-angle rotor, 328
Error-prone PCR, 213, 215 Fixed-time assay, 72
ES complex, 176 Flavin
ESI, 380 adenine dinucleotide, 41

ionization source, 381 mononucleotide, 41
negative ion mode, 397 species, 42
-triple quadrupole, 385 Flight

Esterase, 75 path, 377
Etchant solution, 189 tube, 384
Ethidium bromide, 33, 234, 258 Flow
Ethylene/maleic anhydride carrier, 103 profile, 351, 406
Euler force, 344 rate, 350
Evanescent wave, 182 Fluid flow profile, 406
Excitation Fluorescamine method, 28

beam, 231 Fluorescence
spectra, 6 detection, 76

Eyepiece, 231 enhancement, 149
excitation transfer, 140, 151

F in situ hybridization, 234
FAB, 380 microscope, 231

ionization source, 381 polarization, 430
FACS, 226 immunoassay, 151
FAD, 41 quenching, 76
False resonance energy transfer, 141, 183

negative, 428 spectroscopy, 5
positive, 428 Fluorescent

Family shuffling, 217 label, 139
Faraday’s constant, 9 protein, 234
Fast atom/ion bombardment, 380 FMN, 41
Ferguson plot, 253, 268 Focal plane, 231

for hemagglutinin, 269 Focusing protein, 295
Ferricyanide method, 35 Folin-Ciocalteau reagent, 24
Ferrocene, 178 Force
Ferrocene-mediated glucose sensor, 179 -mode measurement, 239
Ferrowax microvalve, 346 -volume map, 239
FIA system, 194 Forensic, 275
Fibrinogen, 204 identification, 411
Fibrous capsule, 203 Formal reduction potential, 8
Ficin, 110 Fouling, 169
Ficoll, 331 Fourier-transform ion cyclotron
Field strength gradient, 255 resonance, 385
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Four-parameter log-logit model, 422
FPIA, 151
Fraction collection, 336
Free fatty acid method, 37
FRET, 141, 151
Frictional

coefficient, 246
drag, 244
force, 325

FTICR, 385
Full width at half maximum, 382
FWHM, 382

G
g force, 327
Galactose oxidase, 224
Galactosidase, 84
GAO, 224
Gas evolution, 82
Gas-sensing electrode, 80
Gaussian distribution, 418
Geiger counter, 12
Geiger-Mueller tube, 12
Gel

composite, 254
filtration, 353
materials, 359
retention behavior, 355

Genetic library, 214
Genotype-phenotype linkage, 218
GFP, 234
Gibbs free energy, 370
gIIIp, 218
Glass membrane, 10
Glucose

biosensor, 168, 178
oxidase, 45, 70

based biosensor, 178
fuel cell, 206
substrate, 45

strip, 179
-6-phosphate dehydrogenase,

70, 148
Glucuronidase, 84
Glutamic acid en IEF, 291
Glutaraldehyde, 97
Glycine zwitterion, 252
Gold nanoparticle, 190
GOx, 168, 178; also see glucose oxidase

Gradient
generator, 331
redistribution, 333

Gram stain, 233
Gravitational sedimentation, 325
Gravity

-feeding, 309
force, 325

Green fluorescent protein, 215, 234
Gruber-Durham reaction, 125
Guanidinium, 356
GUS, 84

H
Half-life, radioisotope, 12
Hanes plot, 51
Hantavirus, 196
Haptens, 117
Hb, 295
HCY, 429
Helicase method, PCR, 278
Hemagglutinin, 269
Hematoxylin, 233
Hemoglobin, 275

fetal cord, 297
variants, 293, 294

Hepatitis biosensor, 198
Heterobifunctional crosslinking

reagent, 98
Heteroduplex, 263
Heterogeneous immunoassay, 134, 145
Heterology, 157
High-

energy beam, 380
performance liquid chromatography, 349
throughput screening, 17
voltage electrophoresis, 245

paper electrophoresis, 249
HNA, 174
Hoechst 33258, 33
Holoenzyme, 41
Homobifunctional crosslinking reagent, 98
Homogeneous immunoassay, 149
HOPG, 239
Horizontal slab method, 252
Horseradish peroxidase, 147
HPL, 137
HPLC, 349
HTS, 17



456 Index

Human
blood plasma and seawater, 204
body environment, 203
genome, 263
placental lactogen, 137
plasma and serum, 204

