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Abstract Microarray formats have become an important
tool for parallel (or multiplexed) monitoring of biomole-
cular interactions. Surface-immobilized probes like oligo-
nucleotides, cDNA, proteins, or antibodies can be used for
the screening of their complementary targets, covering
different applications like gene or protein expression
profiling, analysis of point mutations, or immunodiagnos-
tics. Numerous reviews have appeared on this topic in
recent years, documenting the intriguing progress of these
miniaturized assay formats. Most of them highlight all
aspects of microarray preparation, surface chemistry, and
patterning, and try to give a systematic survey of the
different kinds of applications of this new technique. This
review places the emphasis on optical technologies for
microarray analysis. As the fluorescent read out of
microarrays is dominating the field, this topic will be the
focus of the review. Basic principles of labeling and signal
amplification techniques will be introduced. Recent
developments in total internal reflection fluorescence,
resonance energy transfer assays, and time-resolved imag-
ing are addressed, as well as non-fluorescent imaging
methods. Finally, some label-free detection modes are
discussed, such as surface plasmon microscopy or
ellipsometry, since these are particularly interesting for
microarray development and quality control purposes.
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Introduction

With the decoding of the entire genome of many
organisms, the completion of the Human Genome Project,
and the demand for high-throughput screening methods in
pharmaceutical or biomedical research, new technologies
for monitoring biomolecular interactions in high multi-
plexity arose in the past decade. The basic tool for such
screening experiments was the microwell plate, which has
increasingly been replaced by microarray (or so-called
biochip) formats because of their high degree of miniatur-
ization. Specific instruments like automated nanodispens-
ers and fluorescence scanner systems have helped to pave
the way for many different applications of this new
technology in recent years.

Most of the current biochip experiments focus on the
investigation of DNA interactions to probe gene expression
(e.g., by differential gene expression profiling), single
nucleotide polymorphisms (SNPs) in individual genes, or
on the identification of genetically modified food and seed.
While the impact of DNA arrays will grow in functional
genomics research and pharmagenomics, there is also an
increasing trend to focus on the mapping of protein
interactions. The determination of specific proteins among
other regulatory elements is the key in understanding the
regulation of various cellular mechanisms, and they can act
as biomarkers for certain diseases in diagnostic applica-
tions. This makes protein or antibody arrays promising
tools for protein expression analysis, proteome research,
medical diagnosis, detection of toxins in food and feed, and
the discovery of binding domains of target molecules and
receptors.

Since the development of in situ light-directed synthesis
of oligonucleotides on glass surfaces [1] and the launch of
high-density genome-wide DNA arrays by Affymetrix [2],
glass substrates are dominating the microarray market.
Now, activated glass slides coated by terminal functional-
ized alkylsilane monolayers or polymeric binding matrices
can be spotted with biomolecules by the end-user in any
format and density. Many customized immobilization



strategies are available for the attachment of biomolecules
to all different kinds of microarray surfaces [2, 3].

Ready-made entire genome arrays from a large number
of species, from arabidopsis to zebrafish, are commercially
available on glass slides, representing transcripts of tens of
thousands of different entire genes [4]. High-density
protein microarrays were first prepared by Snyder et al.
[5], providing a large fraction of the yeast proteome. The
first human and yeast proteome microarrays are commer-
cialized under the trade name ProtoArray [6].

The following overview highlights the current status of
fluorescent read out methods for DNA and protein
microarrays. To give a comprehensive picture of this
topic, new developments in fluorophore excitation like
total internal reflection fluorescence (TIRF), in binding
detection, e.g., by Forster resonance energy transfer
(FRET) or fluorescence lifetime imaging (FLIM), will
also be considered in addition to the commonly used laser
scanners or fluorescence imaging systems. To complement
this subject, non-fluorescent and label-free methods, like
surface plasmon resonance (SPR) and ellipsometry, will be
touched on, since these have found particular interest with
respect to quality control issues for microarray fabrication.
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Fluorescent labeling and detection of biomolecules

Direct labeling of a biomolecule involves the introduction
of a covalently linked fluorophore into the nucleic acid
sequence or the amino acid sequence of a protein or
antibody. Fluorescein, rhodamine derivatives, the Alexa
and BODIPY dyes [7], and the cyanine dyes [8] are widely
used labels. The optical properties of typical dyes used for
microarray experiments have already been reviewed in
detail, including problems like photobleaching and
quenching effects after bioconjugation [9]. Structures and
optical properties of frequently used fluorescent labels are
given in Table 1.

Nucleic acid labels

The covalent labeling of target DNA molecules is usually
integrated into the PCR (polymerase chain reaction)
process. Fluorophores linked to uridine-5'-triphosphates
are available for the enzymatically mediated statistic
insertion into the nucleotide sequence (random primed
labeling technique) [10, 11]. Alternatively, such labeled

Table 1 Structures and optical properties of frequently used fluorescent labels in DNA and protein microarray technology

Absorption/Emission
Dye Structure
Maxima
Cv3 A abs = 552 nm
y
A em = 570 nm
A abs = 546 nm
Alexa 546
A em= 580 nm
Bodipy A abs = 542 nm
TMR Aem =574 nm
7\' abs n/a*
QDot 605
Aem = 605 nm
R-phyco- Aabs = 565 nm
erythrin Aem =578 nm

* increasing absorption coefficient with decreasing excitation wavelength
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triphosphates can be coupled to the 3'-terminus of DNA
strands by the enzyme terminal transferase [12]. A typical
gene expression profiling experiment applying a compet-
itive assay method is illustrated in Fig. 1. Two fluorophores
are used, which exhibit different excitation and emission
wavelengths but similar fluorescence intensities, for
example, the cyanine dyes Cy3 and Cy5 (excitation
maxima at 548 nm and 646 nm, respectively).

Several methods are available for a secondary (or
indirect) labeling of the target DNAs that are captured on
the array by hybridization. These include the use of amino
allyl-modified ¢cDNAs, which can be labeled by amino-
reactive dyes (active esters) or the incorporation of
nucleotides which are linked to biotin or haptens and can
be detected by fluorescently labeled streptavidin or
antibodies [7]. The combination of secondary labeling
with signal amplification methods will be discussed later.
Labeling techniques using DNA intercalators have not
found extension to microarray experiments yet and there-
fore they will not be discussed within this review.

Protein stains

Owing to the range of different applications of protein
microarrays, many different ways for performing the
fluorescence analysis of such arrays have been described
in the literature. The arrangement of protein assays on
microarray surfaces are reviewed in numerous articles [13]
and textbooks [14]. Capture probes can be antibodies,
peptides, proteins, haptens, or aptamers (see Fig. 2), which
are immobilized either electrostatically, covalently, or by
metal—chelate interactions (e.g., Ni-coated surfaces which
bind selectively to proteins expressed with His-Tags).

To simplify matters, two different kinds of applications
of protein microarrays can be distinguished [15]:

(1) expression profiling: this includes phenotyping of
cells, detection of disease markers, and differential
diagnosis or profiling of infectious diseases, allergies,
or autoimmune diseases

(2) interaction profiling: mapping of interactions between
protein domains, identification of enzyme regulators,
drug screening, and specific immunoassays.

