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Preface

Modern analytical biotechnology is focused on the use of a set of enabling
platform technologies that provide contemporary, state-of-the-art tools for
genomics, proteomics, metabolomics, drug discovery, screening, and analysis
of natural product molecules. Thus, analytical biotechnology covers all areas of
bioanalysis from biochips and nano-chemistry to biology and high throughput
screening. Moreover, it aims to apply advanced automation and micro fabrica-
tion technology to the development of robotic and fluidic devices as well as
integrated systems.

This book focuses on enhancement technology development by promoting
cross-disciplinary approaches directed toward solving key problems in biology
and medicine. The scope thus brings under one umbrella many different
techniques in allied areas. The purpose is to support and teach the fundamental
principles and practical uses of major instrumental techniques. Major platforms
are the use of immobilized molecules in biotechnology and bioanalysis, im-
munological techniques, immunological strip tests, fluorescence detection and
confocal techniques, optical and electrochemical biosensors, biochips, micro
dotting, novel transducers such as nano clusters, atomic force microscopy
based techniques and analysis in complex media such as fermentation broth,
plasma and serum. Techniques related to HPLC, capillary electrophoresis, gel
electrophoresis, and mass spectrometry have not been included in this book but
will be covered by further publications.

Fundamentals in analytical biotechnology include basic and practical aspects
of characterizing and analyzing DNA, proteins, and small metabolites. The
structure of this book should provide a clear sense of where each technology is
used and how to implement most effectively each technology in developing and
using effective, efficient analytical methods for characterizing and analyzing
biomolecules. The protocols included as a workshop will be of value to all
students, scientists, or regulatory, technical, and quality-insurance personnel.

Additional modules are included that address basic experimental proce-
dures, acquisition of transferable skills, security concerns, and awareness of
the commercial and ethical considerations of scientific research. It is clear that
not all readers will have practical experience in biotechnology, although a basic
understanding of chemistry and physics (optics and electro) is assumed.
Coupled with this knowledge the book starts with familiar techniques providing
the chemical basis and understanding of how to bind molecules to surfaces and
how to analyze chemical surface groups as a basis for further reading. Novices
in the field should read chapter by chapter, whereas experts can use any
chapter without needing information from others (except where cited). Student
readers’ initial exposure is simply one of orientation, such that they are able to
recognize the equipment and become familiar with some of the basic concepts
and further on to operate them routinely. Thereafter, specialized chapters such
as AFM or nano-particles introduce novel techniques in a “hands-on” way. A



variety of techniques, which may be used for the identification and character-
ization of cells and biomolecules down to single-molecule detection, provide a
tool-kit for modern bioanalysis. Aside from the instruction to a variety of
practical techniques, the add-on-modules also ensure that the reader is
equipped with the skills that are essential to the training of good scientists.
Risk management and experimental planning are all dealt with if hazardous
chemicals are to be used. Further more specialized guidance is offered with
respect to focus of the chapters, resources available for the literature review,
and practical hurdles that must be overcome.

The central idea is that the book should not be prescriptive but should offer
the greatest flexibility. All chapters offer the opportunity to undertake related
experiments. The practical information at the application stage is outlined in
protocols, associated with helpful information. A wide span of the “level of
choice” is offered, starting from simple readout of fluorescence and moving up
to single-molecule handling with atomic force microscopes. Detailed protocols
ensure that a number of selected experiments may be used as a basis for
practicals and courses. Our experience is that basic knowledge combined with
protocols permits a greater depth of investigation and a more fruitful applica-
tion.

Thomas G. M. Schalkhammer Mairz 2002
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Protocol 2 EDC combined with sulfo-NHS

Sulfo-NHS is able to increase the efficiency of EDC-mediated reactions by
forming sulfo-NHS ester intermediates. These intermediates are more stable
in aqueous solutions than are those formed from the reaction of EDC alone with
carboxylate which results in higher yields of desired amide bond formation [12].
This technique is very useful to create activated proteins [13]. Problems to solve:
In addition to potential side reactions of EDC, the high efficiency of the sulfo-
NHS mediated reaction may result in insoluble conjugates, particularly when
coupling peptides to carrier proteins. In such cases scale back the amount of
ED(/sulfo-NHS added to the reaction. Sometimes sulfo-NHS has to be omitted
completely.
Protocol
1. Dissolve the protein to be modified (1-10 mg/ml) in 0.1 M sodium phosphate
buffer pH 7.4. (To increase the solubility of some proteins; addition of an
appropriate amount of NaCl is recommended).
2. Dissolve substance to be coupled in the same buffer in at least a 10-fold
molar excess, if solubility allows increase the excess even further.
3. Combine the two solutions to obtain an at least 10-fold molar excess of small
molecule to protein if possible.
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Protocol 24 Carbodiimide coupling

1.

To 1 g alkylamine carrier, add 50 ml 0.03 M H;PO, adjusted to pH 4.0 (degas
if necessary).

. To this mixture add 100-200 mg of a water-soluble carbodiimide e. g., EDC:

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride

. Add the biocomponent (50-100 mg/g of carrier) to the mixture if it remains

stable under these pH conditions.

. Allow the mixture to react overnight at 4 °C.
. Wash and store as described above.

Carrierf—CH, OH+\r Y_> Carriert— CH,

S “in’ s
L Y

Figure 18 Triacine coupling

Protocol 25 Triacine coupling

1.

w

Carrier—o0—

Suspend 1 g of alkylamine carrier in 10 ml benzene or toluene containing
0.2 ml triethylamine and 0.3 g 1,3-dichloro-5-methoxy-triazine. Incubate
for 2-4 h at 45-55 °C on a shaker.

. Decant and wash with solvent.
. Dry in an evaporator oven at 100 °C.
. Couple the biocomponent (e.g., 50-100 mg protein/g activated carrier)

dissolved in 0.05 M phosphate buffer pH 8.0, incubating the mixture over-
night under gentle agitation at 4 °C.

If porous carriers are used, do not forget to gently degas the suspension
before incubation.

. Wash with buffer and store wet in the refrigerator.

(0] o]

0
// | I N
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Figure 19 Arylamine coupling
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1 Introduction

Fluorescence is a spectrochemical analysis method in which the molecules of
the analyte are excited by irradiation at a certain wavelength and the emitted
radiation at a longer wavelength is measured. This analysis method is widely
accepted and is a powerful technique that is used for a variety of medical,
pharmaceutical, environmental and biotechnological applications. The fields



Fluorescence Techniques 45

are diverse, e.g., detection of oil in water, oil sample fingerprinting, bacterial
viability tests, chlorophyll measurement, monitoring of algae, membrane
structure analysis, proliferation assays, DNA/RNA quantification, fluorescent
tracers, brightening agents, protein quantification, enzyme assays, protein
conformation studies, vitamins, toxin analysis, fluorescent proteins (e. g., GFP,
YFP, and RFP), antibiotic testing, and many more.

2 Basis

The measurement of fluorescence called fluorometry is an analytical tool for
quantitative and qualitative analysis. The process of fluorescence is defined as
the very fast molecular absorption of light energy at one wavelength and a more
or less instantaneous re-emission at a longer wavelength. Only a few molecules
fluoresce naturally; therefore, a fluorescent molecule often is added for forma-
tion of a fluorescent compound. The characteristics of fluorescent compounds
are an excitation spectrum (the wavelength and efficiency of light absorption)
and an emission spectrum (the wavelength and number of photons emitted).
These spectra are very specific for one fluorescent compound and do not match
to others. Therefore, fluorometry is a highly specific analytical technique.

Fluorescence is measured by a device, the fluorometer, that selects the
wavelength of light required to excite the compound of interest from the
internal light source. It also selects the wavelength to measure the emitted
light. The number of photons emitted (the signal) is proportional to the
concentration of the analyte. The capability to select light for excitation and
emission is given by the use of either monochromators or optical filters (filter
fluorometers).

2.1 Advantages of fluorescence

The reasons to choose fluorometry as an analysis method are extraordinary
sensitivity high specificity, selectivity, and simplicity at moderate costs.
Specificity/Selectivity: Because there are only a few compounds showing
fluorescence it is easy to choose the measurement parameters (excitation and
emission wavelengths) in a way effective to exclude interferences. Non-targeted
components with intrinsic fluorescence very unlikely emit at the same wave-
lengths. This is a big advantage compared to spectrophotometric techniques,
where many of the sample materials absorb light in a broad spectral range.
Contrary to photometric techniques, fluorescence is a positive signal!
Sensitivity: The detectability is usually about 0.1 part per billion, but it can be
as low as several parts per trillion (the limits depend strongly on the sample
background). This is 3 to 6 orders of magnitude better than the detection limit of
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a spectrophotometer. Even single fluorescent molecules can be resolved given
high quality equipment.

Wide concentration range: The calibration curve of fluorescence is linear to
sample concentration over a very large range. In some applications fluores-
cence can be measured over 3 to 6 orders of magnitudes of concentration
without sample dilution.

Simplicity/Speed: Because of simplicity and sensitivity of the technique,
minimal sample preparation is needed resulting in a very quick analysis.
Additionally, the small sample size and speedy process allow in vivo measure-
ments.

Low Cost: Reagent and instrumentation costs are low compared to many
other analytical techniques. Small sample size and minimal sample preparation
contribute strongly to the cost efficiency of this technique.

3 Methods

3.1 Reagents

Alexa Fluor® 647 goat anti-mouse IgG (H+L) *2 mg/mL* [Molecular Probes, A-
21235]

Alexa Fluor® 680-R-phycoerythrin goat anti-mouse IgG (H+L) conjugate *1 mg/
mL* [Molecular Probes, A-20983]

Anti-tubulin (bovine), mouse monoclonal 236-10501 [Molecular Probes, A-
11126]

Avidin-FITC labeled [Sigma, A 2901]

6-((6-((biotinoyl) amino) hexanoyl) amino) hexanoic acid, succinimidyl ester
(biotin-XX, SE) [Molecular Probes, B-1606]

BODIPY FL-phallacidin [Molecular Probes, #B-607]

Boric acid [Sigma, B9645]

BSA [Sigma, A 3059]

Calcium Green™-1, AM *cell permeant* [Molecular Probes, C-3011]

Calcium Green-2 [Molecular Probes, C-3730]

5-(and-6)-carboxy SNAFL®-1, diacetate [Molecular Probes, C-1271]
7-dimethylaminocoumarin-4-acetic acid, succinimidyl ester (DMACA, SE) [Mo-
lecular Probes, D-374]

Dabcyl (4-(4’-dimethylaminophenylazo) benzoic acid) succinimidyl ester [Mole-
cular Probes, D-2245]

DMF [j.t.baker, 7400]

DMSO [j.t.baker, 7033]

DTT dithiothreitol [Sigma, D9163]

EDTA Disodium salt: Dihydrate [Sigma E, 5134]

EnzChek® Elastase Assay Kit [Molecular Probes, E-12056]
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Fluorescein Diacetate [Sigma, F 7378]

Fluorescein-5-isothiocyanate (FITC Fluorescein isothiocyanate Isomer I)
[Sigma, F-4274]

Fura Red™, AM *cell permeant* [Molecular Probes, F-3020]
5-iodoactamidofluorescein [Molecular Probes, I-3]

NAD+*: B-Nicotinamide adenine dinucleotide monohydrate from yeast [Sigma,
43407]

HCI [j.t.baker, 6081]

Na(l [j.t.baker, 0278]

NaHCO;, [j.t.baker, 0263]

NaH,PO, * H,0 [j.t.baker, 0303]

Na,HPO, [j.t.baker, 0306]

NaOH [j.t.baker, 0402]

Nigericin Sodium salt [Sigma, N 7143]

MgCl, [j.t.baker, 4003-01]

Paraformaldehyde [j.t.baker, 1157]

PBS: Dissolve 0.36 g NaH,PO, * H,0, 1.02 g Na,HPO,, and 8.77 g NaCl in 750 mL
deionized water, adjust pH with 1 M NaOH or 1 M HCl if necessary, and bring the
volume to 1000 mL with deionized water.

Propidium lodide [Sigma, P 4170]

6-propionyl-2-dimethylaminonaphthalene (prodan) [Molecular Probes, P-248]
Rhodamine 6 G [Sigma, 83691]

Silver nitrate [Sigma, S1179]

1 M sodium bicarbonate solution: Dissolve 8.4 g NaHCO, in 100 mL deionized
water; the pH should be about 8.3-8.5.

SYBR Green [Molecular Probes, S-7580]

SYBR Green I [Molecular Probes, S-7563]

TE buffer: 1 mM EDTA, 10 mM Tris-HCl, pH 8.0

TBE (89 mM Tris base, 89 mM boric acid, 1 mM EDTA, pH 8)

Tris: Tris (hydroxymethyl) aminomethane [Sigma, 93304]

Triethylammonium acetate (solution) [Sigma, 17898]

3.2 Principles and examples

The fluorescence process

As already cited, only a few molecules (generally polyaromatic hydrocarbons or
heterocycles) fluoresce. Therefore, fluorescent probes or labels often are used,
which are fluorophores designed to localize a target of interest within a specific
region of a biological specimen. In all cases, fluorescence is the result of a three-
stage process. The process responsible for the fluorescence of molecules is
illustrated by the simple electronic-state diagram (Jablonski diagram) [1-4].
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output is dependent on the absorption capabilities of the fluorophore of interest,
described by the absorbance coefficient (¢). Equally important for the output is
the ratio with which the fluorophore emits photons and its ability to undergo
repeated excitation/emission cycles. The emission efficiency is quantified by the
quantum yield (QY) for fluorescence. Therefore the fluorescence intensity per
molecule is proportional to the product of (¢) and QY. The range of these
parameters among commercially used fluorophores is 5000 to 200,000 cmM-!
for e and 0.05 to 1.0 for QY. Some proteins (e. g. some Phycobiliproteins [10, 11])
have multiple fluorophores on each protein and consequently have much larger
extinction coefficients (on the order of 2.10¢ cm~'M') compared to low molecular
weight fluorophores. Table 1 gives some commercially used fluorophores with
their excitation and emission wavelengths. One should always keep in mind that
these wavelengths as well as the absorption constant and the quantum yield are
determined under specific environmental conditions and may change if these
conditions are changed (e. g., use of ethanol instead of water).

Many of these fluorophores are synthesized as chemically reactive molecules.
This gives the operator the possibility to label non-fluorescing components like
many proteins, DNA or drugs to measure them with this sensitive technique.

The need for new fluorescent probes is given by the growing number of
sophisticated applications, often asking not only for sensitivity but also for
photo-stability, as well as the possibility to measure with background fluores-
cence (due to the sample composition). The synthesis of new fluorescent probes,
which are excited in the near infrared, results in the possibility of lifetime-based
sensing of a variety of analytes. Such probes display lifetimes in the range of
nanoseconds to microseconds. Some of these promising, highly photostable
fluorophores are metal-ligand complexes. This long lifetime allows for fading
out the prompt auto-fluorescence and therefore increaser the sensitivity in all
applications with background fluorescence. The long lifetime enables one to
measure rotational motions of high-molecular-weight or membrane-bound
proteins or to perform polarization immunoassay of high-molecular-weight
analytes. Additionally with such long wavelength probes, one can avoid the
use of complex lasers and use simple and robust laser diodes as the light source
for time-domain, frequency-domain, or steady-state fluorescence.

As mentioned above fluorescence detection sensitivity is severely compro-
mised by background signals, which cannot always be avoided by introducing
new fluorophores. These background signals arise from unbound or non-
specifically bound probes (“reagent background”) or from endogenous sample
components (“auto-fluorescence”). Detection of auto-fluorescence can be mini-
mized either by selecting filters that reduce the transmission of the other
components relative to the component of interest or by selecting probes that
absorb and emit at longer wavelengths. Narrowing the fluorescence detection
bandwidth does not help, it increases the resolution of all fluorophores, but it
also compromises the overall fluorescence intensity detected. Using probes that
can be excited at above 500 nm minimizes the auto-fluorescence of cells,
tissues, and biological fluids. An additional aspect of using such fluorophores
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3.3 Selected applications

0il in water detection and monitoring

Fluorometry is used to detect crude oil, gasoline, diesel, and kerosene. Aromatic
solvents and refined petroleum products (containing aromatics) also are de-
tected with this technique. Because of the fast measurements, applications
include emergency response, pollution prevention, leak detection, treatment
verification, and process control. Detection limits range from pg/l to mg/l.

0il sample fingerprinting

Petroleum is a complex mixture of thousands of different organic compounds
formed from a variety of organic materials. Because of the infinitely variable
natural factors during formation, there exists distinct chemical differences
between oils. Therefore, oil from one crude oil field is readily distinguishable
from another; differences due to differences in the refinery processes enable
one to distinguish oils from even the same crude oil field. Thus, all petroleum
oils, to some extent, have chemical compositions that differ from each other. In
fingerprinting the oil samples are initially analyzed. In case of the need to know
whether an unknown sample is what it promises or denies to be (quality or, e. g.,
environmental disaster), an analysis of the unknown sample is made. This
provides the answer if it matches the initial analysis, even when there has been
a serious amount of altering due to environmental factors.

Bacterial viability

Very often one is confronted with the question of whether bacteria are still alive
or what the percentage of living bacteria in a mixed population is. A two-color
fluorescence assay quantitatively distinguishes between live and dead bacteria
in minutes, even in samples containing a range of bacterial types.

Chlorophyll measurement and algae monitoring

Fluorometry is used to measure chlorophyll, the photosynthetic pigment pre-
sent in all forms of plants. Because the algae photo-systems also work with
chlorophyll or similar structures, chlorophyll determinations also monitor their
concentration. With this monitoring, the composition and ecological status of
lakes, rivers, reservoirs and ocean waters are controlled. The online detection
of algae in drinking water and wastewater is another field of application of
fluorometric measurements.

DNA/RNA quantification

Quantification of DNA and RNA is a prelude to many practices in molecular
biology. The high sensitivity and selectivity of fluorometric assays allows a
reliable and accurate quantification of DNA or RNA.
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Fluorescent tracer studies

Fluorometry using one of many non-toxic and environmentally harmless dyes is
applied to measure water flows. By using this technique, one is able to model
surface- and groundwater systems, to trace contaminants, and to detect leaks.

Protein quantification, histamine analysis, vitamin assays, aflatoxin
analysis, antibiotic sensitivity testing, enzyme activity and cell
proliferation

Fluorometry is used with a wide variety of commercial assays for accurate
quantification of proteins, drugs, vitamins, and toxins in solution. Furthermore,
it is used for enzyme activity studies or for sensitive cell counting and prolifera-
tion.

This method enables one to measure radioactivity without the use of radio-
activity measuring devices. It makes use of an imaging plate, which is able to
transfer the high-energy radiation into a fluorimetric measurable signal. Such
imaging plates are coated with highly dispersed crystals, e.g., barium fluor-
ohalide phosphor. The energy emitted by a radioactively labeled sample is
transferred to these crystals, and stored as trapped electrons, creating an
absorption band at about 600 nm. Exposure to Ne-He (633 nm) laser light
releases the trapped electrons to the conduction band. The trapped electrons
recombine with the holes trapped by Eu?*; the result is an emission of light of
about 400 nm. The emitted blue light is measured fluorimetrically. The de-
scribed process is known as photo-stimulated luminescence. This Imaging Plate
technique provides a fast and accurate tool for quantitative analysis of alpha,
beta, and gamma-emitting isotopes.

Fluorescence lifetime imaging

Fluorescence lifetimes are mostly independent from photobleaching or probe
concentration. But it is well known that the lifetimes of many fluorophores are
altered by the presence of analytes such as Ca?, Mg?*, Cl, pH or K*. In the
Fluorescence Lifetime Imaging Method (FLIM) a fluorescence microscope
shows as image contrast what is derived from the fluorescence lifetime at
each point in the image. FLIM is therefore capable of providing chemical
imaging of intracellular ions. Because FLIM does not require wavelength-
ratiometric probes, it allows quantitative ion imaging using visible wavelength
illumination. For the fluorescence lifetime measurement of a fluorophore it can
be excited by one- or coherent two-photon excitation. By measuring lifetime
and intensity it is possible to study conformational dynamics of DNA.

Multidimensional confocal fluorescence spectroscopy of single molecules
in solution

As discussed, a fluorophore has specific characteristics other than the absorp-
tion and emission spectra. If one is able to measure information such as
fluorescence lifetime and fluorescence anisotropy in addition to these charac-
teristics and signal intensity in one experiment, the measurement becomes
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sensitive down to single-molecule detection and identification. Such measure-
ments open up a wide range of new opportunities for ultra-sensitive analytical
applications in chemistry, biology, and medicine, e. g., to monitor the conforma-
tional dynamics of biomolecules such as enzyme function.

The setup of such measurements includes a confocal epi-illuminated fluor-
escence microscope, a polarizing beam-splitter in conjunction with dual chan-
nel detection, open detection volumes, and burst integrated fluorescence
(BIFL). BIFL is a real-time spectroscopic technique, that records the arrival
time of a signal photon relative to the exciting laser, as well as the time lag to the
preceding photon. Using this setup it is possible to identify and quantify
different single-dye molecules in aqueous solution. The combination of multi-
dimensional confocal fluorescence spectroscopy with fluorescence correlation
spectroscopy (FCS), for example, can be used for studies of conformational
dynamics of biological processes, as described below.

As in all single-molecule experiments, accuracy must be very near 100%, in
other words, practically all fluorescence photons must be detected during such
a single-molecule process. Because of fluorescence saturation, signal-to-back-
ground ratio, and photobleaching, a “good” fluorophore has to be chosen,
meaning that it has a high-absorption coefficient, high fluorescence quantum
yield, and low photobleaching; otherwise, it is not possible to simply increase
the amount of exciting light. (Radiation power in such experiments may be well
above 1 kW/cm?, which is already a photobleaching problem, e.g., for Rhoda-
mines or Coumarins.

Fluorescence polarization

The time spread of molecular rotation and of the relaxation process form the
basis of fluorescence polarization. As described above, the very fast absorption
process of a fluorophore is followed by vibrational relaxation, which is very fast,
followed by the emission of radiation to relax the molecule completely. This
process is still fast (about 10-%s) but is much slower than the two precursory
processes as indicated in Figure 11. It leaves a time gap big enough that rotation
of the fluorescent molecule occurs. [lluminating with and measuring the emis-
sion of vertically polarized light shows dependence to the rotation speed of the
fluorophore. Because of the dependence of the rotation to the mass of a
molecule, a small molecule labeled with a fluorophore can be monitored as it
binds to other molecules of similar or greater size [4, 41-43].

Fluorescence polarization (P) is described by the following equation:

P=(V-H)/(V+H

V is the vertical component of the emitted light, and h equals the horizontal
component of the emitted light of a fluorophore excited by vertical plane
polarized light. The polarization unit P (normally given in mP) is dimensionless
and not dependent on the concentration of the fluorophore or the intensity of
the emitted light. This is the fundamental advantage of using this technique. As
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the fluorophore is covalently linked to the fatty chain. Time-resolved fluores-
cence anisotropy experiments proved, e.g., that the main depolarization me-
chanism is due to internal restricted motion and translational diffusion within
the micelle. These two motions are determined because the rotational correla-
tion time of the micelle as a whole can be calculated from FCS measurements
[47-49].

Confocal fluorescence microscopy

A major limitation of classical fluorescence microscopy is the difficulty of
examining thicker objects, such as entire cells or tissue sections, because of
light emitted and scattered by the out-of-focus tissue. The thicker the objects,
the more disturbances are caused by the image-forming elements, which are
above or below the desired focal plane. Simply blocking out these elements is no
solution, because their spatial arrangement is needed for a biologist focusing on
morphological details. Confocal fluorescence microscopy solves some of these
problems; it enables observation of microscopic structures within thick (tens or
hundreds of microns) specimens.

In conventional microscopy, the complete object field is evenly and steadily
illuminated. In confocal microscopy, the incident light, a laser beam, is focused
by an objective lens into a cone-shaped beam so that the maximal brightness of
the beam strikes one spot at a chosen depth in a specimen. Because of this
setup, and by placing small apertures in the light path, almost all of the out-of-
focus fluorescence is blocked, allowing detection of just that particular point of
interest. Next, the fluorescent light emitted from this spot is focused to an image
point where a pinhole aperture is placed. To achieve all these necessities of
incoming and outgoing light, a dichroic beam splitter (a selective mirror that
reflects shorter wavelengths, e.g., below 530 nm, but transmits wavelengths
above 530 nm) deflects the beam into an objective lens, which focuses the beam
onto the object. The setup is shown in Figure 14, and also indicates that light,
which is emitted from regions located above or below the in-focus plane, comes
to focus elsewhere and is therefore almost totally prevented from reaching the
light detector. Light, which is emitted from the focus plane, passes the pinhole in
the image plane and reaches the detector, located behind the beam splitter and
the aperture. This light detector, normally a photomultiplier, generates a
corresponding analogue electrical signal, depending on the intensity of light.
The numerical apertures of the objective lenses and the aperture diameter
characterize the system and determine the theoretical lateral and axial resolu-
tion in confocal microscopy.

Scanning the light source across the tissue in the X and Y directions results in
a high-resolution image of a thin slice of the tissue. The laser beam is moved
two-dimensionally into the focus plane by deflection of two galvanometric
mirrors. Being governed by computer-controlled stepper motors enables scan-
ning a series of such optical ‘slices’ through the thickness (Z-direction) of the
specimen. Practical thicknesses of such section slices are approximately 0.4 um.
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GFP exists as a dimer. As indicated in Figure 15 the monomers have the shape
of a cylinder, comprising 11 strands of B-sheet on the outside with an a-helix
inside and short helical segments on the ends of the cylinder, which is a unique
motif. The fluorescent groups are located inside the cylinders on the central
helix, providing protection of the fluorophore from collisional quenching or
photochemical damage e. g. by oxygen. The motif also causes overall stability
and resistance to unfolding by heat and denaturants. Denaturation, for exam-
ple, requires treatment with 6 M guanidine hydrochloride at 90 °C or pH of < 4.0
or >12.0.

Responsible for the fluorescence of the GFP is an internal Ser-Tyr-Gly
sequence, which is post-translationally modified to a 4-(p-hydroxybenzyli-
dene)-imidazolidin-5-one structure [53]. Molecular oxygen is proposed to be
needed for the modification process; on the other hand oxygen quenching rate
suggests that oxygen is quite well excluded from interactions with the fluor-
ophore.

GFP exhibits two ground and two excited states; a set of polar interactions
around the fluorophore accommodates proton rearrangements, enabling inter-
conversions of the two states due to proton transfer. Over a non-denaturing
range of pH, increasing pH leads to an increased excitation at 475 nm, con-
current with a reduction in fluorescence by 395 nm excitation [54]. The setup of
amino-acid side chains in the vicinity of the fluorophore is responsible for different
fluorescence characteristica of certain mutants and enabled to produce a number
of other stable proteins with fluorescence emissions of other wavelengths.

Control of the dimerization of GFP enabled introduction of FRET into the
experiments, allowing the study of protein assemblies inside cells under mild
conditions. The basis for these FRET studies is to avoid dimerization, as also
GFPs that are different in their emission and absorption characteristics can
form a dimer. Such dimers would simulate an assembly because of the occur-
ring FRET.

Fluorescent GFP has been expressed in many types of cells, including
bacteria, yeast, mammalian cells, plants, and drosophila [55-59]. GFP tolerates
N- and C-terminal fusion, and therefore functions as a tag to a broad variety of
proteins, many of which have been shown to retain native function. With the
protein-targeting sequences intact, specific intracellular localization, e.g., to
the nucleus or mitochondria, can be achieved. Therefore, GFP is used as a
reporter of gene expression, protein-protein interactions, and numerous other
applications.

The initial problem using GFP was the excitation and emission spectra of the
wild-type protein for fluorescence microscopy, as the spectra do not match the
common filter sets or lasers in confocal microscopy. As mentioned above,
extensions at the C-or N-terminus do not disrupt the motif structure of the
GFP. Modifications of side chains can change the spectral properties of GFP,
because of the changes of the environment inside the cylinder. Because of the
availability of E. coli, clones expressing several mutants of the GFP gene were
constructed shifting the spectra to 490/509, which is ideal for FITC filter sets.
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4 Results and discussion

Besides the advantages in sensitivity, selectivity, and others discussed in the
introduction, fluorescence has proven to be a technique highly adaptable for a
diversity of applications. The number of applications is still growing; additional
applications of fluorescence on chip technology are described in other chapters
of this book. Because of the complexity of the methods, it is impossible to cover
results and discussion here. Advantages, limitations and results of the methods
are described, detailed in the subsections included in the text.

5 Troubleshooting

Because of the complexity of the methods and diversity of fluorescence applica-
tions, it is impossible to completely cover troubleshooting here. The most
important information concerning this topic has been detailed in the subsec-
tions included in the text or attached to the protocols. The most effective way of
obtaining the necessary information remains discussion with colleagues actu-
ally involved in the same laboratory process.
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1 Introduction

The roots of immunoanalytical methods are found in the 19t century. By 1890
von Behring and Kitasato demonstrated the neutralising characteristics of
bacterial antitoxins. In an effort to identify the origin of the most common
bacterial diseases at the turn to the 20t century, the Widal test to verify typhoid
(1896) or the Wasserman test to confirm syphilis (1906) antibodies were used as
analytical tools [1]. Subsquenty, the rapid progress in biosciences, together with
a deeper understanding of the basic principles of the immune system, led to a
vast increase in different methods taking advantage of the specific interaction
between antibodies and antigens.

It is beyond the scope of this chapter to describe all the laboratory methods,
that rely on the antigen-antibody interaction. But a few methods that are
currenty used will be described in more detail. Since the analysis of insulin by
Berson and Yalow [2], several different immunoassays for determination of a
wide variety of drugs, marker substances in blood, and biological proteins have
been developed. To date, many assays are commercially available as kits being
used routinely in automated clinical laboratories. When a kit cannot be
purchased, part of this chapter should help to establish an immunoassay in
your lab.

Additionally, immunoanalytical methods become more and more important
in our understanding of how cells function. The development of flow cytometers
makes multiparametric analysis of single cells possible. Furthermore, confocal
laser scanning microscopic imaging of tissues helps us to visualize processes
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Exposition to proteolytic enzymes demonstrates the highly folded structure of
antibodies. Upon treatment with papain, the heavy chains are cleaved N-
terminally to the interconnecting disulfide bond at amino acid 224, yielding
three fragments. Two single fragments with paratops at the N-terminus for
antigen binding are known as Fab-fragments, corresponding to the arms of the
Y. The third fragment that corresponds to the base of the Y was isolated by
crystallisation and is known as Fc-fragment. This part of the immunglobulin is
not involved in antigen-binding but plays a key role in immune regulation, e. g.,
activation of the complement system and macrophages. The region between the
Fab- and Fc-fragments is known as hinge-region, which provides for flexibility
of the Fab-fragments. Lateral and rotational movement facilitates the binding of
two determinants of different conformations of a certain antigen. Especially as a
reagent in immunoanalytical techniques, the product of pepsin treatment
becomes more and more important. Pepsin attacks the immunoglobulin at C-
terminal positions below the heavy chain connecting disulfide bond at amino
acid 234. Thus, a divalent fragment referred to as F(ab),-fragment is obtained,
which possesses two antigen binding sites, but the Fc-portion is fully digested by
pepsin. This F(ab),-fragment is a useful substitute for intact immunglobulins, as
the Fc-fragment is known to interfere in many techniques, resulting in higher
background staining or higher signal/noise ratio. There are three terms closely
related to each other that describe utility of antibodies in practice. Affinity
describes the exactitude of stereochemical fit of the epitope of the antigen to the
paratope of the antibody. Thermodynamically, it indicates the strength or
energy of the interaction. Deriving from the law of mass action, it is described
by an association constant K, indicating the ratio of bound and unbound antigen
(mol?). Thus, the affinity constant is the reciprocal value of that concentration
of a certain antigen, where half of the antigen is bound to the paratopes. In
practice, this is the amount of antigen-antibody complex at equilibrium. High
affinity antibodies will bind larger amounts of antigen in a shorter period of time
than low affinity antibodies.

Consequently this term K, is independent from the number of paratopes of an
antibody molecule. To characterize the overall strength of the antigen-antibody
interaction, the term avidity is used. It includes affinity, valency of the antibody,
and arrangement of the interacting compounds. Assuming that the affinity of an
antigen to the paratope of IgG and IgM is equal, the avidity of IgM is five times
higher than that of IgG because of the pentameric IgM. Thus, avidity is also
expressed by an association constant K for a particular test system. When an
antigen binds to an antibody, this interaction is termed to be specific. But some
antigen determinants are shared between molecules, especially closely related
ones. Thus, cross-reactivity describes the fact that common epitopes on differ-
ent antigens are bound by the same antibody. On the other hand, cross-
reactivity also can derive from binding of structurally different epitopes by
the same antibody, especially in antisera.



98 Franz Gabor, Oskar Hoffmann, Fritz Pittner and Michael Wirth

3 From antigens to antibodies

3.1 Basic considerations

Antibodies used as reagents in immunoanalytical methods are host proteins
that are produced by the immune system in response to foreign large molecules
in the body. To provoke formation of antibodies by B-cells and cellular immune
response mediated by T-cells, an immunogen is required. According to the
clonal selection theory by Sir MacFarlane Burnet, the immunogen binds to well-
suited antibodies located at the surface of virgin B-cells, which determine
specificity of the antibodies finally obtained. The immunogen is degraded within
the virgin B-cell, and its fragments are presented at the surface as a complex
with class II proteins. This complex is recognised by T-helper cells, which
induce differentiation of B-cells to antibody-secreting plasma cells. For these
reasons, epitope binding, degradability, and mediation of the B-cell - T-cell
interaction require a minimum molecular weight of the immunogen of about
5 kDa.

In this context, it has to be considered that animals usually used for
immunization have developed some self-tolerance, eliminating well-suited B-
or T-cells. Thus, the immunogen or carrier protein should be foreign to the
immunized species.

3.2 Antigen preparation

Large molecules

According to the requirements of epitope binding, degradability, and mediating
interaction of B- and T-cells, high-molecular-weight proteins should elicit an
immune response, which usually increases with a higher degree of conforma-
tion and structural rigidity. The antigenic sites at the surface of protein
molecules can be made up of different domains of amino acid side chains,
which are distant in sequence but close in space. In contrast to these conforma-
tion-dependent determinants, fibrous proteins possess sequential determinants
comprising up to six amino-acid residues. Probably all proteins are immuno-
genic, but individual proteins may differ markedly in immunogenicity. Self-
aggregation of proteins usually is associated with a slight change in its speci-
ficity, but with increased immunogenicity. On the other hand, large molecules
can be made more immunogenic by denaturation. Heating or heating in the
presence of sodium dodecyl sulphate will increase immunogenicity, but, con-
currently, specificity will be altered because hidden epitopes will become
accessible. Polysaccharides can act as immunogens in purified form, but only
in humans and mice, not in rabbits or guinea pigs. Additionally, antibodies
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Glutardialdehyde: Homobifunctional cross-linker, activation and coupling at alkaline pH.
Notes: Isolation of intermediate is recommended; reagent is a polymer; sometimes reduction
by sodium-borchydrid is required for stability [8].

SPDP (N-succinimidyl-3-(2-propyldithio)-propionate: Heterobifunctional, hapten activated at
pH 7-9, coupling to thiol-containing carrier after conversion of amino- to thiol-residues with
2-iminothiolan or cleavage of carrier disulfide bonds with dithiothreitol.

Notes: Mild conditions; degree of substitution measured by appearance of 2-thiopyridon [9].

Hemisuccinoylation: Hapten converted to carboxylderivative by reaction with succinic an-
hydride in anhydrous milieu followed by use as carboxylated hapten.

Notes: Spacer is introduced [10].

Divinylsulfone: Derivatisation of hydroxyls at pH 11, coupling at pH 9.

