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COMBINATORIAL SIGNALING MICROENVIRONMENTS FOR 

MANIPULATING CELL FATE 

by 

 

Christopher Jason Flaim 

Doctor of Philosophy in Bioengineering 

University of California, San Diego, 2006 

Professor Sangeeta N. Bhatia, Chair 

Professor Shu Chien, Co-Chair 

 

Embryonic stem cells have the capacity to replicate and differentiate into 

specialized cell types. Current methodologies for driving ES differentiation in vitro are 

highly inefficient, rely on using relatively large 3D aggregates of cells, and do not 

permit an adequate diversity of signaling environments. While the differentiation 

effects of soluble signals has been extensively investigated, extracellular matrix 

signals, mediated by integrin ligation, have not been systematically examined. 

Furthermore, the well-established crosstalk between integrin and growth factor 

signaling has not been systematically explored. In this dissertation, we focus initially 

on developing a platform for studying combinatorial extracellular matrix signaling 

environments in parallel. Using robotic spotting techniques, we develop microarray 

methods for controlled protein immobilization and micropatterned cell culture assays 

on these confined domains. We demonstrate the utility of the platform by studying the 

effects of combinatorial ECM protein mixtures on cell differentiation in two contexts: 

1) maintaining primary liver cell function; and 2) mouse embryonic stem cell 

xviii 



 

differentiation towards an early hepatic fate. To assess early liver fate specification, 

we utilize the I114 reporter cell line. Factorial analysis methods identify evidence of 

potentially synergistic and antagonistic ECM interactions in both hepatocyte and ES 

differentiation studies. To study the interaction of ECM and GF environments, we 

next developed a multiwell ECM platform (i.e. 100 ECM spots per well of a 96-well 

plate) and novel methods for quantitative data acquisition. In particular, we 

demonstrate the ability to use lineage-specific GFP reporters, conversion of this signal 

to a fluorescent Cy5-equivalent that can be detected by laser excitation, and validate 

the use of confocal DNA microarray scanners and software for data acquisition and 

quantitation. Using controlled population mixtures, we characterize and validate in 

situ semi-quantitative assays for GFP and DNA. We demonstrate this new technology 

by studying the effects of 240 unique signaling environments on mES differentiation 

towards the cardiac lineage using a GFP reporter of MHC-α. This versatile technique 

is compatible with virtually any set of insoluble and soluble cues, leverages existing 

software and hardware commonly available, and represents an important step towards 

the development of the ‘systems biology’ of stem cells. 
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CHAPTER 1 
 

INTRODUCTION 

1.1 MOTIVATION AND STRUCTURE 

Medical technology can now manage many diseases that previously would have 

been fatal. Organ failure, in particular, presents a challenging problem. Purely 

mechanical instruments are effective in some cases, such as dialysis for kidney failure. 

Also promising are reports of advanced biomaterials capable of systemic biomolecule 

delivery. However, dynamic tissue functions are often highly complex and 

interdependent, making them difficult to mimic with synthetic materials. As an 

alternative, “cell therapy” has been proposed. In essence, the concept is to manipulate 

living cells into providing the desired functions. Stem cells, in particular, are a 

potential source for such cells, but require the appropriate differentiation signals [1]. A 

more complete understanding of cell signaling environments is critical to realizing the 

full potential of this proposed therapy. Research of this nature requires a set of tools 

for interrogating cellular responses to appropriate signals. Significant evidence 

highlights the importance of extracellular protein signals, as they are part of the 

natural mechanisms for regulating differentiation. Studying complex signaling 

environments, such as arbitrary mixtures of extracellular matrix and growth factors, is 

not practical using current methods due to the material requirements and high costs. A 

miniaturized cell culture platform would be of obvious benefit [2].  

1 
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The aim of this dissertation research is thus to provide a method for studying 

combinatorial signaling environments on cell differentiation. To more clearly illustrate 

our motivation and strategy, we focus on a specific therapeutic model system: liver 

disease. Firstly, we motivate the need for cellular therapies to treat liver disease. 

Further, we provide evidence that stem cells may be a source for the therapeutic cells. 

With this in mind, we review the literature pertaining to embryonic and adult liver 

signaling environments, both to highlight evidence that supports its importance, and 

also to identify a manageable set of candidate signals. We concentrate initially on 

extracellular matrix proteins because they appear to be a problem amenable to a 

miniaturization strategy. After pointing out the limitations of current in vitro cell 

culture methodology, we review technological literature pertaining to our 

miniaturization strategy. In particular, we emphasize protein microarray technology, 

cell patterning, and non-fouling surfaces, as they represent the cornerstones for the 

dissertation research.  

1.2 CASE STUDY: LIVER DISEASE 

1.2.1 The Need for Liver Tissue 

Liver failure is the cause of over 30,000 deaths per year in the United States. 

While kidney failure can be supported in part by dialysis, liver failure can only be 

cured by an organ transplant. The liver is responsible for over 500 known biosynthetic 

processes, and cannot yet be substituted by a relatively simple non-biological system. 

As a result, many investigators have turned to the development of extracorporeal cell-

based (hepatocyte) bioartifical livers (BALs) that would temporarily perform the 

functions of the liver during liver failure. It has been estimated that approximately 15 
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billion hepatocytes (10% of a normal liver) are required to sustain a patient in liver 

failure [3, 4]. Ideally, primary human hepatocytes could be used in BAL systems, but 

the high demand for donor organs makes it unlikely that sufficient excess tissue would 

be available for non-transplant applications. Furthermore, while mature hepatocytes 

proliferate rapidly in vivo during regeneration, primary human hepatocytes divide 

much less readily in vitro even under optimal culture conditions [5]. Primary porcine 

hepatocytes have also been proposed for use in human BALs [6, 7, 8], but stabilizing 

hepatic function is still a problem in addition to the subtle differences in metabolism 

and the feared potential risk of xenozoonosis. Currently, the devices available cannot 

sustain liver function for more than a few days due to the rapid loss of differentiated 

function in hepatocytes [9]. Research is currently underway on methods to stabilize 

liver cells ex vivo.  

Cell therapy has also been proposed as a potential cure for liver failure, although 

research lags behind that of BALs. Several researchers have introduced hepatocytes in 

a host animal’s liver or spleen and found that they engraft, function, and participate in 

the normal regenerative process [10]. Tissue engineering of implantable constructs 

containing cells is another emerging technology for the treatment of liver disease. The 

concept is similar to cell transplantation. However, tissue engineered constructs 

attempt to address some of the more subtle requirements for stabilizing hepatocyte 

function. Hepatocytes are known to be anchorage dependent cells, and the factors 

necessary for maintaining them in a differentiated state are not well understood. Initial 

attempts at liver tissue engineering have explored such options as hepatocytes attached 

to microcarriers [11], encapsulation of hepatocyte aggregates [12, 13], and solid 

biodegradable polymer scaffolds (e.g. PLGA or PLLA) [14, 15]. Although these 

methods provide initial function, their potential for stabilized efficacy has not been 
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demonstrated [16]. Three dimensional tissue scaffolds must also address the nutrient 

and oxygen transport needs of the cells. Some groups have addressed this problem by 

incorporating angiogenic factors into the scaffold, which results in significantly 

greater microvascular density and hepatocyte engraftment as compared to the control 

group [17]. Other groups are attempting to create more complex 3D scaffolds that 

contain vascular channels for nutrient transport [18, 19, 20]. Solid biodegradable 

tissue scaffolds containing a controlled 3D micro-architecture have been fabricated 

using fused deposition modeling, membrane lamination, 3D-printing, lost mold 

techniques, softlithography, and microsyringe deposition [21]. Synthetic 

photopatterned hydrogels (such as Poly Ethylene Oxide, PEO) containing cells have 

also been proposed as a potential 3D tissue engineering method [22]. The hydrogels 

may contain adhesion peptides, which will help to stabilize cell function, as well as 

proteolytically degradable peptide sequences which allow for the synthetic matrix to 

be remodeled [23].  

Aside from the direct therapeutic demand for a source of liver tissue, there are also 

technological demands for liver tissue in pharmaceutical drug discovery. In vitro 

models to investigate drug-drug interaction, characterize drug metabolism, and predict 

hepatotoxicity are lacking. Thus there is a great need for a large number of 

hepatocytes. 

1.2.2 Embryonic Stem Cells: A Potential Source of Liver Tissue 

While human hepatocytes are the preferred source for cell-based therapies, the 

inability to propagate these cells in vitro has led to the development of immortalized 

and tumor-derived cell lines that retain some differentiated functions [24, 25, 26]. An 

alternative approach, explored in this study and by others [27, 28, 29, 30], is to drive 

embryonic stem cells down the hepatic lineage. Embryonic stem cells are attractive 
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because they can be expanded in an undifferentiated state for well over 30 population 

doublings, and then differentiated. Thus they possess the capacity to create large 

quantities of cells. Although preliminary evidence suggests that ES cells can 

differentiate into hepatocytes, these studies relied largely on gene expression data and 

lacked functional characterization. In addition, current ES differentiation 

methodologies are highly inefficient (<<1%), and rely on forming 3D aggregates of 

cells, which are rather macroscopic (~0.5 mm diameter). A more efficient monolayer 

differentiation method would allow for assays to be miniaturized, thus consuming less 

reagents and enabling high throughput screening of potential differentiation factors.  

1.3 LIVER ORGANOGENESIS: A GUIDE TO IMPROVING ES 

DIFFERENTIATION EFFICIENCY 

In order to gain insight on culture conditions that might improve ES differentiation 

efficiency towards the hepatic lineage, we can examine normal mouse liver 

development during embryogenesis. The origin of mouse liver cells can be traced 

throughout embryonic development starting at ~day 3.5 with the inner cell mass 

(ICM). Cells that will ultimately become liver cells make the following differentiation 

commitments: ICM→ epiblast → anterior endoderm → ventral foregut endoderm → 

liver diverticulum → hepatoblast → hepatocytes. Understanding the cellular 

movements as well as the developmental environment during these stages may allow 

us to more effectively mimic the developmental program in vitro.  

1.3.1 Early Differentiation: ICM to Liver Diverticulum 

ICM cells begin as a thickening cell layer on the inner surface of a hollow sphere 

of trophoblast cells. A basement membrane is assembled between the surface layer of 
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cells and the inner cells. The top layer of cells then differentiates into primitive 

(extraembryonic) endoderm. The cells underneath continue to bud away from the 

trophoblast wall, and the extraembryonic endoderm cells begin to migrate along the 

inner surface of the trophoblast sphere (these cells are termed parietal endoderm). The 

inner cells of the bud then apoptose leaving a single epithelial cell layer apposed to the 

visceral endoderm. Bone morphorgenic protein (BMP) signaling is believed to play a 

role in these first signaling events [31]. The epithelial cell layer is known as primitive 

ectoderm, or epiblast, and is believed to give rise to all of the tissues in the embryo.  

Gastrulation (beginning at ~E6) marks the ingression of cells through the primitive 

streak to form the three embryonic germ layers: ectoderm, mesoderm, and endoderm, 

and is presented graphically in Figure 1-1. Textbooks often depict gastrulation with 

cryptic pictures that are either over-simplified, or unintelligible. This is due in part to 

the rather complex 3-dimensional shape of the mouse embryo which is best 

appreciated using anatomically accurate renderings. Initially, cells near the future 

posterior end of the embryo begin to detach and migrate medially and laterally to form 

mesoderm [32]. The primitive streak extends in an anterior direction over the next 24 

hours. Retinoic acid has been shown to be synthesized in the node at a higher rate than 

tissue anterior or posterior to it during gastrulation [33]. Cells fated to become 

endoderm begin migrating laterally (anteriorly) through the embryonic node, and in 

between the visceral endoderm and epiblast, between E7-7.5 [34, 32]. Although 

visceral endoderm does not form part of the embryo, its role during development 

should not be overlooked.  

Extraembryonic endoderm is believed to play an instructive role during 

development in mammals. A targeted disruption of variant Hepatocyte Nuclear Factor 

1 (vHNF-1) resulted in embryos with no apparent visceral or parietal endoderm that 
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died soon after implantation. Aggregation of vHnf1-deficient embryonic stem cells 

with wild-type tetraploid embryos, which contribute exclusively to extraembryonic 

tissues, rescues periimplantation lethality and allows development to progress to early 

organogenesis [35]. It was also found that prior to gastrulation, the visceral endoderm 

already exhibits a spatially defined expression pattern [34]. The migrating cells that 

burrow between the visceral endoderm and epiblast soon adopt a gene expression 

pattern similar to the underlying cells. Thus gut endoderm development evidently 

requires the presence of extraembryonic tissue. 

Anterior endoderm (from which the liver is derived) is believed to originate from 

the first cells to migrate through the node and attach at the anterior-most portion of the 

embryo. Following the formation of the three germ layers, the embryonic “disk” 

(which actually more “cup”-shaped in the mouse) folds inward (away from the 

extraembryonic tissue in Figure 1-1), while an outer cell layer extends around, 

forming the basic tube-within-a-tube structure. It is not long after the inward folding, 

and before the complete closure of the gut tube, that a population of cells becomes 

fated to the hepatic lineage. This event occurs at ~E8.5 when a section of the ventral 

foregut endoderm (v.f.e.) moves into close proximity with the developing cardiac 

mesoderm and septum transversum mesenchyme (s.t.m.). V.f.e. lip explant studies 

indicate that Fibroblast Growth Factors (FGF’s) secreted from the cardiac mesoderm 

act in conjunction with BMP’s secreted from the s.t.m. to divert the tissue from a 

pancreatic fate to a liver fate [36]. Soluble FGF was capable of replacing cardiac 

mesoderm induction of the albumin and α-fetoprotein genes, two early liver transcripts 

[37], and repression of the early pancreatic gene PDX-1, but only when in the 

presence of a permissive BMP signal emanating from the s.t.m. [36]. Neither FGF nor 

BMP alone were capable of inducing this pattern of gene expression. 
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In summary, we would like to highlight several key factors of the early 

development that pertain to this thesis. The formation of a basement membrane 

between primitive endoderm and ICM cells appears to be necessary for visceral 

endoderm differentiation and embryonic ectoderm epithelialization. Furthermore, 

soluble factors emanating from the embryonic node (such as retinoic acid) and from 

adjacent tissue (BMP and FGF) apparently conspire to specify the liver diverticulum. 

While these are laudably simple observations in comparison to the masterful ballet of 

cell movements, gene expression, and the coordinating signaling microenvironments 

of the mouse embryo, they none the less serve as a starting point for exploration. 

1.3.2 Late Stage Development: Liver Diverticulum to Hepatocyte 

Soon after the liver patterning event has taken place, the s.t.m. again stimulates 

growth and further differentiation of the hepatic endoderm [38, 39]. Cells begin to 

degrade the basal laminae surrounding them and invade the collagen-rich adjacent 

s.t.m. [40]. Growth factor signaling and a remodeled matrix environment appear to be 

key events to the liver expansion. BMP4 homozygous mutant embryos show delayed 

hepatic specification and a failure of the liver bud to expand [36]. Hepatocyte Growth 

Factor (HGF) also has an implicated role in the liver bud expansion. During murine 

development, c-MET/HGF receptor is expressed in epithelia while the HGF gene is 

expressed in mesenchymal cells [41]. Mutant mice deficient in HGF have a reduced 

liver size and appear to have extensive loss of parenchymal cells [42]. After migration, 

the cells begin to expand as clusters of cells known as hepatoblasts, a bipotential 

population that can become either hepatocytes or biliary cells. By E10.5, the 

fundamental structure of the liver emerges. Hematopoietic cells take up residence 

within the liver and secrete Oncostatin M. Liver development continues even after 

birth, when enzymes, such as tyrosine aminotransferase (TAT) and glucose-6-
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phosphatase (G6P), become activated [43]. From birth until several years of age, the 

liver is subtly remodeled until it achieves a fully matured state.  

The fully developed liver sinusoid environment is apparently critical to the 

maintenance of normal hepatic functions. Understanding this environment provides 

clues for appropriate culture conditions to maintain liver phenotype. The fetal and 

adult liver have a similar 3D architecture that consists of subunits called lobules. 

Within the lobules, hepatocytes are regulated by homotypic and heterotypic 

(parenchymal/non-parenchymal) cell-cell interactions, cell-matrix interactions, and 

soluble signals. A lobule is often depicted as a central vein with five portal triads 

equidistant from it. A portal triad consists of a hepatic artery, a hepatic vein, and a bile 

duct that are in close proximity to each other. Blood from the hepatic artery and vein 

flow from the outside of the lobule towards the central vein along a highly fenestrated 

capillary bed called the sinusoid. The sinusoids are typically surrounded on all sides 

by hepatocytes, with only a 1-2 μm thick matrix dense region separating them called 

the space of disse. The matrix contained in this region is important for maintaining 

proper cell polarization. A bile canalicular network exists in between the lateral 

domains of hepatocytes, which collects bile secreted from the cells. Bile flows from 

the central portion of a lobule and empties into the bile ducts at the portal triad (thus 

flowing countercurrent to the blood).  

In summary, several aspects of late stage liver development can be highlighted for 

the purposes of this thesis. First, the matrix environment surrounding liver 

diverticulum cells is altered as they digest the underlying basement membrane, and 

invade the collagen rich matrix of the septum transversum mesenchyme. Soluble 

signaling again may influence growth and development as HGF is contained in the 

collagen s.t.m. environment. Furthermore, hematopoietic cells take up residence near 
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the end of hepatocyte maturation and secrete Oncostatin M. Finally, ECM present in 

the space of disse and other soluble and cellular interactions are responsible for 

maintaining the fully matured hepatic phenotype. Thus the early stage of liver 

specification and the late stage differ in both ECM composition and growth factor 

signaling. Although beyond the scope of this thesis, we can speculate that an efficient 

in vitro differentiation method designed to mimic developmental processes will likely 

require separate protocols for the initial specification and subsequent maturation. 

1.4 STEM CELL CULTURE TECHNIQUES 

In order to design more efficient ES differentiation methodologies, we should first 

understand current techniques, identify their weaknesses, and take stock of knowledge 

gleaned from other in vitro (non-embryonic) stem cell differentiation studies. 

1.4.1 Current ES differentiation methodologies: embryoid body formation 

Mouse embryonic stem (mES) cells originate from the inner cell mass, and 

normally give rise to all embryonic and extraembryonic tissues with the exception of 

the trophoectoderm. ES cells can be maintained in an undifferentiated state by 

culturing them on a mitotically inactivated mouse embryonic fibroblast feeder cell 

layer, or by culturing them on gelatinized flasks in the presence of mouse leukemia 

inhibitory factor (mLIF). The withdrawal of mLIF during flask culture results in 

random differentiation of the cells, principally towards extraembryonic lineages. In 

order to achieve reasonable differentiation efficiency to somatic cells, it is generally 

necessary to first form cell aggregates termed embryoid bodies (EB’s, see Figure 1-2). 

EB’s can be formed by various methods such as hanging drop, methylcellulose, and 

non-adherent plate culture. Each of these methods generally results in a distribution of 
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EB sizes which are at slightly different stages of differentiation [44]. Embryoid bodies 

appear to recapitulate some early developmental events, such as visceral endoderm 

formation and primitive streak-like cell movements [45, 46]. More importantly, they 

have been shown to produce cells of the three primordial germ layers. The embryoid 

bodies are then cultured for several days in suspension until they reach a desired size. 

The size of an embryoid body before it is plated for attachment culture, and media 

additives, such as all-trans retinoic acid, are known to affect the efficiency of 

differentiation towards various lineages [44, 47]. Once the desired size is achieved, the 

aggregates are plated on gelatin coated plates for attachment culture. This stage of the 

differentiation culture typically lasts from several days to a few weeks, during which 

time various growth factor treatment regimens can be followed which will further 

encourage some of the cells to differentiate towards a desired lineage. The result of 

these manipulations is a heterogeneous population of cells that may be enriched for a 

certain lineage. Without genetic selection and purification, even the best 

differentiation protocols are rather inefficient. As an example, a good cardiomyocyte 

differentiation protocol reports that 70-100% of the attached embryoid bodies contain 

“some” spontaneously contracting cells [48]. Given that each embryoid body contains 

about 50,000 cells at a mature stage in suspension, and then grows to over 200,000 

cells over the next few days [44], we can estimate the differentiation efficiency to be 

on the order of 0.05% (assuming 100 cells/EB). 

Thus we can conclude that while embryoid body formation may be a valuable in 

vitro model for studying early preimplantation development, it is not well suited for 

directed differentiation of specific lineages as it results in a highly heterogeneous 

population of cells. The low efficiency and relatively large size of EB’s would also 

appear to not be amenable for use with miniaturized high throughput screening 
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platforms. To illustrate this point, imagine that we could shrink a culture well to a 

diameter of about 150 μm. Embryoid bodies do not differentiate appropriately until 

they reach a size of about 500 μm. Thus we could not place a single EB in our 

“microwell” as it is already too large. More importantly, EB differentiation efficiency 

is too low to allow for an effective assay to be developed. Consider that we would like 

to detect an enhancement in differentiation efficiency with different culture conditions. 

A confluent monolayer of cells in this “microwell” might contain between 50-100 

cells. At current hepatic differentiation efficiencies (on the order of 0.001%), we 

would likely detect zero differentiated cells per well as a baseline measurement. The 

lowest possible signal that we could detect (if one of our conditions enhanced 

differentiation) would then be an average of 1 cell per well or ~ 1%. This corresponds 

to a minimum of 1000-fold improvement before we could even detect a signal! A 

good assay would have a minimally detectable baseline signal (~1-3%) from which we 

could measure efficiency increases. It thus becomes clear then that more efficient 

differentiation methods are a requirement before the full potential of a miniaturized 

assay platform could be realized. 

