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Abstract 
 

 
Human mesenchymal stromal cells (hMSCs) are appealing for cell therapies because they 

possess potent immunomodulatory properties, secrete cytokines and growth factors (GFs) to 

support tissue regeneration, and can differentiate into various cell types for tissue replacement; 

however, hMSCs constitute <0.01% of bone marrow mononuclear cells, therefore in vitro 

expansion is needed to generate sufficient numbers for clinical and research applications. Current 

hMSC biomanufacturing processes exist for generating small numbers of cells for research and 

initial clinical studies; however, widespread therapeutic utility will require materials and 

processes designed specifically to address the challenges of commercial scale up. Current small-

scale hMSC biomanufacturing processes are plagued with low reproducibility, high cost, and 

poor understanding of how in vitro culture parameters affect cell behavior and subsequently in 

vivo efficacy. To address these challenges, we have developed enhanced throughput screening 

methods and benchtop amenable hydrogel screening array technologies to systematically probe 

how culture parameters (namely substrate stiffness, substrate adhesivity, GF regulation, and 

media formulation) affect hMSC behavior in vitro. Using this screening approach, we developed 

customized hydrogel substrates with tunable stiffness, adhesivity, and GF regulation capabilities 

for functional hMSC expansion in serum-containing and serum-free media. We performed 

multivariate analysis of the screening results to gain insight into how culture parameters 

independently and combinatorially affect hMSC behavior and use those insights to develop 

materials for enhanced hMSC expansion. We developed hydrogel substrates with tunable 

stiffness and adhesivity to increase hMSC expansion and modulate differential GF secretion. 

Finally, we developed substrates with added GF sequestering functionality to sequester 
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exogenous recombinant GFs supplemented into the growth media as well as endogenous hMSC-

secreted GFs to enhance hMSC expansion without the need for induction via additionally 

supplemented GFs. Taken together, the screening method, platforms, and customized substrates 

identified from this approach represent adaptable tools and processes that allow systematic study 

of how culture parameters affect hMSC behavior. The concepts discussed in this thesis work can 

more broadly be applied to develop customized processes for more efficient, cost-effect hMSC 

biomanufacturing.  
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by changing the concentration of molar ratios of KRT to total available norbornene 

groups in the precursor solution. D) Increasing molar ratio of KRT:NB in the precursor 

solution resulted in increasing KRT immobilization into the hydrogel microsphere 

network and, subsequently, increased ability to sequester BMP-2, a known heparin-

binding growth factor, in the presence of heparin-containing FBS. This work built upon 

microsphere formation techniques [47] and KRT-mediated GF sequestering insights 

previously published by our lab [49, 50]. 
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 xix 

Figure 5.12.3.2. H1 hESC A) proliferation, B) cell area, and C) nuclear/cytoplasmic 

area ratio after 3 days of culture on Matrigel or PEG-NB hydrogels containing 2 or 4 

mM immobilized Cyclic RGDf and varying concentrations of immobilized thiolated, 

low molecular weight heparin (LMWH). Asterisks indicate statistical significance as 

determined from two-tailed Student’s t-test with α=0.05. 
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Chapter 1 – Introduction 

1.1. Background and Significance 

Human mesenchymal stromal cells (hMSCs) are appealing candidates for cell therapies 

and tissue engineering because they possess potent immunomodulatory properties, secrete 

cytokines and growth factors (GFs) to support tissue regeneration, and can differentiate into 

various cell types for tissue replacement [1-3].  hMSCs constitute 0.001-0.01% of bone marrow 

mononuclear cells, therefore in vitro expansion is needed to generate sufficient numbers for 

clinical and research applications [3]. While biomanufacturing methods currently exist for 

generating sufficient cell supply for initial clinical studies, widespread clinical applicability will 

require new materials and methods designed specifically to address the challenges of commercial 

scale up: low reproducibility, high cost, and high labor and time requirements [4, 5]. Here, we 

propose the development of customized chemically-defined substrates for hMSC culture in order 

to improve our understanding of how in vitro culture parameters affect cell behavior and 

subsequently use these materials to control for desired biomanufacturing outputs (e.g. increased 

expansion rates or growth factor secretion). Through this approach, we will focus the work to 

demonstrate the ability to use materials engineering as means for increasing biomanufacturing 

reproducibility and reducing cost.  