Direct labeling of target proteins or secondary antibodies
in sandwich-type assays can be achieved by amino-reactive
dyes in the form of their active ester or isothiocyanate
derivatives. Thiol-reactive dyes (maleimide, iodoaceta-
mide, or disulfide derivatives) for a specific coupling to
cysteine units are also available, as well as hydrazides for
labeling aldehyde groups of polysaccharide subunits in
glycoproteins [7]. Fusion proteins are often used for
interaction-profiling-type experiments. Protein samples
can be cloned (or subsequently modified) with tags like
GST (glutathione S-transferase) or biotin for protein—
protein interaction studies. The binding on the microarray
can be probed by labeled anti-GST or streptavidin,
respectively [5, 16].
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Fig. 1 Differential gene expression profiling: PCR-amplified
c¢DNAs from sample A (labeled with a red fluorescent dye) and
reference B (labeled with a green fluorescent dye) are incubated
competitively on an oligonucleotide microarray. The read out of
the array is performed at two different wavelengths according to
the applied dyes. A pseudocolor image visualizes the ratio of the
hybridized samples on each spot

In addition to organic dyes, which are the dominant
detector molecules used for the purpose of microarray
screening, fluorescent proteins are well-suited labels for
biomacromolecules. R-Phycoerythrin (RPE) is one promi-
nent example, a phycobiliprotein exhibiting a high quan-
tum yield, absorption cross-section, and water solubility.
Compared to organic dyes, it showed improved signal
intensities on the read out of protein microarrays, using
antibodies as capture probes. The intensities are compar-
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Fig. 2 Typical types of protein microarrays, divided into two
subcategories. Analytical protein arrays (leff) are used for quanti-
fication of target analytes, e.g., antigens using antibody arrays or
antibodies using antigen arrays (fop). Proteins of interest can also be
captured using small molecules, aptamers, or molecularly imprinted

able to those of nanoparticles (see next section) [17]. RPE
conjugated to streptavidin or several antibodies is commer-
cially available [7]. Streptavidin conjugates can also be
used as labels in DNA [18] or peptide nucleic acid (PNA)
[19] microarrays.

Proteins can be expressed conjugated to a kind of
fluorescent protein based on the green fluorescent protein
(GFP) by genetic engineering. By variation of the
chromophore system, different fluorescent proteins can
now be engineered with emission wavelengths spanning
the whole visible range, e.g., a yellow fluorescent protein
or a red fluorescent protein (DsRed). Their luminescence
intensities are far below the commonly used organic dyes.
Nevertheless, they have been used for protein interaction
screening [20] and protein expression profiling [21] with
the help of microarray formats. GFP can even be expressed
with a specific DNA binding domain and can therefore be
used as a marker for DNA arrays [22].

Nanoparticles

Organic dyes are the most common and versatile stains to
date, but they are associated with inherent problems, e.g.,
the interference of their spectral properties with the
environment. Oxygen quenching, pH sensitivity, and
changes of the excitation and emission wavelengths and
quantum yields after conjugation to proteins can be
observed [23]. The number of dyes which can be attached
to a biomolecule is limited. Therefore, the amount of
fluorophores bound to the microarray surface is very low.
This necessitates narrow optical bandpass filters for
background suppression and high light intensities, which
is a major problem because most organic dyes tend to
photobleach. Three main types of fluorescent nanoparti-
cles have been developed, which may overcome these
limitations.

Polymeric nanoparticles (frequently termed nanobeads
or nanospheres) have been doped with fluorescent dyes for
bioimaging applications [24, 25] and for immunoassays
[26]. Consequently, they have also entered the microarray

Protein-Small Molecule
Interactions

Protein-Carbohydrate
Interactions

polymers. Alternatively, surface-functionalized nanoparticles may
be used in solute arrays (bottom). Functional protein arrays (right)
can detect interactions of immobilized proteins with virtually any
kind of natural or artificial compound, but only the most common
are shown

field [17]. The predominant materials for the preparation of
nanobeads, which are commercially available, are poly-
styrene (“latex”) [26, 27], poly(acrylonitrile) [28, 29], or
poly(methylmethacrylate) [30, 31] and derivatives like
poly(decyl methacrylate) [32]. Their synthesis via emul-
sion polymerization yields highly monodisperse particles,
with diameters from 20 nm to several um, according to
reaction conditions. Bioconjugatibility can be achieved by
addition of a co-monomer containing free carboxy groups.
The beads can be doped with lipophilic dyes, which can be
incorporated during synthesis or subsequently by swelling
in organic solvents. These nanospheres can contain
thousands of dye molecules yielding extremely strong
fluorescence. Furthermore, phosphorescent dyes can be
included, which facilitates time-resolved fluorescent detec-
tion and imaging and time-resolved resonance energy
transfer (TR-FRET) assays [33]. Incorporation into poly-
mer matrices leads to a structural rigidization of the dye and
a shielding from quencher molecules, which is often
accompanied by an increased quantum yield. Indeed, high
signal intensities could be obtained with nanoparticle—
streptavidin conjugates as labels for protein microarrays,
but they also showed a high background [17]. This
unspecific binding to the surface occurs presumably due
to their inherent tendency for agglomeration and precipi-
tation—a major drawback for the use of polymeric
nanobeads as labels.

Luminescent nanospheres for bioconjugation can alter-
natively be prepared on silica particles and used as labels
for DNA and protein microarray analysis [34]. The
hydrophilicity of the silica structure avoids precipitation
problems in aqueous solutions. They are usually synthe-
sized using a water-in-oil microemulsion method [35].
Water-soluble fluorescent [36] and phosphorescent com-
plexes of ruthenium [34, 35], europium [37], or terbium
[38] can be encapsulated into the silica network. Terminal-
functionalized alkyl silanes can be incorporated during
synthesis, providing binding sites for biomolecules.
Monodisperse particles of 70-nm diameter containing the
phosphorescent dye tris-(2,2'-bipyridyl)-ruthenium showed
a signal intensity 39 times higher than that of quantum dots
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(see next section), 1,290 times higher than that of the
commercially available Texas Red label, and 72,000 times
higher than that of the pristine label on comparative
microarray trials [34].

Nanocrystals prepared from semiconductor materials are
called quantum dots (QDs). They are spherical in shape,
with core sizes typically between 2 and 10 nm, and can be
coated with biocompatible surfaces [39—41]. At this size
scale, quantum effects determine the optical and electronic
properties. The energy gap between valence and conduc-
tion band increases with decreasing size, which affects the
emission wavelength. Thus, the emission spectrum can be
tuned by the choice of material and the size of the
nanocrystal. They can be excited at virtually any wave-
length shorter than 550 nm. Commercially available QDs
are composed of CdSe, among other materials like CdTe,
CdS, ZnSe, and InAs, and can be engineered with different
particle sizes to yield emission at different wavelengths
over the entire visible range [42]. The luminescent core is
passivated by epitaxial growth of a thin surface-coating
layer, which consists of a material with a higher band gap
(e.g., ZnS or CdS). This is associated with a dramatic
increase in quantum yields. Other merits of core-shell
nanomaterials are their insensitivity towards environmental
interferences and photobleaching, and their narrow emis-
sion spectra. Water solubility can be provided by silane or
thiol surface chemistry. Reactive functional groups,
including primary amines, carboxylic acids, alcohols, and
thiols, can be applied to the surface, which can be then be
covalently conjugated to a variety of biomolecules [43].
Such conjugates (which are capable of biomolecular
recognition) have found numerous applications in biotech-
nology, in vivo imaging, and the detection of multiplexed
bioassays [44—47].

In a groundbreaking study, QDs have been used as labels
on cDNA microarrays for the detection of single nucleotide
polymorphisms [48]. Subsequently, QD—streptavidin con-
jugates served as detectors for biotinylated micro-RNAs
captured on cDNA microarrays [49]. Owing to their
advantageous optical properties, it is not surprising that
QDs have also forged ahead as labels for protein and
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antibody microarrays, e.g., for the detection of toxins [50]
and signal protein profiling [51]. As most microarray
readers are equipped with excitation sources like green and
red lasers aligned for the detection of Cy3/Cy5 or the
equivalent Alexa dyes, they do not fit the requirements for
the excitation of quantum dots, which can be more
efficiently excited at wavelengths shorter than 530 nm.
Another unsolved problem which appears with QDs is the
non-specific absorption on the surface and the resulting
high background signals.