1.4.2 “Homogenous Differentiation of ES Cells”- Lessons for the Road 

Although in vitro ES differentiation efficiency towards a particular lineage is 

generally poor, there are exceptions to this trend. Among these reports, a large 

proportion rely on selection methods (such as serum starvation or use of toxic 

chemicals) rather than directed differentiation. However, Rathjen et al. report an 

intriguing directed neural differentiation method that does not require selective agents 

that cause cell death. In this method, ES cells are cultured in suspension as aggregates 

with 50% HepG2 conditioned media. After several days, the aggregates appeared to 

consist of nearly 100% neural progenitor-like cells [49]. These cells could be further 
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induced to differentiate to neurons or glial cells by using previously published 

protocols derived using isolated neural progenitor cells. This data reinforces the 

equivalency of in vitro derived cells to the isolated progenitors. Evidently very little 

success has been reported with monolayer culture of ES cells. A notable exception to 

this is a report by Ying et al. suggesting that culture media routinely used for neural 

differentiation contains differentiation factors that inhibit neural formation and 

promote the formation of other lineages [50]. Elimination of inductive agents for 

alternate fates, and permissive autocrine FGF signaling is sufficient to cause the bulk 

of ES cells to undergo neural conversion. This study represents the first efficient 

monolayer directed differentiation method. Another group used a synthetic small 

molecule library and a cell line containing a neurogenesis reporter construct to screen 

for compounds that enhanced neural differentiation [51]. This led to the discovery of 

TWS119, a 4,6-disubstituted pyrrolopyrimidine that can induce neurogenesis in 30-

40% of monolayer cultured ES cells. From these examples, we learn that media 

additives need to be tightly controlled; a conclusion that at first may appear to 

compound our problems, but upon reflection, is exactly the problem we hope to solve. 

The decision to pursue our thesis is thus driven by faith in the underpinning hypothesis 

regarding the importance of signaling environments. 

1.4.3 ES differentiation to Hepatic Tissue: Supporting Evidence 

Recent evidence suggests that ES cells can be induced to differentiate towards a 

hepatic fate in vitro. Cultured embryoid bodies give rise to cells that take up 

Indocyanine Green, a classic hepatic functional test. These cells show a host of liver 

transcripts, an appropriate morphology, and have been shown to integrate into normal 

liver tissue where they express albumin protein [27, 52]. EB’s treated with a growth 

factor regimen showed the late stage liver transcripts G6P and TAT. Interestingly, 
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culture on a collagen I substrate as opposed to gelatin appeared to enhance gene 

expression [28]. Further evidence of liver cell differentiation is provided by an ES cell 

line (I114) containing a randomly inserted reporter that is fetal liver specific [53, 54]. 

I114 cells cultured in vitro spontaneously produced b-gal positive cells that also 

expressed albumin, AFP, and transferrin [29]. Mouse ES cells transfected with HNF-

3β and cultured with FGF-2 on chitin fibers or as EB’s yielded cells with induced 

albumin, triacylglycerol, urea, and glycogen synthesis as well as further expression of 

metabolic proteins and serum factors that are markers of hepatocytic differentiation 

[30]. US patent # 6,458,589 describes how culture of human ES cells in the presence 

of sodium butyrate (n-butyrate) leads to an enriched population of cells expressing 

classical liver transcripts. These studies, and others that have followed, provide 

evidence that in vitro manipulations may indeed lead to success for the concept of cell 

therapy. Improving upon these methods, however, requires careful selection of a 

lineage assay. 

1.4.4 The I114 Cell Line: Assay for Early Liver Specification 

Understanding the specification of the endodermal germ layer, from which the 

liver arises, lags behind knowledge of early mesoderm and ectoderm induction due 

mainly to the lack of an early definitive endoderm specific marker [55]. However, the 

I114 mES cell line contains a gene trap integration that reports on an early fetal liver 

specific gene. The I114 cell line was initially identified in a random gene trap 

integration screen for genes that were responsive to retinoic acid (RA) in vitro. Cell 

lines that showed either an up-regulation of the trapped gene (which was the case for 

I114) or a down-regulation in response to 10-6 M RA were further tested in vivo to see 

if they possessed a developmentally restricted expression pattern [53]. The I114 cell 

line showed reporter activity only in the fetal liver, and the onset of expression 
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coincided with the putative moment of liver specification. The trapped gene was 

cloned, sequenced, and originally named gtar (gene trap ankyrin repeat) [54]. It has 

since been renamed Ankrd17 to follow naming conventions. The function of this gene 

is currently unknown, but it provides the earliest and most specific liver organogenesis 

marker to date. In vitro differentiation studies conducted with the I114 cell line 

indicate that reporter activity coincides with several other liver proteins [29], 

suggesting that it can be used as an assay for early liver induction. 

1.4.5 In vitro Maturation of non-ES Hepatic Precursors Towards a 

Hepatic Fate: A Potential Guide for Late Stage Differentiation Agents 

In vitro studies of non-ES progenitor cell maturation towards a hepatic fate also 

provide instructive material concerning relevant signaling environments. For example, 

the role of soluble factors and ECM has been studied using cells isolated from day 9.5 

mouse diverticulum (HBC-3). These cells were initially ALB+, AFP +, and CK 14 +, 

and could be induced to differentiate into mature hepatocyte-like cells by the addition 

of DMSO or sodium butyrate, which resulted in a loss of AFP and CK 14 expression 

and induced G6P expression. Bile ductal-like structures could also be induced from 

HBC-3 cells by culture on a Matrigel ECM substrate [56], which resulted in cells 

positive for gamma-glutamyl transpeptidase, CK-14, CK-19, and did not express 

detectable amounts of albumin. ECM composition also affects H2.35 (a conditionally 

transformed liver derived cell line) gene expression [57]. An α3-integrin knockdown 

in H2.35 cells affects the ability of ECM to signal differentiation [58]. A rat oval cell 

line (LE/2 and LE/6) could be induced to differentiate into hepatocytes (defined as Alb 

+, CK8 +, CK 18+, CK19 -) by culturing in a 3D collagen gel on a fibroblast feeder 

layer, or to ductal structures by culturing without a feeder layer and in the presence of 

HGF and/or keratinocyte growth factor [59]. A conditionally transformed liver 
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progenitor cell line with similarities to both hepatoblasts and liver epithelial cells 

showed a more mature hepatocyte-like morphology and gene expression after culture 

on collagen IV [60]. Mouse, rat, and human bone marrow derived adult multipotent 

progenitor cells cultured in vitro with FGF4 and HGF on matrigel assume multiple 

liver functions [61]. While beyond the scope of this thesis, culture conditions 

described in such papers may provide valuable insight into an appropriate late stage 

liver differentiation protocol for ES-derived cells. 

1.5 CELL-ECM INTERACTIONS  

A review of early and late stage liver development highlighted the importance of 

ECM environment, cellular interactions, and soluble signaling. While many 

differentiation studies have addressed the role of soluble signaling, few have explored 

in depth the effects of ECM. Experimental evidence points to the importance of matrix 

proteins both during embryonic development, and for maintaining the adult hepatic 

phenotype. 

1.5.1 Extracellular Matrix: An Implicated Developmental Role 

Extracellular Matrix (ECM) has implicated roles during embryonic development 

of many tissues. In adult chimeric mice, ß1 integrin-null cells failed to colonize the 

liver and spleen [62]. This integrin loss of function also results in abnormalities in 

cardiac, myogenic, and neural development [63, 64], and appears to have a role in the 

regulation of Wnt-1 (critical for neuroectoderm specification) and BMP-4 (a potent 

mesoderm inducer) during murine development [64]. Wnt signaling and ECM 

alterations have also been implicated as important to the differentiation of hepatic 

stem cells [65]. Laminin gamma-1 homozygous mutant mice failed to develop beyond 
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day 5.5 post coitum, and lacked basement membranes which are critical to 

extraembryonic endoderm differentiation [66]. Rat liver cells display differential 

protein expression of Agp110 (non-integrin fibronectin receptor), tight junction 

protein ZO-1, and the intercellular adhesion molecules desmoglobin (DGI) and E-

cadherin during their development from embryo to adult [67]. ECM environment has 

also been shown to be important in kidney nephron explant culture [68]. As matrix 

proteins appear to be important during embryonic development, we can infer that they 

should also affect embryonic stem cells cultured in vitro. Indeed, gene expression 

arrays indicate that mouse ES cells are poised to receive signals from the ECM, 

soluble factors, and cell-cell contacts which can potentially direct differentiation 

events (see Table 1-1). Thus we should not ignore ECM as a potential candidate 

differentiation factor for inducing early liver specification or late stage maturation. 

1.5.2 Extracellular Matrix: Role in Maintaining Hepatocyte Functions 

ECM also has an implicated role in the maintenance of a fully differentiated 

hepatic state. The space of disse is the primary location of ECM molecules that are 

likely to affect differentiation and polarization in mature hepatocytes. Studies have 

indicated that it consists mainly of fibronectin and collagen I with minor quantities of 

collagen III, IV, V, VI, and perlecan [69]. Although the adult liver lacks a true 

basement membrane, laminin is transiently present at the sinusoidal interface during 

organogenesis and in regeneration [69]. Adult hepatocytes, when enzymatically 

removed from the natural liver ECM and cultured on polystyrene tissue culture plates, 

will rapidly lose their differentiated functions and typical morphology unless specific 

signals are provided [70]. Culturing the cells on adsorbed collagen I or collagen I gels 

(providing a relatively simple synthetic matrix) results in a rapid diminishment of 

hepatocyte specific functions which include albumin and urea synthesis, as well as 
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inducible cytochrome P450 activity [71, 72]. Sandwiching the cells between two 

collagen gel layers has been shown to re-establish the cellular polarity and maintain 

function over several weeks [73]. In vitro matrix experiments have also been 

conducted using Matrigel. Matrigel is an enriched basal lamina protein mixture 

derived from the Engelbreth Holth-Swarm (EHS) mouse sarcoma. Studies indicate 

that it consists mainly of laminin (56%), collagen IV (31%), and entactin (8%), but 

also contains growth factors such as EGF, bFGF, NGF, PDGF, IGF-1, TGF-ß, and 

trace amounts of known and unknown proteoglycans. Hepatocytes have been shown to 

maintain their differentiated functions for several weeks when cultured on Matrigel, 

although the resulting cellular polarity appears to be abnormal [74, 75]. Hepatocytes 

have shown long term stabilization when cultured in Liver Biomatrix (a liver derived 

protein matrix) [71]. Each of these in vitro model systems consists of different ECM 

components and results in a different degree of maintenance of normal hepatic 

functions. Thus the matrix appears to have a role in maintaining hepatocytes in a fully 

differentiated state. 

1.5.3 Current Matrix Methodologies and Limitations 

Extracellular matrix has been studied in vitro using a variety of methods. 

Individual matrix components have been immobilized onto a rigid cell culture surface 

either by adsorption or by covalent linking [76]. Hydrogels, such as the pH dependent 

gelation of collagen I, fibrin/fibrinogen gelation, hyaluronic acid [77], agarose [78], 

alginate [79, 80], and synthetic self-assembled peptide amphiphiles [81] are systems 

used to study cell-matrix interactions in a more 3D presentation. Synthetic hydrogels, 

such as PEG, with matrix molecules or adhesive peptides incorporated during the 

polymerization have also been used to immobilize cells within a 3D environment [82, 

23]. These methods have been used to study relatively simple matrix approximations. 

 

 



   19 

The effects of more complex matrix environments have been studied using cell 

derived matrix (e.g. Matrigel), matrices denuded of cells (either derived from tissues 

or generated completely in vitro) [83], and proteins extracted from tissue matrix (such 

as Liver Biomatrix). Although some of the major proteins in these complex matrices 

have been identified, they are still not completely defined. Studying combinatorial 

mixtures of ECM proteins such as collagen I, collagen III, collagen IV, laminin, and 

fibronectin by coating culture plates (e.g.) is untenable in a research setting due to the 

relatively high quantities of purified proteins required (and cost thereof), in addition to 

the fabrication difficulties because of the large number of possible combinations. 

1.6 ECM AND GF CROSSTALK 

Extracellular matrix and growth factor signals are processed by a cell through a 

veritable web of interacting protein pathways. To illustrate this point, let us consider 

generic ECM and GF signaling mechanisms. ECM signals can be transduced by 

binding heterodimeric integrin receptors, followed by clustering and formation of a 

focal-adhesion plaque. At the cytosolic interface, plaques contain Focal Adhesion 

Kinase (FAK), and a direct mechanical link to the actin cytoskeleton, both of which 

are able to modulate gene expression events [84]. Integrins possess an “active” state, 

and an “inactive” state, which can be controlled from the inside-out, and from the 

outside-in [85]. GF signaling begins with molecular recognition, and conformation 

change by a cell surface receptor, leading to the activation of Ras. The sequential 

stimulation of protein kinases Raf and MEK, and finally the mitogen activated protein 

(MAP) kinases Erk1 and Erk2, activate transcription factors [86]. In the absence of 

cell attachment, however, we find these responses to be noticeably weaker [87, 88]. 

Conversely, integrin binding is known to temporarily trans-activate GF receptor 
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pathways independent of the presence of a signaling molecule [89]. The combination 

of GF binding with integrin ligation results in a persistent and strong activation of the 

MAP kinase pathway [90, 87]. Furthermore, we find that integrin signaling can alter 

the dynamics of signal transduction events at multiple points along the MAP kinase 

pathway [86]. Given the complexity illuminated thus far, ECM and GF interaction 

effects are important effectors of differentiation [91], and not predictable given our 

current knowledge. 

1.7 MICROARRAY: AN ENABLING TECHNOLOGY 

The choice of a microarray format for cell-based assays has numerous advantages. 

Due to miniaturization, only very small amounts of material are required to fabricate 

the arrays. More importantly, existing DNA microarray technology, such as robotic 

spotters and confocal laser scanners, which are already widely available to the 

scientific community, can be leveraged for use in high throughput cell-screening. 

Automated microscope stage manipulation, image capture, and processing can further 

increase the efficiency and speed of data acquisition and analysis. A microarray format 

thus enables the study of combinatorial ECM effects. By understanding the technology 

and previous attempts at cellular arrays, we can improve and adapt the technology for 

use with stem cells. 

1.7.1 Technology Overview 

Microarray technology has emerged over recent years as a powerful genomic tool. 

It leverages the efficiency associated with miniaturization in addition to rapid and 

reproducible production by robotic technology. A microarray spotter is composed of a 

robotically controlled printing head that is capable of delivering nanoliter volumes of 
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solution to specific locations on a 3”x1” substrate. The sample, substrate, and printing 

mechanism are housed in a humidity and temperature controlled environment for 

optimum performance. Samples are stored in 96, 384, (or 1536) well plates, which 

require minimum volumes of 40 µL, 10 µL, and 3 µL. From this small amount of 

material, several hundred thousand spots can be created. The printing mechanisms are 

generally of two types: 1) contact printing, such as split pin, solid pin, and pin/ring, or 

2) non-contact printing, such as a piezoelectric dispensing tip. Liquids are spotted onto 

microarray substrates which bind the analyte. The print head is then washed, dried, 

and returned to the source plate to collect another sample to be spotted.  

The substrate of choice for a microarray is largely determined by what is being 

immobilized, as specific applications now often have optimized surface chemistry. For 

protein microarrays, most substrates are designed to covalently bind free amine groups 

using standard nucleophillic attack techniques such as a schiff’s base reaction 

(aldehyde), epoxide ring opening, and NHS-ester. Some slide chemistries non-

covalently couple proteins to the surface, such as nitrocellulose slides (Schleicher and 

Schuell, FAST Slides) and acrylamide hydrogel slides (Perkin Elmer). Proprietary 

immobilization technology has also been developed that takes advantage of the highly 

specific interaction of phenylbornonic acid (PBA) and salicylhydroxamic acid, two 

synthetic polyvalent small molecules (Prolinx). 

1.7.2 Reported Cellular Micro- and Nano-array Applications 

Protein and carbohydrate microarrays have been described previously and have 

been used in the field of proteomics, such as for screening a protein library for a 

binding event [92, 93], but have had limited use in cell culture experiments. One 

example is a spotted DNA plasmid array used to spatially transfect islands of cells in 

the midst of a non-transfected background [94]. An immobilized peptide and small 
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molecule array was also demonstrated as a cell adhesion assay [95]. More recently a 

two-step protein immobilization method was proposed. A photoreactive polymer 

solution was first deposited on the surface, dried, and a protein solution was spotted on 

top of the dried polymer. The surface was further exposed to UV, which caused the 

polymer and proteins to become cross-linked. Cells appeared to adhere to the polymer 

regions, but background cell binding was also high [96]. Sub-micron retronectin nano-

arrays have also been produced using an atomic force microscope tip, and used to 

study cellular adhesion [97]. In each of these applications, proteins were deposited on 

a microarray substrate, and cells attached to the surface. However, cells attached to 

both the spotted regions, as well as the substrate regions lacking immobilized proteins. 

It is desirable that a protein array for use in differentiation studies maintain cells in 

spatially defined regions, much the same way physical walls in a polystyrene culture 

plate keep wells separated. If islands of cells are not physically separated, then contact 

between two cell populations on differently coated regions of the substrate might 

induce signaling that is not solely matrix dependent. While this situation might also be 

of interest for differentiation studies, it is our desire to simply test the effects of initial 

ECM composition, and to minimize paracrine signaling and cell-cell contact between 

islands. 

1.8 CELL PATTERNING 

Previous attempts at protein spotted cellular arrays have not yielded spatially 

separated islands of cells. However, cellular arrays have been produced by other 

means, and used to control cell shape [98] and the amount of cell-cell contact (both 

heterotypic and homotypic) [99]. Understanding how cell patterning is accomplished 

will aid in creating protein microarrays that spatially confine cells. 
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1.8.1 Microfabricated Cellular Arrays 

Cell patterning relies on the preferential adhesion of cells to modified regions on a 

surface. Each of the techniques generally address three issues: 1) what surface will be 

used, 2) what physical property of the surface will be modified (e.g. hydrophobicity, 

electric charge, protein composition), and 3) how the surface will be spatially 

modified. Each of these can be accomplished in numerous ways. 

Surfaces typically used for cell patterning are rigid and include silane-modified 

glass or silicon, polystyrene, and self-assembled monolayers (SAM’s) consisting of 

alkanethiolates on gold. Surface hydrophobicity or electric charge strongly influences 

cell adhesion, and can be controlled by grafting appropriate molecules to a surface. 

Peptide sequences (such as RGD and YIGSR), proteins, and polysaccharides also 

influence cell adhesion and can be coupled to a surface using non-covalent methods 

(such as adsorption or chemical affinity) or covalently using a variety of bio-conjugate 

techniques. Spatial patterning of surfaces has been approached using photolithography 

[100], polymer stencils [101], micro-contact printing [102], and microfluidics [103]. 

These techniques, however, rely on specialized photolithography equipment that is not 

broadly available to the scientific community. 

1.8.2 Non-fouling Substrates 

While selective modification of a surface can be used to initially pattern cells, the 

substrate choice strongly influences the spatial confinement of the cells over the 

course of time. Regions of a surface that initially were less adhesive, and did not allow 

cell attachment, may, over time, allow cell migration. Cellular migration is dependent 

on the cells’ ability to gain traction on neighboring surfaces, which is generally 

accomplished through binding peptides or proteins that are immobilized. Less 
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adhesive regions of a surface may eventually build up surface binding proteins over 

time that adsorb from serum containing culture media, of which vitronectin is a known 

component [104]. Preventing non-specific peptide or protein adsorption to a surface 

renders it effectively non-adhesive to cells, and such surfaces are often referred to as 

“non-fouling”. Commonly used non-fouling surfaces are polyethylene glycol (PEG) 

SAM’s [105], PEG grafted surfaces [106], PEG hydrogels, agarose, alginate, 

polyacrylamide, and interpenetrating networks of polyacrylamide and PEG [107]. 

While still an active area of research, the mechanism by which PEG resists protein 

adsorption is generally attributed to its hydrophilicity, flexibility, chain mobility, and 

high steric exclusion volume in water [106]. The steric exclusion volume increases 

with increasing grafting density and is thought to be due primarily to favorable water-

PEG interactions and the thermal motion of the PEG chains [108]. In the context of 

this thesis proposal, we can infer that the microarray substrate choice will be 

paramount to maintaining cells in spatially defined locations. 