In current cell biomanufacturing protocols, hMSCs are expanded on tissue culture 

polystyrene (TCPS) in growth media containing fetal bovine serum (FBS) supplement. Here, the 

TCPS is a permissive support substrate that enables hMSC adhesion while soluble factors in the 

growth media are instructive and regulate hMSC function and growth. While it is widely accepted 

that soluble signals (e.g. growth factors and cytokines) are major regulatory players, research has 
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demonstrate that hMSC behavior can also be influenced by insoluble substrate signals such as GF-

sequestering capabilities of the extracellular matrix as well as stiffness and adhesion-promoting 

properties of the microenvironment [6-18].  

Regulation of cell behavior involves complex relationships between soluble factors, 

immobilized cell adhesive signals, and mechanical signals found in the cell’s microenvironment 

[6-19]. While the effects of soluble signals on hMSC behavior in culture have been widely studied, 

there is less known about the effects of substrate properties on hMSC function and even less is 

understood about the positive feedback loops activated as cells sense and respond to their 

extracellular microenvironment. The microenvironment and the cell’s response to extracellular 

signals is dynamic and interdependent. While soluble and mechanical signals can individually 

instruct hMSC behavior, the signaling pathways they activate often converge to synergistically 

regulate hMSC function and serve as feedback loops for each other. As cells receive extracellular 

signals, intracellular signaling pathways are activated and inactivated to enable cellular responses 

that span from changes in gene expression to differential GF and enzyme secretion that 

dynamically remodel their microenvironment [10, 11, 13, 14, 20-26]. 

In the past two decades, researchers have demonstrated that cells sense and respond to 

changes in matrix stiffness by modulating cytoskeletal assembly and contractility (a concept 

referred to as “mechanosensing”) via activation of intracellular signaling pathways involved in 

survival, growth and differentiation [9, 13, 14]. Substrate stiffness, cell adhesion molecule 

affinity, and cell adhesion molecule density have been shown to influence hMSC survival, 

expansion, GF secretion, and differentiation [9-12, 14-18, 27, 28]. For example, several studies 

have demonstrated that soft substrates promote hMSC adipogenic commitment while stiff 

substrates promote hMSC proliferation and osteogenic commitment [13, 15, 29]. We and others 
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have demonstrated increased hMSC attachment, spreading, and proliferation with increasing 

substrate stiffness and adhesivity  [10, 11, 13, 14, 20, 21]. These studies demonstrated controlled 

hMSC behavior by regulating  mechanosensing: hMSCs cultured on surfaces that promoted high 

cytoskeletal tension possessed well-defined focal adhesion and were more well-spread, 

proliferative, and likely to undergo osteogenic differentiation [9-13]. 

To address the challenges associated with TCPS use, we and others have developed a 

variety of biomimetic synthetic surfaces for controllable cell adhesion to enable mechanistic 

understanding of interactions at the cell-materials interface. Examples include self-assembled 

monolayers (SAMs) or poly (ethylene glycol) (PEG) hydrogels presenting immobilized RGD or 

IKVAV peptides (adhesion-promoting molecules derived from fibronectin and laminin, insoluble 

proteins found in the ECM)[18, 30-32]. These non-fouling surfaces resist non-specific protein 

adsorption and serve as bioinert blank templates whereby bioactivity can be conferred by 

covalently immobilizing bioreactive molecules to the surface. In addition to adhesion, synthetic 

surfaces can also be designed to mimic the GF-regulating capability of the ECM by selectively 

sequestering specific growth factors (GFs) at 2-dimentional (2D) interfaces. For example, SAMs 

presenting RGD in combination with HEPpep or TYRSRKY (peptides derived from the heparin-

binding domain of basic fibroblast growth factor, FGF2) enabled controlled hMSC adhesion and 

increased expansion in heparin-containing, serum-free medium supplemented with recombinant 

FGF2 [30-32]. In recent years, as the mechanosensing mechanisms have been more clearly 

elucidated, we and others have also developed biomimetic synthetic culture surfaces of varying 

stiffness and presenting adhesion-promoting peptides in order to examine the combinatorial 

influences of both adhesivity and mechanical stiffness on cell behavior [13, 33]. In order to more 

fully recapitulate the functions of the ECM, research is shifting towards combining several 
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elements of the aforementioned surfaces to develop culture substrates capable of providing a 

comprehensive array of adhesion, mechanical, and GF-regulating signals to the cells. 

