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In recent years, the antibody microarray technology has made
significant progress, going from proof-of-concept designs to
established high-performing technology platforms capable of
targeting non-fractionated complex proteomes. In these cross-
disciplinary efforts, a particular focus has lately been placed on
two key technological issues: the sample and data handling. To
this end, robust protocols have been designed for direct
labelling of whole proteomes compatible with a sensitive
fluorescent-based sensing. Tagging of the proteins with biotin
in a single-colour approach has, in many cases, proven to be
the preferred approach. Furthermore, based on modified
approaches, adopted from the DNA microarray field, the first
bioinformatic standards for performing the antibody microarray
data analysis have emerged, though general standard
operating procedure(s) remains to be implemented.
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Introduction

Proteomics — the large-scale analysis of all proteins — is
a key discipline for generating detailed protein expression
profiles, or protein atlases, of human body fluids in both
health and disease [1-3]. However, the need for novel
technologies capable of targeting non-fractionated com-
plex proteomes in rapid and multiplexed manner while
displaying high sensitivity, selectivity and specificity is
significant. To this end, antibody-based microarrays have
emerged as a strong candidate proteomic technology [4-
8]. Miniaturised microarrays (<1 cm?) can be printed with
numerous individual antibodies (<2000 antibodies/cm?)
in discrete positions (about 200-wm-sized spots) in an
ordered pattern, a microarray, onto a solid support where
they will act as specific catcher molecules, or probes, for

the target proteins. The microarray is then incubated with
minute amount (pl scale) of labelled sample, where later
specifically bound analytes are detected and quantified,
using mainly fluorescent-based sensing. The read-out
generates semi-quantitative microarray images that can
be converted into protein expression profiles, revealing
the detailed composition of the sample.

In recent years, the antibody microarray technology has
made significant progress. In fact, the high-end technol-
ogy platforms are now capable of specifically and selec-
tively targeting also low-abundant protein analytes (pM to
fM range) in directly labelled whole proteomes, such as
human serum [9°°,10°°,11°°]. This progress has only been
made possible by adopting a multidisciplinary approach,
and in parallel addressing all of the key technological
bottlenecks required to design a state-of-the-art antibody
microarray platform (Figure 1) [12], including: first, con-
tent; second, solid support; third, array design; fourth,
array fabrication; fifth, sample handling; sixth, analytical
principle and seventh, data handling. In this review, we
will focus on two of these key technological issues,
namely sample and data handling (Figure 1), with a
particular emphasis on advances achieved during the past
two years.

Sample handling — fractionated versus
non-fractionated proteomes

"T'he by far dominating microarray format is based on direct
labelling of the samples interfaced with a fluorescent-based
read-out system [4-7,13]. Although competing layouts,
such as sandwich-based arrays [14,15], display some attrac-
tive features, for example, high sensitivity and specificity,
they are not technically, logistically and economically
compatible with high-density array set-ups [7,8,10°°]. In
addition, microarrays interfaced with label-free sensing
poses a promising option [16-20], though issues regarding
scaling-up and sensitivity remains to be explored further
[8]. At an early point, concerns were, however, raised that
the threshold for limit of detection (LOD) for layouts
targeting directly labelled complex proteomes would be
insufficient, and that a 100 ng/ml range cut-off might be
the limit. But as the sample format has received appro-
priate attention, in particular in the past few years, the
possibilities have changed dramatically [12].

Targeting complex proteomes, composed of thousands of
different proteins, present at a dynamic range of up to 10
orders of magnitude, where a few high-abundant species
may mask many of the low-abundant variants [3], is
indeed technologically very challenging. Inspired by
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Schematic overview of the key technological issues to consider when designing high-performance antibody microarrays.

traditional proteomic-based approaches [21-24] (for more
recent reviews see [25,26]), Ingvarsson es al. first pre-
sented a set-up based on a simple one-step fractionation
(based on size) of a proteome, to reduce sample complex-
ity (>98% of the original protein content was removed)
[27]. The LOD was significantly boosted, and also low-
abundant (sub-pg/ml range), low-molecular weight
(<50 kDa) analytes could now readily be detected [27].
Albeit successful, in the sense that the analytes could be
assayed, issues regarding yield and reproducibility were
associated with this approach, as with any other pre-
fractionation and/or depletion strategies commonly
applied within traditional proteomics [25,26].

In the next generations of antibody microarrays, where a
single or a few of the key array issues (Figure 1) had been
optimised further, the ability to target directly labelled
complete proteomes was gradually improved, displaying
moderate to high assay sensitivities [28-33,34°°,35-40].
The breakthrough(s) came after meticulously optimising
the sample format with respect to labelling conditions
(e.g. choice of dye and labelling ratio), sample/assay
buffers, etc., in parallel with addressing the other key
technological array issues (Figure 1) [9°°,10°°,11°°].