1.9 SCOPE OF THE THESIS 

Embryonic stem cells can potentially be differentiated in vitro into hepatocytes, or 

other lineages for therapeutic or research uses. Current ES differentiation 

methodologies are highly inefficient, rely on using relatively large 3D aggregates of 

cells, and do not permit an adequate diversity of signaling environments. A thorough 

review of mouse embryonic development, in vitro differentiation studies, and signal 

crosstalk in the ECM and GF pathways hammers home the driving motivation for this 

thesis work. Cell-matrix interactions in particular have not been thoroughly 

investigated primarily due to the lack of a feasible method for studying combinatorial 

protein mixtures. A microarray format would allow such experiments to be possible 
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due to the severe reduction in material requirements, and serves as a starting point for 

the thesis development. To this end, we apply knowledge gleaned from the cell 

patterning literature to develop a substrate and deposition method that yields 

controlled protein immobilization, and is compatible with cell culture on confined 

domains. We demonstrate the utility of the platform by studying the effects of 

combinatorial ECM protein mixtures on cell differentiation in two contexts: 1) the 

ability to maintain primary liver cell function; and 2) the differentiation of mouse 

embryonic stem cells towards an early hepatic fate. To assess differentiation, we 

utilize the I114 reporter cell line as an assay for early liver fate specification. Our 

desire to study ECM and GF environments precipitated a refined version of the 

technology, with even higher throughput and quantitative abilities. We demonstrate 

this technology by studying the effects of 240 unique signaling environments on mES 

differentiation towards the cardiac lineage using an engineered fluorescent reporter 

cell line. The cellular microarray technology developed here could potentially impact 

the research of any scientist who relies on in vitro cell culture, as the methods 

described here are broadly available to the scientific community. 
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Figure 1-1: Mouse Embryonic Development: Gastrulation Movements. 
3-dimensional renderings of the mouse embryo from Theiler Stage 8 (TS 8) to TS 11. 
Images at left depict the entire embryo (including extraembryonic tissue). Images at 
right are the embryonic portion only, and an exploded view of its parts. Approximate 
locations of cardiogenic and hepatogenic cells are identified in TS 11 images. 
Embryonic data was provided by the Mouse Atlas Project, and rendered in EMAGE. 
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Figure 1-2: Typical mES culture. 
Embryonic stem cells are expanded in an undifferentiated state, trypsinized, and then 
aggregated to form embryoid bodies. Once formed, EB’s are expanded in suspension 
for several days, and finally plated for attachment culture. During attachment culture, 
various growth factor regimes can be applied. The example given was adapted from 
[28]. 
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Table 1-1: Undifferentiated mouse embryonic stem cell ECM and GF receptor 
expression.  
C57B1/6 data from [109]. CCE data from [110]. ES D3 data from [111]. 
 

Receptor
Gen Bank 

Accession # C57B1/6  * † CCE  † ES D3  ‡

Integrin beta Y00769 +
Integrin beta 1 (fibronectin receptor beta) X15202 + +
Integrin beta 4 binding protein Y11460 + + +
Integrin beta 5 AV106844 + -
Integrin alpha 6 X69902 + + +
Laminin receptor 1 J02870 +
Dystroglycan 1 U43512 + +
Cadherin 2 (N-Cadherin) M31131 + +
Cadherin 1 (E-Cadherin) X60961 + +
Intercellular adhesion molecule-1 X52264 +
Bone morphogenetic protein receptor, type 1A D16250 + + +
Fibroblast growth factor receptor 4 X59927 - +
Fibroblast growth factor receptor basic (bFGF-R) M28998 +
Epidermal growth factor receptor pathway substrate 8 L21671 + +
Insulin-like growth factor 2 receptor U04710 + +
Activin type I receptor Z31663 - +

* Enriched Genes over lateral ventricle brain and bone marrow main 
† Affymetrix Array
‡ Clontech Atlas Mouse cDNA Array

Embryonic Stem Cell Line

 

 

 



 

 

CHAPTER 2 
 

DEVELOPMENT OF AN ECM ARRAY PLATFORM 

2.1 ABSTRACT 

Extracellular matrix proteins are part of the natural cell signaling environment, yet 

have not been studied in a systematic fashion primarily due to the lack of a suitable 

method. We sought to adapt robotic spotting technology to develop a robust, 

accessible method for forming cellular microarrays on combinatorial extracellular 

matrix domains- one that required no photolithographic tools or custom-built 

equipment and small amounts of protein (~10 pg) per experimental condition. 

Previously reported cell patterning techniques generally required photolithographic 

tools to localize a single matrix protein in arbritrary patterns. To date, techniques that 

use microarrays for cell culture have not been appropriate for studying complex ECM 

environments due to: incompatibile process conditions for ECM protein spotting, 

extensive customization of spotting equipment, or lack of pattern fidelity (i.e. cell 

localization) over time. We have overcome these limitations by modifying the printing 

protocol and protein printing buffer to allow for ECM deposition with a standard DNA 

spotter, and choosing a microarray substrate that was protein friendly and compatible 

with patterned cell culture. Accordingly, we present here a method for spotting 5 

extracellular matrix proteins (collagen I, collagen III, collagen IV, fibronectin, and 

laminin) in 32 combinations with 8 replicates per condition on a standard microscope 

slide using off-the-shelf chemicals and a conventional DNA robotic spotter. The 
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demonstrated control of ECM surface density, and thorough cell culture testing 

indicate that this method is suitable for the purposes initially set forth. 

2.2 INTRODUCTION 

2.2.1 Motivation 

It is well established that the cellular microenvironment plays a critical role in 

determining cell fate and function. Epigenetic determinants of survival, proliferation, 

migration, and differentiation include soluble signals (cytokines, dissolved gases), 

insoluble cues (extracellar matrix, cell-cell interactions, biomaterials), and physical 

stimuli (shear stress). Miniaturization of bioassays using multiwell plates and robotic 

liquid handling has enabled the combinatorial screening of the effects of soluble 

species on cellular behavior [51]; however, analogous approaches for screening the 

effects of insoluble cues are in their infancy [112, 113, 114, 94, 115]. Cellular 

interactions with the extracellular matrix (ECM) are of particular interest as ligation of 

integrins can directly induce cellular signaling as well as modulate the response to 

other agonists [116]. In addition, the ligation of one integrin can influence the 

behavior of others, a phenomenon described as integrin crosstalk [90]. Thus, the 

extracellular context is likely to play a critical role in developing an integrated picture 

of the role of the microenvironment in the fate of many diverse cell types. 

2.2.2 Current ECM Methodologies 

Cell-ECM interactions have been studied using several approaches. Typically, 

purified matrix proteins are adsorbed to cell culture substrates alone or in combination 

prior to cell plating. Using this approach, a single 96-well plate coated at 10 μg/mL of 

a single component requires on the order of 100 ng of protein per well; however, 
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purified matrix for a combinatorial screen can be prohibitively expensive and/or or 

simply unavailable in sufficient quantity. These ‘2-dimensional’ approaches are 

complemented by so-called ‘3-dimensional’ approaches such as embedding or 

overlaying cells with ECM gels [117, 118]. More complex ECM has also been 

investigated using cell-derived matrix in vitro [119, 120] or decellularized tissue 

sections [83, 121]. In addition to natural ECM components, biomaterials approaches 

have yielded several hybrid matrices with bioactive peptides, tethered growth factors, 

and MMP-sensitive degradation sites in a 3-dimensional hydrogel context [23, 82, 

122]. Thus, with the wealth of interest in cell-ECM interactions, combinatorial 

techniques for screening of ‘2-dimensional’ cell-ECM interactions may provide a 

critical first step towards developing a comprehensive understanding of insoluble cues 

in the microenvironment. 

2.2.3 The ECM Array Concept 

The effects of extracellular matrix on cell fate and function are complex but highly 

localized; therefore, one can conceive of an immobilized array of extracellular matrix 

‘spots’ where each element in the array could represent a single matrix component or a 

combination of components. In order to track the effects of extracellular matrix on 

cellular differentiation, which occurs on the order of days to weeks, a method for 

spatial ‘encoding’ is required. In other words, cells must remain localized on a region 

of pre-defined extracellular matrix composition over the course of the experiment in 

order to correlate the array element with the biological outcome. These fundamental 

concepts are depicted in Figure 2-1.  

Substrates that promote cell adhesion on distinct ECM domains and limit cell 

migration over many days have been widely described in the area of ‘cell 

micropatterning’ using lithographic tools derived from the semiconductor industry 
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[123, 98 , 124, 102]. Such techniques rely on cell adhesion to a single, micropatterned, 

adhesive species surrounded by a relatively non-adhesive domain such as 

polyethyelene glycol; however, this family of tools often requires custom chemical 

synthesis, access to a microfabrication facility, or both. On the other hand, with the 

advent of DNA robotic spotting technology, it is now possible to routinely deliver 

nanoliter volumes of many different materials to precise locations on a microarray 

substrate. This technology has been successfully utilized to generate microarrays of 

proteins, sugars, peptides, small molecules, as well as cells atop arrays of biomaterials, 

DNA, and interfering RNA [92, 112, 93, 95, 114, 94, 115]. Among the limited number 

of reports utilizing microarrays in a cell culture context, only the biomaterials 

approach successfully achieved cell confinement. While peptides and biomaterials can 

influence cellular activities, combinations of ECM proteins represent key elements of 

the natural stem cell microenvironment whose effects have not been studied in a 

systematic format.  

2.2.4 Overview: Concept Becoming Reality 

In order to translate the hypothetical ECM array of Figure 2-1 into a functional 

platform, we must identify the critical aspects and develop an appropriate solution that 

satisfies all of the constraints. Accordingly, we must: 

1) Identify a substrate that- 

a. allows for protein immobilization 

b. is compatible with long term cell culture 

c. on defined regional domains, while preventing cell migration and 

attachment to the remaining domains. 

2) Identify a printing method that- 

a. allows for ECM proteins to be deposited in their native state 
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b. in a reproducible 

c. and controllable manner. 

This chapter describes the research pertaining to these goals. 

2.3 MATERIALS AND METHODS 

2.3.1 Substrates and Preparation 

The microarray substrate was a custom fabricated acrylamide gel pad slide, similar 

to the Perkin Elmer Hydrogel slide and those described elsewhere [125, 126]. To 

summarize, clean glass slides were modified with 3-(trimethoxysilyl)propyl 

methacrylate (Sigma) to allow for covalent attachment of the gel . A thin (~80 μm) 

polyacrylamide gel pad was created by floating an untreated 22x22 mm #1 coverslip 

on a 40 μL drop of prepolymer solution, and exposing to UV at 1.5 mW/cm2 for 10 

minutes (Glo-Mark Systems, Inc.). The prepolymer solution consisted of 9.5% 

acrylamide, 0.5% bis, and 20 mg/mL 1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-

methyl-1-propane-1-one (Irgacure 2959, Ciba Specialty Chemicals; dissolved initially 

in methanol at 200 mg/mL). After carefully removing the coverslip, the slides were 

soaked in dH2O for 48 hours and dehydrated on a hotplate at 40 ºC to facilitate 

printing. The printing buffer consisted of 100 mM acetate, 5 mM EDTA, 20% 

glycerol, 0.25% triton X-100 adjusted to pH=5.0 to inhibit protein polymerization. For 

ECM arrays, stock solutions of rat collagen I (purified as previously described [118]), 

human collagen III, mouse collagen IV, human fibronectin (Becton Dickinson), and 

mouse laminin (Sigma) were suspended at 500 μg/mL in the printing buffer. The five 

purified ECM protein solutions were then mixed in 32 combinations in a 384-well 

plate. Eight individual spots of each protein mixture were deposited with a 500 μm 
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pitch on the acrylamide gel pad using a SpotArray 24 (Perkin Elmer) equipped with 

split pins (Stealth SMP 3.0, Telechem). The pins were cleaned by sonication in 5% 

Micro Cleaning Solution (Telechem) and dH2O immediately before use. Between each 

sample in the source plate, the pins were dipped in a 50% DMSO and water solution, 

washed for 25 seconds with dH2O, and dried. Twenty ECM microarrays could be 

produced simultaneously in this manner in one hour. A silicone well isolator (Grace 

Biolabs) was adhered around the gel pad using silicone sealant (Silicone II, General 

Electric) to define the cell culture area. The protein arrays with gaskets were incubated 

at 4 °C in a saturated NaCl environment (to maintain humidity at ~70%) for ~16 

hours, and rinsed in PBS before use. 

2.3.2 ECM Characterization 

Five identically fabricated ECM microarrays were blocked using a 10% goat 

serum, 1%  BSA solution in PBS. Indirect immunofluorescence was conducted using 

the following primary antibodies (all raised in rabbits), and an Alexafluor 633 goat 

anti-rabbit secondary (1:50 dilution, Molecular Probes): anti-rat collagen I 

(Chemicon), anti-mouse laminin (Chemicon), anti-human collagen III (Biodesign), 

anti-mouse collagen IV (Biodesign), and anti-human fibronectin (Sigma). Fluorescent 

images were acquired using a ScanArray 4000 confocal laser scanner (GSI Lumonics).  

2.3.3 Cell Culture 

ECM microarray slides with silicone gaskets were placed in sterile P-100 culture 

dishes. The gasketed area was filled with 300 µL of PBS. Protein arrays were 

sterilized by exposure to UV in a laminar flow hood for 15 minutes, followed by 

rinsing in sterile culture media. 
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Hepatocytes were isolated from 2- to 3-month-old adult female Lewis rats (Charles 

River Laboratories, Wilmington, MA) weighing 180-200 g, by a modified procedure 

of Seglen [127]. Detailed procedures for isolation and purification of hepatocytes were 

previously described by Dunn et al. [118]. Routinely, 200-300 million cells were 

isolated with viability between 85 and 95%, as judged by trypan blue exclusion. 

Nonparenchymal cells, as judged by their size (<10 μm in diameter) and morphology 

(nonpolygonal or stellate), were less than 1%. Culture medium was Dulbecco's 

modified Eagle's medium (DMEM, Gibco) supplemented with 10% fetal bovine 

serum (FBS, Sigma, St. Louis, MO), 0.5 U/mL insulin, 7 ng/mL glucagon, 20 ng/mL 

epidermal growth factor, 7.5 μg/mL hydrocortisone, 100 U/mL penicillin, and 100 

μg/mL streptomycin. Hepatocytes were suspended at 106 cells/mL in culture media. 

The cell suspension was dispensed onto the ECM microarray in the gasketed region 

(0.3 mL), and incubated for ~2 hours to allow for cell attachment (shaking the plates 

every 15 minutes to redistribute the cells). The arrays were then gently aspirated to 

remove unattached cells and fresh culture media was added to the silicone wells for 

long-term culture. Culture media was changed daily. 

The I114 mouse embryonic stem cell line containing a gene-trap [53, 54] was 

propagated in an undifferentiated state on gelatinized flasks in culture media 

containing 1000 U/mL leukemia inhibitory factor (LIF, Chemicon). ES media 

consisted of GMEM/BHK21 (Gibco) supplemented with 15%  FBS (Hyclone, 

screened for ES culture), non-essential amino acids, and 10-4 M 2-mercaptoethanol 

(Sigma). Cells were passaged at ~80% confluence (approximately every two days). 

ECM microarrays containing 450,000 cells were cultured for 6-10 hours (without 

shaking) to allow for cell attachment before rinsing with fresh media. ES cell arrays 
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-6were cultured for up to six days with either 1000 U/mL LIF or 10  M all-trans-retinoic 

acid (Sigma).  

2.3.4 Cell Viability and Function 

Cell viability was assessed on day 1 and day 5 after plating using a live/dead assay 

(Calcein AM and ethidium homodimer-1, Molecular Probes Inc). Cell arrays were 

imaged live, and then fixed in 4% paraformaldehyde diluted in PBS, and mounted in 

SlowFade Light w/DAPI (Molecular Probes Inc.) for high resolution microscopy. 

Images of the 9 mm x 9 mm array were aquired at 10x as a series of 154 images on a 

Nikon inverted microscope equipped with a motorized stage (Ludl Electronic Products 

Ltd.). The images were montaged using Metamorph software (Metamorph 6.2r3, 

Universal Imaging Corp.). Hepatocyte arrays were fixed on days 1 and 7 in 4% 

paraformaldehyde and stained for intracellular albumin using a rabbit anti-rat albumin 

(Cappel) antibody and a goat anti-rabbit IgG-Alexa 633 secondary. Arrays were 

mounted in Slowfade Light and imaged using 3 second exposures for each frame 

(CoolSnap HQ, Photometrics). 

I114 cell arrays were fixed for 20 minutes in 0.5% glutaraldehyde. Alkaline 

phosphatase activity was assessed by a substrate kit IV (SK-5400, Vector 

Laboratories). Endogenous phosphatase activity was inhibited by including levamisole 

in the staining buffer. F-Actin was visualized using Phalloidin-TRITC (Sigma). 

Confocal volume images were aquired at 20x and 40x on a BioRad MRC 1000, and 

digitally sectioned in the x-z plane using Metamorph software. 

2.3.5 Quantitative Protein Staining 

ECM arrays were washed with water briefly, then stained with Sypro Ruby 

(Probes) solution overnight on an orbital shaker at room temperature. The arrays were 
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subsequently destained for 15 minutes in a solution of 10% methanol, 7% acetic acid, 

rinsed for 2 x 5 minutes with water, and air dried in a slide rack for 30 minutes at 

room temperature in the dark. ECM array slides were then imaged on a Scanarray 

4000 using a 546 nm excitation laser and 617 nm emission filter. The images were 

quantified using GenePix Pro software (Molecular Devices). 

2.4 RESULTS 

2.4.1 ECM Microarray Substrate Choice 

We tested several of the available microarray surfaces (in addition to our custom 

slides) for their ability to confine hepatocytes to collagen I spotted islands (a model 

ECM protein) for 48 hours of culture with 10% serum. Both the SuperAldehyde 

(Telechem) and epoxy hydrogel (NoAb Diagnostics) slides exhibited significant non-

specific cell attachment to regions surrounding protein islands. In contrast, hydrogel 

(Perkin Elmer), CodeLink (Amersham), and our acrylamide slides maintained 

spatially confined cellular islands for > 48 hours (Figure 2-2). Upon further testing for 

more extended culture periods, the Perkin Elmer Hydrogel slides were observed to 

detach quickly from the glass support, whereas freshly prepared acrylamide gel slides 

did not exhibit this phenomenon. CodeLink slides encountered protein immobilization 

problems due to the reformulated printing buffer used for ECM mixtures (see 

Discussion section 2.5.1). We therefore opted to continue further development using 

the custom made slides. 

2.4.2 ECM Deposition and Characterization 

We next sought to verify protein immobilization and assess whether significant 

carryover occurred during the fabrication process. We first characterized the spatial 
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localization of ECM proteins using antigenic recognition. Figure 2-3 shows the array 

layout (panel a), expected protein deposition pattern, and representative confocal 

images of antibody probed arrays (panel b). In each case, a high level of fluorescence 

corresponded to the expected spatial distribution of the five matrix proteins used. 

Collagen IV staining showed dim fluorescence in some regions where it was not 

expected. However, the collagen IV antibody exhibits a 4% cross reactivity with 

mouse laminin (assessed by radio-immunoassay, Biodesign International). The dim 

fluorescent signals in the collagen IV stained sample correspond to regions where 

laminin was present; therefore, it is likely that the weak signal is due to the cross 

reactivity of the antibody rather than protein carryover contamination of the samples 

during the printing process. We also took advantage of the fact that the arrays were 

printed as two separate runs that were staggered. In the first run, we printed odd 

numbered rows with an interjected DMSO/H2O row (as a wash). On the second 

printing run (offset 250 microns in the X- and 500 microns in the Y- direction), we 

printed the even numbered rows, again with interjected DMSO/H2O wash rows. In the 

event of protein carryover, wash spots would be detected upon immunostaining. 

However, no such staining was observed nor did cell adhesion occur in these regions. 

Finally, we spotted alternating test solutions of FITC-collagen I and “buffer only” with 

the same pin, scanned the slides (without washing the spots off) and were unable to 

detect a signal in “buffer only” rows using a confocal laser scanner. Thus we were 

unable to detect any significant protein carryover contamination. 

2.4.3 Cell Attachment and ECM Deposition Control 

To establish a range of protein concentrations in the spotting solution that were 

relevant for cell attachment, we deposited each ECM protein at 6 serially diluted 

concentrations ranging from 7.8 μg/mL to 500 μg/mL on the acrylamide gel pad 
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substrate. We found that primary hepatocytes attached to all concentrations of each 

ECM protein down to 15.6 μg/mL (Figure 2-2). Below this value, cell attachment was 

spurious and dependent on the ECM type. Image analysis of serially diluted FITC-

collagen I spotted substrates showed a nearly linear trend between spotted protein 

concentration and immobilized fluorescent collagen I intensity over the same range 

(Figure 2-2). This linear relationship was also observed on spotted dilutions of rat tail 

collagen I (non-FITC labeled) probed with a quantitative, non-specific protein dye, 

Sypro-Ruby (Figure 2-4). Spotted substrates and protein mixtures in the source plate 

could be stored at 4 °C for at least one week without apparent deleterious effects on 

cell attachment. 

We next quantitatively evaluated a serial ECM deposition scheme under various 

processing conditions. The experimental design consisted of three sequential rounds of 

spotting. All possible serial combinations of spotted collagen I, printing buffer only, 

and spotting “nothing” were tested in triplicate (33=27 unique serial combinations x 3 

replicates each). We also tested the effects of 3 different intermediate processing 

conditions: 1) PBS wash between rounds; 2) water wash between rounds; and 3) no 

wash between rounds. All slides were dried on a 40 ºC hotplate for 7.5 minutes 

between deposition rounds, and stained with Sypro Ruby for quantitative analysis. 