In this thesis, we utilize high throughput screening techniques to develop chemically-

defined, customized biomaterials for cell culture to study the effects of substrate stiffness, 

adhesivity, and GF regulation on hMSC adhesion, survival, and proliferation during in vitro 

culture. We use these techniques and screening hydrogel array platforms to examine the 

mechanisms by which the cells interact with their environment. Finally, we also use these insights 

to develop culture substrates that amplify hMSC responses to extracellular signals to enhance 

hMSC expansion without the need for additionally supplemented GFs.  

The proposed work is innovative as it enables understanding of how in vitro culture 

parameters affect hMSC behavior and establishes a role for biomaterials as inductive substrates 

capable of not only modulating cell behavior but also serving as mediators of GF signaling to 

further amplify and catalyze substrate-induced behavioral changes. Additionally, this work 

demonstrates the potential for developing and using instructive biomaterials substrates as a method 

for regulating hMSC behavior without the need for supplemented GFs, potentially leading to 

increased biomanufacturing efficiency, speed, and cost reduction. 

In chapter 3, we develop differential wettability patterning techniques for hydrogel array 

formation and demonstrate the ability to use this array for examining the influence of substrate 

stiffness and adhesivity on hMSC behavior. This enhanced-throughput method is benchtop 

amenable and can be performed without the need for liquid handling systems, characteristics that 

are particularly important for low barrier-to-adoption of the screening technique and enabling 

technology transfer to other academic and industrial collaborators.  
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In chapter 4, we examine the influence of culture parameters (namely culture media 

formulation, substrate stiffness, and substrate adhesivity) on hMSC adhesion and expansion. We 

use design of experiment (DOE) to develop a screening method that enables the examination of 

144 different substrate compositions to identify customized hydrogel substrates that enables hMSC 

expansion in serum-containing and serum-free culture. Using this screening data, we perform 

multivariate analysis (MVA) to determine the individual and combinatorial effects of culture 

parameters on hMSC expansion.  

In chapter 5, we use the aforementioned screening methods and MVA insights to develop 

GF-sequestering materials that amplify substrate stiffness-induced changes in hMSC behavior. 

These GF-sequestering substrates are autocatalytic; stiffness increase hMSC expansion and VEGF 

secretion while VEGF-sequestering capabilities built into the substrate amplified and further 

promoted increased GF signaling and hMSC expansion. With this autocatalytic, GF-sequestering 

biomaterial, we demonstrate the use of the substrate to both induce and further escalate the cell 

response. Additionally, we further build on the concept of biomimicry previously established in 

our lab to explore the concept of endogenous GF regulation as a method for reducing the need for 

exogenously supplemented GF.  

 In future studies, the screening methods and techniques developed in this thesis can serve 

as a tool to customize materials substrate for desired optimizing cell biomanufacturing outputs of 

not only hMSCs, but also several other cell types. In Chapter 6 of this work, we’ve preliminarily 

demonstrated the ability to use these methods for customizing materials for pluripotent cell culture 

and pluripotency maintenance, endothelial cell tubulogenesis, and mouse-derived MSC derivation 

– all possible without additional supplemented GFs.  
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Chapter 2- Literature Review 

2.1 Preface 

Advances in chemically-defined biomaterials and media development have enabled 

detailed characterization of the complex effects of biochemical and biophysical signals on cell 

behavior. This review will examine what has been published regarding human mesenchymal 

stromal cells (hMSCs) response to biochemical and biophysical signals during in vitro culture and 

how these known behavioral insights have been used to design biomaterials for improved 

biomanufacturing of hMSCs for cell therapeutics.   

 

2.2 Abstract 

Human mesenchymal stromal cells (hMSCs) are appealing candidates for cell therapies 

and tissue engineering because they can differentiate into various mesodermal cells types for tissue 

replacement, possess potent immunomodulatory properties to regulate immune function, and 

secrete an array of paracrine factors capable of supporting tissue regeneration [1-3].  As hMSC 

constitute only 0.001-0.001% of the bone marrow mononuclear cells, in vitro expansion through 

cell biomanufacturing is needed in order to generate sufficient numbers of cells needed for clinical 

applications [3]. While small-scale biomanufacturing methods currently exist for generating 

sufficient cell supply for initial clinical studies, widespread clinical applicability will require new 

materials and methods designed specifically to address the challenges of commercial scale up: low 

reproducibility, high cost, and high labor and time requirements [4, 5]. In this chapter, we 

examined the previous literature regarding hMSC behavior in vivo and during in vitro culture in 

order to gauge the current understanding of how culture parameters affect cell behavior. We 



 11 

subsequently explored how these insights have been used to develop new innovative materials for 

controlling cell behavior to improve cell biomanufacturing. 