Signal amplification

It is quite obvious that the binding of labeled biomolecules
on a surface yields only very weak fluorescence. Analyte
concentrations are generally low and the density of
adsorbed biomolecules on a 2D monolayer-coated surface
is limited. Chip surfaces coated with 3D polymer networks
like hydrogels, nylon or nitrocellulose membranes, and
polymer brushes provide a larger surface area and therefore
a higher probe density, which results in higher fluorescence
signals. But this is accompanied by higher background
signals due to non-specific adsorption, and the diffusion of
the target molecules to the immobilized recognition sites is
restricted.

In the case of DNA arrays, the analyte concentration
itself can be multiplied by the PCR reaction or related
target amplification techniques [52]. Target amplification
approaches, which can easily be adapted on microarray
formats, are the rolling circle amplification (RCA, Fig. 3)
method and the ligase chain reaction. The applicability of
both methods on DNA arrays has been demonstrated for
genotyping and SNP detection [53-55].

In immunodiagnostics, the enzyme-linked immunosor-
bent assay (ELISA) is a widespread method applied in
microwell plates, which makes use of enzymatic signal
amplification. Detection of proteins (antibodies, antigens,
toxins) is achieved by a specific secondary antibody,
usually in a sandwich-type assay (Fig. 4). This detector
antibody is conjugated to an enzyme which can generate a

DNA replication and Chain e|qngain
incorporation of
fluorescently labeled

oligonucleotides

Fig. 3 Principle of RCA (rolling circle amplification) on microarray formats. Starting from a circular DNA matrix, a multiple labeled

sequence is generated at the positions where the primer is present



large number of colored (or fluorescent) product molecules
from non- or weakly colored (or non-fluorescent) indicator
molecules. Two types of enzymes are commonly used for
ELISAs: alkaline phosphatase (AP) or horseradish perox-
idase (HRP) [56]. The latter can also be used for
chemiluminescent detection schemes, which are highly
sensitive, e.g., the oxidation of luminol [57]. Phosphatases
convert a non-fluorescent organic phosphate into a fluo-
rescent product through dephosphorylation (Table 2).
Generally, direct binding tests and competitive assays can
be performed in this manner.

Only a few efforts have been made to transfer ELISAs to
the microarray format. Laser scanner systems (see next
section) can usually locate a high excitation intensity on a
small area of the microarray surface, so fluorescently
labeled secondary antibodies can be used without the need
for enzyme conjugation and signal amplification. The lack
of microwells on planar biochip substrates makes a parallel
screening of different analytes with ELISAs difficult,
because the entire chip can usually be exposed to only one
analyte at a time. The first antigen arrays for detection of
different monoclonal antibodies were presented by
Mendoza et al. [58] In this study, glass slides coated with
a Teflon matrix, which leaves 96 individual addressable
cavities, were used; this was therefore a compromise
between microwell plates and 2D microarrays. An array of
144 microspot elements was printed in each cavity.
Antibody binding events were detected by a substrate
which forms fluorescent precipitates in the presence of AP.
Several applications have since been reported using AP-
based fluorescent ELISAs for protein profiling and
screening on microarray formats [59, 60].

Peroxidase conjugates for chemiluminescent antibody
detection on microarrays were introduced by Joos et al.
[61] Chemiluminescent systems have been used for the
simultaneous detection of multiple cytokines in patient sera
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Fig. 4 Illustration of a fluorescent sandwich ELISA. Alkaline
phosphatase or horseraddish peroxidase are the preferentially
applied enzymes
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[62] or various antibiotics in milk [63]. The tyramide signal
amplification technique, sometimes called CARD (cata-
lyzed reporter deposition), has also proven useful for
microarray applications, e.g., for the detection of allergen-
specific antibodies [64] or growth factors [65]. It is an
HRP-mediated detection method that utilizes its catalytic
activity to generate high-density labeling of a target protein
at the tyrosine units with tyramide derivatives of fluores-
cent dyes. The CARD method has even been transferred to
DNA arrays and showed improved sensitivity compared to
directly labeled target molecules [66]. Generally, the use of
hapten-modified (or biotinylated) PCR products allows
ELISAs to be used for the read out of DNA arrays [67].
Vice versa, the RCA method can be applied to protein
arrays, if the antibody detector is labeled with an
appropriate oligonucleotide primer [68].

A signal amplification can also be achieved by
modifications of the microarray surface itself. One method
is surface-enhanced fluorescence in which the absorption
and emission of a fluorophore is enhanced at a certain
distance from a metal resonant layer or a metal nanoparticle
[69]. The signal intensities can be improved several times
by using gold nanoparticles as additional labels to organic
dyes in a target mixture with a ratio of 1:2, respectively
[70]. Another approach for signal enhancement is the
application of highly reflective coatings by incorporation
of highly refractive nanostructured TiO, particles into low-
refractive surface matrices (polymers or amorphous silica
prepared by the sol-gel technique) [70, 71]. In a
comparative study, the screening results on 11 different
kinds of array surfaces, including polymer gel and silane-
coated glass slides, were reported. All important advan-
tages of a microarray experiment are illustrated by applying
five different monoclonal antibodies in a 20x%18 spot
matrix: ease of chip preparation and handling, storage,
signal intensities, reproducibility, and detection limits.
Based on these investigations, highly reflective slides with
a mirror-like surface coating were found to provide high
spot uniformity and reproducibility [72].

Laser scanner versus imaging instruments

Image-based screening is particularly interesting in phar-
maceutical high-throughput drug discovery [73]. In vitro
assays carried out in microwell plates are usually analyzed
by non-imaging microplate readers. The read out is done
well by well at fixed positions, so each well is considered
as a homogeneous point source. The plate has to be moved
between the punctiform light source and the detector.
Image-based screening now creates a digital image of the
whole plate, e.g., with a CCD (charge coupled device)
camera as detector, which localizes multiple data points
(pixels) within each target area. Therefore, the advantage of
imaging is speed and high resolution. Imagers can detect
multiple wells simultaneously and in short intervals, which
is advantageous for kinetic assays. Finally, subcellular
resolution can be achieved in cell-based screening in
combination with automated microscopy systems.
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Table 2 Fluorescent and chemiluminescent detection methods for ELISAs and the tyramide signal amplification technique
Dye Enzymatic Reaction Absorption/
Emission
ELF-97 Cl cl Aabs = 360 nm
[14] Aem = 530 nm
H H
g AP {
_— =
M OH
c B 01 v
” OH 0
AttoPhos Aabs = 440 nm
[64] o S N Aem = 575 nm
~Poon 7
O Ol N S
Tyramide depends on applied

“ w:;

HOQPROTEIN

Luminol

NH, O NH, O
NH
| HRP OH
NH OH
0 o]

label

HO PROTEIN

OH

Chemiluminescence
Aem = 445 nm

AP = alkaline phosphatase, HRP = horseraddish peroxidase

In the case of well-free array formats, two alternative
concepts of microarray fluorescence readers have become
widely accepted: laser scanner and imaging systems.
Typically, scanners are equipped with one to three lasers
with different wavelengths, a movable x/y stage, and a
photomultiplier tube (PMT) as detector (Fig. 5). A PMT is
based on a photocathode combined with an amplification
of the emission electrons in dynode chains. Array imaging
systems are originally based on gel or blot documentation
stations and make use of a CCD camera as detector and a
white light source equipped with an appropriate set of
optical filters or an array of light-emitting diodes (LEDs) in
combination with fiber optic waveguides for the excitation
of the fluorophores. Appropriate white light sources
include halogen lamps or xenon arc discharge lamps,
which show a fairly homogeneous intensity distribution
over the visible range. In general, a laser scanner is used to
evaluate the array pixel by pixel while it is moved in the
optical path between light source and PMT. Imaging
systems can detect the whole array at once by use of an area
detector, most commonly a CCD or CMOS chip. Within
this review, the term imaging is exclusively used only for
simultaneous area measurements, as just described. Note,
however, that the term imaging is often also used in a

broader sense, referring to the procedure of creating an
image of a certain area. In this context, imaging systems
also include point-by-point scanning detectors.