Figure 2-5 and Figure 2-6 present bar graphs for each intermediate processing 

condition (average and standard deviation for each serial pattern), ordered from 

highest to lowest signal. The bar labels indicate the serial deposition pattern. For 

example, “CCC” indicates collagen I was deposited three times sequentially at the 

same location, and “H0C” indicates that water, “nothing”, and collagen I were spotted 

at the same location (in that order). Figure 2-5ab show similar trends, with 

immobilized protein increasing with the total number of collagen I spots delivered to a 
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location. However, we also note a slight variation between serial combinations that 

ostensibly should yield identical quantities of protein in an ideal world (e.g. all 

schemes where collagen I was deposited twice). In contrast, Figure 2-6a presents data 

from the “water wash” processing conditions which is closer to the ideal case. Using 

this processing method, we observe sharp transitions in the protein quantification that 

correlates with the number of collagen I spots deposited. Figure 2-6b presents the 

same data, binned by the total number of collagen I spots delivered, regardless of the 

order. This data indicates a linear relation between the number of collagen I spots 

deposited, and the immobilized protein quantity. 

2.4.4 Cell Culture Compatibility 

Primary rat hepatocytes adhered preferentially to protein spotted regions, and did 

not attach to the acrylamide gel regions lacking ECM proteins (Figure 2-7ab). 

Significant cell attachment occurred within the first 15 minutes of culture, but was 

continued for about two hours before washing away the unbound cells to enhance 

confluency on the islands. The cell patterning was robust over a large surface area 

(9mm x 9mm), yielding a uniform array of near confluent cellular islands with a 

diameter of 150 μm ± 5.8 μm (N=15). Cells were confined to the spotted regions for a 

period of at least 7 days, after which the most common mode of failure was gel 

detachment from the slide. Phase contrast images of the array showed compact cells 

with polygonal morphology, distinct nuclei, and bright intercellular borders consistent 

with primary hepatocytes (Figure 2-7cd). The cell viability (assayed with Calcein 

Am/Ethidium homodimer-1) at 24 hours and 5 days after plating showed 

predominantly live cells (~95%) with intact membranes that excluded ethidium 

homodimer-1 nuclear staining (Figure 2-7b, Figure 2-8). 
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To investigate the feasibility of using matrix arrays to study stem cell 

differentiation, we cultured murine embryonic stem I114 cells for up to 6 days in the 

presence of 1000 U/mL leukemia inhibitory factor (LIF) or 10-6 M all-trans-retinoic 

acid (RA). Day 1 cultures stained uniformly positive for alkaline phosphatase (Figure 

2-9a). Cells cultured with LIF for three days (Figure 2-9b) grew as 3-dimensional 

clusters that were reminiscent of embryoid bodies (EB’s) with an average diameter 

224 μm ± 12 μm (N=14). Confocal sectioning (Figure 2-9b inset) indicated that 

islands were ∼77 μm in thickness (likely multi-layered). When cultured with RA, the 

cells grew as a relatively thin sheet of thickness ∼25 μm (Figure 2-9c inset). Cells 

cultured with media alone (no LIF or RA) looked similar to the LIF cultures (data not 

shown). 

2.5 DISCUSSION 

Fabrication of an ECM microarray for cell culture required optimization of the 

deposition method, printing buffer, microarray surface, and cell culture conditions. 

Previously reported cell patterning techniques generally required photolithographic 

tools to localize a single matrix protein in arbritrary patterns. Conversely, the use of 

DNA microarrays for cell culture allow one to pattern multiple species in uniform 

spots without the need for a microfabrication facility [94, 115, 95, 96, 114, 112]. To 

date, techniques that use DNA spotters for cell culture have not been appropriate for 

the experiments conducted in this study due to: incompatibile process conditions for 

ECM protein spotting, extensive customization of spotting equipment, or lack of 

pattern fidelity (i.e. cell localization) over time.  
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2.5.1 ECM Protein Microarrays 

DNA spotters deposit nanoliter quantities of material by either non-contact liquid 

ejection, or surface contact of a dipped pin. We chose a contact deposition type 

microarrayer over a piezo dispenser because it can function with as little as 3 µL of 

source material. Commercially available pins of various dimensions allow for a choice 

of spot diameters ranging from 60-600 µm (Telechem). We chose pins that deposited 

1-2 nL of material per ~150 μm diameter spot, large enough to accommodate more 

than 20 cells.  

The spotting buffer also has considerable influence on protein microarray quality. 

For the initial substrate tests, Protein Print Buffer (Telechem) was used during 

spotting. While the print buffer from Telechem allowed us to successfully immobilize 

collagen I and test for cell culture confinement, we encountered multiple problems 

when we attempted to deposit ECM mixtures. The printing deposition appeared to be 

inconsistent, with some proteins apparently failing to be deposited. Simultaneously, 

we observed increased incidence of “pin” clogging, which required reprinting the 

missing rows. Even with careful cleaning, the resultant slides were of variable quality. 

We hypothesized that ECM self-assembly in the printing buffer would be consistent 

with both of these observations, and formulated a new buffer that would discourage 

aggregation: an acidic buffer to inhibit collagen polymerization, 5 mM EDTA to 

prevent laminin polymerization [128], triton X-100 to reduce surface tension, and 

glycerol to slow evaporation and increase the volume of material deposited (data not 

shown). Using this buffer, dipping the pins in DMSO between wells, and daily 

sonication of the pins, we observed no defects during 6 consecutive printing runs 

(>100 arrays produced). The CodeLink slides, however, no longer captured ECM 

proteins efficiently. The manufacturer’s instructions state that CodeLink slides are 
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“incompatible with glycerol containing printing buffer.” We speculate that slight 

modifications to the print buffer might allow the use of this substrate. 

The number of patterned surfaces that can be prepared is only limited by the 

amount of protein available. DNA arrayers exist with slide capacities from 14 slides to 

hundreds of slides. Printing speed can be increased by using more pins 

simultaneously. Using the setup described in this paper, each ECM microarray was 

printed in approximately 3 minutes, which compares favorably with photolithographic 

and microcontact methods of micropatterning. 

2.5.2 ECM Protein Array Substrate 

Microarray substrates are available commercially that have been optimized for 

capturing a wide range of biomolecules. In the case of proteins, the most common 

choices are glass that has been modified with an amine-reactive moiety, nitrocellulose 

coated glass, reactive polymer coated glass, and hydrogels. The molecular 

composition of the microarray surface is critical to maintaining spatially separated 

cellular islands. We chose a surface that allowed ECM molecules to be stored locally 

in a hydrated environment, yet resisted adsorption of serum proteins. The non-fouling 

protein friendly nature of acrylamide prevents cell migration over relatively long 

periods of time (> 28 days) in comparison to other cell patterning techniques (< 7 

days) which use agarose, pluronics, serum albumin (cell type specific), or 

polyethylene glycol (PEG) self-assembled monolayers [129]. Porous polyacrylamide 

substrates are thought to immobilize proteins by swelling upon protein spotting and 

subsequent entrapment via van der Waals interactions (Perkin Elmer). A hydrogel may 

also be advantageous from a cell culture perspective, as mechanical feedback has been 

shown to regulate cell shape, growth, and survival [130, 98]. Although we report here 

culture only up to seven days, we point out that when our substrates failed, it was due 
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to gel detachment from the glass slide rather than cell migration. This failure mode 

could potentially be improved by ensuring that the glass surface is densely 

hydroxylated prior to silanization. This has been accomplished by others through 

rigorous surface cleaning, exposure to oxygen plasma, or immersion in a basic 

solution [131, 132, 133]. Alternatively, a highly porous glass substrate, or a more 

chemically resistant silane coupling agent, such as 3-(triethoxysilylpropyl)acrylamide 

[125], might yield a more stable bond. 

2.5.3 Cell Culture Compatibility 

Cell culture presents additional demands on the ECM microarray concept. A 

minimum surface density of ECM proteins is required for cell attachment, estimated to 

be ~1 ng/cm2 [134]. In our hands, hepatocytes attached to hydrogel spots where ~25 

pg of protein was initially deposited (<130 ng/cm2), putting it within a reasonable 

range after considering losses during washing and the 3D-nature of the hydrogel. 

Furthermore, the considerably toxic raw materials used to create the acrylamide gel 

pad slides posed no apparent cell viability problems in the completed arrays. This was 

true for both mouse embryonic stem cells, and primary rat hepatocytes, which are 

relatively fragile and do not typically undergo mitosis in culture. The non-sterile 

procedure used to create the ECM arrays precluded their use without adequate 

sterilization. Using a 30 minute exposure to UV in a laminar flow hood , we found that 

about 1 out of 20 slides became microbially contaminated during a 7-day culture 

period, and was discarded.  

Of significant importance to the success of the ECM array concept, the protein 

spotted acrylamide gel pad slides yielded robust, reproducible cell arrays over large 

culture areas. This authors experience with other methods of patterning cells has been 

that the arrays are generally not well formed. “Representative images” are typically 
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carefully chosen, relatively small areas of “good patterning”. This is especially true 

when attempting to create confined cellular islands (as opposed to patterned co-

cultures). Long culture periods (3 days or more) generally result in further pattern 

deterioration. In striking contrast, the methods presented in this thesis routinely 

yielded “zero defect” arrays, an achievement we emphasize by presenting multiple 

large area images of different arrays.  

2.5.4 Protein Deposition Control 

The maximum density of ECM molecules is dependent on several factors 

including: the concentration of stock solution, the solubility of ECM proteins, the 

porosity of the polyacrylamide gel, and the mode of deposition (pin spotter or 

piezoelectric dispenser). We explored the degree of control we could exert on ECM 

surface density by first demonstrating a linear correlation between spotted solution 

concentration, and immobilized protein content. This relation was valid regardless of 

whether the proteins were directly labeled, or required staining after deposition. We 

further demonstrated that serial protein deposition, under the appropriate processing 

conditions, was quantitatively insensitive to the deposition order, and yielded a 

predictable and reproducible immobilized surface protein density. While not pursued 

further in this thesis, our initial experiments indicate that serial deposition could 

potentially be a more efficient, and convenient method of mixing ECM proteins on-

chip. 

2.6 CONCLUSIONS 

We sought to adapt robotic spotting technology to develop a robust, accessible 

method for forming cellular microarrays on combinatorial extracellular matrix 
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domains- one that required no photolithographic tools or custom-built equipment and 

small amounts of protein (~10 pg) per experimental condition. Previously reported cell 

patterning techniques generally required photolithographic tools to localize a single 

matrix protein in arbritrary patterns. Conversely, the use of protein microarrays for 

cell culture would allow one to pattern multiple species in uniform spots without the 

need for a microfabrication facility [94, 115, 95, 96, 114, 112]. To date, techniques 

that use microarrays for cell culture have not been appropriate for the experiments 

conducted in this study due to: incompatibile process conditions for ECM protein 

spotting, extensive customization of spotting equipment, or lack of pattern fidelity (i.e. 

cell localization) over time. We have overcome these limitations by modifying the 

printing protocol and protein printing buffer to allow for ECM deposition with a 

standard DNA spotter, and choosing a microarray substrate that was protein friendly 

and compatible with patterned cell culture. Accordingly, we present here a method for 

spotting 5 extracellular matrix proteins (collagen I, collagen III, collagen IV, 

fibronectin, and laminin) in 32 combinations with 8 replicates per condition on a 

standard microscope slide using off-the-shelf chemicals and a conventional DNA 

robotic spotter. Cell culture testing of the ECM array substrates demonstrated the 

ability to support large scale, reproducible, and viable cell arrays for up to seven days 

in culture, and was compatible with multiple cell types. Protein quantification studies 

indicated that consistent, and controllable ECM protein density was possible using 

various deposition schemes. This method may find use in multiple research areas, and 

will hopefully shed some light on the effects of complex signaling microenvironments 

on cell fate. 
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Figure 2-1: Schematic depiction of fabrication and use of an ECM microarray. 
Premixed ECM components are deposited on a hydrogel surface using a robotic DNA 
spotter. Cells are seeded in suspension, and attach only to the regions with 
immobilized ECM. Excess cells are wash away. After the desired culture period, cells 
are interrogated using an in situ assay. 
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Figure 2-2: Identifying appropriate cell culture substrates.  
(a) Primary hepatocytes attach to collagen I spots, and are spatially confined on the 
custom acrylamide, CodeLink (Amersham), and Hydrogel (Perkin Elmer) substrates. 
Superaldehyde (Telechem) and Epoxy Hydrogel (NoAb Diagnostics) allow cell 
attachment in non-spotted regions. (b) Primary hepatocytes attached to collagen I 
spots made from solutions containing as little 15.6 μg/mL of protein. Hepatocytes 
showed similar attachment to serially diluted collagen III, collagen IV, laminin, and 
Fibronectin (data not shown). (c) Immobilized FITC-collagen I signal is linear over a 
broad range of spotting solution protein concentrations. 
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Figure 2-3: Characterization of ECM Microarray By Indirect 
Immunofluorescence. 
(a) Composition and layout of each row, 32 conditions in 8 replicates each. The 
spotting solution concentration of each ECM molecule, when present in a mixture, 
was 100 μg/mL. (b) Correlation of specified array composition and 
immunofluorescence of replicate arrays demonstrates presence and immunoreactivity 
of all 5 ECM components with minimal carryover between conditions.  
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Figure 2-4: Validation of Protein Quantification by Sypro-Ruby Staining. 
Quantitative analysis of spotted collagen I (unlabelled) by Sypro-ruby staining 
demonstrates a linear relation between concentration and the measured signal.  
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Figure 2-5: Serial ECM Deposition- No Wash and PBS Wash. 
Quantitative results from serial deposition experiments processed with no wash (a), 
and PBS wash (b). 
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Figure 2-6: Serial ECM Deposition- Water Wash. 
Quantitative results from serial deposition experiments processed with a water wash 
(a). The same data, binned by the total number of collagen I spots superimposed 
during the deposition, reveals a linear trend. 
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Figure 2-7: Primary Rat Hepatocytes on ECM Microarrays.  
(a) Hoffman contrast montage image of the ECM microarray after 24 hours of culture 
in 10% serum (magnified view in inset). Hepatocytes are well spread, have bright 
intercellular borders and distinct nuclei, and spread to occupy the full ECM island in 
all conditions. (b) Live/dead (green/red) stain of hepatocytes using Calcein AM/ 
ethidium homodimer depicts ~95% viability at 24 hours. Magnified inset. Scale bars, 
1mm (inset scale bars, 500 μm). (c) High magnification phase contrast and fluorescent 
images (d) of a single island (green- Calcein AM, blue- DAPI). Scale bars, 50 µm. 
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Figure 2-8: Day 5 Hepatocyte Viability. 
Replicate day 5 hepatocyte arrays (a) and (b) stained with calcein am (green, “live 
cells”) and ethidium homodimer-1 (red, “dead”) demonstrate reproducible large area 
cell patterning, and high viability. 
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Figure 2-9: Mouse Embryonic Stem Cells on ECM Microarrays.  
(a) Bright field alkaline phosphatase staining of day 1 ES cultures on ECM 
microarrays in 15  serum media (scale bar, 1 mm). (b) Phase contrast images of day 3 
arrays cultured with LIF, and with RA (c). Cells cultured with LIF showed 3-
dimensional features (see (b) inset x-z confocal section, ~77 μm thickness). In 
contrast, RA-induced cells grew as a relatively thin sheet (see (c) and inset x-z section, 
~25 μm thickness). Scale bars, 250 μm (inset scale bars, 50 μm). 
 

 



 

 

CHAPTER 3 
 

THE EFFECT OF ECM COMPOSITION ON CELL 
DIFFERENTIATION 

3.1 ABSTRACT 

We present an extracellular matrix (ECM) microarray platform for the culture of 

patterned cells atop combinatorial matrix mixtures; enabling the study of 

differentiation in response to a multitude of microenvironments in parallel. The 

fabrication process required only access to a standard robotic DNA spotter, off-the-

shelf materials, and 1000 times less protein than conventional means of investigating 

cell-ECM interactions. To demonstrate its utility, we applied this platform to study the 

effects of 32 different combinations of 5 extracellular matrix molecules (collagen I, 

collagen III, collagen IV, laminin, and fibronectin) on cellular differentiation in two 

contexts: 1) maintenance of primary rat hepatocyte phenotype indicated by 

intracellular albumin staining, and 2) differentiation of murine embryonic stem cells 

towards an early hepatic fate indicated by expression of a β-galactosidase reporter 

driven by an early liver-specific gene, Ankrd17 (gtar). Using this technique, we 

identified potentially synergistic combinations of ECM that impacted both hepatocyte 

function and embryonic stem cell differentiation.  

57 
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3.2 INTRODUCTION 

Miniaturization of bioassays enables combinatorial screening in situations where 

material constraints prevent the use of a traditional cell culture methods. Cellular 

interactions with the extracellular matrix (ECM) are an example of such a case, and 

are of particular interest as ligation of an integrin can directly induce cellular 

signaling, modulate the response to other agonists, and influence the behavior of other 

integrins, a phenomenon called crosstalk [116, 90]. While only a relatively small body 

of integrin-related evidence exists suggesting this complex phenomenon, we are privy 

to the substantially more detailed literature regarding soluble signaling. Thus we can 

infer that the extracellular matrix context is likely to play a critical role in developing 

an integrated picture of the role of the microenvironment in the fate of many diverse 

cell types. 

Previously, we adapted robotic spotting technology to develop a robust, accessible 

method for forming cellular microarrays on combinatorial extracellular matrix 

domains- one that required no photolithographic ‘cell micropatterning’ tools or 

custom-built equipment and only small amounts of protein (∼10 pg) per experimental 

condition [123, 98, 124, 102]. Here, we provide our first evidence that such a tool 

combined with appropriate statistical modeling may prove useful for elucidating 

interactions that might otherwise be relegated to serendipitous discovery. Accordingly, 

we applied ECM arrays containing 32 combinations of five proteins to study: 1) the 

differentiated function of mature, primary rat hepatocytes assessed by intracellular 

albumin content; and 2) the differentiation of murine embryonic stem (mES) cells 

along the hepatic lineage as assessed by a β-galactosidase reporter on an early liver-

specific gene, Ankrd17 (gtar) [53, 54]. 
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3.3 MATERIALS AND METHODS 

3.3.1 ECM Microarray Fabrication  

The microarray substrate was a custom fabricated acrylamide gel pad slide, similar 

to the Perkin Elmer Hydrogel slide and those described elsewhere [125, 126]. To 

summarize, clean glass slides were modified with 3-(trimethoxysilyl)propyl 

methacrylate (Sigma) to present methacrylate groups which can participate in the 

polymerization reaction, and thus bond the gel to the glass. A thin (~80 μm) 

polyacrylamide gel pad was created by floating an untreated 22x22 mm #1 coverslip 

on a 40 μL drop of prepolymer solution, and exposing to UV at 1.5 mW/cm2 for 10 

minutes (Glo-Mark Systems, Inc.). The prepolymer solution consisted of 9.5% 

acrylamide, 0.5% bis, and 20 mg/mL 1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-

methyl-1-propane-1-one (Irgacure 2959, Ciba Specialty Chemicals; dissolved initially 

in methanol at 200 mg/mL). After carefully removing the coverslip, the slides were 

soaked in dH2O for 48 hours and dehydrated on a hotplate at 40 ºC to facilitate 

printing. The printing buffer consisted of 100 mM acetate, 5 mM EDTA, 20% 

glycerol, 0.25% triton X-100 adjusted to pH=5.0 to inhibit protein polymerization. For 

ECM arrays, stock solutions of rat collagen I (purified as previously described [118]), 

human collagen III, mouse collagen IV, human fibronectin (Becton Dickinson), and 

mouse laminin (Sigma) were suspended at 500 μg/mL in the printing buffer. The five 

purified ECM protein solutions were then mixed in 32 combinations in a 384-well 

plate. Eight individual spots of each protein mixture were deposited with a 500 μm 

pitch on the acrylamide gel pad using a SpotArray 24 (Perkin Elmer) equipped with 

split pins (Stealth SMP 3.0, Telechem). The pins were cleaned by sonication in 5% 

Micro Cleaning Solution (Telechem) and dH2O immediately before use. Between 

each sample in the source plate, the pins were dipped in a 50% DMSO and water 
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solution, washed for 25 seconds with dH2O, and dried. Twenty ECM microarrays 

could be produced simultaneously in this manner in one hour. A silicone well isolator 

(Grace Biolabs) was adhered around the gel pad using silicone sealant (Silicone II, 

General Electric) to define the cell culture area. The protein arrays with gaskets were 

incubated at 4 °C in a saturated NaCl environment (to maintain humidity at ~70%) for 

~16 hours, and rinsed in PBS before use.  

3.3.2 Cell Culture  

ECM microarray slides with silicone gaskets were placed in sterile P-100 culture 

dishes. The gasketed area was filled with 300 μL of dH2O. Protein arrays were 

sterilized by exposure to UV in a laminar flow hood for 30 minutes, followed by 

rinsing in sterile culture media. 

Hepatocytes were isolated from 2- to 3-month-old adult female Lewis rats (Charles 

River Laboratories, Wilmington, MA) weighing 180-200 grams, by a modified 

procedure of Seglen [127]. Detailed procedures for isolation and purification of 

hepatocytes were previously described by Dunn et al. [118]. Routinely, 200-300 

million cells were isolated with viability between 85 and 95%, as judged by trypan 

blue exclusion. Nonparenchymal cells, as judged by their size (<10 μm in diameter) 

and morphology (nonpolygonal or stellate), were less than 1%. Culture medium was 

Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% fetal 

bovine serum (FBS, Sigma, St. Louis, MO), 0.5 U/mL insulin, 7 ng/mL glucagon, 20 

ng/mL epidermal growth factor, 7.5 μg/mL hydrocortisone, 100 U/mL penicillin, and 

100 μg/mL streptomycin. Hepatocytes were suspended at 106 cells/mL in culture 

media. The cell suspension was dispensed onto the ECM microarray in the gasketed 

region (0.3 mL), and incubated for ∼2 hours to allow for cell attachment (shaking the 

plates every 15 minutes to redistribute the cells). The arrays were then gently aspirated 
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to remove unattached cells and fresh culture media was added to the silicone wells. 