Notes: Inactivation of excess reagent by addition of glycine [11].

Periodate oxidation: Mildly alkaline conditions required for cleavage and oxidation of cis-diol
partial structures, coupling of aldehyde at pH 9.
Notes: Stability is increased by reducing the aldimin with sodium borohydride [12].

The amount of hapten coupled per molecule of carrier protein can be deter-
mined only after rigorous purification of the artificial antigen by dialysis, gel
permeation chromatography, or precipitation with ammonium sulphate or any
other useful method. Most simply, the degree of substitution can be determined
by UV-difference spectroscopy of the carrier protein and the conjugate. Appear-
ance of an additional peak at the maximum absorbance of the hapten in the
spectrum of the conjugate in comparison to the carrier protein is a qualitative
confirmation of successful coupling. When the solutions are carefully prepared
by weighing accurate amounts of the lyophilised conjugate and the carrier
protein and the solutions are adjusted to the same concentration, the hapten
content of the conjugate can be estimated quantitatively. An alternative is an
indirect assay by determining the number of free amino groups of the carrier
protein prior to and after coupling of the hapten. The difference points to the
number of modified amino residues, which corresponds to the number of
hapten molecules attached. A rather time-consuming method is the 2,4-dini-
tro-2-fluorobenzene test, originally applied by Sanger for determination of
insulin. A simple and rapid alternative is the trinitro-benzene sulfonic acid
test, which avoids total hydrolysis and extraction steps of dinitrophenylated
amino acids [13]. But it should be considered that non-covalent interactions also
can contribute to hapten-fixation on the carrier protein, which amounts in the
case of bovine serum albumin to about 2 to 3 hapten molecules. While bovine
serum albumin has 59 lysine residues, only 35 are accessible at the surface for
coupling at neutral pH. A conjugation rate of about 10 hapten molecules per
carrier molecule is sufficient to obtain not only serum albumin-specific anti-
bodies but also hapten-specific ones [14].
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3.3 Immunization

Before an immunization protocol is started, the legal responsibilities should be
considered. In the countries of the European Union, as well as in the USA, a
personal and a project license is required for all immunization and bleeding
procedures.

The choice of the animal species to be immunized greatly depends on the
facilities. Most commonly, rabbits of 4 to 6 months of age are used, as about
25 ml of serum is yielded from a single bleed. Guinea pigs, which are often hard
to bleed, rats, or hamsters yield 1 to 2 ml, while mice yield only 200 pl. For
rabbits, two animals should be used as a minimum, whereas in the case of
rodents three to six animals are recommended. It is self-evident that the
animals should be held under proper environmental conditions preventing
any stress.

Prior to immunization of an animal, the antigen is mixed with adjuvants.
Because adjuvants enhance the humoral immune response and activate un-
known sectors of the immune system, immunization never should be done
without adjuvants. Heat-killed bacteria containing lipopolysaccharides (Borde-
tella pertussis) or muramyldipeptides (Mycobacterium tuberculosis) stimulate
lymphokine production resulting in strong local inflammatory reaction, which
mobilizes macrophages. On the other hand, aluminium salts precipitate the
antigen and mineral oils form water-in-oil emulsions. Both result in formation of
a depot, which prevents rapid degradation of the antigen and guarantees
sustained nonspecific stimulation of the immune response. Most commonly,
the primary injection is given as an emulsion of the immunogen in complete
Freund’s adjuvant containing killed Mycobacterium tuberculosis and mineral
oil, which provokes aggressive and persistent granulomas [15]. But the boosts
are administered as a mixture with incomplete Freund’s adjuvant containing
mineral oil and emulsifier only.

As a rough basic rule, in rabbits about 0.5 to 1 mg antigen in adjuvant is
administered, preferably subcutaneousely, on multiple sites at low volumes for
the primary immunization, which corresponds to 50 to 100 ug antigen for mice.
When only small amounts of poor immunogens are available, the antigen might
be injected in rabbits in the poplietal lymph node at the lower leg to enhance the
probability of an appropriate immune response. In this latter case, however any
adjuvant must be omitted. The dose of the following boost injections about three
to four weeks after the first injection might be one-third to one-half that of the
first immunization. For deeper insight into immunization procedures, there is
some useful literature available [16].
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3.4 Sampling serum and storage

After the first injection of the immunogen, the primary response results in
exponential increase of antibody secretion occuring within 30 days. In the
majority of cases, the antibody concentration in the blood, termed as titer,
reaches a maximum within 9 to 11 days so that the first test bleed can be
collected.

When using rabbits, the animal is placed in a small box and and a small distal
area of the rear ear is rinsed with a small amount of 70% ethanol. When the
marginal ear vein is not apparent, it might be dilated by gently rubbing or
warming with a lamp, but avoid use of toluene or xylene. The area, which
should be incised or opened by insertion of a thick injection needle, is covered
with Vaseline®. The blood is collected by droping in a clean test tube. When the
blood flow stops by clotting, the incision area should be wiped with sterile warm
water. After collecting usually 5 ml, but 20 ml at the maximum, the needle is
removed and gentle pressure is applied to the cut for half a minute. Check to be
sure that the blood flow has stopped.

Before screening this first test bleed for presence of specific antibodies, the
blood is allowed to coagulate for one hour at 37 °C. The clot is removed with a
Pasteur pipette or by simply rotating a skewer made from wood followed by
centrifugation for 10 min. at 13,000 rpm to remove any remaining insoluble
material. The clot might be allowed to retract overnight to yield an additional
few milliliters of serum. Additionally, the serum can be heated to exactly 56 °C
for 10 to 20 min. to inactivate the complement proteins. These proteins can
interfere with some immunoanalytical techniques by binding to the antigen-
antibody complex. The serum can be stored for many years at -20 °C or below.
When stored at 4 °C for weeks, it is recommended to add 0.02% sodium azide or
thiomersal at 1:10,000. But be aware of the fact that sodium azide is highly
poisonous and can interfere with some immunoanalytical techniques.

Test bleeds can be taken from mice in a similar way or from rats by incision of
the tail vein. The test bleed usually yields a volume of 200 to 400 pl and can be
treated as described above.

The first test bleed predominantly contains IgM and only few IgG, but
antibody formation declines with time.

About one month after the first immunization, another exposure to the
immunogen provokes the secondary immune response, which yields a stronger
response by activating memory cells. Moreover the antibodies of the secondary
response belong predominantly to the IgG-type and often exhibit higher affinity,
which might even be increased by the number of boosters. The titer should be
monitored by appropriate methods such as enzyme immunoassays or simple
immunodiffusion assays [17]. When a good titer has developed, regular boosts
are preformed every 6 weeks, and up to 50 ml blood (rabbit) is collected 10 days
after the booster injection.
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Through the course of time, affinity, specificity and cross-reactivity are
altered. The concentration of the antigen in the animal decreases with time
so that lymphocytes producing low-affinity antibodies are not stimulated
further, whereas those secreting high-affinity antibodies are still stimulated.
By boost injections with low doses of antigen, the threshold value for stimulation
remains high, and only those lymphocytes remain to be stimulated that produce
high-affinity antibodies. The decrease in specificity with time probably results
from early formation of antibodies with low affinity. Each determinant of the
antigen provokes formation of specific antibodies with different lag times. Thus,
shortly after administration of the immunogen the number of antibodies with
different specificity is low, but it increases with time. Additionally, cross-
reactivity increases by time. In response to different determinants located at
the surface of an antigen, a higher number of different antibodies is formed.
Thus, it is likely that certain antibodies also recognize antigens with similar
conformation.

3.5 Polyclonal antibodies

According to the clonal selection theory, a clone of B-cells produces antibodies
of only one specificity. When an animal is immunized with an antigen, a random
number of clones is activated and, consequently, a polyclonal antiserum is
obtained. This strategy of the immune system to produce polyclonal antibodies
yields important advantages in terms of affinity and specificity. A major
advantage of polyclonal antibodies is the formation of large insoluble immune
complexes with polyvalent antigens. At a molar ratio of 4 Mol antigen/mol
antibody, the multivalent antigens and the bivalent antibodies forms a three-
dimensional network, which is opaque and can be determined quantitatively.
Additionally, polyclonal antibodies are usually well-suited for cell staining,
immunoblotting, and immunoassays with labeled antigens, but it is difficult to
perform immunoassays with labeled antibodies. In the latter case, use of
monoclonal antibodies is recommended.

When using antibodies as a reagent for immunoanalytical techniques, it
should be considered that there is a batch-to-batch variation of polyclonal
antibodies, even those deriving from the same animal. The antibodies are
heterogenous with regard to specificity, isotype composition, and optimum
binding conditions so that each assay has to be adapted. Additionally — with
exception of specific pathogen-free animals - the antiserum contains antibodies
against all antigens to which the animal was ever exposed. Thus, the antiserum
contains at most 20% to 30% immunglobulins, of which about 10% are specific
antibodies against the desired immunogen.
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3.6 Monoclonal antibodies

In 1984 G. Kohler and C. Milstein were awarded with the Nobel Prize for
development of the hybridoma technique, which yields monoclonal and, con-
sequently, monospecific antibodies [18]. The rationale for this technique is to
fuse antibody-secreting lymphocytes from the spleen, which produce polyclonal
antibodies, with immortal myeloma cells. Thus, the capability of antibody
production deriving from the B-cells and the immortality deriving from the B-
lymphocyte tumor cells are joined [19]. In order to render the polyclonal
antibodies in the supernatant of the fused cells monoclonal, certain antibody-
secreting cells are selected by cloning. The growing hybridomas are diluted and
grown in microplate wells as far as the antibodies secreted might stem from the
same fused, antibody-secreting cell.

Production of monoclonal antibodies requires mice, usually the inbred strain
BALB/c, for immunization and plasmacytoma cells such as the non-secreting,
HAT-sensitive P3-X63-Ag8.653 cells. Additionally, good tissue culture facilities
including a 5% C0,95% air incubator, a sterile workbench, and an inverted
microscope for visual control of the cultures are needed.

In the following some basic items for production of monoclonal antibodies are
given. There are many different protocols for production of monoclonal anti-
bodies; for detailed information; the reader is referred to the literature [20, 21].

Per immunogen, a minimum of three BALB/c mice is immunised by sub-
cutaneous injection of about 25 pg immunogen in complete Freund’s adjuvant
at multiple sites at the back. Four weeks later, half of the amount of immunogen
mixed with incomplete Freund’s adjuvant is administered intraperitoneally.
About one week after the booster injection, the animals are sacrified and the
spleen is removed under aseptic conditions. Using a stainless sieve, the spleen is
homogenised, and clotted cells of the connective tissue are removed by cen-
trifugation. Erythrocytes are lysed by osmotic shock, and the spleen cells are
recovered in the pellet after centrifugation.

The myeloma cells P3-X63-Ag8.653 represent a variant of BALB/c plasma-
cytoma cells that do not secrete antibodies and that are sensitive to HAT
medium. They should be in the logarithmic phase of cell growth.

While fusion of the cells in early work was achieved by inactivated Sendai
virus, PEG 4000 is commonly used today. Fusion of the lymphocytes with
myeloma cells by PEG requires strict compliance with the selected procedure
with regard to time and amounts of reagents added. After fusion, the cell
suspension contains hybridoma cells, non-fused lymphocytes, and myeloma
cells. Whereas lymphocytes are mortal and lose their viability during further
propagation, the myeloma cells are immortal. In order to eliminate the mye-
loma cells, the cell suspension is cultured in a selective culture medium (HAT
medium) containing hypoxanthin, aminopterin, and thymidin. The myeloma
cells suffer from a deficiency of the enzyme hypoxanthin-guanine-phosphor-
ibosyl transferase (HPGRT). Thus, they are not able to synthesize DNA in
presence of the HAT medium and lose viability. In contrast, in hybridoma cells
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the enzyme deficiency is compensated by the parent lymphocytes and they still
grow.

About two weeks later, the cells are cultured in HAT medium and cells from
dense cultures are propagated further on feeder layers containing macro-
phages from the peritoneum of mice. They are obtained by rinsing the abdom-
inal cavity of adult mice with sterile saccharose-solution. Upon propagation of
the cell suspension containing hybridomas on feeder-layers, non-growing
hybridomas (99%) are degraded by the macrophages, whereas the growing
hybridomas (1%) take advantage of the growth factors provided by the macro-
phages.

Different methods are available to select the hybridomas secreting relevant
antibodies [22]. Most commonly, enzyme-linked immunosorbent assays are
used. After coating the wells of a microplate with antigen and washing, an
aliquot of the supernatant of the hybridomas is added and washed after
incubation. The antigen-bound antibodies are detected with goat-anti-mouse
IgG/IgM labeled with horseradish peroxidase. After removal of excess second
antibody by washing and addition of substrate solution the absorption of the
cleaved, stained substrate is determined photometrically after stopping the
enzyme reaction, by addition of acid.

According to the results of screening the hybridoma-containing wells for
antibody secretion, relevant hybridomas are cloned by limited dilution rather
than by the agar technique. Usually limiting dilution is done in three subsequent
series, ensuring that the antibodies in the supernatant derive from fusion of a
single B-cell and a myeloma cell.

A problem sometimes encountered with production of monoclonal antibodies
is loosening of chromosomes [23]. Thus, a significant number of initially positive
clones can be lost. This can be prevented by omitting overgrowth of the
hybridomas in the wells, but this phenomenon occurs as the hybridomas
become monoclonal.

The hybridoma cells can be propagated continuosly in vitro, and the super-
natant contains homogenous antibodies, which recognize only one or a few
closely related antigens. In contrast to polyclonal antibodies, monoclonal anti-
bodies are homogenous molecules with regard to specificity, affinity, and isotype
(see Tab. 3). Additionally, in contrast to polyclonal antisera, the predominant
protein in the supernatant of hybridomas is the specific antibody that might be
used as a homogenous reagent for nearly all immunoanalytical techniques
especially for antibody-labeled techniques. Because of their monospecificity,
monoclonal antibodies exhibit only poor antigen-precipitating properties as
single reagents. Thus, indirect measurement of antigen-antibody-binding by
use of a label is possible, which in turn represents the more sensitive assays.
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At equilibrium, the antigen-antibody complex is formed as described by the
association rate constant K1 and concurrently dissociated to yield again its free
components according to the dissociation rate constant K2. But when at a
constant amount of one free component the amount of the second free compo-
nent is increased, the equilibrium of the interaction is driven toward complex
formation. Thus, immunoassays enable detection and quantification of antigens
and antibodies. Formerly, non-labelled techniques such as immunoprecipita-
tion, agglutination, or light scattering were used, but they still suffered from low
sensitivity in the micromolar range. Today labelled immunoassays are used that
exhibit at least 1000 fold higher sensitivity. Antibodies or antigens are deco-
rated with labels that impart measurable signals such as radioactivity, fluores-
cence emission, or enzymic activity. The extent of complex formation is then
determined by measuring the amount of labelled antigen or antibody. Depend-
ing on the assay design, the signal intensity quoted is directly or inversely
proportional to the analyte of interest.

In order to describe the quality of an immunoassay, the terms sensitivity and

accuracy are used.
In a narrower sense, sensitivity corresponds to the change in response per
amount of reactant, whereas sometimes the term is used to characterize the
detection limit of the assay. Accuracy relates the amount of substance deter-
mined by the assay to the true value.

4.1 Design of an immunoassay

The criteria to classify immunoassays can be as follows: (1) determination of the
antigen or antibody, (2) labelling of antigen or antibody, (3) homogenous or
heterogenous assay, and (4) competitive or non-competitive assays.

Homogeneous assays

Homogenous methods are based on changes in enzyme activity, which is
mediated by formation of an immune complex. Consequently, modulation of
enzyme activity reflects the degree of the immunochemical reaction resulting in
enhancement or inhibition. Thus, measurement of the degree of complex
formation is carried out without any physical separation of bound and free
compounds. Enzymes used as labels in homogenous assays are lysozyme,
malate dehydrogenase, and B-galactosidase.

An assay design using enzyme-labelled antigen or analyte is referred to as
enzyme multiplied immunoassay technique (EMIT) and was developped for
determination of antiepileptic drugs, cardioactive drugs, anti-asthmatic drugs,
and drugs of abuse (see Fig. 2). The EMIT assay system requires an active
enzyme-hapten-conjugate. Upon binding of hapten-specific antibodies, the
activity of the conjugate is inhibited by inducing or preventing changes in
conformation of the enzyme as necessary for enzyme activity [26]. Thus, free
hapten as analyte and hapten-enzyme conjugate compete for antibody binding.
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discriminate between bound and free-labelled ligand, which in turn allows
quantification of the analyte of interest.

Usually the activity of radiolabelled reactants is not affected by complex
formation, whereas the activity of enzyme-labelled immunoreactants can be
altered upon binding to the complementary antigen or antibody depending on
the site of coupling the enzyme. In heterogenous enzyme immunoassays,
usually horse radish peroxidase, alkaline phosphatase, B-galactosidase, or
glucose-oxidase are used as labels.

Methods for separation include use of solid-phase-bound antigen or antibody
as well as second antibody precipitation. When enzyme-labelled antigen or
antibody is used for detection of the reciprocal solid-phase-bound reactant, this
is referred to as enzyme-linked immunosorbent assay (ELISA) [27]. The amount
of the bound or free fraction is determined by enzyme-driven conversion of a
colourless or non-fluorescent substrate to a intense coloured or fluorescent
substrate, which is quantitated by photometry or fluorimetry.

Competitive assays

In competitive assays, the competition in binding to a fixed antibody between a
constant amount of labelled antigen and unknown amounts of sample antigen is
measured. Of course, this assay can be reversed for measuring the antibody. As
the labelled analyte competes with unlabelled analyte for solid-phase binding,
the reaction product measured is inversly proportional to the test antigen or
antibody (see Fig. 3).

Competitive assays are easy to perform but require high accuracy in dispen-
sing. Additionally, high purity of the labelled ligand is required, but the result is
less influenced by contaminants such as cross-reactive and non-specific binding
compounds. However, the measurement of extremely low concentrations of
analytes can be affected by non-specific adsorption. Furthermore, optimum
conditions must be established for each step of the assay. This includes
optimisation of the concentration of the solid-phase ligand and the labelled
ligand, the type as well as amount of substrate, and incubation time and
temperature. The main advantage of competitive assays is that the detection
limit is found in the picogram-range and they are easy to perform once
established. Therefore, in most laboratories this type of assay is the first design
that is applied upon establishing an assay for a new compound to be quantified.

Non-competitive assays

These are often called immunoradiometric assay (IRMA) in the case of radio-
active tracers or immunoenzymometric assays. In this assay excess of immobi-
lized antibody is incubated with standard antigen or sample antigen. Formation
of the antigen-antibody complex is measured in a second step. When multi-
valent antigens are measured, the antigen can be detected by a second, labelled
antibody. Because at least three layers of immunoreactants corresponding to
antibody-antigen-antibody are built up, this technique is called sandwich
immunoassay. Since the measured signal derives from the amount of antigen-
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4.2 Practical considerations

Antigen and antibody

It is highly desirable to have pure antigen at one’s disposal. When two mono-
clonal antibodies or affinity-purified antibodies are available, which recognize
two independent epitopes of the antigen, the sandwich assay is appropriate to
detect even impure antigen preparations. To perform competitive assays for
detection of antigen, pure or partially purified labelled antigen is required. On
the one hand, the solid support is coated with antiserum or culture supernatant,
and subsaturating amounts of a mixture containing labelled and non-labelled
antigen is allowed to compete for binding to the antibody. On the other hand, the
antigen is immobilsed and a mixture of antigen and labelled antibody is added.
Consequently, high amounts of antigen inhibit binding of the labelled antibody
to the immobilized antigen. If pure antigen is not available, the wells are coated
with crude antigen preparation followed by detection with saturating amounts
of labelled antibody.

For this reason and because of possible interference with compounds of the
antiserum or the biological matrix containing the analyte, it is sometimes
necessary to purify and concentrate the antibodies, especially polyclonal anti-
sera. This can be done most simply by ammonium sulphate precipitation. IgG
usually precipitates at 33% to 40% ammonium sulphate saturation. This can be
performed simply by mixing equal volumes of antiserum and PBS-buffer,
followed by addition of two volumes of saturated ammonium sulphate solution.
After stirring for 30 min. the pellet is collected by centrifugation and washed
with half-saturated ammonium sulphate solution. Finally, the pellet is dissolved
in PBS (one volume or less) and dialysed against PBS. Thus, the antibody
preparation is purified and concentrated.

An alternative method is to adsorb serumproteins on a cation-exchange
matrix. The IgG is neutral or slightly positively charged at pH 6.5, whereas
most of the serum proteins are negatively charged. Consequently, the serum
proteins are bound to the DEAE-matrix, whereas IgG passes the column or is
detected in the supernatant of the batch. Large amounts of ion exchanger are
needed and the preparation is diluted. Furthermore, the pH should be adjusted
to 8 as soon as possible to prevent denaturation of the immunoglobulin.

Much more comfortable is isolation of IgG by purification with protein A
immobilised on beads that are commercially available [28]. Because the Fc-
proportion of IgG is bound to the surface protein of Staphylococcus aureus at pH
8, all contaminants are removed by washing the column. The IgG is dissociated
from the beaded carrier by elution at pH 2. Thus, pure and concentrated IgG is
yielded by elution in counter-current flow, but the pH of the eluate should be
adjusted to 8.5 immediately. Only minimum amounts of the commercially
available matrix are necessary, as the IgG-binding capacity of protein A is
high (about 20 mg IgG/mg protein A).
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For preparation of monospecfic antibodies from polyclonal antisera, affinity
chromatography on immobilzed antigen is performed. This rather time-con-
suming method requires synthesis of an affinity matrix containing covalently
bound antigens via 6C-12C spacers. The antiserum is bound to the matrix at
physiological pH and, after removal of impurities by washing the column, the
monospecific antibodies are recovered by lowering the pH, enhancing the ionic
strength of the buffer, or addition of chaotropic agents. Again, physiological
conditions in the eluate should be restored as soon as possible.

In general, the sensitivity of immunoassays increases with purity of antibody
and antigen preparation.

Diluents

The diluent should provide optimum conditions for formation of the antigen-
antibody complex. Furthermore, extremely low concentrations of analytes are
applied, as they are susceptible to surface adsorption on the reaction vessels
and denaturation. Whereas monoclonal antibodies and enzyme labels are more
sensitive to ionic conditions and temperature, for polyclonal antibodies a pH
near neutrality and an ionic strength of 0.15 is recommended, usually PBS pH
7.4. Addition of bovine serum albumin up to 1% minimizes adsorption to the
surface of the vessel and stabilizes antigens and antibodies, especially in highly
diluted solutions. However, in assays for haptens addition of albumin should be
avoided, as it binds many drugs and hormones. Washing buffers can contain up
to 0.5% Tween 20 to enhance solubilisation of non-specifically adsorbed
compounds.

Inclusion of bacteriostatic agents, e.g., 0.02% sodium azide, enhances sto-
rage stability of antibody solutions but sometimes hardly interferes with
enzymic detection. To improve storage stability of concentrated antibody solu-
tions upon freezing, additon of glycerol up to 50% is recommended. Prior to the
assay, the solution should be highly diluted with working buffer.

Solid supports
A solid matrix with immobilised antigen or antibody greatly facilitates manip-
ulation during immunoassays. Formerly, beads were used as carriers, but today
96-well microplates are used in labs routinely for many purposes. Sometimes
the reactants are immobilised covalently, but non-covalent interactions are
used more frequently. In the latter case, the solid support can be made from
polyvinylchloride or polystyrene, each exhibiting a protein-binding capacity of
up to 300 ng/cm?. Because polyvinylchloride microplates are not translucent,
they are not suited for enzyme immunoassays measuring conversion to co-
loured substrate. Translucent polystyrene microplates with flat bottoms are
recommended for enzyme immunoassays, as they are commercially available
with high and low protein-binding capacity.

Infrequently, protein-A-coated beads serve as solid support. As protein A
interacts with the Fc-fragment of the IgG-molecule, the site-directed immobi-
lisation of the antibody renders the antigen-combining sites freely accessible.
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Furthermore, so-called “magneto-beads” are commercially available and con-
tain a core made from iron, which facilitates separation by magnetic fields
omitting centrifugation.

Detection

There are three ways of detection in immunoassays: (1) direct detection using
labelled antigen or antibody; (2) indirect detection using a secondary labelled
analyte, most frequently a second antibody recognizing the Fc-fragment of the
first antibody; and (3) use of the biotin-avidin system comprising detection of
biotinylated antigen or antibodies with enzyme-tagged or radiolabelled avidin.
Direct detection requires fewer steps in the assay procedure and background
problems are minimal. However, pure analyte is required and needs to be
conjugated covalently with the label. In the case of radioimmunoassays, label-
ling procedures are well established, but for enzyme immunoassays this can be
crucial to do in the lab. Additionally, direct detection is less sensitive than the
indirect way. The main advantage of indirect detection is commercial avail-
ability of labelled antibodies, which might be used to detect a wide range of
antibodies with different specificity. The interaction between the glycoprotein
streptavidin and the vitamin biotin is characterised by a dissociation constant of
1015 mol/L, which corresponds to a half life of 160 days and approaches
covalent interactions. Streptavidin consists of four identical subunits, each
binding one molecule of biotin. Thus, an enhancement effect can result from
the multivalency of streptavidin, which might be amplified further by a multi-
layer design using avidin-biotin complexes. Reagents for biotinylation of pro-
teins containing spacer molecules are commercially available, and avidin is
easily coupled to enzymes.

The type of the label needs to be carefully selected prior to the experiment.
Radiolabelling is easy to perform by the chloramin-T iodination or by the
lactoperoxidase method [29], but safety regulations concerning use, storage,
and disposal need to be fulfilled. In radioimmunoassays low amounts of radio-
activity are necessary, about 10 to 100 pCi/ug in the case of 1?°I exhibiting a half
life of 60 days, and about 50,000 cpm/well are required for reliable results.
Consequently, danger to health is minimal if handled correctly, but special
equipment is a prerequisite. In comparison, labelling with enzymes is safe, but it
is emphasized that some cross-linking agents and substrates are hazardous.
The equipment necessary for enzyme immunoassays is inexpensive and the
reagents exhibit a long shelf-life. Additionally, enzyme immunoassays allow a
wide variety of assay designs, and detectability is comparable to that of radio-
immunoassays, which is supported by the amplification effect of enzymes and
by use of fluorogenic substrates. Usually 5 to 50 ng enzyme-labelled antibody/
well yields a colour development by substrate conversion corresponding to an
absorption of 0.2 to 2.0. In practical terms, direct visualisation of the result on
the microplate is possible. For further enhancement of detectability, fluorogenic
substrates might be used. A high quantum yield provides for the best detection
limit, a large Stoke’s shift should minimise the interaction between excitation
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Cross-reactivity of the antibody with structurally related steroids can be
determined by the same assay, but add the steroid of interest instead of cortisol.

5 Immunofluorescent analysis by flow cytometry

5.1 Introduction

Because of the fascinating facilities concerning the characterisation of cells,
immunofluorescence techniques in combination with flow cytometric analysis
have gained more and more interest over the past years [30]. Application of
fluorescent-labelled monoclonal antibodies directed against specific proteins or
polysaccharides located at the cell surface or — with some limitations - selected
cytoplasmic, as well as nuclear, ligands offers the possibility to obtain direct
information on the state of activation, proliferation, and differentiation of the
cells. In comparison to microscopical methods, the advantage of flow cytometry
is the rapid quantification of the amount of a particular stain per cell, which
offers a good statistical evaluation because of the large number of cells usually
assessed.

The objective of this chapter is to give an overview of the basic principles of
flow cytometric measurements and to provide readers with basic considera-
tions concerning immunofluorescence techniques. Upon understanding the
important parameters, the specificity and sensitivity of the staining methodol-
ogy can be optimized for a particular application.

5.2 Principles of flow cytometry

The basic components of a flow cytometer consist of a fluidic system to transport
the cells across the microscopic field; an optical system for illumination and
detection; and the electronics for light collection, data management and control
[31-33].

The most important part of the flow system is the flow chamber, where the
microscopic observation takes place. An important parameter for successful
flow cytometric analysis is the hydrodynamic focusing of the cells in this flow
chamber providing for individualisation and correct positioning of the cells
under investigation. Furthermore, the sample suspension is injected into a
particle-free “sheath fluid”, and the diameter of the sample flow is reduced
dramatically at the injection point of the flow chamber to guarantee serial
alignment of the individual cells during optical analysis [34].

The optical system consists of three parts, the first is the illumination optics,
which represents the light source for the flow cytometry and is made up of
either a conventional lamp or a laser, generally an argon ion laser. Via prisms
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and mirrors, and if necessary monochromatic filters, the illuminating light is
directed to the liquid stream and focused by several lenses to the point of
microscopic observation.

The other two components belong to the detection system of the flow
cytometer. The forward scatter collection optics is a microscope with low
numerical aperture observing the liquid stream from opposite the illuminating
light. The “forward scatter” (FS) collects the light scattered by the cells in the
flow stream in the range of 2° to 20° off the axis of the illuminating light. The
scattering signal measured by the FS corresponds to the diameter and, there-
fore, the size of the cell under investigation. The second detection component
includes the fluorescence and side scatter collection optics, comprising a
second microscope with a long working distance and high numerical aperture,
which analyses the light scattered perpendicular to the illumination beam as
well as the liquid stream. The “side scatter” (SS) signal is dependent on the
surface characteristics and the granularity of the measured cells, whereas the
fluorescence detectors collect the light emitted by fluorescent compounds
associated with the analysed cells.

The electronic system is necessary for the correct collection and processing of
the light signals gained. Conversion of optical into electrical signals is done by
semiconductor photodiodes or/and photomultiplier tubes. To analyse two or
more fluorescent compounds with overlapping emission spectrum (e. g., fluor-
escein isothiocyanate and phycoerythrin) simultaneously, the flow cytometer
should be equipped with an electronic fluorescence compensation network for
correction of fluorescence overspill and proper calculation of the different
fluorescence signals. For data calculation, either a linear or a logarithmic
amplifier can be used, depending on the dynamic range of the parameter under
investigation. In addition, a trigger circuit provides for correct separation
between signals and electronic noise or debris by setting a threshold level for
one parameter (e.g., forward scatter). Each analog pulse acquired by the
photomultiplier tubes that exceeds this trigger threshold is converted into a
digital signal and transmitted to a computer for further storage and data
evaluation.

5.3 Data evaluation

Today, state-of-the-art flow cytometers offer the possibility to analyse five
parameters per cell simultaneously: forward and side scatter as well as up to
three fluorescence light parameters. Normally, the intensity of the scattered
light is analysed on the basis of linear amplification, but the intensity of
immunofluorescence is analysed upon logarithmic amplification over four
decades. Thus, a single gain setting can be used for data acquisition allowing
direct comparison between relative fluorescence intensities of various cells.
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For evaluation a multitude of data plots is available. Usually a two-dimen-
sional dot plot is used to characterize the scattering properties of a cell
population by plotting the FS signal versus the SS signal. One-dimensional
histograms are best suited for illustration of the intensity of fluorescence
staining emphasising the quantitative aspects of flow cytometry.

In order to exclude non-specifically stained particles (e. g., dead cells, debris)
or conglomerates of cells from analysis, cells for data evaluation can be
preselected by setting lower and upper thresholds for certain parameters
(“gating”) [35]. Statistical calculation of data is done by the cytometer software,
making the evaluation of immunofluorescence assays rather simple. In this
statistical evaluation, the cell populations are usually described by the relative
mean and the coefficient of variation (CV) of a particular fluorescence para-
meter as well as the number of cells in the respective population. The mean is
defined as the arithmetic mean in the case of linear scale and geometric mean
for logarithmic scale. The CV is calculated as half the width of the distribution at
0.6 times maximum height. Usually the distribution of fluorescence intensities
on a logarithmic scale varies symmetrically around the mean because of both
biological variation (e.g., size of cells, density of target antigen and staining
antibody) and variation of measurement (e. g., focusing, orientation). Absolute
quantification of the amount of antigen molecules per cell is difficult because of
the necessity to include a reference method for calibration of the relative
immunofluorescence [36].

5.4 Basic considerations on immunofluorescence techniques

The area of immunofluorescence covers the staining of cellular structures with
antibodies and other specific ligands directly or indirectly labelled with fluor-
escent dyes [37]. During an immunofluorescence analysis, all the steps prior to
the flow cytometric measurement, including preparation of cells, staining, and
fixation, are most critical.

Preparation of cells
In order to obtain appropriate data from flow cytometric analysis, attached or
connected cells have to be individualized prior to staining and measurement.
Preparation of a single-cell suspension is done easily by repeated re-suspension
in the case of natural single cells derived from blood, bone marrow, or non-
adherent cultured cells. Adherent growing cells or cells from tissues can be
separated mechanically or enzymatically either prior to or after the staining
procedure. Upon use of enzymes for disintegration of cells, care has to be taken
in order to ensure that the antigen of interest or the attachment of the immune
label is not affected by the dissociation procedure.

Recent protocols often include pre-enrichment steps, especially in the case of
blood samples, e.g., the depletion of erythrocytes for analysis of leukocytes.
Among these procedures, density gradient centrifugation and lysis are used
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frequently. Pre-enrichment of rare cells is advantageous because of the reduc-
tion of staining volume and elimination of cells that could be stained unspeci-
fically, such as dead cells, resulting in improved discrimination of the cells of
interest.

Staining of cells

The staining procedure can be performed either directly or indirectly. In the
case of direct staining, the fluorescence-label is attached covalently to the
antibody against the specific cellular antigen under investigation and used for
analysis. Indirect staining is done by incubating the cells with an unconjugated
primary antibody followed by detection of the antibody with a secondary,
fluorescent-labelled, usually polyclonal anti-antibody. Direct staining is pre-
ferred because of easier handling and better control of the staining parameters.
Especially in routine use and for muliparametric analysis using a combination
of various markers in one staining step, control and handling are important to
consider [38]. Prior to use the labelled primary antibodies of interest have to be
purified. Indirect staining methods facilitate application of the primary antibody
without any previous labelling and purification. A further advantage of indirect
staining protocols is the possibility to improve the sensitivity of detection by
increasing the number of secondary antibodies bound to one primary antibody,
thus increasing the number of fluorescence markers per specific antigenic
determinant. But particularly in multiparameter analysis, control of proper
indirect staining is not trivial and requires highly purified isotype-specific
secondary antibodies or complete blocking of free binding sites of the secondary
antibody prior to staining of the next parameter to avoid any cross-reactions. To
combine high specificity and high sensitivity, an indirect staining protocol using
primary antibodies conjugated to haptens such as digoxigenin or biotin can be
followed. In these systems the detection is pursued very specifically by fluores-
cence-labelled secondary antibodies directed against the hapten or streptavi-
din, while the sensitivity is controlled by the number of marker molecules per
mol secondary antibody/streptavidin.

In order to avoid any loss of or damage to cells, the number of steps in the
staining protocol should be kept to a minimum. Additionally, reproducible
results can be expected only if the concentrations of cells and antibodies used
for detection are standardized. In so doing it is important to apply concentra-
tions that are as low as necessary for predominance of specific high-affinity
antigen-antibody interactions over low-affinity cross-reactions but are high
enough to ensure that staining is as bright as possible to obtain good quality
of data.

The optimum concentration of cells depends mainly on the nature of cells and
the antibodies used for detection and should be determined in preliminary
studies. The lower limit amounts to approximately 10° cells in 10 pl providing
for flow cytometric analysis of 104 cells. Thus, 10 pl is the minimum volume
necessary for proper staining in order to avoid significant changes in the
concentration of the staining antibody during the washing procedure. Usually
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staining volumes of 20 to 100 ul containing 0.7 to 5 x 10° cells are used. All these
concentrations refer to viable positive cells; additional non-stainable cells can
be neglected. However, for flow cytometric measurement of rare cells the
number of negative cells has to be considered upon optimization of the staining
protocol. To stain larger numbers of cells, it is better to increase the volume of
the cell suspension than the concentration of cells.

