Chapter 19

Cell Microarrays for Biomedical Applications

Mario Rothbauer, Verena Charwat, and Peter Ertl

Abstract

In this chapter the state of the art of live cell microarrays for high-throughput biological assays are reviewed.
The fabrication of novel microarrays with respect to material science and cell patterning methods is
included. A main focus of the chapter is on various aspects of the application of cell microarrays by provid-
ing selected examples in research fields such as biomaterials, stem cell biology and neuroscience.
Additionally, the importance of microfluidic technologies for high-throughput on-chip live-cell microar-
rays is highlighted for single-cell and multi-cell assays as well as for 3D tissue constructs.
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1 Introduction

The implementation of micromachining and micro-scale technolo-
gies for biomedical applications enables the advanced in vitro cell
analysis using cellular microarrays, microfluidic systems, and micro-
scale diagnostics. The greatest benefit of miniaturized cell analysis
systems is the ability to provide quantitative data in real time with
high reliability and sensitivity, which are key parameters for any
cell-based assay. An additional advantage of cell-based microarrays
is their inherent high-throughput capability, which allows for large-
scale screening of single cells, multi-cell populations, and spher-
oids. The interest in cell microarrays is also reflected in a rapid
increase in the number of publications over a period of 10 years.
Figure 1 provides an overview of number of manuscripts published
between 2000 and 2013 based on article search in the ScienceDirect
database using keywords such as microarray, cell microarrays, and
3D and single-cell microarrays.

Miniaturization of cell assays using cell microarrays increases
not only throughput but also significantly reduces the consump-
tion of reagents and the requirement of cellular material, which are
key criteria when using clinical grade reagents and primary cell
cultures. The proven cost reduction of cell-based microarrays
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Fig. 1 (a) Histogram illustrating the number of publications containing the keywords “microarrays” and “live
cell microarrays” over a 13-year period. (b) Histogram illustrating the number of publications related to “single
cell,” “3D/ spheroid,” and “cell microarrays” between 2000 and 2013

makes them a highly attractive tool for a wide range of applications
in pharmacology, toxicology and stem cell research [1].
Consequently, cell microarrays have been explored for pharmaco-
logical applications to determine gene expression, cell-to-surface
interaction, extracellular matrix (ECM) production, cell migration
and proliferation [2]. Additionally a variety of cell microarrays have
been used to study alterations of intracellular/extracellular bio-
chemistry, cell morphology, motility and adhesion, survival /apop-
tosis, and proliferative properties.

Generally, there are two strategies for the fabrication of micro-
arrays for cell analysis and they involve either direct or indirect cell
patterning approaches. The indirect method involves the placing
of cells on top of pre-modified surfaces that allow for cell attach-
ment. The most important application of indirect patterning is the
so-called “reverse transfection,” developed by the Sabbatini group
in 2001, where small spots of vector constructs are printed on a
slide, and a cell layer is then cultivated on the slide [3]. Functional
assays are subsequently performed to identify effects of gene and
protein overexpression or knockdown. Indirect cell patterning
requires proper surface chemistry and applied functionalization
procedures become a determining factor in the successful fabrica-
tion of cell microarrays. On the other hand, the direct cell patter-
ing approach is mainly based on integrated geometric features
within the microdevice including channels, grooves, wells, and pil-
lars that allow for efficient cell capture. A recent technological
advancement of cell-based microarrays involves their combination
with microfluidics to enable nutrient supply and waste removal for
optimum cell culture conditions. Microfluidics is considered to be
a technology that allows for the precise manipulation and control
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of very small fluid volumes down to pL scale. The main advantages
of integrating microfluidic channels to cell-based microarrays is the
ability to regulate and transport fluids, soluble factors, drug candi-
dates, and bioactive substances at specific solution concentrations
and gradients. The application of microfluidics has already shown
to create new opportunities for the spatial and temporal control of
cell proliferation and stimuli [4]. For instance, microfluidic cell
assays have been used for conducting fast screening experiments,
evaluating drug-related toxicity, and elucidating optimal cell cul-
ture conditions. The current trend towards the integration of sen-
sory systems into cell-based microsystems leads to the creation of
fully automated, highly integrated multifunctional Lab-on-a-Chip
(LOC) systems for biomedical, biomaterial, and pharmaceutical
research [5-9].