Culture media was changed daily. 

The I114 mouse embryonic stem cell line containing a gene-trap [53, 54] was 

propagated in an undifferentiated state on gelatinized flasks in culture media 

containing 1000 U/mL leukemia inhibitory factor (LIF, Chemicon). ES media 

consisted of GMEM/BHK21 (Gibco) supplemented with 15% FBS (Hyclone, 

screened for ES culture), non-essential amino acids, and 10-4 M 2-mercaptoethanol 

(Sigma). Cells were passaged at ∼80% confluence (approximately every two days). 

ECM microarrays containing 450,000 cells were cultured for 6-10 hours (without 

shaking) to allow for cell attachment before rinsing with fresh media. ES cell arrays 

were cultured for up to six days with either 1000 U/mL LIF or 10-6 M all-trans-retinoic 

acid (Sigma). 

3.3.3 Intracellular Assays  

Images of the 9 mm × 9 mm array were acquired at 10x as a series of 154 images 

on a Nikon inverted microscope equipped with a motorized stage (Ludl Electronic 

Products Ltd.). The images were montaged using Metamorph 6.2r3 software 

(Universal Imaging Corp.). Hepatocyte arrays were fixed on days 1 and 7 in 4% 

paraformaldehyde and stained for intracellular albumin using a rabbit anti-rat albumin 

antibody (Cappel) and a goat anti-rabbit IgG-Alexa 633 secondary (Molecular 

Probes). Arrays were mounted in Slowfade Light (Molecular Probes) and imaged 

using 3 second exposures for each frame (CoolSnap HQ, Photometrics). 

I114 ES cell reporter expression was assessed at days 3 and 5. Cell arrays were 

fixed for 20 minutes in 0.5% glutaraldehyde and stained in 0.1% X-gal in a Tris buffer 

(pH 7.5) overnight at 37 °C. Three montaged images of each array were acquired in 

bright field through Texas Red, FITC, and DAPI filter cubes. These RGB color 
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separated images were overlaid digitally to produce a full color image of the array. Β-

galactosidase image area was quantified by color thresholding using Metamorph 

software. 

3.3.4 Statistics and Data Analysis  

Unless otherwise specified, all data are reported as average value ± standard 

deviation. We assessed intracellular albumin content of hepatocytes using Metamorph 

image analysis software. To quantify spot intensity, we calculated the average pixel 

value within a masked region (each ECM microarray contained 256 spots). After a log 

transformation, the data appeared to be normally distributed with approximately equal 

variance. For each matrix mixture, the eight replicate log spot intensities were used to 

calculate the average signal and standard error for the condition. Two day 1-, and four 

day 7-arrays were quantified in this manner. The mean signal for each array was 

adjusted to an arbitrary common value among arrays. All normalized day 7 data were 

analyzed as a 25 full factorial design with 4 blocks (one for each microarray) using 

Minitab statistical software (Minitab, State College, PA). Main effects, 2-factor, 3-

factor, and 4-factor interactions, along with the statistical significance of each of these 

properties, were calculated using standard factorial analysis formulae [135]. The 

residuals were normally distributed with approximately equal variance around a mean 

value of zero. β-galactosidase analysis of ES cultures was performed similarly using 

data from 4 day-3 arrays. 
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3.4 RESULTS 

3.4.1 Quantitative Array Imaging 

Quantification of the in situ cell assays necessitated the development of a 

microscope based method suitable for the relatively large array area. This process, in 

turn, introduced numerous possibilities for systematic error relating to the image 

acquisition and analysis. 

We identified and characterized the following potential sources of systematic error 

inherent to the imaging process: 1) fluorophore bleaching; 2) non-uniform excitation 

illumination field; and 3) focus intensity variations. The effects of fluorophore 

photobleaching were assessed by imaging a cell island five times in succession at the 

same stage position, each with a five second exposure. For each image, we calculated 

the average pixel intensity for the thresholded island area, and plotted it as a function 

of time (Figure 3-1a). Over the 25 second exposure period, we measured an ~ 0.8% 

coefficient of variation in the average signal intensity. Linear regression of this data 

allowed us to estimate the photobleaching rate to be ~ 1.5 % per minute of exposure. 

To assess the effects of non-uniform excitation illumination, we imaged the same cell 

island at five different positions within the imaging frame (Figure 3-1b). Image 

quantification indicated a roughly 6.5% variation in the measured signal intensity. 

Next, we examined the effects of focus position on the measured signal. Phase and 

fluorescent images were aquired “in focus”, and at positions ± 5 mm in the Z-direction 

to simulate “out of focus” images. Figure 3-1c presents data from this analysis for both 

100 ms, and 500 ms exposures, which indicate errors on the order of 5% and 2% 

respectively. As a final test of the imaging and analysis method, we imaged a day 7 

hepatocyte array once in the “forward” direction, and a second time with the slide 

rotated 180 º (“reverse” direction). Both images were quantified, and the raw data 
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analyzed separately using the Tukey post-hoc statistical test to identify significantly 

different comparisons. Of the 300 statistical comparisons for each data set, the 

“forward” scan data identified 61 significantly different pairs, and the “reverse” scan 

identified 63 pairs (P<0.05, Table 3-1). Taken together, 60 comparisons were found in 

both analyses. 

3.4.2 Effect of ECM composition on primary rat hepatocytes 

In order to probe primary rat hepatocytes for the effects of ECM composition, cell 

arrays were stained immunofluorescently for intracellular albumin (a marker of liver-

specific function) and analyzed at days 1 and 7. All islands exhibited similar 

fluorescent intensity on day 1, with an average of 6.41 log fluorescent units ± 0.166 

(two arrays measured). In contrast, day 7 arrays showed significant differences in 

fluorescent intensity that appeared to be dependent on the initial underlying matrix 

composition (Figure 3-2). Quadrants 2 and 3 of the array have collagen IV in all spots, 

and appeared qualitatively and quantitatively to be brighter than quadrants 1 and 4. 

Figure 3-3 presents representative non-normalized data of average signal ± standard 

error measured from one array, ordered from highest to lowest signal, and the 

underlying matrix composition. Approximately half of the analyzed mixtures had an 

albumin signal on day 7 that was greater than the average of day 1 cultures. Of note, 

the 15 highest albumin signals are associated with underlying matrices containing 

collagen IV. In a separate experiment, hepatocytes cultured on serially diluted 

collagen IV (ranging from 31.2 µg/mL to 500 µg/mL) for five days showed no 

significant differences in intracellular albumin signal (P>0.05 for all pairs using one-

way ANOVA with a multiple comparison Tukey post-hoc test, GraphPad Prizm). 

Taken together, the data suggests that the differences in liver-specific function were 
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not simply due to a difference in collagen IV concentration but rather interaction with 

other ECM molecules.  

Factorial analysis methods were applied to analyze all available day 7 data (4 

arrays=1024 data points) for main effects, 2-, 3-, and 4-factor interactions, in addition 

to the statistical significance of each effect (Figure 3-3). The analysis revealed that 

collagen IV had the largest overall effect on albumin signal. Among the other main 

effects, we found fibronectin also had a positive effect, though to a lesser extent than 

collagen IV. Laminin and collagen III were found to negatively impact albumin signal. 

In agreement with our findings, it has been previously reported that secreted albumin 

from primary rat hepatocytes is highest when cultured on collagen IV, and decreases 

when cultured on fibronectin and laminin respectively [136, 137]. Interestingly, a 

number of 2-, 3-, and 4-factor interactions were also identified as statistically 

significant (P < 0.05). The interaction of collagen I with laminin, and collagen III with 

laminin both had positive effects. However, each of these components individually 

exhibited a negative effect, suggesting a non-additive interaction. Similarly, the 

interaction of collagen IV with fibronectin showed a negative effect, whereas 

individually these components displayed positive effects.  

3.4.3 ECM effects on mES Differentiation 

Nearly all islands on days 3 and 5 RA-induced cultures showed at least a low level 

of β-galactosidase reporter expression when stained with X-gal. Notably, several 

matrix conditions elicited a higher level of reporter activity. For example, collagen I, 

collagen III, laminin and fibronectin collectively induced significant reporter 

expression in all replicate islands whereas cells cultured on collagen III and laminin 

exhibited only occasional reporter expression (Figure 3-4). Quantitative image 

analysis of “blue” thresholded area in day 3 RA-treated arrays illuminated further 
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trends (Figure 3-4 bar graph). We note that 9 of the 10 highest signals were recorded 

from cells on matrices that contained collagen I, and 4 of the top 5 signals came from 

ECM conditions with both collagen I and fibronectin. We also found that the lowest 

11 signals were detected on matrices that lacked fibronectin, and matrices which 

lacked both collagen I and fibronectin produced the lowest 7 β-galactosidase signals. 

A 25 full factorial analysis on data from 4 arrays also indicated that fibronectin and 

collagen I had strong positive effects on β-galactosidase reporter expression (Figure 

3-5). Again, a number of potentially counter-intuitive interaction effects were 

identified (e.g. collagen I + collagen IV, and collagen I + fibronectin). 

3.5 DISCUSSION 

3.5.1 Quantitative Imaging 

To quantify the differentiation effects presented in fixed cell arrays, it was 

necessary to develop and characterize a large area imaging procedure. This was 

accomplished by taking multiple images from stage positions that were separated by 

approximately one field of view, followed by digital reassembly. This strategy raised 

multiple concerns that needed to be characterized before quantitative analysis would 

be believable. In our method, the array imaging procedure required about 30 minutes 

to complete for each 9 mm x 9 mm area. During this period, the imaging area was 

exposed to excitation energy for approximately 10 minutes, which raises immediate 

concerns regarding the possibility of fluorophore photobleaching. However, this 

simple summary misrepresents the magnitude of the problem. Noting that only an ~ 3 

mm diameter area is excited for each of the 154 images, and the total imaged area is 

9.9 mm x 9.4 mm, we estimate that the entire array receives approximately 11.7 – 
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times the required excitation dose of each image (154 images x 3 mm diameter area / 

(9.9 x 9.4 mm2)= 11.7). In other words, each camera frame is photobleached for 

approximately 35 seconds, with the actual image being aquired at some point within 

this time frame (but more or less near the middle of this time period). Thus our 

photobleaching measurements suggest that < 1% error is introduced. While every 

effort was made to align the excitation lamp and illuminate the samples as evenly as 

possible across the imaging field, we still experienced about 6.5% variation. In 

principle, we could correct each image before assembling the final montage, but we 

wanted to avoid such manipulations for the initial quantification. Focusing errors also 

appeared to introduce less than 2% variation. Given all of these sources of variation, 

we attempted to assess how they might affect the overall data analysis by imaging an 

array twice, with the slide rotated 180º for the second image. This situation introduced 

all of these error modalities simultaneously, yet we arrived at nearly the same 

statistical conclusions. Thus we concluded that the imaging protocol did not appear to 

introduce appreciable bias to the data. 

3.5.2 ECM and Differentiation 

Our interest in the liver inspired the choice of ECM molecules found in the hepatic 

microenvironment, the use of primary cells, and a fetal liver-specific reporter ES cell 

line. The liver has heterogeneous staining for collagen I, collagen III, collagen IV, 

laminin, and fibronectin [138, 69]. Hepatocytes display integrins β1, β2, α1, α2, α5, 

and the nonintegrin fibronectin receptor Agp110 in vivo [138, 67]. Cultured rat 

hepatocytes display integrins α1, α3, α5, β1, and α6β1, and their expression is 

modulated by the culture conditions [139]. In our experiments, we emphasize that only 

the initial matrix composition was specified; however, interaction with ECM is well-

known to modulate matrix metalloproteinase expression [140], integrin activity [141], 
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and matrix expression [142, 136], making it a key parameter in investigating optimal 

culture environments. 

ECM and growth factor interactions, which can be positive or negative, have been 

reported in multiple contexts [87]. In addition to the well-described crosstalk between 

integrin and growth factor signaling [86], crosstalk exists among matrix molecules. 

For example, it has been previously reported that collagen induced release of IL-1 

through binding integrin α7β1 in human blood mononuclear cells is potentiated by 

fibronectin binding to α5β1 [141, 143]. Similarly, endothelial cell attachment to 

fibronectin via α5β1 integrin reportedly potentiates αvβ3-mediated migration on 

vitronectin [144]. The complex nature of matrix signaling demands a more systematic 

approach such as that presented here [113]. In this context, our results with 

hepatocytes suggest that integrin crosstalk may explain the apparent antagonistic 

interactions among collagen III and laminin, and collagen IV and fibronectin; a 

hypothesis that is directly testable by scaling-up the appropriate culture conditions so 

that conventional methods can be used. 

3.5.3 ECM Arrays- Stem Cell Differentiation 

Embryonic stem cells are a potential source of differentiated cells that could be 

used in cell therapy, drug discovery, and basic research. Current methods for 

differentiating embryonic stem cells in vitro are generally inefficient (< 1%) for 

generating specific lineages, and rely on the use of heterogeneous cell aggregates 

called embryoid bodies. A highly heterogeneous population of cells emerges from this 

complex culture environment. Exceptions to this generalization are a few rare reports 

of efficient monolayer culture methods [49, 50, 51]. Taken together, these reports 

highlight the importance of a tightly regulated environment for efficient lineage-

specific differentiation. While most studies focus on growth factors, the importance of 
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ECM in developmental processes has increasingly been recognized. In vitro, 

undifferentiated mouse ES cells express integrins α6, β1, β4, β5, laminin receptor 1, 

and dystroglycan [110, 109, 111]; thus poised to receive signals from ECM. Given 

that stem cell differentiation has historically been a largely empirical field, a 

parallelized culture platform could be of benefit. A potential difficulty due to 

miniaturization is that low differentiation efficiency would not yield a detectable level 

of cells expressing the desired lineage markers, necessitating monitoring of more 

ubiquitous cellular constituents such as actin and keratin [114].  

We chose to explore the feasibility of using ECM protein microarrays to study ES 

differentiation in the context of the liver. Preliminary evidence exists for the in vitro 

differentiation of mouse embryonic stem cells into hepatic tissue [28, 27, 52, 30]. The 

I114 mouse embryonic stem cell line in particular harbors a random gene trap 

insertion that reports on the earliest known fetal liver specific gene Ankrd17 (gtar) 

[53, 54]. In vitro differentiation of I114 cells as embryoid bodies has been previously 

shown to induce reporter expression that coincides with endodermal gene 

upregulation, and co-localization with alpha-fetoprotein and albumin protein [29]. As 

such, it can potentially serve as a tool to study early hepatic specification in vitro. 

Culturing ES cells as 3-dimensional aggregates greatly improves the frequency of 

differentiation to somatic lineages owing to the embryonic-like niche that is created. 

However, embryoid bodies are seldom uniform in size, and aggregation of EB’s 

during suspension culture generally disrupts the differentiation process. We observed 

uniform, spatially confined, 3-D growth of ES cells cultured on ECM microarrays 

with LIF. Culturing with RA resulted in a noticeable flattening of the cellular island 

morphology. We speculate that the formation of 3D structures in the presence of LIF 

is due to growth on a confined domain. In contrast, RA likely induces differentiation 
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which is typically accompanied by a reduction in growth and therefore less expansion 

in the z-direction. From image analysis, we estimate < 1% reporter activity in day 9 

EB’s [29] and even less in monolayer cultures. In contrast, our day 3 RA-induced 

micro-cultures exhibited up to 16.8% ± 5.5% of the island area showing reporter 

activity when cultured on optimal ECM microenvironments. Moreover, we were able 

to detect an approximate 140-fold increase in β-galactosidase signal from the least 

efficient condition (laminin only) to the most efficient (laminin + collagen I + 

fibronectin). In analyzing these results, we must bear in mind that only the initial, 

underlying matrix composition was experimentally specified. Alterations that result 

from this experimental variable may be due to the influence on proliferation, 

differentiation, matrix remodeling, or cell-cell interactions. Further investigation of 

how collagen I + laminin + fibronectin enhances reporter activity may provide 

valuable insight on how to drive the in vitro differentiation more efficiently. 

3.6 CONCLUSION 

The diversity of biological niches mandates a systematic approach to investigating 

optimal cell culture environments. Miniaturized arrays of living cells, like DNA 

microarrays, offer the potential of a more global picture of the role of soluble and 

insoluble cues on cell fate and function. We have described here a robust method to 

create cell arrays using only a DNA spotter and off-the-shelf chemicals. Culturing 

primary hepatocytes and mouse ES cells on combinatorial mixtures of ECM yielded 

novel insights into the role of the microenvironment using 1000 times less protein than 

conventional methods. The method is amenable to depositing almost any insoluble or 

soluble cue, such as polysaccharides, proteoglycans, glycosaminoglycans, membrane 

bound proteins, and tethered growth factors or peptide signaling motifs. It can also be 
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easily adapted to: exploit lineage-specific fluorescent reporter strategies, co-cultivation 

of epithelia and stroma, and combined with soluble factors to screen the effects of 

growth factors or small molecules in conjunction with underlying matrix [145, 112]. 
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Figure 3-1: Analysis of Systematic Errors- Image Aquisition. 
The potential effects of fluorophore photobleaching during the imaging process were 
assessed by repeatedly imaging a labeled cell island (a). The data suggests ~1.5% 
signal decrease per minute of exposure. The effects of non-uniform illumination were 
assessed by imaging the same island at different positions within the illumination 
frame (b). The diagram at left illustrates schematically where the measurements were 
taken. Measured intensity values are indicated. The table at the right presents a 
summary of the quantitative data, and statistical variation. The effects of focus 
position were quantified at 3 positions, using 100 & 500 millisecond exposures (c). 
Phase and fluorescent images, with relative intensity measurements are provided to 
more clearly illustrate.  
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Table 3-1: Imaging Procedure “Bias” Analysis. 
Results of multiple comparison tukey post-hoc statistical analysis (rank-ordered by 
significance) performed on independent images of the same array. The table lists only 
comparisons with P<0.05, of which 60 of 63 were identified in both analyses. 
"Forward" Scan Data "Reverse" Scan Data

