Chapter 3

Antibody Microarrays for Cell-Based Assays:
The Use of Micro-Arrayed Antibodies for
Exploring Cell Surface Diversity or Whole
Cell Functionality

Yoann Roupioz

Abstract Since the early 1980s, microarrays have gained increasing interest due to
their tremendous field of applications. A large repertoire of biomolecules has been

micro-arrayed for the specific and parallelized detection of targets contained in a

single biological sample. Most individual binding events target soluble compounds
although pioneering microarray developments have been undertaken with whole
cell binding on micro-arrayed glass slides. In this review, we wish to focus on
micro-arrayed antibodies and their use for cell-based analysis. We will illustrate the
wide range of applications that can be explored by site-specifically immobilizing
eukaryotic or prokaryotic cells on a surface.
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AML Acute myeloid leukemia

CCM Culture-capture-measure

CD Clusters of differentiation

CFU Colony forming units

CTC Circulating tumor cells

DNA Deoxynucleic acid

ELISA  Enzyme-linked immunosorbent assay
FACS Fluorescence-assisted cell sorting
GNP Gold nanoparticles

HAART Highly active antiretroviral therapy
HIV Human immunodeficiency virus
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ICS Intra-cellular cytokine staining
IFNy Interferon gamma

IL Interleukin

IS Immunological synapses

MHC Major histocompatibility complex
mRNA  Messenger ribonucleic acid

rRNA Ribosomal ribonucleic acid

LOD Limit of detection

PBMC Peripheral blood mononuclear cell
PCR Polymerase chain reaction

PDMS Polydimethylsiloxane

RLS Resonant light scattering

SECM Scanning electrochemical microscopy
SLE Systemic lupus erythematosus
SNP Single nucleotide polymorphisms
SPR Surface plasmon resonance

STEC Shiga toxin-producing E. coli
TCR T cell receptor

TNFa Tumor necrosis factor

3.1 Introduction

Micro- and nanotechnologies have been acquiring increasing interest for more than
two decades. This general enthusiasm is motivated by several reasons; the most
important is undoubtedly due to the scale of these new generations of devices. By
decreasing the size of experimental setups, one can reasonably expect the decrease
in volume of samples required to run an analysis on a micro-system. This feature
might be critical in biological or biomedical applications as, in most of them, access
to large sample volumes might be challenging. Another important advantage in
using micro- and nano-systems in biological studies is the decrease in time usually
required for running multistep processes. This aspect is illustrated by recent
advances in Laboratories-On-A-Chip (Lab-On-Chip), where integrated functions
allow, for instance, the efficient analysis and sorting (i.e., physical separation) of
rare circulating tumor cells (CTCs) carried in the blood stream [1]. Last but not
least, another major benefit in using miniaturized devices is the possibility to run
parallelized assays on a single support. This multiplexed analysis might be carried
out according to two aspects: one is based on a series of samples that can be handled
and analyzed in parallel, thanks to dedicated microfluidic architectures [2], while
the other is focused on one single sample interrogated at several points throughout
a single analysis. A typical example of this latter point is illustrated by microarrays
where series of probes (DNA [3], proteins [4], peptides [5], carbohydrates [6], etc.)
are immobilized on predetermined locations of a surface. Upon incubation with a
sample, individual responses of each micro-arrayed probe are simultaneously
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analyzed and compared to control responses, thus producing a significant amount of
information through a single assay.

So far, the most abundant applications of microarrays are issued from DNA
microarrays dedicated to the probing of transcriptomes, genomes, and searches for
single nucleotide polymorphisms (SNP). Pioneer work on DNA microarrays was
led at Stanford University by Pat Brown’s group which first published the use of
DNA microarrays for gene expression level assessments [7]. Although tremendous
interest arose from DNA microarray-based technologies, these miniaturized sys-
tems functionalized by biomolecular probes are not the oldest format of parallelized
arrays. Indeed, besides Fodor’s group which is often cited as the first example of
micro-arrayed peptides [8], Ekin’s lab proposed in the late 1980s the simultaneous
arraying of antibodies for immunoassay applications [9, 10]. This original work was
based on a “multi-analyte microspot” assay where series of antibodies were simul-
taneously immobilized on a solid support and then incubated with biological
samples. Using such formats, both noncompetitive and competitive assays were led
by combining secondary radio-labeled antibodies and labeled antigens, respectively
[9, 11]. Data produced by these protein microarrays gave both relative occupancy
and quantitative data on surface immobilized antibodies. Since then, protein micro-
arrays met an increasing enthusiasm, giving rise to two major classes of protein
microarrays: protein function arrays made of immobilized libraries of proteins for
assessment of their function; and protein detection arrays which consist of immobi-
lizing proteins with defined binding properties used for probing targets contained in
a sample [12]. Antibody microarrays definitely fall into this latter class and are
systematically used for antigen binding, followed by detection.