Scanners with various lasers can screen dual-fluorophore
samples either sequentially or simultaneously, which is an
important feature for differential gene expression analysis,
but makes this kind of instrument rather expensive. Lasers
provide monochromatic and collimated light. Besides gas
lasers, e.g., Ar (A=488, 514 nm) or He/Ne (A=633 nm),
semiconductor (diode) lasers are preferentially installed in

' Photomultiplier
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Emission filtered through
appropiate optics

¥- moving
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Fig. 5 Components of a laser scanner system
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microarray scanning systems (e.g., InGaP or AlGalnP),
which can be tuned over a broad wavelength spectrum in
the red (630750 nm). The laser beam scans the sample,
dwelling on each position (pixel) for some microseconds.

Stationary CCD-based imagers can cover a large area,
adjustable by different lenses, so that one slide can be
imaged at once. The white light source (or LED array) has
to illuminate the whole sample area, providing much lower
power densities. The number of pixels is predetermined by
the CCD chip, which can integrate the emission signals in a
timeframe of seconds to collect enough light to create a
meaningful image. The great advantage of a scanner
system is that a laser beam can focus more energy on a
small area to excite fluorophores, and thus they collect
more light in less time. They therefore have generally a
higher sensitivity and shorter signal integration times than
CCD-based systems. However, this higher output is not
essential, since fluorophores can reach a saturation point at
which further excitation leads to intense photobleaching
and non-linear emission response. Imaging systems can
casily be equipped with an assortment of appropriate filters
for different excitation wavelengths. This makes them to
versatile and, compared to scanners, low-cost instruments.

The scanner set-ups clearly dominate the reader market,
especially for high-density arrays, which are required in
expression profiling, because of their higher lateral
resolutions. CCD detectors are limited by the number of
pixels on the chip, which is usually in the range of 10° (e.g.,
1,024x1,024 pixel with a size around 10 pm?). The linear
(or dynamic) range of a CCD detector is specified as the
ratio of the capacity of each spot on the CCD array to the
read out noise level. Furthermore, a CCD detector responds
linearly to increasing integration times. As a matter of
course, dark current (random electrons circulating in the
device in the absence of light) also increases proportionally
with exposure and increases the noise level. The dynamic
range of a CCD chip is 14 to 16 bit, so at least 10* grey
levels can be distinguished. This is comparable to the
composite dynamic range of a PMT with analog-to-digital
converter. Generally, the linear range of a PMT is defined
as the difference in current between the noise level and the
highest gain setting. The signal output from a PMT
(typically in a range of 10 nA to 100 pA) is converted to a
16-bit digital value, the equivalent of 16 (=65,535 or about
4.5 orders of magnitude) distinguishable intensity values.
This definitely covers the dynamic range of fluorescent
bioassays or screening experiments. Another important
parameter is the quantum efficiency (QE), a term which is
defined as the emitted electronic signal of the detector
device relative to the received incoming photon signal.
Generally, CCDs have about a twofold greater QE than
standard PMTs. For a more detailed discussion on the
characteristics of the different detector systems see ref.
[74].

Several articles compare commercially available micro-
array readers and discuss their instrumental progress [75,
76]. A summary of the most widely used platforms can also
be found on the internet (e.g., at biocompare.com [77]).
The systems described above are arranged as an epi-
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fluorescence set-up, based on a reflected (episcopic)
pathway of excitation light and the light emitted by the
fluorophores. Consequently, nontransparent array sub-
strates may be used as well as glass substrates. In laser
scanner instruments, the excitation light is usually reflected
by a dichromatic mirror (beamsplitter) before it impinges
the microarray slide. This dichroic mirror acts as a long-
pass filter. It reflects the excitation light to the array slide
but is transparent for higher wavelength light, such as the
Stokes-shifted emission of the fluorophores absorbed on
the array, which is directed to the detector. The main
advantage of this set-up is the elimination of noise caused
by stray light from the microarray surface. This is a major
problem using organic fluorophores with their narrow
Stokes shifts, as the excitation light is many magnitudes
stronger than the emitted light. Moreover, it has to be kept
in mind that only a small fraction of the photons emitted
from a fluorophore on the array surface will hit the detector.

Another development in microarray read out, adapted
from fluorescence microscopy devices for imaging of
tissue samples, is the use of a confocal configuration. In
this case the laser excitation light and the emitted light are
channeled through pinholes, which are adjusted to the focal
points of a lens. Consequently, the excitation light is
focused on a small area and the emission light which is out
of focus is rejected. The focus typically can be varied from
a few hundred nanometers to a few micrometers. This set-
up effectively separates light only from a certain plane.
This leads to improved signal-to-noise ratios, as only the
fluorescence proximate to the slide interface is of analytical
significance. The demands of this technique are therefore a
very flat surface on the microarray spots, which is in
practice a major problem, and a sufficient scanning speed
to avoid photobleaching of the fluorophores. The necessity
for confocal imaging in microarray scanning is discussed
controversially in the literature, as most of the background
comes from unspecific binding of labeled biomolecules to
the slide surface, which occurs in the same plane of focus
as the sample [74].

Another important point for the lab user is the image
analysis and evaluation software. A huge number of
software packages with different features, primarily devel-
oped for DNA array analysis (e.g., image processing,
superimposition of dual wavelength scans, automated spot
recognition, and elimination of bad spots, statistical
analysis) are available. An extensive compilation can be
accessed via the internet, including links to the manufac-
turers and downloads of free demos [78]. Regarding the
evaluation of the whole read out system performance, some
important parameters should be considered:

1. Robustness of calibration procedures. It has to ensure
reproducibility of the results over time.

2. Detection limit. It specifies the weakest signal the
system can quantify reliably and is calculated for
imaging applications as SNR (signal-to-noise ratio),
with SNR=(signal—noise)/(standard deviation of
noise). The minimum signal that can be accurately
quantified is commonly considered for a SNR of 3.
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Evaluation software postulates a SNR higher than 10
for a reliable microarray analysis and quality assurance.

3. Field uniformity. A uniform excitation and imaging
field has to guarantee that different areas of the
microarray slide give comparable data.

4. Reproducibility. This universal parameter in the
analytical sciences accounts for reproducibility of
signal outputs from a microarray imaging system
including scan-to-scan reproducibility and the equality
of signal intensities from different spots with identical
samples on the same slide. Instrumental claims like
operation conditions and warm-up and stabilization
times of detectors and light sources have to be
considered to ensure reproducibility.

Besides these instrumental features, there are some more
significant parameters which are affected by the accuracy
of the microarray preparation:

1. Spot-to-spot variation. Spots with identical loading
have to give the same averaged signal. Besides
instrumental features, variations can be caused by
deficient pipetting and spotting.