Comparison Significance Comparison Significance
  Q3R1 vs Q4R4 P < 0.001   Q3R1 vs Q4R4 P < 0.001
  Q3R1 vs Q3R7 P < 0.001   Q3R1 vs Q3R6 P < 0.001
  Q3R1 vs Q3R6 P < 0.001   Q3R1 vs Q3R7 P < 0.001
  Q2R8 vs Q4R4 P < 0.001   Q3R1 vs Q4R6 P < 0.001
  Q3R1 vs Q4R6 P < 0.001   Q3R1 vs Q4R5 P < 0.001
  Q3R1 vs Q4R5 P < 0.001   Q1R6 vs Q3R1 P < 0.001
  Q2R8 vs Q3R7 P < 0.001   Q1R8 vs Q3R1 P < 0.001
  Q2R8 vs Q3R6 P < 0.001   Q1R3 vs Q3R1 P < 0.001
  Q1R8 vs Q3R1 P < 0.001   Q3R1 vs Q3R5 P < 0.001
  Q1R6 vs Q3R1 P < 0.001   Q2R8 vs Q4R4 P < 0.001
  Q3R1 vs Q3R5 P < 0.001   Q3R1 vs Q3R8 P < 0.001
  Q3R2 vs Q4R4 P < 0.001   Q3R1 vs Q4R3 P < 0.001
  Q2R8 vs Q4R6 P < 0.001   Q2R8 vs Q3R6 P < 0.001
  Q1R3 vs Q3R1 P < 0.001   Q2R8 vs Q3R7 P < 0.001
  Q3R1 vs Q3R8 P < 0.001   Q3R2 vs Q4R4 P < 0.001
  Q2R8 vs Q4R5 P < 0.001   Q2R8 vs Q4R6 P < 0.001
  Q2R7 vs Q4R4 P < 0.001   Q2R7 vs Q4R4 P < 0.001
  Q3R2 vs Q3R7 P < 0.001   Q1R4 vs Q3R1 P < 0.001
  Q3R2 vs Q3R6 P < 0.001   Q2R1 vs Q3R1 P < 0.001
  Q3R1 vs Q4R3 P < 0.001   Q3R2 vs Q3R6 P < 0.001
  Q1R8 vs Q2R8 P < 0.001   Q2R8 vs Q4R5 P < 0.001
  Q1R6 vs Q2R8 P < 0.001   Q2R2 vs Q3R1 P < 0.001
  Q2R8 vs Q3R5 P < 0.001   Q3R2 vs Q3R7 P < 0.001
  Q3R2 vs Q4R6 P < 0.001   Q1R6 vs Q2R8 P < 0.001
  Q2R7 vs Q3R7 P < 0.001   Q1R8 vs Q2R8 P < 0.001
  Q2R7 vs Q3R6 P < 0.001   Q2R7 vs Q3R6 P < 0.001
  Q1R3 vs Q2R8 P < 0.001   Q2R7 vs Q3R7 P < 0.001
  Q2R8 vs Q3R8 P < 0.001   Q3R2 vs Q4R6 P < 0.001
  Q3R2 vs Q4R5 P < 0.001   Q1R3 vs Q2R8 P < 0.001
  Q2R6 vs Q4R4 P < 0.001   Q2R8 vs Q3R5 P < 0.001
  Q1R4 vs Q3R1 P < 0.01   Q2R5 vs Q3R1 P < 0.001
  Q2R7 vs Q4R6 P < 0.01   Q2R7 vs Q4R6 P < 0.001
  Q2R2 vs Q3R1 P < 0.01   Q3R2 vs Q4R5 P < 0.001
  Q2R1 vs Q3R1 P < 0.01   Q2R6 vs Q4R4 P < 0.01
  Q1R8 vs Q3R2 P < 0.01   Q1R6 vs Q3R2 P < 0.01
  Q2R8 vs Q4R3 P < 0.01   Q1R8 vs Q3R2 P < 0.01
  Q2R7 vs Q4R5 P < 0.01   Q3R1 vs Q3R3 P < 0.01
  Q1R6 vs Q3R2 P < 0.01   Q2R7 vs Q4R5 P < 0.01
  Q3R2 vs Q3R5 P < 0.01   Q2R8 vs Q3R8 P < 0.01
  Q2R6 vs Q3R7 P < 0.01   Q1R6 vs Q2R7 P < 0.01
  Q2R6 vs Q3R6 P < 0.01   Q1R8 vs Q2R7 P < 0.01
  Q2R4 vs Q4R4 P < 0.01   Q3R1 vs Q3R4 P < 0.01
  Q1R3 vs Q3R2 P < 0.01   Q2R6 vs Q3R6 P < 0.01
  Q3R2 vs Q3R8 P < 0.01   Q1R3 vs Q3R2 P < 0.01
  Q1R8 vs Q2R7 P < 0.05   Q2R8 vs Q4R3 P < 0.01
  Q1R6 vs Q2R7 P < 0.05   Q3R2 vs Q3R5 P < 0.01
  Q2R7 vs Q3R5 P < 0.05   Q2R4 vs Q4R4 P < 0.01
  Q2R5 vs Q3R1 P < 0.05   Q2R6 vs Q3R7 P < 0.01
  Q2R6 vs Q4R6 P < 0.05   Q2R3 vs Q3R1 P < 0.01
  Q1R2 vs Q4R4 P < 0.05   Q1R3 vs Q2R7 P < 0.05
  Q1R4 vs Q2R8 P < 0.05   Q2R7 vs Q3R5 P < 0.05
  Q2R4 vs Q3R7 P < 0.05   Q1R2 vs Q3R1 P < 0.05
  Q2R4 vs Q3R6 P < 0.05   Q2R6 vs Q4R6 P < 0.05
  Q2R2 vs Q2R8 P < 0.05   Q3R2 vs Q3R8 P < 0.05
  Q1R3 vs Q2R7 P < 0.05   Q2R4 vs Q3R6 P < 0.05
  Q3R1 vs Q3R3 P < 0.05   Q1R2 vs Q4R4 P < 0.05
  Q2R7 vs Q3R8 P < 0.05   Q2R4 vs Q3R7 P < 0.05
  Q2R6 vs Q4R5 P < 0.05   Q3R2 vs Q4R3 P < 0.05
  Q2R3 vs Q4R4 P < 0.05   Q2R6 vs Q4R5 P < 0.05
  Q2R1 vs Q2R8 P < 0.05   Q1R4 vs Q2R8 P < 0.05
  Q3R2 vs Q4R3 P < 0.05   Q2R3 vs Q4R4 P < 0.05

  Q2R1 vs Q2R8 P < 0.05
  Q2R7 vs Q3R8 P < 0.05  
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Figure 3-2: Culture Hepatocytes Show Differential Intracellular Albumin 
Staining in Response to Matrix Composition.  
(a) Indirect immunofluorescence of intracellular albumin, a marker of differentiated 
hepatocyte function, on day 7. Note preservation of microarray features after 7 days in 
10% serum. (b) Quantitation of average pixel intensity per microarray spot in panel 
(a). Q1, quadrant 1; Q2, quadrant 2; Q3, quadrant 3; Q4, quadrant 4. 
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Figure 3-3: Albumin Quantification and Factorial Analysis.  
(a) Hierarchical depiction of image albumin intensity for each of the matrix mixtures 
on day 7. Error bars represent s.e.m. (N=8). Reference line is the average intensity for 
hepatocytes on day 1. Error box represents 1 s.d. (b) Results of 25 full factorial 
analysis on intracellular albumin intensity (4 microarray data sets). The relative 
magnitude of main effects as well as 2-, 3-, 4-, and 5-factor interactions are shown. 
C1, collagen I; C3, collagen III; C4, collagen IV; L, laminin; Fn, fibronectin. 
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Figure 3-4: I114 Embryonic Stem Cells Differentiate on ECM Microarrays.  
Bright field micrograph of selected X-gal stained ECM microarray conditions after 3 
days of culture in RA. C1 + C3 + L + Fn (top left images) induced higher levels of 
Ankrd17 (gtar) reporter activity (arrowheads) than cells cultured on C3 + L (bottom 
left images). Scale bars, 250 μm. Magnified views of reporter activity: scale bars, 50 
μm. Bar graph: hierarchical depiction of “blue” image area (pooled data from 4 
microarrays) for each of the matrix mixtures. Error bars represent s.e.m. (N=32). The 
C1 + C3 + L + Fn culture condition induced ∼27-fold more β-galactosidase image area 
than the C3 + L cultures. C1, collagen I; C3, collagen III; C4, collagen IV; L, laminin; 
Fn, fibronectin. 
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Figure 3-5: Results of 25 full factorial analysis on β-galactosidase positive “blue” 
image area (4 microarray data sets).  
The relative magnitude of main effects as well as 2-, 3-, 4-, and 5-factor interactions 
are shown. C1, collagen I; C3, collagen III; C4, collagen IV; L, laminin; Fn, 
fibronectin.

 



 

 

CHAPTER 4 
 

COMBINATORIAL SIGNALING 
MICROENVIRONMENTS FOR MANIPULATING CELL 

FATE 

4.1 ABSTRACT 

ECM and GF signaling networks are known to interact in a complex manner. 

“First-order” experiments, such as cellular responses to ECM components or GF’s 

tested individually, cannot predict well a cells response to more complex mixtures 

without knowing the underlying signaling network. We endeavoured to provide an 

experimental method to systematically approach such a problem. Building upon our 

previous ECM array technology, we more thoroughly characterized the semi-

quantitative abilities for GFP reporter expression, and DNA content. We further 

demonstrated that DNA microarray scanners provided equivalent data to microscope 

images, and required only a fraction of the time to aquire. To demonstrate this 

technology, we studied mouse embryonic stem cell differentiation towards the cardiac 

lineage on 20 different ECM mixtures, each tested with 12 GF cocktails conditions (5 

replicates each). An equivalent experiment would require fabrication of 240 unique 

signaling environments x 5 replicates:1,200 culture wells that would then require 

quantification for GFP and DNA. An additional 800 wells would be required to 

reproduce the staining control and initial condition data we provide. This was rather 

easily accomplished using the multiwell ECM culture platform we describe here, 
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requiring only 2 microscope slides. While we offer only the simplest of interpretations 

that could be made from this data, they were consistent with current biological dogma. 

We suggest that further analysis of such a data set could identify “patterns” that would 

then be potential hypotheses for new experiments.  

4.2 INTRODUCTION 

Extracellular matrix and growth factor signaling environments are part of the 

natural mechanism for regulating gene expression, hence differentiation. These 

pathways are known to interact in a manner that cannot be well predicted from “first-

order” experiments, such as cellular responses to ECM components or GF’s tested 

individually. Rather, we require quantitative methods for exploring complex signal 

environments. For this purpose, we have further adapted our previous ECM array 

technology to: 1) provide semi-quantitative measures of GFP reporter activity and 

DNA content; 2) permit the use of DNA microarray scanners and software for imaging 

and quantification; and 3) to use a 96-well multi-array format. We describe here the 

methods and quantitative evaluation that serve as the foundation for the platform. As a 

demonstration of the technology, we apply it to study mouse embryonic stem cell 

differentiation towards the cardiac lineage in response to 240 unique ECM and GF 

signaling environments. 

4.3 MATERIALS AND METHODS 

4.3.1 ECM Array Slide Preparation 

ECM array surfaces were prepared substantially as described before, but with 

subtle modifications. A more detailed protocol is provided here. We recommend 
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following the protocol exactly as described, without substitutions or modifications. 

We have tried numerous small changes that were intended to make the surfaces easier 

to produce or to achieve other desired purposes, but almost all of these resulted in 

deteriorated performance.  

Glass Slide Cleaning: All timed washing steps were performed in glass slide 

racks on an orbital shaker. Glass microscope slides (75 mm x 25 mm x 1 mm, 

Corning) were detergent cleaned in Sparkleen (20 grams to 1 liter of warm tap water) 

for 30 minutes, followed by 5 complete rinses in deionized water (dH2O). The slides 

were then washed in fresh Millipore water (18 M-ohm/cm2, MQH2O) for 30 minutes. 

Slides were subsequently washed for 30 minutes each with 100% acetone, followed by 

100% methanol, and finally with 5 rinses of MQH2O. The slides were next etched in 

0.05 N NaOH solution for 1 hour, followed by thorough MQH2O rinsing. The slides 

were substantially blow dried with filtered compressed air, and further dried in a 

vacuum oven for 1 hour. 

Silanization: A 2% solution of 3 – (Trimethoxysilyl)Propyl Methacrylate (Sigma) 

was made in anhydrous toluene, and stirred for 5 minutes prior to use. Warm slides 

were transferred directly from the vacuum oven to this solution, and agitated for 1 

hour. The slides were then briefly rinsed in 100% toluene, substantially dried with 

compressed air, and baked for 15 minutes in the vacuum oven.  

Acrylamide Gel Pad Fabrication: Separate stock solutions of acrylamide/bis-

acrylamide and photo initiator were firstly prepared as follows. A solution of 10.55% 

acrylamide and 0.55% bis-acrylamide (both 99.9% pure, BioRad) were prepare in 

MQH2O, vortexed, sonicated, and 0.2 µm syringe filtered. A 10x photo initiator stock 

of I2959 was prepared at 200 mg/mL in 100% methanol. The working polymer 

solution was prepared immediately before use by combining 9 parts acrylamide stock 
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with 1 part photo initiator stock at room temperature, and degassing it in a vacuum 

chamber for 15 minutes. The final solution thus consists of 10% acrylamide, 0.5% bis-

acrylamide in a 90% MQH2O, 10% methanol diluent. Immediately after degassing, 40 

µL of the prepolymer solution was placed in the silanized slide, and covered with a 22 

mm x 22 mm #2 coverslip. This creates an ~80 µm thick solution layer. It is important 

that the coverslip NOT be aggressively cleaned. Removing debris with filtered 

compressed air is sufficient. The slide is next exposed to 365 nm UVA (~1.5 

mW/cm2) for 10 minutes. This was achieved using 3 x 8-watt UVA bulbs 

(#F8T5/BLB) approximately 2 inches above the slides. Beware that acrylamide 

polymerization can be affected by UV bulb spectrum and intensity. After exposure, 

the slides were immersed in MQH2O for 2 minutes before removing the coverslip 

gently with a razor blade. Note that the coverslip should be fairly easily removed. If it 

adheres strongly to the gel, the intensity may be too high. Increase the separation 

distance between the bulbs and the slide until a 10 minute exposure yields coverslips 

that no longer adhere too strongly to the gel. After removing coverslips, soak gel 

slides in MQH O for 72 hours, changing the water daily. 2

4.3.2 ECM Array Fabrication 

Protein Printing Buffer: Prepare 10 mL of a 2x protein print buffer (2x PPB) as 

follows. Add 105.5 mg sodium acetate (Sigma S2889) and 37.2 mg EDTA to 

MQH2O. Vortex and sonicate to mix thoroughly. Heat this solution in a microwave 

(do not boil). Heat 100% triton X-100 in a microwave (in small conical tube) until it 

becomes less viscous. Add 50 µL of warmed triton X-100 to the 6 mL solution, mix 

thoroughly, and chill rapidly to room temperature by placing it in a -70 ºC freezer for 

several minutes. Add glycerol to 10 mL, mix thoroughly. Add 42 µL of glacial acetic 
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acid, mix thoroughly. Adjust pH to 4.8 by adding glacial acetic acid. Syringe filter and 

chill to 4 ºC before use. 

ECM Protein Preparation and Mixing: Purified ECM stock solutions should be 

prepared at 1 mg/mL, aliquoted to a convenient volume,, and stored appropriately. Rat 

collagen I is stored at 4 ºC, human collagen III is stored at -20 ºC, and mouse laminin, 

mouse collagen IV, and human fibronectin are stored at -80 ºC. Thaw collagen III, 

collagen IV, and laminin slowly by placing on ice in the refrigerator for several hours. 

Fibronectin should be thawed gently (do not agitate) by hand warming until just 

liquid, and then transferred to a 4 ºC ice bucket for several hours before use. Add an 

equal volume of 2x PPB to each ECM stock solution and pipette 10 times to mix. Mix 

ECM proteins as desired in a 384-well polypropylene plate (Greiner). Store at 4 ºC 

until use. We recommend mixing the proteins and spotting them on the same day if 

possible. 

ECM Arraying: Prepare SMP 3.0 spotting pins (Telechem) by oxalic acid 

treatment according to manufacturers directions. Sonicate in 5% microclean 

(Telechem) solution for 10 minutes, rinse pins thoroughly in MQH2O and sonicate for 

10 minutes. Lightly dry pin shaft and head with a Kimwipe, and gently touch pin tip 

on unsupported kimwipe to remove excess water from the tip. Clean shaft of pin by 

rubbing with 100% ethanol soaked Kimwipe to prevent pin “sticking” in the printhead. 

Prepare gel slides for arraying by dehydrating on a 40 ºC hotplate for 15 minutes 

just prior to printing. All printing done with a SpotArray 24 (Perkin Elmer) using the 

recommended motion control parameters (Telechem) at room temperature with 

humidity controlled to ~65% RH. Each of the 20 ECM mixtures was deposited with 5 

replicates at a 450 µm pitch. The pin tips were lightly cleaned after every other 

mixture by dipping into a 50% DMSO/50% water solution, printing them out on an 
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unused portion of the slide, followed by a normal wash/dry cycle. After printing, ECM 

arrays were stored at 4 ºC in a sealed box containing a slurry of NaCl for ~48 hours. 

4.3.3 Multiwell ECM Array Culture 

The multiwell ECM array format was prepared for cell culture as follows. The 

FAST-Frame carrier and well/gasket structures were initially detergent cleaned, rinsed 

profusely in water, and stored in 70% ethanol until use. The well/gasket structures 

were transferred to MQH2O about 24-hours before assembly and sterilization. The 

FAST-frame and well structures were exposed to UVC germicidal (254 nm) radiation 

in a sterile flow hood for 5 minutes on each side. The lamp consisted of 2 x 15-Watt 

bulbs placed approximately 2 inches above the samples. Printed ECM array slides 

were exposed for 30 seconds to UVC, followed by assembly of the well-structure on 

the FAST-frame. The entire assembly was again exposed to UVC for 30 seconds, 

followed by the addition of 100 µL sterile cell culture grade water (Sigma), and 

further exposure to UVC for 5 minutes. The water was aspirated and replaced by 100 

µL of sterile culture media. Substrates were seeded within 3 hours of assembly. 

4.3.4 Mouse Embryonic Stem Cell Culture 

Mouse embryonic stem cells were propagated in an undifferentiated state on 

gelatinized flasks in a 5% CO2 incubator according to standard practices. Culture 

media consisted of Knockout-DMEM (Gibco) supplemented with 12.5% ES-screened 

FBS (Hyclone), 2 mM L-glutamine, 1x non-essential amino acids, and 2-

mercaptoethanol. Leukemia inhibitory factor (ESGRO) was added to culture media at 

1000 U/mL during undifferentiated expansion. Cell culture media was changed daily, 

and the cells were passaged every 2-days (approximately 80% confluency). For 

passaging, cells were rinsed quickly with PBS (no Ca or Mg), incubated for 1 minute 
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with PBS at room temperature, and trypsinized in 0.05% Trypsin-EDTA (Gibco) for ~ 

7 minutes in an incubator. The solution was tritrated to break up cell clusters, and cold 

ES-media was added to quench trypsin. Cells were centrifuged so that trypsin media 

could be removed, and were resuspended in fresh ES-media. New flasks were seeded 

with a 1:10 dilution of cells, and supplemented with LIF. Cells were seeded on multi-

well ECM array substrates at approximately 750,000 cells/mL in ES-media without 

LIF, 100 µL per well. Cells were culture for 18 hours before changing to 

differentiation media or fixation. The I114 mES β-galactosidase reporter cell line was 

donated by Dr. Lesley Forrester. The MHC-α GFP reporter mES cells were provided 

by Dr. Marc Mercola (The Burnham Institute).  

The basal differentiation media consisted of Knockout-DMEM supplemented with 

4% ES-screened FBS, 2 mM L-glutamine, 1x non-essential amino acids, 10 mM 

HEPES, 100 U/mL penicillin/streptomycin, 200 ng/mL heparin, and 2-

mercaptoethanol. The basal media was used to create 4x stock solutions of each 

growth factor, which were used to create the 12 GF cocktails. The four growth factors, 

when present in a mixture, were at the following concentrations: wnt3a- 100 ng/mL, 

Activin A – 30 ng/mL, BMP-4 – 30 ng/mL, FGF-4 – 60 ng/mL. Purified soluble 

wnt3a was obtained from Dr. Karl Willert (UCSD Human Stem Cell Core) and stored 

at 4 ºC. Its activity was confirmed by the ability to stimulate a wnt-responsive GFP-

reporter 293 cell line (gift of Dr. Karl Willert). Activin A, BMP-4, and FGF-4 were 

obtained from R&D Systems. 

4.3.5 Slide Staining and Preparation 

For ECM characterization, freshly prepared slides from the same batch as that used 

for cell culture were washed with water briefly, then stained with Sypro Ruby solution 

overnight on orbital shaker. The slides were then destained for 15 minutes in 10% 
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methanol, 7% acetic acid solution, rinsed for 2 x 5 minutes with water, and air dried in 

a slide rack for 2 hours at room temperature in the dark. Slides were then imaged using 

a Scanarray 4000 with 546 nm laser excitation (90% power), a 617 nm emission filter 

(PMT voltage 80%), and quantified using GenePix software. 

Multi-well ECM array culture slides were prepared as follows to retain natural 

GFP fluorescence [146], and to retain cell spots firmly attached to the gel support. It is 

important to note that fixation in 0.5% glutaraldehyde, as used for β-galactosidase 

staining Chapter 3, introduces unacceptable levels of autofluorescence. Many other 

commonly used fixation reagents resulted in significant cell detachment and loss, thus 

reducing the information yield considerably. The following protocol was found to 

reliably preserve most of the arrayed cells. Culture wells were removed from the 

incubator, disassembled, and the slides were placed in quadriPERM cell culture 

vessels (Sigma). The cultured ECM-array slides were rinsed briefly in cold HBSS 

(with Ca2+ and Mg2+ ) with 10 mM HEPES, and then fixed in a multi-step procedure. 

The fixative was a chilled 4% paraformaldehyde solution prepared freshly in 150 mM 

phosphate buffer (pH 7.2). It is important to omit the salts to prevent excess osmotic 

damage which can cause cell detachment. Slides were fixed for 5 minutes at 4 ºC, 

followed by 10 minutes at room temperature. Cells were then washed for 2 x 3 

minutes in HBSS, transferred to – 20 ºC methanol for 6 minutes as a secondary 

fixation step, and washed in cold HBSS before storage at 4 ºC. 

Immediately before staining, the gel pads were trimmed using a razor blade to 

approximately 17 mm x 17 mm. The slides were placed in quadriPERM vessels, the 

cells permeabilized in 0.1% triton X-100 in PBS for 8 minutes followed by several 

PBS washes, and blocked in 3% BSA, 50 mM glycine in Tris-EDTA buffer (pH 8.0) 

for 1.5 hours at room temperature. The ECM array slides were then reassembled with 
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FAST-frame wells for the antibody and nucleic acid staining procedures. All washes 

and staining steps were performed using 100 µL volume per well, with continuous 

agitation on an orbital shaker. After a brief rinse with 1% BSA/PBS, slides were 

treated with a polyclonal rabbit anti-GFP-Alexafluor 647 conjugated antibody for 2 

hours at room temperature (Probes, diluted to 1 µg/mL in 1% BSA PBS). Slides were 

then washed 3 x 5 minutes in PBST (PBS + 0.05% Tween-20), follwed by a brief rinse 

in PBS and lastly MQH2O. Nucleic acids were stained by applying a 200 nM solution 

of POPO-3 (Probes, Cy3 wavelength emission, diluted in PBS) for 1 hour at room 

temperature, followed by several washes in water. When indicated, cells were stained 

for ~60 seconds in a 0.001% Hoechst 33258 (Probes) water solution, followed by 

several water washes. 

For preparations where natural GFP fluorescence was of importance, the samples 

were equilibrated for 15 minutes with a mounting media consisting of 50% glycerol in 

a Tris-EDTA buffer adjusted to pH 8.5 [147]. The slides were then removed from the 

FAST-frame, an 18 mm x 18 mm #1 coverslip was applied, and the preparation was 

sealed using Cytoseal 60. For longer term preservation and anti-fade protection, slides 

were instead mounted in ProLong Gold antifade with DAPI (Probes), cured at room 

temperature for 48 hours on a flat surface in the dark, and finally sealed with Cytoseal 

60.  