Soluble antigen detection using antibody microarrays [13] or microarrays
designed for cell lysate and tissue extracts [14] will not be described here as this
chapter is focused on cell-based assays led on antibody microarrays. By carefully
looking at the literature, this latter category appears as the pioneer demonstration of
the microarray concept ever described and illustrated in Chang’s work [15], pub-
lished in 1983, describing immobilization of anti-Lyt 2.1 and anti-Lyt 2.2 antibodies
(1, 0.5, and 0.25 mm spots in diameter) on a solid support. Several hundreds of fea-
tures (up to 400) were micro-arrayed on 1 cm? and the whole microarray was incu-
bated with cell lines expressing either one or the other antigen on their cell membrane.
After washing, AKR thymocytes expressing the Lyt 2.1 antigen and BALB/c mouse
thymocytes expressing the Lyt 2.2 antigen specifically bound to the anti-Lyt 2.1 and
anti-Lyt 2.2 spots, respectively. Individual cells bound to each feature were counted
and the measured counts of cells were consistent with the spot area (more captured
cells on larger spots), thus validating the surface antigen exploration using a solid
support. This work appears to be the very first example of micro-arrayed biomole-
cules, and interestingly was dedicated to whole-cell analysis. More recently, several
examples of cell microarrays have been published [16, 17], driven by an important
demand for new devices specific to cell analysis [18]. Blood cells are of special
interest due to the ease of collection by blood tests [19], although protein microar-
rays have also been described for phenotyping adhering cells (mesenchymal stem
cells) [20] or for probing cell adhesion properties of hepatocytes [21]. Most blood
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cells show a weak ability for spontaneous binding onto a surface, which means that
specific cell capture and analysis on a microarray implies specific cell surface inter-
actions with functionalized spots. These cell surface recognition events are mostly
ensured by recognition of clusters of differentiation (CDs) by specific antibodies as
shown in the following examples. This strategy has been used for functionalizing
patterns [22] or microstructures [23] with one type of antibody to specifically cap-
ture individual cells on defined locations. In both examples, the whole microarray is
then turned into a matrix of identical cells enabling either easy readout for subse-
quent bioassays [22] or even sorting by dissociating pieces of the solid support bear-
ing immobilized cells [23]. This chapter will focus on recent developments on
protein microarrays grafted by a series of different antibodies.

3.2 Antibody Microarrays for Cell Typing

3.2.1 Phenotyping Blood Cells

CDs are surface motifs identified as specific to a cell type, sub-cell type, differentia-
tion stage, or physiological process, etc. By immobilizing antibodies targeting a
specific CD, one may expect to obtain some cell arrangement on two dimensions
depending on their surface antigen. This strategy has been successfully used to
distinguish undifferentiated from differentiated fetal neural cells [24]. In this work,
authors showed that the number of differentiated neural cells was higher on anti-CD56
and anti-O4, lower on anti-CD57 and similar on anti-CD44, CD81, and anti-CD90
spots, by comparison to similar experiments done with undifferentiated cells. These
data were confirmed by counter-staining of the captured cells by labeling of intra-
cellular markers. Multiplexed information is then accessible by combining microar-
ray binding position to cross-labeling specific to another antigen. This explains why
this approach is sometimes referred as “solid-phase cytometry” [24].

From a quantitative point of view, absolute weighing of different cell populations
is delicate as the cell capture is highly dependent on several factors such as the anti-
bodies ability to bind to its antigen or the abundance of the antigen on the cell mem-
brane. Nevertheless, semiquantitative data has been reported [24-26]. Some authors
even showed how real-time monitoring of cell binding on an antibody microarray
could yield information on diffusion coefficients for membrane antigens diffusing
around the cells [26]. The measured values were consistent with diffusion coeffi-
cients measured by photo-bleaching experiments. Within one blood cell family, sub-
sets of cells were also distinguished by micro-patterning anti-CD4 and anti-CD8
antibodies on a surface [25, 27]. Ratios of these T-lymphocyte cells were also con-
firmed by control flow cytometry experiments. The coupling of such microarrays
with dedicated microfluidic systems showed remarkable results obtained by flowing
fleshly drawn peripheral blood mononuclear cells (PBMCs) [27], which might be a
useful tool for blood analysis in General Practitioner offices. Other screens were also
done for exploring a larger repertoire of surface antigens. Ellmark et al. [28] arrayed
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Fig.3.1 Dark-field microscopy of a B cell sample analyzed on an antibody microarray. Anti-CD44
spots applied down the left and right sides of the duplicate arrays provide array alignment for
defined antibody addresses. Anti-CD44 titrations are shown at the top and bottom of the array. The
magnified image shows individual cells captured on a dot. Reprinted from Cancer Letters, 265,
Ellmark P, Hogerkorp CM, Ek S, Belov L, Berglund M, Rosenquist R, Christopherson RI, and
Borrebaeck CA, Phenotypic protein profiling of different B cell sub-populations using antibody
CD-microarrays, 98-106, Copyright (2008), with permission from Elsevier

