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  Pref ace     

 Cell-based microarrays are a technique originally described by the Sabatini group 
in 2001 as “reverse transfection.” cDNA or siRNAs in vector constructs are printed 
onto a coated glass slide using a robotic microarrayer and the vector constructs are 
transfected in defi ned areas within cells grown over the surface of the slide or 
microplate. Downstream functional assays are then undertaken on the cells. 

 Cell-based microarrays have proven to be of vital importance, allowing high 
throughput analysis of over-expression and knock down of proteins. Since their 
development in 2001, they have advanced signifi cantly to include over-expression 
arrays, short interfering RNA arrays, and compound and antibody arrays. The sur-
face used to coat the glass slides has been researched and signifi cantly improved to 
allow non-adherent cells to bind to the arrays. In an exciting new development, the 
cell-based array technology has been advanced by the use of microfl uidic image 
cytometry for the analysis of small diagnostic samples with few cells. 

 This book succeeds the Methods in Molecular Biology series Protocols title 
 Cell-Based Microarrays  and is a much-needed review book. It contains chapters 
covering important aspects of the evolution of cell-based microarrays.  

    London, UK Ella     Palmer    
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    Abstract     Reverse transfected cell microarrays (RTCM) are a powerful tool for the 
systematic analyses of gene functions. With this technology more than a thousand dif-
ferent nucleic acids can be transfected into eukaryotic cells in parallel on a single glass 
slide. This allows high-throughput analyses of gene functions using gain-of- function, 
loss-of-function, and mutation approaches. RTCM paved the way for genome-wide 
gene function analyses in order to determine gene functions involved in the molecular 
regulation of cell phenotypes in physiologic and pathophysiologic processes. Since 
RTCM was fi rst introduced in 2001, the technique has been well established. 
The  method was successfully used in several genome-wide and large- scale screen-
ings, and novel analysis methods to detect gene functions have been developed. This 
chapter will summarize the most recent technological developments in the usage of 
RTCM, including optimization of (1) transfection effi ciency, (2) reporter systems and 
automated data acquisition, (3) spotting density with decreased cross-contamination, 
and (4) the new development of assays to screen for paracrine gene effects.  

    Chapter 1   
 Cell-Based Microarrays: Recent Advances 
for Gene Function Analyses 
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  Abbreviations 

   A549    Human alveolar basal epithelial cells   
  cDNA    Complementary DNA   
  CFP    Cyan fl uorescent protein   
  COPI/COPII    Coat protein I/Coat protein II   
  COX-2    Cyclooxygenase 2   
  cPARP    Cleaved poly ADP ribose polymerase   
  CRE    cAMP response element   
  DNA    Deoxyribonucleic acid   
  dsRNA    Double-stranded ribonucleic acid   
  ECM    Extracellular matrix protein   
  EdU    5-ethynyl-2′-deoxyuridine   
  ER    Endoplasmic reticulum      
  GBP-1    Guanylate-binding protein 1   
  (E)GFP    (Enhanced) green fl uorescent protein   
  GPCR    G protein-coupled receptor   
  GPR160    G protein-coupled receptor 160   
  HCT116    Colon carcinoma cell line   
  HEK293    Human embryonic kidney cell line   
  HEK239T    Human embryonic kidney cells expressing SV40 large T antigen   
  HeLa    Cervix carcinoma cell line   
  HFIB    Human fi broblasts   
  HIV    Human immunodefi ciency virus   
  HT29    Colon adenocarcinoma cell line   
  HUVEC    Human umbilical vein endothelial cells   
  ICAM-1    Intercellular adhesion molecule 1   
  IFN-α    Interferon-α   
  IFN-γ    Interferon-γ   
  JNK    c-Jun N-terminal kinase   
  K562    Human erythroleukemia cell line   
  KPL-4    Breast cancer cell line   
  LICM    Lentivirus-infected cell microarray   
  LMP    Low melting point   
  MAPK    Mitogen-activated protein kinase   
  MCF-7    Breast cancer cell line   
  MicroSCALE    Microarrays of spatially confi ned adhesive lentiviral features   
  miRNA    Micro ribonucleic acid   
  NF-κB    Nuclear factor-kappa B   
  NLS    Nuclear localization signal   
  NPY    Neuropeptide Y   
  PC3    Prostate cancer cell line   
  PEST    Proline–glutamic acid–serine–threonine–protein sequence   
  PLL    Poly- l -lysine   
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  RFP    Red fl uorescent protein   
  RNAi    Ribonucleic acid interference   
  RTCM    Reverse transfected cell microarray   
  S2R+    Schneider S2 embryonic drosophila cell line   
  SHARPIN    SHANK-associated RH domain interactor   
  shRNA    Short hairpin ribonucleic acid   
  siRNA    Small interfering ribonucleic acid   
  SW480    Colon adenocarcinoma cell line   
  TNF-α    Tumor necrosis factor-α   
  TORC1    Target of rapamycin complex 1   
  tsO45G    Temperature-sensitive CFP-coupled viral membrane protein   
  TUNEL    Terminal deoxynucleotidyl transferase dUTP nick end label      
  U2OS    Human osteosarcoma cell line   
  VCAM-1    Vascular cell adhesion molecule 1   
  WiDr    Colon adenocarcinoma cell line   
  YFP    Yellow fl uorescent protein   

1.1           Introduction 

 Nowadays, genome-wide sequence analyses can be accomplished rapidly and 
within an affordable cost range by next-generation sequencing approaches, based 
on the highly parallel sequencing of DNA fragments [ 1 ]. However, nucleotide 
sequences provide only very limited insights into the functions of the respective 
genes. Gene functions are commonly studied within gain-of-function experiments 
by overexpression of genes or by loss-of-function experiments via silencing of 
genes with RNA interference (RNAi) technology [ 2 ]. 

 Whole-genome gene function analyses require several thousands of transfections 
as well as time-consuming procedures. Applying standard technology, this is asso-
ciated with high costs for plastic ware and reagents. The costs increased exponen-
tially with not only single gene effects, but combinatorial effects with two or more 
genes, in different cell types and under different types of external stimulation, in the 
focus of the study. This demanded the development of new techniques allowing 
high-throughput gene function analyses within an affordable time and cost range. 

1.1.1     Reverse Transfected Cell Microarray 

 Ziauddin and Sabatini introduced the method of gene function analysis at the micro-
array level [ 3 ]. They printed the DNA of respective gene expression plasmids 
together with gelatin on glass slides. Subsequently, the slides were dried, exposed to 
a transfection reagent, and overlaid with adherent mammalian cells. After 40 h of 
incubation, the cells were fi xed and expression and/or function of the respective gene 
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product was analyzed using immunofl uorescence. This procedure was called reverse 
transfected cell microarray (RTCM), because, in contrast to conventional transfec-
tion approaches, the DNA was seeded fi rst and afterwards the cells were added. 

 As an alternative to the method described above, the transfection reagent was 
mixed with DNA and gelatin, before the mixture was printed on the slide [ 3 ,  4 ]. The 
latter approach is nowadays most commonly used. The dried slides can be stored for 
up to 15 months [ 5 ]. In the fi rst decade of introduction, the RTCM technology has 
been used successfully by researchers worldwide and has been adapted to several 
different screening goals as reviewed previously (for review, see: [ 2 ,  4 ]) and shortly 
summarized below. 

 The optimization of transfection effi ciency for various cell types was achieved 
by the use of different slide coatings, for example fi bronectin for the transfection of 
primary human mesenchymal stem cells or collagen IV for the transfection of pheo-
chromocytoma cells [ 6 ,  7 ]. 

 Overexpression of genes on the cell microarray level lead to the identifi cation of 
pro-apoptotic genes by analyzing the yellow fl uorescent protein (YFP)-contrasted 
phenotypic changes associated with the late stage of apoptosis, such as apoptotic 
body formation, DNA cleavage, and fragmentation of the nucleus [ 8 ]. Apoptosis- 
regulating genes were also analyzed with the RTCM technology using a terminal 
deoxynucleotide transferase dUTP nick end label (TUNEL) assay [ 9 ]. 

 Gene effects on different signaling pathways were analyzed by transfection of 
reporter constructs containing an indicator gene such as green fl uorescent protein 
(GFP) or red fl uorescent protein (RFP) under the control of a promoter activated by 
the signaling pathway of interest. In this way, functional screens for genes activating 
NF-κB [ 10 ], MAPK, JNK [ 11 ], or the CRE pathway [ 12 ] were performed. 

 Moreover, gene-silencing approaches were accomplished using the RTCM. Silva 
and colleagues successfully applied short hairpin RNAs (shRNAs) on a chip to 
identify genes involved in cytokinesis and proteasomal degradation [ 13 ]. In order to 
introduce shRNA or complementary DNA (cDNA) into hard-to-transfect primary 
cells and nondividing cells, Bailey and colleagues developed a lentivirus-infected 
cell microarray (LICM), where pseudotyped lentiviruses encoding either shRNA or 
cDNA were printed on a slide [ 14 ]. 

 RTCM was also combined with time-lapse microscopy and computational phe-
notyping as it was demonstrated by a genome-wide RNAi approach studying genes 
involved in the regulation of the cell cycle [ 15 ,  16 ]. 

 Furthermore, RTCM was adapted to the use with non-adherent cells. Kato and 
colleagues immobilized human erythroleukemia cells (K562) to a glass slide with a 
biocompatible anchor for membranes [ 17 ]. The immobilized cells were reverse 
transfected with either GFP- or RFP-encoding plasmids or siRNA and showed no 
interspot cross-contamination. 

 Recently, different research groups introduced further technological improve-
ments of the RTCM technology. Most relevant developments will be summarized 
here and include (1) the increase of transfection effi ciencies in many different cell 
types, (2) the optimization of reporter systems and automated data acquisition, (3) 
the increase of spotting density with reduced cross-contamination, and (4) the 
development of assays to screen for paracrine gene effects (Table  1.1 ).

D. Gaus et al.
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1.2         Recent Technological Improvements of the RTCM 
Technology 

1.2.1     Optimization of Reverse Transfection Effi ciencies 

 Glass slides and microplates were frequently coated with organic materials such as 
gelatin, collagen, or poly- l -lysine in order to improve transfection effi ciency [ 2 ]. 
Recently, also inorganic substrates such as silicon and titanium fi lms were used for 
reverse transfections. Newly developed wafers with surfaces composed of vertically 
oriented parallel silica sheets in the nanometer range, which increase the surface, were 
shown to result in high reverse transfection effi ciencies in HEK293 cells as monitored 
by GFP expression [ 18 ]. Cell adherence and morphology were not impaired on the 
silica fi lm. However, the authors did not show how different cell types may behave 
and whether parallel transfection of different genes on one fi lm may be feasible. 
Microarray spotting of different plasmids on these surfaces has to be proven. 

 For hard-to-transfect cells, transduction with lentiviruses can be used. However, 
the use of LICM for cells which are diffi cult to transfect harbors the disadvantage that 
large libraries of purifi ed lentiviruses are essential, which requires ultracentrifugation 
and cannot be carried out in a highly parallel mode [ 14 ]. Due to this limitation, Wood 
and colleagues established a simple procedure for lentivirus purifi cation, which can 
be performed in parallel in a multiwell range. Lentiviruses are precipitated and puri-
fi ed by the addition of a polymer complex (polyelectrolyte complexation) and printed 
onto coated slides. The respective procedure was called microarrays of spatially con-
fi ned adhesive lentiviral features (MicroSCALE) [ 19 ]. This method allowed stable 
and selectable transgene expression for up to 14 days. The authors showed that 27 
different cell lines of 32 analyzed in total were suitable for MicroSCALE. Focusing 
on 618 lentivirally overexpressed kinases, the authors screened for modifi ers of the 
sensitivity of melanoma cells to clinically relevant therapies [ 19 ].  

1.2.2     Optimization of Reporter Systems and Automated Data 
Acquisition 

 In the last decade, loss-of-function analyses have emerged as a potent tool also for 
RTCM, which became specifi cally accessible with the availability of commercially 
available siRNA libraries against the whole genome. 

 Using whole-genome siRNA libraries, Genovesio and colleagues were able to 
identify human host genes involved in infections with  Trypanosoma cruzi  and 
human immunodefi ciency virus-1 (HIV-1) [ 20 ,  21 ]. In both studies, a human genome 
siRNA library targeting more than 21,000 human genes was spotted, followed by 
seeding of U2OS cells (infection by  T. cruzi ) or HeLa-CD4+ LTR-GFP cells (infec-
tion by HIV-1). Infection with  T. cruzi  was quantitatively determined by automated 
fl uorescence microscopy counting the nuclei of infected cells and the numbers of 
parasites on individual transfection spots. Transfection spots were labeled by 
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co-transfection of a fl uorescent oligonucleotide. Using this approach, 162 candidate 
genes which affected  T. cruzi  infection were identifi ed. Of note, 15 genes were vali-
dated in secondary screening approaches using classic methodology [ 20 ]. 

 The screen for genes involved in HIV-1 replication was carried out as described 
above. HeLa-CD4+ LTR-GFP cells were used which indicate HIV-1 infection via 
GFP expression driven by the LTR. In this work the authors increased the stringency 
of the screening by including a higher number of replicas (seven) and inclusion of a 
high number of different parameters in the automated data acquisition [ 21 ]. These 
parameters included, among others, cell number, cell distribution, syncytia formation, 
GFP reporter intensity and local signal background. Using this setup, they identifi ed 
56 cellular genes, of which 45 were novel genes involved in HIV-1 infection [ 21 ]. 

 In another genome-wide siRNA screen, Simpson and colleagues expanded earlier 
approaches [ 22 ] in order to identify genes involved in endoplasmatic reticulum (ER)-
to-plasma membrane transport. As an indicator, they used a cargo protein of the 
secretory pathway, namely the temperature-sensitive viral membrane protein 
(tsO45G), coupled to cyan fl uorescent protein (CFP) [ 23 ]. Using automated micros-
copy, they quantifi ed the level of the fl uorescently labeled protein inside the cell and 
at the plasma membrane at the single cell level. They identifi ed 554 siRNAs which 
repressed the amount of membrane associated tsO45G and consequently may be 
involved in the secretion pathway. In a second RNAi-based screening, they moni-
tored phenotypic effects on the coating proteins I and II (COPI, COPII) and the Golgi 
matrix protein GM130 as indicators of the early secretory pathway. By this approach, 
331 of 554 identifi ed genes were classifi ed to the early secretory pathway [ 23 ]. 

 Moreover, large-scale siRNA screens were performed in  Drosophila melanogas-
ter  cells [ 24 ]. Lindquist and colleagues attempted to identify regulators of the 
TORC1-S6K-signaling pathway in a genome-wide screening using 13,618 dsRNAs 
[ 25 ]. A  Drosopophila  cell line stably expressing human S6 ribosomal protein, 
which is phosphorylated by the kinase S6K was generated. The phosphorylation of 
hS6 was monitored with immunofl uorescence using a specifi c antibody, whereas no 
antibodies were available for the respective  Drosophila  protein. The screening 
revealed 70 novel regulators of p-S6 or S6K. Among those were genes involved in 
the MAPK pathway, lipid metabolism, cell cycle, and the proteasome [ 25 ].  

1.2.3     Time-Lapse Approaches 

 Most RTCM cell microarray screenings were combined with endpoint measure-
ments. Only recently, Neumann and colleagues combined RTCM technology with 
time-lapse microscopy [ 15 ,  16 ]. On the basis of this technique, Rajan and colleagues 
aimed to improve the reporter molecule for time-lapse approaches [ 26 ]. They were 
specifi cally interested in measuring live dynamic changes of the transcriptional 
activity of different promoters. Optimal reporter molecules should (1) exhibit a high 
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signal intensity, (2) appear rapidly upon activation of the promoter, (3) disappear 
after promoter activity is ceased, and (4) be restricted to a regularly shaped cell 
compartment which can be easily detected by automatic microscopy. To this goal, 
they constructed a cDNA encoding a recombinant Venus-NLS-PEST reporter pro-
tein. The Venus polypeptide matures 15 times faster and is 30 times brighter than 
enhanced yellow fl uorescent protein (EYFP), the PEST domain regulates rapid deg-
radation of the protein in case transcription has stopped, and the nuclear localization 
signal (NLS) restricts the signal to the cell nucleus. The function of this reporter 
construct could be successfully demonstrated in pilot time-lapse experiments using 
three test promoters and co-transfecting different activators with the RTCM method 
and HEK293T cells [ 26 ].  

1.2.4     Increase in Spotting Density and Reduced 
Cross-Contamination 

 Protocols which restrict cell adhesion to the transfection spots have been established 
in order to increase the spotting density and to reduce cross-contamination between 
neighboring transfection areas. This was achieved by spotting extracellular matrix 
(ECM) proteins on untreated polystyrene-coated microplates where the cells were 
seeded [ 27 ]. Polystyrene microplates are more hydrophobic compared to glass 
slides, thus prohibiting cell attachment. Moreover, nonenzymatic cell dissociation 
methods prior to cell seeding, reduced cell adhesion times, and careful washing 
steps were found to be necessary for the cells to grow exclusively on the transfection 
spots. It was shown that spot-to-spot cross-contamination was basically absent 
using this approach [ 28 ]. 

 Rantala and colleagues tested 92 cell lines by using this protocol and demon-
strated that 85 cell lines were successfully seeded and cultured on the arrays. Five 
of these cell lines [prostate epithelial cells (RWPE-1), prostate cancer cells (LAPC- 
4, PC3, VCaP), osteosarcoma cells (U2OS)] were effi ciently transfected under 
these conditions [ 27 ]. Using this methodological setup, the expression of 492 differ-
ent G protein-coupled receptor (GPCR) molecules was inhibited with siRNA. 
Subsequently, the effects on cell growth and survival were analyzed by immuno-
fl uorescent staining of Ki-67 (proliferation marker) and cleaved poly ADP ribose 
polymerase (cPARP, apoptosis marker) [ 27 ]. Neuropeptide Y (NPY) and GPR160 
siRNAs were found to be the strongest inhibitors of prostate cancer cell growth 
indicating that both genes are potent activators of cell growth [ 27 ]. 

 This new protocol was used successfully in four other screens. (1) Fredlund and 
colleagues validated previously classifi ed cell cycle genes in breast cancer as 
involved in either mitotic checkpoint or mitotic progression. To this end, they used 
an siRNA library, targeting 5,760 selected genes in breast cancer cells (KPL-4) and 
stained for the proliferation marker Ki-67 [ 29 ]. (2) Cepeda and colleagues identifi ed 
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novel F-box proteins involved in tumor cell proliferation in four different types of 
tumor cells by spotting an F-box siRNA library and measuring 5-ethynyl-2′-
deoxyuridine (EdU)-incorporation [ 30 ]. In a second siRNA screen, targeting 6,135 
genes including 53F-box genes, the authors validated the fi rst screening results 
measuring Ki-67 fl uorescence intensity. In both screens, FBXO28, an ubiquitin 
ligase, was identifi ed as a regulator of tumor cell proliferation [ 30 ]. (3) In a further 
screen, an miRNA precursor library containing 319 chemically modifi ed double- 
stranded RNA molecules was used to mimic endogenous mature human miRNAs 
[ 31 ]. In the colorectal carcinoma cell lines HT29, HCT116, and SW480, the effects 
on cell proliferation (EdU-incorporation) and apoptosis (immunofl uorescent stain-
ing of cleaved PARP) were analyzed [ 31 ]. Firty-three miRNAs were identifi ed as 
oncogene-like miRNAs and 93 miRNAs as tumor-suppression-like miRNAs. (4) 
Integrin-inactivating kinases and/or phosphatases were investigated in PC3 prostate 
cancer cells using a commercially available kinase-phosphatase siRNA library 
( n  = 897) [ 32 ]. A total of 2.5 % of all siRNAs increased the active integrin expres-
sion as determined by immunofl uorescent staining for active β-integrins. Of these, 
SHANK-associated RH domain interactor (SHARPIN) was identifi ed as a novel 
integrin inhibitor, which keeps integrins in an inactive state and prevents recruit-
ment of integrin activators [ 32 ].  

1.2.5     Paracrine Cell Interactions 

 The RTCM technique is commonly used to study intra- or autocrine effects. 
However, in the past few years, paracrine mechanisms became increasingly rele-
vant, as indicated by the numerous publications addressing the role of the microen-
vironment in human diseases. 