2 Live-Cell Microarrays

Understanding the impact of bioactive substances on cell cultures
is a fundamental aspect of many biomedical research fields ranging
from cell biology studies to drug testing and development of opti-
mized cell cultivation strategies. Originating from the DNA micro-
array technology, patterns of small molecules and peptides were
initially used to assess their suitability as cell adhesion promoters in
large-scale screening efforts. For instance, screening of cell
adhesion-promoting proteins was investigated by Ito et al. in 2005
using photochemistry for microarray patterning [10].

In another early study, different cell types were seeded on a
peptide array to analyze cellular activities including cell adhesion
and functional phosphorylation in response to different stimuli
[11]. In a similar study, a large range of peptides was screened for
their potential of binding Jurkat cells on top of predefined patterns
[12]. There were other functional screening studies which investi-
gated immune responses of antigen-specific T-cells mediated by
major histocompatibility complex (MHC) using the peptide-MHC
arrays [ 13, 14]. In addition to peptides, another substance of great
interest for cell interaction studies is the glycans, which are known
to play important cell biological roles including cell—cell signaling
and immune responses. As an example, selective binding of CD4*
T cells to carbohydrates was demonstrated by microarray screening
[15]. Additionally, cell-membrane interactions have been studied
in the microarray format where a large number of cell adhesion
molecules were characterized in the presence of different mem-
brane compositions [16, 17]. Furthermore, cell microarrays have
also been used for functional analysis of polymers for application in
cell culture handling. In 2004, Anderson et al. screened a polymer
library for transfection efficiency in cancer cells with the goal to
find a nonviral DNA vector for gene therapy in cancer treatment
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[18]. Another interesting microarray screening for polymers was
aimed at identifying relationships between surface chemical struc-
ture and related protein adsorption), and the effect of polymer on
cell adhesion [19].

In this respect, cell microarrays demonstrated their usefulness to
screen for cellular response to synthetic and natural biomaterials such
as synthetic polymers and ECM-derived adhesion promoters, respec-
tively [20-22]. The focus of these studies is based on surface chemis-
try and surface topography as well as biological interactions with
surface-patterned biomolecules. For instance, heterogenic polymer-
based microarrays can be used to identify new biomaterials that sup-
portadsorption of ECM-derived adhesion promoters, thus promoting
cell adhesion [23]. Another approach implemented switchable
thermo-responsive surface microarrays to support cell adhesion with
consecutive nonenzymatic sample release upon temperature decrease
[24, 25]. An alternative application of cell microarrays is the screen-
ing of antifouling surfaces that are able to resist bacterial adhesion,
which is important to prevent biofilm formation at the surfaces of
biomaterials [26-28]. Furthermore, microarrays containing ditferent
topographic patterns have been used to elucidate the interplay
between surface topography and cellular behavior, and to find
improved biomaterials for cell culture applications [29, 30].

The use of antibody microarrays as a platform for high-
throughput screening of immune cells in blood to detect specific
surface markers on immune cells constitutes a promising approach.
Here, single cells and whole cell populations can readily be captured
on the patterned antibody regions and functionalized microstruc-
tures because of specific cell-to-surface interactions [31, 32]. One
prominent example involves the use of antibody arrays for pheno-
typing of blood cells to identify subpopulations of CD19* B lym-
phocytes, CD16* neutrophils, CD36* monocytes as well as CD4*/
CD8* T cells [33-35]. In a similar manner, antibody arrays have
been applied for serotyping prokaryotic cells [36, 37]. Overall
speaking, the antibody-based microarray technology can advance
state-of-the-art monitoring of disease and pathological conditions
(HIV, leukemia, circulating tumor cells, etc.) by increasing the sam-
ple throughput as well as the throughput of antigens to be tested.

Inrecent years, live-cell microarrays have mainly been employed
for parallelization and high-throughput analyses in the field of cell
biology, tissue engineering and tissue regeneration to gain a deeper
understanding of dynamic cell response. For instance, cell-based
microarrays have been applied for investigation of cell proliferation
and morphology changes [ 38], protein expression [ 39 ], transfection
of cell cultures; imaging of (single) cells and tissue constructs [40],
as well as for cell—cell, cell-surface, and cell-substance interaction
studies. We especially want to emphasize the importance of cell
microarray technology in the field of neuroscience, stem cell
research as well as cell-to-surface interaction studies. Figure 2
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Fig. 2 Live-cell microarray technology. (a) Microarrays based on planar patterns, wells and 3D microstructures,
(b) various applications of live-cell microarray for cell analysis

shows a schematic overview of life-cell microarray technology
based on planar spots, cavities, and microwells as well as 3D micro-
structures for cell analysis applications.