Hybridization
biosensor, 171, 199
DNA probe, 263
sensor, 185

Hybridoma, 121
generation, 122

Hydrodynamic injection, 309
Hydrogen-bond-breaking agent,

356
Hydroquinone, 190
HyperMass reconstruct, 389

I
i2R heating, 251
IDTs, 194
IEF, 291

immobilized pH gradient, 296
on microchannel, 409

Ig, 118
IL-6, 189
Image, 229
Immobilization affinity ligand, 362
Immobilized pH gradient, 296
Immune response, 118
Immunoassay, 117

classification, 131
kit, 145
label, 133
test device, 148
quantitative, 131

Immunoblotting, 283
Immunoelectrophoresis, 282
Immunogenic compounds, 117
Immunoglobulin, 118

class, 120
Immunoperoxidase method, 285
Immunosensor, 171
Impedimetry, 11
Implantable biosensor, 202
Implanted biosensor calibration, 205
Imprinted polymer, 173
Improved catalytic activity, 223
Indicator reaction, 69

Indirect fluorescence, 140
quenching fluorescence, 150

Inherited disorder, 274
Initial rate of reaction, 49

substrate concentration, 49
Initiators, 250
Injector, 349
Interassay calibration, 431
Intercalating dye, 33
Interdigitated transducer, 194
Interference, 426

protein assay method, 30
Interlaboratory study, 420, 433
Intermittent contact mode, AFM, 238
Internal standard, 19
International Unit, 62
Intraassay calibration, 431
Intralaboratory precision, 420
Iodixanol, 331, 343
Ion-exchange chromatography, 368

retention model, 369
selectivity, 369

gels, 369
polymer grafted, 411

Ionic strength, 255
gradient, 256

Ion-selective electrode, 10
IPG-DALT, 300
IPGs, 296

monomers used, 297
Irreversible inhibition, 59
Isoelectric focusing, 290
Isoenzyme, 43

identification, 273
Isopycnic centrifugation, 336
Isothermal DNA amplification, 278

titration calorimetry, 16
Isotope dilution method, 19

peaks for protein, 391
Isotopic peak, 386
ITC instrument, 16

J
Joule heating, 254

K
Katal, 63
KD, 268
Kinetic assay, 71
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Lab on a CD, 344
Label (immunoassay), 133
Labeled

-antibody method, 136
hapten, 132

Lab-on-a-chip, 404
Lactase, 433
Lactate dehydrogenase, 43, 44, 56, 58, 71
Lactose hydrolase, 56
lacZ, 84
Laser-induced fluorescence detector, 312
Lateral flow immunoassay, 148
Latex agglutination test, 126
LATs, 126
Lattice entrapment, 99
LC, 349
LDH, 43
Lebedev optics, 338
Lens, 230
LFIA, 149
LIF detector, 313
Light

colour, 2
energy, frequency, wavelength, 2
microscope, 230, 231
-scattering, 5, 79

Limit
of detection, 421
of quantitation, 422

Linear
gradient, 332
least-squares regression, 419
regression, 18, 419

Lineweaver-Burk plot, 51
Lipase, 79, 212
Lipoprotein, 344
Liposome, 225

display, 225
Liquid

chromatography, 349
scintillator, 12

LNA, 174
LOD, 421
Log-Logit function, 422
Longitudinal diffusion, 357
LOQ, 422
Lowry method, 24

Low-voltage
electron microscopy, 236
electrophoresis, 245

Luciferase, 7, 78, 84
Luciferin, 78
Luminol, 144

/peroxidase indicator reaction, 78
LVEM, 236
Lysozyme, 371

M
m/z value, 378
M13 phage, 218
MAC system, 410
Macromolecular reagents, 210
MAD, 417
MAGIChip, 397
Magnetic

bead, 143
sector, 383

Magnification, 230
MALDI, 381

ionization source, 382
nucleic acid ionization, 397
spectra E. coli, 399
-TOF, 384
-TOF microorganism identification, 398

Manometric method, 81
Mass analyzer, 382
Mass filter, 384
Mass spectra, interpretation, 386
Mass spectrometer, instrumentation, 379
Mass spectrometric detector, 313
Mass spectrometry, 377

imaging, 379–399
matrix molecules, 380
nucleic acid, 397
peptide sequence elucidation, 393
resolution, 382

Mass-sensitive transducer, 196
Matrix, 1, 18, 20, 155

-assisted laser desorption/ionization, 381
component, 426
ionization in MS, 380
recovery experiment, 425

Maxam-Gilbert method, 279
Mean, 416

absolute deviation, 417
Mediator (electrochemisty), 80
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Melting temperature, 263
MEMS, 196
fluid transport, 405