 

2.3 Introduction 

In vivo, the decision for a stem cell to either self-renew or differentiate is tightly regulated 

by biochemical and biophysical signals provided by the stem cells’ microenvironment (Figure 2.1). 

Researchers extensively study the extracellular matrix (ECM) in the stem cell’s microenvironment 

because it possesses key properties crucial for regulating both biochemical and biophysical 

signals- namely ability to promote cell adhesion and organization, provide mechanical forces to 

regulate migration and other cell functions, and regulate growth factor availability and activity. A 

key objective in stem cell bioengineering is the design of in vitro conditions that mimic the in vivo 

stem cell niche in order to provide cues that regulate cell survival and growth. Though the exact 

underlying mechanisms of niche regulation are incompletely understood, several essential 

interactions between the cell and its microenvironment have been uncovered and recapitulated in 

vitro [6-19]. 

In current cell biomanufacturing protocols, hMSCs are expanded on tissue culture 

polystyrene (TCPS) in growth media containing fetal bovine serum (FBS) supplement. Here, the 

TCPS is a permissive support substrate that enables hMSC adhesion while soluble factors in the 

growth media are instructive and regulate hMSC function and growth. While it is widely accepted 

that soluble signals (e.g. growth factors and cytokines) are major regulatory players, research has 

demonstrate that hMSC behavior can also be influenced by insoluble substrate signals such as GF-

sequestering capabilities of the extracellular matrix as well as stiffness and adhesion-promoting 

properties of the microenvironment [6-8, 10-12, 14, 20-25].  
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In the last two decades, researchers have demonstrated that cells sense and respond to 

changes in matrix stiffness by modulating cytoskeletal assembly and contractility (a concept 

referred to as “mechanosensing”) [10, 20]. There is ample evidence that biophysical signals 

provided by changing culture substrate stiffness and adhesivity can be used to modulate hMSC 

behavior. Additionally, not only are hMSCs able to respond to extracellular cues, they are able to 

respond to and actively change their microenvironment through GF production, protein and 

enzyme secretion that actively remodel the surrounding extracellular matrix, and alter expression 

of intracellular signaling proteins to change the intracellular response  [9-19].   

Despite this understanding, when hMSCs are expanded in vitro, routine biomanufacturing 

culture protocols disregard the role of biophysical cues and rely entirely on biochemical regulation, 

using cost-prohibitively high concentrations of supplemented growth factors (GF) to control 

hMSC behavior. In this review, we will examine the state of the art in hMSC biomanufacturing to 

gauge our current understanding of hMSC behavior during in vitro culture, then we will assess the 

state of the industry by reviewing innovations that use these insights to improve biomanufacturing 

processes. 

 

2.4 hMSC biomanufacturing: state of the industry 

 

2.4.1 hMSC culture on TCPS in FBS-containing media 

Traditionally, hMSCs are cultured on uncoated TCPS.  in serum-containing (SC) media (most 

commonly, growth medium is supplemented with FBS).  In this culture system, the TCPS surface 

mimics some functions of the ECM by enabling nonspecific protein adsorption and cell adhesion 

while the FBS provides soluble signals. Here, TCPS substrates are considered permissive: passive 
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plastic enables adhesion to promote survival while the growth stimulating cues are provided 

through supplemented soluble factors found in the culture media. In these culture systems, 

researcher treat biochemical and biophysical extracellular cues as independent parallel signals. 

In addition to demonstrated culture-adapted changes in hMSC behavior, TCPS and FBS 

reliance pose technical challenges that reduce the ability to parse the mechanisms that regulate 

hMSC growth and function in vitro. The reliance on TCPS raises concerns due to its 

supraphysiologically high stiffness as well as the inability to gain clear understanding of the 

mechanisms by which cells interact with their environment due to the nonspecific protein 

adsorption at the cell-material interface. TCPS allows nonspecific protein adsorption in 

uncontrolled orientations, thereby it’s difficult to gain clear understanding of the mechanisms 

engaged at the cell-material interface [26].  Meanwhile, reliance on FBS raises several concerns: 

xenogenic contamination, large batch-to-batch variability, and inconsistency in price and supply 

due to FBS availability being linked to the demands in the beef market.  