Robust and reproducible labelling protocols for direct
labelling of complex proteomes, for example, serum,
plasma and cell expression supernatants are now at hand
[9°°,10°°,11°°], paving the way for sensitive (pM to fM
range) profiling of low-abundant protein analytes in non-
fractionated proteomes [9°°,10°%,11°°,41]. It is also in this
concentration range that many tentative biomarker can-
didates is expected to be found, further highlighting the
applicability of antibody microarrays in disease proteo-
mics for screening, profiling and diagnostics.

Performing clinical studies, additional key sample
parameters remains to be optimised and standardised,
including first, the format of the clinical sample, for
example, serum sample versus plasma sample and sec-
ond, sample handling and storage, for example, frozen
directly or stored at room temperature before freezing
[7,8,42,43].

One-colour versus two-colour labelling
approach

Both single-colour [9°°,11°°,37,41] and dual-colour
[28-33,34°°,35-37] labelling approaches (Table 1) have
been successfully used for a broad set of applications,
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General overview of selected dyes and reagents commonly used for direct labelling of samples for antibody microarray analysis and
selected applications thereof based on single-colour and dual-colour labelling approaches

Dye/reagent

Protein residue targets

Cy-dyes: Cy3 and Cy5

Alexa-dyes: Alexa-647 and Alexa-555
ULS-dyes: ULS-fluorescein and ULS-biotin
Biotin: NHS-biotin

Digoxigenin: NHS-digoxigenin

Primary amines (lysines)
Primary amines (lysines)
Methionine, histidine and cystein
Primary amines (lysines)
Primary amines (lysines)

Approach Application Reference
Single-colour
NHS-biotin Tissue protein profiling of gastric adenoma carcinoma and Helicobater pylori infection [41]
Serum protein profiling of complement deficient clinical samples [9°°]
Dual-colour
Cy3/Cy5 Protein profiling of endothelial supplement (angiogenesis) [28]
Protein expression profiling of cell supplement (mantle cell lymphoma) [31]
Serum protein profiling of cystic fibrosis [36]
Tissue extract profiling of lung cancer
NHS-biotin/NHS-digoxigen Plasma protein profiling of intestinal cancer [32]
Serum protein profiling of bladder cancer [34°°]
Serum protein profiling of lung cancer [30]
Serum protein profiling of pancreatic cancer [33]
Serum protein profiling of prostate cancer [35]

such as differential protein expression profiling and onco-
proteomics (for review see [4,5,7,8,13]). Although a two-
colour labelling approach is intuitively attractive when
the expression profiles of two samples are to be compared,
it is also associated with a set of serious concerns
[7,8,11°°]. First, recent studies have clearly shown that
the signal intensities observed for a protein separately
labelled with either of the two dyes of a matching pair
(e.g. Cy3 versus Cy5, Alexa-647 versus Alexa-555, Uni-
versal Linkage Systems (ULS)-fluorescein versus ULS-
biotin) differed significantly (Figure 2) [11°°]. These
findings clearly indicated on inherent differences in
labelling efficiency or ‘transmitted signal intensities’ of
the matching dyes. Hence, when adopting a dual-colour
labelling approach it is vital to ensure that any observed
differences are true differences and not reflecting tech-
nical issues. Second, this latter problem can be addressed
by adopting criss-cross labelling, in which each sample is
labelled with both dyes and analysed on separate arrays
[29,31,36,38]. Although feasible, this means that twice as
many arrays will have to be analysed, posing a major
logistic bottleneck for large-scale studies. Further, as the
least performing dye often gives very low signal inten-
sities, it could in some cases be like running a one-colour
approach [11°°]. Third, mixing two samples labelled with
different dyes means that the differentially labelled ana-
lytes will be competing for the same set of probes avail-
able on the array. Compared to a single-colour approach,
this will then result in decreased signal intensities for
each dye and a risk for a decreased sensitivity. Taken
together, there is currently a clear edge in adopting a

single-colour approach over a dual-colour set-up when
analysing directly labelled samples using antibody micro-
arrays.