To obtain results that guarantee adequate statistical evaluation, the optimum
concentration of staining reagents should be determined by titration. For that
matter, it should be kept in mind that too-low concentrations resulting in poor
discrimination between positive and negative cells are as problematic as too-
high concentrations resulting in non-specific staining of negative cells or
subpopulations due to low affinity cross-reactions. Titration can be performed
by flow cytometric analysis of a mixture of positive and negative cells stained
with varying concentrations of the fluorescent-labelled antibody using a stan-
dard protocol. By plotting the mean cell-associated fluorescence intensity
against the concentration of the staining reagent, optimum conditions in an
antibody concentration exist where the difference in cell binding between
positive and negative cells is highest. If there are any problems with cross-
reactions, it might be useful to apply lower concentrations. Higher concentra-
tions are recommended in the case of low antigen density.

The incubation with the antibody should be kept as short as possible because
high-affinity antigen-antibody reactins occur very fast. Extending the incuba-
tion time may lead to enhanced low-affinity cross-reactions and non-specific
adsorption. Since with most staining reagents about 90% of the maximum
staining is achieved within 5 min., doubling the time for safety reasons results
in a standard staining time of 10 min. For immunofluorescent staining of
intracellular components, a prolonged staining period after fixation and per-
meabilisation of the cells is necessary. To guarantee appropriate diffusion of the
staining antibodies into the cytoplasm to reach the antigens of interest, staining
times of about 1 h are used.

To avoid any problems deriving from cell physiology, staining of live cells is
done at an incubation temperature of 4 °C. At this temperature, the metabolism
of the cells is minimized and the fluidity of the cell membrane is reduced,
resulting in a preferred binding of the staining reagents to the cell surface. In
the case of staining cytoplasmatic parameters of fixed and permeabilized cells,
the temperature during staining should be raised to 37 °C in order to enhance
diffusion of the staining antibodies. Staining of live cells at higher temperatures
may lead to altered results that are due to modulated expression of the
antigenic receptors (e.g., lymphocytes can “cap” their receptors with the
staining antibodies, throw off the cap into the medium, and then appear
“negative”). Blocking cell physiology by addition of 0.003% sodium azide in
the staining medium may reduce these problems.
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Washing and fixation of cells

Prior to flow cytometric analysis, unbound staining antibodies have to be
removed by washing. Therefore, the cell suspension is spun down at
1000 rpm followed by removal of the supernatant and resuspending the cells
in fresh medium or isotone buffer. Because under even optimum conditions 10%
of the cells are lost per washing step, washing should be reduced to a minimum.
Applying an adequate low concentration of reagents during staining can help to
restrict washing of the cells to one or two steps, particularly in direct staining
protocols. In the case of indirect staining, proper washing of the cells is very
important to improve staining results and to avoid any reaction between
primary and secondary antibody in solution. In these protocols, the specificity
of the antigen-antibody interaction often is improved by addition of 1% BSA to
the washing solution for blocking of residual non-specific binding sites.

For routine analysis cells usually are fixed prior to flow cytometry using para-
formaldehyde (2% in PBS) to avoid time-dependent alterations of the cell
staining as well as the risk of infections, thus standardizing analysis para-
meters. However, like all other manipulations, fixation of cells may lead to
unpleasant side effects. Especially for analysis of rare cells, discrimination
between rare positive cells and non-specifically stained dead cells is crucial.
After fixation it is very difficult to distinguish whether a cell was dead before
staining or not. In such cases it is more convenient to analyse live cells without
fixation immediately after the staining procedure in the presence of propidiu-
miodide, gating out dead cells according to the scatter and the propidiumiodide
fluorescence. In contrast, staining of cytoplasmatic or nucleic substructures
requires fixation and permeabilisation of cells because of the inability of
antibodies to penetrate the cell membrane of live cells [39]. For this reason,
cells are fixed either by addition of ice-cold methanol (10 min. at -20 °C) and
subsequent rehydratisation in PBS or with para-formaldehyde (2% in PBS,
10 min). In the case of para-formaldehyde, fixation has to be followed by an
extra permeabilisation step using Triton X-100 (0.1% in PBS, 10 min.).

Measurement and data evaluation

Prior to flow cytometric analysis, the sample usually amounting to 50 to 200 pl
has to be resuspended in 1 ml Cell Pack. Amplification of the fluorescence
signals during flow cytometry should be adjusted in such a way that the auto-
fluorescence signal of unlabelled cells is put in the first decade of the 4-decade
log range. For each measurement between 5000 and 10,000 cells of interest are
accumulated. Generally data evaluation is done by using a forward versus side
scatter plot for gating and the relative mean of the particular fluorescence
parameter for further calculation, as described above in detail.
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reflects light with higher wavelengths (which includes all the excitation light
coming back from the specimen). The confocal pinhole is constructed so that it
eliminates all light from “out-of-focus” planes. This is especially important
when evaluating thick specimens. A “confocal spot” is the term used for the
area that is detected by the laser beam. To generate a two-dimensional image of
a small area of the specimen or “optical section”, a raster sweep of the specimen
is done at one particular focal plane. As the laser scans across the specimen, the
analog light signal is detected by the photomultiplier and converted into a
digital signal. The combination of scans creates a pixel-based image (256 x 256
pixels, 512 x 512 pixels, or 1056 x 1056 pixels) that is displayed on a computer
monitor. The relative intensity of the fluorescent light emitted from the laser hit
point on the fluorescent specimen corresponds to the intensity of the resulting
pixel in the image (8-bit grayscale). Colour can be added to the 8-bit grayscale
images to define reacting proteins in a double or triple labeling and prior to
three-dimensional reconstruction to highlight regions of interest. Most fre-
quently, assigning colours by thresholding is used to make images look clearer.
This is done by assigning various intensity ranges to different colours. The
fluorescence intensity of each assigned colour is ramped from dark to light to
reflect fluorescence intensity, termed pseudocolor. The colours are usually
shown in an 8-bit colour look-up table (LUT), which is included in the image
legend.

6.3 Pinhole and confocality

The confocal microscope produces an optical slice through a specimen of
defined thickness as a consequence of the pinhole [45-47]. The numerical
aperture of the lens influences the thickness of the optical slice: Oil- and water-
immersion lenses are most suitable and can generate slices as thin as 1 um. The
diameter of the pinhole inversely correlates with confocality. For example, a
large pinhole increases the signal but decreases the axial resolution of a
plannar object and can result in a loss of confocality resulting in conventional
microscopy. A small pinhole limits brightness. In practice, microscope users
often open up the size of the pinhole to increase the signal from a weekly
fluorescent or scattering object. For each confocal microscopy specimen, it is
necessary to determine an optimal pinhole diameter for slice thickness and
brightness.

6.4 Commonly used laser sources and fluorophores

Specimens are stained using antibodies labeled with fluophores for imaging
with CLSM. This technique is called immunofluorescence histochemistry. How-
ever, other techniques using direct staining with specifically reacting sub-
stances like phalloidins also can be used. Fluorescent probes are available for
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a broad range of biomolecules, permitting the use of the CLSM to image
macromolecular structures (proteins, lipids, carbohydrates, and nucleic acids)
and physiological ions (e. g., calcium, protons) for static fluorescent specimens,
as well as for dynamic quantitative imaging and measurements [48, 49]. The
choice of fluorophores used for immunofluorescence is critical because auto-
fluorescence intrinsic from the tissue can mimic the appearance of the fluor-
ophores. To exclude auto-fluorescence interfering with the fluorophore emis-
sion, the unstained specimens are examined with the same set of filters for
excitation that are used with the specific fluorophore. Auto-fluorescence is
usually the highest, with excitation between 400 and 450 nm, and decreases
with increasing wavelengths [50]. Additionally, the choice of fluorophores
depends on their excitation/emission wavelength, the laser source, and the
filter sets available.

Immunofluorescence can be performed by either direct or indirect methods
[45]. Direct immunofluorescence involves the conjugation of the primary anti-
body with a fluorophore such as fluorescein or rhodamine. For indirect im-
munofluorescence, the primary antibody is detected by a secondary fluores-
cence-labeled antibody that is directed against the first antibody. This method is
more commonly used because it is easier to label secondary antibodies than
primaries and it is more sensitive, i. e., more than one molecule of the secondary
antibody can bind to the primary antibody. The specificity of the staining
antibodies for an indirect staining protocol is especially important for multi-
colour immunofluorescence because of cross-reactivity. Each individual sec-
ondary antibody must recognize only one primary antibody and must not cross-
react with intrinsic proteins in the specimen or with other secondary antibodies.
Unspecific staining of the tissue by a secondary antibody can be determined by
staining the tissue in the absence of the primary antibody. To ensure that a
secondary antibody recognizes only the primary antibody, it is necessary to
determine whether the secondary antibody binds to the primary antibody. To
avoid cross-reactivity, it is ideal to use secondary antibodies that have been
raised in species different from the species in which the primary antibodies
have been derived.

Some of the important considerations for choosing a laser for a CLSM system
are cost, wavelength of emission, output power at each wavelength, efficiency,
and stability. Laser lines below 400 nm are expensive to achieve, therefore, only
a few CLSM systems with such lasers are available commercially.
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Use of filters in a CLSM system: Gray filters are used for the attenuation of the
laser power, and single lines are selected by excitation filters. Ideally, these
filters should have minimal loss of laser intensity and should permit the
detection of the fluorophores around their maximal emission wavelength. For
multi-labelling experiments, fluorophores should have only minimal overlap in
their excitation/emission wavelengths. To eliminate channel “crosstalk”, it is
necessary to use sequential excitation and imaging of each fluorophore to
spectrally isolate their fluorescence emission. This method requires special
filter combinations based on each of the fluorophore’s excitation and emission
wavelengths and is time-consuming because the specimen must be scanned
several times with different excitation and emission wavelengths.

Anti-fade reagents

Because of the high intensity and focus of the laser beam, the labeled specimens
undergo significant bleaching/fading. The bleaching effect is more severe than
in conventional epifluorescent microscopy, where the entire specimen is ob-
served under lower-power excitatory light. This results in accelerated degrada-
tion of fluorophores and makes longer observation periods impossible. Several
factors influence fading, among them the fluorescence intensity, pH, and base
solution of the embedding medium. Antifade reagents can slow down the
degradation process of the fluorophore, resulting in longer periods of observa-
tion, fluorimetry, and pattern recognition [50].

P-phenylenediamine (PPD): This is one of the most effective antifade
reagents, but it is photo/thermosensitive and cannot be used for in vivo
studies because of its toxic effects. The optimal PPD antifade mixture consists
of 90% glycerol, 10 PBS, PPD concentrations between 2 mM and 7 mM, pH
8.5-9.0 [51].

N-propylgallate (NPG): NPG is non toxic and photo- and thermostable.
Though less effective as an antifade, it can be used for in vivo studies. Optimal
working concentrations: glycerol base, 3 mM-9 mM NPG [51].

Vectashield, Vector Laboratories, Inc.,

30 Ingold Road, Burlingame, CA 94010, USA, Phone: (415) 697-3600, Fax: (415)
697-0339.

Slow Fade, Molecular Probes, (www.probes.com)

PO Box 22010, Eugene, OR 97402-0469, USA, Phone: (541) 465-8300, Fax:
(541) 344-6504.

FluoroSave™: embedding (without glycerol) and antifade, Calbiochem, La

Jolla, CA, USA.
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Figure 6

6.6 Conclusions

CLSM for multicolour immunofluorescence is a complex task involving detailed
knowledge of immunohistochemistry, confocal microscopy operation and in-
strumentation, and image presentation and analysis. The development of CLSM
systems with multi-wavelength excitation and powerful microcomputer sys-
tems allows confocal imaging to be used with triple-labeled specimens.
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1 Introduction

One of the main goals of investigators in the fields of (clinical) diagnostics and
contamination-control programs consists of providing new analytical strategies
to obtain accurate data as quickly as possible.

When a new screening test is requested, the method has to be sensitive,
specific, fast, cheap, and easy to perform. In general, immunological techniques
(immunoassays) can fulfill these high requirements to a great extent. Over the
past decade, single-use lateral flow immunoassays have been extremely suc-
cessful in the laboratory and in outpatient clinic and primary care environ-
ments. In this type of assay, all reaction components are impregnated or
immobilised on a porous solid phase, usually a nitrocellulose membrane, and
are brought into contact with the sample in sequence after addition of a diluent
[1-3]. This immunoassay format is also known as strip test, one-step strip test,
immunochromatographic test, rapid flow diagnostic, rapid immunoassay (test),
lateral flow immunoassay (LFI), on-site test (assay) or near-patient test (NPT).
In this chapter, we will use the term strip test.

Figure 1 Schematic of a typical test strip, including a Mylar backing plate with adhesive,
a sample pad, a conjugate pad, an absorbent pad, and a membrane that incorporates the
capture reagents. A. Top view, B. Side view. A complete strip test device consists of a test
strip as shown here, packed in a plastic cassctte (housing) as shown in Figure 2.
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Immunoassays are analytical measurement systems that use antibodies as
test reagents. The antibodies are attached to some kind of label and then used
as reagents to detect the substance of interest. This label can be either an
enzyme for colorimetric detection or a colored collodial particle such as gold
(red) [4], carbon (black), silica (several colours), or latex (several colours) for
direct visualization of the immunoreaction. In practise, collodial gold particles
or gold nanoclusters having a diameter of 25 to 40 nm are probably the most
commonly applied labels in strip tests. For this reason, we will focus on the use
of such gold nanoclusters.

A typical strip test device consists of a test strip as shown in Figure 1 that is
mounted in a plastic cassette (housing) as shown in Figure 2. The test strip is
made up of a number of components, including a sample pad, a conjugate pad,
an absorbent pad, and a membrane that contains the capture reagents. The
main purpose of the housing is to fixate the several components of the test strip
and to keep them in close contact with each other. Moreover, the housing
determines the dimensions of the sample well and contains the viewing window
with readout indications.

When describing the principle of the strip test, one has to distinguise between
the direct assay to detect high-molecular-mass components, usually proteins
(Fig. 3), and the indirect or competitive assay to detect low-molecular-mass
analytes such as drug residues, antibiotics, hormones, etc. (Fig. 4). In both type
of tests, the user dispenses a liquid sample (buffer extract, milk, urine, serum,
plasma, whole blood, etc.) onto the sample pad. The sample then flows through
the sample pad into the conjugate pad, where it releases and mixes with the
detector reagent.
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Figure 3 Principle of a strip test for the detection of high-molecular mass-analytes (pro-
teins).

A. Fluid sample is brought onto the sample pad (not shown) and migrates to the conju-
gate pad underneath. This conjugate pad contains two distinct detector reagents: gold na-
noclusters coated with specific anti-protein X IgG (test detector reagent) and gold
nanoclusters coated with rabbit anti-sheep IgG (control detector reagent). Protein X pre-
sent in the sample is bound by the anti-protein X IgG (test detector reagent).

B. The control detector reagent, the protein-X-bound test detector reagent, the unbound
protein X, and/or the unbound test detector reagent migrate up the strip with the sample.
C. As the sample passes over the capture zones, the protein X bound to the test detector
reagent is captured by the immobilized anti-protein X IgG at line T, whereas the rabbit
anti-sheep IgG (control detector reagent) binds to the sheep IgG (control capture reagent)
at line C. Note that the immobilized capture antibodies to protein X have to be directed to
epitopes other than the detector antibodies to protein X on the gold clusters.

D. Reading the results: No colour is seen at the capture line T if the sample does not con-
tain protein X (negative sample), whereas colour develops if the sample contains protein X
(positive sample). Colour develops at the control line (C) if the test has been used properly.
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In the direct assay format for detecting high-molecular-mass analytes such as
proteins (Fig. 3), the test detector reagent consists of gold nanoclusters coated
with specific antibodies to the protein of interest. When that particular protein
is present in the sample it will react with the test detector reagent (Fig. 3 A).
The formed protein-antibody-gold complexes are mobile and are able to move
freely from the reagent pad into the membrane with the flow of the fluid
(Fig. 3B). At the test line, the complexes will be captured by immobilized anti-
protein antibodies (Fig. 3C). Thus, the presence of the protein of interest in the
sample will result in a colored test line (positive sample in Fig. 3D). The color
intensity of the test line is proportional to the concentration of the analyte in the
sample. When the concentration of the protein of interest is lower than the
lowest detection concentration or when the protein of interest is completely
absent, no test line will be visible (negative sample in Fig. 3D). Excess sample
that flows beyond the test and control lines is taken up in the absorbent pad
(Fig. 3C).

In the competitive assay format for detecting low-molecular-mass analytes
(Fig. 4), the test detector reagent consists of gold nanoclusters coated with
antibodies to the analyte of interest. The test line here consists of a protein-
analyte conjugate. The more analyte present in the sample, the more effectively
it will compete with the immobilised analyte on the membrane for binding to the
limited amount of antibodies of the detector reagent. Thus, the absence of the
analyte in the sample will result in a colored test line (negative sample in
Fig. 4D), whereas an increase in the amount of analyte will result in a decrease
of signal in the readout zone (positive sample in Fig. 4D). At a certain concen-
tration of analyte in the sample, the test line will be no longer visible. The lower
detection limit (LDL) is defined as the amount of analyte in the sample that just
causes total invisiblity of the test capture line.

Strip-test devices are commercially available for an increasing number of
antigens (high and low molecular mass). The first major target analyte for this
test format was human chorionic gonadotropin (HCG) for the detection of
pregnancy. At present, several test strip assays are available [5-8], e.g., for
the detection of hormones (pregnancy, fertility, ovulation, menopause, sexual
disorder, thyroid functions), tumour markers (prostate, colorectal, etc.), viruses
(HIV, hepatitis B and C), bacteria (Streptococcus A and B, Chlamydia tracho-
matis, Treponema pallidum, Heliobacter pylori, etc.), IgE (allergy), and tropo-
nin T in cardiac monitoring [9]. All these analytes are measured on the basis of
their presence or absence. An extensive review of near-patient testing in
primary care has been published by Hobbs et al [8].

So far, these tests are intended mainly for human diagnostics where, espe-
cially for the low-molecular-mass analytes, relatively high concentrations of
analytes are measured. In food diagnostics, however, much lower detection
levels are required. For the detection of veterinary drug residues, for example,
detection levels at ppb level (ng analyte/g of sample) are necessary [10-12], as
for many of these drugs a maximum residue level (MRL) has been established.
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Although strip tests appear simple, complex interactions among their various
components lead to a number of challenges in both the development and
manufacturing environments. These challenges are even greater for quantita-
tive tests where the color intensity of the test line must be repeatable between
production lots. From a developmental perspective, creating a successful test
system means optimizing the interactions among its raw materials, component
design, and manufacuring techniques.

It is beyond the scope of this manual to exhaustively describe all possible
methods and materials that can be used for the development and manufactur-
ing of strip tests. We will merely describe our experience in making good and
reliable strip tests for the detection of both low- and high-molecular-mass
analytes. Because of this limitation, some additional reading on new and
improved methods is recommended (see Further reading section). Moreover,
on a regular basis, BioDot in cooperation with Schleicher & Schuell organize
introductory rapid test workshops in Europe, the U.S., and Asia (for information
see http://www.biodot.com).

2 Materials

2.1 Materials

Amersham Pharmacia Biotech AB (Uppsala, Sweden):

- CNBr-activated Sepharose 4B (17-0430-01)

- HiTrap Protein G (1 x 5 ml) (17-0405-01)

Amicon (Beverly, MA, USA):

- Centriprep-30 concentrator (4306)

BioDot Inc. (Irvine, Ca, USA):

- BioDot Surfactant Starter Kit

- BioDot Diagnostic Materials Kit

Bio-Rad Laboratories B.V. (Veenendaal, The Netherlands):

- Two-way stopcock (732-8102)

G&L (San Jose, Ca, USA):

- 0.01” white matte vinyl GL-187 (6.3 cm x 30 ¢cm) (991093)
Gelman Sciences (Ann Arbor, MI, USA):

- 5 um Acrodisc filter (4489)

Greiner Bio-One B.V. (Alphen a/d Rijn, The Netherlands):

- 50 ml test tubes (210261)

Kenosha C.V. (Amstelveen, The Netherlands):

- Plastic cassettes (housings): 16 x 71 mm for test strips of 5 x 63 mm
- Foil pouches: OPA15/PE15/ALU12/ LDPE75 MU (80 x 144 mm); 403389
Multisorb Technologies Inc (Buffalo, NY, USA):

- MiniPax (sachet containing 1 g of silica gel dessicant)
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Millipore Corporation (Bedford, MA, USA):

- MilliQ 185 Plus water purification system

Nalge Nunc International (Rochester, NY, USA):

- Drop-Dispenser bottle (15 ml; 2411-0015)

Pall Gelman Sciences (Champs-sur-Marne, France):

- Cellulose type 133 (8” x 10”) (AC1071)

- Cytosep 1660 (8” x 10”) (AC1081)

Pierce (Rockford, IL, USA):

- BCA protein assay reagent (23225)

- PharmalLink Immobilization Kit (44930)

Schleicher & Schuell (Dassel, Germany)

- Nitrocellulose membrane strips (25 x 300 mm) AE 100 12 um on Mylar 5
backing

- Cellulosic paper GB002 (20 x 20 cm) (10 426 681)

- Cellulose acetate filter FP 030/3 (0.2 pm) (462 200)

Serva Feinbiochemica (Heidelberg, Germany):

- Visking dialyzing tubing; 20/32, & 16 mm (44110)

Varian (Harbor City, CA, USA):

- Varian Bond Elut Reservoir (8 ml) (1213-1015)

Whatman International Ltd (Maidstone, UK):

- Coarse PVA Bound Glass Fibre, grade F 075-17 (A4-size; 676475)

- Cellulosic paper 3MM Chr (20 x 25 cm; 3030-866)

- Cellulosic paper 3MM D28 (80048)

2.2 Chemicals

Caltag Laboratories (Burlingame, Ca, USA):

- Affinity purified goat anti-rabbit IgG (H + L) antibodies (1.25 mg/ml)
Marvel, Premier Brands UK (Moreton, UK):

- Skimmed milk powder

Merck (Darmstadt, Germany):

- Acetic acid (100%) (CH;COOH; 100063)

- Disodium hydrogen phosphate dihydrate (Na,HPO,.2H,0; 106580)

- Glutaraldehyde (25% w/w solution in water; 820603)

- Glycerol (extra pure C;Hg03; 104093)

- Hydrochloric acid (32%) (HCL; 100319)

- Methanol (CH;0H; 106009)

- Potassium carbonate (extra pure K,CO,; 104924)

- Potassium dihydrogen phosphate (KH,PO,; 4873)

- Polyvinylpyrrolidone (PVP; 107370)

- Sodium acetate (CH;COONa; 106268)

- Sodium chloride (NaCl; 106404)

- Sodium dihydrogen phosphate monohydrate (NaH,P0,.H,0; 106346)
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Sodium ethylene diamine tetra acetate (Na-EDTA, C,,H,,N,Na,0,.2H,0;
108421)

Sodium hydrogencarbonate (NaHCO,; 106329)

Sodium hydroxide (NaOH; 106495)

Tri sodium citrate dihydrate (Na,C¢H;0,.2H,0; 112005)
Tris(hydroxymethyl)aminomethane (C,H;;NO;; 108382)

Tween 20 (Polyoxyethylene sorbitan monolaurate; 822184)

Sucrose (C;,H,,0,;; 107651)

Pragmatics Inc (Elkhart, In, USA):

Surfactant 10G (p-Isononylphenoxypolyglycidol; 50% aqueous solution)

Serva Feinbiochemica (Heidelberg, Germany):

Sodium dodecylsulfate (SDS, C,,H,;0,S.Na; 20760)

Sigma Chemical Company (St Louis, MO, USA):

1,4-Butanediol diglycidyl ether (C,,H,30,; B 1029)

Bovine Gamma Globulins (BGG; G 5009)

Bovine Serum Albumin, fraction V (BSA; A 7888)

Sodium azide (NaN,; S 2002)

Ovalbumin grade V (A 5503)

Sulfadimidine (SDD, 4-amino-N-[4, 6-dimethyl-2-pyrimidinyl] benzene-
sulfonamide = sulfamethazine; S 6256)

Streptomycin sulfate (S-6501)

Tetra-chloroauric[Ill] acid trihydrate (HAuCl,.3H,0; G 4022)

2.3 Equipment

The BioDot system (BioDot Inc., Irvine, Ca, USA) consisted of two BioJet
Quanti3000 dispensers attached to a BioDot XYZ3000 dispensing Platform.
An AZCON Sur-Size™ automatic guillotine cutter (Model SS-4) was supplied by
AZCON (Elmwood Park, NJ, USA). Sealing equipment (Magneta, Model 421) was
purchased from Kenosha (Amstelveen, The Netherlands).

2.4 Solutions, reagents and buffers

Solution 1

Solution 2

Phosphate Buffered Saline (PBS): 5.39 mM Na,HPO,; 1.29 mM
KH,PO,; 153 mM NaCl; pH 7.4

Saturated ammonium sulfate solution: 80 g (NH,),SO, in 100 ml of
water of 20 °C

Solution 3 IAC coupling buffer: 0.1 M NaHCO, pH 8.3 containing 0.5 M Na(l
Solution 4 IAC blocking buffer: 0.1 M Tris-HCI buffer pH 8.0

Solution 5 IAC washing buffer I: 0.1 M Tris-HCl buffer pH 8.0 containing 0.5 M
Na(l
Solution 6 TAC washing buffer II: 0.1 M sodium acetate-acetic acid buffer pH

4.0 containing 0.5 M Na(l
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Solution 7 IAC elution solution: 0.1 M acetic acid

Solution 8 Retentate mixing buffer in synthesis BSA-streptomycin conjugate
(0.1 M potassium phosphate buffer pH 8.0): 26.5 ml 0.2 M KH,PO,
and 473.5 ml 0.2 M K,HPO, is adjusted to 1 1 with water

Solution 9  Strip-test membrane-blocking buffer: 0.9 g/1 NaH,P0,.H,0 pH 7.5
containing 2% (w/v) skimmed milk powder and 0.02% (w/v) sodium
dodecylsulfate (SDS)

Solution 10 Strip test membrane washing buffer: 0.9 g/1 NaH,P0,.H,0 pH 7.5
containing 0.01% (v/v) Surfactant 10G (S24 from the BioDot Sur-
factant Starter Kit)

Solution 11 Extraction buffer for food products and plant leaves: PBS pH 7.4
containing 0.5% (v/v) Tween 20 and 0.5% (w/v) polyvinylpyrrolidone
(PVP)

3 Methods

3.1 Antibodies

Antibodies form the heart of the immunological strip-test device. In practise,
they will be obtained either from an animal serum (polyclonal antibodies) or
from a culture supernatant (monoclonal antibodies). Both types of antibodies
should be purified at least to some extent before being applied in a strip test. For
the control capture antibody, an ammonium sulfate precipitation to isolate the
total immuunglobulin fraction (Ig fraction) often will be sufficient. For the test
and control detector reagents, as well as for the test capture reagent in the
direct assay format, however, merely antibodies that have been purified by
immunoaffinity chromatography (IAC), should be used. For an even better
performance of the test, one may decide to use antigen-specific purified
antibodies as test reagents. These can be prepared by additional IAC of the
IgG fraction using a column in which the antigen has been immobilised onto a
chromatographic support. Figure 5 shows the various steps in the production
and purification of both polyclonal and (mouse) monoclonal antibodies.

It is important to determine the cross-reactivities of the antibodies with the
sample matrices to be used in the assay. Moreover, knowledge about the
behaviour and properties of the antibodies in a specific sample matrix is
essential in order to obtain an optimal performing strip test. When testing
urine samples, for example, one has to know the binding properties of the
antibodies at the wide range of possible pH values in such samples.

It goes without saying that in a direct assay where monoclonal antibodies are
used for the detector and capture reagent, each of the two antibodies should be
directed against a different epitope on the antigenic protein. When using
polyclonal antibodies, however, the same pool of antibodies may be applied
for both the detector and the capture reagent.
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Storage:

- The column is stored at 4 °C in PBS, pH 7.4, containing 0.05% (w/w) sodium
azide.

Notes:

- Be sure that none of the reagents in the coupling reaction contains sodium
azide, as this will seriously disturb the reaction.

IAC using immobilised small ligands

For the purification of antibodies to low-molecular-mass ligands, the ligand of
interest has to be coupled to a chromatographic support. Because the chemical
nature of small ligands usually varies widely, there is no such thing as a general
immobilization protocol. Often, coupling of small ligands to a support appears to
be far more difficult than coupling of a protein as described in the section above.
An overview of small ligand immobilization techniques is described in [20].

The PharmalLink Immobilization Kit enables the coupling of a large variety of
difficult-to-immobilize compounds. It utilizes the Mannich reaction in which
certain active hydrogens of the ligand are condensed with formaldehyde and an
amine-containing support (the PharmaLink gel). Particular hydrogens in ke-
tones, esters, phenols, acetylenes, a-picolines, quinaldines, and a host of other
compounds can be aminoalkylated using the Mannich reaction. For an overview
of the possibilities of the kit and a step-by-step guide to the procedure, see the
manufacturer’s instruction manual.

When the ligand of interest contains an alifatic amine group, coupling can be
performed easily by using CNBr-activated Sepharose 4B as described in section
3.4 (protocol 2), now adding 1 to 10 umoles of the ligand/ml gel. When the ligand
contains an aromatic amine group, however, coupling is more successful when
using a modified PharmalLink protocol as described by Verheijen et al. [11]. The
example describes the immobilization of sulfadimidine (SDD; sulfamethazine), a
sulfonamide drug that is coupled by its aromatic amine group.

Note:

- Be sure that none of the reagents in the coupling reaction contains sodium
azide, as this will seriously disturb the reaction.

3.5 Preparation of 40 nm gold nanoclusters (G40)

Preparation of gold nanoclusters is based upon reduction of HAuCl, and has
been described for a wide variety of reagents, including formaldehyde, white
phosphorus, citric acid, ascorbic acid, tannic acid, and hydrogen peroxide [13,
14]. The size of the individual nanoclusters can be manipulated easily and
depends on several factors such as the chemical nature of the reducing
reagents, temperature, pH, and concentration of the reagents. Protocols have
been published for the preparation of colloidal gold particles with a diameter
ranging from 3 to 150 nm. The most commonly used method is the reduction of
gold chloride with sodium citrate as described by Frens [15].
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particular ions. In order to eliminate the same amount of negative surface
charge of colloidal gold and to induce flocculation, cations such as K+, Ba?*, and
Al*+ have to be added in equivalents amounts of 1000:10:1 to cause the same
effect.

The minimal protecting amount (MPA), i. e., the minimal amount of protein
needed to protect the sol from salt-induced precipitation, can be determined by
the procedure of Horisberger and Rosset [18]. In this procedure, small amounts
of unstabilized gold nanoclusters (0.5 to 1.0 ml) are added to a series of
increasing concentrations of the protein of interest in a constant volume
(100 pl). After 5 min., 100 pl of a 10% (w/v) sodium chloride solution is added
to the mixture. If the colour changes from red to violet and finally to blue, the
protection was incomplete and aggregation, followed by flocculation of unsta-
bilized gold nanoclusters, was induced by the added salt. Spectrophotometric
analysis of a suspension of gold nanoclusters at 520 nm results in a more precise
estimate of the degree of stabilization of the sol. In general, a final concentration
of 10% to 100% above the MPA is used for coating.

When using the G40 nanoclusters made in our lab, the MPA was always found
to vary around 5 pg antibody/ml G40 suspension. Coating was therefore
performed with 6.0 to 7.5 ug antibody per ml of G40 suspension.

Figure 6 Isolation and purification of the detector reagents. After coating of the G40 gold
nanoclusters with antibodies, followed by blocking with milk proteins, the obtained mix-
ture is centrifuged through a 50% (v/v) glycerol layer that is mounted onto a 80% (v/v) gly-
cerol cushion. The centrifugal speed and/or running time is adjusted such that the right-
sized coated antibody clusters forming the detector reagents are found almost entirely in
the 50% glycerol layer. After centrifugation, antibodies and/or blocking proteins that are
not bound to the nanoclusters (free proteins), as well as relatively small protein nanoclus-
ter complexes, will be found in the upper water layer, whereas the relatively large, pur-
ple-colored protein nanocluster complexes will be present in the 80% glycerol layer and
on the bottom of the centrifuge tube. In order to avoid contamination of the detector re-
agent with free protein and/or large antibody nanocluster complexes, the detector reagent
is removed sideways out of the centrifuge tube with a syringe.
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The advantage of a membrane that has been cast directly on a plastic support
is the large increase of the membrane’s tensile strength properties, which
makes its handling much easier. Moreover, the presence of a membrane support
prevents the migration of adhesives from the backing plate into the membrane
layer. On a direct-cast membrane, however, it is not possible to apply reagents to
the belt side, i.e., the side of the membrane that is the smoothest and is
relatively defect free.

Nitrocellulose is probably the most commonly used polymer for strip test
membranes. The pore size of such membranes varies between 5 and 20 pm,
which is large compared to a pore size of 0.2 to 1.2 um of a nitrocellulose
membrane used for protein blotting. A large pore size implies a small mem-
brane surface area and, consequently, a low-protein binding capacity, i. e., 20 to
30 ug IgG/cm? instead of the 110 ug IgG/cm? for a blotting membrane with a pore
size of 0.45 pum.

Nitrocellulose membranes bind proteins electrostatically; the strong dipole of
the nitro-ester interacts with the strong dipole of the peptide bonds of the
protein. Because nitrocellulose membranes are completely neutral, their bind-
ing properties are independent of the pH of the immobilization solution.
However, the pH might have an effect on both the solubility and immobilization
efficiency of a particular protein.

When using nitrocellulose membranes that bind proteins electrostatically,
detergents such as Tween-20 and Triton-X 100 should not be used or should be
used only in very low concentrations (< 0.01% v/v). Ionic detergents, such as
sodium dodecylsulfate (SDS), are compatable with this type of membrane at
concentrations up to 0.5% (w/v).

Depending on the choice for a batch or a continuous manufacturing process,
membranes are available in different formats, i. e., as small strips (30 x 2.5 cm),
sheets (20 x 20 cm), or rolls (30 cm x 100 m).

A partial list of suppliers of nitrocellulose membranes is shown below:

- Schleicher & Schuell GmbH, Postfach 4, D-37582 Dassel, Germany
http:/www.s-und-s.de, e-mail: filtration @s-und-s.de

- Millipore Corporation, Bedford, MA, USA
http://www.millipore.com/healthcare, e-mail: tech_service@millipore.com

Schleicher & Schuell is provider of the AE- and FF-membrane series, Milli-
pore of the Hi-Flow and Hi-Flow Plus membranes.

3.9 Immobilization of the capture reagents onto the
membrane

A crucial step in manufacturing strip tests is the proper application of reagents
to the membrane. A partial list of suppliers of reagent application equipment is
shown below:

- BioDot, 17781 Sky Park Circle, Irvine, California, 92714 USA
http://www.biodot.com, e-mail: webmaster@biodot.com
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- IVEK, Fairbanks Road, North Springfield, Vermont, 05150 USA
http://www.ivek.com, e-mail: ivek@ivek.com

- Camag, Sonnenmattstrasse 11, CH-4132 Muttenz, Switzerland
http:/www.camag.com, e-mail:info@camag.ch

For the preparation of our strip-test devices, a BioJet Quanti3000 attached to
a BioDot XYZ3000 Dispensing Platform (Fig. 7) is used for dispensing the test
and control capture antibodies onto nitrocellulose membrane AE 100 (12 um)
strips (300 x 25 mm) on a Mylar 5 support. Prior to use, the antibody stock
solutions (5 mg IgG/ml) are filtered over a 0.2 um FP 030/3 disposible cellulose
acetate filter. A typical amount of antibody used for both the control and test
capture reagent is 0.5 ug/cm membrane. The distance between control and test
line largely depends on the readout indications on the viewing window of the
housing, but is usually about 5 mm.