Mercaptoethanol, 253
Methylene blue, 233
Michaelis-Menten

equation, 49, 104
graphical method, 50
kinetics, 176

Microarray
device, 404
DNA based, 198

Microcantilever, 196
Microcompartmentalization, 220
Microelectromechanical system, 196
Microencapsulation, 100
Microfluidic, 405

antibody capture, 410
chip, PCR, 410
device, 344

Microinjector (CE), 310
Microplate, 16

reader, 17
Microscope, 230
Microscopy, 229
Microtiter plate, 136
Micro-total analysis system, 404
Migrate, 244
Migration distance, 258
MIP, 173

based sensor, 187
membrane, 173

Mixed anhydride method, 134
Mixing channel, 406
Mobile phase, 349
Mobility, 244

of DNA, 272
Molar absorptivity, 4, 74
Molecular

ion, 380
sieving, 354
weight determination, 270

Molecularly imprinted polymer, 173
Monochromator, 3
Monoclonal antibody, 121, 283
Monoisotopic mass, 387
Monolith, 100
Monolithic stationary phase, 360
Monomers for IPG gels, 296

MORFs, 174
Morphine and interfering species, 157
Moving-boundary

electrophoresis, 246
ultracentrifuge experiment, 339

mRNA display, 220
MS, 377
fingerprint, 392
/MS instrument, 384
/MS peptide spectrum, 392

MSI, 399
Multiplexed immunoassay, 143
Multiplexing in microfluidic chip, 410
Multiply charged

molecule, 381
molecular ion, 390

Multisubunit protein, 268

N
N,N -methylenebis(acrylamide), 250
NAD+, 54
Nanofence array, 408
Nanopost array, 408
Nelson reagent, 35
Neocuproine, 26
Nephelometry, 79
Nernst

equation, 9
layer, 104

Neutral lactase, 433
Neutravidin, 195
Nick-translation method, 263
Nicotinamide coenzyme, 70
Nicotinic acid, 382
Ninhydrin

method, 27
reagent, 69

NIP, 173
Nitration method, 28
Nitroaromatic explosive, 187
Nitrocellulose membrane, 260
Nitrophenol, 75
Nominal mass, 387
Nomograph, 23
Noncompetitive

ELISA, 146
inhibition, 60

Non-contact mode, AFM, 238
Non-imprinted polymer, 173



Index 459

Non-invasive glucose monitoring,
204

Non-linear calibration curve, 422
Nonspecific

elution, 364
interferences, 159

Normal distribution, 418
Northern blot, 262
Nucleic acid analog, 174
Nucleoside phosphorylase, 80
Numerical aperture, 230

O
Objective lens, 231
O-dianisidine, 70
Oil immersion lens, 230
On-chip detection, 407
Optical

density, 5
fiber, 181
method, 2

Orcinol assay, 34
Oxygen electrode, 11

P
Packed-bed enzyme reactors theory,

109
PAGE, 250

polymerization, 251
pore size, 252

Panning, 222
Paper electrophoresis, 248
Parallelism experiment, 426
Paratope, 120
Parent species, MS, 388
Parkinson’s disease, 206
Partition coefficient, 350
Paternity testing, 277
PCR, 215, 278

isothermal, 278
-like process, 217

PDMS, 405
Pellet, 328
Pelleting capacity, 329
Peptide sequence tag approach,

392
Percoll, 331
Peroxidase, 45, 69, 265
PFGE, 257

pH
and protein charge, 255
electrode, 10
gradient, 291

Phage, 223
display, 218

Phenol-sulfuric acid method, 36
Phenyl acetate sensor, 181
Phosphoenolpyruvate carboxykinase, 81
Phosphotransacetylase, 68
Photodiode, 3

array, 3
Photolithography, 189, 405
Photomultiplier

detector, 312, 319
tube, 3

Photosynthetic flux, 242
pH-Stat, 80
Phycoerythrin, 141
pI, 295
PicoGreen, 33
Piezoelectric

crystal, 184
sensor, 184
substrate, 195

Ping-pong mechanism, 56
Pinhole, 231
Pixel, 230
Plasma homocysteine, 429
Plasmodium falciparum, 83
Plate theory, 350
PMMA, 405
PMT, 3, 312, 319
PNA, 174
p-Nitrobenzyl esterase, 212
Polarized

light, 7
radiation, 151

Polyacrylamide, 95
gel, 99

electrophoresis, 250
in CE, 319

Polycarbonate, 405
Polyclonal

antibody, 121
antiserum, 283

Polydimethylsiloxane, 405
Polymerase chain reaction, 215, 278
Polymethylmethacrylate, 405
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Polymorphism, 275
Polyornithine, 102
Polysaccharide assay, 37
Polystyrenesulfonate polymers, 273
Polyvinylpyrrolidone-coated particles, 331
Pore

glass, 92
size, agarose, 254
size, polyacrylamide, 252

Potassium persulfate, 250
Potentiometric method, 80, 180
Potentiometry, 10
PQQ, 212