82 different antibodies on a chip (DotScan™ antibody microarray) and incubated T
cells collected from human tonsils. After incubation and washing, the slides were
scanned and images were acquired with an 8-bit camera (Fig. 3.1). Greyness levels
for each spot were processed according to an ANOVA test and four clusters were
identified and associated to B-lymphocyte subpopulations. These phenotypic profiles
allowed the characterization of naive B-lymphocytes, Germinal Center founder cells,
Germinal Center cells, and memory B cells. mRNA expression levels of the targeted
CD were also analyzed on genechips. DNA microarray data were similarly processed
by running an ANOVA test, and in concordance with results obtained on antibody
microarrays, 4 clusters corresponding to the same B cell subpopulations were distin-
guished. Among the 82 antibodies screened in this assay, 13 were clearly identified
as key antigens for sorting the B cell subfamilies by antibody microarray analysis, 23
were identified as key antigens for sorting the B cells by gene expression analysis,
and only 8 arose from both analyses. This feature thus strengthens the interest of
using antibody microarrays for getting better insights in phenotypic analysis.

3.2.2 Typing Bacteria

CDs are often used as a target of choice for eukaryotic cell binding. But other
surface antigens might also be selected in the search for contaminating bacteria,
for instance. Due to its large social impact on public health and cost for society
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(U.S. Department of Agriculture [29]), foodborne pathogens constitute a major
issue in the development of fast, reliable, affordable, and easy-to-operate biosen-
sors. Here, we will focus on the development of antibody microarrays for immuno-
assays developed to that end.

Since control assays are done on a routine basis, food-specific assays should
allow highly parallelized analysis. This has been done, for instance, by microarray-
ing antibodies in 96-multiwell microtiter plates [30]. After bacterial enrichment and
incubation in the plates, E. coli and Salmonella typhimurium bacteria were success-
fully detected with 107 and 10® colony forming units (CFU)/mL. After labeling of
the captured cells with a fluorophore-conjugated secondary antibody, immunoas-
says were automatically analyzed with a microplate reader. Distinguishing different
bacterial strains or species is important, but sometimes is not sufficient: one of the
most important examples is the characterization of E. coli strains, as some of them
are harmless while other strains—Shiga Toxin-producing E. coli (STEC)—are the
most researched foodborne pathogens. Among the STEC, six serogroups are fre-
quently encountered and named “the big 6” [31, 32]. One must add the O157:H7
E. coli serogroup, which is also regularly involved in foodborne diseases. Recently
Gehring et al. designed a high-throughput microarray capable of distinguishing
these serotypes [32]. This antibody microarray was capable of specifically captur-
ing each serotype—026, 045, 0103, O111, 0121, O145, O157—with minimum
cross-reactivity between each strain. The microarray readout was done by fluores-
cent scanning of the plates after bacteria capture and intracellular labeling by a
nucleic acid targeting reporter molecule. However, bacterial serotyping on protein
microarrays is not limited to STEC foodborne pathogens and can be extended to
clinical applications. Streptococcus pneumoniae is responsible for thousands of
deaths worldwide each year. One of the most important factors of pathogenicity of
this bacterial strain is due to the composition of the capsule covering the bacterial
surface. This surrounding layer is made of polysaccharides whose composition fires
a specific immune response by the infected host. So far, 91 different S. pneumoniae
serotypes have been identified [33]. Clustering their capsular antigenic determi-
nants identifies these serogroups. In order to facilitate the easy determination of
S. pneumoniae serotypes, Marimon et al. designed a protein microarray (Fig. 3.2)
containing antibodies targeting 83 of the 91 serotypes described [34]. 226 mucoid
isolates were analyzed (106 invasive isolates and a subset of 120 randomly selected
noninvasive isolates) and data were compared with the results obtained by PCR
analysis. Among this set of clinical samples, 37 different serotypes were distin-
guished among the 83 different serotypes targeted by the micro-arrayed antibodies
and no statistically relevant differences were observed by comparison with standard
methods used for S. pneumoniae serotyping.