 In order to investigate paracrine interactions between different cell types, either 
transwell or conditioned medium approaches are required as yet, which are both 
costly and time-consuming. To allow a high-throughput screening for putative para-
crine gene activities, the RTCM procedure was modifi ed for this purpose (Fig.  1.1 ) 
[ 33 ]. Genes of interest were spotted as in the original procedure, however, subse-
quently, two different cell types with low and high permissiveness for transfection 
were seeded onto the slide: (1) an effector cell which is transfected with the genes of 
interest and (2) an indicator cell, which is not transfected under the conditions used, 
in order to detect specifi c paracrine effects exerted from the transfected effector cells 
(Fig.  1.2a , b). Spot-to-spot diffusion of the paracrine mediators was prevented by a 
matrix overlay [2 % low melting point (LMP) agarose, Fig.  1.2c ], ultimately allow-
ing 192 parallel tests for paracrine gene activations on a single chip. As a read-out, 
typically an immunofl uorescent staining of the indicator protein was performed. 
Alternatively, activation/inhibition of signaling pathways in the indicator cell can be 
monitored by using cells expressing a reporter protein under the control of a 
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promoter, which is activated/inhibited by the respective signal transduction path-
way. The broad applicability and robustness of this technique was demonstrated 
using (1) HEK293T cells as indicator cells in combination with various responder 
cell types (fi broblasts, colorectal cancer cell lines and endothelial cells), (2) various 
paracrine inducers [tumor necrosis factor-α (TNF-α), interferon-α (IFN- α), and 
interferon-γ (IFN-γ)], and (3) various indicator genes [guanylate-binding protein 1 
(GBP-1), intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion mol-
ecule 1 (VCAM-1), and cyclooxygenase 2 (COX-2)] [ 33 ]. This approach allowed 
for the fi rst time a highly parallel analysis of paracrine gene functions and thus may 
facilitate the characterization of genes involved in heterotypic cell communication 
in a broad range of research areas. Of note, this technology allows identifi cation of 
genes involved in paracrine interactions in multiple ways, including that the gene 
introduced into the effector cells (1) may code directly for a secreted product which 
activates the indicator cells or (2) may induce or modify in the effector cell another 
factor which subsequently is secreted and activates the indicator cells [ 33 ].

  Fig. 1.1    Scheme of the 
 Parachip . ( a ) Slide with 
transfection spots (indicated 
by  yellow arrow ). ( b ) Overlay 
with effector cells ( grey ) and 
indicator cells ( light brown ). 
Indicator cells are selectively 
transfected (selective reverse 
transfection,  green ). 
( c ) Overlay of a matrix 
( pink ), which locally restricts 
diffusion of paracrine 
mediators ( red ) released from 
transfected effector cells. 
( d ) Activation of indicator 
cells ( dark brown ) by the 
paracrine mediator. The 
transfected gene may code 
directly for the secreted 
paracrine mediator or may 
modify/activate a cellular 
factor in the effector cell, 
which is then secreted and 
functions as a paracrine 
mediator ( white arrows ). 
[Detailed protocol published 
in Kuhn et al. (2012)]       
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  Fig. 1.2    Paracrine induction of the large GTPase GBP-1 by IFN-γ on a chip. An IFN-γ expression 
plasmid (IFN-γ) or empty vector (control) was spotted onto the chip. Subsequently, a mixture of 
HEK293T cells (effector cells,  arrow ) and human fi broblasts (indicator cells,  arrowhead ) were 
seeded. Selectively, HEK293T cells ( a , T-antigen positive,  red  ) expressed IFN-γ ( b ,  red  ), whereas 
expression of the IFN-γ-induced GBP-1 was observed only in human fi broblasts ( a ,  b ,  green ). 
Panels show DAPI staining ( blue ) and immunofl uorescence staining of GBP-1 ( green ), T-antigen 
( a ,  red  ), or IFN-γ ( b ,  red ). Scale bars = 25 μm. (c) Identical approach as in ( a ) and ( b ), but the 
transfected cells were overlaid with low melting point (LMP) agarose in increasing concentrations 
to restrict the diffusion of IFN-γ secreted by HEK293T cells. Paracrine induction of GBP-1 ( green ) 
was restricted to the transfection spot ( indicated by circles ) when an LMP agarose overlay of 1.5 
or 2 % was used. [Kuhn et al. (2012) A novel chip-based parallel transfection assay to evaluate 
paracrine cell interactions. Lab Chip 12: 1363–1372]. Reproduced by permission of The Royal 
Society of Chemistry (RSC). [Kuhn et al. (2012)]       
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1.3          Summary and Outlook 

 RTCM has been well established in the past years and has been successfully used 
for several gene function screens on a genome-wide level, both within gain-of- 
function and loss-of-function applications. Meanwhile, a high variety of different 
cell types can be subjected to this method and signal detection has been signifi cantly 
optimized to allow automated data acquisition and processing. Innovative new 
screening methods for gene activities have been reported. Most approaches are pres-
ently focusing on autocrine gene activities, but in a fi rst report, the application of 
RTCM in the analysis of paracrine gene functions within heterotypic cell–cell inter-
action, suggests that there may be perspectives for the development of novel screen-
ing methods analyzing multicellular interactions. RTCM is a miniaturization 
approach of cell biological methodology. This allows a highly parallel screening 
approach under identical conditions and at a clearly reduced cost basis as compared 
to classical approaches of cell biology. In the future, this may result in a similar 
“supernova” of new data in the fi eld of gene function analyses as presently observed 
in the areas of gene sequencing and transcriptome analyses.     
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    Abstract     This chapter reviews the development and the application of siRNA 
 cell- based microarrays. Starting from reverse transfection as a common ground, 
siRNA cell-based microarrays quickly evolved into assays of very different formats, 
and now range from arrays containing chemically synthesized siRNA to viral arrays 
encoding short hairpin RNA (shRNA), which gives rise to siRNA upon cell trans-
duction. They encompass arrays printed onto microscopic slides as well as arrays 
in 384-well plates, with microwell chips as a speciality format in between. In order 
to refl ect this variety of technical and biological solutions, representatives of each 
format are discussed, highlighting the particular features and the steps taken towards 
optimization of the siRNA/shRNA transfer effi ciency. The chapter concludes with a 
brief discussion of the general limitations of this technology.  

  Abbreviations 

   APS    Aminopropylsilane   
  CDK2    Cyclin-dependent kinase 2   
  cDNA    Complementary DNA   
  dsDNA    Double-stranded DNA   
  ECM    Extracellular matrix   
  eGFP    Enhanced green fl uorescent protein   
  GAPDH    Glyceraldehyde-3-phosphate dehydrogenase   
  GFP    Green fl uorescent protein   
  hCAR    Human coxsackievirus and adenovirus receptor   
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  hMSCs    Human mesenchymal stem cells   
  HUVEC    Human umbilical vein endothelial cells   
  INCENP    Inner centromere protein   
  MAP2    Microtubule-associated protein 2   
  mCAT-1    Murine cationic amino acid receptor 1   
  MOI    Multiplicity of infection   
  MoMuLV    Moloney’s murine leukemia virus   
  MSCV    Murine stem cell virus   
  mTOR    Mammalian target of Rapamycin   
  MVP    Major vault protein   
  nts    Nucleotides   
  PKR    Protein kinase R   
  PLK1    Polo-like kinase 1   
  PLL    Poly- l -lysine   
  RFP    Red fl uorescent protein   
  RNAi    RNA interference   
  shRNA    Short hairpin RNA   
  siRNA    Small interfering RNA   
  TUNEL    Terminal deoxynucleotidyl transferase dUTP nick end labelling   
  VSV-G    Vesicular stomatitis virus glycoprotein   

2.1           History 

 Microarrays are generally defi ned as two-dimensional arrays on a solid substrate 
(“chip”) that allow the parallel analysis of a large number of biological samples 
using high-throughput screening methods. For most applications, the substrate is 
transparent and therefore suited for microscopy. A search in the PubMed database 
reveals more than 55,000 publications dealing with microarrays. Although initially 
developed in the early 1980s for the characterization of antibodies [ 1 ], microarrays 
fi rst became widely popular in the 1990s with the development of DNA microarrays 
to probe gene expression. 

 Cell-based microarrays were fi rst conceived for the so-called reverse transfection 
of adherent cells using cDNAs: In their ground-breaking Nature publication more 
than a decade ago, Junaid Ziauddin and David M. Sabatini printed the cDNA encod-
ing a green fl uorescent protein (GFP) in an aqueous gelatin solution onto a glass 
slide prior to providing a lipid transfection reagent, and then seeded HEK293 cells, 
forming a confl uent monolayer [ 2 ]. The cells that happened to grow on the cDNA 
spots took up and expressed the cDNA, resulting in a microarray of spatially con-
fi ned spots of fl uorescent cells in an otherwise non-fl uorescent cell layer. The diam-
eter of the spots was about 120–150 μm, encompassing approximately 30–80 cells. 
In this context, the term “reverse transfection” refers to the order of the procedural 
steps, inasmuch as—contrary to the classical approach—fi rst the DNA becomes 
immobilized before the cells attach to the surface. Reverse transfection is also often 
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referred to as solid-phase transfection, from which the “classical” transfection is 
distinguished as liquid-phase transfection. 

 This new method was quickly picked up in the research community and after the 
work of Tom Tuschl paved the way for the application of small interfering RNAs 
(siRNAs) to mammalian cells in the same month [ 3 ], it was transferred to the fi eld 
of RNA interference (RNAi): Two years later, in October 2003, the group of Olli 
Kallioniemi demonstrated the possibility to achieve RNAi-mediated knock-down in 
a microarray format by targeting enhanced green fl uorescent protein (eGFP) expres-
sion in HeLa cells [ 4 ]. To this end, they printed siRNAs together with the transfec-
tion agent Lipofectin (Life Technologies) and the matrix-forming Matrigel (BD 
Biosciences) onto a glass slide. The spot size they employed ranged from 100 to 
700 μm. They established a kinetic of the RNAi, observing that the knock-down 
effi ciency increased over a time window from 24 to 72 h. Within the range of siRNA 
doses tested (from 0.25 to 2.5 ng per spot), only a moderate increase in the effi -
ciency was observed. 

 In the same month, Vivek Mittal’s group at Cold Spring Harbor Laboratory pub-
lished a fl uorescence-based reporter system suitable to effectively identify potent 
RNAi probes in the context of a cellular microarray [ 5 ]: By expressing a chimeric 
construct consisting of the cDNA of eGFP fused to the cDNA of a target gene, they 
generated a reporter transcript that allowed for the validation of the effi ciency of 
siRNAs against that target gene using eGFP fl uorescence as a read-out. The charm of 
this approach lies in the fact that a robust and simple optical read-out could be applied 
to any target, thus avoiding the need of target-specifi c detection methods such as 
immunofl uorescence microscopy. In order to more easily identify the spots of trans-
fected cells, a marker cDNA encoding a red fl uorescent protein (RFP) was printed 
together with the siRNAs and the reporter plasmid. The employment of the RFP-
encoding cDNA served a second purpose, namely the establishment of an internal 
standard: This allowed for the correction of differences in transfection effi ciencies 
across the microarray by normalizing the eGFP fl uorescence to the RFP fl uores-
cence. The spot size in this publication was slightly larger (approximately 500 μm in 
diameter), encompassing 300–500 cells. Consequently, higher amounts of DNA—up 
to 300 ng—were employed. With this spot size and a pitch of 750 μm, approximately 
2,500 spots can be accommodated on an area of 2 cm × 5 cm on a glass slide.  

2.2     Optimization and Protocols 

 A protocol for the generation of a 384-spot array using siRNA in a gelatin matrix is 
given by [ 6 ]. The spot diameter achieved is 400 μm, suffi cient to accommodate 
100–200 HeLa cells. The pitch (spot-to-spot distance) is 1,125 μm, rendering this 
approach suitable for glass bottom cell culture dishes such as provided by Lab-Tek 
(Nalge Nunc International) or by MatTek Corp. 

 Sucrose and fi bronectin are recommended as additives: The former facilitates the 
actual printing process by minimizing evaporation of the stocks, which is important 
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given that the printing process can last several hours, depending on the robotics 
employed. Furthermore, it increases the shelf life of stored arrays, presumably by 
preventing complete desiccation of the samples. Printed mixtures of nucleic acids in 
a gelatin matrix, together with the transfection reagent, can be stored for prolonged 
periods of time: Erfl e et al. [ 7 ] report a storage time of up to 15 months. 

 The second additive, fi bronectin, increases the adherence of cells to the spots, 
reducing their propensity to migrate away once they have been transfected. A fur-
ther potential function of fi bronectin was discussed by [ 8 ]: By comparing the cell 
morphology of human mesenchymal stem cells (hMSCs) in the absence and the 
presence of fi bronectin, they observed that both the cells and the nuclei spread much 
earlier and to a larger extent when fi bronectin was present, in conjunction with a 
rapid relocation of actin fi laments. Most importantly, fi bronectin did not interfere 
with the differentiation potential of the hMSCs. 

 In their study, Yoshikawa et al. [ 8 ] furthermore undertook a thorough evaluation 
of six different transfection reagents regarding their suitability for reverse transfec-
tion in a microarray format, namely Lipofectamine 2000 (Invitrogen), JetPEI (q-Bio 
Gene), TransFast (Promega), Effectene, PolyFect, and SuperFect (all three from 
Qiagen), albeit restricted to plasmid-based transfection. Using hMSCs as well as 
HEK293, HeLa, NIH-3T3, and HepG2 cells, they established optimized transfec-
tion protocols. Finally, they addressed the question of glass coatings, comparing 
uncoated surfaces to surfaces coated with poly- l -lysine (PLL) or surfaces coated 
with aminopropylsilane (APS): On PLL-coated slides, fi bronectin reached a satura-
tion in its capability to improve transfection effi ciency at approximately 0.5 μg/mL, 
whereas on APS-coated slides, it steadily increased transfection effi ciency up to a 
concentration of 1.33 μg/mL, the highest concentration tested. At their respective 
optimal fi bronectin concentrations, the transfection effi ciencies achieved using 
PLL-coated slides and APS-coated slides were comparable. 

 In a continuation of this study by the same group, the protocols for reverse trans-
fection were extended to PC-12 cells, a rat pheochromocytoma cell line commonly 
used as a surrogate for neuronal cells [ 9 ]: Collagen IV and to a lesser extent colla-
gen I or laminin were found to signifi cantly increase the transfection effi ciency, 
whereas fi bronectin or PLL did not. Interestingly, the order of potency of the three 
proteins in increasing transfection effi ciency remained the same for six different 
transfection reagents tested: the highest effi ciencies (>60 %) were achieved com-
bining collagen IV with either TransFectin (Bio-Rad) or Lipofectamine 2000 (Life 
Technologies). Thus, this work underscores the necessity to fi nely adjust the trans-
fection protocol to the cell type under investigation in order to achieve an optimal 
experimental outcome. 

 A similar optimization strategy was later on proposed by the same group: Instead 
of relying on various extracellular matrix (ECM) components to serve as additives 
supporting transfection effi ciency, Uchimura et al. [ 10 ] suggested to employ antibod-
ies directed against the receptors for ECM components in their place. Of these, a 
monoclonal antibody directed against CD29 (integrin subunit beta 1) proved to be the 
most effi cient within the scope of four human cell lines (HeLa, HepG2, NT2, and 
HCC1428) and two rat cell types (PC-12 and rat fi broblasts) tested: The transfection 
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effi ciency, as determined by eGFP fl uorescence, on slides coated with anti- CD29 
antibody was either similar to or higher than the effi ciency observed using fi bronectin 
of murine collagen IV. These results imply the possibility to take a shortcut in the 
optimization procedure at least for such cells that are known to express CD29. 

 In order to improve the density of the spots that can be arrayed, Rantala et al. [ 11 ] 
exchanged glass slides for untreated polystyrene microplates (Nalge Nunc 
International), which are subdivided into four rectangular wells. With a spot diameter 
of 200 μm and a pitch of 500 μm, in an area of 18 × 54 mm, 3,888 spots could be 
arrayed. The printing of the siRNA array was similar to other protocols—using 
Matrigel as a matrix and sucrose as an additive, but the preparation and seeding of the 
cells was optimized to prevent adherence outside of the spots: For seeding, cells were 
detached using a nonenzymatic reagent (HyClone™ HyQTase, Thermo Scientifi c), 
and 2.5 × 10 6  cells in a volume of 4.5 mL of medium were added to a corner of a 
rectangular well, whilst avoiding direct application of the cells to the printed array. 
After an adherence time of 15 min, cells that had not adhered were washed off. This 
approach resulted in a lower number of cells per spot than usual: For instance, after 
48 h of cultivation, 51 ± 3 PC-3 cells were found on a spot with a diameter of 200 μm, 
and 151 ± 3 cells on a 400 μm spot. Using primary human prostate stromal cells, the 
counts were even lower, as 21 ± 6 cells were found on a 200 μm spot. As a trade-off, 
the area outside of the spots was clear of cells, facilitating automated imaging and 
analysis. For 85 out of 92 cell types tested, this approach of spatially restricted adhe-
sion was successful, indicating its suitability for most applications. 

 It is worth noting that in recent years the reverse transfection technology has 
spread from microarrays to multiwell plates. Note that in the multiwell format, the 
spot diameter is identical with the well diameter. Furthermore, the siRNA/gelatin 
matrix is not physically printed onto the surface, but is formed upon desiccation 
under vacuum from a larger volume. The suitability of this approach was demon-
strated by knocking down the expression of cyclin-dependent kinase 2 (CDK2) in 
15 human cell types, ranging from HEK293 and HeLa to mesenchymal stem cells 
[ 12 ]: In all but two lines (HCC1428 and AU565), a knock-down effi ciency >80 % 
could be achieved using Lipofectamine200 as a transfection reagent and dextran 
and polyvinyl alcohol as additives. 

 Protocols for reverse transfection of siRNA, printed either in a microarray format 
or in a multiwell format, are abounding: For printing in a microarray format, the 
reader might consider [ 13 ] or [ 7 ], generating 450-μm spots. For reverse transfection 
using 96-well plates or 384-well plates consider [ 14 ] and [ 15 ]. Both the microarray 
and the multiwell format are considered in [ 16 ].  

2.3     Microwell Arrays 

 In contrast to methodologies that generate an array of siRNAs on the plane surface 
of a chip, three groups have followed the approach to generate arrays of microwells 
on a chip. Their technologies constitute a hitherto missing link between the 
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“classical” microarray of spots and the larger arrays of the 96/384/1536 microwell 
plate formats, combining the advantages of the former—high density and long-term 
storage, with the physical confi nement of the latter. 

 In 2009, Reyman et al. demonstrated the feasibility of producing a 9,216 microw-
ell array by photolithography, spreading a photoresist (AZ-Lack, Allresist, Germany) 
on a glass substrate and subsequently exposing it to UV light through an array- 
patterned mask. The unexposed photoresist was removed and replaced by titanium 
in an evaporation process under vacuum, after which the exposed photoresist was 
removed to reveal cavities with a diameter of 400 μm. By addressing two endoge-
nously expressed genes, inner centromere protein (INCENP) and polo-like kinase-1 
(PLK1) in HeLa cells, the group was able to reproduce the previously described 
phenotypes, namely multilobing of the cell nuclei in the case of INCENP knock- 
down and cell cycle arrest in the case of PLK1 knock-down. 

 Likewise by using photoresist fi lm etching, Chen et al. [ 17 ] set up arrays from 
2,666 wells to 65,800 wells. Whereas the former still provided room for 350–500 
cells per cavity, in the latter the number of cells was about 30–50, clearly approach-
ing the upper limit of wells desirable in such a format without compromising the 
statistical evaluation of the cellular response. For the 2,666 well format, 5–50 ng of 
siRNA in 3 μL of RNAiMAX (Invitrogen) were mixed with 11 μL of OptiMEM 
(Invitrogen), supplied with 0.2 M sucrose for simplifying printing, resulting in a 
volume of approximately 5 nL/spot. To these, approximately 4.6 μL of a HeLa cell 
suspension at 8.3 × 10 4  cells/ml were added. The diameter of the cavities was 
500 μm, with a pitch of 100 μm. Using a cell line stably expressing an eGFP-DsRed 
fusion protein, the group showed a reduction in DsRed fl uorescence after 72 h 
showing a dependence on the fi nal concentration of the siRNA employed in the 
microcavities, ranging from 0.25 to 2.5 ng/μL. 

 A group at the Berlin Max Planck Institute developed a technology that allowed 
them to generate a reusable “carpet” with an array of wells on a chip [ 18 ]: To a 
standard glass slide, they applied a Tefl on ®  master containing an array of 5 × 5 or 
9 × 9 protuberances, respectively, and added a mixture of a silicone elastomer and its 
corresponding curing agent (SYLGARD ®  184 silicone elastomer kit, Dow Corning). 
Upon hardening of the elastomer mixture and removal of the master, an array of 
wells was obtained suffi cient to accommodate 500–1,000 cells in the 9 × 9 format 
(well surface area 1.23 mm 2 ), or 2,000–3,000 cells in the 5 × 5 format (well surface 
area 3.14 mm 2 ). 