-glucose dehydrogenase, 212
Precast IPG gel, 298
Precipitation reaction, 126
Precipitin line, 287

reaction, 126
Precision, 416, 417

profile, 420
Prefocused, 291
Pre-formed gradient, 331
Primary antibody, 136
Primer, 278
Prosthetic group, 41
Protease activity assay, 77
Protein

assay method and interference, 30
engineering, 211
ladder sequencing, 396
sequencing (MS), 394
standard, 269
subunit separation, 274
molecular weight determination, 253
net charge, 255, 372

Proteolytic enzyme, 217
Proteomic, 315
Prozone, 124
Pulsed field gel electrophoresis, 256
Puromycin, 220
Purpald assay, 37
Pyrroloquinoline quinone, 212

Q
QDs, 142
QIT, 385
Quadrupole analyzer, 384

ion trap, 385
Qualitative assay, 415, 427

Quantitative assay, 415
immunoassay, 131

Quantum dot, 142, 187
Quantum yield, 7
Quartz piezoelectric crystal, 184
Quenching, 7, 150
Quinoneimine dye, 73

R
Radiation, radioactivity, 12
Radioactive isotope, 12
Radiochemical detector (CE), 318

method, 81
Radioimmunoassay, 137
Radioisotope label, 139
Random

error, 415
mutagenesis, 216
mutation method, 213

Rate-zonal centrifugation, 334
Rational protein design, 211
Rayleigh

limit, 381
optics, 338

RCF, 326
Recognition site, 274
Reconstructed ion electropherogram, 315
Recovery

experiment, 425
plot, 425

Redistribution of the gradient, 333
Redox

activity imaging, 240
cycling, 240
reaction, 8

Reducing
agent, 270
monosaccharide, 35

Reference
electrode, 180
material, 424

Refractive index, 230
Relative

centrifugal force, 326
standard deviation, 416, 417

Repertoire, 214
Reporter gene, 84
Resazurin, 58
Resolution, optical, 230
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Resonance angle, 14 Scanning
Resonant frequency, 185 densitometer, 258
Restriction electrochemical microscopy, 240

enzyme, 274 electron microscopy, 236
fragment length polymorphism, transmission electron microscopy, 236

275 tunneling microscopy, 237
Retention Scatchard plot, 123

coefficient, 355 Scattering, 5
time, 349 Schizophrenia, 206

adjusted, 350 Schlieren optics, 338
Retrovirus, 343 Scintillation counter, 385, 386
Reversible inhibition, 59 Scintillator, 12, 318
Revolutions per minute, 326 Screen printing process, 180
Rf values, 268 Screening
RFLP, 275 assay, 427
Rhodamine, 83, 183 evolved protein, 82, 87, 221, 427
RIA, 137 method, 21
RiboGreen, 35 SDS, 253, 270
Ribonuclease, 105, 367 -PAGE, 254
Ribosome display, 219 SEC, 354
Ribozyme, 211 SECM, 240

directed evolution, 211 Secondary
RNA total method, 34 electron, 236
RNase, 105 ion mass spectrometry, 400
Rocket electrophoresis, 285 Sedimentation
Rotation speed, 326 coefficient, 329, 339
Rotor, 327 equilibrium analysis, 341

type, 328 rate, 325
rpm, 326 velocity analysis, 338
RSD, 416, 417 SELEX, 174
Running Self-absorption, 7

buffer, 255 Self-generated gradient, 331, 332
gel, 252 SEM microscope, 235

Rydberg constant, 9 SEM (standard error), 417
Semiconductor

S fabrication technology, 197
Safranin, 233 quantum dot, 142
Salt Semi-conservative DNA replication, 336

bridge, 10 Sensitivity, 67
mobilization (CE), 321 Sensorgram, 192

Sample matrix, 18 Sephacryl, 360
SAMs, 188 Sephadex, 354
Sandwich Sepharose, 360

assay, 136 Sequence tag approach, 393
fluorescence, 140 Sequential flotation, 344
-type immunosensor, 189 Serine acetylransferase, 342

Sanger’s reagent, 157 Shielding effect, 246
SAT, 342 Short oligonucleotide mass analysis, 397
SAW device, 193 Short tandem repeats, 410