Although most antibody microarrays used for bacteria typing or serotyping
involve surface scanning for fluorescent signal analysis, other approaches have been
described for microarray readout. For instance, surface-bound bacteria have been
labeled by gold nanoparticles (GNP) functionalized by lectins [35]. By constructing
a sandwich assay involving on one side an antibody/bacterial antigen recognition
and a lectin/bacterial sugar binding on the other side, a high selectivity was obtained
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serotype 2 serotype 6A

serotype 16A serotype 22A

Fig. 3.2 Streptococcus pneumonia typing on antibody microarrays. After binding of fluorophore-
labeled bacteria on microarray-wells, fluorescent signal is detected wherever the printed antibodies
(specific to serotypes 2, 6A, 16A, and 22A) interact with the capsular antigens carried by the iso-
late being tested. The reference grid, made up of spots containing the fluorophore streptavidin-
Cy3, allows easy identification of the antisera. Reprinted from J Microbiol Methods 80, Marimon
JM, Monasterio A, Ercibengoa M, Pascual J, Prieto I, Simon L, and Perez-Trallero E, Antibody
microarray typing, a novel technique for Streptococcus pneumoniae serotyping. 274—80, Copyright
(2010), with permission from Elsevier

for E. coli and Bacillus subtilis strain detection. The labeling of bacteria with GNP
followed by incubation with silver nitrate and hydroquinone initiates the electro-less
silver deposition on the GNP and enables the identification of positive features by
resonant light scattering (RLS). Such amplification processes gave significant results,
as the limit of detection (LOD) was as low as 10° bacteria/mL. Although most anti-
body microarrays are analyzed after targeted labeling, there is a growing interest for
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label-free technologies, particularly on surface plasmon resonance (SPR) detection
[26, 36-38]. Since samples are analyzed by the time they are deposited onto the
microarray, real-time analysis of cell capture can be recorded. In the specific case of
bacterial detection on microarray red by SPR, the usual LOD cannot be below the
10*-10° CFU/mL range. Although such levels might be observed in naturally con-
taminated samples, international standards request the detection of contaminating
bacteria present at concentrations as low as only a few bacteria per milliliter. The
difference of several orders of magnitude between the desired concentration for
detection in food and the LOD observed in standard bacterial assays requires one to
first run an amplification step to enrich the sample with bacteria. This phase usually
lasts for one night to a few days and thus significantly impacts the overall assay dura-
tion. Recently, Bouguelia et al. proposed an original approach based on a culture-
capture-measure (CCM) of living bacteria on antibody microarrays [39]. The method
is based on the incubation of raw sample—diluted to 1/10th in liquid culture medium
according to standard methods—on a microarray and incubation at optimal tempera-
ture in an SPR imager. By monitoring in real-time the bacterial growth on the protein
microarrays, remarkable LOD were reached with the detection of only a few
Salmonella in less than 15 h. Interestingly, data analysis allowed the access to initial
contamination levels, regardless of the strain detected in the sample. Due to the sig-
nificant improvement in assay duration and easy operation, such label-free method-
ologies appear as promising approaches for living cell detection.

Besides food safety and clinical applications, the detection and characterization
of bacteria in the environment might also be of significant interest. To that end,
antibody microarrays have also been shown to be interesting tools, as they may
appear as complementary to genetic-based assays (mostly PCR-based detection)
[40, 41]. Series of soil samples (sediments, rock, granite) and water-based samples
(ice, hydrothermal spring, mud) worldwide (Yellowstone National Park, Argentina
desert, South African mine, Iceland, Antarctica, Atacama Desert, etc.) have been
processed on antibody microarrays for detecting environmental bacteria. Using a
200-antibody microarray, Rivas et al. managed to map microbial biomarkers spe-
cific to the geological environment [41]. Vibrio spp., Pseudomonas spp., and
Actinobacteria spp. were successfully identified and confirmed by control sample
cloning and sequencing of the bacterial 16S rRNA gene. Although assays are under-
taken on lysed bacteria—which supposedly improves the LOD—the bacterial con-
centration required for specific detection is still quite high (around 105 CFU/mL) by
comparison to concentrations that might be encountered in their native environ-
ment. This limit thus implies the necessity of either a pre-concentration step or an
enrichment step before running the microarray-based immunoassay. Nevertheless,
the antibody microarray approach turns out to be an interesting tool for environmen-
tal applications, mainly due to the optimized storage protocols, and to the robust-
ness of these microarrays, making them ideal candidates for extreme conditions
such as planetary exploration [42, 43]. Dedicated instruments containing a sample
preparation unit (for extraction and ultra-sonication) and a sample analysis unit (for
fluorescent detection) were developed and optimized to detect bacteria and spores
at levels of 103 particles/mL.
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3.3 Characterizing Diseases Using Antibody Microarrays

Many pathologies trigger protein expression disorders. This is particularly the case
with cancers, since they underlie several genetic disorders. By targeting specific cell
surface markers, antibody microarrays turned out to be powerful tools for studying
whole cells drawn from patients. From a practical point of view, fluorescence-
assisted cell sorting (FACS) remains the technique of choice for probing the expres-
sion of cell surface markers. But, due to the limitation of excitation and emission
spectra of fluorophores used in routine in flow cytometry, the multiplexed analysis
of CD expression is often limited to 3-5 targets per cell sample. On the other hand,
thanks to the high-throughput arraying of antibodies on surfaces, protein microarray
developments are more often limited by the availability of a large repertoire of
CD-specific antibodies than by surface density saturation.