4.3.6 Imaging and Quantification 

Where indicated, microscope images of each well array area were aquired at 10x 

using an Olympus IX81 motorized microscope equipped with a Prior Proscan stage, 

ORCA-ER 12-bit cooled-CCD camera (Hammamatsu), and an image acquisition 

journal written in Metamorph 6.2r3 (Universal Imaging). The well arrays were imaged 
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using phase contrast, DAPI, GFP, Cy3, and Cy5 optics at 56 stage positions, which 

were subsequently montaged. The imaging of each well-array took ~ 40 minutes.  

For most quantification purposes, the slides were imaged using a confocal DNA 

microarray scanner (Scanarray 4000) at 5 µm pixel resolution. The POPO-3 nucleic 

acid stain (similar to Cy3 spectra) was imaged using a 543 nm laser excitation and 570 

nm emission filter (42% laser power, PMT voltage 70%). The Alexafluor 647 (Cy5-

equivalent) “antibody-converted-GFP signal” was imaged using a 633 nm excitation 

laser and 670 nm emission filter (laser power 78%, PMT voltage 70%). Each well 

array (4.5 mm x 4.5 mm) was imaged using a focus height that gave the maximum 

signal for each channel at the center of the array. 

Both the microscope montaged images and the microarray scanner images were 

quantified using GenePix Software. Array features were auto-aligned according to the 

nominal array feature size and dimension. Incorrectly identified spots were either 

manually adjusted or flagged for removal. Only spots where >70% of the pixels were 

above the local background on both channels were used during subsequent analysis.  

4.3.7 Data Analysis 

We used the local background subtracted median signal value for each feature in 

the subsequent processing. For each spot, we calculated the ratio of the GFP signal / 

nucleic acid signal. These ratios were then multiplied by the global average nucleic 

acid signal / global average GFP signal to correct for dye bias. 
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4.4 RESULTS 

4.4.1 Semi-Quantitative In Situ Assays 

We first sought to validate the in situ semi-quantitative assays for GFP and DNA 

content. Additionally, we desired to convert the GFP signal to an Alexafluor 647 

(Cy5-equivalent) signal using a conjugated anti-GFP antibody. For this purpose, we 

created cellular arrays from defined, serial-diluted mixtures of constitutively 

expressing EYFP mouse ES cells, and non-fluorescent ES cells. The total density of 

seeded cells was the same for all mixtures. We thus created arrays consisting of 

approximately a 1:1 mixture (EYFP:non-FP), followed by serial dilution to 1:4, and 

1:16, with a 0:1 mixture included for background staining evaluation . These 

controlled population mixtures are depicted schematically in Figure 4-3a. After 18 

hours of culture, the cell arrays were fixed, stained, and mounted. Each array was 

imaged at 10x using the following filters: DAPI, GFP, Cy3, and Cy5. As expected, 

none of the Cy3 wavelength images showed appreciable fluorescence. Unstained YFP-

expressing ES cells also did not exhibit measureable fluorescence in the Cy5 

wavelength images (data not shown). Antibody treated YFP cell mixtures showed Cy5 

staining that appeared to faithfully reproduce the YFP staining pattern. This 

observation appeared to be true on both a macroscopic and microscopic scale (Figure 

4-3b, inset images are magnified view of a single island). Qualitatively, the average 

GFP signal from a cell array decreased as the proportion of YFP cells in the mixture 

decreased. The same trend was observed for the Alexa 647 converted signal. 

Having overtly validated the GFP signal conversion, we further analyzed the 

mixed-cell population array images quantitatively. To accomplish this, array images at 

each wavelength (Hoechst, GFP, Alexa 647) were processed using standard DNA-

microarray feature extraction and quantification techniques (GenePix Pro). The data 
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were filtered to remove spot measurments that were not significantly above the local 

background. For each population mixture, we plotted the extracted feature data for 

GFP vs. Hoechst, and Alexa 647 vs. Hoechst (Figure 4-3c). In all cases, the data 

appear to follow a linear trend. Furthermore, data from diluted YFP cell populations 

exhibit progressively shallower slopes. The Alexa 647 data appears to follow a nearly 

identical relationship. Linear regression was used to determine the slope of a best-fit 

line for each data set (in all cases R
4:1

1:1

m
m

16:1

4:1

m
m2>0.9). Slope ratios (i.e.  & ) were very 

close to the expected value of 
4
1  for both GFP and Alexa 647 data. 

To further assess the quantitative abilities of the platform, we normalized each 

GFP and Alexa 647 spot measurement to the corresponding Hoechst measurement. 

Normalized data for each wavelength was plotted as a function of the relative 

population mixture (either 1, 
4
1

16
1, , or 0, data not shown). For both GFP and Alexa 

647, the normalized signal increased with relative concentration. However, the 

variance also increased. In comparison, log2-transformed data showed similar variance 

at each relative concentration (Figure 4-4ab). Linear regression of all normalized GFP 

data versus relative cell concentration indicated a slope of 1.876 (R2=0.876). Similar 

analysis of normalized Alexa 647 data indicated a slope of 3.01 (R2=0.901).  

4.4.2 Confocal Microarray Scanner Validation  

Quantitative imaging of cells using a confocal laser scanner required the 

development and validation of appropriate procedures. Test scans suggested that the 

measured intensity dropped to 80% of the maximum value when the focal position 

was shifted by ~10 µm from the optimum (Figure 4-5). Measurements taken from 

multiple gel-pad slides indicated that the optimum focus position varied by as much as 
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100 µm across an entire slide. However, variations within each subarray were 

sufficiently small. Thus we determined the optimum focus position for each subarray 

(4 mm x 4 mm) before scanning. 

For quantitative data comparison, the arrays of Figure 4-3 were reimaged on a 

confocal microarray scanner at 5 µm resolution. Cy3-wavelength scans of these 

samples did not detect appreciable signals (data not shown). Qualitatively, the Cy5-

wavelength array images appear to be nearly identical (Figure 4-6ab). Quantitative 

comparison of extracted data confirmed this observation (data not shown). 

4.4.3 Protein Array Characterization 

Each slide contains 12-ECM arrays that are nominally identical. We characterized 

the ECM protein deposition of two slides (24 complete arrays) by quantitative Sypro-

ruby protein staining (Figure 4-7a). These slides were from the same production batch 

as those used for the ES differentiation studies described below. All arrays appeared 

qualitatively to be identical. Quantitative analysis showed consistent protein 

deposition among replicated spots within each array (Figure 4-7b). Furthermore, 

quantitative protein immobilization data was well modeled using a simple linear 

transfer function. More simply, data from spots containing each ECM component by 

itself was sufficient to accurately predict the behavior of mixtures containing 2-, 3-, 4-, 

and 5-components (analysis not shown). The data, binned by the number of ECM 

components, shows a roughly linear trend (data not shown). 

4.4.4 MHCα-GFP reporter ES Cell Differentiation 

All ECM array data reported here were generated using slides from the same 

production batch. Undifferentiated mouse ES cells containing an MHCα-GFP reporter 

were cultured on multiwell ECM array slides for 18 hours, and a further 48-hours with 
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differentiation media. Raw images of these slides for Cy3 and Cy5-wavelengths are 

presented in Figure 4-8. Arrays fixed at 18 hours showed a low level of GFP activity. 

POPO-3-only stained arrays did not exhibit appreciable signals on the Cy5 channel. 

Unstained arrays had minimal signals on both Cy3 and Cy5 scans.  

For the quantification that follows, we adopted a very conservative approach, only 

using data where both Cy3 and Cy5 channel measurements were statistically above 

local background levels. Eight 18-hour arrays (4-dual stained, 2-POPO-3 only, and 2-

unstained) were quantified, yielding 152, 112, and 52 usable measurements 

respectively. The 48-hour differentiated slide yielded 623 usable measurements (1,200 

possible features). All data are presented in Figure 4-9a inset. Data from the 18-hour 

arrays cluster in three distinct locations, representing dual stained, POPO-3 only, and 

unstained cell populations. Data from the 48-hour differentiated array form a fourth 

cluster, only slightly overlapping with the 18-hour dual stained cells, but clearly 

separated from the 18-hour staining control clusters. The magnified version presents 

only the 48-hour data, with coded markers indicating the media composition. We note 

that ECM composition is not labeled in an identifiable manner. To more clearly 

visualize growth factor data trends, a 2 nd order polynomial fit was determined for 

each mixture. These “iso-GF mixture” trends were plotted in Figure 4-9b.  

Differentiation efficiency is a metric of interest for stem cells. In light of this, we 

calculated the GFP/DNA signal ratio, and plotted this data versus the DNA signal. 

Figure 4-10a thus presents all data from Figure 4-9a inset with this transformation. 

Again, data from 18-hour and control staining experiments cluster in distinct regions, 

with 48-hour data forming a fourth cluster. The 48-hour data only are presented in 

Figure 4-10b with coded markers indicating the media composition. 
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We next computed the average GFP/DNA signals and variance for each GF 

mixture (Figure 4-11a). From this data, we chose to examine data from “GF5” 

(containing wnt3a and FGF-4), as it had the largest variance. Data from this culture 

media are presented in both raw and “efficiency” form in Figure 4-11bc respectively.  

To get an idea of global GFP trends in response to the culture conditions, we rank 

ordered all data by the GFP signal. Each data point was accompanied by the 

corresponding culture conditions for ECM and GF. From this data, we created a heat 

map (Figure 4-12a), which indicates the ECM and GF composition on the y-axis. The 

conditions leading to the highest GFP signal are indicated at the left side of each 

image. To aid in the identification of trends, we applied a sliding average filter of 

width 5, 20, and 50 data points repectively (Figure 4-12bcd). These filters smooth the 

local fluxuations at progressively larger intervals. 

4.5 DISCUSSION 

To improve upon the previously published ECM array platform [148], we 

endeavored to adopt a multi-well format, introduce and validate semi-quantitative 

assays for both DNA content and GFP reporter activity, and validate the use of 

microarray scanned images. As a final demonstration of this technology, we cultured 

cells for 48-hours, simultaneously testing 5 replicates of 240 unique ECM and GF 

signaling environments on a single microscope slide.  

4.5.1 Semi-Quantitative Assay Development 

We desired semi-quantitative measurements of GFP expression and DNA content. 

While GFP is undoubtedly a remarkable biological tool, it presented potential 

problems in light of our experimental goals. In principle, the GFP signal could be 
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measured without conversion using a DNA microarray scanner if the proper laser and 

emission optics were installed. However, most scanners are equipped only with 

excitation lasers and optics for cy3 and cy5 wavelength dyes. GFP fluorescence is also 

influenced by multiple environmental factors, including pH, oxidation, and various 

issues related to protein conformation [147]. While relatively photostable, GFP is not 

as stable or bright as other organic dyes, which can also be relatively insensitive to 

environmental conditions. Natural autofluorescence of cellular products in the green 

wavelengths, which can be particularly bright in the case of apoptotic cells, can also 

potentially confound measurements of GFP reporter activity. These considerations 

motivated our exploration of a dye-conversion strategy.  

To simultaneously explore the dye-conversion strategy and characterize the semi-

quantitative nature of the proposed methods, we prepared cell arrays using controlled 

mixtures of consititutively expressing YFP mES cells, and non-FP expressing mES 

cells. The use of YFP expressing cells, while not ideal for our purposes, proved to be 

an adequate approximation. GFP and YFP excitation and emission characteristics are 

quite similar in some regards, though they can be spectrally distinguished using 

appropriate optics and/or spectral unmixing. Our GFP optics provided adequate signal 

overlap to permit their use for imaging and quantification purposes. GFP and YFP 

protein differ in composition by only 2-amino acids. We speculated that a polyclonal 

anti-GFP antibody would also recognize YFP, and our data confirms this.  

Quantitative analysis of GFP and Hoechst microscope images suggested a linear 

relationship between these signals in the measured range. Two kinds of evidence 

specifically support this observation. Firstly, data from each population mixture follow 

a linear trend. Assuming the population was well mixed, and that cell attachment 

would likely vary depending on ECM composition and protein density, we would 
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expect a linear distribution such as we measured. Secondly, the slopes of each data 

distribution were linearly related to the relative YFP cell concentration. To more 

clearly illustrate the significance of this trend, we normalized each GFP measurement 

by its corresponding DNA measurement for all population mixtures. After applying a 

log-transformation, the data exhibited similar variance for each population mixture. 

Linear regression then provided further statistical evidence supporting our 

observations. GFP-converted (Alexa 647) data analyzed in this manner also exhibited 

these linear trends. Taken together, these data support the following conclusions 

regarding the in situ assay methods: 1) a linear relation between DNA and GFP 

quantitative staining; 2) the quantitative equivalence of the antibody converted GFP 

signal.  

4.5.2 Suitability of Microarray Scanners for Quantitative Cell Array 

Imaging 

Imaging an entire slide at multiple wavelengths requires several hours to complete 

using fully automated microscopy equipment. DNA microarray scanners are more 

commonly available, and capable of aquiring similar images with 5 μm resolution in 

about 10 minutes. Our experiences thus far suggested that sub-micron resolution cell 

array images would not provide additional benefit given the other limitations we 

faced. Mouse ES cells almost always grew at high densities on the arrays, and often in 

a 3-dimensional manner. This would pose significant challenges to a cellular-level 

image segmentation algorithm. Instead, we adopted a microarray approach to 

quantification, deriving an average signal from each ECM spot. While low resolution 

images do not generally provide adequate spatial information to localize individual 

nuclei, the quantitative information content for the population average is virtually the 

same. To demonstrate this, we digitally downsampled microscope cell array images to 
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5 µm resolution, and then to 10-, 20-, and 50 μm resolution. Quantitative analysis of 

these “simulated” image resolutions yielded virtually identical results.  

Motivated by the foreseeable increased imaging demands of the multiwell ECM 

array platform, we explored the use of DNA microarray scanners. DNA-microarray 

slides are normally dried before imaging, and are designed to be flat. Imaging 

hydrated cell arrays was desirable as it permits natural GFP fluorescence, and retains 

some of the 3D information. These features, while utilized only to some extent in this 

research, would allow for later “reimaging” of selected cell arrays with higher spatial 

resolution if desired. While some microarray scanners claim to be compatible with 

hydrated samples, we chose to mount our final cell arrays in a solidified antifade 

media (ProLong Gold w/DAPI). Though equal success was obtained with aqueous 

antifade media for short term storage, solid mounting media are generally known to 

better preserve fluorescence and 3D architecture. However, the 3D cells and 

acrylamide hydrogel posed potential concerns for quantitative imaging using confocal 

scanner optics. Scanning a cell island at various focal positions allowed us to measure 

the potential effects of non-optimal focusing. It was not surprising to find significant 

variations in optimal focus position across a slide as we did not carefully control the 

hydrogel thickness or planarity of the coverslip. The variation was within an 

acceptable range across each subarray. As a final validation, we scanned the arrays 

presented in Figure 4-3. Quantitative data from these images exhibited the same linear 

trends, and was of comparable quality.  

4.5.3 Differentiation of MHCα reporter mES cells 

Protein quantification data suggested that all subarrays were nominally identical. 

ES reporter cells were next cultured in 12-separate wells on the same slide. Each well 

contained a nominally identical cell array cultured in a unique mixture of soluble 
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wnt3a, Activin A, BMP-4, and FGF-4. These factors are believed to be important for 

embryonic cardiac lineage specification [149]. GFP and DNA were quantified at 18 

hours (initial conditions- no GF) and at 48 hours. Of the 1,800 ECM array features 

interrogated for this experiment, 939 (~50%) satisfied our conservative criteria. 

Scatter plots (Figure 4-9) indicated that most GF mixtures induced a heterogeneous 

response from the various ECM mixtures. The “iso-GF mixture” responses varied in 

degree, but generally followed a trend of increasing GFP with DNA to a maximum 

point, followed by a decline. We did not possess data that passed through the 

estimated maximum point for cells cultured in media containing FGF-4 only, but the 

trendline is consistent with this behavior. In contrast, cells cultured in media without 

GF additives did not appear to follow this trend. Instead, all collected data clustered in 

a relatively small range of DNA and GFP measured values.  

To aid in the preliminary interpretation of this data, we recast the data in the form 

of MHCα (+) differentiation efficiency vs. total DNA content Figure 4-10. Viewed in 

this manner, the data trend is consistent with the “growth vs. differentiation” 

paradigm. In light of this, cell islands with higher DNA content would indicate a 

predominance of mitotic activity over “differentiation”, resulting in a lower 

differentiation efficiency score. Conversely, cell islands with lower DNA content 

would have an increased frequency of differentiation events. Some percentage of these 

differentiation events, on the average, would be towards the cardiac lineage. Our data 

show an increased efficiency score at lower DNA content, consistent with a logical 

interpretation of how the growth vs. differentiation phenomenon would be mapped 

into “efficiency vs. DNA”-space. While hardly a novel insight, we present it as 

evidence that data derived from the multiwell ECM array experiments are consistent 

with current biological dogma.  
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As an example of how one might uncover potentially synergistic ECM and GF 

interactions, we computed the average signals (and variance) for each GF cocktail 

(Figure 4-11a). Assuming that a large variance might be a signature of such effects, 

we focused on the data from cells cultured in media containing wnt3a and FGF-4 

(Figure 4-11bc). In Figure 4-11c, we have included the ECM composition at the top of 

the graph for the corresponding plotted data points. To visualize the global response of 

GFP expression to culture conditions, we created heat maps, and applied sliding 

average filters to aid in identifying short and long range “patterns”. Without the use of 

a filter, the heat map is quite noisy, yet some trends become apparent (Figure 4-12a). 

In particular, we note that wnt3a appears to cluster frequently towards the low end of 

the GFP signal spectrum, and BMP-4 clusters often at the high end. This trend is 

apparent regardless of the sliding average width (Figure 4-12bcd). In agreement with 

these findings, previous literature supports the role of BMP-4 in promoting 

cardiogenesis [149]. Reports also indicate that inhibiting wnt-signalling also promotes 

cardiac differentiation [150]. It is perhaps not surprising then that adding exogenous 

wnt3a would result in lower MHCα-GFP reporter activity. 

4.6 CONCLUSION 

ECM and GF signaling networks are known to interact in a complex manner. We 

endeavoured to provide an experimental method to systematically approach such a 

problem. Building upon our previous ECM array technology, we more thoroughly 

characterized the semi-quantitative abilities for GFP reporter expression, and DNA 

content. We further demonstrated that DNA microarray scanners provided equivalent 

data to microscope images, and required only a fraction of the time to aquire (~1/30). 

To demonstrate this technology, we studied mES differentiation towards the cardiac 
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lineage under various ECM and GF treatment conditions. An equivalent experiment 

would require fabrication of 240 unique signaling environments x 5 replicates:1,200 

culture wells that would then require quantification for GFP and DNA. An additional 

800 wells would be required to reproduce the staining control and initial condition 

data. This was rather easily accomplished using the multiwell ECM culture platform, 

requiring only 2 microscope slides. While we offered only the simplest of 

interpretations that could be made from this data, they were consistent with reported 

literature regarding cardiogenesis. We suggest that further analysis of such a data set 

could identify “patterns” that would then be potential hypotheses for new experiments. 
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Figure 4-1: Multi-well Array Culture Concept.  
Multi-well ECM arrays are created by assembling gasketed well-structures on the 
printed arrays. We used commercially available FAST-Frame hardware (Whatman). 
Well diameter and spacing conforms to 96-well footprint.  
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Figure 4-2: Multi-well ECM array layout. 
Each slide contains 12-identical ECM arrays. (a) the ECM arrays contain 5 replicate 
spots the 20 mixtures. The mixture composition and array layout is depicted 
schematically. (b) For MHCα differentiation experiments, each well is treated with a 
unique GF mixture. The GF composition for each well is identified by color code. 
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Table 4-1: Heart Inductive Signals During Embryonic Development. 
 