 For the actual siRNA transfection, siRNAs at a concentration of 200 nM were 
pipetted into the cavities, followed by 3 μL of the pre-incubated and diluted trans-
fection reagent (Dharmafect 1, diluted 1:100 in RPMI cell culture medium and 
incubated for 10 min; Thermo Scientifi c). After another 20 min of incubation, the 
target cells were seeded into the cavities. Targeting Aurora A in U-2 OS cells by 
siRNA, a drop in the number of mitotic cells by a factor of six (from 1.2 % down to 
0.2 %) was observed 72 h after transfection, in line with the growth inhibition and 
apoptosis known to be the consequence of Aurora A knock-down.  
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2.4     shRNA-Mediated Knock-Down 

 The application of siRNAs as immediate effectors of knock-down—on a microarray 
or otherwise—is prone to dilution effects in proliferating cells, as the effective siRNA 
concentration per cell becomes reduced upon mitosis. A work-around for this prob-
lem lies in the constitutive replenishment of siRNAs by the cell, which is accom-
plished by the delivery of DNA coding for short hairpin RNAs (shRNAs). This 
approach was independently developed by Greg Hannon’s group [ 19 ] and Reuven 
Agami’s group [ 20 ], enabling the establishment of stable knock-down in mammalian 
cells: Both groups made use of RNA polymerase III promoters, the transcripts of 
which have defi ned start and end points. The transcripts described in these works 
contained a 26–29 nucleotides (nt) or a 19 nt long sequence, respectively, each spe-
cifi c to a target gene, followed by a 8–9 nt long spacer and the reverse complement 
of the specifi c sequence, which allows the RNA strand to fold back forming a hairpin 
structure, which is the reason why this structure was termed short hairpin RNA. 

 In 2004, Greg Hannon’s group undertook the fi rst steps towards the employment 
of shRNA-based microarrays in screening [ 21 ]: drawing upon 30 putative hits 
obtained from an earlier screen performed in the 96-well plate format, they employed 
a chimeric reporter construct containing a GFP coupled to a signal sequence medi-
ating rapid proteasomal degradation (ZsProSensor-1, Clontech) to identify knock- 
down constructs that target proteasomal proteins: Cells on spots containing such 
shRNAs showed a gradual increase in green fl uorescence intensity due to accumula-
tion of the chimeric protein, reaching a maximum after 60–72 h. 

 Whereas in these initial works the application of shRNAs was restricted to plas-
mids, it became soon adapted to viral vectors: In December 2002, Patrick Aebischer’s 
group reported a lentiviral vector expressing an shRNA directed against eGFP under 
the control of the human H1 promoter [ 22 ]. In their work, they showed that 
lentivirus- mediated shRNA-driven knock-down resulted in an approximately 
30-fold reduction of the fl uorescence signal in stably eGFP-expressing recombinant 
HEK293 cells, which persisted as long as 25 days. 

 In the following sections, we shall take a more detailed look at the application of 
retroviruses and lentiviruses as well as adenoviruses as means of delivery of shRNA 
into human cells. 

2.4.1     Retro- and Lentivirus 

 The most commonly used retroviral systems are either based on Moloney’s murine 
leukemia virus (MoMuLV), such as Clontech’s RevTet™ system, or on murine stem 
cell virus (MSCV), such as Open Biosystem’s Expression Arrest™ system. The 
entry of the MoMuLV virus into a target cell is mediated by the binding of its enve-
lope glycoprotein gp70 to its cognate receptor, the murine cationic amino acid 
receptor 1 (mCAT-1). These viruses are ecotropic, i.e., their tropism is restricted to 
murine cells. For the infection of human cells, amphotropic variants are used, which 
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bind to sodium-dependent phosphate symporters (e.g., PiT2; for details, see [ 23 ]). 
Such viruses have to be handled under biosafety level 2 laboratory conditions. 

 Using a spot-size of 500–800 μm in diameter, Carbone et al. [ 24 ] printed approx-
imately 3,000 amphotropic biotinylated retroviral particles per spot on a nanostruc-
tured titania surface deposited using supersonic beam deposition of TiO x , which 
was functionalized with streptavidin. Thus, the interaction between streptavidin and 
biotin was used to anchor the retrovirus to the spot. Depending on the cell type used, 
200–400 cells were seeded on each spot. Approximately 800 spots could be accom-
modated on a standard microscopic slide when using a pitch of 1.5 mm. Addressing 
the expression of p53 in U-2 OS cells, a knock-down effi ciency of >80 % was 
observed in more than a third of the transduced cells, and a knock-down effi ciency 
at least 50 % was found in 75 % of the transduced cells, as was judged by immuno-
fl uorescence microscopy. 

 In the last years, lentiviruses became more popular than retroviruses as convey-
ors of genetic information. One advantage lentiviruses have over retroviruses is that 
they can integrate into the genome of nondividing cells, whereas retrovirus can only 
do so when the nuclear envelope is broken down during mitosis. Most commercially 
available lentivirus systems are based on HIV-1, but include the open reading frame 
of the vesicular stomatitis virus glycoprotein (VSV-G) in order to pseudotype the 
resulting recombinant viruses, thereby broadening their tropism (for a review, see 
[ 25 ]. Additionally, the VSV-G increases the stability of the lentivirus, rendering it 
more user-friendly. Like amphotropic retroviruses, lentiviruses have to be handled 
under biosafety level 2 laboratory conditions. 

 In February 2006, David M. Sabatini’s group demonstrated the feasibility of 
lentivirus-infected cell microarrays [ 26 ]. Using glass slides coated with γ-amino 
propyl silane (UltraGAPS, Corning), they printed 3.9 nL of viral suspensions with 
a titre of 1 × 10 9  infectious units/ml (i.e., 3,900 infectious units/spot), giving rise to 
spots of 200–300 μm in diameter. When these slides were seeded with HeLa cells, 
approximately 150 cells came to lie over any viral spot area. Although the entire 
slide was covered with cells, the infection was locally confi ned to the cells located 
on the viral spots. Moreover, by alternatingly printing lentivirus-encoding GFP and 
lentivirus-encoding shRNA directed against human lamin A/C, and measuring GFP 
fl uorescence as well as detecting lamin A/C by immunofl uorescence microscopy, 
no signifi cant cross-contamination was observed: GFP fl uorescence was confi ned to 
cells located on spots of GFP-encoding lentiviruses, and knock-down of lamin A/C, 
which reduced the expression to approximately 20 % and was restricted to cells 
located on spots of shRNA-encoding lentiviruses. 

 Using GFP-encoding lentiviruses, Bailey et al. extended their work to both divid-
ing and post-mitotic primary cells: Primary human BJ fi broblasts served as a repre-
sentative of primary dividing cells, whereas murine bone marrow-derived dendritic 
cells served as a representative of nondividing cells. A higher degree of complexity 
was achieved in an experiment conducted on HeLa cells, which were seeded on 
arrays printed with lentivirus-encoding shRNA directed against lamin A/C (as a 
negative control) or against mammalian target of rapamycin (mTOR), a kinase 
involved in signal transduction cascades regulating cell size and proliferation. Cells 
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located on spots of viruses encoding the shRNA against mTOR showed not only a 
reduction in the amount of phosphorylated protein S6, a downstream target in the 
mTOR-signaling cascade, as was determined by immunofl uorescence, but also 
were smaller in size and fewer in number than were cells located on control spots. 

 Several research institutions joined their efforts to provide the scientifi c com-
munity with validated shRNA sequences in lentiviral vectors, forming a public–pri-
vate consortium (The RNAi Consortium;   http://www.broadinstitute.org/rnai/trc    ). 
The suitability of the initial portion of the shRNA library thus generated was con-
fi rmed in an initial screen performed in a 384-well plate format, comprising 4,903 
lentiviruses [ 27 ]. This library is commercially available through the private consor-
tium partners (Sigma Aldrich; Thermo Fisher).  

2.4.2     Adenovirus 

 It should be noted that most of the adenovirus work has been performed using the 
serotype 5 (Ad5), which is also used in most commercially available expression 
systems. In contrast to retro-/lentiviruses, adenoviruses do not integrate into their 
host’s genome. Furthermore, it is to be considered that for an effi cient infection, 
adenovirus require the presence of the human coxsackievirus and adenovirus recep-
tor (hCAR) on the cell surface, excluding, among others, skeletal muscle cells, 
endothelial cells, and hematopoietic cells from adenovirus-mediated transfer 
(reviewed in [ 28 ]). However, the adenoviral transfection effi ciency can be improved 
by various compounds, of which the non-liposomal transfection reagent FuGENE6™ 
(Roche) is the least toxic [ 29 ]. As the retro- and lentiviruses discussed above, ade-
noviruses have to be handled under biosafety level 2 laboratory conditions. 

 In 2003, Zhao et al. [ 30 ] established adenovirus-mediated knock-down using an 
shRNA transcript driven by the H1 promoter in HeLa cells. In their work on murine 
jejunal  Tunica muscularis  cells, Ro et al. [ 29 ] performed a comparative study of three 
RNA polymerase III promoters in the same adenoviral background: Using Stratagene’s 
AdEasy™ Adenoviral Vector System, they introduced shRNA sequences directed 
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) under control of 
either the murine or the human U6 small nuclear RNA promoter, or the human H1 
promoter, into the target cells. The knock-down effi ciencies observed using Western 
blot analysis were highly similar, namely reductions by 80 ± 6 % for the murine U6 
promoter, 75 ± 8 % for the human U6 promoter, and 88 ± 4 % for the human H1 pro-
moter, indicating that, at least in that particular cell system, the choice of the pro-
moter does not exert a strong effect on the knock-down effi ciencies achievable. 

 The fi rst functional screening using an adenoviral array was described by 
Michiels et al. [ 31 ]: Using a 96-well plate format, they generated adenovirus sus-
pensions with a titre of 2.5 × 10 9  viral particles per ml, harboring a cDNA library. 
These were transferred to another 96-well plate into which the target cells, hMSCs, 
had been seeded previously, which became transfected at an average multiplicity of 
infection (MOI) of 2,500. 
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 In 2008, Oehmig et al. [ 32 ] applied the principle of virus-mediated transfer as 
described by Bailey et al. [ 26 ] to an array of shRNA-encoding adenoviruses: In 
contrast to the earlier work of David M. Sabatini’s group, they printed the adenovi-
rus on a glass slide but then blocked the surface outside the spots, so that cells could 
become adherent only on the adenoviral spots, which greatly simplifi ed the identifi -
cation of viral spots without the need of additional fl uorescent markers. To this end, 
the glass slides were coated with nitrocellulose prior to printing the viruses, and 
blocked by the application of StabilGuard (SG01, SurModics). With a diameter of 
80 μm, the spots were a smaller size than commonly printed. Using a combination 
of Invitrogen’s U6-promoter-driven shRNA expression system in the context of a 
site-specifi c recombination system (BLOCK-iT™ U6 RNAi Entry Vector Kit) for 
easier shuttling and Stratagene’s AdEasy™ Adenoviral Vector, Oehmig et al. func-
tionally analyzed the knock-down of a token panel of seven human protein kinases 
on the human osteosarcoma cell line U-2 OS. The panel had been selected to include 
known regulators of apoptosis, and the shRNA sequences had been pre-validated to 
achieve a knock-down by at least 60 %. In the adenoviral microarray, four out of the 
seven knock-down sequences exerted a phenotypic effect, namely the induction of 
apoptosis, as determined independently by a fl uorescence-based TUNEL assay and 
by immunofl uorescence microscopy detecting cleaved caspase 3, a hallmark of 
apoptosis. In a last step, the adenoviral shRNA array was applied to human umbili-
cal vein endothelial cells (HUVEC), thereby extending the range from transformed 
cell lines to primary cells: Again, four out of the seven knock-down sequences 
(although not the same four, refl ecting differences in the cell biology of the target 
cells) proved to be effective in eliciting apoptosis. 

 A protocol for the generation and application microarrays of shRNA-encoding 
adenovirus is given in [ 33 ].   

2.5     shRNA Sequence 

 For the selection of siRNA sequences, a couple of empirical rules have been estab-
lished, which resulted in the set up of several public-domain servers, such as 
Wadsworth’s Sfold server (  http://sfold.wadsworth.org/cgi-bin/index.pl    ; [ 34 ] or 
Whithead’s siRNA selection program (  http://sirna.wi.mit.edu    ; [ 35 ], the discussion of 
which are outside the scope of this review. Suffi ce to say that the algorithms employed 
for the prediction of siRNA sequences are not suited to predict the effi ciency of 
shRNA sequences to the same degree, as a comparative study revealed [ 36 ]. 

 Considering that microarrays lend themselves to the screening of rare or limited 
samples, we take a short look at the generation of shRNA libraries generated from 
cDNA, as these take a great step forward towards personalized libraries: In 2004, 
three publications appeared which focus on the enzymatic generation of shRNA 
libraries [ 37 – 39 ], followed by another work in 2005 [ 40 ], and two more in 2006 [ 41 , 
 42 ]. All these approaches make use of the restriction enzyme MmeI, which cleaves 
DNA 20–21 bp away from its recognition site, thus giving rise to 21-nt-long 
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stretches of DNA, which contain the target strand as well as its reverse complement, 
already in the length preferred for effi cient siRNAs. The approaches taken in these 
six publications differ in the types of adapters that are ligated to the dsDNA, which 
at some stage contain a pre-formed hairpin structure and thus upon ligation render 
the construct reminiscent of the shRNA (though still being a DNA molecule), and 
they also differ in the polymerases employed in order to amplify the DNA hairpin 
for subsequent cloning into suitable vectors. Nonetheless, at the end, all approaches 
result in a stretch of DNA encoding the shRNA molecule. 

 It should be noted that generating an shRNA library from a cDNA as such would 
result in a biased representation of the genome, as some transcripts are considerably 
more abundant than others. Normalization techniques have been developed to over-
come the unbalanced representation, favoring the representation of less abundant 
transcripts over the more abundant one. For an overview of such approaches, con-
sider [ 43 ] and references therein.  

2.6     Variation of siRNA Delivery 

 All the methods discussed so far rely upon protein-based matrices such as gelatin, 
Matrigel, fi bronectin, or others to locally confi ne either the siRNA or the viruses on 
the spots. 

 An interesting variation of the theme was presented by the work of Zhao et al. 
[ 44 ], which employed an shRNA library synthesized in an attenuated  E. coli  strain 
and made use of integrin-receptor-based bacterial invasion of HeLa cells to deliver 
the shRNAs into the mammalian cells. At an MOI of 100, approximately 80 % of 
the HeLa cells were invaded, albeit at the price of some cell death. A reduction in 
the MOI to 20 was accompanied with a reduction of the gene transfer effi ciency to 
30 %. The shRNA delivered in this manner was effi cient in knocking-down the 
expression of an endogenous gene, major vault protein (MVP), by approximately 
50 % as judged by Western blot analysis. Remarkably, the bacterial invasion did not 
cause a detectable interferon response in the HeLa cells, as was established by the 
analysis of the levels of phosphorylated protein kinase R (PKR), which is induced 
by interferon and becomes activated upon binding to double-stranded RNA. This 
approach was successfully employed in a wider shRNA screen, in which an enzy-
matically generated shRNA library against MVP was delivered in a 96-well format 
to HeLa cells, resulting in the identifi cation of fi ve potent shRNA sequences. 
Although not yet in a microarray format—the read out was based on the luciferase 
activity of a luciferase-MVP chimeric transcript—this method bears the potential 
for the application in a microarray format at least in those cases in which no interfer-
ence of the bacterial invasion with cellular processes is anticipated. 

 In two studies published in 2010 and 2012, Hongkun Park and collaborators 
developed a novel approach addressing cells typically hard to transfect, such as 
primary neurons and cells of the immune system [ 45 ,  46 ]: They generated an array 
of silicon nanowires (approximately 1–3 μm in length and 150 nm in diameter, with 
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densities ranging from 0.15 to 1 per μm 2 ), which were subsequently functionalized 
using aminosilane to allow for the non-covalent binding of siRNA molecules. More 
than 95 % of the cells seeded on this spiked surface became penetrated by the 
nanowires within an hour. Temporarily, the cells developed irregular contours, but 
returned to normal morphology within a couple of hours. Notably, immune cells 
tested such as murine B cells, dendritic cells, and macrophages showed low basal 
expression levels of the infl ammatory marker tumor necrosis factor α, while exhibit-
ing normal infl ammatory responses when stimulated. These fi ndings were taken to 
indicate that the impalement caused by the nanowires did not elicit any signifi cant 
immune response, which is presumably due to the fact that nanowire penetration 
directly delivers the cargo into the cytosol, thus bypassing the endosomal pathway 
and the immune checkpoints associated with it. 

 This approach lends itself to knock-down studies in a microarray format: In a 
feasibility study addressing vimentin expression in HeLa S3 cells, Shalek et al. [ 45 ] 
observed a signifi cant reduction in vimentin expression as monitored by immuno-
fl uorescence microscopy.  

2.7     Concluding Remarks 

 The chip-based microarrays discussed in this chapter mostly result in a monolayer 
of cells, of which only those cells that happen to be seeded on a spot take up the 
genetic information. Thus, the cells are free to leave “their” spot and move around 
later on. This lack of confi nement might be problematic for some sorts of assays, 
and can be either overcome by blocking the area outside the spots to cell adherence, 
as shown by Oehmig et al. [ 32 ], by a combination of hydrophobic surfaces and 
shortened time for adherence [ 11 ], or by the generation of microwells [ 17 ,  18 ,  47 ], 
which puts up a physical barrier around the cells. 

 Presumably due to the adaptation of the commercially available robotics plat-
forms to the 96/384/1536 format, many published high-throughput/high content 
library screens making use of cell-based reverse transfection arrays were performed 
in a 384-well plate format, examples of which are given in [ 48 ] and [ 49 ] for 
 siRNA- based arrays, and in [ 27 ] for lentiviral arrays. 