2. Spot homogeneity. A high variation of signal intensities
within one spot (feature) complicates a reliable anal-
ysis. Doughnut-shaped features are a perseverative
artefact in microarray experiments. The homogeneity
is usually expressed as coefficient of variation (CV),
that is the ratio between the standard deviation of all
pixel intensities within one spot and the mean intensity
as a percentage. The CV should not exceed a value of
20%.

3. Background variation. A high standard deviation of
the background can cause problems in discriminating
actual spot features from regions with random high
background. The standard deviation from the back-
ground of the entire chip area divided by the mean
value of the background intensity should also be less
than 0.2.

4. Signal-to-background ratio. This is probably the most
important parameter and has to be calculated for every
single spot to assess its significance as a ratio between
the average intensity from the spot and the average
background intensity. To be confident that the spots are
clearly differentiable from the background, evaluation
software programs propose a ratio larger then 10 for
quality assurance.

5. Saturated pixels. Pixels with signal intensities higher
than the dynamic range of the detector adulterate the
statistical spot evaluation. Their amount should not
exceed 1%, otherwise a rescan with lower PMT gain or
CCD exposure time is appropriate.

These quality control quantities are the basis for a
comparable microarray analysis. Issues of quality control
management become increasingly important for routine
microarray applications [79, 80]. Standardization of
microarray preparation protocols, the use of robust cali-
bration procedures with stable fluorescent standards, and
the normalization of the data with respect to the key

parameters listed above are important matters for a better
interpretation of data from different laboratories. The
generation of consistent, verifiable results is still difficult
because of the lack of standards to validate these analyses.
A consortium of the American National Institute of
Standards and Technology (NIST) and scientists from
industry started to work on the design of reference
materials and test standards for gene expression profiling
[81], while other groups are also currently aiming to
develop microarray standards [82].

Current progress in photodetector arrays

Active-pixel image sensors based on complementary metal
oxide semiconductor devices (CMOS) are a less expensive
alternative to CCD cameras, and can lead to more compact
and portable instruments [83]. In principle, CMOS
detectors represent an array of lateral bipolar phototransis-
tors operating at a lower power supply than CCDs.
However, CMOS technology has two principle disadvan-
tages, which have to be overcome in the near future if it has
to compete with CCDs: first, the stationary noise pattern is
higher than that found in a CCD; and second, each pixel
contains a photo diode and, in addition, amplifiers and
selection circuitry, so that the actual area of the pixel that
gathers photons is smaller. This is reflected in a reduction
in sensitivity in comparison to a similarly sized CCD. For
low lateral resolution applications, CMOS detectors may
replace CCDs in the near future.

A strong impact on the development of sensitive
detection methods arises from single-photon counting
modules (SPCM). This technology is based on avalanche
photodiodes, which are semiconductor junctions operated
under a reversed bias voltage. A charge-free depletion
region is thus created, which behaves as an insulator, so
that almost no current flows through the device. Under
these conditions, a large electric field can be applied which
accelerates electrons generated inside the material (e.g., by
single photons) by the so-called process of impact ioniza-
tion [84, 85]. This method can be combined with confocal
microscopes or fluorescence correlation spectroscopy and
can measure the fluorescence emitted by analytes in the
zeptomole range down to single molecules. Furthermore, it
is possible to acquire multiple measurements simulta-
neously with a multichannel SPCM array. This makes
SPCM useful for multi-wavelength systems or the parallel
collection of different parameters, such as fluorescence
intensity, molecule diffusion times, fluorescence lifetimes,
and fluorescence polarization. SPCM could also enable
fluorescence detection for high-throughput screening in-
strumentation, using the corresponding optics for a
consecutive or a simultaneous measurement of the sample
spots on a microarray. Applications in related systems like
microfluidic devices have also been demonstrated [85].

The lifetime-based imaging of sensor arrays, as
presented in below in “Time-resolved fluorescence”, is
exclusively performed in the time domain. Nevertheless,
phase-sensitive detection systems in the frequency domain



exhibit an interesting option by using multichannel
photomultplier tubes for the scanning of biosensor arrays
[86].

Advanced fluorescence excitation and detection
technologies

Besides the standard microarray read out methods
described in the last section, which are based on steady-
state measurements of the emitted fluorescence intensity by
means of an epi-configuration, several new approaches
have been elaborated during recent years, starting from
new methods for fluorophore excitation, time-resolved data
acquisition, or signal detection.

Excitation by evanescent waves

The concept of this set-up (shown in Fig. 6) is based on
total internal reflection fluorescence (TIRF), which has
been an established method in fluorescence microscopy
and biomedical imaging for more than a decade now [87].
A light beam penetrates an interface between two phases of
different refractive index and is totally reflected in the
higher refractive index medium, if the angle of incidence
exceeds a critical angle. While the light is totally reflected,
an electron density wave is generated at the interface to the
lower refractive index medium called the evanescent wave.
This wave will expand into the medium of lower refractive
index, but its strength will decay exponentially. The TIRF
system takes advantage of the evanescent wave to
specifically illuminate a range not exceeding 100-
200 nm from the microscope slide. The penetration depth
is a function of refractive index difference, wavelength,
incident angle, and thickness of the high refractive index
layer.

The high refractive index medium can be a microarray
glass slide or a polymer substrate. A single DNA sensor
chip was first built up from a PMMA prism for the
detection of PCR products [88]. Several approaches have
been presented for the analysis of DNA or protein
microarrays, including single or multiple total internal
reflection at glass substrates [89, 90], or the use of
microarray substrates coated with a planar waveguide layer
with a high refractive index like Ta,Os [91, 92]. The latter
creates an evanescent field strength several times stronger
than that of a glass slide. In this case, the excitation light
beam is expanded in one dimension with the help of a
cylindrical lens. The light is then coupled into the planar
waveguide layer by a diffraction grating incorporated into
the chip surface. The main advantage of this system is the
superior background elimination, as only the fluorophores
that are located immediately at the interface are excited.
The chips can be applied in a microfluidic device, enabling
the real-time monitoring of binding events on the surface
without washing or rinsing steps. The detection limit was
found to be as low as 0.8 zmol of Cy5-labeled antibody per
microspot.
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Fig. 6 Principle of total internal reflection fluorescence (TIRF)
applied on microarrays

Fluorescence anisotropy

Due to their unsymmetric structure, fluorophores produce
an anisotropy in the emitted light. The fluorescence
anisotropy is defined as the excess value along a particular
axis, as

. Iy —1,
Iy + 21,

where /[ and /, are the fluorescence intensities parallel and
perpendicular to that direction, respectively. Numerous
homogenous assays are reported which are based on
changes in fluorescence polarization due to biomolecular
interactions. They can also be applied in high-throughput
screening approaches [93-95]. In solution, the rotational
diffusion is rapid, and the emitted light is quickly
depolarized. If bound to the solid phase, the fluorophore
can be trapped at a certain orientation, and the resulting
emission will be strongly anisotropic. The amount of
polarization anisotropy is dependent on the amount of
labeled biomolecules bound to the surface. On the other
hand, fluorescently labeled probes like aptamers can be
immobilized on the microarray surface for protein detec-
tion [96]. Aptamer—protein interactions can be detected by
changes of the fluorescence polarization, collecting the
intensities for the parallel and the perpendicular component
simultaneously. In this approach, a TIRF set-up was
equipped with a polarizing beam splitter. The advantage
this approach offers is that the probe molecules are
fluorescently labeled, so that the target proteins need no
staining or labeling, nor incubation with labeled antibodies
for their detection. The design of labels which are
appropriate for polarization assays is still an active area
of research [97].