Figure 7 The BioDot
XYZ3000 Dispension
Platform with two Bio-
Jet Quanti3000 devices
for dispending the test
and control detector
reagent onto the nitro-
cellulose membrane
strips (Courtisey of
Chris Flack, BioDot).

3.10 Drying of the membranes

After dispensing the sample and/or control lines, the membrane is dried for 1 h
at 50 °C. Drying a membrane completely is essential in order to obtain a proper
fixation of the proteins that have been deposited. Drying efficacy is a function of
temperature, humidity, and time. If the membrane is backed, then the drying
times must be extended.

The conditions that are typically required to achieve complete drying of a
membrane are 0.5 h, 1-2 h, and > 16 h for drying temperatures of 15-25 °C, 35-
40 °C, and 45-50 °C, respectively [22].
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3.11 Blocking and washing of the membranes

Blocking is often necessary in order to prevent non-specific binding of the
analyte and/or detector reagent to the membrane.

After drying the membrane strips, blocking is performed by incubating the
strips for 30 min. in blocking buffer (Solution 9).

Because an excess of blocking agent can interfere dramatically with the
membrane’s capillary flow properties, unadsorbed blocking agent has to be
removed by washing the membrane in a weak buffer solution. To promote a
uniform re-wetting of the blocked membrane, the presence of a low concentra-
tion of surfactant in the washing solution is recommended. In case one would
like to compare the effects of various surfactants, the BioDot Surfactant Starter
Kit may be very useful. Using the nitrocellulose membrane AE100, washing can
be performed three times for 5 min. each with washing buffer (Solution 10).

After drying for another 2 h at 50 °C, the membranes can be either further
processed or stored under dry conditions, i. e., sealed in plastic in the presence
of desiccator, until use. Storage may be performed at ambient temperature (for
a few weeks) or at =20 °C (for a longer period).

Note:

- The term surfactant is an acronym for surface active agent and generally
refers to wetters, solubilizers, emulsifiers, dispersers, or, detergents. Surfac-
tants almost always act to reduce attractive interactions between “like” parti-
cles and bring them to “unlike” surfaces.

- An alternative for the above-described blocking of the test strip directly
after dispensing of the readout lines is the “blocking on the fly” technique, by
which the blocking agent is included in with the conjugate pad impregnation
mixture. When the sample then enters the conjugate pad, the solubilized
blocking agent will run with the front along the membrane, binding to non-
specific sites.

3.12 Choice of the conjugate pad

The conjugate pad performs multiple tasks, the most important being the
delivery of the assay detector reagent, which is deposited into the pad material
typically in conjugation with some combination of blocking agents and/or
surfactants. When sample flows from the sample pad into the conjugate pad,
the detector reagent should be released consistently, quickly, and quantitatively
and then float with the sample front. Such an ideal-acting conjugate pad thus
consists of a well-balanced combination of the proper conjugate pad material
and the proper surfactants.

Materials that are commonly used to make conjugate pads include glass fiber
filters, paper (cellulosic) filters, and surface-treated (hydrofilic) propylene
filters. A number of these materials can be found in the BioDot Diagnostic
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Materials Kit, whereas the BioDot Surfactant Starter Kit contains a variety of
surfactants that one may try for his own specific application.

In our strip tests, Whatman Glass Fiber Paper with binder F 075-17 was
chosen to be the most appropriate material for a conjugate pad because of the
ease with which the material is wetted, the high capacity to absorb fluid, the
uniform distribution of the detector reagent on the pad, and the low amount of
detector reagent that remains on the pad after running the assay.

3.13 Composition of the detector reagent on the conjugate
pad

For a membrane strip of 5 mm in width, a conjugate pad of 5 x 5 mm may be
applied. Using Whatman Glass Fiber Paper with binder F 075-17, such a pad
can be loaded with 12 to 13 pl of conjugate pad impregnation mixture. Besides
the two detector reagents, the choice of other key ingredients appears to be a
matter of trial and error. Moreover, the required concentration of the test and
control detector reagent in the mixture largely depends on the quality of these
reagents.

As an example, the composition of a conjugate pad impregnation mixture is
given for a test that has been developed in our laboratory for the detection of
Pepino Mosaic virus (PepMV) in tomato plants:

e 215 plrabbit anti-PepMV IgG coated G40 nanoclusters (test detector reagent)

e 45 pl rabbit anti-sheep IgG coated G40 nanoclusters (control detector re-
agent)

e 130 ul 40% (w/v) sucrose in water

e 10 ul 1% (v/v) Surfactant 10G in water

Each conjugate pad (5 x 5 mm) was loaded with 13 pl of this mixture. After

drying for 2 to 3 h at 50 °C, the conjugate pads were stored at -20 °C until used.
Another example is the composition of a conjugate pad impregnation mixture

for a test that has been developed in our laboratory for the detection of

(dihydro)streptomycin in milk:

e 70 pl of anti-(dihydro)streptomycin IgG coated G40 nanoclusters (test detec-
tor reagent)

¢ 150 pl of rabbit anti-sheep IgG coated G40 nanoclusters (control detector
reagent)

o 70 pl of 12% (w/v) sucrose in water

e 10 ul of 1% (v/v) Surfactant 10G in water

e 100 pl of water

Each conjugate pad (5 x 5 mm) was loaded with 10 pl of this mixture. After
drying for 2 to 3 h at 50 °C, the conjugate pads were stored at -20 °C until used.
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3.14 Choice of the absorbant pad

Absorbent pads are placed at the end of the test strip. The major advantage of
using an absorbent pad is that assay sensitivity can be increased by virtue of the
increase in the total volume of sample that is analyzed. Without an absorbant
pad, the total volume of sample analyzed is determined by the bed volume of the
membrane. Most absorbent pads are made from paper filters.

Cellulose type 133 (Gelman), cellulosic paper 3MM (Whatman), or cellulosic
paper GB002 (Schleicher & Schuell) are all excellent materials for use as
absorbent pad.

3.15 Choice of the sample pad

Sample pads are placed at the beginning of the test strip. Their major task is to
absorb the sample and provide a uniform flow of the sample fluid from the
sample pad via the conjugate pad onto the membrane. Moreover, the sample
pad acts as a filtration device by removing particles, e. g., fat particles in milk,
from the sample solution. The pad may be pre-treated with a special buffer
solution in order to adjust the pH or viscosity of the sample solution. Most
sample pads are made from paper filters. When using aqueous sample solutions
like urine, buffer, etc., cellulose paper type 133 (Gelman), 3MM Chr (Whatman),
3MM D28(Whatman), or GB002 (Schleicher & Schuell) can be used as sample
pad. However, these materials are pretty thick and and therefore the sample
pads will be easily clogged when using samples with high viscosity and/or that
contain a high concentration of particles or sample debris. For milk samples as
well as for food and/or plant extracts, cytosep 1660 (Gelman) is a good choice.

When using whole-blood samples, special blood separation filters will be
needed as sample pad. A partial list of blood separation media manufacturers is
provided below:

- Ahlstrom Filtration, Inc, 122 W. Butler Street, P.0. Box A, Mount Holly
Springs, Pen 17065, USA http:/devicelink.com/company98/a/a00012.html, e-
mail: feedback@devicelink.com

- Spectral Diagnostics Inc., 135-2 The West Mall, Toronto, Ontario M9C 1C2,
Canada http:/www.spectraldiagnostics.com, e-mail: info@spectraldiagnostics.-
com

Furthermore, there are two interesting patents in this field that should be
mentioned (see also http:/www.birmingham.ac.uk/WATI/rapid-assay.html):

- US5916521 Lateral flow filter devices for separation of body fluids from
particulate materials. Describes the use of an asymmetric filter wherein red
cells and plasma flow laterally along the filter in order to improve the volume of
plasma obtained without clogging the filter.

- PCT W097/34148A1 Immunoassay Device. Describes various devices where
the analytical membrane also acts to separate plasma from whole blood.
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3.16 Test production

As shown in Figure 1, the test strip consists of a backing plate (laminated card)
on which the individual components are pasted. The backing plate in our tests
consists of 0.01” white matte vinyl GL-187 (6.3 cm x 30 cm). Test production
can be performed in two ways. One way is to first assemble complete sheets by
pasting the components (membrane and the various pads) in lengths of 30 cm
onto the backing plate. The cards are then cut into appropriate-sized strips,
either by hand or by using an automated cutting device that will cut the
completed cards into pieces of uniform width, e.g., 5 mm.

Another way that is especially suited for the production of a relatively small
number of test strips is to first cut the individual components to their appro-
priate length and then followed assemble them into complete test strips.

The test strips are then ready to be placed into a plastic cassette (housing) as
shown in Figure 2. For storage, the strip tests are packed into a foil pouch in the
presence of a sachet with some kind of dessicant, e.g., 1 g silica gel MiniPax
(Fig. 8). In this way, the strip tests can be stored for several months at ambient
temperature without serious loss of quality.

There are many companies all over the world that can supply you with plastic
cassettes (housings), foil pouches, backing cards, and drying agents. However,
the minimal purchase of these products is usually very high, i. e., in the range of
10,000 or more. Especially when situated in the developing phase and/or when
having no commercial interests, starting with smaller numbers of such strip test
components will often be more desirable. Relatively small numbers of the above
components, as well as sealing and cutting equipment, can be provided by
Kenosha C.V. (Amstelveen, The Netherlands).

Figure 8 For storage,
the strip test is packed
into a foil pouch in the
presence of a sachet
with some kind of des-
sicant, e.g., 1 g silica
gel MiniPax. In this
way, the strip tests can
be stored for several
months at ambient
temperature without
serious loss of quality.
When the assay will
be used to test liquid
samples, a small pipet
may be included as
well.
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3.17 Performing the test

When using liquid samples (milk, urine, serum, etc.), three or four droplets are
brought directly into the sample well of the horizontally placed strip-test device.
Usually, this is performed with a small plastic pipet that is provided with the test.
Such a pipet will assure a pretty constant volume of sample per added drop. Of
course, one is free to add a contant volume of sample by using a microliter pipet
(recommended for quantitative/semi-quantitative tests).

When starting from solid sample material (plant leaves, solid food products,
etc.), one has to make an extract of the sample first. This can be performed by
placing a certain amount of sample material into a small bottle with dropper cap
that contains a few milliliters of extraction buffer and five or six stainless steel
ball bearings (Fig. 9). After having shaken the bottle firmly for 20 to 30 s, a few
drops of extract are brought into the sample well. It should be noted here that
the type of sample matrix and/or the type of extraction buffer will greatly
influence the performance of the test. A good extraction buffer to start with is
Solution 11.

After having the sample brought into the sample well, the sample will be
absorbed by the sample pad, and the test begins. Usually, the colored sample
front will appear in the viewing window within 30 s.

The results should be read after the control line is clearly visible in the
viewing window. Usually, this will take 5 to 10 min., depending on the type of
membrane used, the dimensions of the test strip, and the fluidity of the sample.
Moreover, the dimensions of the sample well will greatly influence the test
speed.

Figure 9 When the assay will be used to test
solid samples (plant leaves, solid food, or feed
samples, etc.), a simple extraction procedure
has to be included. This can be achieved by
placing a certain amount of sample material
into a small bottle with dropper cap that con-
tains a few milliliters of extraction buffer and
five or six stainless steel ball bearings. After
having shaken the bottle firmly for 20t0 30s, a
few drops of extract are brought into the
sample well.

3.18 Interpretation of the results

The possible readouts are shown in Figure 3 (direct test) and Figure 4 (compe-
titive or indirect test). When the test is performed properly, the control test line
will always be visible. In the competitive assay, a certain amount of analyte in
the sample will prevent the formation of a colored test line. In the direct assay,
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however, a certain amount of analyte in the sample will result in the appearance
of a test line.

Orginially, strip tests were designed to be judged by the naked eye. However,
one tends to apply optical reading equipment for interpretation of the test
results. An example of such equipment is the BioDot Test Strip Reader (Model
TSR3000), which is a reader designed for the qualitative and/or quantitative
measurement of a test strip itself or within a housing. The system has a CDD
array camera to take a high-resolution image of the test strip. The user can then
define a window and measure the intensity of light reflected from the test strip.
The great advantage of such a system is that the results can be stored, analyzed,
and compared in a spreadsheet format. See also the article by Tisone et al. [23]
on image analysis for rapid-flow diagnostics.

3.19 Patents related to strip tests

Finally, it should be mentioned that there are many patents that cover a number
of technologies and materials that are commonly used in strip-test devices.
Patents are a vital aspect of research, particularly if commercial interests are
involved.

When preparing this manuscript it became clear that writing a meaningful
overview of patents in this field would be difficult and complex because of
technical and legal implications. However, in order to comply with international
trade and licensing agreements and to prevent possible legal problems after
product launch, it would be prudent to review the patent literature prior to
commercialization. A useful source of patent information can be the Diagnostic
Club patent abstract service (contact Tony Towen, Diagnostics Club Adminis-
trator; e-mail: towen@waitrose.com).

4 Troubleshooting

In developing a strip test, multiple reagents, materials, and techniques are
brought together in order to create a sensitive, specific, fast, cheap, and easy to
perform assay for the detection of either low-molecular-mass analytes (hor-
mones, antibiotics, drugs of abuse etc) or high-molecular-mass components
(antibodies, bacteria, viruses, cancer markers, food allergens, etc.). Moreover,
the test should be applicable for a wide variety of sample matrices such as whole
blood, plasma, serum, urine, saliva, milk, food extracts, plant leaves, and even
sweat. All these aspects in developing a strip test rely upon one another for their
efficacy; often changing just one of these items can lead to completely un-
expected and/or undesired results. The possible causes of a poorly performing
strip test are numereous. The most common difficulties encountered in creating
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a strip test are listed in Table 1, which consists of the troubleshooting list by
Schleicher & Schuell [24], extended with our own experience on the subject.

Table 1 The most common difficulties encountered in creating a strip test and the possible
solutions. Note that various problems mentioned in the table are related to each other, e. g,
the item “No sample front visible” is a more profound definition of the item “Migration
problems”.




162 Ron Verheijen

5 Applications

In principle, there are no limitations for the type of analyte that can be detected
by using a strip test. This is demonstrated by the large number of commercial
strip tests for the detection of a wide variety of analytes. Most strip tests, with
special emphasis on the pregnancy tests, find their application in human clinical
diagnostics. A systematic review of near-patient tests in primary care has been
published by Hobbs et al. [8]. This lists several hundred commercial devices.
Furthermore, strip tests have been developed in the field of veterinary diag-
nostics [11, 12], food testing, and plant pest and disease diagnosis (see CSL,
York, UK: http://www.csl.gov.uk).

In most human diagnostic applications, relatively high concentrations of
analyte are measured. It has been shown, however, that strip tests are also
applicable in the low ppb (ng analyte/g sample) detection region, which is often



Immunological Strip Tests 163

required for the detection of veterinary drug residues in food diagnostics [11].
As for pesticides and other environmental contaminants, LDLs are required in
the ppt (1 ng/kg) region rather than in the ppb region; to our knowledge, no strip
tests have been described for the detection of analytes at such low concentra-
tions.

Multianalyte devices also have been developed for the simultaneous detec-
tion of several analytes, e. g., drugs of abuse [25].

6 Remarks and conclusions

The proper performance of a strip test for the detection of either low-molecular-
mass analytes (indirect or competitive assay) or high-molecular-mass analytes
(direct assay) can be summarized as being a delicate balance between all of the
applied components. Changing just one of these components can lead to
completely unexpected and/or undesired results. The sample matrix also will
greatly influence the performance of the test.

The strip test has some important advantages, i. e., the test is cheap, fast (test
results can be obtained in 5 to 10 min.), and easy to perform. Moreover, all
reagents are included in the test device and no expensive equipment is required
for using the test. A disadvantage of the strip test is the fact that large number of
samples can not be tested simultaneously, as in an ELISA. Also, the high
specificity of a strip test may be considered a disadvantage as well. Especially
for general screening purposes in food diagnostics, there is a demand for
(immuno)assays with which one is able to detect a whole group of analytes,
e. g., several aminoglycosides or sulfonamides, rather than one specific member
of such a group. A possible solution for this problem is the application of generic
antibodies that are directed against the generic part of a specific group of
analytes [26].

In principle, there are no limitations for the type of analyte that can be
detected by using a strip test. However, when detection limits in the ppt region
are required, the strip test in its present form is simply not sensitive enough.
Another drawback of the strip test is its nonquantitative character. In practise,
interpretation of the test results will allow merely two possible conclusions: “the
analyte is detectable” or “the analyte is not detectable”. For analytes where an
MRL has been established, the LDL of the strip test should be at least as high as
or lower than the MRI. value.

Despite the above-mentioned limitations, the strip test has its own specific
place in the field of immunological screening assays. The development of strip
tests and related assays is increasing and constantly improving. A most inter-
esting development in the field of rapid assay devices is provided by the Wolfson
Applied Technology Laboratory (WATL) of the university of Birmingham, UK
(http:/www.birmingham.ac.uk/WATL/rapid-assay.html). Their work involves
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devices based on flow in porous media such as nitrocellulose membranes. These
devices are classified in first- and second-generation devices. The first-genera-
tion devices have channels formed by printing so that liquid flows in two
dimensions, distinct from conventional strip devices in which the flow is
essentially unidirectional (patent US 5354538; Liquid Transfer Devices). Their
second-generation devices additionally include a switchable barrier to control
the flow in the channels (patent WO 01/25789A1; Fluid-flow Control Device).
This is made by printing down a resin, typically polycoumarone-co-indene
resin, and switching with a surfactant such as octyl-B-D-glucopyranoside.
Undoubtly, applications of this type of rapid assay device will be heard of in
the near future.
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1 Introduction

1.1 Basis

A biosensor is an analytical device which uses biologically material to detect
chemical species directly without the need for complex sample processing. The
major impetus driving the significant increase of interest in biosensors over the
past decade has been the attraction of utilizing the high specificity and
sensitivity offered by biomolecules and biological systems.

A biosensor consists of a biological sensing element, such as an antibody,
enzyme, or cell, that is in contact with a physical or chemical transducer, such
as an electrode or optical detector. Measurement of the desired analyte is
achieved by selective transduction of a parameter of the biomolecule-analyte
reaction into a quantifiable electrical signal.

Figure 1
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The most important charcteristics of any biosensor are specificity and
sensitivity toward the target analyte. The specificity of a biosensor is based
primarily on the properties of the biological component because this is the
component responsible for analyte interaction at any biosensor. The sensitivity
of the integrated device, however, is dependent on both the biological compo-
nent and the transducer. Additional to the biomolecule-analyte interaction a
transducer needs to convert the chemical event with high efficiency for sub-
sequent detection.

When comparing chemical sensors and bio-devices, the inherent advantage
of biosensor technology is the significantly higher specificity that can be
achieved as a direct result of optimized macro-molecular recognition. This
phenomenon is best illustrated by an antibody-antigen interaction. Minor
chemical modifications of the molecular structure of the antibody can drama-
tically modify its affinity for the antigen. Similarly, enzymes such as lipases,
nucleases or proteases will recognize their natural substrate with a far higher
affinity than other components in the biological microenvironment. Molecules
structurally that are related, e. g., amides instead of esters in the case of lipases,
can elicit a small amount of cross-reactivity if present in high concentrations.
Biosensors outperform all chemical sensors regarding specificity and to some
extent sensitivity of detection.

1.2 Biological components of biosensors

Biomolecules used for biosensors need to have specific recognitive interactions
concerning the substance of interest. Table 1 gives a survey of bio-recognitions
employed as analyte-recognizing sensor layer.



170 Thomas G. M. Schalkhammer

1.3 Transducers

Besides the concept of the first amperometric biosensors dating back to 1962,
various measurement modes and transducers have been established within the
past few decades. Table 2 gives a short summary of some transducer systems
used in biosensor technology nowadays.

2 Sensors

2.1 Electrode-based biosensors

Amperometric enzyme electrodes

Amperometric biosensors, commonly referred to as “enzyme electrodes”,
combine the specificity and selectivity of enzymes with the sensitivity of
electrochemical detection methods. The reaction of the analyte with the
bioactive component is chosen to produce an electro-active species. The use
of enzymes, which catalyze biospecific reactions, enables the production of
reactive molecules, which either can be oxidized or reduced and thus quantified
electro-chemically. The enzyme is immobilized at or near the electrode (often
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Figure 2 Glucose
sensor based on enzy-
matic conversion of
glucose to hydrogen
peroxide and ampero-
metric detection

referred to as working electrode). A potential is applied between the working
electrode and a counter electrode in the same solution [1-6].

The oxidation or reduction of the analyte (or an enzymatically generated
intermediate molecule) proceeds at the working electrode. The current gener-
ated is thus proportional to the analyte concentration. A well-defined and
reproducible potential is necessary to avoid unwanted redox-reactions at the
electrode. In order to minimize the drift of potential caused by the current, a
third electrode, quite often a silver/silver chloride electrode, is necessary. Most
electro-analytical devices perform the measurements using a three-electrode
arrangement.

The desired potential of the working electrode is adjusted via the reference
electrode and thus is stabilized throughout the experiment, while the current of
interest is measured between working electrode and counter electrode. The
advantages of this method are that no shift in potential can be induced by the
current produced during the reaction of the analyte. Moreover, neither poten-
tial changes at the counter electrode nor the resistance of the electrolytes in the
surrounding solution can influence the signal.

Electrodes

Working electrode (Biosensor = enzyme membrane electrode) In corrosion
testing, the working electrode is the sample to be studied, whereas, generally,
the working electrode is not converted while being studied, but the electro-
chemical reactions of interest occurs at the working electrode.

Reference electrode The reference electrode is used to measure the working
electrode potential. A reference electrode should have a constant electroche-
mical potential as long as no current flows through it. The most common lab
references are the saturated calomel electrode (SCE) and the silver/silver
chloride (Ag/AgCl) electrodes. For nano-electrodes a pseudo-reference (a piece
of silver) is often used.
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Figure 3 Various
electrochemical thin-
film sensors

Auxiliary electrode The auxiliary electrode is a conductor that completes the
cell circuit. The auxiliary (counter) electrode in lab cells is generally an inert
conductor like platinum or graphite. The current that flows into the solution via
the working electrode leaves the solution via the auxiliary electrode.

The electrodes are immersed in an electrolyte (an electrically conductive
solution). The collection of the electrodes, the solution and the container
holding the solution are referred to as an electrochemical cell.

In constructing electrochemical biosensors at least the following topics have
to be taken into consideration:

* Surface to which the bio-component should be coupled.

* Coupling technique to be applied

* Stability of the immobilized bio-system under measurement and storage

conditions

* Change of redox-behavior of the electrode due to coupling procedures

* Redox-active substances in the analyte solution

Sensor surfaces

Thin-film and thick-film techniques offer a wide variety of possibilities in
designing miniaturized electrochemical sensors. Thin-film technology espe-
cially is able to provide the high purity and reproducibility required for the
electrode surface. The striking difference of monolayer thin-film biosensors
compared to conventional types of biosensors is the eminent importance of
surface chemistry in the former. Micro-structuring of sensor substrates by thin-
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5. Structuring of the metal thin films is performed by a lift off technique with
AZ photoresist (e. g., 5218E).
6. Electrodes are isolated by a 1000 nm siliconnitride layer.
7. The SiNx film is structurized by plasma etching.
8. The platinum surface is cleaned by etching with oxygen plasma (30 watt) for
3 min.
9. If necessary the surface can now be hydrophobized by dipping into a 10%
solution of hexamethyldisilazane in xylene for 15 min.
10. A Ag/AgCl reference electrode can be deposited by evaporating and struc-
turing a 1000 nm silver film.
11. The AgCl layer is formed via chlorination with 10 mM FeCl; (15 min).

Figure 5 A miniaturized multi-electrode
thin-film sensor

Metal-surface interactions

When using metal electrode surfaces, it has to be kept in mind that reactive
compounds may bind at the surface thus causing electrochemical interferences,
which had often been neglected in the past [7].

Inference by low-molecular-weight substances: Because most enzyme elec-
trodes use hydrogen peroxide generated via an oxidase immobilized at the chip
surface (e.g., gluocose oxidase, glutamate oxidase, lactate oxidase, etc.) the
hydrogen peroxide response of a clean metal electrode (e. g., platinum) is the
desired electrochemical process. Nevertheless, in additional to an in situ
electrochemical activity of a variety of molecules such as ascorbic acid or uric
acid, many thiols or peptides found in biological matrices interact irreversibly
with the electrode surface.

By using platinum as electrode material, the electrochemical surface can be
modified by anionic and cationic inorganic compounds. Chemisorption of thio-
and amino compounds is the main process. A significant decrease in electro-
chemical response to hydrogen peroxide is observed when sensor electrodes
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come into contact with solutions of iodine, iodide, thiocyanate, sulphide, and
thiols. Minor or no effects are found with bromide, chloride, nitrate, and
chlorate.

Inference by protein adsorption on sensor surfaces: In some cases, proteins
adsorb very strongly onto sensor surfaces. To test protein binding enzymati-
cally, active molecules can be used. Glucose oxidase (GOD) is adsorbed irrever-
sibly on most metal surfaces. This is a chemisorption because the protein could
not be desorbed in a vital state, e.g. by treating the electrode with saturated
NaCl, 3M KCl, or buffers of high or low pH. Moreover, GOD could not be replaced
by highly concentrated BSA-solutions. The high enthalpy of chemisorption,
caused by the interaction of various functional groups on the protein surfaces
with the top metal layer atoms, results in a nearly irreversible coating of the
metal electrodes.

Figure 6 Modification of the electrochem-
istry of thin-film Pt-electrodes after incuba-
tion in solutions containing NaJ, KBr,
sulphide, KSCN, and thiols in trace
amounts.

Chemisorption is a limiting factor in most in vivo application but, on the other
hand, is used to setup enzyme electrodes. Metal electrodes can be covered via
adsorbing e.g. GOD. When comparing various enzyme preparations (Roche,
Sigma both raw and pre-purified), it turned out that neither GOD with the
lowest catalase content nor with the highest purification grade or the highest
glucose oxidase activity in solution gave sensors with the highest response.
Three preparations of GOD having varying degrees of purity were obtained for
adsorptive and covalent immobilization by using size exclusion chromatogra-
phy to purify GOD, thereby splitting the active GOD peak into fractions and
concentrating them by ultrafiltration (using a membrane with a cutoff of 30,000
Dalton) up to a concentration of 10 mg/ml glucose oxidase. Using these
preparations, it could be shown that adsorptive immobilisation on a native
platinum surface (having a negative net charge) is highly influenced by impu-
rities being present in low but effective concentrations spread over the mole-
cular weight fractions of 180,000 down to about 80,000 Dalton. When using an
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amino-silanized metal surface (having a positive net charge), only impurities
with a molecular weight lower than 140,000 Dalton influenced GOD adsorption.

When using adsorption from aqueous buffer solutions, functionally active
monolayers of avidin or streptavidin form spontaneously, and irreversibly , on
freshly evaporated gold and silver surfaces. The observation that both proteins
form monolayers indicates that metal-sulphur interactions via cysteine residues
are not a dominant factor, since cysteine is present in avidin but absent in
streptavidin. This indicates that multiple ligand interactions with functional
groups (NH,, COO") are vital for the immobilization process. Chemisorbed layers
of avidin or streptavidin are a straightforward means to bind a wide variety of
biotinylated enzymes as a basis for electro-catalytic conversion.

For some proteins temperature is another important factor influencing
adsorption. The adsorption of Glucose Oxidase (which is irreversibly adsorbed
at platinum surfaces) shows a high temperature dependence resulting in
significantly higher sensor response with increasing temperature during sur-
face binding (0 to 37 °C: 2.3-fold increase). This may be related to conformation
changes of the protein in the bulk solution at higher temperatures or at the
sensor surface.

Inference by protein adsorption in complex systems: Among the most com-
plex systems in which protein adsorption can be observed are biological fluids
such as plasma or whole blood. The surface of a protein is complex in nature,
having differences in characteristics such as hydrophobicity and charge. This
complicates the prediction of how a protein will interact with the surface. The
major factor influencing protein adsorption is surface energy. The total adsorp-
tion process is dynamic and can be divided into five steps:

(1) Diffusion or transport to the surface

(2) Binding via adsorption

(3) Structural re-arrangements at the surface
(4) Desorption or exchange with other proteins
(5) Diffusion or transport from the surface

The exchange processes between blood proteins at solid surfaces is thought to
be a major factor in determining the behaviour of surfaces in contact with
blood. Because of the exchange processes, the composition of the adsorbate
changes with time. High-molecular-weight proteins present at low concentra-
tions replace low-molecular-weight proteins. The kinetics and sequence of
exchange varies with the type of surface and with the degree of dilution of
the sample.

Since adsorption behaviour of proteins from blood is one of the major
interferences in blood glucose determination using amperometric biosensors,
several groups tried to investigate which of the blood-protein components are
responsible for this interference. Serum fractionated over a molecular sieve
column to yield fractions of different molecular weight is a means to search for
the major interfering components or fractions. The interference of the blood
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Figure 7 Inhibition of
electrochemical re-
sponse by serum frac-
tions monitored via
anodic oxidation of as-
corbic acid at a plati-
num electrode.

protein fractions is estimated by measuring the suppression of the current
caused by anodic ascorbate oxidation at the electrode.

Varying and strong suppression of redox reactions at the electrode surface in
complex media (contrary to buffers or simple fermentation media) suggest the
use of a semi-permeable membrane chemically altered to suppress unwanted
protein adsorption at the electrode surface and to repel interfering substances
that poison the electrode.

Inference by adsorption of oligo-saccharides to electrode surfaces: In addi-
tion to proteins and low-molecular-weight substances oligosaccharides (e. g.,
dextrans) also form adsorptive layers on platinum surfaces. The adsorption can
be estimated by cyclovoltammetry because it significantly decreases redox
currents of the electrode (e.g., PtO-reduction peak) This adsorption is depen-
dent on the types of ions present (e. g. PO,* compared to Cl- shows no significant
effect), on the ionic strength of the solution, and on the chain length of the
oligosaccharide. Thus, a 10-fold decrease of adsorption is observed using
solutions containing 100 mM NaCl. It also can be seen that high-molecular-
weight dextrans (100,000 to 500,000 D) are nearly irreversibly adsorbed, while
smaller ones (100 to 100,000 D) are adsorbed only weakly. Determination of
adsorption can be done by cyclovoltammetry, i. e. comparing the PtO-reduction
peak before and after cycling the electrode in dextran-containing solutions (500
to 700 mV, 53 mV/s).

Therefore, it can be concluded that the absorbability of a molecule at a metal
electrode is determined not only by the functional groups and characteristic
structural entities but also by size and diffusion properties.
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Figure 8 Irreversible
adsorption to electro-
chemical electrodes

Covalent coupling techniques
There are various principles that can be used to couple proteins at or near metal
surfaces [8-12]:

* Entrapment (include enzyme beyond a semi-permeable membrane cover-

ing the electrode surface)

* Adsorption of proteins (cited above)

* Covalent coupling of proteins to the sensor surface (see chapter 1)

* Co-cross-linking of proteins in gellayers

For most biosensors, covalent coupling or cross-linking is preferred because
they offer several fundamental advantages. Thermal and long-time stability of
chemically bound biomolecules are often much higher than the stability of
adsorbed or entrapped species. Moreover, there is also nearly no physical loss of
enzyme during long-time measurement because of the chemical coupling.
Beyond that, covalent and biorecognitive binding allows the construction of
protein monolayers as a basis for immune electrodes.

Before coupling a molecule, it is necessary to activate the metal electrode
surfaces. Various agents and techniques have been developed to allow a
covalent coupling of proteins.
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Protocol 2 Activation of electrode surfaces

1. Detailed protocols are given in chapter 1.

Protocol 3 Coupling of proteins

Phosphate buffer is applicable for most enzymes and coupling techniques.
Nevertheless, some immobilization techniques require another buffer to obtain
a higher yield (see chapter on immobilization).
1. To couple protein to the activated surface, the electrodes are immersed in a
solution of 5 mg/ml protein in 0.1 M phosphate buffer, pH 7.0, for 2 h.
2. The electrodes are rinsed with 4-molar saline to eliminate adsorbed
protein.

Covalent coupling proceeds within a few minutes, often being limited by the
diffusion process of the enzyme to the electrode surface. Typically, a yield of
90% surface coverage is obtained at the conditions given above within 10 to
15 min. Further incubation is often required to form a dense enzyme film.

Membranes

The glucose analyser from Yellow Springs Instruments was one of the first
analysers employing cellulose acetate multi-membrane technology for glucose
monitoring. A high oxidase loading and low interfering currents are among the
main advantages. However, the thick membrane used in this sensor assembly
leads to an increased response time and limited use in biomedical applications.
Moreover, only automated techniques such as thick and thin film technology are
able to produce the high numbers required in a cost-effective way. Whereas
thick-film technology such as screen-printing of enzyme pastes is able to
produce simple and low-cost sensors, highly integrated sensors require litho-

Figure 9 Photo-resist spin coater
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graphically structured membrane technology using thin-film technology. Dip-,
spray- and spin coating (see Fig. 9) are employed to form the enzyme layers on
the biochips substrate [13].
When using oxidase-based biosensors (e. g., GOD), three types of membranes
are recommended:
1. a hydrogen-peroxide-permeable ultra-filtration layer with a low cutoff
directly on top of the metal electrode to suppress of interfering substances,
2. an enzyme containing membrane
3. a top membrane for diffusion limitation (linearization of response) and
biocompatibility

The use of glutaraldehyde for the preparation of enzyme membranes was
described 20 years ago. Most of these membranes are composed of the desired
oxidase mixed with carrier proteins like BSA and cross-linked with glutaralde-
hyde. The gels are not well defined and sometimes are subjected to irreversible
shrinking or swelling.

Figure 10 Stability of
an electrochemical
glucose sensor

An advanced technique is based on a new type of glutaraldehyde-diamine
(amine) polymers. At neutral and slightly alkaline pH, amines reacting with
glutaraldehyde do not form single enamine bonds but lead to linear high-
molecular-weight polymers. Employing the reaction procedure described above
and using mixtures of amines and diamine compounds results in stable cross-
linked polymers of the desired properties. By using 1,6-diaminohexane as
reacting and cross-linking amine (1 M) and glutaraldehyde (2.5 to 3 M) at an
pH of 7 to 9, a hydrophilic gel will result. Two fundamental procedures are given
below.

Spin-coating techniques are the most practical for forming thin and ultra-thin
membranes (0.01 to 10 um). Many preformed polymers can be dissolved to
obtain highly viscous fluids, which can be used directly to spin membranes onto
the surface of sensor substrates. Water-soluble polymers can be further cross-
linked by a variety of multifunctional reagents (2,6-bis-(4-azidobenzylidene)-4-
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immobilization of glucose oxidase by copolymerisation with pyrrole and adsorp-
tion on or inclusion in pyrrole polymers [17-19].

Sensors using polypyrrole as an electrochemical active electrode and a
mediated electron transfer (by, e.g., ferrocene, quinone) are independent of
oxygen, but sometimes suffer from low operational stability as a result of
mediator leakage and destruction of the mediator and the polypyrrole matrix
by oxygen and hydrogen peroxide.

Considering the limits of enzyme monolayer electrodes, three fundamental
advantages of electrodes covered by microporous polymers are

* significant increase of response per unit area that is due to the porous
surface

* permeation control by the polymeric layer for interfering electroactive
substances (e. g., ascorbate, thiols, etc.) resulting in a distinct increase in
selectivity.