 It should be noted that, for most cell systems, the application of the microarray 
technology is restricted to experiments in which a detectable effect is expected to 
occur within approximately 72 h, given that cells would become overgrown if incu-
bated for longer periods of time. An exception to this limitation are post-mitotic 
cells such as neurons, for which Krichevsky and Kosik [ 50 ] demonstrated the appli-
cability of siRNA-mediated RNAi: By using siRNAs directed against an endoge-
nously expressed gene (microtubule-associated protein 2, MAP2), they achieved an 
approximately fourfold reduction in the protein level as judged by immunofl uores-
cence microscopy performed 48–68 h after transfection, affecting approximately 
70–80 % of the neurons. 
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 Given the rather short experimental time window of the cell-based microarrays, 
the advantage of employing shRNAs over siRNAs, namely the generation of stable 
siRNA expression, does not appear to bear fruit. However, for any downstream 
characterization of hits picked during the screening, it pays off to have identifi ed 
effi cient shRNA sequences given that the effi ciency of any given sequence when 
applied in an shRNA-based knock-down is different from the one achieved employ-
ing it in an siRNA-based approach [ 36 ].     
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    Abstract     Since the early 1980s, microarrays have gained increasing interest due to 
their tremendous fi eld of applications. A large repertoire of biomolecules has been 
micro-arrayed for the specifi c 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-specifi cally immobilizing 
eukaryotic or prokaryotic cells on a surface.  
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  CTC    Circulating tumor cells   
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  ELISA    Enzyme-linked immunosorbent assay   
  FACS    Fluorescence-assisted cell sorting   
  GNP    Gold nanoparticles   
  HAART    Highly active antiretroviral therapy   
  HIV    Human immunodefi ciency virus   
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  ICS    Intra-cellular cytokine staining      
  IFNγ    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   
  TNFα    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 effi cient 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 benefi t 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 microfl uidic 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 signifi cant 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 fi rst 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 fi rst 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 defi ned binding properties used for probing targets contained in 
a sample [ 12 ]. Antibody microarrays defi nitely 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 2  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 specifi cally 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 fi rst 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 specifi c 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 
specifi c cell capture and analysis on a microarray implies specifi c cell surface inter-
actions with functionalized spots. These cell surface recognition events are mostly 
ensured by recognition of clusters of differentiation (CDs) by specifi c 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 specifi cally cap-
ture individual cells on defi ned 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 identifi ed as specifi c to a cell type, sub-cell type, differentia-
tion stage, or physiological process, etc. By immobilizing antibodies targeting a 
specifi c 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 confi rmed 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 specifi c 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 coeffi cients 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-
fi rmed by control fl ow cytometry experiments. The coupling of such microarrays 
with dedicated microfl uidic systems showed remarkable results obtained by fl owing 
fl eshly drawn peripheral blood mononuclear cells (PBMCs) [ 27 ], which might be a 
useful tool for blood analysis in General Practitioner offi ces. Other screens were also 
done for exploring a larger repertoire of surface antigens. Ellmark et al. [ 28 ] arrayed 
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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 
identifi ed and associated to B-lymphocyte subpopulations. These phenotypic profi les 
allowed the characterization of naïve 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 identifi ed 
as key antigens for sorting the B cell subfamilies by antibody microarray analysis, 23 
were identifi ed 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 

  Fig. 3.1    Dark-fi eld 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 
defi ned antibody addresses. Anti-CD44 titrations are shown at the top and bottom of the array. The 
magnifi ed 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 profi ling of different B cell sub-populations using antibody 
CD-microarrays, 98–106, Copyright (2008), with permission from Elsevier       
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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-specifi c 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 10 7  and 10 8  colony forming units (CFU)/mL. After labeling of 
the captured cells with a fl uorophore-conjugated secondary antibody, immunoas-
says were automatically analyzed with a microplate reader. Distinguishing different 
bacterial strains or species is important, but sometimes is not suffi cient: 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 specifi cally captur-
ing each serotype—O26, O45, O103, O111, O121, O145, O157—with minimum 
cross-reactivity between each strain. The microarray readout was done by fl uores-
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 fi res 
a specifi c immune response by the infected host. So far, 91 different  S. pneumoniae  
serotypes have been identifi ed [ 33 ]. Clustering their capsular antigenic determi-
nants identifi es 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 fl uorescent 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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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 identifi cation of positive features by 
resonant light scattering (RLS). Such amplifi cation processes gave signifi cant results, 
as the limit of detection (LOD) was as low as 10 5  bacteria/mL. Although most anti-
body microarrays are analyzed after targeted labeling, there is a growing interest for 

  Fig. 3.2     Streptococcus pneumonia  typing on antibody microarrays. After binding of fl uorophore- 
labeled bacteria on microarray-wells, fl uorescent signal is detected wherever the printed antibodies 
(specifi c 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 fl uorophore streptavidin-
 Cy3, allows easy identifi cation 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       
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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 specifi c case of 
bacterial detection on microarray red by SPR, the usual LOD cannot be below the 
10 4 –10 5  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 
fi rst run an amplifi cation step to enrich the sample with bacteria. This phase usually 
lasts for one night to a few days and thus signifi cantly 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-
nifi cant 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 signifi cant 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-
cifi c to the geological environment [ 41 ].  Vibrio  spp.,  Pseudomonas  spp., and 
 Actinobacteria  spp. were successfully identifi ed and confi rmed 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 specifi c detection is still quite high (around 10 5  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 
fl uorescent detection) were developed and optimized to detect bacteria and spores 
at levels of 10 3  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 specifi c cell 
surface markers, antibody microarrays turned out to be powerful tools for studying 
whole cells drawn from patients. From a practical point of view, fl uorescence- 
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 fl uorophores used in routine in fl ow 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-specifi c 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 fl uorescent labeling of captured cells with either anti-CD3 FITC or anti-CD19 
PE antibodies allowed the identifi cation 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 confi rmed by analysis on cDNA microarrays and fl ow 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 fl ow 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 fl uorescently 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 identifi ca-
tion of normal B cell populations and malignant B cell populations [ 28 ]: after cell 
binding, the specifi c response of each feature allowed a principle component analysis 
that clearly identifi ed germinal center founder cell populations and normal naïve 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 identifi ca-
tion of expression profi les specifi c 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 specifi c 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 infl ammatory dis-
ease characterized by abnormal autoantibody production. This disorder is often dif-
fi cult to characterize as the diagnosis is based on clinical symptoms that may take 
years to appear. Soluble biomarkers have been identifi ed (serum complement C3 
and C4 and anti-dsDNA antibody) but they are not suffi cient to reliably characterize 
this disease. Using a specifi c 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 specifi c 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 specifi city, samples were treated with anti-
 CD45 antibody-coated magnetic beads that allowed melanoma cells and leukocytes 
to be enriched and profi led separately. Other adherent cells have been studied on 
protein microarrays for determining disease-specifi c expression profi les. Liu- 
spotted antibodies (119 CD-specifi c antibodies) on polystyrene Petri dishes and 
screened several prostate cancer cell lines [ 49 ]. Although some heterogeneity was 
observed in expression profi les, abnormal profi les specifi c to each cancer cell line 
were identifi ed. 

 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 purifi ed 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-
tifi cation 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 CD8 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 benefi ts of assay miniaturization; indeed, by decreas-
ing sample volumes, the surface-to-volume ratio increases dramatically. This spe-
cifi c 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 fl owing 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 
specifi c 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 fi red 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 specifi cally, 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-specifi c 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 specifi c to IFNγ and IL-2 cytokines [ 27 ]. 
After T lymphocyte capture on the spots and incubation, cytokines spontaneously 
diffused and were immobilized on cytokine-specifi c 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 
α1-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 amplifi cation effect. 

 Functional assays dedicated to immune responses after antigenic stimulation are 
important for control of vaccination effi ciency, and also for epitope screening or 
identifi cation of multiple epitope-specifi c 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 signifi cant 
results, thus validating the use of such protein arrays for the identifi cation of rare T 
lymphocytes from vaccinated mice. More recently, the same group increased the 
complexity of such microarrays by combining cytokine-specifi c 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 IFNγ, TNFα, Granzyme B, IP-10, IL-2, IL6, and IL-1b). Samples 
from patients suffering from melanoma and who received vaccination showed sta-
tistically different profi les than those who did not receive vaccination. One interest-
ing conclusion of this work is the correlation between high levels of IFNγ and TNFα 
and the arrest of tumor development. Such tools thus provide an easy-to-process 
device for the fast assessment of vaccination effi ciency. 

 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 
fl uorescent 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-specifi c 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-
efi ted 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 profi les 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 μm 2 ) 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 identifi ed the involvement of several com-
plexes, specifi cally 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 effi ciency. Data analysis confi rmed 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 signifi cant secreting amplifi cation effect.

3.4.3        Analyzing Individual Cellular Responses 
on an Antibody Microarray 

 Another signifi cant 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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(anti-IL- 6, anti-IL-17, anti-IFNγ, anti-IL-2, and anti-TNFα), secretion levels were 
determined by molecular sandwich-like construction with fl uorescently labeled anti-
bodies and secreting rates per cell were calculated for each cytokine. Microfl uidics 
also signifi cantly 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’ 

  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 
defi ned by sequential patterning of anti-CD3 ( red  ) and anti-CD28 ( green ) on a single surface ( c ). 
( Inset ) Fluorescence profi le across a segregated site. ICAM-1 was coated onto the remainder of 
these surfaces but is omitted here for clarity (scale bar: 10 μm). 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       
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group fabricated a microfl uidic 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 4  cells in individual reaction chambers. Each chamber is functional-
ized by 12 stripes of proteins specifi c to secreted products. Human macrophages 
were chemically activated for cytokine production and production of IFNγ, TNFα, 
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 fl ow 
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 confi rmed the polyfunctional 

  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 fl uorescence image showing high uniformity of protein loading across the entire bar-
code microarray. ( c ) Photograph stitched from a large number of individual pictures collected by an 
automated, motorized phase contrast microscope. Scale bar 2 mm. The fi rst enlarged image shows 
a column of micro-chamber array (scale bar 300 μm). The second enlarged image shows individual 
cells loaded in micro-chambers (scale bar 50 μm). Reprinted with permission from Lu Y, et al. 
 Analytical Chemistry,  (2013), 85(4):2548–2556. Copyright (2013) American Chemical Society       
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property of these cells, since an average of more than fi ve different secreted proteins 
were detected. Such a complex network of secretion profi les 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., microfl uidics, 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 fi eld 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 diffi cult to site- 
specifi cally 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. Signifi cant 
efforts have been made in engineering alternative probe molecules exhibiting spe-
cifi c 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 fi rst 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 identifi cation, 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 specifi c assays, as illustrated by recent examples of biochip fabrication for 
space missions and extraterrestrial life detection on Mars [ 43 ].     

   References 

    1.    Jin C et al (2014) Technologies for label-free separation of circulating tumor cells: from his-
torical foundations to recent developments. Lab Chip 14(1):32–44  

    2.    Haeberle S, Zengerle R (2007) Microfl uidic platforms for lab-on-a-chip applications. Lab 
Chip 7(9):1094–1110  

    3.    Grant SF, Hakonarson H (2008) Microarray technology and applications in the arena of 
genome-wide association. Clin Chem 54(7):1116–1124  

    4.    Zhu H, Qian J (2012) Applications of functional protein microarrays in basic and clinical 
research. Adv Genet 79:123–155  

    5.    Foong YM, Fu J, Yao SQ, Uttamchandani M (2012) Current advances in peptide and small 
molecule microarray technologies. Curr Opin Chem Biol 16(1–2):234–242  

    6.    Oyelaran O, Gildersleeve JC (2009) Glycan arrays: recent advances and future challenges. 
Curr Opin Chem Biol 13(4):406–413  

    7.    Schena M, Shalon D, Davis RW, Brown PO (1995) Quantitative monitoring of gene expression 
patterns with a complementary DNA microarray. Science 270(5235):467–470  

    8.    Fodor SP et al (1991) Light-directed, spatially addressable parallel chemical synthesis. Science 
251(4995):767–773  

     9.    Ekins R, Chu F, Biggart E (1989) Development of microspot multi-analytite ratiometric immu-
noassay using dual fl uorescent-labelled antibodies. Anal Chim Acta 227:73–96  

    10.    Weller MG (2003) Classifi cation of protein microarrays and related techniques. Anal Bioanal 
Chem 375(1):15–17  

    11.    Ekins R, Chu F, Biggart E (1990) Fluorescence spectroscopy and its application to a new 
 generation of high sensitivity, multi-microspot, multianalyte, immunoassay. Clin Chim Acta 
194(1):91–114  

    12.    Kodadek T (2001) Protein microarrays: prospects and problems. Chem Biol 8(2):105–115  
    13.      Lynes MA (2005) Solid-phase immunoassays. Curr Protoc Toxicol Chapter 18:Unit18 17. 

Wiley  
    14.    Dexlin-Mellby L et al (2011) Design of recombinant antibody microarrays for membrane 

 protein profi ling of cell lysates and tissue extracts. Proteomics 11(8):1550–1554  
     15.    Chang TW (1983) Binding of cells to matrixes of distinct antibodies coated on solid surface. 

J Immunol Methods 65(1–2):217–223  
    16.    Castel D, Pitaval A, Debily MA, Gidrol X (2006) Cell microarrays in drug discovery. Drug 

Discov Today 11(13–14):616–622  
    17.    Chen DS, Davis MM (2006) Molecular and functional analysis using live cell microarrays. 

Curr Opin Chem Biol 10(1):28–34  
    18.    El-Ali J, Sorger PK, Jensen KF (2006) Cells on chips. Nature 442(7101):403–411  
    19.    Utz PJ (2005) Protein arrays for studying blood cells and their secreted products. Immunol Rev 

204:264–282  
    20.    Kato K, Toda M, Iwata H (2007) Antibody arrays for quantitative immunophenotyping. 

Biomaterials 28(6):1289–1297  
    21.    Flaim CJ, Chien S, Bhatia SN (2005) An extracellular matrix microarray for probing cellular 

differentiation. Nat Methods 2(2):119–125  
     22.    Kim H, Doh J, Irvine DJ, Cohen RE, Hammond PT (2004) Large area two-dimensional B cell 

arrays for sensing and cell-sorting applications. Biomacromolecules 5(3):822–827  

3 Antibody Microarrays for Cell-Based Assays…



50

     23.    Revzin A, Sekine K, Sin A, Tompkins RG, Toner M (2005) Development of a microfabricated 
cytometry platform for characterization and sorting of individual leukocytes. Lab Chip 5(1):30–37  

      24.    Ko IK, Kato K, Iwata H (2005) Antibody microarray for correlating cell phenotype with 
 surface marker. Biomaterials 26(6):687–696  

    25.    Fujii Y, Anderson JM, Matsuda T (2008) Antibody-bound cell microarray for immunopheno-
typing: surface modifi cation and lymphocyte subpopulations. J Biomed Mater Res B Appl 
Biomater 87(2):525–537  

      26.    Suraniti E et al (2007) Real-time detection of lymphocytes binding on an antibody chip using 
SPR imaging. Lab Chip 7(9):1206–1208  

       27.    Zhu H et al (2008) A microdevice for multiplexed detection of T-cell-secreted cytokines. Lab 
Chip 8(12):2197–2205  

     28.    Ellmark P et al (2008) Phenotypic protein profi ling of different B cell sub-populations using 
antibody CD-microarrays. Cancer Lett 265(1):98–106  

    29.    Anonymous (2010) Response to questions posed by the food safety and inspection service 
regarding determination of the most appropriate technologies for the food safety and inspec-
tion service to adopt in performing routine and baseline microbiological analyses. J Food Prot 
73(6):1160–1200  

    30.    Gehring AG, Albin DM, Reed SA, Tu SI, Brewster JD (2008) An antibody microarray, in 
multiwell plate format, for multiplex screening of foodborne pathogenic bacteria and biomol-
ecules. Anal Bioanal Chem 391(2):497–506  

    31.    Gehring A et al (2013) A high-throughput antibody-based microarray typing platform. Sensors 
(Basel) 13(5):5737–5748  

     32.    Hegde NV, Praul C, Gehring A, Fratamico P, Debroy C (2013) Rapid O serogroup identifi cation 
of the six clinically relevant Shiga toxin-producing Escherichia coli by antibody microarray. 
J Microbiol Methods 93(3):273–276  

    33.    Park IH et al (2007) Discovery of a new capsular serotype (6C) within serogroup 6 of 
Streptococcus pneumoniae. J Clin Microbiol 45(4):1225–1233  

    34.    Marimon JM et al (2010) Antibody microarray typing, a novel technique for Streptococcus 
pneumoniae serotyping. J Microbiol Methods 80(3):274–280  

    35.    Gao J, Liu C, Liu D, Wang Z, Dong S (2010) Antibody microarray-based strategies for 
detection of bacteria by lectin-conjugated gold nanoparticle probes. Talanta 81(4–5): 
1816–1820  

     36.    Bombera R, Leroy L, Livache T, Roupioz Y (2012) DNA-directed capture of primary cells 
from a complex mixture and controlled orthogonal release monitored by SPR imaging. Biosens 
Bioelectron 33(1):10–16  

   37.    Dudak FC, Boyaci IH (2009) Rapid and label-free bacteria detection by surface plasmon reso-
nance (SPR) biosensors. Biotechnol J 4(7):1003–1011  

      38.    Milgram S et al (2011) On chip real time monitoring of B-cells hybridoma secretion of 
 immunoglobulin. Biosens Bioelectron 26(5):2728–2732  

    39.    Bouguelia S et al (2013) On-chip microbial culture for the specifi c detection of very low levels 
of bacteria. Lab Chip 13(20):4024–4032  

    40.    Parro V et al (2011) A microbial oasis in the hypersaline Atacama subsurface discovered by a 
life detector chip: implications for the search for life on Mars. Astrobiology 11(10):969–996  

     41.    Rivas LA et al (2008) A 200-antibody microarray biochip for environmental monitoring: search-
ing for universal microbial biomarkers through immunoprofi ling. Anal Chem 80(21):7970–7979  

    42.    de Diego-Castilla G et al (2011) Assessing antibody microarrays for space missions: effect of 
long-term storage, gamma radiation, and temperature shifts on printed and fl uorescently 
labeled antibodies. Astrobiology 11(8):759–773  

     43.    Parro V et al (2011) SOLID3: a multiplex antibody microarray-based optical sensor instru-
ment for in situ life detection in planetary exploration. Astrobiology 11(1):15–28  

    44.    Belov L, de la Vega O, dos Remedios CG, Mulligan SP, Christopherson RI (2001) 
Immunophenotyping of leukemias using a cluster of differentiation antibody microarray. 
Cancer Res 61(11):4483–4489  

Y. Roupioz



51

    45.    Barber N et al (2009) Profi ling CD antigens on leukaemias with an antibody microarray. FEBS 
Lett 583(11):1785–1791  

    46.    Lin MW, Ho JW, Harrison LC, dos Remedios CG, Adelstein S (2013) An antibody-based 
leukocyte-capture microarray for the diagnosis of systemic lupus erythematosus. PLoS One 
8(3):e58199  

     47.    Kaufman KL et al (2010) An extended antibody microarray for surface profi ling metastatic 
melanoma. J Immunol Methods 358(1–2):23–34  

    48.    Rahman W et al (2012) Analysis of human liver disease using a cluster of differentiation (CD) 
antibody microarray. Liver Int 32(10):1527–1534  

    49.    Liu AY (2000) Differential expression of cell surface molecules in prostate cancer cells. 
Cancer Res 60(13):3429–3434  

    50.    Wu JQ et al (2007) Antibody microarray analysis of cell surface antigens on CD4+ and CD8+ 
T cells from HIV + individuals correlates with disease stages. Retrovirology 4:83  

    51.    Wu JQ et al (2008) Longitudinal microarray analysis of cell surface antigens on peripheral 
blood mononuclear cells from HIV + individuals on highly active antiretroviral therapy. 
Retrovirology 5:24  

    52.   Sutandy FX, Qian J, Chen CS, & Zhu H (2013) Overview of protein microarrays. 
Current protocols in protein science/editorial board, John E. Coligan … [et al.] Chapter 27: 
Unit 27 21. Wiley  

    53.    Wilson DS, Nock S (2002) Functional protein microarrays. Curr Opin Chem Biol 6(1):
81–85  

     54.    Bienvenu J, Monneret G, Fabien N, Revillard JP (2000) The clinical usefulness of the mea-
surement of cytokines. Clin Chem Lab Med 38(4):267–285  

   55.    Hernandez-Fuentes MP, Warrens AN, Lechler RI (2003) Immunologic monitoring. Immunol 
Rev 196:247–264  

    56.    Schett G, Elewaut D, McInnes IB, Dayer JM, Neurath MF (2013) How cytokine networks fuel 
infl ammation: toward a cytokine-based disease taxonomy. Nat Med 19(7):822–824  

    57.    Bromage E, Stephens R, Hassoun L (2009) The third dimension of ELISPOTs: quantifying 
antibody secretion from individual plasma cells. J Immunol Methods 346(1–2):75–79  

    58.    Cox JH, Ferrari G, Janetzki S (2006) Measurement of cytokine release at the single cell level 
using the ELISPOT assay. Methods 38(4):274–282  

    59.    Brattig NW et al (2005) Relevance of ex vivo blood lymphocyte assay for in vivo lymphocyte 
function. Clin Exp Immunol 139(1):127–131  

    60.    Gonzalez LC (2012) Protein microarrays, biosensors, and cell-based methods for secretome- 
wide extracellular protein-protein interaction mapping. Methods 57(4):448–458  

    61.    Kasai S et al (2005) Real-time monitoring of reactive oxygen species production during 
 differentiation of human monocytic cell lines (THP-1). Anal Chim Acta 549(1–2):14–19  

     62.    Jones CN et al (2008) Multifunctional protein microarrays for cultivation of cells and immu-
nodetection of secreted cellular products. Anal Chem 80(16):6351–6357  

     63.    Bailey RC, Kwong GA, Radu CG, Witte ON, Heath JR (2007) DNA-encoded antibody librar-
ies: a unifi ed platform for multiplexed cell sorting and detection of genes and proteins. J Am 
Chem Soc 129(7):1959–1967  

    64.    Soen Y, Chen DS, Kraft DL, Davis MM, Brown PO (2003) Detection and characterization of 
cellular immune responses using peptide-MHC microarrays. PLoS Biol 1(3):E65  

    65.    Chen DS et al (2005) Marked differences in human melanoma antigen-specifi c T cell respon-
siveness after vaccination using a functional microarray. PLoS Med 2(10):e265  

     66.    Stybayeva G, Kairova M, Ramanculov E, Simonian AL, Revzin A (2010) Detecting interferon- 
gamma release from human CD4 T-cells using surface plasmon resonance. Colloids Surf B 
Biointerfaces 80(2):251–255  

    67.    Shen K, Thomas VK, Dustin ML, Kam LC (2008) Micropatterning of costimulatory ligands 
enhances CD4+ T cell function. Proc Natl Acad Sci U S A 105(22):7791–7796  

    68.    Andersson H, van den Berg A (2004) Microtechnologies and nanotechnologies for single-cell 
analysis. Curr Opin Biotechnol 15(1):44–49  