With the advent of cell-based personalized therapies, cell
microarrays have been increasingly applied in stem cell research for
the analysis of the fate of cellular processes and of biomaterial inter-
action, and for the screening of cell-specific stimuli [41]. As for the
fate of cellular processes, where the spatiotemporal control of the
cellular microenvironment plays a major role, microarrays have
been applied to control cell morphology as well as migration, dif-
ferentiation, proliferation and the health status of stem cells [42-
44]. As an example, the responses of human embryonic stem cells
(hES) to biomaterials were investigated using microarrays reveal-
ing the impact of individual compositions of biomaterials on stem
cell [20, 21]. Furthermore, ECM microarrays have been employed
for high-throughput analysis of environmental factors that guide
stem cell function and fate. To account for the natural 3D micro-
environment of cocultures that is present in native tissues, spheroid
microarrays [45] have been recently developed to improve the dif-
ferentiation efficiency of multipotent mesenchymal stem cells
(MSCs). In this study, the osteogenic and adipogenic differentia-
tion efficiency as well as phenotype maintenance (see Fig. 3) was
significantly increased by introduction of 100 pm-sized cell spher-
oid microarrays.

Another prominent application of live-cell microarrays is in the
field of neuroscience, where the analysis of single neurons as well
as large neuronal populations is of highest interest for understanding
brain development including the onset and progression of
degenerative diseases. Here, live-cell microarrays are able to over-
come limitations of conventional analysis technologies that mainly
record neuronal data based on the activity of cellular clusters, thus
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Fig. 3 Comparison between monolayer culture and spheroid in the live-cell microarray technology on the
capacity of mesenchymal stem cells (MSCs) to differentiate in osteogenic and adipogenic lineage (adapted
from ref. 45, with permission from Elsevier)

only providing information on subpopulations of neurons [46]. It
is important to note that spatially resolved analysis of neuronal
populations have highlighted that local as well as global cell densi-
ties play a crucial role in neural network activity [47, 48].
Consequently, cell patterning approaches combined with multi-
electrode arrays (MEA) containing 4,096 single electrodes have
shown to retain the key properties of random neuronal networks
such as transmission, short-term plasticity as well as bulk network
activity [49]. In a similar manner, MEAs with an even higher spot
density of 11,011 microelectrodes has been used to visualize net-
work topography and action potential propagation of neurons
upon stimulation and record dynamic responses with single-cell
resolution [50]. Figure 4 shows examples of microarray layouts for
the investigation of neural networks.
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Fig. 4 Live-cell microarray for applications in neuroscience. (a) Microdevice with
60 electrodes for the analysis of multiple cellular populations (A-E) (adapted
from ref. 46 with permission from Elsevier). (b) Multi-electrode array MEA bio-
sensor featuring 4096 electrodes for high-resolution measurements of neuronal
networks. (¢) Micro-contact printed PLL/agarose surface patterns for establish-
ment of a symmetric network of primary neurons. Scale bar, 200 um

3 Microfluidic Live-Cell Microarrays

As outlined in the previous section, cell-based microarrays have
enabled deeper insights into important cell biological aspects such
as cell-to-cell and cell-to-surface interactions, and have mainly
been applied for toxicological screenings of pharmaceutical com-
pounds and nanomaterials. Recent advancements of live-cell
microarrays included the integration of microfluidic channels that
allow for further miniaturization and automation of cell-based
assays. Developed in the early 1980s, microfabrication and MEMS
technology were revolutionized by Whitesides and colleagues in
the late 1990s with the introduction of soft lithography, which
made microfluidic technology available to a broad scientific com-
munity [51]. The main advantage of microfluidics for cell analysis
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Fig. 5 Schematic overview of microfluidic single-cell and 3D microarray technologies