Time-resolved fluorescence

The fluorescence lifetime 7 is defined as the time after
which the possibility that a fluorophore is still in the
excited state has dropped to 1/e. It can be expressed as the
inverse sum of radiative and non-radiative rate constants.
Basic principles and applications of time-resolved fluores-
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cence spectroscopy and fluorescence lifetime imaging
microscopy (FLIM) are discussed elsewhere in numerous
publications [98—101]. The easiest way to perform FLIM
consists in triggering a pulsed light source synchronized
with a gated detector (e.g., a CCD camera) with the help of
a digital pulse generator. Time-domain measurements very
quickly reveal basic parameters like luminescence lifetimes
of'the selected dyes and their spatially resolved distribution
in a sample [102]. Frequency-domain FLIM needs a
continuous-wave laser as light source, usually coupled to
an acousto-optical modulator [103], but the development of
directly modulated light sources is making fast progress.
The phase shifts and modulation ratios are measured
relative to a fluorescence standard and the lifetime can be
rapidly calculated from these parameters.

Lifetime imaging of sensor arrays is usually carried out
in the time domain [104]. Digital gated image intensifier
detector modules (ICCDs) can now operate at the
picosecond level. Figure 7 illustrates different methods
for time-resolved data acquisition.

Like steady-state intensity imaging, time-resolved gated
imaging (Fig. 7a) has one detection window only. As the
image is collected after a certain time delay, fast-decaying
background fluorescence can be eliminated. Lifetimes of
typical organic fluorescent labels are between 0.5 and 5 ns,
whereas autofluorescence from microarray substrates and
most biological samples decay in the picosecond range.
The ratiometric methods of phase delay rationing (PDR,
Fig. 7b) and rapid lifetime determination (RLD, Fig. 7c)
[105] offer some more distinct advantages besides back-
ground elimination: (a) fluorescence lifetime and its change
as additional analytical parameters; (b) independency of
intensity fluctuations of the light source or inhomogeneities
in the light field; (c) lower sensitivity to the local
fluorophore concentration and photobleaching; and (d)
elimination of light scatter effects. Therefore, a higher spot
homogeneity can be generated by means of these internally
referenced methods. Assuming a single exponential decay
of the emitted fluorescence with an amplitude « after a
short excitation pulse, the time gated intensity / is given by

At

I= / aexp(—t/T)dt

t

In lifetime imaging, fluorescence is detected at various
delay times with adjustable time gates At in consecutive
acquisition cycles (multigate detection). In the case of a
monoexponential decay and an identical adjustment of At,
the lifetime 7 can be calculated from four experimental
parameters:

_ _b—1h
T= Zn(]l/lzlz)
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Fig. 7 Typical time-resolved fluorescence imaging and lifetime
imaging modes. /7 and /2 represent the time windows with opened
detector (CCD camera)

In the case of a multi-exponentially decaying lumino-
phore this equation gives only an approximate value of the
average decay time.

In practice, the images of the two different gates are
taken usually separately in subsequent acquisition cycles.
The evaluation software integrates the two sets of pictures,
followed by a subtraction of the corresponding background
dark pictures (detected with the same time gates and
frequency but without illumination). Figure § illustrates the
whole process for RLD imaging where four sets of images
are obtained and integrated: image 1 (/;), image 2 (1,), dark
image 1 (D;), and dark image 2 (D,). The ratio R is
calculated according to:

> L= D

R:ZQ—ZDz



CCD cameras equipped with a multichannel-plate image
intensifier can be operated at internal frequencies of up to
12.5 MHz with a time-resolution (minimal gate width) of
3 ns. This is of course insufficient for very rapidly decaying
labels. Faster CCD detectors can be obtained with a
microchannel plate photomultiplier, working with gating
rates of around 100 MHz and a time-resolution of 20 ps,
which matches the decay profiles of the commonly used
organic fluorescent markers. These camera systems are
comparatively expensive and require highly sophisticated
accessories for short pulsed excitation, synchronization,
and data acquisition. Usually, high gating frequencies are
accompanied by a high background noise.

In a first approach using lifetime imaging for DNA
microarray analysis, the near-infrared dyes Al-naphthalo-
cyanine (7=2.7 ns) and IRD800 (7=0.8 ns) were applied
on a custom confocal fluorescence lifetime microscope
with a pumped laser diode as the excitation source [106].
As most photomultipliers show a poor quantum efficiency
in the IR region, the authors used a single photon avalanche
diode (SPAD) as detector. They found that the signal-to-
noise ratio increased by a factor of 10 when lifetime
contrast was added.

Cubeddu et al. have contemporaneously developed an
experimental set-up with a fast light intensifier coupled
CCD camera (minimum gate 300 ps) and a dye laser,
pumped by either an argon ion or a second-harmonic
mode-locked Nd:YLF laser as the excitation source for
time-resolved imaging of DNA arrays [107]. Two types of
experiments were conducted in a 10x10 spot matrix:
mutation DNA arrays with targets modified by a single
marker (Cy3) and cDNA arrays for expression profiling
using target mixtures bearing two different dyes, employ-

Fig. 8 Data acquisition process
for ratiometric fluorescence
lifetime imaging according to
the rapid lifetime determination
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ing concentrations of target oligonucleotides as low as
500 pM. They used 44 images delayed by 250 ps to each
other to calculate the lifetime on each pixel and while the
arrays taken in the intensity mode were barely visible on
their apparatus at this concentration, they obtained an
increase in SNR of 2.5 and a clear mismatch discrimination
upon adding lifetime information onto the images. How-
ever, this imaging set-up is composed of rather expensive
and complex units like an intensified CCD camera and
mode-locked lasers.

A favorable alternative is offered by CCD systems with
an electronic (or mechanical) shutter. These achieve
internal frequencies of typically 100 kHz and a minimal
gating time down to 10-100 ns. These systems require
fluorescent labels with decay times preferentially higher
than 100 ns. Lanthanide complexes like europium or
terbium chelates are extensively used for time-resolved
fluoroimmunoassays. They exhibit decay times in the ps
range and can be functionalized with amino- [108] or thiol-
reactive groups [109] for the attachment to proteins.
Naturally, lanthanide chelates can also be used for the
labeling of DNA [110]. The suitability of lanthanide tags
for time-resolved microarray imaging was demonstrated on
a small 3x3 protein array under a fluorescence microscope
[108]. On the other hand, monofunctional p-isothiocyana-
tophenyl derivatives of platinum(Il) coproporphyrin-I have
been evaluated as phosphorescent labeling reagents for
DNA hybridization assays [111], and protein [112] or
antibody detection [113]. The third species of labels with
us lifetimes are ruthenium complexes with bipyridyl- and
phenenanthroline-derived ligands [114].

To achieve better brightness, these long-lived fluoro-
phores can be incorporated into polymer nanoparticles as
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described above. For example, platinum tetrapentafluor-
ophenylporphyrin, which has a lifetime of approximately
100 ups, can be applied in poly(acrylic acid)-based
copolymers. These nanobeads can be used as labels for
protein microarrays via streptavidin coupling on the
particle surface. The long lifetime and the huge Stokes
shift enables the use of an array of commercial, low-cost
405-nm LEDs as the light source and low-end optical
filters. Time-resolved detection was accomplished using a
modulated CCD camera in a straightforward set-up
illustrated in Fig. 9. From the time-resolved experiments
it was clearly evident that adding lifetime information
decreases the noise caused by unspecific absorption of the
particles and increases the limit of detection [9].