3 Antibody Microarrays for Cell-Based Assays…



52

    69.    Niepel M, Spencer SL, Sorger PK (2009) Non-genetic cell-to-cell variability and the 
 consequences for pharmacology. Curr Opin Chem Biol 13(5–6):556–561  

    70.    Han Q, Bradshaw EM, Nilsson B, Hafl er DA, Love JC (2010) Multidimensional analysis of the 
frequencies and rates of cytokine secretion from single cells by quantitative microengraving. 
Lab Chip 10(11):1391–1400  

     71.    Lu Y et al (2013) High-throughput secretomic analysis of single cells to assess functional 
 cellular heterogeneity. Anal Chem 85(4):2548–2556  

     72.    Situma C, Hashimoto M, Soper SA (2006) Merging microfl uidics with microarray-based 
 bioassays. Biomol Eng 23(5):213–231  

     73.    Ma C et al (2011) A clinical microchip for evaluation of single immune cells reveals high 
functional heterogeneity in phenotypically similar T cells. Nat Med 17(6):738–743  

    74.    Shi Q et al (2012) Single-cell proteomic chip for profi ling intracellular signaling pathways in 
single tumor cells. Proc Natl Acad Sci U S A 109(2):419–424  

    75.    Baird GS (2010) Where are all the aptamers? Am J Clin Pathol 134(4):529–531  
    76.    Hall DA, Ptacek J, Snyder M (2007) Protein microarray technology. Mech Ageing Dev 

128(1):161–167    

Y. Roupioz



53E. Palmer, Cell-Based Microarrays: Review of Applications, 
Developments and Technological Advances, SpringerBriefs in Cell Biology,
DOI 10.1007/978-1-4939-0594-2_4, © Ella Palmer 2014

    Abstract     High throughput screening has emerged as a powerful technique for 
 discovering novel medical tools and therapies. This is particularly true for biomate-
rials that are applied to poorly understood biological–material systems. The poly-
mer microarray format has become a key enabling tool for high throughput materials 
discovery, whereby hundreds to thousands of unique polymers can be presented on 
a single glass slide and screened in parallel for biological interactions of interest. 
This approach has successfully been utilized to develop the surface chemistry, 
topography, bioactivity, and mechanical properties of biomaterials as well as allow-
ing the development of 3D culture systems. In order to optimize a polymer microar-
ray for a given application the substrate used, the coating on the substrate, and the 
material library screened must be carefully selected. Furthermore, development of 
suitable biological assays with high throughput readouts is imperative for expand-
ing the applications of polymer microarrays. The biological systems screened on 
this format include supporting cell attachment and outgrowth, maturation and 
phagocytosis of dendritic cells, materials resistant to microbes, switchable materi-
als, platelet activation, cell sorting, hepatocytes and toxicity models, and cell trans-
fection. Further to the discovery and development of biomaterials, the large datasets 
when coupled with modelling techniques can establish structure–function relation-
ships that help elucidate the underlying biological–material interactions. Continued 
development of microarray designs and high throughput biological assays compat-
ible with the format will lead to the discovery of new biomaterials that exhibit 
unprecedented control over the biological systems they are designed to function in.  
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  Abbreviations 

   2D/3D    2/3 Dimensions   
  AFM    Atomic force microscopy   
  BMDC    Bone marrow dendritic cells   
  ECM    Extracellular matrix   
  FBS    Fetal bovine serum   
  hEB    Human embryoid bodies   
  hES    Human embryonic stem cell   
  hMSC    Human mesenchymal stem cell   
  mES    Mouse embryonic stem cell   
  PEG    Poly(ethylene glycol)   
  pHEMA    Poly(hydroxyethyl methacrylate)   
  PLS    Partial least square   
  SEE    Standard error of estimation   
  SPR    Surface plasmon resonance   
  ToF-SIMS    Time-of-fl ight secondary ion mass spectrometry   
  WCA    Water contact angle   
  XPS    X-ray photoelectron spectroscopy   

4.1           Introduction 

 Hypothesis led research has been a foundation of scientifi c endeavour since the 
seventeenth century. In some cases the level of understanding is not at a suffi cient 
level to enable the formulation of pertinent hypotheses to effectively promote a fi eld 
of science. In these cases a complementary data-driven approach has emerged, 
where the starting point is the accumulation of data that will, in turn, lead to new 
ideas [ 1 ,  2 ]. This approach has been applied to drug discovery projects that have 
used high throughput methods to screen for novel drugs [ 3 – 5 ]. High throughput 
screening has also been applied successfully to genomics [ 6 – 11 ], which has driven 
the emergence of the microarray format as a screening tool. On a microarray hun-
dreds to thousands of unique analytes can be displayed on a sample slide in address-
able locations and assessed in parallel. More recently, cell-based microarrays, where 
cells themselves are arrayed onto a slide or cells are allowed to interact with the 
arrayed analyte, have been developed to explore gene expression in systems where 
all the cell machinery is present to ensure correct protein function [ 12 – 16 ]. A num-
ber of studies have applied microarrays to materials, with a focus on the discovery 
of novel materials that are ideally suited to a given application. It is this body of 
work that this chapter will cover.  
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4.2     The Development of a Material Microarray 

 The concept of a materials array was fi rst reported in 1995 [ 17 ], whereupon an array 
of solid-state materials was produced by vacuum deposition onto areas selected by 
the use of a series of binary masks. A 128-member array was produced from seven 
precursor materials and two novel superconducting fi lms, BiSrCaCuO and YBaCuO, 
were identifi ed. Typical sample size was 2 × 2 mm, however, samples as small as 
200 × 200 μm were also generated. 

 Soon after in 1998 the concept of screening a combinatorial library of polymeric 
materials was demonstrated [ 18 ]. A library of 112 degradable polyarylates was pre-
pared by copolymerizing 14 different diphenols with 8 different aliphatic diacids, 
and the water contact angle (WCA), glass transition temperature, mechanical prop-
erties, and fi broblast attachment and proliferation were assessed for each material. 
This study demonstrated how screening a combinatorial library of materials could 
be used to develop structure–property relationships. Generally cell proliferation 
decreased with increasing WCA; however, cell proliferation was unaltered by 
changes in surface hydrophobicity for materials where methylene groups in the 
polymer backbone were substituted with an oxygen atom. This result suggested that 
fi broblast proliferation was sensitive to subtle chemical changes that are not associ-
ated with changes in WCA. The throughput of this study was limited by the sample 
format: polymers in the library were spin coated onto glass cover slips and assessed 
individually. To circumvent this constraint, the polymer microarray was developed, 
allowing hundreds to thousands of unique polymers to be presented on a single 
glass slide [ 19 – 21 ]. Typically materials are presented as 300–500 μm diameter 
spots, allowing for approximately 2000 materials to be presented simultaneously. 
Allowing for replicate measurements, over 600 unique polymer compositions can 
be screened in a single assay. A table listing the key advances in the use of material 
microarrays for biomaterials discovery are presented in Table  4.1 .

4.2.1       Substrate Preparation 

 A number of factors must be considered when designing a polymer microarray and 
applying it to the high throughput discovery of biomaterials [ 22 ], which are sum-
marized in Fig.  4.1 . This includes the identity of the substrate, the coating on the 
substrate, the members of the polymer library, and the biological assay which can 
couple with the microarray.

4.2.1.1       Substrate Material 

 The key substrate requirement is the ease with which it can be applied to the bio-
logical assay and associated high throughput readout. The substrate of choice is a 
glass microscope slide due to the range of stage holders, scanners, and microscopes 
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   Table 4.1    Description of key advances in biomaterial microarray technology, in chronological order   

 Advancement  Description of study  Reference 

 Demonstrate a microarray 
of materials 

 Investigation of the formation 
of a combinatorial library of ceramic 
materials in an array format 

 Xiang et al. 
(1995) [ 17 ] 

 Demonstrate screening a 
combinatorial library of polymers 
for biological performance as an 
approach to biomaterials design 

 Study of the proliferation of fi broblasts 
on a combinatorial library of polymers. 

 Brocchini 
et al., (1998) [ 47 ] 

 Produce a microarray of polymers 
for screening cell response. 
Demonstrate in situ polymerization 

 Study of stem cell attachment and 
differentiation on a polymeric library 

 Anderson 
et al. (2004) [ 19 ] 

 Combinatorial screen 
of biological polymers 

 5 ECM proteins were printed 
as 32 different combinations to assess 
the attachment of rat hepatocytes and 
mouse embryonic stem cells (mES) 

 Flaim et al. 
(2005) [ 38 ] 

 Demonstration of printing 
pre-synthesized polymers 
for formation of a materials 
microarray 

 Study the attachment of stem cells 
with polymer materials 

 Anderson 
et al. (2005) [ 20 ] 

 Study attachment of human renal 
tubular cells 

 Tourniaire 
et al. (2006) [ 21 ] 

 Development of the high 
throughput surface characterization 
of polymer microarrays 

 Study chemical and wettability 
properties of a polymer microarray 

 Urquhart 
et al. (2007) [ 78 ] 

 Assessment of the binding of 3 different 
proteins to 21 polymer spots using SPRi 

 Hook et al. 
(2009) [ 64 ] 

 AFM screen of a 576 member polymer 
microarray, identifying materials 
with switchable topographies 

 Hook et al. 
(2011) [ 81 ] 

 Establish PLS as a method for 
modelling a univariate dataset 
with multivariate chemical 
information 

 Study comparing wettability 
with the chemical functionality 
of a polymer spot as measured 
by ToF-SIMS 

 Urquhart 
et al. (2008) [ 79 ] 

 Production of a polymer 
microarray using ink-jet printing 

 Formation of a hydrogel microarray  Zhang et al. 
(2008) [ 29 ] 

 Development of a high 
throughput 3D culture system 

 hMSCs were fi xed into microwells 
within a PEGDA matrix. The combined 
infl uence of the cell adhesive peptides, 
RGDSP and IKVAV, was assessed 

 Jongpaiboonkit 
et al. (2008) 
[ 76 ,  77 ] 

 Production of a topographical 
array 

 2,176 unique topographical units 
derived from circles, isosceles triangles, 
and rectangles were produced and used 
to study the infl uence of topography 
on the bioactivity of hMSCs 

 Unadkat et al. 
(2011) [ 32 ] 

 Application of polymer 
microarrays to discover materials 
that resist bacterial attachment 

 Screen of 370 polyurethanes with two 
bacterial strains 

 Pernagallo 
et al. (2011) [ 45 ] 

 Assessment of the attachment of three 
bacterial strains to >700 polymers using a 
multi-generation- screening methodology 

 Hook et al. 
(2012) [ 33 ] 

 Model biological properties of 
polymer library from calculated 
molecular descriptors 

 hEB adhesion to a 496-member polymer 
library was modelled using a nonlinear 
Bayesian neural network model 

 Epa et al. 
(2012) [ 85 ] 
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that have been adapted to this format. Furthermore, the slide is transparent, which 
allows cells growing on the slide to be easily assessed using light microscopy. The 
glass slide is also widely compatible with most cell culture methods, enabling a 
diverse range of biological assays to be applied. However, polymer microarrays can 
equally be applied to other materials, for example directly onto polystyrene-based 
tissue cultureware, which may enable the polymer microarray format to be acces-
sible to a greater number of biological assays.  

4.2.1.2     Substrate Coating 

 The surface chemistry of the underlying substrate plays an important role in the 
formation of a microarray as well as the success of subsequent bioassays. 

  Fig. 4.1    The key aspects of polymer microarray design. Schematic depiction of a polymer micro-
array where each colored dot represents a unique polymer. The various aspects of the polymer 
microarray that should be considered when designing an array are highlighted       
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The substrate coating must be both adherent to the materials printed onto it and 
resistant to the attachment of biomolecules and living cells (non-fouling) in order to 
optimize the signal-to-noise ratio of any biological assay and prevent cross-talk 
from one spot to another. A number of different surface coatings have been devel-
oped with these needs in mind, with emphasis generally placed on using cheap and 
robust- coating methodologies. One such example is the dip-coating of a commer-
cially available epoxide functionalized slide into a poly(hydroxyethyl methacrylate) 
(pHEMA) solution [ 19 ,  20 ]. Dip-coating is a simple technique that can easily be 
achieved in any laboratory, making this modifi cation approach accessible. pHEMA 
is an attractive coating as it is able to resist cell attachment as well as providing a 
matrix into which printed material can penetrate and physically entangle to improve 
the stability of the spots [ 19 ]. Agarose is an alternative coating that may be applied 
by dip-coating using commercial aminoalkylsilanated slides [ 21 ]. Agarose and 
pHEMA are intended to prevent cell attachment whilst being nontoxic. Poly(ethylene 
glycol) (PEG)-based coatings have also been widely used for producing low-fouling 
coatings and are widely used to effectively inhibit biomolecular adsorption [ 23 ]. In 
order to produce a PEG-modifi ed surface, a methodology has been proposed by the 
groups of Griesser, Thissen, and Voelcker in which a PEG layer is reacted with an 
amine plasma polymer-coated slide [ 24 – 26 ]. Key to the success of a PEG coating is 
the production of a dense, brush-like layer. Polymers arrayed onto this surface can 
be covalently attached by modifying the polymer with a cross-linker or incorporat-
ing epoxy groups into the PEG layer. For example, a grafting-to approach was 
accomplished by producing a multifunctional coating with both PEG groups, which 
provided a low-fouling background, and epoxy groups, which enabled subsequently 
spotted biomolecules, synthetic and natural polymers to be covalently linked to the 
surface in a suitable manner for subsequent cell attachment assays using HeLa cells 
[ 26 ]. This is advantageous because the structure of the arrayed material is unaltered; 
however, the substrate chemistry becomes limited. In this particular study a plasma 
polymer slide-coating approach was used, which is advantageous as it can be 
applied to almost any base substrate.   

4.2.2     Material Microarray Production 

 The creation of material arrays requires a combinatorial library of materials to be 
generated and positioned at addressable locations on a substrate surface. The library 
can be generated prior to the synthesis of the array, for example by printing pre- 
synthesized polymers, or by printing monomer solutions that are polymerized in 
situ. Once a material has been deposited onto the substrate it needs to adhere to the 
surface with suffi cient strength and durability that it can resist the biological evalu-
ation process. This may be achieved by physical entanglement, non-covalent or 
covalent interactions. A schematic depicting the printing of a polymer microarray is 
shown in Fig.  4.2 .
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4.2.2.1       Microarray Formation 

 Polymer microarrays are typically formed by either contact or ink-jet printing. 
Contact printing involves the use of a robot moving a metallic pin, which is dipped 
into a solution and then spotted onto the substrate surface by making contact. The 
pin may either be solid or contain a groove analogous to an ink quill, such that the 
solution is drawn up into the pin and the spotted material is taken from this reservoir. 
The ink quill design has the advantage that more spots can be printed from a single 
dip in the solution. Contact printing is attractive for ease of transfer and the absence 
of small apertures in the system that can become blocked. The size and shape of the 
pin used is the determining factor in the resultant spot size. Contact printing was fi rst 
used to produce an acrylate microarray on a pHEMA-coated slide by Anderson et al. 
using in situ polymerization [ 19 ]. This was achieved in fi ve steps; mixing monomers 
at various ratios in a source plate, printing acrylate monomers with an initiator, acti-
vation of initiator upon UV irradiation, polymerization of the monomer, and fi nally 
removal of the solvent. This resulted in stable, covalently cross-linked polymer 
spots. By premixing the various monomers at a set ratio, a large polymer library of 
576 materials was readily achieved. This approach decreases the time required for 
polymer library synthesis and microarray formation by combining these processes 
and also allows materials that cannot be printed, such as cross-linked polymers, to 
be included in the polymer library. However, the polymer synthesis conditions are 
likely to differ when materials are produced on a larger scale. 

  Fig. 4.2    Schematic of the formation of a polymer microarray using contact printing with a quilled 
pin. Initially the pin is dipped into a well-containing monomer or polymer solution and then moved 
using a robot to the substrate to transfer the solution. The pin can be replaced with an ink-jet noz-
zle. On the right is a fl uorescence image of a polymer microarray formed by this method. The fl uo-
rescence seen is due to autofl uorescence of the resultant polymer spots       
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 An alternative approach is to print a library of pre-synthesized materials [ 20 ,  21 ], 
which allows standard polymer characterization techniques such as gel permeation 
chromatography, nuclear magnetic resonance, and differential scanning calorimetry 
to be utilized without having to extract minute amounts of polymer from the slide. 
However, this method is restricted to polymers that can be solvated, and is consider-
ably more laborious for the initial creation of the polymer library. 

 An alternative to contact-printing is ink-jet printing. In this approach a nozzle is 
used to draw up, then eject polymer solution onto the substrate at a defi ned droplet 
volume. The volume of the droplet and the surface energy of the substrate material 
and the printed solution determine the resulting spot size. This technique enables 
the precise control of the amount of material deposited and avoids contact with the 
surface. However, solutions of different viscosities and surface energies cannot eas-
ily be printed under similar conditions, limiting the number of different materials 
that can be included in a single printing run. In addition, the small orifi ces are sus-
ceptible to blockage by dust particles or aggregates of material [ 27 ]. This method 
can be cost-effective and readily accessible to most laboratories by using modifi ed, 
commercially available ink-jet printers [ 28 ]. 

 Ink-jet printing was fi rst used to prepare a polymer array from individually 
deposited monomer for water soluble acrylamide monomers to form hydrogels 
[ 29 ]. Three monomers were deposited sequentially onto the same position, with a 
solution containing a catalyst to initiate the reaction being printed subsequently. 
This  drop-in-drop  mixing approach required that the solvent, water in this case, did 
not evaporate before the mixing was complete. The turbulence induced by the print-
ing procedure resulted in the complete mixing of the monomers within the drops 
after 1.5 min. This approach was used to create an array comprising 36 different 
materials from six monomers. The polymers produced using the on-slide mixing 
methodology must be carefully assessed as they are likely to differ for each mono-
mer, polymerization, and printing system employed.  

4.2.2.2     The Design of the Polymer Library 

 When designing the components of a polymer microarray, careful consideration 
must be given to the objective of the experiment. In cases where the aim of an experi-
ment is to  generate new data  for a poorly understood system the polymer library 
should be designed to  maximize the diversity  of chemical and/or physical properties 
represented. This can be achieved by selecting a large number of unique base com-
ponents [ 30 ], but can equally be achieved by producing a combinatorial library of 
polymers by mixing a smaller number of base components at various ratios [ 31 ,  32 ]. 
In some cases suffi cient understanding of the biological–material interaction can 
exist to allow the formulation of a hypothesis that can be tested by the judicious 
design of a polymer library [ 30 ,  33 ,  34 ]. This may include the  optimization  of a “hit” 
formulation identifi ed from a previous screen, or testing a structure–function rela-
tionship. Typically these material libraries include subsets of polymers formed from 
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a pair of base components where the composition of each component is varied 
 systematically and sequentially. This results in material gradients that are formed 
from discrete units rather than a continuously changing material. It is prudent to 
randomize the position of compositionally similar materials (including replicates) on 
an array to avoid the occurrence of pseudo-trends that result from experimental con-
ditions such as the inhomogeneous distribution of cells within a cell culture well. 
Gradients are highly useful tools for the optimization of materials, but have limited 
applicability to material discovery applications. Hansen et al. [ 35 ] combined gradi-
ents and microarrays, forming an array of polymer gradients. This enabled both the 
combinatorial screen of polymers and also compositional optimization. Successful 
formation of the arrays was assessed by X-ray photoelectron spectroscopy (XPS) 
and also through the introduction of a fl uorescently tagged monomer, allowing 
the gradient to be tracked by fl uorescence microscopy. Onto a single glass slide, 
24 monomers were printed as 84 pairs to produce 84 polymer gradients. The array of 
gradients was used to assess the adhesion of HeLa and K562 cells. 

 Both design strategies,  maximizing diversity  or  optimizing a composition , are 
complementary and can be utilized to employ a multi-generation approach to mate-
rials discovery whereby the fi rst-generation array is designed to screen a large diver-
sity of chemical and/or physical properties and subsequent generations seek to 
optimize hit formulations [ 33 ,  34 ].    