3.1 Microfluidic
Single-Gell
Microarrays

is the incorporation of automated fluid handling routines, which
allows for reproducible cell culture conditions. Some of the many
benefits of microfluidics for cell culture handling include control
over surface chemistry, topography, and geometry as well as the
precise transport of fluids and soluble factors (growth factors etc.).
Therefore, the increasing effort on combining microfluidics with
various cell patterning methods has led to the development of
next-generation live-cell microarrays over the last decade [52-55].
For instance, one of the major issues addressed by microfluidic
live-cell microarrays is the inherent heterogeneity of cell popula-
tions by developing high-throughput single-cell microarrays that
recapitulate the biological situation, thus providing in vitro data
that are more relevant to in vivo situations [56].

Based on the relevance of microfluidic live-cell microarrays for
industrial and clinical applications, the various advancements of
these microarrays for single-cell and three-dimensional assays (see
Fig. 5) are described in more detail in the following two sections.

Practical applications of microfluidic single-cell arrays include
tumor biology, stem cell biology, antibiotic resistance screening, as
well as single-cell immune-typing. As indicated above, microfluidic
single-cell microarrays are ideally suited to assess the heterogeneity
within a cell population by analyzing the responses of a large num-
ber of individual cells to provide information on subpopulation
distribution, cellular activities, and the ratio of responding and
non-responding cells. It is important to highlight that the intrinsic
cellular heterogeneity of single circulating tumor cells (CTCs)
determines the metastatic potential, thus further highlighting the
importance of single-cell analysis approaches. The main emphasis
in tumor biology, therefore, is concerned with understanding the
formation and growth of primary tumors, local tumor cell inva-
sion, migration and extravasation, and finally, tumor cell metastasis.
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However, one of the major limitations of assessing for example the
metastatic potential of CTCs is the inherent difficulty of isolating
10-100 rare cells in blood within high background of normal
blood cells (10° to 10'° cells per mL). Microfluidic single-cell
arrays can facilitate the study of CTCs by providing the diagnostic
tools capable of isolating and analyzing CTCs using surface marker-
based and marker-free methods. While surface marker-based meth-
ods predominantly employ magnetic beads for cell capture [57,
58], marker-free microfluidic isolation methods use pillars and
flow focusing approaches [59-61]. A prominent example of single-
cell analysis using microfluidic single-cell microarrays is the appli-
cation of genotypingand mechano-typing, also called “deformability
cytometry,” which has been established for identification of malig-
nant and benign cells [62-64]. Another example of a microfluidic
single-cell microarray integrates an array of PDMS-based cell-
capture pockets (see Fig. 6a) that can be used to detect tumor pro-
liferation and apoptosis following the administration of anticancer
agents [65]. More recently, single-cell gene profiling has been used
to identify different populations of CTCs thus highlighting that
cellular heterogeneity is a major factor in cell-based assays [66].
Furthermore, it could be shown that expression profiles of CTCs
diverged distinctly from those of well-established cancer cell lines,
thus questioning the suitability of conventional in vitro models for
drug discovery and cancer therapy research.

* 9
@

| ®

!
-

L)
s | T ssj*ss

inoculation 1st doubling 2" doubling

Fig. 6 Microfluidic cell microarray technologies for single-cell analysis. Schematic
representation of single-cell microfluidic devices for (a) cell capture and analy-
sis, and (b) proliferation studies at the single-cell level
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3.2 Microfluidic 3D
Cell Microarrays

Similarly microfluidic single-cell microfluidic microarrays with
integrated cell-capture pockets have been applied for analysis of
signaling dynamics of hematopoietic stem cells as well as their cell
division, time-resolved viability, and cell migration and motility
analysis [67]. Another approach uses micro-arrayed 4.1 nL nano-
pockets (see Fig. 6b) for investigation of rare hematopoietic stem
cells, where proliferation studies of single cells have been con-
ducted [68]. Based on these technological advances, single-cell
microfluidic approaches can potentially be applied for bacterial
pathogenesis research. For instance, to investigate how antibiotic
resistance can arise in bacteria, the microfluidic technology has
been employed that provided evidence on the establishment of
resistant populations from one single bacterium [69]. In another
microfluidic approach, the impact of paracrine signaling on clot-
ting capabilities of blood was investigated using single perfused
pockets inside microchannels [70].