Despite the merits of time-resolved methods like good
spot homogeneity, low background and high signal-to-
noise ratios, they have not found their way into commercial
microarray read out methods. As shown, more straightfor-
ward devices can be achieved by application of metal
complex labels with high luminescent lifetimes. In analogy
to fluorescence polarization (see the last section), the
lifetime of a probe label can change significantly after a
biomolecular recognition with a target molecule. By using
two labels with different decay times new opportunities for
internal referencing or differential expression profiling can
be seized. This could enable a dual luminophore screening
of microarrays in a single detection cycle, if the labels can
be excited at the same wavelength and show different
lifetimes, in analogy to the time domain dual lifetime
referencing method [115].

Resonance energy transfer assays

The non-radiative transfer of excitation energy requires a
spectral overlap between a donor and an acceptor molecule
and can be used for the detection of biomolecular
interactions like DNA hybridization, antigen—antibody
binding, or ligand-receptor recognition. It occurs if the
emission spectrum of the donor partially coincides with the
absorption spectrum of the acceptor. Such transitions are in
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Fig. 9 Exemplary experimental set-up of a fluorescence lifetime
imaging system suitable for the read out of microarrays

resonance, so the term Forster resonance energy transfer
(FRET) is often used in the literature [98]. Many
luminescent donor—acceptor pairs are well established
[116]. Biomolecular recognition forces the donor—acceptor
couple into close spacial proximity (Fig. 10), and the
resulting energy transfer can be detected via the quenching
of the fluorescence of the donor or the specific emission of
the acceptor dye if the donor is excited. Forster resonance
energy transfer takes place over a distance of around 1-
10 nm between donor and acceptor and results from long-
range dipole—dipole interactions.

Up to now, the detection of biomolecular interactions by
FRET has only found limited applications in the DNA or
protein array sector, although its use is attractive because it
can confirm interactions on the molecular level with high
sensitivity. Such assays can be applied as ratiometric
methods by screening the donor and acceptor fluorescence
at different wavelengths. A FRET-based technique for SNP
detection on DNA microarrays was demonstrated by Frutos
et al. [117] who immobilized oligonucleotides labeled with
the donor Cy3, on which they subsequently incubated
complementary probes labeled with the FRET acceptor
carboxy-x-rhodamine. The probes contained a mismatch,
and in a competitive assay the Cy3-fluorescence increased
after addition of a perfectly matching sequence. This
approach is related to the molecular beacon concept. In this
case, the immobilized DNA probe has complementary ends
and forms a stem-and-loop structure. Both fluorophore and
quencher are linked to the two ends of the stem. This non-
fluorescent structure becomes fluorescent if the loop
hybridizes with its target and the conformational reorga-
nization into a rigid double helix separates the quencher
from the fluorophore [118].
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Fig. 10 Illustration of resonance energy transfer. Specific interac-
tions of biomolecules implicate a close proximity (<10 nm is
required for an effective Forster transfer) of a fluorescent donor (D)
and an acceptor (A) , which acts as the emitter



Time-resolved (TR) FRET assays are known to be very
sensitive, e.g., for detection of DNA hybridization [119] or
for competitive protein recognition assays [33]. Recently,
TR-FRET was applied to protein microarray analysis [9].
The array contained spots of equal concentrations of
biotinylated bovine serum albumin (BSA), which was
additionally labeled with a long-lived reactive platinum—
coproporphyrin-derived compound (7=100 ps), serving as
FRET donor. Then the spots were incubated with different
concentrations of streptavidin, labeled with the short-lived
FRET acceptor Cy5 (7=~3 ns). FRET to Cy5 resulted in a
decrease in lifetime due to the shift of emission from the
platinum porphyrin to Cy5. Furthermore, it could be
demonstrated that t-DLR, which takes the ratio of one
image inside and one or two images outside the excitation
phase employing a short delay after the end of the light
pulse, is also useful for imaging FRET assays. In the image
recorded inside the excitation period both dyes are visible;
however, because of the delay, the shorter-lived emission is
absent in the images recorded after the light pulse. The ratio
of'these two images is directly related to the ratio of the two
dyes, and, in this case, it gives information about the extent
of FRET.

Non-fluorescent methods

In the emerging field of proteomics, analytical methods
like 2D gel electrophoresis, with a read out usually based
on imaging, and non-imaging methods like mass spec-
trometry (MS) or surface plasmon resonance (SPR) are
complementing one another. Non-imaging methods have
evoked great interest in the screening of biomolecular
interactions in recent years, because they are label-free
techniques and they reveal additional information about the
nature of the bound target molecule (MS) or the kinetics of
the binding process (SPR). MS modes like MALDI-TOF
can easily be combined with microarray formats which
have an ionizable conducting surface like gold or alumin-
ium. Ready-for-use protein array chips for MALDI-TOF
instruments are marketed, e.g., such as the SELDI Protein
Chip (surface enhanced laser desorption ionization) [120].
However, for high-throughput screening applications, MS
on high density arrays is too complex and time-consuming.
In this section, some non-fluorescent evaluation methods
will be highlighted, which cover current improvements of
label-free detection techniques like ellipsometry and sur-
face plasmon microscopy. It should also be noted that
screening with radioactive labeled ligands or radioimmu-
noassays is still of interest. Some laser scanner instruments
are additionally equipped with a phosphorimaging plate,
exhibiting higher sensitivity, dynamic range (five orders of
magnitude), and spatial resolution (pixel size down to
25 pm) than X-ray films. Such plates are reusable 2D
sensors for the detection and storage of ionizing radiation.
The principle of photostimulated luminescence is used for
detection here [121]. A comprehensive discussion on
radioisotope labeling and the corresponding imaging
methods is beyond the scope of this review.
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Imaging ellipsometry

Ellipsometry is a non-destructive and label-free optical
method for determining the thickness of thin films and
optical properties of surface layers. The principle of the
measurement is based on the change of the polarization of
light reflected by the surface coating (Fig. 11). The relative
phase shift A and the change of the ellipsometric angle ¥
(the ratio of amplitude changes for the respective polar-
ization components £, and E) of a linearly polarized laser
beam compared to the blank substrate is detected by an
analyzer. When linear polarized light interacts with
different kinds of surface modifications, its parallel and
perpendicular components are reflected from the surface in
a different way. Consequently, the amplitude and phase of
both components are changed, resulting in an elliptically
polarized light. From these parameters the refractive index
and the thickness of the surface coating can be deduced
[122]. The laser beam hits the surface at an angle of
incidence usually around 60°-70° (relative to the surface
normal). The resolution for the determination of a film
thickness is below 1 A, thus the immobilization of
biomolecules like proteins or DNA on surface monolayers
can easily be observed. Note that “imaging ellipsometry” is
a fixed but somewhat misleading term, as it is a scanning
and not an imaging method (see also definitions in the
section “Laser scanner versus imaging instruments”).

In imaging ellipsometry the surface of a microarray can
be scanned by the laser beam with an x/y-resolution of
approximately 1 pm. The polarization analyzer is combined
with a CCD camera and ellipsometric contrast images can
be generated, visualizing the thickness of a surface coating
in relation to the blank area around the spots. A general
problem of imaging ellipsometry is the inclined observation
angle. Thus, only a limited area of the image appears to be
well-focused when using conventional optics. This limita-
tion is overcome by using a motorized focusing mechanism
to collect a series of images with different foci within the
field-of-view. A digital image processing system then
superimposes only the focused parts of an image series. For
the principle of imaging null ellipsometry the reader should
consult the manufacturer’s information brochures [123].