4.3     Biological Application of Material Microarrays 

 The fi nal consideration for applying polymer microarrays to the discovery of bio-
materials is the design of a suitable bioassay that is compatible with the high 
throughput format. To achieve this, the key requirement is the inclusion of a suitable 
readout that can be assessed in an automated fashion. Typically, a fl uorescence 
marker is used that can be measured using an automated fl uorescence microscope or 
a fl uorescence scanner. Utilizing this general strategy polymer microarrays have 
been successfully used to probe a diverse range of biological systems including sup-
porting stem cell outgrowth [ 19 ,  31 ,  32 ,  36 – 43 ], maturation and phagocytosis of 
dendritic cells [ 44 ], materials resistant to bacteria [ 30 ,  33 ,  45 ], switchable materials 
[ 34 ,  43 ,  46 ], platelet activation [ 47 ], cell sorting [ 39 ,  48 ,  49 ], hepatocytes and toxic-
ity models [ 38 ,  50 ], human skeletal cell attachment [ 49 ,  51 ], endothelization [ 52 ], 
 giardia lamblia  material interactions [ 53 ], cell transfection [ 13 ,  14 ,  54 ], and 
 Cryptosporidium parvum  material interactions [ 55 ]. 

 The development of novel biomaterials has focussed on a number of key aspects, 
which are depicted schematically in Fig.  4.3 . This includes probing cell–material 
interactions, including biological recognition of surface-bound biomolecules, the 
response of cells to surface chemistry and topography, as well as mechanical prop-
erties of the biomaterial and whether the cell culture system is 2D/3D (2/3 dimen-
sions). The key studies that have explored these aspects are discussed below.
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4.3.1       Synthetic Polymers 

 In the pioneering study by Anderson et al. [ 19 ], a polymer microarray containing 496 
unique polymers was produced from 24 monomers to screen for materials that sup-
port human embryonic stem cell (hES) attachment. This work demonstrated the large 
number of biological–material interactions that could be investigated in parallel. A 
number of different responses of hES cells derived from human embryoid bodies 
(hEB) were observed, including cell attachment, no attachment, and directed differ-
entiation. Subsequent work targeted new materials that were able to support the 
clonal growth of hES in a xeno-free environment [ 31 ]. Stem cells hold enormous 
potential for regenerative medicine and tissue-engineering applications as they are 
able to differentiate into any cell within the body. However, methods to culture hES 
rely on animal products, typically using matrigel as a cell adhesive matrix or a layer 
of “feeder” mouse embryonic fi broblast cells. This limits the ability to expand these 
cells in vitro for clinical use. To identify xeno-free materials able to support stem cell 
attachment and expansion hES were cultured with an array of 496 materials produced 

  Fig. 4.3    Key aspects of biomaterials development explored using polymer microarrays. The use 
of polymer microarrays to discover novel biomaterials focusses on exploring cell–material interac-
tions. The various aspects of these interactions that have been investigated are highlighted       
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by mixing 22 monomers at various ratios. Protein readily adsorbs to the surfaces of 
materials, thus, in most cell culture conditions the attachment of cells is regulated by 
the intermediate adsorbed protein layer [ 31 ]. Thus, the microarray was pre-adsorbed 
with laminin, fi bronectin, fetal bovine serum, and bovine serum albumin to study 
how different proteins alter cell attachment. Fetal bovine serum (FBS)-coated materi-
als resulted in the highest level of attachment without initiating cell differentiation, as 
determined by the highest number of cells expressing Oct4 (a marker of pluripotent 
cells) [ 56 ]. The “hit” materials identifi ed typically contained a large number of acry-
late groups suggesting the degree of cross-linking plays a role on cell attachment 
although a direct correlation with material hardness was not observed. For subse-
quent scaled-out experiments the FBS pre-adsorption was successfully replaced with 
a vitronectin pre-adsorption step and culture was conducted in mTeSR1, a fully 
defi ned medium, resulting in a xeno-free substrate for cell culture. A long-term cell 
culture was supported under these conditions for a month (fi ve passages). 

 Zhang et al. [ 43 ] sought to develop a material that would allow stem cells to 
detach from a surface upon a reduction in temperature rather than using chemical, 
enzymatic or mechanical methods of removal. To achieve this, an array of 609 
unique acrylate and acrylamide polymers was prepared composed of various mix-
tures of 18 monomer base units. Initially hits were selected that could support hES 
culture up to 7 days. The top 25 polymers were then scaled-up and assessed for their 
ability to release attached cells upon a reduction in temperature. The top three poly-
mers that could support hES culture and achieved a thermoresponsive release all 
contained the monomers 2-(acryloyloxyethyl) trimethylammonium chloride and 
2-(diethylamino)ethyl acrylate. On a copolymer of these two monomers hES were 
passaged 20 times utilizing a temperature reduction to release attached cells. Cell 
growth was typically slower on this polymer than compared to Matrigel. Cells 
grown on the thermoresponsive polymer were positive for Nanog and Oct3/4, which 
are markers for pluripotent stem cells. 

 Polymer microarrays have been applied to a number of other eukaryotic cells, for 
example dendritic cells [ 44 ]. These cells play a key role in regulating the immune 
response, and are targets for vaccine design. These cells are usually sourced as bone 
marrow dendritic cells (BMDCs), immature dendritic cells that are highly phago-
cytic, however, the cells are highly susceptible to maturation, preventing them from 
capturing antigens by phagocytosis, and are diffi cult to immobilize as this event can 
also cause their maturation. Effective immobilization of BMDCs whilst maintaining 
their immature state would enable the presentation of these cells for phenotypic 
studies, or allow cell-based assays that would lead to vaccine development. Mant 
et al. [ 44 ] used polymer microarrays to screen 120 polyurethanes to identify materi-
als for the immobilization of BMDCs labelled with fl urorescein, enabling a rapid 
fl uorescent read-out of cell numbers. Hit polymers, all of which contained 
poly(tetramethylene glycol), were spin coated onto glass slides and attached cells 
were assessed for their ability to prevent maturation of the BMDCs by antibody 
staining for CD11c, a marker for this cell line. The initial BMDC culture was 90 % 
pure, and once attached the majority (approximately 70 %) of cells were maintained 
as BMDCs. Phagocytosis was also assessed of attached cells and compared with 
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cells attached to poly- l -lysine, the traditional cell adhesive polymer coating. Cells 
were incubated with 3 μm latex microspheres and the degree of phagocytosis was 
assessed by counting the number of microspheres internalized by the cells. The 
maximum number of internalized microspheres was 3.6 per cell, compared with 1.3 
for cells cultured on poly- l -lysine-coated samples. The authors noted improved 
cells attachment correlated with a decreased number of phagocytized microspheres, 
suggesting that the two processes share similar signalling pathways and are, thus, 
directly in competition. 

 In another example, Hansen et al. [ 47 ] used polymer microarrays to search for a 
synthetic polymer that would activate platelets to cause hemostasis to replace costly 
naturally derived products including materials based upon fi brin, chitosan, or cel-
lulose. This is towards the goal of improving wound treatment by providing materi-
als that cause the rapid and effective hemostasis of injuries. In this study 291 unique 
polyacrylates were incubated with platelet rich plasma for 30 min, after which the 
attached platelets were stained with antibodies CD41-FITC, which recognizes 
GPIIb a protein present on all platelets [ 57 ], and CD62P-PE, which is a marker 
specifi c to activated platelets [ 58 ]. In this experiment the binding of platelets to a 
material was synonymous with platelet activation. The “hit” polymer showed 
a fourfold higher activation compared with collagen. All “hit” polymers contained 
a sterically non-hindered tertiary amine, suggesting that surface charge may play a 
role in successfully activating platelets. 

 In addition to studies investigating the attachment and interaction of eukaryotic 
cells with polymers, material microarrays have also been used to discover novel 
polymers that resist the attachment of prokaryotic cells [ 30 ,  33 ,  45 ]. Bacterial attach-
ment to biodevices can lead to the formation of biofi lms, within which bacteria are 
1,000 times more resistant to the host immune system and antibiotics [ 59 ]. Biofi lms 
are estimated to be associated with 80 % of hospital acquired infections [ 60 ]. It is, 
therefore, of interest to discover new materials that can be used as biodevices to 
prevent bacterial attachment, subsequent biofi lm formation and hence reduce the 
incidence of device-associated infections. Hook et al. [ 33 ] screened a library of 496 
unique polymers to identify materials that could resist the attachment of  Pseudomonas 
aeruginosa ,  Staphylococcus aureus , and  Escherichia coli . Each of these strains was 
transfected with a plasmid encoding for a green fl uorescing protein in order to pro-
vide a rapid fl uorescent readout of bacterial numbers using a fl uorescence scanner. 
This study used a multiple generation approach, whereby bacterial attachment was 
initially assessed on the fi rst-generation array designed to screen a large chemical 
variance, whilst the second-generation array sought to optimize the composition of 
“hit” polymers. Using this approach, a new class of materials resistant to bacteria 
attachment was discovered. This underlines the importance of high throughput 
screening studies, where new material–biological interactions can be uncovered that 
would not be predicted from the current understanding. The new class of materials 
consisted of a hydrophilic ester group combined with cyclic hydrocarbon pendant 
groups to create weak amphiphiles. This is signifi cantly different from the alterna-
tive anti-adhesive materials (PEG and zwitterions) that are highly hydrophilic and 
are able to resist bacteria on the basis of exclusion caused by a highly organized 
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water layer [ 61 – 63 ]. The weakly amphiphilic polymer was able to reduce coverage 
of bacteria by up to 96 % compared with silicone, and signifi cantly, when scaled up 
and applied as a coating the anti-adhesive polymer was able to reduce bacteria num-
bers by an order of magnitude in vivo in a mouse model. An exhaustive search of the 
polyacrylate combinatorial space was conducted in a subsequent study that again 
utilized a multiple generation approach [ 30 ]. One hundred and sixteen monomers 
were used to produce 1,273 unique materials and in over 10,000 separate assays an 
optimal antibacterial polymer was identifi ed with up to 99 % reduction in bacterial 
coverage compared with silicone. This study highlighted the effi cacy of the new 
class of weakly amphiphilic polymers at resisting bacterial attachment.  

4.3.2     Biological Polymers 

 High throughput screens of material–cell interactions are not limited to synthetic 
polymers but can equally be applied to biological polymers, and can offer greater 
control of cells due to the inherent biological activity of the polymers. These studies 
have focussed on cell adhesive molecules such as extracellular matrix (ECM) pro-
teins and cell adhesive-derived biomolecules. Pioneering studies were performed by 
Flaim et al. [ 38 ]. In this study, collagen I, collagen III, collagen IV, laminin, and 
fi bronectin were printed as 32 different combinations onto a hydrogel-coated glass 
slide to assess the attachment of rat hepatocytes and mouse embryonic stem cells 
(mES). After hepatocyte attachment cells were immunostained for albumin as a 
marker of liver-specifi c function. The highest albumin signals were associated with 
ECM combinations that contained collagen IV. However, albumin signal did not 
correlate with the amount of collagen when hepatocytes were cultured on serially 
diluted collagen IV without other ECM components. This result showed that two 
ECM components could act synergistically to produce an effect that would not be 
predicted if the components were assessed separately [ 38 ]. As another example, Fn 
and collagen III individually induced a negative effect on hepatocyte function com-
pared to the average response to other ECM components present on the array, how-
ever, when combined with collagen I a positive effect on hepatocyte function was 
observed. The occurrence of synergistic effects is a key justifi cation for the use of 
combinatorial libraries of polymers for high throughput screens. When applied to 
mES, the combination of collagen I and Fn was best able to instigate the differentia-
tion of ES cells to an early hepatic fate, as observed by increased levels of 
B-galactosidase. This demonstrated the possibility of screening ES cells with a 
materials microarray to identify surfaces that trigger differentiation pathways in a 
controlled manner. The stem cell niche was probed further by Gobaa et al. [ 40 ] by 
printing biomolecules directly onto silicon pillars that were subsequently used as a 
microstamp to transfer the biomolecule pattern onto a PEG hydrogel. Simultaneously 
the hydrogel was embossed to create microwells that were 35 μm deep and 450 μm 
in diameter. Biomolecules were tethered to the bottom of the wells using either a 
nonspecifi c cross-linker or through the interaction of an Fc tag with protein A or G. 
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The stiffness of the gel was easily altered by changing the amount of cross-linker, 
allowing for both biomolecule composition and material stiffness to be assessed in 
parallel. This platform was used to screen an array of 23 candidate proteins with 
mouse neural stem cells. This study identifi ed Jagged 1 and DLL4 as the main 
inducers of neurosphere growth, consistent with the previous literature. 

 A further aim of high throughput material screens has been to identify specifi c 
cell–material interactions that can allow certain cell types to be selected from mixed 
populations. One specifi c area of investigation has been the isolation of spermato-
gonia stem cells from primary sources [ 26 ,  39 ,  48 ,  64 ]. These cells are pluripotent 
[ 65 ] and can be used for germ cell transfer technologies, however, little is known of 
their cell surface markers that could be used for their isolation from primary sources 
and subsequent culture. A microarray was formed from 27 biological factors that 
represented a range of potential germ cell-recognition properties. This included 
ECM proteins, cell-surface active growth factors, lectins, antibodies against cell 
surface proteins, as well as amine-functional synthetic polymers. The microarrays 
were incubated with mixed cell populations derived from freshly isolated bovine 
testicular tissue. Cells positive for Plzf (a nuclear transcription factor present in type 
A spermatogonia [ 66 ]) were detected by immunohistochemistry. A vimentin anti-
body was used to identify Sertoli and myoid cell populations [ 67 ]. The lectin 
 Dolichos bifl orus  was identifi ed to successfully enrich spermatogonia stem cells 
from sertoli and myoid cells, whereas the lectins  Pisum sativum  and Concanavalin 
A preferentially attached sertoli and myoid cells over the spermatogonia stem cells, 
thus, may be useful to enrich spermatogonia stem cells through negative selection.  

4.3.3     Topography 

 The topography of a surface plays a key role in the attachment and behavior of cells; 
contact guidance of cells along grooves has been observed down to nanoscale fea-
tures [ 68 ,  69 ], altering the roughness of prosthetic implants has been a key param-
eter to improve bone-implant contact [ 70 – 72 ], and it has also been demonstrated 
that surface roughness can infl uence the differentiation of preosteoblast cells [ 73 ]. 
Thus, surface topography is a key parameter to be included in biomaterial develop-
ment programs and, as such, high throughput tools for screening surface topography 
will be invaluable for furthering the understanding of cell–material interactions. 

 Unadkat et al. [ 32 ] reported on a high throughput platform for screening the 
response of cells to various topographic features. Initially, 2,176 unique topographi-
cal units derived from circles, isosceles triangles, and rectangles were designed 
using mathematical algorithms that arranged these three base shapes within an 
imaginary square. The three base shapes were selected because they allow the inclu-
sion of large smooth areas (circles), angles (triangles), and stretched elements (rect-
angles) within the resultant topographical features. A silicon mould of these patterns 
was produced by photolithography and used to emboss poly(lactic acid) fi lms. 
These fi lms were used to study the infl uence of topography on the bioactivity of 
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human mesenchymal stem cells (hMSCs). Varying levels of alkaline phosphatase, 
which is a marker for early osteogenic differentiation [ 74 ], were observed for cells 
grown on the varied topographical patterns demonstrating that various topographies 
can induce cellular differentiation. Increased cell spreading was accompanied with 
osteogenic differentiation. 

 In another strategy to investigate material topography, Adler et al. [ 54 ] produced 
an array of pits, either square or circular, using chemical etching through a resist. 
Patterns were made with poly(dimethyl siloxane) patterned from a metallic master. 
Ten patterns of pits were produced with 16 variations in pit spacing and size, result-
ing in 160 variations in surface topography. This materials array was used to assess 
the interaction of topography on the transfection of fi broblast cells. The improved 
effi ciency of nonviral transfection is an important development to advance gene 
medicines. Cells were attached to the patterned substrate and transfection effi cien-
cies were assessed after 24 h. Up to 25 % enhancement in transfection effi ciency 
was observed for cells grown on pitted topographies compared with a fl at surface. 
Large pits close together offered the greatest improvement, but also produced the 
least spread cells.  

4.3.4     3D Cell Culture 

 A key challenge for tissue-engineering applications is translating the 2D in vitro 
culture methods into 3D devices in vivo. Towards this goal 3D in vitro culture 
 methods have been developed [ 75 ] that attempt to bridge the gap between in vitro 
and in vivo cell culture. Concurrently, 3D arrays have been developed that enable 
multiple experimental factors to be explored within 3D matrices in parallel. 

 Jongpaiboonkit et al. [ 76 ] developed an array of 3D culture matrices based upon 
a PEG diacrylate background that contained microwells. A liquid-handling system 
fi lled these wells with a hydrogel precursor solution that also contained cells of 
varied density. The hydrogels were then UV cured to fi x the cells within the 3D 
matrix. The entire array could then be placed into a larger multi-well plate for cul-
ture. This system was used to study the interaction of the cell adhesive peptide 
RGDSP and growth factor (FGF2) on hMSCs [ 42 ]. The viability of cells grown in 
the wells was maintained at 82.7 % after 7 days growth with RGDSP and FGF2 
compared with 45.5 % without these added components. The array format allowed 
for the optimal combination of these biological factors to be determined. The com-
bined infl uence of the cell adhesive peptides, RGDSP and IKVAV on hMSCs, was 
also assessed [ 77 ]. After 7 days culture within the 3D matrices, the viability was 
improved from 45 % to up to 70 % with the addition of cell adhesive peptides. 
However, viability was improved further up to 80 % when both peptides were used. 

 In a different approach, Fernandes et al. [ 41 ] printed mouse EBs in an alginate 
gel to produce a 3D cell culture array. Cells remained viable, undifferentiated, and 
expanded within the 3D matrix. As a proof-of-concept of the high throughput utility 
of this system, a small molecule array containing FGF-4 or reionoic acid was 
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stamped onto the 3D cell culture and the small molecules diffused into the cultured 
cells. These molecules induced cellular differentiation as evidenced by a drop in 
Oct-4 and Nanog expression, markers of pluripotency.  

4.3.5     Development of Structure–Function Relationships 

 A key advantage of high throughput screening methodologies is the discovery of 
new materials optimal for a given biological application. Additionally, the large 
number of biological–material interactions assessed using polymer microarrays can 
be used to develop structure–function relationships that, in turn, allow the design of 
biologically functional materials. However, this requires extensive surface charac-
terization of the materials within a library. High throughput measurements of poly-
mer microarrays have been achieved by XPS, time-of-fl ight secondary ion mass 
spectrometry (ToF-SIMS) [ 78 ,  79 ], WCA [ 80 ], atomic force microscopy (AFM) 
[ 81 ], surface plasmon resonance (SPR) [ 64 ], and force measurements [ 82 ]. The 
application of AFM and force measurements to a polymer microarray allows the 
mechanical properties of the materials to be included in subsequent structure–func-
tion relationships [ 31 ]. “High throughput surface characterization” refers to the 
automation of measurements, allowing an instrument to be set up to take measure-
ments from every member of a library with little to no user input. Once material 
properties have been measured the challenge remains to correlate these properties 
with a biological response. This is particularly diffi cult because the systems typi-
cally being studied are complex and poorly understood. Simple correlations with 
properties that are commonly implicated in cell–material interactions, such as WCA 
or roughness, typically do not work. The key step in achieving a correlation between 
biological response and a measured surface property has been the use of partial least 
square (PLS) regression to correlate a univariate property, such as cell numbers, 
with a multivariate dataset, such as the hundreds of secondary ions produced in ToF- 
SIMS spectra [ 83 ]. This method was initially validated by linking ToF-SIMS spec-
tra with WCA [ 83 ], and has been successfully applied to predict the frequency of 
colony formation of stem cells from the chemical information represented in ToF- 
SIMS spectra [ 31 ,  37 ]. Similarly bacterial attachment was predicted for  P. aerugi-
nosa  and  S. aureus  [ 33 ]. The successful construction of these models likely results 
from the diverse material properties that are represented within ToF-SIMS spectra. 
Secondary ions emitted from a surface can be assigned to chemical functionalities 
that are associated with surface charge, hydrophobicity, aromatic and cyclic groups, 
and material stiffness [ 31 ,  33 ,  34 ,  79 ,  83 ]. However, the PLS models produced have 
thus far been restricted to interpolative predictions. A powerful application of this 
approach would enable the design of hit materials based upon the models produced. 
Limiting this is the extensive surface analysis required to gather the relevant chemi-
cal/physical properties of the materials being studied. Moreover, the number of 
materials that can be included is limited to the number of different samples that can 
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feasibly be screened. Although this is signifi cantly expanded by the use of polymer 
microarrays to the order of hundreds to thousands of materials, this is still small 
compared with the infi nite number of varied polymer chemistries that are possible. 