* oxygen demand of the sensor is significantly decreased because of the high
permeability of the bulk polypyrrole for oxygen and a significantly lower
permeability for glucose (extend linear range).

A tuning of electrode behavior can be done by the use of modified polypyrrole
layers with or without significant conductivity and redox activity under working
conditions. For optimal performance, the electrocatalytic reaction should take
place at the metal surface; otherwise, high background currents and low
selectivity will be obtained.

For the coating of platinum electrodes with polymeric layers of 1- and 3-
substituted pyrroles, e.g., 1-(carboxyalkyl)-pyrroles, 2-(1-pyrrolo)-acetylgly-
cine, 1-alkylpyrroles, 1-(4-carboxybenzyl)- pyrrole, 1-(4-nitrophenyl) pyrrole,
4-(3-pyrrolo)-4-ketobutyric acid, 3-((keto 4-nitrophenyl) methyl) pyrrole, are
useful monomers. By electrochemical oxidation and polymerisation of these
monomers in organic solvents, various types of polymers can be deposited at the
electrode surface. Homopolymers, heteropolymers, and sandwiched types of
these polymer layers may be used. The various nano-structures obtained by
polymerisation of the modified pyrroles allow designable properties of the
resulting enzyme sensors. Satisfactory homopolymer layers can be formed
only with pyrrole derivatives having no bulky side groups directly attached to
the pyrrole ring. Also, it is vital to increase hydrophobicity of carboxy-sub-
stituted pyrroles by using long chain derivatives, otherwise, the polymer films
will be soluble in the neutral and slightly alkaline buffered solutions the sensor
should be used in.

To overcome the problems due to increased solubility of, e. g., carboxylated
polypyrroles, copolymerisation with pyrrole is an efficient way to get stable and
nevertheless reactive polymer films. When synthesizing these heteropolymers,
it is important to pay attention to the fact that the compound with the more
positive polymerisation potential will be incorporated into the polymer to a
much lower extent than its concentration in the polymerising solution would
normally allow.
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When comparing copolymers of all the above-mentioned modified pyrrole
monomers with pyrrole it turned out that the most hydrophilic compounds gave
the most promising copolymers for sensor preparation. 2-(1-Pyrrolo)-acetylgly-
cine forming only thin water-soluble polymer films can be copolymerised with
pyrrole to obtain porous films having optimal enzyme load.

COOH and nitro groups that are stable against oxidation under polymerizing
conditions have proved to be optimal to obtain a modified polypyrrole layer that
can be used for covalent coupling of enzymes using water-soluble carbodiimides
and chloranil as activating reagents.

For the coupling of the enzyme, the pore size of the polymer layer must be at
least 10 to 20 nm. Because of the fractal growth of the polymer on the electrode
during polymerization slight changes in cycling speed, water content, purity of
reagents, etc. do have a great influence on the pore size and inner surface of the
polymer film. It is therefore vital to optimize the polymerization of each sensor
lot and polymerization mixture.

The activated electrodes are reacted immediately with glucose oxidase and
the glucose sensors thus obtained are stored at 4 °C.

A substituted polypyrrole layer acts as an effective barrier for interfering
redox active compounds such as ascorbic acid, bioactive amines, sulfhydryl-
containing peptides and proteins, but has a high permeability for, e. g., hydro-
genperoxide.

A characterization of a typical electrode is given below:

* Porous polypyrrole immobilized glucose oxidase has a 10 to 50-fold greater
response/sensor area than monolayer electrodes because of a significant
increase in inner surface.

* The temperature dependence of the signal is 5%/ °C and the base current is
1.5 to 3 nA/mm?

* The response time is in the range of a few seconds, increasing if a further
membrane covers the electrode.

* The response of polypyrrole-coated electrodes is nearly independent of
fluctuations in the test solution.

* A high reproducibility requires a good lab standard when immobilizing on
the internal surface of a polymer layer.

The unspecific response of interfering redoxactive substances (e.g., ascorbic
acid, phenacetine, etc.) can be suppressed by using either differential measure-
ment with a double-electrode structure or the polypyrrole type of electrodes
exhibiting permeation-selective properties. Both techniques can be combined
for optimal performance (see Fig. 12).

A typical property of an 2-(1-Pyrrolo)-acetylglycine polymer-coated glucose
sensor (GOD) is the electrochemical response as a function of voltage has the
same shape as on a native platinum electrode. Under optimum conditions, the
electrodes working at a potential of 500 mV/(Ag/AgCl) have a linear response up
to 25 mM without any further diffusion limiting membrane. By covering the
electrode with a polymer membrane, the linear range for glucose can be
extended to more than 60 mM.
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from the biomolecule to the electrode surface [20]. A beneficial effect of these
mediators is the independence of the sensor signal on oxygen saturation of the
solvent, e. g., the oxygen level in a fermentor. Moreover, the linear range is often
extended. Nevertheless, it is difficult to keep redox mediators around the
enzyme. Some tricks are given in Figure 13. Whereas free mediators such as
ferrocene carboxyl acids or quinones are soluble and thus lost by diffusion
processes, encapsulated or immobilized forms are more stable. Nevertheless,
even immobilized redox-transfer systems suffer from the instability of most
mediators being destroyed by oxygen or redox-reactions at the electrode sur-
face.

A simple technique is to add the mediator, to the gel mixture prior to
polymerization. To test the efficiency of the mediator the oxidase sensor and
all solutions are flushed with argon for 10 min. A remaining analyte response is
due to a mediated and no longer oxygen-hydrogen peroxide redox transfer.

Figure 13 How to
keep the redox-media-
tor near the enzyme

Nano-column and nano-well biosensors

When departing from the classical biosensor geometry nano columns or nano
wells, place the immobilized reagent adjacent to rather than on top of the
transducer. The operation of the system is reminiscent of the “dipstick”
technology (see chapter 4). For some applications, the basic channel geometry
had been optimized in analytical flow channels to achieve a signal enhancement
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by including parallel electrodes capable of electrochemical recycling. The
integrity of kinetic performance is ensured by laminar flow, with a Poiseuille
velocity profile. The nano cells are high performance types of the flow-through
cells that are not stand-alone but are connected with a pumped flow system in
flow injection analysis (FIA) and liquid chromatography (LC).

With standard FIA, the necessity for continuous flow lines, solution reser-
voirs, and a pumping system generally renders the technique too complex for
small disposable devices that can operate at the site of analysis, although some
systems have been presented. Thus, portable channel cells for biosensor
applications all require pumping or do not include a continuous flow period in
their operation. Often the cell is filled by capillary action, but the flow stopped
once the cell is completely full.

Figure 14 Nano-devices versus standard
microtiter plates

Amperometric immunosensor

Enzyme-immunosensor systems based on the use of enzymes as labels follow
the same basic principles as enzyme immunoassyas combined with an enzyme
biosensor. The sensor systems differ from standard immunoassays in the degree
of automation; in the detection principle, often a flow through solid phase to
which the antibody is bound, and the reusability of the biolayer. Among others,

Figure 15 An amperometric flow-through
immunosensor
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glucose oxidase, alkaline phosphatase, lipase, and urease have been used as
labels with electrochemical detection. The sensor-system protocol is similar to
the corresponding microtiter plate assay-antibody immobilization, the addition
of sample, the addition of enzyme tracer, the washing of the sensor, the addition
of enzyme substrates, incubation, and detection. Biosensor systems add a final
regeneration step, which allows reuse of the biolayer by removing the analyte
from the sensor. This can be achieved by varying pH and adding solutions such
as ethylene glycol or chaotropes such as urea or thiocyanate. Nevertheless,
these regeneration protocols stress the immobilized protein, thus leading to a
limited reusability of the sensor device. To compensate for this loss, antibodies
are often bound to proteins, such as protein A or protein G, allowing removal by
the regeneration protocol and a fresh loading. Automation is achieved with
standard (ml) and increasingly with micro or nano (ul or nl) flow systems.
Systems have been described that often are suitable for direct coupling to a
sample line for online monitoring (see below).

The most important element in these automated systems is quite often the
affinity column, which contains the biorecognitive component. All solutions are
pumped through or incubated in this column.

Several setups have been published using, e. g., flow-through column filled
with beads, glass capillaries, silicon-chips, or microtiter wells with attached
electrochemical devices (see Fig. 16). Even a thin-layer structure of a few pm in
diameter and an electrode can serve as affinity reactor.

Figure 16 An auto-
mated electrochemical
amperometric immune
assay
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portable, and is well suited for in situ measurements. This type of configuration
has several drawbacks, however. Disadvantages are the lower sensitivity
compared to amperometric readout and the rather poor selectivity. Further-
more, the analyte response curve is influenced by the buffer capacity of the
solution, which must be adjusted in the test sample [22, 23].

A simple potentiometric sensor, the pH electrode, was used to measure the
activities of enzymes, such as urease, penicillinase, glucose oxidase and acet-
ylcholinesterase, that either produce or consume protons.

Ion-selective potentiometric sensors are setup from a semipermeable mem-
brane, which is only permeable for either anions or cations and impermeable
for the counterion. The membrane divides sample and reference solution. A
concentration gradient of the analyte leads to the formation of a potential at the
membrane. Gas-detecting sensors can be constructed of an ISE with a gas-
permeable membrane. A biosensor can be achieved by immobilization of an
enzyme to the membrane. Reaction of the analyte with the immobilized
enzymes leads to changes in the concentration of the molecules that can pass
through the membrane barrier. This sort of biosensor is used for the detection of
NH; from urea or creatine and for the detection of CO, from urea or amino acids.

A miniaturization and further development of ion selective electrodes are
ISFET techniques (ISFET = ion selective field effect transistor). A biosensor of
this kind is an insulated gate field-effect transistor (MOSFET), in which the
usual gate metal electrode has been replaced by a suitable sensitive membrane
and a reference electrode. Enzyme-sensitive field-effect transistors can be
fabricated from ISFETs by applying a thin layer of enzyme-loaded gel onto
the ion-selective membrane. In practice, a dual-gate pH-ISFET chip is normally
employed so that one of the FETSs can act as a reference for the ENFET when its
gate is coated with an enzyme-free membrane. If the difference between the
two drain currents is monitored, the signal is insensitive to changes in the
solution pH, temperature, or electrical noise, as the reference FET and ENFET
respond almost equivalently to changes in sample potential and only enzyme-
generated pH changes are measured.

Figure 17 A potentiometric ion sensor
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Conductimetric biosensors

The change of conductivity of a solution in correlation with the concentration of
the analyte is determined. The derived signal is proportional to the square root
of the concentration of interest. Enzyme reactions, which produce or consume
ionic species, will change the conductance of the solution to a greater or lesser
extent. Planar inter-digitated electrode configurations have been reported as
conductometric transducers for biosensors. Enzymes such as urease, which
catalyzes the production of ammonia and carbon dioxide, have been used in
these devices. Nevertheless, because the conductance is sensitive to tempera-
ture, redox processes and double layer charging differential methods must be
used. Urease-coated electrodes in combination with a control electrode coated
with an inactive protein have been used to measure urea.

The main disadvantage is that ionic species produced must significantly
change the total ionic strength. This increases the detection limit to unaccep-
table levels and results in potential interferences from variability in the ionic
strength of the sample. The dynamic concentration ranges from 1 to 100 uM for
these devices.

Whereas conductivity measurement offers little advances in standard bio-
sensor construction, novel sensors related to biological cell membranes get
increasing attention.

Figure 18 A supported membrane glucose
sensor using a glucose transporter and an
enzyme

Ion-channel biosensor

A biosensor that mimics biological membrane functions has caught the atten-
tion of pharmaceutical companies engaged in drug discovery. At least three
groups using a supported membrane or ion-channel switch biosensor have
published data [24-27]. The unique feature of this sensor is that it gives a
functional test of the interaction between molecules and a receptor, respectively
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and an ion channel in a lipid membrane. Changes of ion flux across the
membrane are directly detected as a change in the membrane’s electrical
conductance with a sensitivity approaching single molecule events. The sensors
are fabricated with chip technology, but novel strategies are required to achieve
sensitivity and even more critical long-term stability.

Figure 19 Setup of a
supported membrane
ion channel sensor
using thin-film tech-
nology

The basic constructive element of an ion channel biosensor is a highly
insulating synthetic lipid bilayer membrane bound to a support with a well-
defined ionic reservoir between the membrane and the substrate. A reservoir
for ions is necessary and may be assessed by using ionophores such as
valinomycin. The absence of a reservoir causes the impedance spectrum to
be essentially linear over the 1 Hz to 1 kHz range. The dimensions of the
reservoir are important in determining the magnitude of current that flows
across the membrane.

The use of a ligand coupled to or near an artificial gated membrane ion
channel is the basic strategy. Binding of protein or DNA/RNA analytes at the
membrane channels results in an on/off-response of the channel current that is
channel closure or distortion.






Capacitive biosensors

Capacitance measurement also has been investigated as a novel direct ap-
proach to biorecognitive binding. When an immunosensor based on a capacitive
transducer is constructed, the size of the bound molecule versus the size of the
binder at the chip surface is of vital importance. Moreover, the assembled
recognition layer should be electrically insulating to prevent interferences from
redox reactions inducing high faradaic background currents. On the other
hand, it should be as thin as possible in order to achieve high sensitivity [28].
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Different immobilization procedures onto different substrates have been
reported in the literature. Antibodies have been grafted covalently via silaniza-
tion to quartz, coated via a Langmuir-Blodgett film or coupled via silanization to
tantalum oxide electrodes.

Self-assembled monolayers of thiols, sulfides, and disulfides on gold electro-
des have been widely studied, and alkane thiols are known to form insulating,
well-organized structures on metal substrates. The binding formed between the
sulfur atom and a heavy metal is very strong, and the formed self-assembled
monolayers are stable in air and water. Low-molecular weight antigens bearing
a sulfide group had been synthesized and immobilized via chemisorption to
form a self-assembled monolayer (SAM) on a gold electrode. A thiolated peptide
can be immobilized as a self-assembled layer on gold. Micro-contact printing
and photolithography can be used to pattern surfaces with functionalized self-
assembled monolayers for biosensor production.

A typical setup uses a flow cell with a volume of 1 to 2 ml. The working
electrode is a gold-coated sensor. The carrier solution is pumped with a flow
rate of ~ 0.5 ml/min through the flow cell. An injector with a loop of 250 ul is
connected to the flow system.

When an antigen binds to the antibody immobilized on the electrode, there
will be an additional layer decreasing the total capacitance. The binding
between the antigen and antibody is therefore detected directly and no label
is necessary for the antigen. The physical basis for the response thus arises from
displacement of the polar water by much less polar molecules.

To monitor the antibody-antigen interaction at these electrodes capacitance,
impedance measurements and cyclic voltammetry might be employed. The
capacitance changes can be evaluated from the transient current response
obtained when a potentiostatic step is applied to the electrode. Another
technique relies on the evaluation of the currents of sinusoidal waves, usually
called impedance spectroscopy. The two methods give almost the same results
in terms of equivalent capacitances and resistances. The potentiostatic pulse
method is faster and more convenient. The measuring setup consists of a three-
electrode system, with a reference electrode connected to a fast potentiostate.
The resting potential should be around 0 mV versus Ag/AgCl reference elec-
trode. A potential step of around 50 mV is applied, and the current transient
that followed is sampled. An identical current transient of opposite direction
steps the potential back to the rest value. Taking the logarithm of the current
gives an almost linear curve from which R and C can be calculated. The
detection limit is around 10-'* M or 0.5 pg/ml of analyte.

It should be kept in mind that any part of the surface that allows the aqueous
solution to penetrate the isolation layer where the recognitive reaction takes
place would act like a short-circuiting element. The capacitance will therefore
increase because of the higher dielectric constant of the penetrating aqueous
solution. Thus, pinholes in the film as well as instability induced by the applied
potential induce an immanent drift in these nano-isolated devices.
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2.2 Piezoelectric biosensors and surface acoustic devices

Piezoelectric biosensors

Piezoelectricity was discovered in 1880 by the Curie brothers. Some anisotropic
materials (e. g., quartz or tourmaline) exhibited electric dipole formation when
under mechanical stress. Nowadays, ceramic piezoelectrics (e.g., barium
titanate) and, more recently piezopolymers are applied widely [29].

Sensors are based on the measurement of change in resonant frequency of a
piezoelectric crystal as a result of mass changes on its surface. These are caused
by the interaction of test species or analyte with a bio-specific agent immobi-
lized on the crystal surface. The frequency of vibration of the oscillating crystal
normally decreases as the analyte binds to the receptor coating the surface.

The change in resonance frequency can be calculated from:

Af =-2.3 x 10° f2 Am/A.

The sensitivity is proportional to the square of the frequency; thus, a
reduction in the size of the resonator increases sensitivity significantly.

Bulk piezoelectric sensors contain quartz wafers in the form of 5 to 20 mm
disks, squares, or rectangles, which are about 0.1 to 0.2 mm thick and are
sandwiched between two gold or silver electrodes.

Surface acoustic wave devices

Such sensors generally operate by the propagation of acoustic-electric waves,
either along the surface of the crystal or through a combination of bulk and
surface. Two sets of metal electrodes are put to the surface of a piezoelectric
crystal substrate with very little space between them.

An electrical signal is applied to one set of electrodes, thus generating an
acoustic wave. The wave is received by the other set of electrodes situated a few
millimeters away on the opposite end of the substrate and converted back to an
electrical signal. The bioactive compound is immobilized between the two sets
of electrodes on the crystal surface.

Binding of the analyte leads to a change in the delay time of the registration of
the acoustic signal by the second set of electrodes.



Biosensors 201

2.3 Optical, fiber optic, and waveguide devices

Standard optical biosensors modify fundamental properties such as light
absorption, frequency, or light emission [30]. In a fiber-optic setup, the light is
delivered to the immobilized sensing layer at the tip of the fiber and absorbance,
luminescence, or fluorescence is monitored either via a second fiber or by the
same fiber, optically bifurcated. The bioactive substance is immobilized at the
end or at the surface of the fiber core. This method is straightforward and is
applied to devices to be used in critical environment such as a sterile fermenter,
within the human body, or in drilled holes tens of meters beyond ground level.

Figure 24 Substrate cycling to increase
the sensitivity of an optical biosensor

Optical probes, in contrast to labels, are not to be inert respond to their
micro-environment or to a chemical species. Probes responding to a chemical
species (such as an ion, to pH or oxygen) may also be referred to as indicators.
Numerous probes have become available in the past few years and have
substantially contributed to the success of spectroscopy in biosciences.

While absorbance measurement is not sensitive enough for standard appli-
cations and suffers from short light-pass-limitation in small devices, some tricks
such as redox cycling (see Fig. 24) are able to boost the sensitivity by several
orders of magnitude. Given an optimal setup, even immunological tests might
be automated using standard color transducers.

Fluorescence sensors

Intrinsic fluorescent molecules such as NADH or fluorophore-labeled biomole-
cules can be surface-immobilized and thus used for biosensors [31, 32]. A
number of bioanalytical assays are based on the fact that NADH is fluorescent,
while NAD+ is not. Thus, all enzymatic reactions based on NAD/NADH are
transducable by fluorescence analysis, and this is widely exploited in practice.
Care is necessary, though NADH has to be excited at 350 nm, which can cause
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Figure 25 Optical fiber

substantial background fluorescence from other biomaterial. On the other
hand, most assays are performed in the kinetic mode. Thus, it is the relative
signal change that is measured rather than the total intensity. FAD is another
strongly luminescent coenzyme, which found application because both the
oxidized (FAD) and the reduced form (FADH2) display fluorescence. Their
excitation is at around 450 nm, and fluorescence peaks at 512 nm. Both
NADH and FAD have been shown to be useful for purposes of chemical sensing.

To illustrate the setup of such sensors, a flow through detection system using
NADH-converting enzymes and the intrinsic fluorescence of NADH is illustrated
in Figure 26. The enzymes are trapped together with a NADH-derivative (size-
enlarged by coupling to a sugar or PEG-molecule). The low-molecular-weight
analyte is able to pass the membrane whereas all macromolecules stay within
the sensor compartment. To regenerate the NAD or NADH, a second enzyme is
coupled to the first and a substrate pulse to this enzyme is used to regenerate
the NAD/NADH pool.

A nitric-oxide-selective biosensor can be setup by incorporating cytochrome
¢’, a hemoprotein that is highly selective for nitric oxide. The cytochrome ¢’ is
attached to the tip of an optical fiber. In this sensor, cytochrome c¢’is labeled with
a fluorescent dye called Oregon green. The dye alone is unaffected by nitric
oxide, but it reports changes in the cytochrome ¢’ as it binds nitric oxide. The
sensor exhibits a fast, linear and reversible response to nitric oxide.

Fluoroimmunoassays

Fluoro-immunoassays have been studied for almost two decades as alternatives
to radioimmunoassays. Fluorescence detection is rapid, nearly as sensitive and
safer than radioisotopic methods. Moreover, fluorescence is well established in
other fields as e.g. DNA analysis. Fluorescence immuno-sensors use optical
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Figure 26 Optical fiber sensor using the
fluorescence of NAD/NADH

fibers or integrated optics. Light propagating through an optical fiber or a
planar layer (waveguide) generates an evanescent field. If a fluorescent dye is
bound within this field, fluorophore is excited with an evanescent field of light of
a gas or semi-conductor laser or a Xenon lamp. If the optical properties are
resonant for the structure used, emitted fluorescent light is collected by the
waveguide. Thus, the use of optical fibers or waveguides as transducers in
fluorescence affinity sensors allows discrimination of the bound versus the
unbound tracers through the use of an evanescent field. Most of the fluorescent
immunosensor systems are based on either an inhibition assay format or a
sandwich format, depending on the analyte. Nevertheless, labeled analyte
analogs have been used for specific applications.

Fiber-optic biosensor based on molecular beacons

A novel type of optical-fiber, evanescent-wave DNA biosensor is based on the
use of molecular beacon DNA probe. The molecular beacons (see chapter 2) are
oligonucleotide probes, which are auto-quenched and become fluorescent upon
hybridization with target DNA/RNA molecules. Labeled beacons can be de-
signed and immobilized on an optical fiber core surface via, e. g., biotin-avidin
or biotin-streptavidin interactions. Contrary to most other types of DNA sensors,
this type of DNA sensor based on beacons does not need labeled-analyte or
intercalation reagents. It can be used to directly detect, in real-time, target
DNA/RNA molecules without using competitive assays.

The sensor response is rapid and can be used to study the hybridization
kinetics of the DNA by changing the ionic strength of the hybridization solution
and target DNA concentration.

The detection limit of the molecular beacon evanescent wave biosensor is
around 1 nM. To enhance sensitivity, the beacon DNA biosensor can be
combined with a polymerase chain reaction.

Nano-optical sensors

Using near-field optics, a novel nanofabrication technology has been developed
for preparing structures. Photonanofabrication, based on an optical near field,
controls the size of material grown at the end of a light transmitter, such as a
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A standard application of fiber sensors is measuring intracellular calcium
ions. Many physiological processes are triggered, regulated, or influenced by
this ion. Excellent intracellular dyes have been developed for sensitive Ca®*
determination by using photopolymerized gels or sol-gel glass doped with
calcium green. This sensor is capable of measuring calcium concentrations as
low as 10 nM. The sensor is highly calcium-selective and uses a long-wave-
length fluorescence. Calcium green can be derivatized with an amine group for
covalent bonding, resulting in faster response times for monitoring concentra-
tion fluctuations. The sensor can follow a change in free Ca?* concentration, up
to ~ 40 nM against a background of Mg?* with a selectivity for calcium over
magnesium of around 10-45.

Numerous ion-selective optical sensors have been prepared by incorporating
sensing components into a hydrophobic liquid polymer film, such as PVC. Such
sensors contain three components:

e an ionophore,
e a chromo-ionophore, which is a pH indicator dye,
¢ and ionic additives to maintain constant ionic strength.

Such sensors rely on the coupled response of the ionophore and chromoiono-
phore and therefore are referred to as ion-correlated.

Ultra-small optical sensors have advantages over measurements made with a
conventional fluorescence microscope. Sensors provide localized measure-
ments, and no dye is loaded into the biological sample. The sensors are not
affected by sample thickness because the dye molecules are only on the sensor
tip. A detectable signal change is easier to obtain with these sensors because
there are only a few dye molecules (~ 100) on a nano probe. A 10% change in the
100 molecules on the tip needs only 10 analyte molecules. Thus, the detection
limit is lower and auto-fluorescence is avoided.

Optical sensors: leaching and bleaching

Features that may worsen optical sensor response (except resonant techniques
such as SPR) include chromophore or fluorophore leaching and photodamage.
Methods for overcoming these disadvantages make use of the shorter response
times of small sensors and forward optical signal collection with small samples.
Nevertheless, photobleaching will always be a major consideration for any
optical measurement.

The problem is more severe for smaller optical probes because the number of
sensing molecules is much smaller. However, the size reduction result in higher
sensitivity and lower detection limits. Moreover, smaller sample sizes and faster
response times can be obtained. While leaching can be avoided by covalent
immobilization of the dye, a variety of strategies have been employed to reduce
photobleaching: elimination of oxygen and other chemical species, limited light
intensity, use of stable dye molecules, use of ratiometric detection, sensing
molecules that can be regenerated, inclusion of a second reference dye, lifetime
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instead of intensity measurements, and many more. In general, the photo-
stability of the dye limits the lifetime of optical devices.

Contrary to standard optical devices, surface plasmon-based sensing became
popular within the last year as the method of choice to monitor biorecognitive
binding in label-free systems.

Surface plasmon resonance (SPR)

A surface plasmon is a collective phenomenon exciting electrons at the interface
between a conductor and an insulator. Surface plasmon-based effects are found
in a variety of phenomena: the energy loss of electrons within a thin metal film,
the color of suspensions of small metallic nano-clusters, and the dips in the
intensity of light reflected from metal coated chip. Applications are based on the
interaction of light with surface plasmons in thin films, to make optical
modulators, switches, and sensors.

Figure 27 SPR 3-layer system with prism

Biosensors use these means to transduce the properties of a dielectric bio-
layer bound to the metal surface.

Surface plasmons in a regular thin-film are non-radiative electromagnetic
modes and thus cannot be generated directly by light. Conversely, surface
plasmons cannot decay spontaneously into photons. The reason for the stability
and non-radiative nature of surface plasmons is that the conversion of light into
plasmons cannot simultaneously satisfy energy and momentum conservation.

To enable energy input and output, roughening or corrugating the metal
surface, or using metal island films is effective. Another method is to increase
the effective wave vector and hence momentum of the light by using a prism or
grating coupling technique (see Fig. 28). In case of resonance the field strength
is maximal at the metal interface and about 8 times enhanced to the non-
resonant case. In the non-resonant setup the field is maximal at or near to
surface adjacent to the prism.
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Figure 28 SPR flow cell

For sensor application the metal surface at which the SP is generated is
covered with a dielectric thin film. The presence of even very thin films of
molecules at the chip measurably alters the behaviour of the surface plasmon
dip in reflectivity resonance shifting the incident angle at which resonance
occurs. This effect can be used to make devices.

Figure 29 Kinetic
binding and dissocia-
tion data obtained
from a SPR instrument

The angle position of surface plasmon coupling (dip in reflectivity) can be
used to characterize the dielectric over-layers of molecules such as biomole-
cules or polymers.

SPR is now standard to study protein ligand interaction as well as DNA
hybridisation and even is useful to screen for single-nucleotide polymorphisms
[37-42].

Within the past few years surface plasmon resonance seems intent on being a
player in the array arena. Novel techniques are under way for use it micro-
array-based measurements of e. g., RNA-DNA hybridization.

New chips are available using microarrays that were fabricated on gold-
coated glass microscope slides. Thiol-modified DNA probes of 15 to 25 nucleo-
tides long with a poly-T spacer are arranged in a grid of squares, with a surface
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Figure 30 Drop and shift in reflectance
induced by a change in refractive index
near the chip surface

coverage of about 1 x 10'? molecules/cm?. The area surrounding the DNA-
probes is coated with, e.g., polyethylene glycol to prevent the nonspecific
binding.

Instead of using traditional SPR in which the wavelength of the light is fixed
and the angle of incidence is varied, or in which the angle is fixed and the
wavelength varied, SPR imaging is employed. In this setup, both the wavelength
and the angle of the light are fixed, and the reflectivity at various points on the
surface is measured. Thus, a picture of the microarray can be obtained.

A detection limit of 10 nM for the 18 base nucleotides and of 2 nM for the 1500
base natural sequence has been reported. Although the fluorescence detection
is more sensitive for small numbers of molecules, SPR imaging can detect
adsorption online at nanomolar concentrations, having the big advantage of
being a label-free method.

3 Sensors in bioprocess control

For optimal growing conditions of cells, knowledge about the physical, chemica,

and biochemical characteristic parameters of fermentation is necessary. These

parameters can be monitored with suitable probes in different ways:

¢ Online: measurement continuous or automatical in short intervals

¢ Offline: measurement discontinuous, often manual sample handling neces-
sary

Sensors for fermentation control have to fulfill various criteria:

Accuracy: difference between true and determined value

Precision: variation of signals for repeated measurement of one sample
Resolution: smallest signal change measurable

Sensitivity: slope of calibration curve
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In situ sensors are much more difficult to handle, but they are still more
accepted in fermentation industry. The in situ application of biosensors is quite
critical because they cannot be sterilized. There are some in situ systems that
are in contact with the fermentation broth by a microfiltration membrane or
sterile barriers. Quantification of most biochemical parameters is often still
performed offline because there are a few sensor elements and sampling
systems available and automation of analyzing systems is connected with great
effort. Besides sample dilution, separation of interfering substances, addition of
reagents, sample derivatization, etc., can be necessary and are most easily done
externally.

Trend leads to online ex situ determination of biochemical parameters
(substrates, metabolites, products of the cells). Sensors do not have to be sterile,
recalibration becomes easier, and failures can be overcome without interrupt-
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ing the fermentation process. Table 5 shows a list of published applications of
biosensors for bioprocess monitoring [43, 44].
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4 Flow injection analysis

The term ‘Flow Injection Analysis’, (FIA) used by Ruzicka in 1975 describes an
analytical method that is very useful for a high turnover of samples.

An exactly defined volume of liquid sample is injected into a continuous
flowing carrier stream and transported to a detector. On the distance between
injection and detector, a mixing of sample and surrounding carrier solution
takes place. The carrier solution either can be used for transport of the sample
to the detector or it can contain reagents for a reaction with the analyte. A
simple FIA system is setup with: pump 1 fills the sample into the injection loop,
pump 2 transports the carrier buffer by an injection valve and a mixing loop to
the detector. After switching off the valve, the carrier buffer flushes a very
defined volume of the sample into the system.
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According to chemical or biochemical requirements the dispersion of the
sample zone can be controlled by various parameters, e. g., by type or length of
the mixing loop between the place of injection and the detector, the length of the
distance between injection and detector, and the diameter of the tubes or
different injection volumes.

In contrast to other flow methods, the flow injection analysis leads to very
reproducible signals in the form of sharp peaks, though there is no homoge-
neous mixing of sample and carrier and reactions taking place in the system do
not reach equilibrium in many cases. FIA signals are so reproducible because
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Figure 36 Plot of a dual sensor setup with calibration and sample data

the time samples stay in the system and all parameters influencing the disper-
sion of the sample zone are held extremely constant. In contrast to steady-state
measurements where samples have to flow through the system until the signal
reaches constancy, FIA signals are peaks.

Peaks usually are characterized by their height; other possible character-
istics are the area under the peak, the height of the signal at a defined moment
after injection, the width of the peak, or kinetic analysis for stopped flow
techniques.

TIME

Figure 37 Feed-back control of glucose level in a fermentor
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There are many advantages to flow-injection systems. The response time is
short because it is not necessary to wait for equilibrium; therefore a high
turnover of samples is possible. In addition, the sample volume needed is very
low compared to other methods (a few microlitres).

Flow-injection analysis is very appropriate to automation, and a high number
of samples therefore can be managed. Adaptability to various problems is
possible because of the flexibility of the parameters of the system like disper-
sion, injection volume, type of detector, etc.

4.1 Controlled dispersion

The crucial parameter in a FIA system is the controlled dispersion of the
sample. Controlled dispersion means the physical process of distribution of
the injected sample volume in the FIA system. Without any flow, the zone of the
sample would disperse regularly to both of the adjacent carrier zones by
diffusion. Under ideal circumstances, in very narrow tubes there is a laminar
flow. The carrier drags the zone of the sample along, immediately leading to an
axial dispersion of the sample. In reality, the distribution of the zone of the
sample is a combination of radial diffusion and axial convection. In general,
axial diffusion can be neglected in FIA systems.
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Molecules at the edge of the zone of the probe diffuse to the fringe with lower
sample concentration and lower flow rate. Because of the radial concentration
gradient, molecules in the fringe of the extreme end of the sample zone migrate
to the center with a higher flow rate. Therefore, the expansion of the sample is
finite and the signal returns to the baseline.

The dispersion of the zone of the sample in the carrier stream is described by
the so-called coefficient of dispersion:

D = CO / Cmax = HO / Hmax9

D coefficient of dispersion

Co concentration of undiluted sample

Cinax concentration of the sample at the maximum of the peak
H, height of the signal of the undiluted sample

max height of the peak

The equation is exact if the calibration curve has the same slope at C, and
Coax- The coefficient of dispersion describes the dispersion of the sample in the
part of the zone of the sample corresponding to the maximum of the peak.
Knowledge of the coefficient of dispersion eases the optimization of a FIA
system regarding sensitivity. Furthermore, optimal concentrations of reagents
in carrier streams can be determined for FIA systems using the carrier not only
for transport but also for chemical reactions.

Typical changes of the coefficient of dispersion and the form and basis width
of a peak according to variations in injection volume or mixing loop are shown in
figure 38: influence of the injection volume on height and form of the signal and
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on the coefficient of dispersion, and influence of the length of the mixing loop
between the place of injection and the detector on signal and coefficient of
dispersion.

The coefficient of dispersion changes proportionally to the square root of the
distance between the place of injection and the detector. Other parameters like
velocity of flow, type of the mixing loop, or turbulences in the system also
influence the coefficient of dispersion. Systems with low coefficients of disper-
sion (D = 1 to 3) are interesting for applications using the carrier only for
transport of a sample with a high local concentration. For methods needing one
or even more chemical reactions for the detection of a certain substance,
systems with medium coefficients (D = 3 to 10) are used. Very high coefficients
of dispersion (D > 10) are interesting either for methods using the system also
for dilution of the sample or for others evaluating by gradient techniques.
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1 Introduction

The completion of sequencing of the genomes of plants, various eukaryotes,
bacteria, and viruses has provided billions of basepairs in thousands of genes.
Together with this development, not only new words have been created
(genomics, transcriptomics, phenomics, proteomics, etc.) but also new types
of biologists (bioinformaticians) and (biotech) companies have arisen. Moreover,
new and more efficient software has been developed in order to fully analyze
and display genomic information so that all genes involved in given metabolic,
developmental, or oncogenic pathways can be identified as a basis to examine
gene expression patterns on a genome-wide level. This paves the way for more
detailed protein analyses, including protein-protein interactions, post-transla-
tional modifications, and three-dimensional structurization.

As a result, new perspectives have opened up in many fields, ranging from
basic research and industrial biotech-applications to gene therapy. Faced with
this large and rapidly increasing body of information, novel technologies are
needed to take full advantage of this avalanche of data.

Novel devices provide the chance to highly parallize and fully integrate
multiple reaction steps of complex analytical procedures. These novel methods
form the basis of HT-analyzers and ultimately will be transformed into smaller
devices for point-of-care testing.