 

Wnts
Activin-
Nodal BMP FGF

wnt3a Activin A BMP-4 FGF-4
1 +
2 + +
3 + +
4 + + + +
5 + +
6 +
7 +
8 +
9 +

10
11 + +
12 + +

+
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Figure 4-3: Validation of GFP conversion, and characterization of semi-
quantitative assays. 
(a) Defined population mixtures of YFP and non-FP cells were seeded on identically 
fabricated arrays. (b) Montaged microscope images of the resultant arrays at 3-
wavelengths (Hoechst, GFP, Alexafluor 647). Inset images are magnified view of the 
same cell island. Alexa 647 images appear qualitatively to mimic GFP fluorescence. 
As expected, GFP (and Alexa 647) fluorescence decreases as the population mixture is 
altered. (c) Scatter plots of quantitative data extracted from Hoechst, GFP, and Alexa 
647 images. Each data point represents the signal from a single cell island. In all cases, 
GFP and Alexa 647 data are linearly related to the Hoechst signal from the same 
island. As expected, the slope of the scatter trend decreases as the population mixture 
changes. 
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Figure 4-4: Normalized GFP and Alexa 647 signal is linear with relative cell 
concentration.  
Scatter plots of log2 transformed data. (a) GFP normalized to DNA (Hoechst) signal, 
and Alexa 647 normalized to DNA signal (b). Transformed data show similar variance 
at each relative cell concentration, and a linear trend. The box symbol indicates the 
average, and error bars indicate standard deviation. 
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Figure 4-5: Microarray scanner relative intensity measurements vs. focus 
position. 
The measured intensity decreases to 80% of the maximum value when the focus 
position is ~10 µm from the optimum.  
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Figure 4-6:Confocal microarray scanner images yield equivalent quantitative 
results to microscope images. 
(a) The cell arrays of Figure 4-3 were imaged using a Scanarray 4000 (b). Qualitative 
and quantitative (data not shown) analysis yielded equivalent results. 
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Figure 4-7: Protein Characterization of Multiwell ECM array. 
(a) Scanned images of two Sypro-Ruby stained ECM array slides show a high degree 
of reproducibility. (b) Semi-quantitative image analysis of each ECM mixture. 
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Figure 4-8: GF treated cultures vs. non-treated 18 hour samples. 
Cultured slides were stained with POPO-3 (cy3-wavelength, quantitative DNA stain), 
and anti-GFP-Alexa 647 (cy5). (a) Cy3 and Cy5 wavelength slide scans of 48-hour GF 
treated arrays. (b) Slide images of 18-hour cell cultures (no GF treatment). Dye 
staining controls consisted of two subarrays treated with POPO-3 only, and two 
unstained arrays. 
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Figure 4-9: GFP vs. DNA. 
(a) Scatter plot of data extracted from 48-hour differentiated cell arrays. The results 
are color coded to indicate the GF composition of the media. The inset scatter plots 
presents 18 hour data, staining control data, and 48-hour data. Staining control data are 
clearly separated. (b) Polynomial fit “iso-GF” trendlines calculated from 48-hour data. 

 



110 

 
Figure 4-10: Differentiation “efficiency” vs. DNA scatter plots. 
(a) All data from Figure 4-9 (inset) normalized to DNA signal. (b) “Efficiency” vs 
DNA scatter plot for 48-hour data only, color coded by GF composition. Data appear 
to be consistent with the “growth vs. differentiation” paradigm. 
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Figure 4-11: Identifying potential ECM and GF synergy.  
(a) Average signal and variance for each GF mixture. (b) GFP vs. DNA data from 
cells cultured with wnt3a and FGF-4 (labeled “GF 5”). (c) The same data plotted as 
efficiency vs. DNA. The ECM composition is indicated at the top of the graph. The 
data appears to be separable into two population trends. Deciphering the underlying 
“pattern” would help to form new hypotheses for further experimentation. 
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Figure 4-12: Global Ranked GFP Trends vs. ECM and GF. 
Highest GFP signal at left of graph. The heat map indicates the culture condition (y-
axis). (a) Rank ordered GFP trends (raw data). (b) Sliding average of width 5 applied 
to all ECM and GF conditions. (c) Sliding average of width 20 applied. (d) Sliding 
average of width 50 applied. The dark vertical line indicates the approximate 
magnitude of the sliding average width for comparison. Shaded region contains data 
that was not of high statistical quality. 
 

 



 

 

CHAPTER 5 
 

SUMMARY AND CONCLUSIONS 

5.1 SIGNALING AND CROSSTALK 

Crosstalk in signaling pathways introduces the possibility of complex “control” 

mechanisms for gene regulation and differentiation. Binding studies have revealed a 

promiscuous relationship between signaling molecules and receptors. Each receptor is 

capable of binding dozens of signaling molecules, and each signaling molecule can 

bind multiple receptors. In spite of this “non-specificity”, we observe remarkably 

precise, and robust control of cellular activities. This paradox is resolved when the 

dynamics of such highly connected networks are considered [151, 152]. Given the 

goal of “understanding and controlling cell differentiation”, uncovering the network 

structure is a formidable task.  

In this dissertation, we conducted proof-of principle experiments to demonstrate 

the technology we developed, and characterized, for providing complex signaling 

environments. Although we were able to tease out evidence of potentially complex 

interaction effects, the statistical confidence in these findings was low in all but a few 

cases. In all likelihood, this is merely a consequence of the assay strategy, which was 

not optimally designed for elucidating the signaling network structure. In all cases, we 

provided extracellular stimuli, and measured a single gene product in response to this. 

Given that cell differentiation is a complex, dynamic, and precise process that unfolds 

in a rather stochastic environment, it should come as no surprise that our first data sets 

would not offer an instantaneously clearer picture. Rather, this indicates that more 

113 
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sensitive experimental strategies need to be developed in order to maximize the 

information yield from combinatorial signaling experiments. The obvious avenues for 

improved experimental design are: 1) multiplexed assays; 2) temporal measurements; 

and 3) intermediate signaling measurements. 

Multiplexed assays allow for the simultaneous measurement of many different 

biologic metrics. In the case of stem cell differentiation, monitoring transcription 

factor activities is likely to yield information of critical importance. Combining our 

ECM array technology with multiplex in situ hybridization techniques would allow for 

simultaneous measures of a dozen or more transcription factors [153]. The impact of 

these “higher dimensional measurements” is perhaps underappreciated at first glance. 

Obviously, more measurements yield more data, but the potential for information yield 

increases at a faster than linear rate. To help appreciate this, consider the GFP and 

DNA measurements we extracted in Chapter 4. Obviously having two measurements 

per culture condition sounds better than one. But in fact, we have a third measurement, 

the GFP/DNA ratio. This information could not be clearly extracted from separate 

experiments where GFP was measured in one, and DNA in the other, due to the 

inherent variabilities of the cultures, and the stochastic nature of cell differentiation. 

Having a DNA measurement from a particular GFP expressing colony provides 

additional information (perhaps relating to the stochasticity of the measurand) that 

cannot be easily extracted from independent experiments. Thus, as the number of 

simultaneous measurements increases, the potential space of relevant “variables” 

increases exponentially, and improves the odds of uncovering legitimate patterns.  

The dynamic nature of signaling implies that a dynamic experimental approach 

could significantly increase information yield. To illustrate this point, consider that a 

biological signaling network could be analogous to an electronic circuit, such as a 
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radio [154]. Creating a reverse-engineered model of an unknown circuit in a radio 

using only applied DC voltage inputs and measurements might never accurately 

predict the circuit response to dynamic inputs. Appropriately designed dynamic 

stimuli can more efficiently extract the network properties, and deduce its structure. In 

an analogous manner, appropriately designed dyanmic cell stimuli and measurements 

could potentially yield higher “biologic information density”. At the very least, they 

would provide dynamic system response data that might be difficult, if not impossible 

to predict from “static” experimental data. 

Signaling networks consist of multiple intermediate events. In our experiments, we 

measured gene expression or protein expression that is significantly downstream of the 

environmental signals we provided. Inferring the intermediate signal processing from 

this data alone poses a challenging problem. The task would be greatly simplified if an 

appropriate set of intermediate signals were also monitored [113]. Such signals might 

include phosphorylation, kinase activity, phosphatase activity, or more specific 

signaling pathway reporters. 

5.2 CONTRIBUTIONS TO IN VITRO DIFFERENTIATION STUDIES 

5.2.1 A Truly Accessible Method 

The body of work described in this dissertation can potentially impact a broad 

community of scientific research, the primary reason being its accessibility. In vitro 

studies are an important tool for scientific discovery. Hardly ever in lack of 

experimental ideas, the primary obstacles faced by a researcher are limited resources, 

both monetary and manpower. The benefits of miniaturization, thus, are easily 

appreciated. Considerable effort has been put towards developing high density culture 
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vessels. However, as polymer well dimensions shrink, the traditional concept of a 

culture well, isolated from its neighbors by a physical barrier, introduces new 

complications. Surface tension, in particular, becomes a nuisance, making it difficult 

to accomplish relatively simple tasks, such as filling and aspirating wells. Without 

even considering the effects of surface tension, higher well density demands new tools 

for dealing with the increased throughput, at the very least. Robotic systems are one 

solution to these problems, but require significant resources to purchase and operate. 

A culture method that requires significant investment in equipment will not likely be 

widely adopted in an academic research setting. As it turns out, culturing cells in a 

high density format is only half of the process. Quantifying and analyzing these 

cultures presents a second hurdle. Again, a traditional approach would be to use 

automated microscopy. However, this equipment is also not widely available to the 

scientific community, and would thus present a barrier to its widespread use. 

In addition to the functional goals, we sought to develop methods that addressed 

the critical issues facing its widespread use. As our first task, we identified problems 

associated with high density culture plates. Relaxing the traditional view of a well, one 

with polymer walls to confine the cells, we pursued a surface based approach of 

confining the cells. This strategy had two major benefits: 1) it side-stepped issues 

relating to surface tension that accompany shrinking well size; and 2) it reduced the 

need for robotic liquid handling systems during cell culture. At the heart of the matter, 

high density culture, regardless of how it is implemented, appears to require robotics, 

at some stage, out of necessity. Our method is not immune to this requirement. What 

distinguishes it is that the burden of robotics is shifted almost entirely to the 

fabrication process. At the point of use, the scientist does not require such “high-tech”, 

and often expensive equipment. We next focused on alternatives to automated 
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microscopy. Again, we adapted existing DNA microarray technology: 1) a confocal 

slide scanner; and 2) feature extraction and quantification software. These pieces of 

equipment are significantly less expensive than automated microscopy, and much 

more easily accessed. In fact, slide scanning services are commercially available, 

entirely removing the need to purchase this equipment. As the slides can be easily 

manufactured, the investment required on the part of research scientists could be 

practically negligible. 

5.2.2 Specific Implications 

Aside from the potential for broad impact, which remains to be seen, we have 

demonstrated more concrete implications in the field of embryonic stem cell culture. 

Human stem cells, in particular, are notoriously difficult to culture. Propagation in an 

undifferentiated state is of fundamental importance, and an active area of research 

[155]. Determining the optimal growth conditions for hES cells would be an obvious 

use of ECM array technology. Differentiating ES cells is problematic because it 

requires the use of large 3-dimensional cell growths, known as embryoid bodies. 

Current EB formation techniques result in a distribution of sizes, which is known to 

affect differentiation potential [44]. EB’s also aggregate in culture, which generally 

disrupts their “normal development”. Our experiences with ECM array culture of 

mouse ES cells suggested that these variations were significantly reduced. We were 

able to grow, immobilized, uniformly sized, 3-D cell arrays, similar in appearance to 

EB’s. While their similarity to EB culture has not yet been investigated, it is not 

difficult to imagine that they will benefit from the same mechanisms that make EB 

culture a useful tool. Additionally, colony size can potentially be altered by simply 

changing the dimensions of the ECM spot. 
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The multiwell ECM array platform can also leverage other cell array technologies. 

These include reverse transfection technology, which allows for the introduction of 

DNA and RNA based strategies for genetic regulation and protein expression. Small 

molecule arrays allow research scientists to conduct experiments that otherwise would 

be relegated to those scientists with access to high throughput culture facilities [156]. 

Combined with patterned co-culture technology, a further diversity of interactive 

signaling environments can be studied [100]. 

5.3 AN UNDERLYING MOTIVATION 

5.3.1 Living Cells- the “Ideal Biomaterial” 

While advanced pharmaceutical and medical technology can now adequately 

manage some diseases that previously would have been fatal, there is an increasing 

revelation that dynamic, “living” therapies, would be more effective, and in some 

cases the “only” known way to deal with diseases. While purely mechanical 

instruments are effective in some cases, such as dialysis for kidney failure, this is 

rather the exception than the rule. Most organ systems require synthetic and metabolic 

activities of the cells, not just their outward mechanical function. While great progress 

has been made towards building “functional” biomaterials that can systemically 

deliver growth factors or drugs [157, 158, 159, 160], it is important to recognize the 

ultimate limitations of such an approach.  

At the absolute limits of imagination, we could design an ideal biofunctional 

material that would be able to sense the environment, produce signals or chemicals in 

response, and would be self-sustaining (i.e. rarely need replacement). While the 

reports of functional biomaterials are a baby-step in this direction, and will be of 
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utilitarian value, it is important to not get carried away with the concept, and set the 

goal of producing synthetic, “man-made” materials that have these ideal and 

extremely complex properties. This lofty goal would likely be both completely 

unrealistic, and perhaps more importantly, an unnecessarily complicated approach. We 

can deduce this simply by making some order-of-magnitude approximations regarding 

the complexity of the problem. Noting that mammalian cells are, in fact, this type of 

“ideal biomaterial” that we are hoping to create (and we do not know of any other 

material), it would be reasonable to assume that an artificial material would likely be 

of the same order of complexity as a living cell. Thus we would first have to master a 

new set of polymer & chemical tools that are as complex as a living cell, understand 

the required biological signals to achieve the therapeutic goal, and finally, implement 

it. As if that weren’t bad enough, our new material would also have to be completely 

biocompatible with living cells, because they would have to be in constant contact 

with them. It seems then rather obvious that such an approach would require roughly 

double the amount of knowledge necessary to create life itself! A more rational 

approach, one that doesn’t hinge on a near total mastery of scientific knowledge, is to 

start with living cells, and see if we can coax them into doing, more or less, what we 

want. Thus we require a set of tools that allows us to control cell differentiation. 

5.3.2 Differentiation: Two Meanings, One Fundamental Concept 

In light of our goal, we should further specify exactly what is meant by the term 

“differentiation”. For this thesis, we are using the word “differentiation” to describe a 

seemingly broad set of biological processes that are, however, fundamentally unified. 

To clarify this point, we use the word “differentiation” alternately to denote both an 

apparently static state, such as “maintaining adult liver cells in a differentiated state”, 

as well as in a more dynamic sense, such as “embryonic stem cells differentiating into 
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liver tissue.” We can partially reconcile this apparent paradoxical usage by first 

pointing out that a cell is never truly in a static state. Gene expression fluctuates 

constantly [161]. In an adult liver cell, a specific subset of genes are most likely to be 

actively fluctuating, which we can use as a signature for this state. At a later time 

point, we have more or less the same subset of genes that are active. The only major 

shifts in gene expression occur when the cells enter into the cell cycle, wherein 

temporarily, a new cellular program has taken over. Differentiation of embryonic stem 

cells, however, implies a more complicated process wherein gene expression patterns 

change over time. The cell begins in one state, identified by a subset of genes being 

expressed, and drifts into a new state, identified by a different subset of genes being 

expressed. These two usages of the word “differentiation” are unified, however, by the 

concept of “regulated gene expression”. In the case of maintaining adult liver 

differentiation, we desire to maintain the “normal” expression pattern that exists in the 

body. For embryonic stem cells differentiating into a desired tissue, we hope to cause 

the expression pattern to gradually change such that a new state is achieved; one that 

possesses, to the best of our knowledge, the expression “signature” of the desired cell 

type. Thus, at the heart of the matter of controlling “differentiation”, we specifically 

desire a set of tools that allow us to modulate gene expression patterns.  

5.3.3 Gene Regulation: Genetic Approaches 

The realization that a cell’s gene expression pattern dictates, to a large degree, the 

cellular phenotype, has led to the development of various methods to artificially alter 

the gene expression [162]. Dramatic brute force examples of this include constitutive 

expression of a gene, which thus effectively removes the regulatory aspect, and 

knockout, which ablates the gene [162]. A slightly more refined approach allows for 

inducible gene expression or excision that is dependent on an applied stimulus. 
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Refining the technology further has introduced the possibility of linking the expression 

of one gene or its excision to that of another. Furthermore, our understanding of gene 

regulation has allowed for the creation of artificial genetic-circuits that regulate each 

other, creating an oscillatory pattern [163]. Thus we are beginning to understand the 

natural gene regulatory mechanisms, and can produce relatively simple 

demonstrations of our understanding. The relatively recent discovery of small 

interfering RNA (siRNA), short double stranded RNA fragments that can temporarily 

diminish gene expression in a targeted manner, provides yet another mode of genetic 

based expression regulatory tools [164].  

Again, it is tempting to speculate that perhaps we can genetically engineer gene 

expression to our liking. However, when one considers that our current knowledge of 

genetic regulatory states implicates that perhaps several hundred transcription factors 

are required to specify a cell fate [165, 166], the prospect of achieving this result using 

the current set of genetic manipulation tools is quite daunting. While the technology 

advances, it seems intuitively obvious that a synthetic genetic circuit for controlling 

and directing differentiation would likely be as complex as the system used by the cell 

itself to control gene expression. As in the case of the “ideal biomaterial” we 

considered above, we are again facing a familiar philosophical question of approach: 

should the cornerstone of our therapeutic strategy rely on total scientific mastery? 

Regardless of how one answers this question, both the proponents of genetic tools, and 

the skeptics searching for another approach, inevitably turn their attention towards the 

cell’s natural genetic regulation machinery for inspiration. 

5.3.4 Gene Regulation: The Epigenetic Approach 

In the decades of the Human Genome Project, it was sometimes stated as fact to 

the lay-press that our genome likely consisted of ~99% “junk DNA”, or DNA 
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sequences that were not part of the all important amino-acid coding sequences. 

Perhaps this opinion was briefly held by some scientists as well at some point. In the 

time since then, the non-coding DNA regions have burst free of the descriptor “junk”, 

and rocketed to the forefront of scientific interest, for they are an intricate part of the 

gene regulatory machinery. Easily of equal importance as the protein gene products, 

these sequences can bind transcription factor proteins under specific conditions to 

initiate or enhance gene expression, or bind transcriptional repressors [165].  

Transcriptional regulators include hormones that can freely diffuse across the cell 

membrane, enter the nucleus, and alter DNA binding events, as well as DNA-binding 

proteins (transcription factors), which are often activated in the cytosol due to other 

signaling events [166]. Of course these two systems also interact, allowing for even 

greater complexity with which a cell can sense and process its environment. A 

relatively simple model of the signaling events leading up to altered DNA binding 

events in a mammalian cell consists of molecules presented outside of the cell that can 

bind an independent receptor for the molecule, which is embedded in the cell 

membrane. Furthermore, we specify intracellular transducers of the signal, which are 

generally phosphatases or kinases, which in turn alter the conformation of various 

cytosolic proteins. The modifications generally alter the dynamics of binding events: a 

process that eventually culminates in changes to transcription factor binding site 

occupation in the nucleus.  

In a very broad sense, we can define the term “epigenetic factors” to mean any 

non-genetic material that can either directly, or indirectly affect gene expression. 

Based on the simple signaling model described above, we can easily identify two 

general strategies for perturbing it to our liking: 1) to directly modulate intermediate 

signaling (thus bypassing the receptor-ligand complex), and 2) varying the external 
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signals. Indeed altering the intermediate signaling events has been explored using 

small molecule inhibitors, and has met with some apparent successes [51]. Likewise, 

considerable progress has been made using artificially constructed cell culture 

signaling environments [167]. Naturally, these strategies can also be used in 

combination. However, small molecule inhibitors are known to act rather ubiquitously. 

From a philosophical standpoint, there is reason to doubt that synthetic small 

molecules alone could actually yield the desired, highly specific, effects required to 

direct differentiation. Given what is known already regarding the specificity of 

molecular recognition in DNA, and other biomolecules, it is difficult to answer this 

question conclusively. Fortunately, it is known that mammalian cells do not rely on 

such a specific molecular recognition interaction, but rather use a combination of less 

specific interactions, connected in a complex feedback/feed forward system, to 

achieve the required specificity [152, 168]. Hence we arrive at the motivating 

hypothesis of this dissertation: naturally occurring extracellular signals are of critical 

importance for regulating the differentiated state of a cell. 

5.3.5 High-Throughput Culture Required 

Having hypothesized the importance of extracellular signals, which is strongly 

supported by a vast body of scientific evidence, and is in no way a new concept, we 

next focus our attention on the set of tools required to accomplish this task. To roughly 

estimate the magnitude of the problem we face, we can simply take stock of the 

known naturally occurring signaling components. This list would include over 1000 

protein transcripts, of which ~ 400 are extracellular matrix proteins, ~300 are growth 

factors and cytokines, and a healthy stock of carbohydrate and lipid moieties [169]. 

Complicating the matter further, the attractive simplicity of a “cue-effect” model often 

fails to accurately describe cellular responses to even mildly complex in vitro 
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signaling environments [113, 170]. The emerging picture of signaling networks is of 

startling complexity, and underscores the importance of cross-talk between signaling 

mechanisms that were once considered only in isolation. In other words, the effects of 

two stimuli applied simultaneously cannot be well predicted in many cases from just 

knowing the effects of each stimulus applied separately. Indeed, the possibilities spiral 

out of control rapidly when one starts to consider reverse-engineering a model of the 

highly interconnected cellular signaling network, and it is difficult to avoid finding 

oneself reduced to such a humbling, and simple conclusion as “we need to try lots of 

stuff.” Soon, our wits are more about us, and we relate these thoughts to others in a 

more dignified manner by declaring the need for “Combinatorial Signaling 

Microenvironment” methods. 

5.4 FUTURE DIRECTIONS 

While many uses can be imagined for this technology, the greatest benefit may be 

realized when combined with bioinformatic methods and analysis [171]. 

Fundamentally, hypothesis driven research is dependent on each scientists 

knowledgebase. To some degree, it also relies on their “pattern recognition” skills. 

Systematic methods of generating scientific hypotheses, and validating them against 

other known data, would dramatically aid in the analysis of complex data sets [172]. 

While we offered only the simplest of interpretations for the data we collected, they 

were consistent with current biological dogma. Extending this concept further, we can 

conceive of an analysis that uses automated “pattern recognition” to generate potential 

hypotheses. Previously published literature may support some of these hypotheses and 

discredit others. Using informatics resources, hypotheses could be scored, ranked, and 

aid in the design of new experiments.  
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