The antibody microarray approach for disease or pathological disorder monitor-
ing has been developed for more than a decade by Belov et al. on leukocytes from
healthy or sick patients [44]. Early studies have been carried out on a series of 60
antibodies micro-arrayed on nitrocellulose membranes incubated with leukocytes.
The fluorescent labeling of captured cells with either anti-CD3 FITC or anti-CD19
PE antibodies allowed the identification of T and B lymphocytes, respectively.
Authors demonstrated that several stages of leukemia disease could be diagnosed by
comparing signal patterns with responses from normal pre-sorted leukocytes. The
results were confirmed by analysis on cDNA microarrays and flow cytometry analy-
sis. Although protein microarrays appear to be a powerful tool for whole-cell analy-
sis, one should indicate that this technology is not intended to replace flow cytometry,
particularly when several questions have to be addressed at the individual cell level,
as cells are captured on features functionalized by a single probe, the direct capture
of cells only informs the presence of one CD on its surface. Sandwich assays—with
the limitation of emission/excitation spectra—with fluorescently labeled antibodies
might be done but cannot be extended to a large number of targets as signal deconvo-
lution requires large computing resources. Similar experiments were also led on
larger antibody collections (82 micro-arrayed antibodies) and allowed the identifica-
tion of normal B cell populations and malignant B cell populations [28]: after cell
binding, the specific response of each feature allowed a principle component analysis
that clearly identified germinal center founder cell populations and normal naive B
cells. More recently, this group published results obtained on antibody microarrays
with higher number of probes (147 antibodies) still targeting CD antigens. This new
generation of microarrays (named DotScan™ microarrays) allowed the identifica-
tion of expression profiles specific to discrete leukemia subtypes [45]. The thorough
analysis of the collected data outlined several differences between normal leukocytes
and acute myeloid leukemia (AML) with AMC cells expressing the myeloid antigens
(CD13, CD15, and CD33), the stem cell precursor markers (CD43 and CD117) and
a range of other antigens (e.g., CD4, which is usually highly specific to T lympho-
cytes). Once again, the authors outline the need to run counter labeling with appro-
priate antibodies to strengthen the data issued from one subpopulation.
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Leukocyte populations can also be interrogated for non-cancer disorders;
recently, an 82-antibody microarray has been designed and tested for the diagnosis
of systemic lupus erythematosus (SLE) [46]. SLE is an immune inflammatory dis-
ease characterized by abnormal autoantibody production. This disorder is often dif-
ficult to characterize as the diagnosis is based on clinical symptoms that may take
years to appear. Soluble biomarkers have been identified (serum complement C3
and C4 and anti-dsDNA antibody) but they are not sufficient to reliably characterize
this disease. Using a specific set of immobilized antibodies, PBMCs from both
healthy donors and SLE-diagnosed patients, these were incubated on protein micro-
arrays. Interestingly, the data analysis not only allowed one to distinguish these two
patient populations, but it also allowed the separation of patients with SLE from
patients with other autoimmune disorders.

As explained in the introduction of this chapter, most cellular assays done on
antibody microarrays are done with circulating cells. However, adherent cells have
also been processed on protein microarrays for disease diagnosis [47, 48]. Kaufman
et al. prepared a microarray specific for metastatic melanoma and processed clinical
lymph node samples [47]. Such samples contain a large variety of cell types includ-
ing cancer cells, leukocytes, and also lymph node stromal cells and endothelial
cells. To increase the cell subpopulation specificity, samples were treated with anti-
CD45 antibody-coated magnetic beads that allowed melanoma cells and leukocytes
to be enriched and profiled separately. Other adherent cells have been studied on
protein microarrays for determining disease-specific expression profiles. Liu-
spotted antibodies (119 CD-specific antibodies) on polystyrene Petri dishes and
screened several prostate cancer cell lines [49]. Although some heterogeneity was
observed in expression profiles, abnormal profiles specific to each cancer cell line
were identified.

Besides diagnosis applications, there has been a step forward in the monitoring
of disease stages, such as in the case of HIV patients [50]. CD4- and CD8-expressing
lymphocytes are commonly used as markers for HIV infection evolution in patients.
To that end, absolute and relative counting of these T-lymphocyte populations is
regularly followed. Belov’s group studied purified CD4- and CD8-expressing sets
of cells upon incubation on antibody microarrays. Three pools of blood samples
were chosen: one from long-term non-progressor patients naturally controlling vire-
mia; one from HIV+ patients under highly active antiretroviral therapy (HAART)
with low viral load (<50 copies/mL); and the last from HIV patients under HAART
with viremia. Experiments were led on microarrays functionalized with 135 anti-
bodies targeting surface antigens. Pairwise analysis of the results allowed the iden-
tification of an antigen set containing 17 antigens, 5 antigens of which have never
been described so far as involved in HIV disease progression. One year later, this
group published other results of interest on the application of such microarrays for
HIV-infected patient follow-up [51]. In this manuscript, there were two pools of
HIV patients with HAART: one group of patients achieving sustainable response by
maintaining below detectable plasma viremia, and the other responding intermit-
tently to the treatment. Among the 135 antibodies used on this device, the expres-
sion of seven markers was common to the combined groups, whereas the expression
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levels of ten markers were different for these pools. Interestingly, expression levels
of CD9, CD11a, CD27, CD28, and CD11c, CD44, CD49d, CD49e, and CD54 were
directly linked to CD4 and CDS cell counts, respectively.