 To overcome this constraint, modelling based upon chemical descriptors rather 
than a measured property has been explored [ 84 ]. Using this method, materials do 
not need to be produced and analyzed, but rather a virtual library of materials can be 
created where the size of the library is limited by computational power rather than 
experimental requirements. Hook et al. used this approach to predict defects within 
polymers from their molecular descriptors using a PLS regression model [ 84 ]. 
Materials were initially screened by ToF-SIMS imaging and light microscopy to 
identify defects such as chemical heterogeneity or spreading. A PLS model based 
upon the molecular descriptor was successfully able to predict whether a pair of 
monomers would produce a defective polymer in 85 % of cases. This study demon-
strated that the molecular descriptors of a polymer and their material properties are 
linked, and as such other material properties may be predicted. 

 This work was expanded by Epa et al. [ 85 ], whereby nonlinear Bayesian neural 
network models were developed that could predict the adhesion of hEB using only 
calculated molecular descriptors. In particular, this work demonstrated substantially 
higher predictive power of nonlinear models compared with linear models. An  r  2  
value from a plot of measured versus predicted values was reported as 0.68 for a 
linear model with a standard error estimation (SEE) of 0.163log EB whereas for a 
nonlinear model the  r  2  value was 0.81 with an SEE of 0.108log EB. This suggests 
that there is some nonlinearity in the relationship between hEB adhesion and poly-
mer structure [ 85 ]. Combining such modelling methods with polymer microarray 
screens, and specifi cally the design of polymer libraries, enables exciting opportuni-
ties to assess a larger material property space than could be accessed by experimen-
tal methods alone.   

4.4     Closing Remarks 

 Polymer microarrays are a key enabling technology for biomaterials discovery. They 
have been successfully used to develop the surface chemistry, topography, bioactiv-
ity, and mechanical properties of biomaterials as well as allowing the high throughput 
study of 3D matrices. Polymer microarrays have been applied to numerous biological 
applications including supporting cell attachment and outgrowth, maturation and 
phagocytosis of dendritic cells, materials resistant to microbes, switchable materials, 
platelet activation, cell sorting, hepatocytes and toxicity models, and cell transfection. 
Additional to the discovery and development of new biomaterials, the large datasets 
generated by polymer microarrays can also be used to develop structure–function 
relationships and help elucidate underlying biological–material interactions. In par-
ticular, the modelling of the biological response of polymers using calculated molec-
ular descriptors enables the screening of virtual libraries of polymers. This will allow 
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a larger set of material properties to be accessed than by experimental methods alone. 
Future insight into material–cell interactions and expanded knowledge of currently 
 ideas-poor  fi elds of material science will be greatly aided by polymer microarrays 
and their application to increasingly ambitious biological assays and methods for 
presenting materials.     
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    Abstract     The cell is the smallest unit of life. Commensurate with its importance in 
   biology and medicine, it has traditionally been the focus of technologies seeking to 
add to our understanding of physiological processes relating to life, death, and dis-
ease. Over the past decade, our understanding of cellular complexity has been bol-
stered by the advent of increasingly precise techniques for the investigation of 
cellular phenomena. Microfl uidic cell cytometry combines analysis on the single 
cell level with integrated separation and processing techniques and has emerged as 
one of the most powerful techniques in this context. This chapter will encompass an 
overview of the current landscape and novel trends as well as challenges facing the 
technologies in this new fi eld.  

  Abbreviations 

   CCD    Charge-coupled device   
  CD    Cluster of differentiation   
  CDR    Complementarity determining region   
  CMOS    Complementary metal-oxide semiconductor   
  CTC    Circulating tumor cell   
  DC    Deformability cytometry   
  DEAL    DNA-encoded antibody libraries   
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  DNA    Deoxyribonucleic acid   
  ELISA    Enzyme-linked immunosorbent assay   
  EMT    Epithelial to mesenchymal transition   
  EpCAM    Epithelial cell adhesion molecule   
  FOV    Field of view   
  HAI    Hospital-acquired infection (also healthcare-associated infection)   
  HCS    High-content screening   
  HIV    Human immunodefi ciency virus   
  HTS    High-throughput screening   
  IFNγ    Interferon gamma   
  ISAAC    Immuno-spot array assay chip   
  MCF7    Michigan Cancer Foundation-7   
  MET    Mesenchymal to epithelial transition   
  MITOMI    Mechanically induced trapping of molecular interaction   
  PCR    Polymerase chain reaction   
  PMA    Phorbol 12-myristate 13-acetate   
  POC    Point-of-care   
  RNA    Ribonucleic acid   
  RT-PCR    Reverse transcription polymerase chain reaction   
  SCBC    Single-cell barcode chip   
  Simoa    Single molecule array   
  STEAM    Serial time-encoded amplifi ed microscopy   
  TF    Transcription factor   
  TNFα    Tumor necrosis factor alpha   

5.1           Introduction 

 Undoubtedly, as the length of scale of interrogation decreases from tissues to single 
cells, we fi nd that the complexity of multicellular entities is much greater than the 
sum of their parts one would have assumed. One of the main problems in transla-
tional research is the fact that an aggregate measurement of cells (e.g., in a microti-
ter plate) does not refl ect the uniqueness of cell subpopulations, let alone single 
cells, which might have unique or rare phenotypes. However, these rare cells can 
often play a crucial role in biology and are quite different from overall phenotypes 
present in a population of cells. Furthermore, cells behave very differently when 
they are embedded in an interactive structure such as tissue, where cells are stimu-
lated by their microenvironment and in turn also contribute to the mechano- 
biological and overall state of the microenvironment. Environmental cues such 
as tissue mechanics, soluble factors, and fl uidic forces have been implicated in 
the initiation and/or progression of normal physiology such as tissue development 
[ 1 – 3 ] as well as a number of disease states, e.g., tumorigenesis [ 4 , 5 ] or even 
instances of bacterial pathogenesis [ 6 ]. 
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5.1.1     Single Cells Drive Population Phenotypes 

 The infl uence of single cells on a large population can be seen in many instances of 
biology (Fig.  5.1 ). For example, a normal functional human immune system contains, 
at any given moment, millions of B-cells, producing discrete subsets of antibodies 

     Fig. 5.1       ( a ) Potential ways in which cellular heterogeneity can be manifested in the measurement of 
a bulk cell population. ( b ) Single cell RT-PCR using microfl uidics has shown directly that previously 
described “incomplete” siRNA knockdown is the result of pooling the heterogeneous response of a 
cell population in which some cells display complete knockdown, whereas others display only ~50 %. 
( c ) Transcriptional heterogeneity within a colon tumor biopsy at the single cell level. Delineations 
between subtypes are illustrated in this heat map representation. ( d ) Mechanical biomarkers measured 
in high throughput are indicative of cell subtype. Measurement of pleural fl uid effusions from human 
patients delineates between infl ammation and carcinoma prognoses. ( e ) Pluripotency is also linked to 
cellular deformability, and quantitation of deformability can predict differentiation state       
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that comprise human-acquired immune recognition [ 7 ]. Further, upon infection, 
T-cells secrete a suite of interleukins and cytokines in a polymorphic and dynamic 
fashion, where each step is required for a proper immune response. Transcriptional 
profi les of bulk cells have been found to be the sum of digitized “on/off” states of 
individual cells (Fig.  5.1b , c). Even bacterial cells, typically thought of as purely 
single-celled organisms, often come together in communities of multiple species and 
act as a pseudo tissue [ 8 , 9 ], secreting extracellular matrix and modulating metabolic 
profi les to increase fi tness and survival [ 10 , 11 ]. This process requires seemingly 
clonal populations to develop into distinct heterogeneous phenotypic subsets of cells.

   Therefore, an understanding of the heterogeneity of a cell population is paramount 
for our full understanding of any given biological process. Moreover, resolution 
down to the single cell level is important for diagnostic purposes and also to increase 
our understanding of the underlying disease to better inform treatments and identify 
therapeutic targets. In this vein, the development of high throughput, quantitative 
methods of investigation on the single cell level is a necessity, due both in part to the 
need for identifi cation of small subsets of cell populations, and biological variation 
between patient samples frequently encountered in the clinic. At the same time, the 
rareness of a cell population can make it diffi cult to obtain statistically signifi cant 
results and gain insight into, e.g., regulatory pathways involved in physiology. High 
throughput microfl uidic cell cytometry introduces a new paradigm of measurement, 
moving from standard well plate formats toward serial fl ow-through processing as 
well as miniaturization and parallelization of the well plate concept on chip (Fig.  5.2 ).

5.1.2        Microfl uidics Break the Fundamental Limitations of HTS 

 Of course, microtiter plate screening methods and conventional high throughput and 
high content screening (HCS) methods have been very useful for drug discovery and 
basic research over the past few decades, leading to numerous improvements in 
medicine and signifi cant additions to our biological understanding. These tech-
niques are useful in this context because of their robust and simple nature, as well as 
the fact that the high throughput screening (HTS) community has evolved around 
the microtiter plate, resulting in technologies tailored to their shape, size, and func-
tionality. The limitations of the microtiter plate format become evident when we 
consider the detection of rare subpopulations and rare cellular events: in biological 
measurement, statistics are extremely important due to biological variation, stem-
ming both from the inability of these experiments to control for all variables and the 
heterogeneity of cell populations due to cell cycle state, stem cell populations, and 
other distinct subpopulations even within clonal cell samples. Simple calculations 
regarding the frequency of a rare cell (perhaps 1 % of the whole population: a gener-
ous number) in a confl uent 384 well plate (about 5,000 mammalian cells total) lead 
us to the realization that, in each well, we could only hope to capture the phenotype 
of 50 cells in a best-case scenario. In HTS applications where hundreds of thousands 
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of compounds are to be screened, an enlargement of sample size is not practical and 
we are left with a dangerously low sample size for reliable measurement. This issue 
can be remedied to some extent by HCS approaches (allowing multiparameters 
analysis) and replicate wells (increased sample size), but the fundamental statistical 
problem of small sample size persists in HTS and also diagnostics, where cell popu-
lations of interest might be even much rarer than 1 % of the total cell. Two possible 
solutions to this problem are either a switch to serial processing of a large number 
of single cells, or combining enrichment of rare cells with miniaturization of surface 
assays using, e.g., cell- based microarrays. Microfl uidic cell cytometry platforms 
offer potential methodologies for both of these approaches. 

  Fig. 5.2    The components of microfl uidic cytometry. Technical components such as microfl uidic 
liquid handling and measurement, coupled with novel-imaging techniques are enabling this emerging 
fi eld. Signifi cant advancement has been made in the fi elds of proteome profi ling of individual cells 
isolated from carcinomas, secretome profi ling of immune cells, transcriptional and genomic profi ling 
of individual cells, as well as the development of mechanical biomarkers for cell state and function       

 

5 Single-Cell Microfl uidic Cytometry for Next-Generation High-Throughput Biology…



80

 In fact, several powerful methods of single cell analysis have emerged over the 
past few years, building on classical methods of molecular and cellular analysis 
techniques. These microfl uidic cytometry technologies can be organized based on 
the measurement type of (1) classical fl uorescent and brightfi eld imaging, (2) physi-
cal characterization of single cells, and (3) single cell genomic transcriptomic and 
proteomic profi ling, as depicted in Fig.  5.2 . Single cell deep sequencing and reverse 
transcription-PCR (RT-PCR), whole blood and single cell proteome profi ling, sec-
retome arrays, and microfl uidic high-speed serial processing and separation of cell 
types have brought the scientifi c community a deeper understanding of the impor-
tance of cell heterogeneity. New biomarkers based on cellular mechanics have been 
identifi ed as potential prognostic and diagnostic measurements. In this chapter we 
will focus primarily on these recent technologies in the context of their biological 
question, and how they have enabled potential diagnostic tools and furthered scien-
tifi c understanding of complex biology. We will conclude this chapter with a closer 
look at platform technologies, translational applications, and future trends of this 
exiting technology.   

5.2     Tumorigenesis and Cancer Biology 

 Cancer itself cannot be defi ned as a single disease, but is rather an umbrella term, 
describing an ever-increasing set of characteristics and cellular aberrations that ulti-
mately lead to tissue neoplasia, metaplasia, and tumor formation [ 12 ]. It is this 
tumor formation that results in dysregulation of the normal tissue equilibrium and 
eventually organ shutdown. 

 Differences aside, there is an underlying theme between many cancer types, 
which is the existence of a stem-cell like subpopulation [ 13 , 14 ], giving rise to new 
progeny and may lead to the neoplastic behavior, as well as the circulating tumor 
cell (CTC), ultimately responsible for tumor metastasis by detaching from the origi-
nal tumor, travelling through the vasculature and exiting into the interstitium at a 
new site. The stem-cell like population is thought to be formed by dedifferentiation 
of existing tumor cells as well as the activation of epithelial–mesenchymal transi-
tion (EMT), and the reverse mesenchymal–epithelial (MET) transformation [ 15 ]. 
These processes are not yet fully understood, but the current paradigm suggests that 
EMT occurs both in the tumor mass and during the processes of intravasation into 
the blood stream [ 16 ], most likely leading to a dedifferentiated state similar to a 
Twist 1-mediated stemness [ 17 ]. Conversely, MET, a redifferentiation process, is 
thought to occur downstream during extravasation to a metastatic site and may be 
required for cellular proliferation and metastatic formation [ 18 ]. 

 Both cancer stem cells and CTCs play a pivotal role in disease progression. 
Cancer stem cells (perhaps having undergone an EMT) residing in the tumor mass 
may contribute signifi cantly to drug resistance and relapse after treatment regimes 
[ 19 , 20 ], and CTCs are implicated in metastasis and hence disease progression [ 21 ]. 
Both of these cell types are small fractions of the cancer cell population. In the case 
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of the CTC, once in the blood, it is an extremely rare cell—sometimes as low as 1 
cell in 1 mL of patient blood containing approximately 10 9  normal red blood cells 
and white blood cells. 

5.2.1     Single-Cell Genotyping and Mechanophenotyping 

 Microfl uidic cell cytometry-based detection and profi ling of cell types from the 
primary tumor mass, as well as the CTCs in the bloodstream, offers a very powerful 
tool for monitoring the progression event as well as dissecting the mechanisms of 
progression itself. For example, our understanding of the tumorigenic process is 
enhanced by single cell transcriptional analysis. This microfl uidic cytometry tech-
nique has shown that colon tumors exhibit the transcriptional diversity of different 
cellular lineages in a normal colon (Fig.  5.1c ). Further, monoclonal tumors from a 
single ( n  = 1) cell xenograft, still exhibit this transcriptional pattern of multiple cel-
lular lineages, giving strong evidence for the hypothesis of a stem-like population 
within the tumor mass and retention of this property within this cell subpopulation 
[ 22 ]. This single cell transcription profi ling technique utilizes integrated microfl u-
idic circuits of pressurized valves and individually addressable chambers. 

 When moving away from the primary tumor mass, cellular populations residing in 
blood or pleural cavity effusions have to be considered. In this context, high through-
put microfl uidic fl ow-through techniques have proven to be very useful. Among these 
techniques is deformability cytometry, a technique in which whole cells are serially 
deformed in an extensional fl ow region at a rate of 1,000s per second (Fig.  5.1d ) [ 23 ]. 
This method has indicated that deformability may be an effective biomarker for iden-
tifi cation of acute immune responses, as well as indication of prognosis for varying 
cancer types. Complementation of conventional cytological analysis of cell smears 
and pathology performed on tissue blocks with a quantitative method such as deform-
ability cytometry may help signifi cantly reduce the instance of “atypical” cytological 
cases in the clinic. These “atypical” cases often result from the lack of clear indicators 
of malignancy such as large nuclear to cytoplasmic ratio and abnormal nuclear mor-
phology [ 24 ]. These cases are notoriously hard to diagnose in early stages, often 
resulting in tumor progression before confi rmed diagnosis, leading to a poor progno-
sis before treatment can even begin. In fact, deformability cytometry uses mechano-
phenotyping of pleural cavity effusions to quantitatively diagnose these “atypical” 
cases as either malignant or benign prior to a conventional cytological follow-up 
visit, which involves expensive molecular tests and secondary tissue biopsies [ 25 ].  

5.2.2     Capture and Analysis of CTCs from Blood 

 Moreover, the isolation of rare CTCs has been accomplished using fl ow-through 
microfl uidics. The methodologies employed include surface marker-based methods 
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utilizing separation based on magnetic beads [ 26 – 28 ] or posts [ 29 ]. These shaped 
objects can be coated with capture antibodies against cells of epithelial origin, 
which are not normally found in blood. Another approach utilizes nanomaterial- 
based capture that exploits the aberrant cell surface structure of a CTC. Here, the 
cell surface interacts directly with the nanomaterial in a Velcro-like fashion [ 30 ]. 
Magnetic methods are specifi c; however, somewhat lower throughput (15 min for 
200  µ L of blood) than other methodologies as high fl ow rates impart fl uidic forces 
on the cells that can overcome the magnetic forces holding the magnetic beads in 
place. Posts coated with antibodies have proven to be effective for capturing cells; 
however, the subsequent release has proven nontrivial. A high fl ow rate CTC cap-
ture technique by micro-vortices in sudden expansion and contraction chambers has 
shown promise for high throughput CTC isolation, using inertial forces for size- 
based separation in fl ow [ 31 , 32 ]. This method also allows easy release of concen-
trated CTCs in high purity (>90 % purity) for downstream analysis [ 33 ]. The ability 
of captured cells to be easily released for downstream processing will enable both 
scientifi c discovery and clinical diagnosis. Combination of these capture techniques 
with single cell sequencing, RT-PCR and immunocytological staining on chip will 
enable extremely accurate determination of CTC state, and perhaps (when com-
bined with knowledge of EMT and MET and their effect on tumor progression) will 
enable better diagnosis and more effective treatment regimes. 

 While not strictly cytometry based, we would like to mention as well other detec-
tion methodologies which we expect to have an impact on this fi eld in the near 
future. Proteomic profi ling of both whole blood and, more recently, single cells has 
shed tremendous light on the cellular states that defi ne certain subpopulations of 
cells in tumorigenesis. The single cell barcode chip (SCBC) [ 34 ] utilizes DNA- 
encoded antibody library (DEAL) [ 35 ] arrays, combined with sandwich ELISA on 
the channel surface for multiplexed detection of up to 12 plasma proteins for whole 
blood, or cellular proteins (both cytosolic and membrane bound) in the case of the 
single (up to 5) cell chip. The SCBC has enabled a more comprehensive understand-
ing of altered signaling states under treatment with erlotinib and emphasized hetero-
geneity with respect to this response between single glioblastoma cells. This insight 
could enable a better understanding of drug treatment options specifi c to cell state, 
novel targets, and pathways of interest for the cancer cell. Moreover, these data 
could be used to better direct the usage of combination therapy such as drug cock-
tails, even rational design, or at least selection of future drugs for use in the patient.   

5.3     Bacterial and Viral Pathogenesis 

 Bacterial pathogenesis is a complex problem to approach due to the wide variety 
of important infectious organisms, and the myriad of mechanisms utilized by vari-
ous bacterial species for infectivity. The opportunistic microbes responsible for 
hospital- acquired infections (HAIs) resulting from implanted medical devices are 
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of particular mention in part because of the signifi cant impact they have on the 
healthcare system today [ 36 , 37 ] and the increasing diffi culty in treatment because 
of antibiotic resistance [ 38 , 39 ]. 

5.3.1     Nanoliter Encapsulation of Bacterial Cells 

 The question of how antibiotic resistance arises in a population of bacteria has been 
recently addressed utilizing microfl uidic two-phase plug-based systems. These are 
fl ow-through, serial systems, where large volumes (up to liters) of bacterial solu-
tions, or even raw ecological samples such as pond water, are in turn compartmen-
talized into nanoliter droplets in microfl uidic channels [ 40 ]. The tenability of these 
systems has been further increased by the introduction of secondary and tertiary 
solutions to the plug fl ows by mixing of the miscible stock aqueous solutions from 
multiple fl uidic inlets into combined plugs-in-oil fl ows (see Fig.  5.3 ), allowing bac-
teria to be compartmentalized with varying concentrations and types of antibiotics, 
as well as the readout for measurement: typically a DNA-intercalating dye (Fig.  5.3 ). 
Subsequently, downstream these plugs are quantifi ed using fl uorescence micros-
copy [ 41 ]. These systems have directly shown evidence for the founder effect, in 
which a single bacterium from a clonal population acquires resistance to an antibi-
otic and creates a new clonally distinct population (Fig.  5.3b ) [ 42 ].