1.1 From microtiterplates to biochips

Miniaturization offers a number of advantages. First, it offers the packing of
considerably more reagents into the same volume. High numbers of different
proteins can be placed on one protein chip instead of performing cumbersome
Western blots or Sepharose affinity columns. Likewise, thousands of DNA
hybridisation reactions can be done in parallel on a single glass slide and
therefore replace Southern and Northern blots. An integrated laboratory can be
provided on a simple CD-ROM-like disk, a lab-on-a-chip. Furthermore, minia-
turization obviously can increase reaction kinetics by using smaller reaction
volumes and significantly increased surface-to-volume ratios [1]. Reagents can
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be easily mixed and pumped just by spinning the CD-like lab. The experiments
can be performed fast by using fewer reagents and smaller-sized reactions. In
addition to all these advantages, the cost efficiency of this system also should be
mentioned.

Microtiter plates represent well-established array formats that have been
used for decades and are well known to the scientific community. To enable
high-throughput screening, robots are employed, though the array density is
still low. Moreover, assays usually take large amounts of reagents and can be
laborious in terms of washing and analysing. So-called “nanoplates” with
volumes between 100 and 1000 nl per well therefore have been produced by
several universities (see chapter 5) and companies, such as GeSiM mbH
(Dresden, Germany) and Orchid Biocomputer Inc (Princeton, NJ, USA). Never-
theless, the classical 96-well microtiter plate has been the starting point for low-
density arrays on filter membranes (Fig. 1) [2].

DNA tests based on thin-film electrodes were among the first types of minia-
turized DNA sensors developed. One of the first examples is a thin-film sensor
with oligonucleotides attached to a metal electrode [3]. It was designed by using
photolithography, and first radioactive labels as transducer and, in an optimised
layout, glucose oxidase. The glucose oxidase that were attached to the oligonu-
cleotides produced hydrogen peroxide in the presence of the substrate (glucose).
The hydrogen peroxide formed was then quantified amperometrically by the
sensor. The authors found that the electrode was capable of hybridising with
analyte DNA from solution and that the reaction proceeds similar to blot-type
membrane devices. Detailed studies on the chemistry of oligonucleotide immo-
bilization and unspecific background adsorption have been done.

Much effort was invested in expanding the density onto the arrays, e.g., by
designing a microarray as a glass plate that bears 96 wells formed by an
enclosing hydrophobic Teflon mask [4]. Arrays of 144 (4 x 36) elements per well
were spotted, employing a 36-capillary-based print head attached to a precise
X-Y-Z robot. For detection, an enzyme-linked immunosorbent assay (ELISA)
and a scanning CCD detector were used. This format represents a compromise
between the high-density microarrays and the microtitre plates.

In a further approach, capture molecules are attached onto microscopic
slides and flow chambers are applied in a cross-wise fashion. Detection can be
done via fluorescent labels and CCD-based optical readout. Since the system
combines automated image analysis and microfluidics, it has high throughput
potential, though the array density still remains low (i.e., a 6 x 6 pattern). In
order to considerably increase the sensitivity of measurements, three-dimen-
sional arrays on a flat surface have been designed. By using a gel photo- or
persulfate-induced copolymerisation technique, oligonucleotide, DNA, and
protein microchips have been produced on polyacrylamide gel pads from
10 x 10 to 100 x 100 um, separated by a hydrophobic glass surface. It has
been proven that three-dimensional polyacrylamide gels provide > 100 times
greater capacity for immobilisation compared with two-dimensional glass
supports [5].
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In another approach, micromolded hydrogel “stampers” and aminosilylated
receiving surfaces are used to array antibodies onto a chip [6]. A stamper
deposits the antibody as a submonolayer, while the antibody retains its activity.

Other advances are based on the design of miniaturised immunoassays by
arraying single proteins such as bovine serum albumin, kinases, avidin, or
monoclonal antibodies, which are often gained by Phage Display or other
selection techniques. These kinds of immunoassays include photolithography
of silane monolayers [7] or gold [8] combining microwells with microsphere
sensors [9] or ink-jetting onto polystyrene film [10]. Specific ligand-coated
surfaces are booming nowadays and are provided by several companies in
order to facilitate the immobilization of proteins and their analysis. Examples
are chips from SELDI ProteinChip (Ciphergen Biosystems Inc., Palo Alto, CA,
USA [Fig. 2]); INTERACTIVA Biotechologie GmbH, Ulm, Germany; and various
BIAcore chips (Biacore AB, Uppsala, Sweden).

An example of medical applicability of a biochip is a microarray for high-
throughput molecular screening of tumour specimens [11]. First, a robot
(commercially available from Beecher Instruments, Silver Spring, MD, USA)
was designed to punch cylinders (0.6 mm wide, 3 to 4 mm high) from 1000
individual tumour biopsies embedded in paraffin. Next, they were arrayed in a
45 x 20 mm paraffin block. On serial sections, tumours were then analysed in
parallel by immunohistochemistry, fluorescence in situ hybridisation, and
RNARNA in situ hybridisation. This system turned out to be useful for micro-
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Figure 2 A high-density protein biochip
from Ciphergen: The chip surface bearing
immobilized capturing proteins is probed
with a diverse protein sample. Unbound
proteins are then washed away, while pro-
teins that remain attached are analyzed by
surface-enhanced laser desorption/ioniza-
tion (SELDI).

scopic scanning of an immunohistochemistry array slide containing 645 speci-
mens in less than two hours.

Within the past decade, classical devices, such as microtiterplates, have
turned into smaller structures, thereby allowing faster and easier analyses at
a high throughput level. These efficient analyzers represent mini-computers in
a chip look-alike form that are able to scrutinize thousands of biological
reactions within relatively short time periods. Moreover, these biochips more
and more are replacing cumbersome equipment by miniaturized assays by
providing ultra-sensitive detection methodologies with significantly lower costs.

All these obvious advantages have led to a real boom in the variety of biochip
developments within the past few decades [12].

Biochips, representing more or less a special class of biosensors, bear various
transducer elements and are based on integrated circuit microchips. The term
“biochip” is derived from the word “computer chip”. This chip is a silicon-based
substrate, which is mainly used for the fabrication of miniaturized electronic
circuits. With the tremendous development in the field of high-throughput
screening in the course of the past few years, the term biochip has taken on a
variety of definitions. In general, a biochip is now defined as a device that bears
a high-density array of probes used for a variety of assays. Any device
comprising a two-dimensional array and having biological materials on a solid
substrate therefore has been named a biochip. Biochips offer the advantage of
combining miniaturization (usually in microarray formats) and the possibility of
low-cost mass production.
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1.2 Protein and DNA biochips

Broadly, two kinds of chips can be distinguished, according to the biomolecules
on which the chips are based. Protein-protein recognition is the basis for protein
biochip design, whereas DNA chips rely on DNA hybridization. Both systems
have in common that one of the interaction partners is immobilized on the chip
surface. Subsequent probing of the chip surface with a solution containing a
biomolecule with an affinity for the immobilized partner results in a recognition
and binding event. This specific interaction can then be detected in various
ways. Both of the two methods have advantages and drawbacks that have to be
taken into consideration for individual experiments.

DNA microarrays are used widely nowadays for the analysis of both single-
nucleotide polymorphism (SNP) and mutations and also for the detection of
microorganisms. Moreover, DNA chips are applied broadly for gene-expression
analyses [13].

As an example of the use of such a chip, it was employed by Schena et al. [13]
to investigate the gene expression of patients suffering from rheumatoid
arthritis (RA). Because of the wide spectrum of genes and endogenous media-
tors involved, microarray technology is needed to analyse this chronic disease.
In RA, inflammation of the joint is caused by the gene products of many different
cell types present in the synovium and cartilage tissues, plus those infiltrating
from the circulating blood. Broadly, in inflammatory diseases such as RA, the
expression patterns of diverse cell types contribute to the pathology. Schena et
al. monitored the gene expression at the inflammatory disease state with a
microarray of selected human genes of probable significance in inflammation as
well as with genes expressed in peripheral human blood cells. Despite their
obvious advantages for expression monitoring, DNA microarrays provide rela-
tively little information about the final concentrations and presence of gene
products in a cell. Even patterns of gene-expression profiling are incomplete,
since the mRNA level (on which DNA arrays are based) within a cell does not
necessarily correspond to its amount of protein. Hence, these kinds of arrays do
not give evidence about protein activity, protein-protein interactions, and post-
translational modifications. In contrast, protein chips offer the big advantage of
directly detecting and analyzing proteins out of crude samples. However, there
are no complete sets of affinity reagents with the required specificities and
affinities available. This is caused mainly by two reasons. First, it is significantly
more laborious to develop high-affinity reagents, such as antibodies, than to
synthesize an oligonucleotide or to purify a PCR product. Second, one cannot
know exactly which protein and which post-translational pattern is expressed
differentially under defined conditions. Moreover, DNA can be thoroughly
washed, dried, heated, and frozen and even partially degraded without losing
the affinity for its complementary strand. Proteins are usually more sensitive to
such treatments and often lose their binding capacity. Moreover, nucleic acids
can attach to the surface of a solid support in any direction, whereas proteins
must be correctly oriented and active sites must be accessible. In addition,
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unlike DNA hybridization, protein interaction cannot be performed under
denaturing conditions, leading to additional difficulties with background
false-positive staining. However, in addition to the already mentioned fact
that protein arrays detect proteins directly, they offer more advantages. Protein
chips are advantageous in comparison to other traditional approaches in
proteomics, including two-dimensional gels and/or chromatography coupled
with MS. Protein arrays have the potential to considerably improve the scale-up
of analysis by running various affinity-recognition steps on a single chip and by
reducing the time of analysis. Moreover, protein microarrays also can improve
reproducibility and enable fully quantitative protein-expression analysis at high
throughput. Still, it is necessary to further improve surface-immobilization
techniques and to increase the affinity and density of the immobilized antibody.
Whether the development of protein arrays will follow the way paved by DNA-
array developers remains to be seen and is hardly predictable. There is growing
variability in the style of protein arrays in all areas, including assays, arrayers,
antibodies, surfaces, analyses, and readouts. More and more research interests
today are focusing on the improvement of these protein microarrays’ design
[14, 15] in order to complement DNA microarrays.

1.3 Protein biochips

Broadly, one can distinguish between two kinds of protein chips: A protein-
Junction array comprises large numbers of native proteins attached to the
surface in a defined pattern. Such arrays can be applied for high-throughput
parallel monitoring of the activities of native proteins. However, for studying of a
protein’s function, it is necessary to array the protein itself in a way that
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preserves its native conformation. The other type of protein array is named
protein-detecting array. It consists of arrayed protein-binding agents, allowing
for expression profiling to be done at the protein level. In this way, proteins can
be detected out of complex biological solutions, such as crude cell extracts. This
is accomplished by arraying antibodies or antibody mimics.

Protein-function arrays

Protein-function arrays offer the advantage of being constructed more easily
than protein-detecting arrays. Indeed, a lot of effort has been put lately into the
development of useful protein-function arrays. MacBeath and Schreiber [16]
described the immobilization chemistry and robotics that were needed to design
high-density protein-function arrays. As a starting point, they chose three
different kinds of kinase/substrate pairs. Then they produced thousands of
proteins and spotted them by high-precision contact printing as nano-droplets
down onto an aldehyde-coated microscope slide. By employing this system, spot
densities of > 1600 spots cm2 could be achieved with spot diameters of 150 to
200 pm. Each slide was then incubated with a different kinase in the presence of
[y-33P] adenosine triphosphate. This technology could be applied efficiently for
the identification of protein kinase substrates at a high throughput.

In another approach, Snyder and colleagues [17] evaluated the catalytic
activity of a large number (119) of protein kinases from yeast with a wide array
of substrates on a protein chip. This work represented the first genome-wide
attempt to analyze protein kinase function using protein-chip technology.
Covering nearly all kinases of yeast, the authors used disposable arrays of
microwells in silicone elastomer sheets placed on top of microscope slides.
Because of the high density and small size of the wells, high-throughput batch
processing and highly simultaneous analysis of many individual samples were
possible.

For complete protein-function arrays (i. e., covering the entire proteome of an
organism), it is inconvenient to spot the whole set of proteins using standard
methods of expression of tagged recombinant proteins in Sf9 cells or E. coli,
followed by laborious affinity purifications. Perhaps this is possible for smaller
protein arrays [18]. However, larger protein sets cannot be dotted by this
system. In that case, in vitro transcription/translation methods are likely
more useful, since only small amounts of proteins are required then. Many
arrayed clones are commercially available today and could be employed as
templates for PCR with primers that are designed to integrate a promoter and
an affinity tag. In that way, the DNA substrate could be easily prepared for the
following in vitro transcription. Then, the tagged protein could be synthesized
by in vitro translation and selectively immobilized at a certain spot on the array
by specific interaction with a capture agent. One possibility would be to tag a
protein and to immobilize its corresponding antibody at the chip surface.
Alternatively, an approach has been presented to incorporate biotin cotransla-
tionally into a protein [19]. Another possible (but tedious) solution would be
first to perform an automated affinity purification of the tagged protein and
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then to tether it covalently to a chip surface that is modified with lysine-reactive
groups.

Protein-detecting arrays

The construction of protein-detecting microarrays is dominated mainly by the
detection problem. Analogous to DNA microarrays, where the DNA probes are
fluorescently labeled during the reverse transcription step, it is of course not
possible to label a protein in the same way. However, a fluorescence label for
proteins can be done chemically. For that purpose, e. g., N-hydroxysuccinimide
ester of carboxyfluorescein can be used to activate the terminal amine of lysines
of proteins. This solution then can be incubated with the chip onto which the
binding partners of the proteins have been immobilized. The fluorescing
proteins can be subsequently detected with a simple reader as is now used in
the DNA microarray field. However, there are several problems with using this
approach, including the differences of proteins in labelling efficiency and the
requirement of calibration curves (otherwise the dot intensity of a particular
spot would be meaningless).

In order to avoid different chemical efficiencies in labelling, one can, e. g,
treat extracts derived from wild-type yeast and a deletion mutant with two
different (coloured) dyes. Subsequent mixture of the extracts is then followed by
incubation with the protein-detecting array. The colour intensities of each
single spot on the array can then be compared. This provides a measurement
of the change in the production levels of the various proteins. The main problem
of chemical labelling of proteins is that it markedly influences their surface
characteristics, leading to a significant protein denaturation or to the loss of the
protein’s affinity to its immobilized ligand. Therefore, chemical modification
represents an unwanted and labor-intensive process and is not the optimal
solution. The detection problem could be solved by avoiding the chemical
modification and replacing it with a modification of the capture ligands with a
sensitive reporter. This reporter can then uncover the analyte protein-ligand
binding. One possibility is to attach the capture ligand to a material that can
significantly change its conductive or emission property in response to a binding
event. Alternatively, the capture ligand can be modified with a reporter that is
capable of signalling the binding of the target.

Protein-detecting arrays also can be designed by a sandwich assay. In that
approach, the selected protein is bound by both the immobilized capture ligand
and a soluble sandwich ligand. This ligand can be labelled with a reporter (. e.,
an enzyme) that is easily detectable. Only in the case of bound protein can the
marked sandwich ligand subsequently bind to the chip surface. If the sandwich
ligand is conjugated to an enzyme, this method also allows significant amplifi-
cations of the binding signal. This means that this approach is also highly useful
for the detection of low-level proteins, such as cytokines, hormones, etc.

Huang and coworkers [20], presented a novel antibody-based protein array.
This assay combined the advantages of the specificity of ELISA, the sensitivity of
enhanced chemiluminescence (ECL), and the high throughput of microspotting.
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When applying this system, the authors first spotted the capture proteins, either
antibodies or antigens, onto membranes in an array format (Fig. 3). Then they
probed the membranes with biological samples. After binding of the antigens or
antibodies in the probes to their corresponding immobilized targets, the
membranes were exposed to horseradish peroxidase (HRP)-conjugated anti-
bodies. For analysis, the signals were visualized with ECL system.

There are already some protein chips that are commercially available today
and are used in research. Ciphergen(r) (Ciphergen Biosystems Inc., Palo Alto,
CA, USA) provides its patented SELDI ProteinChip(r) [21] for detection and
analysis of proteins at the femtomolar level directly from biological samples.
The detection of the purified proteins is accomplished by Laser desorption /
ionization Time-Of-Flight mass analysis (Fig. 2).

First, non-specifically bound proteins are washed off from the chip surface.
Then the crystallized sample is ionized and accelerated into the MS tube.

Another example of broadly applied and commercially available protein
chips is the chips provided by BIAcore(r) (Biacore AB., Uppsala, Sweden). The
chips are flow-based instruments, which use the detection principle of surface
plasmon resonance [22]. The surface of these chips consists of a glass slide
coated with a thin (50 nm) gold film. On top of this film, a chemical matrix is
deposited where one of the binding partners can be immobilized using well-
defined chemistries. The flow cells are formed by interfacing the sensor chip
with a thermostatically controlled integrated fluidic cartridge (IFC). Parallel
channels (60 nl volume, 1.5 mm?) are formed on the sensor surface, and
microfluidics is used to deliver reagents and samples over the chip sensor
surface.

Biacore’s surface plasmon resonance technology combined with MS/MS
represents a versatile system for the discovery of protein interactions [23].
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1.4 DNA biochips

In general, the term DNA biochip refers to high-density arrays of oligonucleo-
tide or complementary DNA (cDNA) sequences immobilized on a solid support.
The technique is based on the principle that complementary sequences of DNA
(probes) can be probed and bound to their immobilized DNA partners (targets).
For that purpose, labelled sample DNA and/or RNA in solution is hybridised to a
large number of immobilized DNA molecules that are arrayed on the chip
surface (Fig. 4). By simultaneously hybridizing to all the sequences on the array,
high-throughput analyses of gene-expression patterns can be performed
(Fig. 5). The arrayed DNA fragments often represent expressed gene sequences
that were obtained from various sources, including those identified in public
databases or those from expressed-sequence tags (ESTSs).

Two types of microarrays can be distiguished from each other: oligonucleo-
tide-based (short nucleic-acid fragments) and cDNA-based (longer DNA-frag-
ments) microarrays. Both of them are used successfully in industry (e.g.
Affymetrix, Santa Clara, CA, USA; and Incyte, Palo Alto, CA, USA) and more
and more in academic research. As substrates, glass, silicon, silicon/glass,
quartz, or plastic devices are used mainly to provide a rigid surface and
therefore often replace chips consisting of classical membranes, such as
nitrocellulose and nylon. However, membranes offer the advantage of posses-

Figure 4 A typical
scan of high-density
arrays. The intensity
of the spots reflects
the abundance of the
analyte.
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Figure 5 Micro-dotting robot with pin and
ring setup

sing excellent binding properties, whereas one has to make use of a variety of
immobilization strategies with working with rigid surfaces.

On the other hand, glass slides offer the advantage of allowing effective
immobilization of the probe and robust hybridization of the target with the
probe. Moreover, glass is a durable material that sustains high temperatures
and washes of high ionic strength. Since it is non-porous, the volume necessary
for hybridization can be kept extremely small, leading to an enhanced kinetics
of hybridising probes to their target strands.

Whereas nylon arrays are restricted to serial or parallel hybridisations,
thousands of probes on glass arrays can be labelled with different fluorophores
and subsequently incubated on a single microarray. Furthermore, glass slides
show merely weak self-fluorescence and therefore do not contribute to back-
ground signals. Suitable methods for immobilization of oligonucleotides must
efficiently and irreversibly attach a uniform probe density over the chip surface.
Moreover, this method must not negatively influence the subsequent hybridisa-
tion process. Conversely, blocking and hybridisations should not be able to
disturb the immobilization. The attachment method should be as easy to handle
as possible and should be transferable from the laboratory to mass-production
scale.

Usually, DNA is spotted onto activated glass surfaces coated with poly-L-
lysine or aminosilane. The efficiency of this step of the assay depends on several
factors, the most important of which is the homogeneity of the DNA spots and
the chemical properties of the solution in which the DNA is dissolved. The
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spotting buffer of choice is mostly saline sodium citrate (SSC) buffer. However,
binding efficiency and spot uniformity are often poor. Adding 50% dimethyl
sulfoxide to SSC can reduce those kinds of problems. However, this leads to the
drawback that it is toxic and a solvent for many materials.

Another critical step of DNA chip manufacturing is the processing of the glass
surface after spotting, during which the remaining, unreacted amino residues
of the poly-L-lysine polymer or aminosilane has to be deactivated (Blocking).
This leads to decreases of the background signal. Therefore, an efficient
blocking step represents one of the most critical steps and should be considered
extremely carefully. Blocking usually is accomplished by probing the surface
with succinic anhydride in aqueous, borate-buffered 1-methyl-2-pyrrolidinone
(NMP), converting the amines into carboxylic moieties. However, during this
process the immobilized DNA becomes influenced by the blocking solution,
leading partially to its dissolving and spreading across the entire slide. In order
to prevent this, Diehl and coworkers [24] developed a robust processing
protocol that makes use of a non-polar, non-aqueous solvent and accelerates
the blocking reaction by the addition of a catalyst. As far as high-density
oligonucleotide arrays are concerned, two main strategies are applied to
immobilize the DNA. The first approach, direct spotting of cDNAs, comprises
the immobilization of pre-synthesized oligonucleotides and is being used for
applications such as specific diagnostic tests and drug discovery. In this
approach, pre-synthesized oligonucleotides are arrayed onto a chemically
active surface (by spotting or printing technologies) and subsequently immobi-
lized through either the 5’- or 3’-oligonucleotide terminus. In contrast, in situ
oligonucleotide synthesis makes use of a parallel on-chip synthesis of oligonu-
cleotide probes by photochemistries, thereby arraying up to 96,000 different
oligonucleotides. The major disadvantages of this method are the high costs and
the limited lengths of the synthesized oligonucleotides.

Direct spotting of pre-fabricated cDNA

In order to covalently immobilize probes, oligonucleotide has to be modified
with a functional group that allows the covalent attachment to a reactive group
on the chip surface. Several attachment strategies have been applied since the
development of DNA chip technology, including (1) the modification of the
oligonucleotide with an NH, group for immobilisation onto epoxy-silane-deri-
vatised or isothiocyanate-coated slides, (2) succinylated oligonucleotides that
are coupled to aminophenyl- or aminopropyl-derivatised slides via peptide
bonds, (3) disulfide-modified DNA that is immobilised onto a mercapto-silanised
support by a thiol/disulfide exchange reaction, (4) the use of unactivated
microscope slides with activated, silanised oligonucleotides, and (5) a broad
range of methods that are based on heterobifunctional cross-linking molecules,
thereby providing many alternatives to the modification of the oligonucleotide
and to the linking molecule. Chemically pre-activated microscope slides also
have become commercially available lately, leading to considerably more
attachment of the DNA.
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Non-covalent oligonucleotide attachment also has been reported [25] and
may represent an alternative approach. In that case, short oligonucleotide
probes are tethered to a solid support by simple electrostatic adsorption onto
a positively charged surface film. Attachment is then obtained by microfluidic
application of unmodified oligonucleotides in water onto amino-silanized glass.
By applying this method, an extremely stable monolayer of oligonucleotide is
formed, reaching a high density of molecules.

Another non-covalent approach consists of binding to glass slides with a
microporous polymeric surface [26]. This surface comprises a nitrocellulose-
based polymer that binds DNA and proteins in a non-covalent but irreversible
manner. Some data indicate that these slides have a much higher binding
capacity for DNA and better spot consistency than traditional polylysine-coated
slides.

In situ oligonucleotide synthesis

Generating DNA probes on chip requires considerable expertise and technical
know-how. The DNA has to be applied to the chip surface quickly, yet with high
fidelity and reproducibility. In situ (or “on-chip”)synthesis requires a careful
monitoring of the process in order to ensure fidelity of the growing oligonucleo-
tide. In contrast, the setup of cDNAs or prefabricated oligomers is less difficult to
perform and therefore more widely used. Step yield, meaning the amount of
product correctly synthesized from a substrate, represents an important term
for oligo synthesis systems, those which are based on prefabricated oligomers
and those rested on in situ synthesis. A Perkin Elmer (ABI) synthesizer (Foster
City, CA), allowing the synthesis of 40 to 60 base long oligomers, can achieve a
step yield of, e.g., 0.99.

Piezoelectric printing (the basis of ink-jet printers) offers similar step yield
values, whereas Affymetrix’s photolithographic method is less efficient (step
yield 0.95).

Piezoelectric printing makes use of a technology that is similar to that used
for “ink-jet” printers. In short, at each spot of the array, electric current
expands an adapter that encircles a tube, which contains reagents for one of
the four bases. This leads to a drop of some millilitres of the reagent onto the
coated surface, where it is attached via standard chemistry.

Using photolithography (Fig. 6), a mercury lamp first is shone through a
photolithographic mask onto the chip surface, thereby removing a photoactive
group.

That leads to the display of a 5’hydroxy group that is capable of reacting with
another nucleoside. Further rounds of de-protection and chemistry result in the
synthesis of oligonucleotides with a length of up to 30 bases. Apart from the low
step yield, photolithography also has the disadvantage that its complex process
requires an in-house synthesis. In contrast, contact-dotting or piezoelectric
printing of DNA allows scientists at the bench top to perform tailor-made
expression-monitoring experiments and to determine themselves both the
length and type of the probes.
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Figure 6 The principle of photolithogra-
phy. Synthesis of oligonucleotides is in-
itiated by excitation via UV light.
Photoprotected hydroxyls (X-0) are illumi-
nated through a photolithographic mask,
giving rise to free hydroxyl groups. 5’
photodeprotected deoxynucleosides (e. g.,
Thymidine [T]) phosphoramidite can then
be coupled to these hydroxyl groups. Sec-
ond row: Another mask is used, leading to
the coupling of a new photoprotected phos-
phoramidite (e. g., Cystein [C]). Subsequent
rounds of illumination and coupling result
in a growing oligonucleotide chain.

Moreover, array construction can be simplified by pre-fabricating oligonu-
cleotides via traditional controlled pore-glass (CPG) synthesis and subsequently
printing them onto the surface. Nanogen (San Diego, CA) varies this method by
immobilizing pre-fabricated biotinylated oligomers to individual spots on the
streptavidin-coated chip surface via controlled electric fields.

However, a cDNA library synthezised on-chip is usable merely for weeks,
while prepared oligonucleotide arrays can be stored for much longer.

Summing up, both in situ syntheses have their advantages and drawbacks,
and it is up to every scientist to decide which of the two systems is more
advantageous for a particular experiment.

2 Methods

2.1 Protocols for protein-function arrays

Material

Aldehyde slides can be purchased from TeleChem International (Cupertino,
CA). BSA-NHS slides, displaying activated amino and carboxyl groups on the
surface of an immobilized layer of bovine serum albumin (BSA), can be
fabricated as described in protocol 1. Proteins can be purchased from New
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2.3 Protocols for DNA chips
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the deposition of silver grains directly onto the glass surface. They subsequently
visualized the slides by an automated light microscope and stitched the
individual frames together.

In their approach, Snyder and colleagues [17] overexpressed 119 of the 122
known and predicted yeast protein kinases and analysed them using 17
different substrates and protein chips. They revealed novel activities and found
out that many protein kinases were capable of phosphorylating tyrosine. The
tyrosine-phosphorylating enzymes often share common amino-acid residues
that are near the catalytic region. The protein-function array thus allowed them
to identify several novel features of protein kinases and proved that protein-
chip technology is a useful tool for high-throughput screening of protein
biochemical activities.

3.2 Protein-detecting arrays

The results of the work of Huang and coworkers [20] demonstrated that
multiple cytokines and antibodies could be detected simultaneously with this
new approach. Their system comprising (1) the spotting of capture proteins
onto membranes, (2) the subsequent incubation with biological samples, (3) the
addition of antibody-associated enzymes, and (4) the evaluation of the resulting
chemiluminescent color change allowed for the simultaneous detection of
multiple cytokines and antibodies. The procedure was so simple that no
sophisticated equipment was required. Starting with low-density array formats,
it could be shown that high-density arrays with a total of 504 spots also could be
simultaneously detected with specificity and sensitivity similar to that of lower
density arrays.

The authors expect future applications of this approach for many applica-
tions, including direct protein expression profiling, immunological disease
diagnostics, and discovery of new biomarkers.

However, the authors also admit that protein arrays are still in the infant
state. The cross-reaction among different antibodies is one of the most challen-
ging problems we in the development of antibody-based protein arrays face. A
solution to this problem might be overcome by more careful selections of
antibodies, pre-absorption of antibodies with antigens, and application of
protein-interacting peptides that are selected by phage libraries.

3.3 DNA chips

Effectiveness of DNA binding

In their attempt to improve both the binding efficiency of the spotted DNA and
the homogeneity of the spots, Diehl and coworkers [24] achieved a considerable
improvement of spot quality and a significant reduction of background by
adding betaine to the spotting solution.
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In principle, an important factor in microarray analysis is the amount of
probe material attached to the surface. This factor can directly influence the
sensitivity and the dynamic range of measurements. Diehl and coworkers
investigated the effectiveness of different conditions to the attachment of DNA
to the support. In order to determine the influence of the buffer condition to the
spotting solution, and thus to the binding efficiency of the spotted DNA, they
produced PCR products of 500 bp in length from individual randomly picked
clone inserts from a subtractive human clone library. The DNA then was diluted
serially to concentrations of 500, 250, 100, 50, and 25 ng/ul and applied to glass
slides in four replica spots each. As a negative control, they spotted a solution
without DNA. In addition to 3x SSC and the same buffer supplemented with 1.5
M betaine, they investigated a commercial Arraylt™ micro-spotting solution
(TeleChem International Inc.).

For hybridisations, labelled PCR products were used as target DNA. Analysis
of the signals revealed that irrespective of the buffer, hybridizations were
specific to the complementary probe molecule. Moreover, all signal intensities
increased with increasing concentrations of the spotted DNA probe solution.
However, quantification uncovered that at a DNA concentration in the spotting
solution of up to 100 ng/ul, the signal intensities were 2.5-fold higher when
betaine was present in the spotting buffer. Accordingly, the binding capacity of
the glass surface was nearly saturated at a DNA concentration of 250 ng/ul,
while without betaine this level was already reached only at a concentration
500 ng/ul.

Spot homogeneity

The homogeneity of the spots was dependent on the variation of the DNA
concentration across a spot. There were distinct, frequently occurring patterns
that could be observed upon hybridisation, such as a higher DNA concentration
at the edges (“doughnut” effect) or the aggregation of the DNA at few points
within a spot. The former effect was seen on slides printed with DNA in pure SSC
buffer, while the latter occurred when the Arraylt™ micro-spotting solution was
used. Adding 1.5 M betaine to SSC led to much more homogenous spots. This
effect was evaluated by calculating the variation coefficient of signal intensity
across all pixels that represented a spot. At a DNA concentration of 100 ng/ul
during spotting, for example, the variation coefficient was found to be 7% with
the commercial buffer, 14% if SSC was used, and only 5% for SSC supplemented
with betaine.

Spot-specific background signal

The spotting solution also had a strong effect on the background signal
produced at the spots in absence of a complementary target DNA. The authors
took particular care to avoid any carry over of DNA from other samples by
extensive washing steps and by spotting the buffer probe before proceeding to
samples containing DNA. The signal/noise ratio of each feature was calculated
by dividing the mean signal intensity of the four spot areas by the mean of the
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background signal in between spots. A ratio of 0.7 (+ 0.2) was found for 3x SSC
supplemented with 1.5 M betaine, while much higher ratios of 5.1 (+ 0.8) and
10.5 (= 1.5) were determined for SSC without betaine and the TeleChem
Arraylt™ micro-spotting solution.

Suppression of overall background

The first protocol of slide post-processing with succinic anhydride was intro-
duced by Schena et al. [27] and is widely used at the moment for the blocking of
aminated surfaces by acylating the unreacted primary amines. In this process,
succinic anhydride is first dissolved in NMP before sodium borate buffer pH 8 is
added; the final concentrations are 164 mM succinic anhydride, 96% (v/v) NMP,
and 4% (v/v) aqueous sodium borate buffer.

In their approach, Diehl and coworkers [24] assumed that incubation in this
solution re-dissolved a part of the DNA deposited on the glass surface, which
could then spread across the slide, causing additional background. In an effort
to avoid this effect, they substituted the non-polar, non-aqueous solvent 1,2-
dichloroethane (DCE) for NMP. The concentration of succinic anhydride was
decreased to 50 mM. Furthermore, no aqueous buffer was added to the
solution. Instead, the acylating catalyst N-methylimidazol was added for accel-
eration of the process. In addition, they compared slides that were produced
and processed in parallel but acylated by either the NMP method or DCE
protocol. Notably, they achieved a significantly reduced background with the
latter blocking reaction. Since using the DCE-based process as a routine
blocking procedure, the authors are no longer faced with background problems
that could be caused by inefficient blocking. However, when using NMP the
authors struggled with a lot of known problems, such as inverted signal
phenomena or a higher background around DNA spots.

Discovery and gene-expression monitoring of inflammatory disease-related
genes using cDNA microarrays

Messenger RNA from cultured macrophages, chondrocyte cell lines, primary
chondrocytes, and synoviocytes provided a variety of expression profiles for
cytokines, chemokines, DNA-binding proteins, and matrix-degrading metallo-
proteinases [13]. In this work of Heller and coworkers, comparisons between
tissue samples of rheumatoid arthritis and inflammatory bowel disease verified
the involvement of many genes and revealed novel participation of the cytokine
interleukin 3, chemokine Groo, and the metalloproteinase matrix metallo-
elastase in both diseases. From the peripheral blood library, tissue inhibitors
of metalloproteinase 1, ferritin light chain, and manganese superoxide dismu-
tase genes were identified as being expressed differentially in rheumatoid
arthritis compared with inflammatory bowel disease. These results successfully
demonstrate the use of the cDNA microarray system as a general approach for
scrutinizing human diseases.
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Arrays of proteins (antigens, antibodies, enzymes), oligodeoxynucleotides,
DNA, and cDNAs represent valuable analytical tools in biological and clinical
sciences. The range of techniques adapted to a microarray format includes
simultaneous multi-analyte immunoassays , mutation analysis, expression
assays, tumor cell analysis, and sequencing. The array format provides a simple
way of performing tens to hundreds of thousands of tests simultaneously using a
relatively small analytical device. These properties make the technology of
microarrays one of the most promising tools for the future.

4 Troubleshooting

For reasons of simplicity, the troubleshooting information is given in the text
where it fits to its context.
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1 Introduction

In chapter 4 application of metal clusters for immunechromatography is
covered. Some of these and related applications have been successful for
decades, while others are novel and have to prove their usefulness. It has
been described how clusters can be applied in test strips and as efficient
quenchers for fluorescent molecular beacons. The fundamental properties in
that respect are their absorption high coefficient, their plasmon resonance, and
their high density.

These unique properties have been exploited in various ways. The enor-
mously high coefficient of absorption makes metal clusters perfectly suitable for
direct optical labels, even visible to the naked eye. Their extremely dense matrix
is used to obtain a high contrast in electron microscopy. Both these applications
use isolated clusters, without considering particle-particle or particle-surface
interactions.

In the past ten years, understanding of the latter, more complex phenomenon
has grown strongly. Physicists are now able to describe these interactions and
predict the extent of non-linear effects. It is these effects that are made use of in
surface-enhanced raman scattering (SERS) [1, 2], surface plasmon resonance
(SPR) [3-5], resonance light scattering (RLS) [6-8], 3D particle arrays, and
surface enhanced absorption (SEA) [9-13] and surface enhanced fluorescence
(SEF) [14].

We will show how with minimum effort each of these techniques can be
implemented in a classical laboratory and will strongly discriminate between
solution-based techniques and those where vacuum coating is indispensable.
We will also point out which (especially analytical) techniques are available as
service.