3.4 Functional Antibody Microarrays: Application
to Cell Secretion Detection

3.4.1 Analyzing Cellular Populations on a Protein Microarray

As described earlier in this chapter, protein microarrays are divided into two major
classes: analytical and functional devices [52]. The interest in developing functional
microarrays is partly due to the benefits of assay miniaturization; indeed, by decreas-
ing sample volumes, the surface-to-volume ratio increases dramatically. This spe-
cific feature thus motivated surface protein immobilization processes to go one step
further into cellular biological insights [53]. By targeting circulating blood cells,
biologists and physicians hope to get more details on physiological events occurring
at the cellular level. Since flowing cells have poor physical interference with other
cells, one of the most important physiological phenomena is the production and
secretion of soluble products that react with other cells at a later time, and in this
manner channel information through the body. The library of secreted products—
sometimes referred to as a secretome—includes mainly hormones and cytokines.
Hormones remain an important target of secreted products in many diagnosis
assays. Their main characteristics reside in the fact that hormones are secreted by a
specific cell type and are diffused through the body before reaching one unique
target cell type. In the case of immunological responses, which are also of primary
interest [54-56], the problem at hand shows a much higher degree of complexity, as
the same cytokine might be secreted by several cell types and may target different
cell types. The large repertoire of both cytokines and biological events fired by these
soluble factors explains their importance for clinical diagnosis [54]. ELISAs are
very popular assays because they allow the sensitive and qualitative detection of
cytokines in vitro, although no information on secreting cells is produced. In vitro
culture of immune cells and measurements of their reactivity toward extracellular
agents (antigenic stimulation for instance) at the cellular level is also of important
interest [57, 58]. This is motivated by the evidence that in vitro measurements of
cytokine levels might be directly correlated to in vivo lymphocyte activity [59].
Besides whole-cell recognition and phenotype characterization, antibody micro-
arrays have also been used in functional cell-based assays and more specifically, for
the monitoring of cytokine release in the extracellular medium [60]. To that end,
Kasai et al. developed glass slides functionalized with anti-IL1b antibody and depos-
ited islets of cells entrapped in collagen gel droplets [61]. This approach permits the
deposition of several cell types on a single microarray and allows interrogation of
them for the production of one cytokine. The plotting of a calibration curve obtained
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by incubating known amounts of cytokine and scanning electrochemical microscopy
(SECM) analysis allowed the quantitative assessment of cytokine production at the
droplet level. However, cell-specific capture and cytokine detection might also be
done on the same antibody microarray [27, 62]. Revzins’ group proposed biochips
functionalized with series of spots containing antilymphocytes antibodies (CD4 and
CD8) and spotted alongside antibodies specific to IFNy and IL-2 cytokines [27].
After T lymphocyte capture on the spots and incubation, cytokines spontaneously
diffused and were immobilized on cytokine-specific surrounding spots. Both CD4+
and CD8+ subpopulations were independently studied for each cytokine revealed in
ELISA-like sandwich labeling. The same approach was also validated on hepato-
cytes (adherent cells), processed in a similar manner and interrogated for
al-antitrypsin production [62]. In this latter example, hepatocytes were immobi-
lized using a protein from the extracellular matrix (collagen) rather than with an
antibody targeting cell surface antigens. In an attempt to describe original antibody-
based multiplexed platforms, some authors also engineered DNA-conjugated anti-
bodies for microarray applications [36, 63]. This strategy was successfully applied
to the simultaneous capture of cells and detection of secreted products [63] and
showed remarkable LOD (10 fM for IL-2) due to a nanoparticle amplification effect.

Functional assays dedicated to immune responses after antigenic stimulation are
important for control of vaccination efficiency, and also for epitope screening or
identification of multiple epitope-specific T cell populations. An elegant way to sort
these cellular subpopulations is based on the immobilization on a surface of pep-
tides bound to class I or class II MHC (major histocompatibility complex) mole-
cules rather than antibodies targeting CD [64]. Such an approach showed significant
results, thus validating the use of such protein arrays for the identification of rare T
lymphocytes from vaccinated mice. More recently, the same group increased the
complexity of such microarrays by combining cytokine-specific antibodies to
peptide-MHC [65]. Blood drawn from patients was processed on a biochip, cap-
tured cells were stimulated upon pMHC binding, and T cell responses were moni-
tored (secretion of IFNy, TNFa, Granzyme B, IP-10, IL-2, IL6, and IL-1b). Samples
from patients suffering from melanoma and who received vaccination showed sta-
tistically different profiles than those who did not receive vaccination. One interest-
ing conclusion of this work is the correlation between high levels of IFNy and TNFx
and the arrest of tumor development. Such tools thus provide an easy-to-process
device for the fast assessment of vaccination efficiency.