462 Index

SH-SAW, 194
Sickle-cell anemia, 275
Sieving matrix (CE), 321
Sigmoidal curve, 422
Signal, 18
Significantly different, 421
Silanization, 92
Silica

-based sol-gels, 100
capillary, 306

Silver stain, 258
SIMS, 400
Sinapinic acid, 382
Single

-focusing MS, 378
-nucleotide polymorphism, 397
radial immunodiffusion test, 127
sector cell, 338
-turnover activity, 223

Siphoning, 309
Site heterology, 158
Site-directed mutagenesis, 212
Size exclusion chromatography, 353, 354
Slab PAGE, 252
SLFIA, 152
Slot-former, 252
Smith method, 24
SNP, 397
Soft ionization

method, 379
sources comparison, 380

Solid scintillator, 12
SOMA assay, 397
Southern blot, 260

apparatus, 261
blotting, 277

Spectrofluorimeter, 6
Spectrophotometer, 3, 4
SPR, 13
SRID, 127
Stacking gel, 252
Staining method, 233
Standard, 19

addition, 20
deviation, 416
error of the mean, 417
for calibration, 18
protein RMM, 271
reduction potential, 8

reference material, 424
solution, 424

Starch gel electrophoresis, 249
Stationary phase, 349
Steady-state electrophoresis, 247
STEM, 236
Steric exclusion, 356
STM, 237
Stokes shift, 6
Stokes’ law, 325
Stopped-flow, 107

reactor, 109
Streptavidin, 190, 265
STRs, 410
Subcutaneous glucose concentration, 204
Substrate

-labelled fluorescein immunoassay, 153
staining, 260
stain for enzyme detection, 261

Subtiligase, 223
Subtilisin, 217, 223

E, 212
Sucrose, 331
Suicide inhibitor, 222
Support medium, 244, 247
Surface

acoustic wave, 193
plasmon resonance, 13

biosensor, 190
Svedberg

equation, 340
unit, 329

Swinging-bucket rotor, 327
Synthetic antibody, 174
Systematic

error, 416
evolution of ligand, 174

T
TAMRATM dye, 320
Tapping mode, AFM, 238
Taq DNA polymerase, 215, 278
TEM, 236
TEMED, 250
Template

and monomer, 173
DNA, 216

Tetramethylethylenediamine, 250
Theoretical plate, 351, 358
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Thermal Ultramicroelectrode, 317
biosensor, 187 Uncertainty, 415
cycling, 278 Uncompetitive inhibition, 62

Thermistor, 186 Unit resolution definition, 383
Thermoanalytical curve, 15 Urate oxidase, 68
Thermogram, 15 Urea, 273, 356
Thermus aquaticus, 278 Urease, 81, 106, 148
Thiol group, 97 Uric acid, 68
Thrombin, 190 U-shaped cell, 246, 290
Time of flight analyzer, 384 UV-Vis absorption, 4
Time-resolved fluorescence, 141 UV-visible region, 3
Tissue-based biosensor, 172
Titer of a serum, 125 V
TNT, 187 Validation, 414
TOF analyzer, 384 Valve in microfluidic device, 345
TOF-reflectron, 384 van Deemter equation, 351
Total protein, 24 Variance, 416

method comparison, 28 Velocity
Toxicity biosensor, 192 of the particle, 246
Tracking dye, 251 sedimentation, 334
Transducer, 1, 166 Vertical rotor, 328
Transfer apparatus, 260 Virus detection, 195
Transmission electron microscopy, 236 Void volume, 354, 370
Transmittance and absorbance, 4
Triazine method, 94 W
Trichloroacetic acid fixation, 258 Wall effect, 327
True Water-oil emulsion, 220

negative, 428 Wax based valve, 345
positive, 428 WE, 180

Tunneling phenomenon, 237 Wedge-shaped gel, 256
Tubocurarine, 183 Western blot, 262
Tungsten filament lamp, 3 transfer apparatus, 262
Turbid solution, turbidimetry, 5 White light source, 231
Turnover number, 63 Wick, 250
Two Woodward’s reagent K, 95

-channel microarray, 199 Working electrode, 180
-dimensional electrophoresis, 299
dimensional electrophoresis on a chip, 409 X
hybrid system, 221 Xanthine oxidase, 80
-site sandwich assay, 141

Tyrosinase, 207 Z
Zeta potential, 308

U Zone electrophoresis, 247, 268
Ultra-high-density microplates, 16 Zwitterion, glycine, 252
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