Choice of dye

A variety of dyes are available (Table 1), providing
different physico-chemical properties and coupling
chemistries. Depending on the choice of dye, different
labelling strategies have been implemented [5,7,8]. The
protein analytes can be directly tagged with a fluorescent
dye, for example, Cy-dyes, Alexa-dyes and ULS-dyes, or
indirectly by first tagging the proteins with a small hapten,
such as biotin (ULS-biotin or N-hydroxysulfosuccinimide
ester group (NHS)-biotin) and digoxigen. In the latter
case, the arrays are then visualised by adding fluores-
cently labelled streptavidin or anti-biotin and anti-digoxi-
gen, respectively. Recently, compelling evidence has
been presented showing that indirect tagging of the
analytes with fluorescent dyes via biotin outperformed
the direct tagging strategies with respect to assay per-
formances, for example, increased sensitivity and lowered
non-specific background binding [10°%,11*°]. These
observations could most probably be explained by differ-
ences in first, labelling efficiency; second, dye stickiness
(as displayed by a lowered non-specific background bind-
ing) and third, our ability to remove non-reacted dyes. In
the latter case, any remaining traces of fluorescent dyes
will have a direct impact on the background signals, while
this might not be the case for biotin. It has been proposed
that any non-specifically bound biotin (small hapten) may
not be readily accessible by the labelled secondary
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Figure 2
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Comparison of one-colouring and two-colouring labelling of complex proteomes for recombinant antibody microarray analysis performed on

various solid supports. (a) Cy5 (grey bars) and Cy3 (open bars) labelled human serum analysed on Xenoslide N slides. (b) Alexa-647 (grey bars)
and Alex-555 (open bars) labelled cell expression supernatants analysed on Xenoslide N slides. (c) ULS-biotin (grey bars) and ULS-fluorescein
(open bars) labelled human serum analysed on FAST slides (new formula). (d) NHS-biotin (black bars), ULS-biotin (grey bars) and ULS-fluorescein
(open bars) labelled human serum analysed on black polymer Maxisorb slides. Microarray images from a selected set of analytes are shown. The

array signal intensities shown represent the mean value of eight replicates after subtracting local background and negative control, that is,
meaning that the signals should reflect specific signals. Similar results were obtained whether the analyses were performed as two-colour
assays or one-colour assays. NHS-b: NHS-biotin; ULS-b: ULS-biotin; Neg. ctrl.: negative control. The figure is adopted from Ref. [11°°] and

reproduced with permission.

reagent, streptavidin or anti-biotin antibody (large
proteins), because of sterical hindrances [10°°].

Hence, the precise choice of dye is dependent on several
interconnected parameters, including first, the choice of
solid support, for example, how well any non-specific
binding can be blocked; second, the demands on assay
sensitivity, for example, whether high-abundant and/or
low-abundant analytes will be analysed; third, whether
one-colour or two-colour labelling approaches are adopted
and fourth, the choice of tagging chemistries (Table 1).

The latter is important, as the position(s) of the tag
molecule(s) on the target protein is vital in order to
maintain immunoreactivity. In this context, it should
be noted that both NHS-biotin and ULS-biotin has
proven to be strong candidates for labelling of whole,
complex proteomes, in particular when targeting rare
. (1] oo
protein analytes [8,9°°-11°°].

Once the dye has been specified, the degree of labelling is
as crucial in order to maintain immunoreactivity
[9°°,11°°]. Although too low ratios will impair the assay
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sensitivity, too high ratios can result in masking of the
epitope and subsequently a lowered reactivity and thus
decreased LODs [9°°,11°°]. As for example, when tagging
crude serum proteomes with biotin, a labelling molar ratio
of biotin to protein of 15:1 was recently found to be the
preferred choice using an optimised recombinant anti-
body microarray platform based on black polymer Maix-
sorb slides [9°%,11°°]. Similar results were observed
whether high-abundant or low-abundant analytes were
targeted [9°°,11°°]. From a logistical point of view, this is a
very attractive feature, indicating that one labelling pro-
tocol may be sufficient even when analytes spanning a
large dynamic range present in crude proteomes, such as
serum and plasma, are targeted. In comparison, other set-
ups have used lower labelling ratios, commonly in the
order of 4:1 [30,33,34°°]. This difference in labelling ratios
could be explained by the fact that a different array set-up
was used, for example, a solid support with different
blocking capabilities, and targeting of mainly high-abun-
dant analytes (WM range).

Data handling

As of today, no standardised procedure(s) have yet been
established for antibody microarray data handling, in-
cluding quantification, normalisation and data analysis.
This feature is likely to change in the coming years, as
the technology becomes more and more established, and
the focus is shifted from technology development to more
applicative efforts. As outlined below, the first standards

Table 2
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have also begun to emerge, often based on modified, but
validated procedures and softwares readily adopted from
the more mature field of DNA microarrays.