While TCPS and FBS-containing media culture system supports hMSC expansion, it’s been 

demonstrated that prolonged in vitro adherent cell culture on TCPS increases cellular stress and 

senescence [27]. First and foremost, hMSCs cultured on TCPS have decreased proliferation rate, 

telomere length, and differentiation potential, all changes that have been associated with decreased 

hMSC mechanosensitivity due to cytoskeletal coarsening and stiffening [27].  Bone marrow is 

~300 Pa while TCPS modulus is six orders of magnitude higher than bone marrow and five orders 

of magnitude higher than any soft tissue [28, 29]. Maloney et al. has demonstrated prolonged in 

vitro hMSC culture over >13 passages on stiff substrates result in actin stress fiber coarsening and 

bundling, increased whole-cell stiffening, and reduced whole-cell mechanical compliance [27].  

 



 14 

2.4.2 Chemically-defined substrates for hMSC culture 

Several chemically-defined natural and synthetic substrates have been developed in 

attempt to replace TCPS and improve efficiency and reproducibility of hMSC biomanufacturing 

processes, but these have limited success. Naturally-derived materials (e.g. Matrigel, fibrin, 

collagen, gelatin, fibronectin, vitronectin) can not only serve to promote adhesion and hMSC 

survival, but also are able to regulate soluble factor signaling to instruct hMSC behavior. However, 

customization of natural materials is typically limited to concentration and molecular weight, with 

limited control over structure, organization, and GF regulation. For example, fibrin matrices 

naturally contain heparin, a heterogenous and highly sulfated glycosaminoglycan (GAG) that can 

promiscuously bind to and regulate the activity of hundreds of different growth factors, yet there’s 

limited ability to control heparin structure and GF binding specificity [23, 30-34]. To overcome 

these challenges, researchers have developed chemically-defined, synthetic coatings (e.g. 

CellStart, Synthemax, StemAdhere) for TCPS that contain recombinant proteins and synthetic 

peptides (e.g. fibronectin, vitronectin, RGD, IKVAV) in order to enable precise control over 

concentration, orientation, and activity of moieties that mimic known cell-substrate interactions 

[35-38]. Researchers have also created synthetic hydrogels (e.g. PEG, PLGA, PLLA, 

methacrylated polymers) with immobilized bioactive moieties to enable the added ability to culture 

hMSCs in both 2D and 3D. Nonetheless, these synthetic surfaces often times contain a limited 

number of proteins and are designed to either 1) promote well-defined adhesion or 2) regulate 

specific growth factors. Few of these chemically-defined, synthetic substrates mimic the complex 

biochemical and biophysical signals provided by the stem cell niche. These oversimplified 

synthetic cell microenvironments lead to hMSC adhesion and growth rates that are often lower 

than what can be achieved on TCPS and FBS systems. Additionally, the proprietary nature of 
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several of these substrates prevent the ability to parse out mechanisms of specific cell-substrate 

interactions. Our lab and several others have created poly(ethylene glycol) (PEG)  hydrogels with 

incorporated adhesion ligands, growth factor-sequestering peptides, and degradable crosslinkers  

as well as the ability to regulate substrate stiffness [33, 35-37, 39-45]. Hydrogels composed of 

synthetic polymers such PEG as are promising alternatives to protein-coated TCPS. The PEG 

backbone is “bioinert” as it resists non-specific protein binding and does not contain cell-signaling 

molecules, thereby serving as a blank template. PEG is amenable to functionalization with 

peptides, GFs, and glycoasminoglycans, which allows the user to design biomimetic hydrogel 

substrates with precise control over the cell-material interactions. Additionally, PEG hydrogels 

can be formed to possess stiffness values that mimic soft tissues such as brain, fat, and muscle (0.5 

– 50 kPa shear modulus).  

The work in this thesis builds upon this prior knowledge to examine the effects of 

systematic, independent and combinatorial control over these substrate properties to develop 

customizes materials for enhanced hMSC function. 

 

2.4.3 Technical and logistical challenges with FBS reliance 

In addition to logistical challenges of using TCPS, reliance on FBS has its own unique issues. 