2 Methods

2.1 Materials and equipment

Chemicals

¢ Solution based-methods: Distilled water, HAuCl,, sodium citrate, tannic acid,
AgNO,, PAS, PEI, alginate, chitosane, silanes, oligonucleotides, proteins,

¢ Vacuum-based methods: targets or corns of gold, silver, copper, tin, alumi-
nium, Al,O,, ITO
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Equipment

e Solution based methods: hood, heating and stirring plate with contact
thermometer, spin coater (i.e. from LOT), UV-Crosslinker (i.e. RS-Compo-
nents), microscope with at least 50fold magnification, AFM, electron micro-
scope, Biacore or other device for SERS measurements, power supply, highly
cleaned glassware.

e Vacuum-based methods: all of the above and vacuum coater with at least two
different targets, or one target and one evaporation source. Preferentially,
you should choose a coater suitable for reactive sputtering. This technique
allows optimal process control and does not heat the probes. However, you
will also get along with DC-sputtering or an evaporation source. As an
evaporation source, an electron-beam evaporator is preferred, because this
reduces the heat impact on the probes. Such vacuum coaters can be obtained
from Leybold, Edwards, Pfeiffer, and many others. Most of them have
availabilities of three to six months. For some applications, conventional
coaters for electron microscopy can be used.

Solutions, reagents and buffers
1% HAu(l, in distilled water
1% sodium citrate in distilled water
1% tannic acid in distilled water
5 M Na(l in distilled water
1M HCl
1M NaOH
1M Tris pH 7.4
1% PAS adjusted to pH 7 with 1 M NaOH, 10 mM NaCl
1% PEI adjusted to pH 7 with 1 M HCl, 10 mM NaCl
1% alginate adjusted to pH 7 with 1 M NaOH, 10 mM Nac(l
1% chitosane adjusted to pH 7 with 1 M HCl, 10 mM NaCl
1% silane in EtOH with 1% distilled water (fresh!)

2.2 Methods

In order to allow the reader to get into the matter, the methods described follow
a line from simple to more complex. We will start with particles and their
synthesis and how to attach them to surfaces. We will modify the particles and
bind them selectively to each other as well as to specifically crafted thin-film
structures.
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structure and function of large biomolecules; and elucidation of chemistry
occurring at metal, metal oxide, and polymer surfaces.

The assay format proposed consists of three steps:

binding HemeC to modified colloidal particles

reacting the modified particles with the SERS active surface

incubating the SERS resulting surface with analyte

reading out the SERS-Signal

- wn =

This assay format is particularly well suited for sandwich-type immunoassays
and hybridisation assays. The readout can be done only with suitable instru-
mentation.

The literature gives a wide variety of approaches for setup, fabrication, and
assembly of structures with the required nano-scale roughness. These include
evaporated rough metal films, aggregated colloidal metal sols, electronically
roughened macroscopic electrode, and others. In all these approaches, the
substance being studied by SERS is placed in direct or close contact with the
surface. For uncoated SERS substrates, there is typically biomolecule denatura-
tion. In contrast, biomolecules conjugated to colloidal Au nano-particles often
retain their biological activity. The SERS intensities for the colloids themselves
are weak. The inability to observe SERS signals from even resonantly enhanced
chromophores within proteins results from the exponential drop-off in electro-
magnetic fields away from the substrate surface. Placing a strong chromophore,
like HemeC, near the surface of a colloidal particle generates a more suitable
SERS active particle. The colloids are then adsorbed to a gold surface, pre-
ferably in a sandwich type assay. In the following, it is first described how to
adsorb protein to the surface of any of the colloidal particles cited above, then
how these particles can be bound in a sandwich-type assay to SERS active gold
surfaces. Ideally, an analyte is sandwiched between two SERS active particles.

A special case of the principles described in the general method of coating
surfaces with polyelectrolytes is the coating of colloidal gold sols with proteins.
Generally, colloidal gold sols are unstable in the presence of electrolytes. When
electrolytes are added, the color turns blue and clusters aggregate. However,

Figure 3 SERS assay
using colloidal clusters
with HemeC enhancer
bound to the SERS
chip surface
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it has been found, that multivalent interactions of the linking group with the
particle are beneficial, since often enough you want to apply elevated tempera-
ture in combination with hybridisation assays. At about 55 °C a single thiol
binding to the surface may detach from the surface because of increased
surface mobility of the gold atoms. The rate of hybridisation also can be
increased by heating the solution containing the nucleic acid to be detected
and the nanoparticle-oligonucleotide conjugates to a temperature above the
melting temperature for the complex formed between the oligonucleotides on
the nano-particles and the target nucleic acid and allowing the solution to cool.
The assay format proposed consists of three steps:

Figure 4 Color assay
using assemblies of
DNA-conjugated nano-
clusters

1. coupling thiol-modified DNA to colloidal particles
2. reacting the modified particles with the sample
3. spotting the reaction mixture on porous white support

This assay format is particularly well suited for sandwich-type hybridisation
assays. The readout can be done with the naked eye or, more sensitively, with a
flat bead scanner and suitable densitometric software.
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conventional silver enhancement kits to the surface of the PR-18-plates where
low concentrations of analytes are suspected can greatly increase the sensitivity
of the reaction.

Any standard hybridisation test can be done in this manner; however, it
should be noted that the formation of particle arrays give a very sharp signal
because of the large number of interactions that form upon successful hybri-
disation between different particles. However, this limits the dynamic range of
the reaction strongly.

Surface-enhanced absorption (SEA)
So far colloids or clusters have been applied to surfaces using the intrinsic
properties of noble metal particles (strong optical absorption, high surface,
good handling and modification), eventually in combination with chromo-
phores. In a novel assay format, the colloid properties are altered by application
in a specific thin-film setup. This setup is created by coating nanometric thin-
films on top of a mirror from gold, silver, or aluminium. Upon binding of the
colloids, their spectral absorption is strongly modified by a resonance with the
mirror dipole of particle excitation. This optical property for the analytical
application of metal cluster films is the so-called anomalous absorption (SEA).
Thus, dependent on the thickness of the polymer film, the system can almost be
tuned to any colour and used for reading out the resulting complex of e. g., an
immunoassay. Bringing in this defined spatial orientation improves signal
quality, assay stability, and handling. The feedback mechanism cluster-mirror
strongly enhances the effective absorption coefficient of the cluster, increasing
the signal by one order of magnitude compared to all standard colloid-based
assays.
The assay format consists of four steps:
1. Coating with capture antibody
2. Incubation with a sample containing the antigen.
3. Detection with a secondary antibody coupled to any of the metal particles
cited above. Gold particles are preferred due to their high chemical stability.
4. Readout in a standard flat-bead scanner with a diffracting foil to allow
readout of the reflecting surface.

This assay format is particularly well suited for sandwich-type immunoassays
and hybridization assays. The readout can be made more sensitive with a high
resolution direct reflection (not scatter) scanner or a high resolution CCD-chip
and suitable filters.

The SEA setup enables sensitivities about a factor of 10 higher than classical
vial-based immunoassays. It is compatible with chip-based assays and gives
spatial resolutions down the optical resolution of your detection device. In
combination with very large particles, the scattering of light can be used as a
further parameter of analysis (Genicon, RLS).






268 Georg Bauer, Norbert Stich and Thomas G. M. Schalkhammer




Nano-clusters and Colloids in Bioanalysis 269










272 Georg Bauer, Norbert Stich and Thomas G. M. Schalkhammer

Figure 11 Atomic
force microscopy of a
SEF nano-cluster layer
designed for optimal
coupling to a He-Ne
laser beam.

Within the past few years, novel approaches of signal boosting have been
proposed based on surface enhancement of the field and/or of the excitation-de-
excitation pathways. Among them are nano-particle-based effects (first described
by Schalkhammer, Aussenegg, Cotton), rough surface effects (first described by
Sheehy), surface plasmons over thin metal films (first described by Attridge,
Knoll), and local waveguides with a microstructured surface (e. g., Novartis).

All these techniques strike for the development of new devices and are
focused on increased sensitivity and simplified procedures.

The straightforward approach is the use of metal island layers as field-
enhancing elements in fluorescence detection. The excitation of surface plas-
mon modes, and subsequently of a resonant interlayer at the interface to the
analyte solution, increases the field strength of the incoming light, mainly but
not exclusively laser light, by a factor of about 200 to 300. This enhanced field
now drives fluorophores within this enhancement zone. Fluorophores feel more
laser light than actually irradiated on the chip and, if not already on their
maximal efficiency, thus emit more photons per unit time. Nevertheless, the
effect needs to be tuned to gain an optimal signal because in the local near field
of the metal surface a rapid de-excitation pathway for the fluorophore also is
provided.
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biological information and avoids laborious amplification procedures such as
PCR.

ThermoBiostar (www.thermobiostar.com) produces thin-films in order to
enable immobilization platforms for immunoassays to detect infectious dis-
eases.

Surromed (http://www.surromed.com) uses nano-barcodes (specifically de-
signed nanoparticles) as identification tags in homogenous drug-screening
assays. With Nano-barcode particles, the concept of the barcode and the
barcode reader has been taken to the nanometer scale. Moreover, nano-
barcode particles can be functionalized with nucleic acids or proteins. If the
metals used are super-paramagnetic, nano-barcode particles can be magneti-
cally recovered, thereby conserving the sample volume and simplifying the
analysis of complex probe mixtures. Therefore, these particles allow infinite
multiplexing of assays in homogenous or heterogeneous media. This technology
has the potential to complement DNA microarray technology by functionalizing
thousands of nano-barcode particles with oligonucleotides. These experiments
can then be performed more efficiently in solution.

However, there is plenty of room for novel techniques, and the goals remain
to develop high-resolution, low-cost screening on the one hand and simple, fast,
point-of-care testing on the other.

After the successful use of nano-particles as markers for highly paralleled
systems, the next step will comprise the design of new devices, such as complete
chip detection setups, with metal nano-bead markers. For that purpose, novel
low-cost readers and labelling protocols will be required also. By using nano-
clusters as transducers, new possibilities will be opened, thereby paving the
way for improved development for a variety of assays, including DNA and
protein biochips [20-27].

Some of the techniques presented here have been developed in companies,
while others are public domain.

The biggest challenge, however, is that with all these novel technologies,
novel materials and methods have to be combined with the experiences in
university-based institutes and clinical laboratories in order to build new
standards in analytics. This will be achieved close only through cooperation
of public institutions and private companies. The reward for this task will be
data of molecular-scale interactions becoming obtainable on-site or in large
scales, both for diagnostic and screening applications.

4 Troubleshooting

e What if the minimum amount of protein required is not available? In this case,
the available amount of the desired protein is added and after about 30 min. a
secondary protein like bovine serum albumin or horseradish peroxidase is
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added, which binds to the remaining free sites; the secondary protein is added
in large surplus. In any case, the amount of the protein that should be attached
to the gold colloid has to be at least 10% of the amount usually required for
stabilization; otherwise, it cannot be assumed that sufficient protein bound to
the colloid will retain its biological activity. Addition of too much electrolyte
together with the first protein added will cause problems because the
colloids will have a strong tendency to aggregate until they are fully protected
by colloid.

* What if the protein activity is lost by dissolving in distilled water? The
general rule is that as little salt as possible should be added to the gold sol until
full protection of the sol has occurred. If a buffer is necessary for preserving the
biological activity, organic buffer substances are preferred. If salt is absolutely
necessary, the pH should be as high as possible without destroying the biological
activity because colloids are more stable at pH above 8.5 and have practically no
tendency to aggregate above pH 9.5. On the contrary, colloids bind proteins and
also reactive groups like thiols much faster and tighter above pH 9.5.

* What if the colloid adsorbs to the flask during synthesis? Too much water
may have been lost during synthesis, or the pH of the solution might have
shifted. The former leads to increased hydrophobic adsorption, the latter
increases ionic adsorption. Generally, large particles have a stronger tendency
to adsorb than do smaller ones.

* What if the colloid adsorbs during centrifugation? The concentration
increases dramatically, so hydrophobic interactions will dominate. If the addi-
tion of detergent is not an option because the colloids should be used for
adsorption later on, you can revoke the adsorption by shifting the pH drama-
tically to the alkaline (pH 13 and higher). This will largely neutralize the
negative charge of the particles.

* What if the colloid adsorbs during stabilization? Modify the concentration
of the stabilizing agent, increase mixing, and add a large surplus of stabilizing
proteins like BSA after the first few minutes of stabilization.

* What if clusters do not adsorb to the desired surfaces of reactive polymers?
In the case that no cluster adsorption occurs, the pH of the cluster solution has
to be shifted so that the surface appears positively charged. The cluster coming
from citrate-based reduction will always appear negatively charged in solutions
of neutral pH. If this does not help, the chips might be modified by polyelec-
trolyte adsorption so that they bind readily to the surface of the reactive
polymer at neutral pH.

¢ Stability and shelf-life of clusters Noble metal clusters have the same
chemical stability as macroscopic material. However, it has to be noted than
clusters exhibit a much larger surface that the same amount of bulk material.
This leads to an increased tendency of adsorption. These particles have high
densities, which do not lead to strongly increased sedimentation until diameters
of 30 nm or higher. Generally, clusters should be stored in dilute solutions.
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¢ Metal surfaces Many metal surfaces have the tendency to adsorb protein

and react with thiols, amines, and other entities. Less noble metal surfaces
show aging as an effect of such adsorption. If such adsorption does not take
place as desired, it is usually connected to impurities adsorbed to the surface of
the metal. For these reasons, either use metal surfaces directly coming from
vacuum deposition or clean the surfaces in piranha solution or under other
highly oxidizing conditions.
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lography, and electron microscopy. These results are the basis for novel
techniques using AFM not only for the visualization and manipulation of
biomolecules and surfaces [3] but also for monitoring the change of conforma-
tional structures of proteins. In order to make use of the AFM for monitoring
biological molecules, a number of techniques have been developed. The three
main modes of operation are “contact mode” (CM), “non-contact mode” (C) and
“tapping or intermitted contact mode” (IC). Data gained in non-contact-mode
are processed either in “phase mode” or “amplitude mode”. All these modes will
be described in the following subsection more in detail. Both fundamental
techniques, contact and non-contact, are necessary to study biomolecules on
surfaces. In C-mode the biomolecules need to be bound to the surface and thus
are not easily moved away from their place by the force applied through the
AFM tip. Biomolecules, which are bound weakly to a surface, are wiped from
the chip by C-mode AFM imaging. Thus, for soft bio-structures NC- or IC-mode
imaging is vital.

Another field of application of AFM technology is its ability to measure
binding forces between biomolecules such as epitopes and their antibodies,
which is done in “force-mode”. The forces determined by the AFM correlate
well with calculated binding forces as was proven, e. g., in antibody-antigen [4]
or streptavidin-biotin [5] systems.

2 Setup

The principles on how the AFM works are very simple. An atomically sharp tip is
scanned over a surface with feedback mechanisms that enable the piezoelectric
scanners to maintain the tip at a constant force (to obtain height information),
or height (to obtain force information) above the sample surface. Tips typically
are made from Si;N, or Si, and extended down from the end of a cantilever. The
AFM head uses an optical detection system in which the tip is attached to a
reflective cantilever. A diode laser is focused onto the back of the reflective
cantilever.

The beam is focused into a four-quadrant photodiode. As the tip scans the
surface of the sample, guided by the contour of the surface, the laser beam is
deflected from the position in the detector. The signal is the difference in light
intensities between the four photosensors. Feedback from the photodiode
difference signal enables the tip to maintain either a constant force or constant
height above the sample.

In the constant force mode, the signal of the piezo-Z-axis reflects the height
deviation. In the constant height mode (often used at ultra high resolution), the
force on the sample is recorded. In order to give absolute force data this mode of
operation requires calibration parameters of the scanning tip inserted in the
AFM head.
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Figure 1 recorded by the AFM, represents a topographical map of the
scanned surface. The data set gained by the scan encodes the height and width
information of the scanned area. With image processing software, this informa-
tion needs to be filtered and processed to obtain high-quality charts. Three-
dimensional topographical maps of the surface are then constructed by plotting
the local sample height versus horizontal probe tip position. In addition, height,
width, distance profiles, and surface inhomogeneities of even single molecules
can be measured.

Some AFMs can accept full 200 mm wafers, but most instruments use a 10 to
100 pm scanner table. In chip fabrication the primary purpose of these
instruments is to quantitatively measure surface roughness with a nominal
5 nm lateral and 0.01 nm vertical resolution on all types of samples.

Depending on the AFM design, scanners are used to translate either the
sample under the cantilever or the cantilever over the sample.

3 The resolution of AFM

Contrary to electron-microscopic techniques AFM has other resolution criteria.
The criteria from radiation-based imaging cannot be applied to scanning
microscopes and their ways of image processing. An AFM operates mechani-
cally which is distinct from wave optical techniques. The optical microscopy
depends on diffraction whereas the probe and sample geometry are the limiting
factors for the AFM.

The double strand DNA in the B form has a known diameter of around 2.0 nm
and can be used as reference of testing the quality of the used tip. The
measurements found in literature describe the height of DNA between 1.4
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and 2.5 nm [6]. The measured height is within the range of precision expected
and relates well to the data from molecular modeling.

Contrary to this, the width of any structure is significantly larger because of
the lateral size of the tip used for the scan. The radius of curvature of the tip
influences the resolving ability of the AFM. Figure 2 models the influence of the
form of a chosen tip for the scan of a surface with a given profile. The sharp tip
gives an image with high resolution whereas the blunt tip gives a smoothed
profile of the scanned surface. The sharp tip is able to access the groove in more
detail and trims better to the height changes of the sample. The use of a blunt tip
during the scan leads to loss of detailed information of the surface of the sample.
The grooves with small width are unable to be accessed by the blunt tip.
Therefore, the height in small grooves also will be under-estimated. Thus,
AFM images, except for small grooves, give an accurate measure of Z-profiles of
any sample. The XY-profile is significantly influenced by the sharpness of the
operating tip and cannot be better than the tip used for scanning for rough
surfaces. Ultra-smooth surfaces can be scanned at higher XY resolution be-
cause of local force effects.

Atomic force microscopists generally use C-mode, NC-mode, tapping mode,
and, today, sometimes, carbon-nano-tube tips. The “normal tip” [7] is a 3 um
pyramid with ~ 20 to 30 nm end radius.



Atomic Force Microscopy 283

4 Vibrations and AFM

Vibrations are a common source of trouble during AFM measurements. Vibra-
tions of the desk or even of the whole building are registered by the AFM and
noise the image. Special platforms are available to help avoid additional noise. A
cheaper, but also effective method, is to dampen the vibrations by the use of
synthetic rubber [8] as a platform. The synthetic rubber has as a property of a
low resonant frequency, which results from the rubbing of the synthetic fibers
inside the rubber against the outside matter. The resonant frequency of the
synthetic rubber depends on the stretch of the synthetic fibers. Contrary to that,
the AFM has a high resonant frequency from its hardware, which is greater
than 10 kHz. This leaves the gauging station to become a band pass filter. To
increase the filter efficiency, a sandwich of rubber pads and steel plates may be
used. Another trick, often used in ultra-sensitive STM imaging, is a steel
platform hanging from the ceiling mounted on three or four rubber bands.

5 Techniques

5.1 Contact mode

Contact mode is the standard mode of AFM [9], where the tip is in direct contact
with the scanned sample. A repulsive force with ~ 10 nN (nano Newton) is
applied by the tip. The piezo tube pushes the sample against the tip with this
force, which leads to the bending of the cantilever in different angles through
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the scan. The deflection of the cantilever is detected optically in the change of
the laser focus.

The voltage output of the four-quadrant photodiode changes and monitors
the surface height profile. A feedback amplifier uses the deflection signal of the
cantilever and sets the force on the tip to the desired set point. The piezo tube is
driven by the applied voltage and is navigated through the feedback loop. The
feedback loop controls the tube to raise or lower the sample relative to the
cantilever. This sets the laser beam deflection to the desired angle. The Z-axis
signal of the piezo reflects the height change of the scanned sample surface and
is monitored as a function of the XY-position of the sample. The applied force
may vitally influence the picture gained for the real structure of the scanned
surface.

In order to minimize imprinting and damage of the surface, the force of the
probe has to be minimized. The applied force is limited if operating under
ambient environment. A layer approximately 20 monolayers thick covers the
sample during operating in ambient conditions. The layer mostly consists of
water vapor and adsorbed gas, which contaminates the surface of the sample.
After the approach of the tip at the contaminated surface a meniscus between
the sample and the tip is formed, which pulls the cantilever by surface tension
toward the sample surface.

The maximal force applied to the tip and thus to the sample is around 100 nN
the minimal force is in the pN range and is more or less limited by the feedback
of the system. A strategy to overcome the meniscus force and other undesirable
attractive forces is to scan the sample in an immersed liquid where the
cantilever also will be immersed from the used liquid. This leads to capillary
forces that cannot effect the measurements anymore and the “Van der Waals”
forces will be reduced to a very low level. The ability to image biological
molecules immersed in liquids gives the advantage of varying the fluid composi-
tions and study molecules in a biological microenvironment.

Molecular folding induced by pH [10] or microenvironment or conformational
changes of membrane proteins after the binding of the ligand can be displayed.

The contact mode is limited in its application to biomolecules, which are not
weakly bound to the surface and consequently are wiped away and partially
destroyed through the scan. To avoid these negative effects on the sample the
non-contact-mode has been developed.

5.2 Non contact mode

For cases of the contact mode where the tip affects the scanned sample in
destroying or altering it, the non-contact mode is superior. In this mode the tip
moves with a distance of ~ 5 to 15 nanometers above the surface of the sample.
An attractive “Van der Waals” force is present between the tip and the sample
during the scan, which is the feedback signal to register the topographical map
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of the sample surface. The attractive force between the sample and the tip in NC
mode is significantly less than the force in the C mode.

To register these small forces, the cantilever is mounted on an oscillating
piezo, which drives the tip up and down. The drive of the tip piezo occurs
through applying an AC voltage on the tip-piezo with a constant frequency
where the tip oscillates over the surface of the scanned sample. The AFM
instrument registers the resonant frequency map of the tip (Fig. 4).

The user can choose the optimal frequency for the tip. As a response to the
interaction with the sample surface, the applied resonance curve modifies its
amplitude, phase, and frequency. This shift is used for generating and, after-
wards, for displaying the samples surface map. The distance between sample
surface and tip can be decreased to 1 nm for getting a high resolution. Never-
theless, this approach fails in most cases because of the contaminant layer of
water vapor and adsorbates, which covers the “Van der Waals” surface force of
the scanned sample surface.

5.3 Tapping mode

Tapping mode, developed as a mixture of NC and C mode, reveals new
possibilities for high resolution of topographic maps [11] of the scanned sample
surface. The tapping mode is used to study biomolecules otherwise destroyed or
weakly bound to the surface and thus wiped off. The conventional AFM
accommodates problems associated with adhesion, electrostatic forces, and
friction between the scanned sample surface and the tip. These problems are
circumvented in tapping mode [12]. As in the non-contact mode, the tip is
mounted on a piezo, which resonates at 50 to 600 kHz. The chosen frequency in
the tapping mode to drive the cantilever is slightly left of the resonant frequency
peak maximum, which is demonstrated in Figure 5 and indicated with a cross
on the peak. A second parameter (shown in the same figure) is the amplitude
visible as a thick black line. The amplitude of Z-movement of the cantilever
while oscillating is around 10 to 25 nm. Parameters are adjusted while the tip is
off the surface.
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After the start of the approach, the oscillating tip is moved toward the surface
until it contacts the chip. It still oscillates and taps (with a high frequency,
typically around 100 kHz) the surface of the scanned sample. This intermitted
tapping leads to a damped oscillating amplitude of the cantilever, which is used
as the signal change from which the surface features can be derived.

The high-frequency tapping reduces the adhesion forces between the tip and
the sample. In contrast to the contact mode, there is no shear force on the
sample by the tip because of the vertical movement of the cantilever. The spring
constant of a tapping-mode cantilever is around 1 to 100 mN. When applying
the tapping mode in fluid [13], different spring constants are needed because of
the damping of the oscillation in a liquid medium.

A feedback loop controls the distance in the tapping mode by regulating the
amplitude and the force of the oscillating cantilever at the scanned sample. In
depressions the amplitude will be increased, whereas in passing higher struc-
tures the amplitude will be decreased.

5.4 Phase recording

The phase mode is often applied for biomolecules [14], which are weakly bound
to a surface or destroyed during a C-mode scan. After taking the image in
amplitude and phase mode and comparing them, the phase mode appears as a
contrast-enhanced form of the amplitude-mode image.

In comparison to the tapping mode, where the cantilever oscillates with the
resonance frequency of its piezo crystal and the change of the amplitude is
detected as a response to the scanned surface, in the phase mode the phase shift
[15] of the oscillating piezo and the driving signal is used for feedback. This
phase shift is induced by the sample surface via adhesion and viscoelasticity.

Many additional properties to the topographical map, such as compositional
variation, adhesion, viscoelasticity and friction of scanned sample surface, are
transduced through the phase mode of the tapping mode AFM.

The results of images taken give a better possibility to distinguish between
higher and lower adhesions, hardness of the scanned surface, or identification
of individual molecules in a composition, which leads to image resolution in
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nanoscale. These favorable characteristics of the phase mode are missing in
other scanning probe microscopy techniques, and therefore the phase mode
AFM is an essential tool in the field of sample surface scanning. For the phase
mode, the same tip can be used as for the tapping mode described before. Most
instruments enable the measuring and displaying the phase and amplitude
mode in parallel.

6 Force curves

The ability to measure the force between the tip and the sample is an additional
important feature of the atomic force microscope. Studies about force measure-
ments are increasing, as seen by the count of citations.

The cantilever on which the tip is mounted is moved toward the sample and,
after touching it, the tip is pulled back from the surface of the sample. The
attractive force of the sample, which holds the cantilever back through pulling it
away from it, is recorded and displayed as a curve diagram on the monitor.

The graph reflects either a single interaction cycle or a series of successive
interaction cycles from tip to surface. This mode allows getting information
about local force and elasticity of the sample.

The function of the voltage curve applied to the piezo for the force measure-
ment has a triangle shape. Depending on the frequency and amplitude of the
triangle voltage function, the distance and speed of the force measurement are
set.

6.1 The basis of the distance and force curve

At point 1 the distance between the cantilever and the sample reaches its
maximum and is at the same time the point of starting before the curve is taken.
The tip is not in contact with the sample, and the cantilever is undeflected. The
net force at the cantilever is set to zero. Now the tip is moved toward the sample
until it reaches point 2, where an attractive interatomic force between the tip
and the sample is experienced. The cantilever is pulled toward the sample,
leading to a deflection of the cantilever called a “snap-in” point (Attractive).

The scanner continues to decrease the distance until the cantilever is bent
away from the surface. The net force on the cantilever changes now to a positive
value (repulsive).

After the endpoint is reached, the retraction begins at point 3. The force on
the cantilever follows another path. The horizontal offset between the initial
and the return paths is due to scanners hysteresis. The additional part of the
curve that shows a negative (attractive) force on the cantilever is attributed to a
thin layer of water that is usually present on the sample surface when the
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The scanner retracts far enough for the tip to spring free of the water layer.
This point is called the “snap-out” or “snap-back” point. Beyond the snap-back
point, the cantilever remains undeflected, and the net force on the cantilever is
Zero.

If the experiment is done in a fluid cell, the capillary force is suppressed and
the direct interaction force in between two surfaces and finally in between two
molecules, one from the tip, one from the surface is measured. A wide variety of
setups has been used with, e. g., a biotin conjugate at the tip and a streptavidin

on the chip (see Fig. 7). Calibrating the instrument and measuring the hysteresis
enables one to quantify molecular interaction forces.
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7 Surfaces and biomolecules imaged via AFM

As described, scanning of surfaces is the field of application for AFM. In order to
achieve high-quality images and to avoid artifacts, all surfaces that are to be
covered with proteins or DNA need to be scanned previously. This pre-scan is
necessary to evaluate height fluctuations, roughness, and dust particles on the
support. Thin layers of a few molecules to a few nanometers are necessary to
ensure optimal images. For that, a nano-flat substrate is desired to deposit the
biomolecules of interest. Moreover, AFM is a useful tool to study all materials in
close contact with biofluids (steel, aluminum, glass, etc.).

7.1 Images of inorganic surfaces

¢ Steel

Figure 8 represents an AFM of steel used in a bio-fermenter imaged in
contact mode. The two images show the changed surface of steel after corro-
sion. Figure 8 A with a smooth surface is uncorroded steel, where as Figure 8B is
steel surface etched by intense corrosion.

¢ Aluminum

Figure 9 represents an AFM of high-quality rolled aluminum used in optical
reflectors and even as a matrix for biochips (imaged in contact mode). The
images clearly indicate the directed growth of nano-crystals of a few hundred
nanometers in size. After bio-corrosion, aluminum oxide or other deposits coat
the sharp crystals.
* Glass

As a frequently used support for imaging and in the biochip field, two types of
standard glass slides are scanned (1x1 pum) with the AFM in contact mode.
Figure 10A (a trhee-dimensional image) and Figure 10B (a two-dimensional
image) reflect a highly flat surface where the roughness is within 0.7 nm (7
angstroms). In contrast to this slide Figure 10C (also scanned in contact mode)
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shows a rougher surface with nano-crystals of around 3 nm (30 angstroms) in
size. Replacing Figure 10B with Figure 10A would lead to unexpected artifacts
in bio-nano experiments or even biochip applications.
e Channel in sputter-coated Ag-nano-layer

Figure 11 represents a two- and three-dimensional image of a silver covered
slide, with a nano-channel of 3 um width. Mechanical engraving was used to
imprint the channel. The metal removed from the channel is visible left and
right of the channel as a nano well.
* Mica

Mica, as an atom-flat crystalline silicate material, is often used for immobi-
lization of a wide variety of biomolecules down to single molecule resolution.
Because it is very homogeneous, the image has a high contrast between
molecule and its background, enabling good recognition of any structure
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7.2 Images of whole cells

e Yeast (Saccharomyces cerviseae)

A surface of a slide is coated with yeast cells. Figure 13 is easily obtained by
drying a drop of the cell suspension onto glass and then, by a quick move
through a flame, attaching the cells to the chip by heat.

Whereas vital cells are round as micro-balls, old or dried cells are collapsed.

Because of the good adhesion, Figure 13 is done in contact mode without a
risk of wiping the cells off the chip.

e Escherichia coli

Figure 14 shows the scanned surface of mica with coated E. coli cells on its
surface. Three sizes of fields were scanned with increasing resolution.
Figure 14A has a scan size of 50 um, the right 20 um, and Figure 14C 8 um.

The E. coli culture was adsorbed on the surface of freshly cleaved mica. After,
the surface was washed with deionized water, the chip was scanned with AFM.
Because of the adsorption of E. coli cells to the surface of mica, an AFM
operating in the contact mode just wipes the cells away and destroys them
partially. Thus, these pictures were taken in non-contact tapping mode.
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7.3 Single-molecule images

* DNA

Imaging of single Lambda-DNA molecules, cut with EcoRI restriction enzyme
is accomplished in two ways. Figures 15A and 15B are immobilized on the
surface of mica [16] using magnesium as a divalent cation to mediate the
binding of DNA.

In Figures 15C and 15D, the DNA was adsorbed to a poly-L-lysine-coated
mica surface. Because of the positive charge of poly-L-lysine, the DNA binds as
any other negatively charged molecule.

In the experiment given below, the DNA was heated to 65 °C and bound to the
mica surface, mediated through magnesium ions. Figure 16A clearly visualizes
a DNA fork with its single- and double-strand part of the DNA molecule. Figure
16B shows the double-strand DNA height at ~ 1.5 nm, where each single-strand
DNA has a height of ~ 0.75 nm. These measurements correspond accordingly to
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4. Spin the mica with 2500 rpm and wash during spinning with deionized H,0.
5. Drop 20 pl DNA, 40 mg/ml solution onto surface.

6. Leave for 10 min. to be adsorbed to the divalent cations sites.

7. Spin the mica with 2500 rpm and wash during spinning with deionized H,0.
8. Dry by spinning.

9. Take AFM image.

® Proteins

Proteins can be imaged easily on any surface with sufficient flatness.
Figure 17 shows a MICA surface with a few partially aggregated bovine serum
albumin proteins on its surface. The chip was covered by a protein monolayer
and thereafter etched with 5% NaOH. The small dark dots are removed silica
from the surface of the mica.

he
les
be
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Figure 19 is a microdot of a protein deposited with an excess of buffer salts
using a micro-dotting robot. Single-protein molecules cannot be resolved
because of the excessive deposition of buffer salt crystals. This Figure indicates
a non-appropriate deposition mixture, which should not be used for micro-
dotting.
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Analysis in Complex Biological Fluids

Asparte aminotransferase................cccccccccovvveiiiiiiiiiiiiiiiiiiiiiians

Protocol 10 Asparte aminotransferase (AST)..............ccccceeeeien
Creatine KiMQSe .............uueieeiiiiiiieeiiiiee et
Y-Glutamyl transferase ................cccoovvvveeviiiiiiiiiiii
Lactate dehydrogenase...................cc.ouuuuuuiuiiiiininieeieiiiiiiiinenen.

1 Introduction

Control of the composition of the culture media in which bacterial or mamma-
lian cells are grown is important. Nutritional depletion, accumulation of side
products, and pH may change significantly during the incubation period,
thereby reducing cell viability as well as interfering with the production of the

desired product.

This chapter is a summary of techniques and protocols to quantify most of the

standard ingredients in complex biological media.

2 Materials (selected)

Glutamate dehydrogenase from bovine liver [EC 1, 4, 1, 3] [Sigma, 49390]

INT, p-iodonitrotetrazolium violet [Sigma, i8377]
Diaphorase [Sigma, D5540]

Aspartate aminotransferase (AST/GOT) [Sigma, 505]
Asparaginase [Sigma, A4887]

Glutaminase [Sigma, G8880]

Phosphatase, alkaline [Sigma, P4978]

BCIP/NBT solution, premixed [Sigma, B6404]

3 Analytes

3.1 Ions and metals

Ammonia (-ium)

Enzymatic methods

The determination of ammonia is of considerable value in fermentation
control as well as clinical diagnosis. If any of the processes involved in
ammonia’s metabolic disposal is impaired, the level of ammonia, especially

ammonium ion, will increase, leading to ammonia intoxication.
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Alkaline pH
(1) Calcium + Cresolphthalein Complexone ———== Calcium-Cresolphthalein Complexone

Acid pH
(2) Calcium + Arsenazo [l ———== Calcium-Arsenazo III Complex

lon-sensitive electrodes

Calcium ion-sensitive electrodes use liquid membranes containing the calcium-
sensitive ionophore dissolved in an organic liquid trapped in a polymeric matrix
(PVQC).

Atomic absorption spectrometry

Total calcium is determined after diluting the sample with lanthanum chloride.
The diluted specimen is aspirated into an air-acetylene flame, in which the
ground-state calcium ions absorb light from a calcium hollow lamp. The
absorption at 422.7 nm is directly proportional to the ground state calcium
atoms in the flame.

Chloride

Chloride represents a major extra cellular anion, functions as an electrolyte
balance associated with sodium, and preserves the electrolyte neutrality/main-
tenance of homeostasis.

Spectroscopy and ion-sensitive electrodes are the most common methods for
determination of chloride.

Spectrophotometric methods

Chloride ions react with undissociated mercury thiocyanate to form undisso-
ciated mercuric chloride and free thiocyanate (1). The thiocanate ions react
with Fe3* to form a reddish-brown complex of ferric thiocyanate (2) with
absorption maximum at 480 nm [3]. Addition of perchloric acid increases the
color intensity.

(1) 2 CI- + Hg(SCN), ———= HgCl, + 2 SCN-

(2) SCN- + Fe;#+ ————= Fe(SCN),

Ion-sensitive electrodes

Solvent polymeric membranes that incorporate quaternary ammonium salt
anion-exchangers (e.g., tri-n-octyl propyl ammonium chloride) are used for
construction of Cl-sensitive electrodes [4].
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Iron

At acid pH and in the presence of a reducing agent, transferrin-bound iron is
released and reduced from Fe?* to Fe?. It reacts with a specific chromogen
(ferrozine or bathophenathroline), forming a colored complex. The color
formed is proportional to the serum total iron concentration.