Alternative approaches for single-cell immuno-typing are based
on single-cell nanowell arrays. In one application, T cells were cap-
tured by gravity sedimentation within the nanowells and subse-
quently stimulated. Cell analysis was accomplished using ELISA
and immunofluorescence staining to provide biological informa-
tion with single-cell resolution [71, 72]. Similarly, microarrayed
nanowells were applied for on-chip analysis of the secretome of
CD4* T cells [73]. In another approach implemented by electro-
physiological sensor recordings on single cells with high spatiotem-
poral resolution, the neuronal network activity was investigated
[74]. Moreover, single live-cell microarrays in combination with an
array of cantilevers have been established to measure the mass of
cancer cells, thus revealing information on individual cells under
different physiological conditions in a noninvasive manner [75].

While microfluidic single-cell assays provide information on het-
erogeneity within a cell population, microfluidic 3D cell microar-
rays are used to further investigate cell-to-cell interaction and
communication of heterotypic cultures including the impact of cel-
lular secretome of individual cells on bulk cell cultures. Additional
advantages of employing microfluidic 3D cell microarrays for cell
culture applications include the improved in vivo-like microenvi-
ronment where cells are surrounded by ECM, are in direct contact
with each other (either in a homotypic or heterotypic way) and are
in combination with controlled nutrient supply and waste removal.
Various studies have shown that 3D culture techniques based on
aggregates, spheroids and tissue scaffolds or hydrogels help cells to
retain their natural functionality. For instance, it has been shown
that hepatocytes can exclusively maintain their physiologically rel-
evant phenotype within a 3D context [76]. Additionally, mesen-
chymal stem cells (MSC)-derived hepatocytes exhibited key
functions including urea synthesis and metabolite clearance only
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when cultured within a three-dimensional cellular microenviron-
ment [77]. Moreover, the 3D spheroid systems have been applied
extensively for immune-activation, as well as for engineering of
native tissues including cartilage, lung, liver, kidney, gut, bone,
brain, pancreatic, and cardiac organoids in vitro [78-86].
Furthermore, various spheroid cultures have been presented as
viable and novel tools to establish vascular structures and to inves-
tigate network formation in vascularization research [87, 88].
More recently, there are developments that incorporate micro-
structures in microfabricated systems to increase the variety of
functional spheroid geometries (see Fig. 7), and these microstruc-
tures include stripes, triangles, and star-shaped objects [89, 90].
Based on these advances, the microfluidic 3D cell microarrays rep-
resent a valuable tool for high-throughput screening applications
such as improved drug screening and tissue engineering.

Similar to the microfluidic systems containing integrated pock-
ets, on-chip U-shaped microstructure arrays (see Fig. 8a) have been
employed as an effective method for the generation of multicellular
spheroids (MCS) [91]. It is demonstrated that in situ fabrication
can replace an expensive cleanroom setup for creating the PEG-
based microstructures (pockets) within microchannels. The epi-
thelial HepG2 tumor cell spheroids do respond to doxorubicin

Day 4 Day 5 Day 6

! 4

Fig. 7 Organoid geometries on chip. (a) Millimeter-scaled 3D biomaterial-free tissue constructs with the star-
like, round, and square geometry. Scale bar, 500 pm. (b) Formation of cardiac organoids with the stripe geom-

etry. Scale bar, 100 pm
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Fig. 8 Microfluidic approaches to establish 3D cell cultures. (@) Microchannel
with integrated U-shaped pockets for capture of cell populations and consecu-
tive organoid formation. (b) Microfluidic devices based on formation of organoids
using hanging drop techniques. (¢) Microfluidic chamber arrays with cell capture
pockets for organoid formation within microchannels. (d) Microfluidic devices
based on cell-laden hydrogels for 3D organoid construct formation