A common feature for the example of functional protein microarrays presented
here is the requirement of a labeling step for cytokine production read-out. Although
fluorescent labeling or nanoparticle conjugation often permits an improvement to
the LOD, the end-point analysis impedes access to kinetic parameters. Due to the
very low amounts of cytokines secreted by few hundreds of cells immobilized on a
surface, there are only a few examples of label-free detection of cytokines on pro-
tein microarrays [38, 66]. SPR turns out to be a suitable approach for monitoring
cytokine capture on antibody microarrays; either when the analysis is done down-
stream of the cell-specific capture [66] or when cell and cytokine capture are com-
pleted on a single biochip [38].
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3.4.2 On the Use of Microtechnologies for Designing
New Functional Microarrays

Since the last two decades, device miniaturization for biomedical applications ben-
efited from the developments in micro- and nanotechnologies, in particular for sur-
face functionalization. For instance, micro-contact printing using polymeric molds
enabled the deposition of proteins on features at the micrometer level [67].
Interestingly, by patterning a surface at length scales smaller than individual cells,
new insights became accessible. This can be illustrated by the work of Shen et al.
who patterned surfaces with different proteins and followed the secreting profiles as
a function of stimulating protein localization (Fig. 3.3). During immune cascades
involving T cells, it is known that cell-cell communication occurs mainly through
small intercellular contacts (>100 pm?) termed immunological synapses (IS). These
synapses involve protein complexes, which will interact in a given order to eventu-
ally activate the T cell. Molecular studies identified the involvement of several com-
plexes, specifically the TCR and CD28 complexes. Cellular co-stimulation, often
initiated by complex binding, seems to be more important when CD28 complexes
are segregated and surrounding the IS. This hypothesis was tested by arraying cen-
tral features with anti-CD3 antibodies (binding and activating the TCR complex),
and microarraying smaller features—functionalized with anti-CD28 antibodies—in
an intermingled matrix. Monitoring IL-2 production at the individual cell level
assessed stimulation efficiency. Data analysis confirmed that presenting anti-CD28
antibodies in the cell periphery of anti-CD3 spots enhances the IL-2 secretion by
CD4+ T lymphocytes. These conclusions were strengthened by control experiments
led on similar arrays where each feature contained a mixture of both antibodies, with
the result being that they did not trigger a significant secreting amplification effect.

3.4.3 Analyzing Individual Cellular Responses
on an Antibody Microarray

Another significant advance in cell-based assays due to recent improvements in
microtechnology is the access to individual cell responses. On the contrary to single-
cell assays where one unique object is observed [68], individual-cell assays enable
the monitoring of physiological events occurring at the single-cell level from a large
number of individual cells. The access to individual responses measured for each
member of a cell population is important from a biological point of view, as signifi-
cant variations have been observed even through genetically similar cells [69].
Surface patterning techniques permitted the creation of large series of micro-
chambers where individual cells can be isolated and cultured for a few hours
[70, 71]. Han et al. designed and fabricated parallelized micro-cuvettes by micro-
engraving and incubating individual immune cells on this array. After covering
the array with a cover glass slide functionalized with four different antibodies
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Fig. 3.3 Multiplexed detection of T cell interaction with micro-patterned, co-stimulatory arrays.
(a) CD4" cells were presented with micro-arrayed antibodies that capture the microscale organiza-
tion of ligands associated with T cell co-stimulation. Colocalized patterns were created by mixing
anti-CD3 and anti-CD28 antibodies (yellow) in a single step (b), while segregated patterns were
defined by sequential patterning of anti-CD3 (red ) and anti-CD28 (green) on a single surface (c).
(Inset) Fluorescence profile across a segregated site. [CAM-1 was coated onto the remainder of
these surfaces but is omitted here for clarity (scale bar: 10 pm). Reprinted from Shen K, Thomas
VK, Dustin ML, and Kam LC (2008) Micropatterning of costimulatory ligands enhances CD4+ T
cell function. Proc Natl Acad Sci U S A 105, 7791-6 with permission from PNAS