The scanned microarrays can be quantified using a set of
established softwares available from several different
vendors. Next, the data has to be normalised to enable
data generated on different arrays to be readily compared.
"This is, however, a challenging key step that remains to
be validated. Using a set of house-keeping proteins for
normalisation, equivalent to how house-keeping genes
are used for DNA microarray normalisation, will be much
more difficult, if at all possible. Finding suitable candi-
date house-keeping proteins will be challenging, though,
for example, tubulin or actin are frequently used house-
keeping proteins for western blots. Till date, a set of
different normalisation strategies have been evaluated for
antibody (protein) microarrays, of which five major fun-
damentally different approaches are outlined in Table 2
[9°°,41,44,45°,46]. So far, the use of spike-in reference
proteins and semi-global normalisation approaches has
been found to work best [8,9°°,45°]. As these methods all
display different pros and cons (Table 2), additional work
will be required before any leading methodology/-ies can
be pin-pointed.

Having normalised the microarray data, the bioinformatic
analysis of the antibody array data, including efforts, such
as identification of differentially expressed analytes and

General overview of five major normalisation methods evaluated for antibody (protein) microarrays

Normalisation method Comments/pros and cons Reference
Algorithm-based An internally normalised ratio algorithm based on a dual-colour labelling approach [44]
Requires a dual-colour labelling methodology to be adopted
Antibody-based The amount of spotted antibody is used for normalisation [46]
Does not normalise for differences in handling and labelling, etc.
Single analyte A single analyte or a group of analytes for which the sample concentration [9°°,457]
have been determined & priori using an alternative method (e.g. ELISA) is
used for normalisation
Have been found to work well for some analytes, while others perform poorly
Spike-in One or several references protein(s) normally not present in the sample is [9°°,41,45°]

spiked in at a known concentration before the labelling. Antibodies against
the spike-in protein(s) is included on the array and the observed signals are

used for normalisation
Have been found to work well

Requires access to spike-in protein(s) and matching antibody(ies)

Semi-global approach

Based on the quantified array data, the coefficient of variation (CV) is first
calculated for each analyte (i.e. antibody) over all samples and ranked. The
fraction (10-15%) of the analytes displaying the lowest CV-values over all

Carlsson et al. [47]
and Ingvarsson et al.
(unpublished data)

samples are identified, and used to calculate a chip-to-chip normalisation factor
Similar to the procedure used for DNA microarrays

Requires at least semi-dense arrays to be used, to have sufficient number

of antibodies on the chip and the design should preferentially include antibodies
directed against a set of analytes that could be expected to be present at

rather constant levels
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candidate biomarker signatures, can be approached by
using validated approaches and softwares adopted from
the DNA microarray world. It is crucial to point out the
importance of adopting appropriate study designs. Pre-
ferentially, a sufficiently large number of samples should
be included to enable the data set to be split into a
training set, used to find a candidate signature and an
independent test set, which is used to validate the sig-
nature. If this is not possible because of sample limita-
tions, leave-one out cross-validation approaches could be
adopted to allow stringent statistical analysis of the data
sets. A range of softwares/approaches has been success-
fully used, including Cluster, Genespring, Spotfire, Prin-
ciple Component Analysis, Receiver Operating
Characteristics (ROC) curves, Sammon maps, signifi-
cance of microarray analysis (SAM), Support Vector
Machine (SVM), TreeView, etc. In addition, work is
currently on-going to extend the BioArray Software
Environment (BASE) software package with a module
especially designed for protein microarray data analysis.

When publishing antibody microarray data, no public
repositories for data deposition, similar to the protein
data bank (PDB) for protein X-ray crystallography data
and the MIAME system (minimum information about a
microarray) for DNA microarrays have yet been estab-
lished. This feature is also likely to change in the coming
years, as the technology becomes more mature and the
number of clinical application increases.

Conclusions

The sample and data handling are two key issues in the
quest of developing high-performing antibody microar-
rays that have received significant interest in the past few
years. To this end, robust labelling protocols for direct
labelling of non-fractionated, complex proteomes have
been designed. Tagging the proteomes with biotin in a
one-colour labelling approach has been found to be
among the most promising designs, resulting in very
sensitive set-ups. Further, the first standards for antibody
microarray data handling has only recently begun to
emerge and significant efforts remain before more stan-
dardised operating procedures will be established and
implemented. In future efforts, we believe that one-
colour labelling methodologies will become even more
established, based on its high performances, compatibil-
ity with high-density arrays and logistics (i.e. keeping the
required number of slides to a minimum). The field of
antibody microarray data handling is also expected to
make rapid progress, going from preliminary protocols
towards more and more standardised operating pro-
cedures.
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