treatment, and this response could effectively demonstrate a 3D
liver tissue construct is superior to the conventional 2D cultures.
In a similar study, an increased chemotherapeutic resistance has
been reported for spheroids generated from cells obtained from
patients with terminal epithelial ovarian carcinoma, which was
related to an enhanced expression of kallikrein-related peptidases
in the spheroid cell culture [92]. Approaches based on the well-
known hanging drop technique have also been developed for
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microfluidic live-cell microarray (see Fig. 8b). For instance, parallel
formation of spheroids of different cell types was achieved on the
hanging drop for consecutive in-line bioactivation and pharmaceu-
tical compound evaluation assays [93]. PDMS-silicon hybrid
devices containing integrated pyramid-like micro-cavity arrays
were used for short-term MCE-7 breast cancer and long-term
HepG2 liver spheroid culture analysis [94]. Using this microfluidic
3D cell microarray, cell viability, albumin secretion, and respiratory
activity were recorded in a high-throughput manner. Another
study reported a three-layer PDMS/PC membrane microfluidic
system featuring integrated cell capture chambers (see Fig. 8c¢)
capable of forming prostate cancer co-culture spheroids to reca-
pitulate the growth behavior of PC-3 cancer cells within a bone
metastatic prostate cancer microenvironment [95]. Results of
study showed that spheroid culture of CD133* PC-3 cells remained
in the quiescent state and as an undifferentiated phenotype, thus
preserving the relevant surface markers of cancer stem cells (CSCs).
These cells are believed to play a major role in metastasis and may
become a promising avenue for anticancer therapy. Other micro-
fluidic devices as shown in Fig. 8d have utilized 3D cocultures that
were embedded within a basement membrane hydrogel, rather
than organoid structures [96]. Such systems have been used for
chemotherapeutic drug testing using a three-dimensional hydrogel-
based MCEF-7 breast cancer spheroid model [97].

4 Conclusion and Future Prospects

This chapter reviews live-cell microarrays as a versatile platform for
high-throughput cell analysis, where cells are exposed to a range of
stimuli in a highly parallelized manner. The ability to obtain a large
amount of data from a single experiment using live-cell microarray
technology represents an ideal approach to gain deeper insights
into cellular phenotypes, which is of special relevance in the con-
text of system biology, disease modeling and personalized medi-
cine. In general, two major fields of applications can be defined,
which can be associated with (a) screening of small substance
(chemical) and genomic libraries and (b) evaluation of cell-micro-
environment interactions. Consequently, live-cell microarrays have
proven to be useful for a wide range of biomedical applications
including investigation of cell signaling in healthy and diseased
systems, cell-cell and cell-matrix interaction studies, drug screen-
ing, cell sorting, and cell phenotype characterization.

In the light of an increasing demand of robust, reliable, and
reproducible cytotoxicity screening assays for disease modeling,
pharmaceutical compound testing and cell-based therapies, cell
microarrays are expected to play a major role in future biomedical
science. The necessity for advanced in vitro cell analysis systems has
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therefore provided the opportunity to develop automated cell cul-
ture systems capable of monitoring single cells, multi cell popula-
tions and spheroids. Here, the combination of microfluidics with
microarray technology allows for further miniaturization, automa-
tion and large volume testing even using complex biological sys-
tems. For instance, microfluidic 3D cell microarrays containing live
tissue analogues can be envisioned for high-throughput drug
screening with in vivo relevance. This latest trend of combining
microarrays, microfluidics and 3D cell culture technology includes
the reliable establishment of multi-organs-on-a-chip and human-
on-a-chip systems that mimics the complex interplay of multiple
organs in one single device. One prominent multi-layer multi-
organ-chip system for long-term cultivation of liver and skin organ-
oids has been applied for long-term monitoring of cellular
metabolic activity including glucose consumption, lactate dehy-
drogenase (LDH) and lactate production in the presence of a
direct long-term exposure to fluid flow [98]. In addition, the
impact of troglitazole (an antidiabetic drug) on the metabolic
activity was investigated over a 6-day exposure period. However,
practical application of organ-on-a-chip technology for clinical
testing requires to address the limitations of various components
associated with systems integration such as micropumps, micro-
heaters, microdegassers, and microsensor arrays, automation, and
miniaturization. Figure 9 highlights key aspects of the need to fur-
ther develop microfluidic cell microarray technology for high-
throughput and high-content testing of living cell cultures.

On-chip Automated Dynamicread-
integrated fluid handling out
microarrays » Degasser » Optical sensors

* Single cell * Microvalves * Electrical sensors
* 3D/Spheroids * Micropumps * Magnetic sensors

Fig. 9 Requirements for live-cell microarray technology with respect to high-
content and high-throughput screening
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