(anti-IL-6, anti-IL-17, anti-IFNy, anti-IL-2, and anti-TNFa), secretion levels were
determined by molecular sandwich-like construction with fluorescently labeled anti-
bodies and secreting rates per cell were calculated for each cytokine. Microfluidics
also significantly impacted individual cell-based assays by enabling the channeling
and isolation of individual cells [72] (Situma Biomol 2006). On an experimental
point of view, the usage of polydimethylsiloxane (PDMS) molds paved the way to a
large panel of applications focused on cell analysis. This is illustrated either by static
assays where microstructures (Fig. 3.4) were easily processed by PDMS molding
[71] or on dynamic assays where microstructures are used for injecting, separating,
and studying cells on antibody microarrays [73, 74]. In their former work, Heaths’
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Fig. 3.4 A high-throughput multiplexed single cell secretomic assay on antibody microarray.
(a) Schematic illustration showing integration of a high-density antibody barcode array chip and a
subnanoliter micro-chamber array chip for a protein secretion assay at the single cell level.
(b) Scanned fluorescence image showing high uniformity of protein loading across the entire bar-
code microarray. (¢) Photograph stitched from a large number of individual pictures collected by an
automated, motorized phase contrast microscope. Scale bar 2 mm. The first enlarged image shows
a column of micro-chamber array (scale bar 300 pm). The second enlarged image shows individual
cells loaded in micro-chambers (scale bar 50 pm). Reprinted with permission from Lu Y, et al.
Analytical Chemistry, (2013), 85(4):2548-2556. Copyright (2013) American Chemical Society

group fabricated a microfluidic platform designed for multiplexed analysis of
individual cells isolated in more than 1,000 nL-volume micro-chambers [73]. This
device is composed of 80 microchannels actuated by valves, enabling the isolation
of more than 10* cells in individual reaction chambers. Each chamber is functional-
ized by 12 stripes of proteins specific to secreted products. Human macrophages
were chemically activated for cytokine production and production of IFNy, TNFa,
IL-2, IL-1a, IL-1b, IL-6, IL-10, and IL-12 was subsequently measured. Control
experiments were led by intra-cellular cytokine staining (ICS) of cytokines and flow
cytometry. This analysis emphasized the discrepancy of secreting and non-secreting
cells, although macrophages were differentiated from the THP-1 human cell line. A
similar experiment was also undertaken with PBMC cells, enriched for CD3 and
CD8 markers. The authors observed a high level of functional heterogeneity within
this subpopulation sorted with these two markers. The simultaneous assessment of
secreting properties for the set of twelve proteins confirmed the polyfunctional
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property of these cells, since an average of more than five different secreted proteins
were detected. Such a complex network of secretion profiles fuels the need for new
tools suitable for the multiplexed analysis of individual cells.

3.5 Conclusion

The development of surfaces functionalized with series of probes in the 1980s paved
the way for a tremendous number of applications based on biomolecular recogni-
tion. The parallelized analysis of a large number of assays, conjugated to recent
developments in microtechnologies, i.e., microfluidics, brought a large number of
advantages such as reduction in regent cost, enhancement in assay speed, high
potential for mass production of devices at low cost, the ability to integrate several
processing steps into a single system, and easy operation by untrained technicians.
Although early examples of microarrays were described with immobilized proteins
for parallelized immune-recognition assays, the most rapid development in the bio-
medical field was observed with DNA microarrays. This feature might be partly
explained by some limitations linked to protein (mostly antibody) handling, which
are more expensive to produce than short DNA strands, more difficult to site-
specifically immobilize on a surface, and more sensitive to environmental condi-
tions (buffer, salt concentration, humidity, adjuvants, etc.) after deposition. However,
proteins are involved in almost all biochemical processes that occur in a cell, most
of which cannot be investigated by utilizing DNA microarrays. DNA biochips thus
fail to shed light on events occurring downstream of protein expressions. Significant
efforts have been made in engineering alternative probe molecules exhibiting spe-
cific binding properties and chemical stability, along with easy chemical derivatiza-
tion. Among potential ligands, aptamers have had much focused attention and effort
for more than two decades, but so far have failed in replacing proteins in biochemi-
cal assays used on a routine basis in analysis laboratories [75]. The unique binding
properties and diversity of proteins explain the constant development of protein
microarrays [76]. Among the proteins used as probes immobilized on surfaces, anti-
bodies represent an abundant class of molecules deposited on microarrays. As dem-
onstrated in the very first example of microarrays [15], the targeting of whole native
cells is an important issue in several biomedical applications. More sophisticated
antibody microarrays are arising, pushed forward by the developments led in paral-
lel in micro- and nanotechnologies [72]. The recent developments remain focused
on whole eukaryotic or prokaryotic cell identification, but may also allow access to
physiological responses, as illustrated in cellular detection assays carried out on
antibody biochips. However, cell-based miniaturized assays do not allow the inves-
tigation regarding physiological events at the individual cell level. An emblematic
example is the search for rare cells—either stem cells or CTCs—that remain highly
challenging to detect on microarrays because they are present at low levels in a
biological sample and only a tiny amount of material is usually loaded on each run.
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Nevertheless, antibody microarrays continue to raise interest for simple, robust,
fast, and specific assays, as illustrated by recent examples of biochip fabrication for
space missions and extraterrestrial life detection on Mars [43].
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