   The ability of certain bacteria to form, and exist in, both mono and multispecies 
biofi lms have long been considered a virulence determinant, especially when con-
sidering implantable device-related infections [ 37 ]. Further, quorum sensing, the 
ability of bacteria to “sense” the local density of their inter and intraspecies part-
ners, is thought to control the biofi lm forming capability in many of these organisms 
by genetic regulation which often includes toxin production [ 43 , 44 ]. Microfl uidic 
systems have been well suited for investigation of these phenomena as next- 
generation high throughput culture systems, incorporate fl uid fl ow with well-defi ned 
shear, and spatially organized compartmentalization of bacteria. Using high 
throughput measurements on microwell arrays confi ning bacteria spatially while 
maintaining paracrine-signaling capability, “quorum acting” has been utilized to 
directly observe such phenomena in B. cereus. Here, high local density (i.e., small 
distances between microwells) induced transcriptional changes leading to increased 
clotting capabilities when exposed to whole blood [ 45 ].  

5.3.2     Viral Load Detection in Fluids 

 Detecting the presence and amount of viral particles in both patient blood and 
 ecological samples will be paramount for effective diagnosis and monitoring of 
antiviral treatments. Classically, the enzyme-linked immune-sorbent assay (ELISA), 
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  Fig. 5.3    ( a ) Stochastic 
confi nement coupled with 
plug-based microfl uidic 
handling allows for the 
interrogation of single 
bacterial responses to 
antibiotic treatments. 
( b ) Direct observation of the 
founder effect is seen when 
bacteria are individually 
compartmentalized with 
antibiotic before coming in 
contact with the drug. 
( c ,  d ) This system can be 
used to generate ( c ) antibiotic 
resistance and ( d ) minimum 
inhibitory concentration 
profi les for any bacterium, 
in this case MRSA       
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combined with novel PCR methods such as the T7 polymerase technique, rolling 
circle amplifi cation, and isothermal PCR, have been indispensable tools in detect-
ing, with high sensitivity and specifi city, the presence of proteins in solution. The 
recent advances in high throughput droplet microfl uidics and microwell arrays have 
enabled an even lower limit of detection (approaching the sub-femtomolar concen-
tration regime) while simplifying the readout, through the use of digital ELISA 
assays [ 46 ]. The readout concept is similar to that of digitized PCR and RT-PCR, 
relying on extremely low dilutions of target molecules, and use of Poisson distribu-
tions and statistics. Typically these platforms use beads as the solid phase, where 
these are then compartmentalized in wells or droplets [ 47 – 49 ]. Further, some point-
of- care (POC) devices have been developed using these “ELISA on chip” methods. 
Specifi cally, the mChip combines the ease of fl uid handing in a lab-on-chip context, 
with gold nanoparticle-linked ELISA [ 50 ]. The readout for this platform is quite 
clever, in that the assay relies on the growth of silver layers on the gold nanoparti-
cles. If there are gold nanoparticles on the surface (i.e., antigen present), then 
the absorbance of the silver is measured using inexpensive light-emitting diodes 
and detectors. This is an excellent example of the miniaturization of a sensitive 
technique for an affordable and effective POC platform.   

5.4     Single-Cell Immunotyping 

 The human immune system is immensely complex, composed of multiple distinct 
cell types, residing in different tissues. B cells producing antibodies are responsible 
for the hosts-acquired immunity and are the mechanisms by which we can become 
vaccinated against infection from ecological pathogens. Estimations are that at any 
given point, there are 10 10 –10 11  B cells producing at least ~10 10  distinct antibodies, 
as measured by deep sequencing of their complementarity determining region 
(CDR) 3  [ 51 ]. Further, the pattern of communication between cell types through the 
secretion of interleukins and cytokines forms a complex network, much of which 
can be monitored through analysis of blood with the right toolset. 

5.4.1     Nanowells and Microengraving for Secretome Analysis 

 For example, functional cellular immunotyping is a potentially powerful tool for 
patient monitoring and scientifi c discovery, enabled primarily by a handful of tech-
nologies employing massively parallel arrays of nanowells etched in silicon termed 
“microengraving” (Fig.  5.4c , d) [ 52 ]. This technique combines both the microwell 
technology with ELISA-like surfaces upon which the wells are “stamped,” leaving 
the imprint of the secretome from the cell in that well. These experiments are 
 typically carried out in two parts: First, cells are seeded on surfaces with 
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highly parallelized etched single cell wells using passive gravity sedimentation. 
After cell seeding, the substrates can be gently washed and aspirated without remov-
ing the cells from their respective well. Subsequently, the cell type of interest (typi-
cally T cells) are stimulated by the addition of a small molecule, washed and a glass 
slide functionalized with antibodies against known secreted factors such as TNFα, 
various interleukins, and interferons are placed face down over the wells. After a 
given incubation time of interest, the slide is removed and the cells are fi xed and 
stained for various surface markers such as CD4, CD8, and can even be used with 
pre- stained cell barcodes for multiplexing [ 53 ]. Simultaneously, the cover slide is 
used as an ELISA substrate to identify components of the secretome of each single 
cell well where the number of individual components that can be assayed in a single 
experiment is limited only by the existence of an antibody directed against it, the 
number of mutually exclusive fl uorescent readouts on the imaging system being 
used, and of course the physical space allowed for the microengraved array. This 
tool has been extremely powerful in immunophenotyping, as well as uncovering a 
never before seen phenomenon of the polyfunctional dynamic T cell response to 
infection challenge: In this scenario, T cells respond asynchronously to activation 
ex vivo with phorbol 12-myristate 13-acetate (PMA) and ionomycin. Their produc-
tion of IL-2, TNFα, and IFN-γ, is sequential, and the program repeatable as well as 
dependent upon differentiation state [ 54 ]. Microengraving has also been used to 
quantitatively characterize the dynamic recovery of HIV-specifi c CD8+ T cells [ 55 ].

   Secretions from immune cells have been characterized also by other ELISA- 
based nanowell technologies. Notably, the immunospot array assay on a chip 
(ISAAC) utilizes a nanowell array in which the top surface (from which the wells 
are etched) is coated with antibodies against IFNγ and TNFα [ 56 ]. This allows for 
detection of CD4+ T cells (via cell surface staining) multiplexed with assessment of 
secretion of one or more cytokines. This technique measures similar analytes/phe-
notypes as the previously mentioned technique but requires only one substrate. 
However, the resulting patterns formed on the chips require signifi cant image analy-
sis in order to determine the original well from which the analyte was secreted, as 
ELISA signals from neighboring wells can overlap (Fig.  5.4d ).  

5.4.2     Real-Time Detection of Transcriptional Changes 
in Immune Cells 

 Other techniques utilizing integrated microfl uidic culture systems coupled with 
fl uorescence microscopy and RT-PCR on chip have shed light on how information 
processing occurs in response to TNF-α [ 57 ]. This technique illustrates that 
NF-kappaB is digitally activated on a cell-by-cell basis in response to a homogenous 
TNF-α dosage. This observation was previously unobtainable without the use of a 
high throughput, quantitative single cell analysis using these microfl uidic systems.   
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5.5     Platform Functionalities and Components 

 Sample image capture and subsequent analysis are classic bottlenecks in HTS 
 system fl ows, and novel imaging modalities enable many of these next-generation 
screening platforms to be practically implemented. Imaging techniques can be 
grossly categorized into three subsets: (1) classical lens-based imaging coupled 
with automated stages and capture, (2) wide fi eld of view (FOV) holographic tech-
niques, and (3) superfast serial methods. Typical lens-based systems are widely 
used in conjunction with commercial automated xyz stages for printed microarrays, 
as well as HCS of both 384 and 1,536 well plate formats. These techniques are well 
described and will not be the focus here. 

5.5.1     Novel Imaging Modalities 

 Novel lens-free, wide FOV systems make use of a CMOS or CCD pixel array, 
resulting in overall small instrument size while maintaining large fi elds of view, up 
to 10 mm × 10 mm [ 58 , 59 ]. This is a very powerful technique as it allows for capture 
of all  z  planes in the FOV because there are no lenses, only direct collection of 
transmitted light from the sample on the CMOS array. The absence of lenses both 
enables the wide FOV and lowers the cost. However heavy image postprocessing 
and reconstruction from the “holographic” image collected is required. Typically, 
these systems have found use in cell imaging for using brightfi eld and darkfi eld 
imaging especially for counting purposes as well as cell motility and morphology 
measurements [ 60 , 61 ]. There have been recent efforts toward the development of 
fl uorescent-imaging modalities using lens-free systems, where success has been 
made and demonstrated with capabilities for resolving single  C. elegans  [ 62 ]. These 
systems will be very well suited for imaging of digitized ELISA and PCR arrays 
both in droplets and discrete wells, especially since reconstruction is not necessary 
for data acquisition in these cases. Further, these imagers are easily coupled with 
microfl uidic systems because the chips can simply rest directly on the CMOS array, 
making integration with droplet generation technologies very simple [ 63 ]. 

 Ultrafast serial imaging is utilized in a number of microfl uidic platforms relying 
on fast serial processing of single cells in fl ow. Commercial high-speed CCD cam-
eras are utilized for a number of applications, including deformability cytometry 
and most inertial microfl uidic techniques; however, these produce a signifi cant cost 
burden on the researcher or end user. Serial time-encoded amplifi ed microscopy 
(STEAM) is a novel imaging method using ultrafast line scanning to detect particles 
and cells in fl ow [ 64 ]. This technique has been used to detect specifi c cell types 
coated with beads containing anti-EpCAM antibodies, as well as to identify mor-
phological parameters unique to MCF7 breast cancer cells as compared to normal 
white blood cells in fl ow [ 65 ]. Coupled with simple straight microfl uidic channels 
designed for particle focusing, this technique has unparalleled throughput, as the 
speed of the imaging is in the GHz range, allowing throughputs approaching 
100,000 cells/s, and extremely low false positive rates of one in a million.  
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5.5.2     Microfl uidic Interrogation and Separation Techniques 

 Microfl uidic technology enables such a wide range of novel processes from liquid 
handling and sample processing to the ability to address single cells in high through-
put that it deserves special mention. These technologies utilize a range of force 
fi elds to manipulate and address single cells in fl ow. Magnetic, electric, and even 
optical fi elds can be used to manipulate single cells in three dimensions. Magnetic 
forces are typically used in conjunction with pre-labeling of cells with magnetic 
particles coated with antibodies directed against a surface marker of interest, fol-
lowed by passing the cell-bead conjugates through microchannels with embedded 
magnetic elements [ 28 ]. The fi elds augment the trajectories of cells dependent upon 
labeling, and then these cells can be siphoned off from channel outlets. Electroosmosis 
works in a similar fashion, however pre-labeling of cells is not necessary, as the 
electromobility of cells is an intrinsic property, shown to be dependent upon mem-
brane composition and cell size, thus allowing discrimination between cell types 
[ 66 , 67 ]. Optical forces have also been employed as a single cell interrogation tech-
nique, termed “optical tweezers” [ 68 ]. This method traps a cell in a focused optical 
fi eld, relying on the difference in refractive index between the cell and its surround-
ing solution. The fi eld can then be tuned to physically stretch the cell, measuring its 
strain response to a stress fi eld, inferring mechanical properties of the cells such as 
elastic modulus. These platforms are very precise using highly tunable fi eld forces 
and gradients; however, their throughput is somewhat limited to about 10 cells per 
minute at maximum, although a number of massively parallelized optical trap meth-
ods are being developed [ 69 ]. 

 Converse to the addition of external force fi elds in microfl uidics, the use of the 
fl ow fi elds generated simply by fl uid moving through the channels is also a highly 
effective method for ordering and addressing cells serially in microchannels. Inertial 
focusing of particles and cells to specifi c locations within a channel cross-section is 
a novel technique being adopted by an increasing number of research groups [ 70 ]. 
Briefl y, the balance of the shear gradient lift force (stemming from the parabolic 
velocity profi le in a channel) and a wall effect force (possibly from the refl ection of 
viscous wakes generated by the particles themselves) [ 71 ] ultimately leads to deter-
ministic positioning of objects in the channel cross-section. Further, this location is 
dependent on the size, shape, and deformability of the particles in fl ow. This phe-
nomenon requires the presence of non-negligible inertial forces, which was initially 
thought to be unobtainable in microfl ows simply due to the velocity of fl ow required 
to reach Reynolds numbers greater than 1 (less than 1 is referred to as Stokes fl ow, 
where only viscous forces are considered to be of consequence). Practically speak-
ing, Reynolds numbers of 10 or greater are the operating regimes for inertial micro-
fl uidics. This technique offers a very powerful method of passive ordering for 
imaging and/or separation of particles in fl ow. One type of fl ow fi eld, the exten-
sional fl ow, has been used in conjunction with upstream inertial focusing of cells to 
the channel center, to deliver cells to a region of extremely high fl uid shear, impart-
ing large (~10–100 nN) forces on cells. Deformability cytometry is a microfl uidic 
technique utilizing this very force fi eld, coupled with high-speed brightfi eld 
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imaging to measure cell deformation [ 23 ]. This technique can process cells on the 
order of 1,000s per second, and generate quantitative plots of deformability, size, as 
well as a number of cellular characteristics including membrane ruffl ing and 
dynamic responses to stretch. 

 The use of inertial forces in microchannels can also be employed to move both 
fl uid and particles within the cross-section of a channel. It has recently been shown 
that the presence of non-moving obstacles in fl ow (as compared to particles or cells, 
which are moving in fl ow) coupled with inertial fl ow (Re > 10), results in nonrevers-
ible fl uid parcel migration in a channel cross-section [ 72 , 73 ]. This is extremely useful 
for separation of particles (or cells) from an incoming stream that also contains anal-
ysis reagent (such as an antibody stain or small molecule). This effectively washes 
the particles or cells in fl ow without the addition of any external force fi eld, and the 
operation range is at high fl ow rate, allowing 1,000s of cells per second processing 
rate, assuming concentrations of 10,000s of cells per ml in the incoming solution. 

 Together these microfl uidic techniques have the ability to transform HTS plat-
forms. Many of these technologies are still in the development stage, although some 
are in the process of moving to market. The obvious limitation at hand is the integra-
tion of these microscale fl uidic platforms with current HTS workfl ows, involving 
large robotics, microtiter plate storage of solutions and chemicals, as well as current 
macroscale liquid handling techniques. The true transformative power of the 
microscale technologies cannot be realized until (1) a standard protocol for integra-
tion of macro and micro is set and (2) these research and development level tech-
nologies, mostly utilizing PDMS on glass chips, are moved to materials and 
platforms that are more amenable to scaled up production, such as injection mold-
ing of hard polymers and premade integrated circuits.  

5.5.3     Macro- and Micro-Integration 

 The development of true next generation, functional high throughput and HCS 
methods will be hinged on the proper integration of macroscale automation tools 
used in screening today, with the highly precise microscale methodologies for mea-
surement reviewed here. This realm has been mostly untouched thus far, aside from 
one example of integration that has led to an extremely powerful tool. 

 Microfl uidic mechanically induced trapping of molecular interactions (MITOMI) 
combines the power of macroscale robotics for printing DNA microarray libraries 
with the highly controlled binding microenvironments of microfl uidic large-scale 
integration [ 74 , 75 ]. Microfl uidic large-scale integration utilizes a two-layer channel 
design built in elastic PDMS to achieve valving capabilities in microfl uidics. In this 
technique, the top channel (or control channel) resides above the bottom channel, 
separated by a thin PDMS membrane [ 76 ]. When the top channel is pressurized with 
either air or liquid, the PDMS membrane deforms and closes the bottom channel. 
This valve can be released simply by relieving the pressure applied to the top layer. 
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 In the MITOMI technique, synthetic DNA library arrays are printed and immo-
bilized on epoxy surfaces, followed by channel alignment and bonding. Using the 
valving techniques offered with large-scale integration, a solution containing tran-
scription factor (TF) proteins is injected into the channels, hydrating the DNA and 
allowing for interaction between TF and DNA. After incubation, button valves are 
actuated, trapping the DNA and TF in their equilibrium ratios on an antibody-coated 
spot on the channel surface (targeting the TF). Subsequently, channels are washed 
with clean buffer, removing any molecules that were not trapped under the button 
valve. Measurement of fl uorescence of the bound TF (pre-labeled with Bodipy) and 
the DNA (pre-labeled with Cy5) allows for direct, quantitative measurement of 
equilibrium conditions, specifi cally the ratio of the number of TF molecules and 
DNA molecules by comparing surface fl uorescence against a premade calibration 
curve. This technology has the potential for direct measurement of the dissociation 
constant ( K  D ) of the TF and that sequence of DNA and may be applied to any inter-
action based on a single binding site model. 

 This methodology has been automated using robotics and microfl uidics which 
lead to insights of the “binding fi ngerprints” of transcription factors. Further, this 
platform has been applied to protein recognition of the secondary structures of RNA 
molecules [ 77 ], and one could easily imagine this techniques applicability in any 
molecular interaction study. These insights will be very useful both in more quanti-
tative understanding of genetic circuit regulation mechanisms and in rationally 
designing our own synthetic biology circuits.   

5.6     Translational Applications 

 Although research and development of novel technologies in the academic sector 
is a major driving force for discovery and understanding, their implementation 
and scale-up to the industrial sector is what brings the technology to the bedside. 
In order for these “future” technology platforms to really have an effect on treat-
ment effi cacy and patient outcome, a compartmentalized, marketable platform 
must be realized. 

 Currently, there are a number of examples of commercialized versions of these 
technologies, including digital PCR and ELISA methods, as well as microfl uidic 
processing and cell handling. These technologies appear to be successful for two 
main reasons: (1) they are not over-complicated (although there are high levels of 
functionality in the systems) leading to robust and reproducible behaviors and (2) 
they have been converted to a “black box” type system, where there are only two 
main components that the user has to worry about: a measurement box and a dispos-
able cassette. These two aspects allow for relatively easy integration into current 
workfl ows of HTS and HCS systems. Further, many companies have sized their 
cassettes to match the microtiter plate format, allowing for direct integration with 
current robotic handling systems. 
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 There are a few companies of note that have successfully commercialized a 
microfl uidic technology, imaging technology, or a combination of the two. Both 
digital ELISA and digital PCR methods have become readily available to research-
ers over the past few years. Quanterix’s Simoa (single molecule array) technology, 
utilizing nanowells for molecule capture, sealed with an oil layer fl owed over the 
substrate, has been successful in the areas of viral and bacterial pathogen detection, 
resulting mainly from the extremely low level of detection the system offers. 
Commercialized digital PCR methods    include Fluidigm [ 78 ], using integrated 
microfl uidic valves and digital PCR readout, and Raindance [ 79 ] as well as 
QuantaLife [ 80 ] (which was recently acquired by Bio-Rad) both employing droplet- 
based microfl uidic systems for compartmentalization of the sample solutions. 

 There are also many companies that are still in the start-up stages of develop-
ment. Companies utilizing microfl uidic methods include Cytovale [ 23 ], one of the 
fi rst companies harnessing inertial microfl uidics in a commercialized product for 
cellular deformability evaluation. This company aims to translate the deformability 
cytometry platform discussed in the tumorigenesis and cancer biology section of 
this chapter. Imaging-based technologies are also being commercialized, most nota-
bly Holombic [ 58 ], commercializing the LUCAS holographic imaging system, as 
well as Nantwork, who has acquired the STEAM [ 64 ] ultrafast line-scanning imag-
ing technology. Although both of these companies are commercializing novel imag-
ing modalities, they are pursuing very different markets, where Holombic is geared 
toward the simple, POC tool for diagnostics in the fi eld and the STEAM technology 
may be more fi tting for a research or core lab setting.  

5.7     Conclusion and Future Directions 

 The burgeoning fi eld of single-cell microfl uidic cytometry has not only provided the 
scientifi c community with a new tool set for quantitative biological investigation, but 
has already led to novel insight such as the discovery of rare cell phenotypes previ-
ously unresolvable. The ability of these techniques to miniaturize and parallelize well 
plate techniques using microarrays or serially process large numbers of single cells 
in high throughput has been an enabler for this push forward in scientifi c discovery. 

 A key challenge for the future for these microfl uidic-based assays is their inte-
gration with existing HTS workfl ows. Microfl uidic cytometry devices can empower 
HTS and HCS by adding novel readouts including single cell biomechanical mea-
surements, biomarker development and detection as well as single cell genomics 
and proteomics. These measurements could transform our understanding of the 
effects of small molecule libraries on cell function, and greatly increase the effi cacy 
of treatments derived from these screens. 

 It is likely that, in the next decade, both basic science and drug discovery pipe-
lines will see some dramatic changes with functional integration of these novel 
technologies into the workfl ows. If microfl uidic cell cytometry toolsets are thought-
fully developed, with HTS and HCS integration in mind, then it is reasonable to 
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predict an exponential increase in data throughput and content, creating a near 
future where understanding the connectivity and dynamics of every component of a 
system as complex as a multicellular eukaryotic structure is possible.     
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