Although this method is principally suited for high-
throughput screening of microarray-based assays [124—
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Fig. 11 Principle of ellipsometric surface analysis
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126], it is preferentially used for microarray development,
quality control purposes, and the characterization of
monolayer properties. Lithographic processes, regularity
of surface patterns, spot morphologies, and packing
densities of immobilized biomolecular probes can be
controlled by means of this ellipsometric “height” imaging
[127-130].

Surface plasmon microscopy

Surface plasmon resonance (SPR) is a another label-free
technology for monitoring biomolecular interactions with
high sensitivity in a real-time mode. Thus, additional
information on kinetics and binding constants can be
deduced from SPR data. Surface plasmon polaritons are
electromagnetic modes propagating along a metal—dielec-
tric interface. Excitation of surface plasmons by photons
requires plasmon coupling devices like prisms. In the
Kretschmann configuration, the prism is coated with a thin
metal layer (gold or silver) [122]. A laser beam is coupled
to the plasmon surface polariton modes at the metal—
coating—air interface via a right-angle glass prism in an
attenuated total reflection geometry [131]. Under certain
conditions, depending on the angle of incident light and its
wavelength, the surface plasmons get in resonance with the
light. As a result of this resonance, the reflection of light
decreases to a minimum. Because the resonance conditions
also depend on the dielectric coefficient of the adjacent
layer, any thin dielectric coating on the metal surface
causes an angular shift of the resonance, and therefore a
shift of the plasmon resonance minimum of the reflected
light can be observed. Only p-polarized light that is in the
plane of incidence with the electric field vector oscillating
perpendicular to the plane of the metal film can couple to
the plasmon polaritons. S-polarized light with an electric
field vector orientated parallel to the metal film cannot
excite plasmons, but is reflected by the metal surface and
can be used as reference signal. For biochemical sensors,
the detection of the shift of the resonance angle at a fixed
wavelength has become the method of choice. As
interactions with surface-bound probes like single-stranded
DNA, receptors, or antibodies can be monitored in situ and
without labeling, SPR devices are of great interest in
biotechnology research and pharmaceutical screening.
Surface plasmon microscopy (SPM), or alternatively
called SPR imaging, was introduced by Rothenhiusler and
Knoll, using a CCD camera as the detector (Fig. 12) [132].
A parallel beam of monochromatic light is coupled to the
surface plasmon with one certain angle of incidence. The
reflected light is focused by a lens and recorded by means
of the CCD camera. A polarizer separates p- and s-
polarized light and the latter is used as reference. A
patterned dielectric layer, e.g., a protein array, on the metal
film causes different resonance angles. As in this case the
angle of incident light is fixed, the reflected intensity will
be changed, leading to a contrast image of the surface.
Contrast enhancement can be achieved by dark-field
imaging [133] or by SPR interferometry [134, 135].

Another approach is based on the combination of
ellipsometry and SPR, at which the SPR cell and geometry
is integrated in an imaging ellipsometer as described above.
In this case, the ellipsometrical parameters A and ¥ are
derived by applying an evanescent field.

The optical set-up requires special instrumentation
distinct from the imaging and laser scanner systems
presented in “Laser scanner versus imaging instruments”,
with a market clearly dominated by the Biacore systems
[136]. The sensor chip can be applied in flow-through cells
or combined with microfluidic devices, enabling multi-
plexed thermodynamic and kinetic measurements and the
determination of affinity constants. SPM and interferom-
etry provide not only a well-suited method for the quality
control of monolayer or multilayer coatings and general
surface and patterning properties [137—139], but are also
useful for affinity assay development like monitoring DNA
hybridizations, SNPs, and protein interactions [140—-145].
The sensitivity of SPM systems is very high, e.g.,
concentrations of 2 nM of RNA could be detected [140].
The multiplexity of such arrays is not very high: densities
in the magnitude of 100 spots per chip have been reported.
Even enzymatic reactions can be monitored on chip, e.g.,
phosphorylation reactions by kinase A [146]. The sensi-
tivity of SPM of immunoassays on protein microarray
formats can be enhanced by peroxidase-catalyzed precip-
itation reactions [147].

An SPR multichannel device with specially designed
prisms for wavelength division represents a different
approach to obtain spatially resolved information [148].
Besides the limited spatial resolution provided by the
optical set-up, the SPR multichannel measurements are
only applicable for low density array formats with a limited
number of spots (e.g., a 4x4 matrix) because of the large
amount of data which is produced.

Conclusion and outlook

This review gives an overall impression of the variety of
optical imaging techniques targeted at DNA or protein
microarray analysis. The high-throughput read out of such
so-called biochips, which is usually accomplished by
fluorescence scanning or imaging methods, is of major

interference
filter

microstructured
sample on Au

lenses
and

light source

Fig. 12 Schematic of a surface plasmon microscope set-up
according to ref. [158]. Other configurations make use of a mirror
mounted on a motor-controlled rotation stage for creating parallel
beams at fixed position [159]



importance in this field. Recent developments in signal
amplification and detector technologies have been il-
lustrated. Further progress can be expected with respect
to highly sensitive detector arrays like electron-multiplying
CCD chips or multichannel single-photon counting
modules. Advanced fluorescent read out methods includ-
ing TIRF or time-resolved imaging have been highlighted,
too. Only time will tell whether they will finding special
applications and successfully make an impact on the
market.

Another challenge for optical imaging methods is the
quality control of the biofunctionalized microarray. Non-
fluorescent techniques like imaging ellipsometry or SPM
can make a useful contribution to this end. These provide
the characterization of the surface properties and the
patterning of a microarray. Preparation steps as well as the
density of immobilized biomolecules can be controlled.
Furthermore, biomolecular interactions can be monitored
with SPM without labeling and in real-time albeit with a
limited degree of multiplexity up to now. Fourier transform
infrared spectroscopy (FTIR) imaging is an emerging
method for the chemical analysis of surface coatings like
self-assembled monolayers, thin polymer films, and protein
patterns particularly suited for R&D and quality control
purposes.

It should be noted that non-optical imaging techniques
like scanning probe microscopy also are very useful as
quality control instruments. Among these techniques,
atomic force microscopy (AFM) can particularly assist in
the characterization of microarray surfaces, because it can
image both conducting and nonconducting surface coat-
ings with atomic resolution [149]. The uniformity of
binding matrices like SAMs spread on the surface can be
visualized by means of AFM, as well as the topology of
surfaces patterned with oligonucleotide probes [150] and
the binding of single protein molecules [151].

The current trend indicates that microarrays loaded with
whole living cells are becoming increasingly important for
pharmaceutical drug screening [152], e.g., with respect to
cancer therapy [153], and functional genomic [154] or
expression studies [155]. Besides pharmaceutical research,
cell-based microarrays can also be applied for environ-
mental monitoring and detection of pollutants [156] and
genotoxins [157]. In cellular screening, expression con-
structs with GFP or bioluminescent systems are mostly
used as reporter elements, which can be read out by
common fluorescent imaging systems and microscopes, if
sub-cellular resolution is required. Metabolic imaging is
another challenging perspective in connection with cellular
microarrays. The indication of regions with increased
metabolic rate, such as in tumorous or infected tissue is a
valuable tool for monitoring the effectiveness of chemo-
therapeutic or anti-inflammatory agents. In this case, the
changes in relevant intracellular and extracellular para-
meters like in pH, oxygen partial pressure, and of
concentrations of Ca®", glucose, or lactate have to be
imaged spatially resolved, while the living tissue is
exposed to the therapeutic candidates. A great challenge
would be the simultaneous detection of several of these
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parameters on one microarray format. New demands for
fluorescent imaging systems will arise here with respect to
online monitoring, as in this case fluorophores are not used
as labels, but as indicators.
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