For determination of the serum unsaturated iron-binding capacity (UIBC), a
standard amount of ferrous iron is added to serum at alkaline pH and is
sequestered by transferrin, filling all available binding sites on the protein.
The remaining unbound ferrous ions are then measured colorimetrically by use
of ferrozine or bathophenathroline. The difference between the amount of
unbound iron and the total amount of iron added is the UIBC.

The serum total iron-binding capacity (TIBC) is the sum of the serum total
iron and the unsaturated iron-binding capacity. This is a measurement of the
maximum concentration of iron that serum proteins can bind [5].

Magnesium

Today laboratories measure magnesium with photometric methods, but atomic
absorption spectrometry (AAS) and ion-sensitive electrodes also have been
used.

Photometric methods
A number of metallochromic indicators that change color on selectively binding
magnesium have been used for measuring it in biological samples.
Magnesium forms a colored complex with Calmagite, the most commonly
used indicator [6], in alkaline solution. The intensity of the color, measured at
520 nm, is proportional to the magnesium concentration measured at 530 to
550 nm. EGTA is added to reduce interference by calcium.
Xylidyl blue (Magon) forms a red complex with magnesium under alkaline
conditions. This complex is measured at 520 nm. The intensity of the color is
proportional to the magnesium concentration in the sample.

Atomic absorption spectrometry

Magnesium is determined after diluting the specimen with a lanthanum
chloride solution to eliminate interference from anions. Then the sample is
aspirated into an air-acetylene flame, in which the ground-state magnesium
ions absorb light from a magnesium hollow lamp. The absorption at 285.2 nm is
directly proportional to the magnesium atoms in the flame.

Ion-sensitive electrodes

These instruments use ionophores in a hydrophobic membrane for measuring
Mg?* concentration. But current ionophores have insufficient selectivity for Mg+
over Ca?'. Free calcium is simultaneously determined and used to correct free
Mg?* levels.
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Phosphate

All common methods of phosphate determination are based on the reaction of
phosphate ions with ammonium molybdate at acid pH to form a phosphomo-
lybdate complex (1) [7]. The colorless phosphomolybdate complex can be
measured either directly at 340 nm or after reduction by various reducing
agents to produce molybdenum blue. Reduction of this compound produces a
blue phosphomolybdenum complex measured at 620 to 700 nm (2) [8].

(1) Phosphate + Ammonium Molybdate + H¥ ———=~ Ammonium Phosphomolybdate Complex

(2) AP-complex + Aminonaphtholsulfonic Acid ———= blue complex

Sodium and potassium

Determination of sodium and potassium in body fluids is carried out with flame
emission spectroscopy (FES), atomic absorption spectroscopy (AAS), spectro-
photometrically, or electrochemically via ion-selective electrodes.

Flame emission spectrophotometry
Methods using flame photometry have been developed for both sodium and
potassium, but today it is no longer a common laboratory method [9, 10].

Spectrophotometric methods

The spectral shift produced when either sodium or potassium binds to a
macrocyclic chromphore is detected spectrophotometrically [11]. Macrocyclic
ionophores (crown ethers, cryoptands, etc.) are molecules whose atoms are
organized to form a specific structure into which metal ions fit and bind with
high affinity. For example, ChromoLyte is a sodium-specific ionophore. Valino-
mycin in conjugation with a pH indicator is used to determine serum potassium
concentration.

Ion-sensitive electrodes [12]

Analyzers contain sodium-sensitive electrodes with glass membranes. Potas-
sium-sensitive electrodes contain liquid ion-exchange membranes that incor-
porate valinomycin. The measuring system is calibrated by introduction of
calibrator solutions containing Na+ and K+.
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3.2 Low-molecular-weight components

Cholesterol

Enzymatic methods [13] are the most commonly used methods for cholesterol
measurements. Cholesteryl esters are hydrolyzed by an esterase to free cho-
lesterol and fatty acids (1). The 3-OH group of cholesterol is then oxidized to a
ketone by cholesterol oxidase (2). The resulting hydrogen peroxide is measured
in a peroxidase-catalyzed reaction forming a quinoneimine dye (3).

Cholesterol esterase
(1) Cholesterol Ester —————== Cholesterol + Fatty Acids

Colesterol oxidase
(2) Cholesterol + 0, ————= Cholest-4-en-3-one + H,0,

Peroxidase
(3) 2 H,0, + 4-Aminoantipyridine + Phenol ————= Quinone imine Dye + 4 H,0

Cholesterol, high-density lipoprotein

High-density lipoprotein (HDL) cholesterol is measured after serum low-
density (LDL) and very low-density (VLDL) lipoproteins are selectively precipi-
tated by dextrane sulfate or phosphotungstic acid and removed by centrifuga-
tion.

In another method, the precipitant is complexed with magnetic particles. The
supernatant contains cholesterol associated with the soluble HDL fraction and
is measured by a standard method described as above [14].

In a direct method, an anti-human B-lipoprotein antibody binds to lipopro-
teins (LDL, VLDL, and chylomicrons). The antigen-antibody complexes formed
block enzyme reactions when an enzymatic cholesterol reagent is added (see
above). The blue color complex formed in that reaction is measured photome-
trically at 600 nm.

Glucose

Almost all commonly used techniques for glucose determination are enzymatic.

Hexokinase method [15]

ATP phosphorylates glucose in the presence of hexokinase and magnesium (1).
The glucose-6-phosphate formed is oxidized by glucose-6-phosphate dehydro-
genase in the presence of NAD* or NADP+. The amount of NADH generated is
directly proportional to the concentration of glucose in the sample and is
measured by absorbance at 340 nm (2).
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Alternatively, an oxidation/reduction system containing phenazine metho-
sulfate (PMS) and iodonitrotetrazolium (INT) reacts with the NADH produced in
the reaction. The reduction of INT forms a colored INT-formazan that is
measured at 520 nm (3, 4).

Hexokinase
(1) Glucose + ATP ————== Glucose-6-phosphate + ADP

G-6-PDH
(2) Glucose-6-phosphate + NAD* ———== 6-Phosphogluconate + NADH + H*

(3) NADH + PMS ————= NAD* + PMSH

(4) PMSH + INT ————= PMS + INT-Formazan

Glucose oxidase method [16]

Glucose is oxidized to gluconic acid and hydrogen peroxide by the enzyme
glucose oxidase (5). The hydrogen peroxide produced reacts with a chromo-
genic oxygen acceptor, such as 4-aminoantipyridine (6) or dianisidine (7), and
results in a colored compound that can be measured.

Glucose Oxidase
(5) Glucose + 2 H,0 + 0, ————= Gluconic Acid + H,0,

Peroxidase
(6) 2H,0,+4-Aminoantipyridine + p-Hydroxybenzene Sulfonate —— Quione imine Dye +4 H,0

Peroxidase
(7) H,0, + o-Dianisidine ————= Oxidized o-Diansidine + H,0

Glucose dehydrogenase method

B-D-glucose is oxidized to gluconolactone by glucose dehydrogenase (GDH). The
amount of NADH generated is proportional to the glucose concentration and
can be measured photometrically at 340 nm.

Glucose dehydrogenase
(8) Glucose + NAD* ————= D-Gluconolactone + NADH + H*
Glutamate

L-Glutamic acid plays an important role in metabolism; it is, e. g., the precursor
of other amino acids. L-Glutamic acid is part of many fermenter solutions and
occurs in large quantities in most proteins.

Glutamate dehydrogenase
(1) L-Glutamate + NAD* + H,0 ————= 2-oxoglutarate + NADH + NH*
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Triglycerides

Triglycerides are measured enzymatically directly in biofluids such as plasma
or serum. In all of the methods, the first step is the lipase-catalyzed hydrolysis of
triglycerides to glycerol and fatty acids (1). Glycerol is then phosphorylated by
glycerokinase (2). In the most used methods, glycerophosphate is oxidized to
dihydroxyacetone and H,0, (3), which is measured in a peroxidase-catalyzed
reaction forming a quinone imine dye (4). The increase in absorbance, mea-
sured at 540 nm, is directly proportional to the triglyceride content in the
sample. Free glycerol is assayed using a reagent without lipase. True triglycer-
ide is calculated by subtracting the free glycerol concentration in the sample
from the total triglycerides.

Alternatively, glycerophosphate can be measured in an NADH-producing
reaction and the NADH measured spectrophotometrically at 340 nm (5) or in
a diaphorase-catalyzed reaction forming a product measured at 500 nm (6).

Another method measures the ADP produced in reactions shown in (7) and
(8). The decrease of NADH is measured photometrically at 340 nm.

Lipase
(1) Triglyceride ————= Glycerol + Fatty Acids

Glycerokinase
(2) Glycerol + ATP ———= Glycerol-1-phosphate + ADP

Glycerophosphate oxidase
(3) Glycerol-1-phosphate + 0, ———= Dihydroxyacetone Phosphate + H,0,

Peroxidase
(4) H,0, + 4-Aminoantipyridine + Phenol ————= Quinone imine Dye + 2 H,0

Glycerophosphate dehydrogenase
(5) Glycerol-1-Phosphate + NAD* ———= Dihydroxyacetone Phosphate + NADH + H*

Diaphorase
(6) NADH + Tetrazolium Dye ———= Formazan + NAD*

Pyruvate kinase
(7) ADP + Phospho-enol Pyruvate ————= ATP + Pyruvate

Lactate dehydrogenase
(8) Pyruvate + NADH + H* ————= Lactate + NAD*
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Urea

Enzymatic methods

These methods are based on hydrolysis of urea with urease (1) followed by
ammonium quantitation with glutamate dehydrogenase (GLDH) (2). A decrease
of NADH concentration from the GLDH-reaction is measured photometerically
at 340 nm in either an equilibrium or kinetic mode.

Urease
(1) Urea + 2 H,0 ————= 2 NH,* + CO,*

GLDH
(2) NH,* + 2-Oxoglutarate + NADH + H* ———== Glutamate + H,0 + NAD*

Chemical methods

Most chemical methods for urea are based on the condensation of urea with
diacetyl monoxime to form pink diazine (Fearon reaction), which absorbs
strongly at 515 to 540 nm [19]. Ferric ions and thiosemicarbazide are added
to the system to enhance the color.

H+/heat
Urea + Diacetyl ————= Diazine + 2 H,0

Uric acid

Uric acid reacts with uricase at pH 9.4 to form allantoin. The absorbance of the
reaction is measured before and after the addition of uricase. Since uric acid
absorbs at 292 nm and the end products do not react; the decrease in
absorbance is proportional to the uric acid concentration [20].

Many enzymatic assays for uric acid in serum involve a peroxidase system
coupled with oxygen acceptors to produce a chromogen. The most common
oxygen acceptor is a 4-aminophenazone together with a substituted phenol.

Uricase
Uric Acid + 2 H,0 + 0, ———= Allantoin + CO, + H,0,

3.3 Proteins

Total protein

Biuret method

This method is based on the presence of peptide bonds in all proteins. The
copper ions in the Biuret reagent react with peptide bonds of serum proteins in
alkaline medium to form a purple color with an absorbance maximum at
540 nm. The intensity of the color is proportional to the protein concentration
[21].
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(4) NADH + Phenazine Methosulfate (oxid.) ————== NAD* + PMS (red.)

(5) PMS (red.) + Tetrazolium Dye ——== PMS (oxid.) + Formazan

The highly colored, insoluble formazan (NBT, MTT, or INT) localizes in electro-
phoresis zones of activity. The electrophoretic patterns may be visualized by
photo-scanners.

Immunological methods
Immunological methods for measuring the CK iso-enzymes require specific
antisera against M and B subunits. Immune-inhibition techniques are simpler
and faster than immune-precipitation.

Serumisincubated with a CK-MB reagent containing antibody specific to the CK-
M subunit, which completely inhibits the CK-M monomer. The activity of the CK-B
thatisnotinhibited by the antibody is measured by the following reaction sequence:

Creatine kinase
(1) ADP + Creatine Phosphate ————= Creatine + ATP

Hexokinase
(2) ATP + Glucose —————== ADP + Glucose-6-Phosphate

Glucose-6-phosphate dehydrogenase
(3) Glucose-6-Phosphate + NAD* ————== 6-Phosphogluconate + NADH

The rate of change in absorbance, that is measured at 340 nm, is directly
proportional to the CK activity.

v-Glutamyl transferase [31]

y-Glutamyl transferase (y-GT) catalyzes the transfer of glutamyl from y-gluta-
myl-3-carboxy-4-nitroanilide to glycylglycine at pH 8.2. The increase in absor-
bance at 405 nm that is due to the p-nitroaniline formed in the reaction is
measured spectrophotometrically.

v-Glutamyl-Transferase
v-Glutamyl-3-Carboxy-4-Nitroanilide + Glycylglycine —=

y-Glutamylglycylglycine + 5-Amino-2-Nitrobenzoate
Lactate dehydrogenase [32]

Lactate dehydrogenase (LDH) catalyzes the conversion of I-lactate to pyruvate
at alkaline pH 9.4. The rate of increase in absorbance at 340 nm that is due the
formation of NADH is directly proportional to the LDH activity. In the presence
of 2,4-dinitrophenylhydrazine, the pyruvate produces a highly colored phenyl
hydrazone. The absorbance of that color formed is directly proportional to the
LDH activity.
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Lactate dehydrogenase
Lactate + NAD* ————= Pyruvate + NADH + H*

Lipase

Titrimetric, turbidimetric, spectrophotometric, and fluorometric methods, and
methods based on immunoassays, are commercially available for the measure-
ment of lipases in biological samples. The most popular are spectrophotometric
and titrimetric assays.

Spectrophotometric method [33]

Pancreatic lipase catalyzes the reaction from 1,2-diacylglycerol to 2-monoacyl-
glycerol and fatty acids at pH 8.7 (1). In additional reaction steps (2)-(4),
hydrogen peroxide is produced, which is reduced by peroxidase together with
oxidation of a redox dye (5). The rate of increase in absorbance at 550 nm that is
due to the formation of quinone diimine dye is directly proportional to the lipase
activity in the specimen.

Pancreatic lipase
(1) 1,2-Diacylglycerol + H,0 ———= 2-Monoacylglycerol + Fatty Acid

Monoglyceride lipase
(2) 2-Monoacylglycerol + H,0 ———= Glycerol + Fatty Acid

Glycerol kinase
3) Glycerol + ATP ————= Glycerol-3-Phosphate + ADP

Glycerol-3-Phosphate oxidase
Glycerol-3-Phosphate + 0, ———= Dihydroxyacetone Phosphate + H,0,

Peroxidase
(5) 2 H,0, + 4-Aminoantipyridine + TOOS* ————= Quinone Diimine Dye + 2 H,0

*N-Ethyl-N-(2-hydroxy-3-sulfopropyl)-m-toluidine

Titrimetric method [34]

Lipase catalyzes the hydrolysis of fatty acids from an emulsion of olive oil
triglycerides. The quantity of fatty acids formed is measured by titration with
dilute sodium hydroxide solution. The quantity of alkali required to reach the
indicator (thymolphthalein) endpoint is proportional to lipase activity.

Lipase
Olive Oil Triglycerides ————= Fatty Acids + Diglycerides

Immunoassay

There are some ELISA-based assays for lipase measurement based on the
sandwich technique [35]. Specific anti-lipase antibodies, conjugated to perox-
idase (PO) or alkaline phosphatase (AP), bind to various lipases from cell,
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serum, or microorganisms. The measured PO/AP activity is proportional to the
amount of lipase bound.

4 Standard values of selected parameters
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Chitosane adjusted to pH 7 with 1M HCI, 10mM NaCl 255

Extraction buffer for food products and plant leaves: PBS pH 7.4 containing 0.5% (v/v) Tween
20 and 0.5% (w/v) polyvinylpyrrolidone (PVP) 143

IAC blocking buffer: 0.1 M Tris-HCI buffer pH 8.0 142

IAC coupling buffer: 0.1 M NaHCO, pH 8.3 containing 0.5 M NaCl 142

IAC elution solution: 0.1 M acetic acid 143

IAC washing buffer I: 0.1 M Tris-HCl buffer pH 8.0 containing 0.5 M NaCl 142

IAC washing buffer II: 0.1 M sodium acetate-acetic acid buffer pH 4.0 containing 0.5 M NaCl
142

PAS adjusted to pH 7 with 1M NaOH, 10mM NaCl 255

PBS: Dissolve 0.36 g NaH,PO, * H,0, 1.02 g Na,HPO, and 8.77 g NaCl in 750 ml deionized
water, adjust pH with 1 M NaOH or 1 M HCI if necessary, and bring the volume to 1000 ml
with deionized water. 47

PEI adjusted to pH 7 with 1M HCl, 10mM NaCl 255

Phosphate Buffered Saline (PBS): 5.39 mM Na,HPO,; 1.29 mM KH,PO,; 153 mM NaCl; pH
7.4 142

Retentate mixing buffer in synthesis BSA-streptomycin conjugate (0.1 M potassium phosphate
buffer pH 8.0): 26.5 ml 0.2 M KH,PO, and 473.5 ml 0.2 M K,HPO, is adjusted to 1 1 with
water 143

Saturated ammonium sulfate solution: 80 g (NH,),SO, in 100 ml of water of 20°C 142

Sodium bicarbonate solution: Dissolve 8.4 g NaHCO; in 100 ml deionized water; the pH should
be about 8.3-8.5. 47

Strip test membrane washing buffer: 0.9 g/l NaH,P0,.H,0 pH 7.5 containing 0.01% (v/v)
Surfactant 10G (S24 from the BioDot Surfactant Starter Kit) 143

Strip-test membrane-blocking buffer: 0.9 g/l NaH,P0,.H,0 pH 7.5 containing 2% (w/v)
skimmed milk powder and 0.02% (w/v) sodium dodecylsulfate (SDS) 143

TBE (89 mM Tris base, 89 mM boric acid, 1 mM EDTA, pH 8) 47

TE buffer: 1 mM EDTA, 10 mM Tris-HCl, pH 8.0 47
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Acid chloride coupling 25

Activation of metal surfaces by diazotization 28§

Activation of mercaptosilane coated electrodes by iodoacetic acid, carbodiimide, diamine,
and carbodiimide 193

Activation of metal surfaces by succinic anhydride 28

Activation of a platinum surface 26

Activation of electrode surfaces 179

Activation of inorganic aminocarriers via glutaraldehyde 20

Activation of nylon 31

Activation of inorganic supports with y-mercaptopropyl-trimethoxysilane 26

Activation of metal surfaces with BTCAD 27, 28

Activation of metal surfaces with chloranil, thioacetic acid, and carbodiimide 29

Activation of metal surfaces with p-Quinones 27

Adipicdihydrazido-Sepharose or Sephadex 12

Alanine aminotransferase (ALT), determination of 316

Albumin, determination of 315

Alkaline phosphatase, determination of 316

0-Alkylation of nylon 32

Ammonia, determination of 302

Amplification and purification of cDNAs for microarray fabrication 241

Antigen preparation 115

Aqueous silanization 19

Arraying of proteins on slides 235

Aspartate aminotransferase (AST), determination of 317

Attachment of oligonucleotides to gold nanoparticles 265

Avidin-biotin secondary detection technique for cell surface proteins 62

Azo coupling 23

Bicarbonate, determination of 303

Binding of antibodies 146

Biotinylation of proteins 62

Bisoxirane coupling 9

Carbodiimide coupling to the carboxyl derivative 24

Carbodiimide coupling 22

Cell viability detection using flow cytometry 58

Chemically derivatized glass slides 235

Coating from solution 259

Coating of gold nanoclusters 150

Coating of polymers onto surfaces 259

Coating with a polyvinylpyrrolidone / photo crosslinker membrane 183

Coating with diamine / glutaraldehyde / enzyme (GOD) membrane 181

Coating with diamine / glutaraldehyde membrane 181

Coating with poly-HEMA biocompatibility membrane 182

Controlled-pore glass beads 16

Coupling of a sulfonamide drug to ovalbumin 151

Coupling of biocomponents containing NH,-groups to the activated carriers 13

Coupling of epoxy-activated BSA to streptomycin 152

Coupling of proteins to polyaminoaryl-nylon 36

Coupling of proteins to polyisonitrile-nylon through carboxyl groups on the ligand 36

Coupling of proteins to polyisonitrile-nylon through the amino-groups of the ligand 35
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Coupling of proteins 179

Coupling of SH-oligonucleotides to electrodes with mercaptopropyl-triethoxysilane coating 191
Coupling via activation by chloranil, thioacetic acid, and carbodiimide 192
Coupling via activation by iodoacetic acid and carbodiimide 192
Coupling with 3-amino- or mercapto-propyl-triethoxysilane 26
Cyanogen bromide method of coupling 8

1,6-Diisocyanohexane 33

Direct staining of surface antigens 123

Divinylsulfone coupling 9

EDC [or EDAG; 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride] cross-linking 4
EDC combined with sulfo-NHS cross-linking 6

ELISA protocol 116

Ellmann’s test for determination of sulfhydryl groups 39
Elution of antibodies 146

Etching to increase the inner surface 30

Fluorescence calibration graph (with Rhodamine 6 G) 52

Gene expression analyses/Overview 245

L-Glutamic acid, determination of 309

L-Glutamine, determination of 310

Glutaraldehyde activation 13

Gold colloid preparation according to Frens 256

Gold colloid preparation according to Slot-Geuze 257
Hybridization of labelled samples and scanning 247
Hybridization 244

Hydrolytic cleavage of nylon 31

Imaging of DNA molecules 294

Imaging of lipids and vesicles 297

Imaging of single E. coli cells 293

Immunization and preparation of monoclonal antibodies 116
Indirect staining of surface antigens 123

Intracellular calcium measurement using a confocal microscope 60
Intracellular pH measurement using a confocal microscope 60
Isolation of total Ig by ammonium sulfate precipitation 144
Isothiocyanate coupling 21

Labelling of gold clusters 262

Method for immunofluorescence on coverslips or slides 129
Nonhydrolytic cleavage of nylon 31

OPA to detect amino groups via a fluorescent product 38
Organic silanization 20

Oxygen plasma-assisted adhesion 267

Photolithography of membrane frames 197

Polarity measurement using prodan 65
Polyacrylamide-hydrazide 12

Polyacrylhydrazide-spacer 10, 11

Polymer spinning 267

Polysaccharide based immobilisates 17

Polythiol-based starting material 15

Preparation of array membranes 238

Preparation of a polypyrrol amperometric glucose sensor 186
Preparation of a polypyrrole copolymer amperometric glucose sensor 187
Preparation of antibodies and cytokines 237

Preparation of arylamine carriers 23
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Preparation of CoreShell-Cluster 258

Preparation of fluorescent probes from total human mRNA 242

Preparation of gold nanoclusters (40 nm) 148

Preparation of hydroxysuccinimide esters 25

Preparation of polyA and mRNA from total human RNA 240

Preparation of polyacrylhydrazide 11

Preparation of polyaminoaryl-nylon 35

Preparation of polyisonitrile-nylon (powder) 34

Preparation of poly-L-lysine-coated glass slides of 75 x 25 mm 246

Preparation of the column (isolation of specific antibodies by IAC) 146

Preparation of total human RNA from cultured cells 239

Preparation of triethyloxonium tetrafluoroborate 31

Principle determination of fluorescence spectrum with Rhodamine 6 G or NAD* as example 50

Procedure for assaying soluble primary amines 38

Procedures for staining slides 129

Protein activity studies with Elastase (using the Molecular Probes Elastase kit) 67

Protein in microtiter plates 314

Protein investigation in living cells using GFP 81

Ratiometric measurement of calcium 59

Reaction of the alkylamine carrier with succinic anhydride 24

Real time PCR using molecular beacons 87

Real time PCR using SYBR Green 88

Reduction of imine bonds 17

Schiff base formation followed by reductive amination 7

Screening assay of multiple antibodies 238

Screening assay of multiple cytokines 238

Screening for substrates of protein kinases 236

SEF chip 274

SEF chip calibration 273

Setup of a reactive interlayer/protein conformation SEA chip 270

Setup of a thin-film electrode 173

Silver cluster synthesis 257

Sodium periodate oxidation 18

Spotting and blocking of poly-L-lysine-coated chips 246

Spotting of cDNA 243

Staining dsDNA in gels using fluorescent dyes with SYBR Green 1 66

Staining of cytoplasmatic or nucleic structures 124

Standard protein quantification 313

Submicrometer optical-fiber pH 204

Synthesis of molecular beacons: fluorophore 85

Synthesis of molecular beacons: quencher 85

Synthesis of polymethylacrylate 11

TNBS test for assaying amino- or hydrazido-groups 37

Triacine coupling 22

Using fluorescence polarization for the detection of protein activity with FITC as example 76

Using fluorescence polarization for the investigation of protein assemblies 75

Using FRET for the investigation of protein assemblies of cell surface proteins 69

Using FRET for the investigation of protein assemblies 68

Using the secondary antibody detection techniques from cell surface proteins with phycobi-
liproteins as example 63

Vapour coating 258

Visualization of protein-function arrays 236
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Index

absorbant pad, test strip 157

acetonitrile 186

adhesion layer 173

adipic-dihydrazide 12

adjuvants, immunization 101

adsorption, oligo-saccharides 177

adsorption, proteins 176

Aequorea victoria 79

agarose 8

Ag-nano-layer, sputter-coated 290

alanine aminotransferase 315

albumin 314

alginate 260

alkaline phosphatase 316

3-aminopropyltriethoxysilane 16

ammonia 302

ammonium sulfate precipitation 144

amperometric enzyme electrode 170

amperometric immunosensor 189

antibody, isolation of specific 145

antibody-hapten technique 61

anti-fade reagent 128

antigen-antibody interaction 94

antigen-binding site 96

antigenic protein, immobilised 145

array format 222

arraying of proteins 235

arylamine carrier 23

aspartate aminotransferase 316

assay format 138

atomic force microscopy (AFM) 279, 281,
289, 292, 296

atomic force microscopy, high-quality rolled
aluminium 289

atomic force microscopy, image of whole
cells 292

atomic force microscopy, lipids and vesi-
cles 296

atomic force microscopy, resolution 281

atomic force microscopy, steel 289

auto-fluorescence 55

avidin-biotin technique 61

AZ photoresist 174

azo coupling 23

1,2,4,5-benzene tetracarboxylic acid dia-
nhydride (BTCAD) 27

bicarbonate 303

biochip 224-226

bioprocess control 208, 210

bioreceptor 169

biosensor 168

biosensor, capacitive 198
biosensor, conductimetric 195
biosensor, ion-channel 195
biosensor, piezoelectric 200
biosensor, potentiometric 193
biotinylation 62

bisoxirane 8

biuret method 313
black-lipid-membrane 198
bleaching 205

bleaching/fading 128

blocking of amino residues 232, 246
blood plasma, standard values 320
blue-fluorescent protein (BFP) 81
booster 102

bradford method 313

p-bromanil 191

burst integrated fluorescence (BIFL) 72

calcium 304

calcium, measurement of 59
cantilever 280

capillary force 288

capture reagent 151
carbodiimide 4, 21, 22, 192
cells, fixation of 122

chloranil 29, 191

chloride 305

cholesterol 307

colloidal synthesis 256
competitive assay 109
competitive assay format 138
complement protein 102
confocal fluorescence microscopy 77
confocal laser scanning microscopy 124
conjugate pad 155, 156
contact mode 283

controlled dispersion 215
controlled pore glass beads 16
coomassie brilliant blue 313
copolymerisation 184
CoreShell-cluster 258

counter electrode 171
covalent coupling 19

creatine kinase 317

crosstalk 128

CV-cycling 181

Cy3 56
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Index

Cy5 56
cyan-fluorescent protein (CFP) 81
cyanogen bromide 8, 14

depth profiling 294

1,6-diaminohexane 181

diaphorase 309, 310

diazotization 28

dichroic mirror 125

diluents 113

dimer 51

dimethylaminophenylazobenzoic acid (DAB-
CYL) 83

direct assay format 138

direct spotting of cDNA 232

dispersion, controlled 215

divinylsulfone 9

DNA biochip 225, 230

DNA microarray 225

“doughnut” effect 249

dual sensor setup 214

EDC (or EDAC; 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride) 4

electro-deposited polymer 183

electro-polymerization 187

ELISA 109, 222

Ellmann’s test 39

emission efficiency 55

enhancement zone 272

enzyme electrode 170

enzyme multiplied immunoassay technique
(EMIT) 107, 108

enzyme-linked immunosorbent assay
(ELISA) 109, 222

excimer 51

excitation 48

Fab-fragment 97
F(ab)2-fragment 97

FAD 202

Fc-fragment 97
feed-back control 214
feedback loop 284

FITC 63,76,78

fixation of cell 122

flow cytometer 63, 64
flow cytometry 58, 117
flow injection analysis (FIA) 212
p-fluoranil 191
fluorescein 54, 56
fluorescence emission 49

fluorescence lifetime imaging method
(FLIM) 71

fluorescence polarization 72

fluorescence resonance energy transfer
(FRET) 67, 82

fluorescence sensor 201

fluorescence spectra 50

fluoroimmunoassay 202

fluorophore 56, 127

fluorophore-fluorophore interaction 67

flurorescence correlation spectroscopy
(FCS) 76

force curve 287

Forster-Transfer 67, 82

forward scatter 118

fouling 174

four-quadrant photodiode 280

Frens, gold colloid preparation 256

G40 nanocluster 148

gated membrane ion channel 196

gating 119

glass 289

glucose 308

glucose oxidase 308

glucose sensor 171

glucose sensor, stability 180

glutamate 309

glutamate dehydrogenase 302, 309, 310,
312

glutamine 309

y-glutamyl transferase 318

glutaraldehyde 8, 181

glutaraldehyde-diamine 180

(GOD) membrane 181

gold 173

gold cluster 262

gold colloid 256, 257

gold nanocluster 147, 150

Gramicidin 198

green fluorescing protein (GFP) 78

hairpin structure 82

hapten 99

hemoglobin 315

heterogeneous assay 108
high-density lipoprotein (HDL) 307
high-molecular-mass component 136
high-throughput screening 222
homobifunctional cross-linker 7
homogeneous assay 107

human mRNA 242

human RNA 239, 240



Index

329

hybridisation 207
hydrazide carriers 8
hydrogen peroxide 184

Ig, isolation of total 144

IgG, isolation of 145

immobilised antigenic protein 145

immobilised small ligand 147

immobilization 3

immunoaffinity chromatography (IAC) 143,
145

immunoassay 94, 114, 135, 202

immunoassay, ways of detection in 114

immunochromatographic test 135

immunofluorescence technique 119

immunogen 98

immunological strip test 134

immunoradiometric assay (IRMA) 109

in situ oligonucleotide synthesis 232, 233

interference, protein adsorption 176

internal conversion 49

intersystem crossing 50

iodonitrotetrazolium (INT) 308-310, 318

iridium 173

iron 305

island layer 273

isolation of IgG 145

isolation of specific antibody 145

isolation of total Ig 144

isothiocyanate coupling 21

ITO 173

Jablonski diagram 47

labelling 226, 228

lactate 310

lactate dehydrogenase 311, 312, 315, 318
lateral flow immunoassay (LFI) 135
leaching 205

LiClo, 186

limiting polarization 73

lipase 319

liquid membrane electrode 194

look-up table (LUT) 126

low-density lipoprotein (LDL) 307

lower detection limit 138

low-molecular mass analyte 136, 137, 139
lowry method 313

magnesium 305

measurement of calcium 59
membrane ion channel, gated 196
metal surface 26

mica 290

microdot of a protein 295

microplate 113

minimal protecting amount (MPA) 149
molecular beacon 82, 203

molecular beacon, synthesis 85
monoclonal antibody 104

MOSFET 194

multi-labeling 130

NADH 201

nanocluster, G40 148
nano-optical sensor 203
nano-well biosensor 188
near-patient test (NPT) 135
Nernst equation 193

non contact mode 284
n-propylgallate (NPG) 128
nylon 30

oligonucleotide 191, 192, 232, 233, 265
oligonucleotide synthesis, in situ 232, 233
one-site test 135

one-step strip test 135
o-phthaldialdehyde reagent (OPA) 38
optical device 201

optical fiber 202

oscillating piezo 285

oxygen plasma 267

palladium 173

particle size 256

patents, related to strip test 160

p-bromanil 191

p-chloranil 191

peak shape 213,215

peroxidase 307, 308, 311, 319

Perrin equation 74

p-fluoranil 191

ph measurement 60

phase mode 286

phenylenediamine 128

phosphate 306

photobleaching 57

photo-cross-linked gel 182

photodiode, four-quadrant 280

photolithography, of membrane
frames 197

photomultiplier 125

photo-resist spin coater 179

o-phthaldialdehyde reagent 38

phycobiliprotein 63

piezoelectric scanner 280
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Index

pinhole 125

platinum 173

plasmon mode 273

polarity measurement 65
polarization, limiting 73
polyacrylamide-hydrazide 12
polyacrylhydrazide 10, 11
polyacrylic acid 260

polyclonal antibody 103
polyelectrolyte 260

poly-HEMA 182

poly-L-lysine 293

polylysine 274

polymer 180, 183, 185, 267
polymer, electro-deposited 183
polymer, pore size 185

polymer spinning 267
polymethylacrylate 11

polypyrrole 184

polythiol carrier 15
polyvinylpyrrolidone 183

pore glass beads, controlled 16
potassium 306
p-phenylenediamine (PPD) 128
p-quinone 27

protein, from blood 176

protein A 112

protein adsorption 175, 176
protein biochip, comparison with DNA 226
protein chip 226

protein conformation biochips 269
protein-detecting array 228, 236, 248
protein-function array 227, 234, 247
pyridine 14

pyrroles, 1- and 3-substituted 184

quenching 65
quinone 27

rapid flow diagnostic immunoassay 135
rapid immunoassay (test) 135

reactive interlayer 270

real time PCR 86

real time PCR, using molecular beacon 87
red-fluorescent protein (RFP) 81

redox cycling 201

reference electrode 171

regeneration protocol 190

rhodium 173

sample pad, test strip 157
sandwich assay 228
Schiff base formation 7

self-assembled monolayer (SAM) 199

sensor, for bioprocess control 210

Sepharose 10

serum, standard values 320

SH-oligonucleotide 191

side scatter 118

signal boosting 272

silan coupling 19

silanization 19, 258

siliconnitride layer 174

silver cluster 253, 257

silver/silver chloride 171

single-molecule image 293

Slot-Geuze, gold colloid preparation 257

“snap-in” point 287

sodium 306

sodium citrate 256

sodium periodate 18

sol-gel 204

spin-coating technique 180

spotting of cDNA 243

sputter-coated Ag-nano-layer 290

staining 120

staining, of cellular structure 119

standard values, in blood plasma and
serum 320

sterilization 209

strip test device 136

strip test membrane 152

succinic anhydride 28

sulfo-NHS 6

surface acoustic wave device (SAW) 200

surface meniscus 284

surface plasmon resonance (SPR) 206

surface-enhanced adsorption 266

surface-enhanced fluorescence 271

surface-enhanced raman scattering
(SERS) 260

SYBR green 66, 88

tapping mode 285

test capture reagent 151

test detector reagent 156

tetramethyl rhodamine isothiocyanate
(TRITC) 78

thick-film paste 173

thin-film sensor 172

thin-film technology 172

thioacetic acid 29, 192

tip 282

titanium 173

TNBS test 37

transducer 170
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triacine coupling 22 very low-density lipoprotein (VLDL) 307
triglyceride 311 vibration, atomic force microscopy 283
trimethoxypropyle-mercapto-silane 191

working electrode 171
ultra-bake 198
urea 312 yellow-fluorescent protein (YFP) 81

uric acid 312
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