Many researchers have developed and commercialized chemically defined, xeno-free (XF), serum-

free (XF) hMSC culture media to resolve some of the issues associated with FBS-reliance in hMSC 

biomanufacturing (Table 1) [46, 47]. Despite the development and commercialization of these XF 

SF culture systems, there are still major hurdles to large-scale, efficient hMSC biomanufacturing 

of cell therapeutics. First and foremost, several cell behaviors in culture have been shown to be 

serum-dependent, but serum-dependence of cell behaviors in culture, namely adhesion and 
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proliferation, are not well-studied because of the undefined nature of serum, and thus these 

behaviors are poorly understood. To create SF hMSC cell lines, hMSCs are often transitioned 

through subculture directly from SC media into SF media. These protocols operate under the 

assumption that there is no effect from the previous culture in serum. As such, attempts to develop 

SF media and cell banks have been plagued with performance issues commonly resulting in poor 

adhesion, low expansion rates, and phenotypic changes relative to what can be achieved with 

hMSCs cultured on TCPS in FBS-containing media [47-50]. 

Secondly, several commercially-available SF media formulations are proprietary and 

optimized for use with proprietary culture substrates [47-49]. Studies evaluating performance of 

SF systems reveal the need for concurrent optimization of both the media formulation and the 

substrate in order to achieve hMSC growth comparable to levels achieved in SC culture systems 

[47, 50-53]. For example, comparisons of hMSC growth in Mesencult-XF medium performed by 

Miwa et al. and Hartman et al. demonstrated that the Mesencult-XF system supported attachment 

when cultured using both the Mesencult-XF medium and the manufacturer’s proprietary 

attachment substrate but did not support attachment when the medium was used in combination 

with fibronectin-coated TCPS [52, 53]. These two studies suggest that the performance of the 

medium could be improved by optimizing the culture substrate [47]. Unknown media 

compositions limit the ability to study the individual effects of media components and elucidate 

mechanistic understanding, problems that are originally associated with FBS use. A key 

scientific advantage to working with a defined, published media formulations is the ability to 

omit, reduce, or increase the concentrations of the individual components to study their 

individual and combinatorial effects on cellular behavior and function. This ability to modulate 

the media composition is critical to understanding cell function and enables mechanistic insight 
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[54].  Finally, hMSC behavior in response to extracellular biochemical and biophysical cues in 

both SC and SF culture is generally poorly understood, resulting in lack of control over 

biomanufacturing cell quality and their subsequent efficacy in vivo. [3, 46, 47].  

 

2.4.4 Cost of hMSC biomanufacturing 

Compounding with the technical challenges associated with poor understanding and control 

of hMSC behavior in vitro is a second hurdle to large-scale hMSC biomanufacturing for cell 

therapeutics: the prohibitively high cost. The cell culture, sera, reagents market is expected to 

reach $7.1 billion by 2023, with the largest growth seen in development of defined media and 

substrates [47, 55-57].  Regardless of SF or SC culture, stem cell growth and differentiation 

protocols traditionally rely on supraphysiologically high concentrations of recombinant GF 

supplements [39]. The majority of these protocols are expensive and have difficulty in gaining 

regulatory approval for clinical application because they often require numerous GFs at a variety 

of concentrations and combinations at various timescales. The requirement for high 

concentrations of GF used in stem cell bioprocessing is still extremely cost inhibitive, with 

academic and industrial labs reporting that materials cost accounted for ~36% of  their overall 

biomanufacturing cost and can contribute up to as high as  70% of the total cost of goods (COGs) 

for hMSC biomanufacturing. From that cost, more than 20% of the total materials COGs is 

attributed to the media [58].  

Discoveries in the past two decades revealed that substrates are indeed instructive and 

synergistic with the soluble factors found in the media [6-8, 10-12, 14, 20-25]. Not only are hMSCs 

able to sense extracellular cues, they are able to respond through altered expression of intracellular 

signaling and cell surface proteins, GF production, and protein and enzyme secretion to 
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dynamically change their microenvironment [9-19]. Substrate stiffness, adhesion signals, and GF 

regulation all provide instructive cues to regulate cell behavior and these extracellular signals are 

interdependent and potentially convergent. While there are a number of studies demonstrate that 

biomaterials can influence cell fate decisions, few examples to date have observed that 

biomaterials alone can induce stem cell self-renewal (i.e. expansion) or differentiation in 

chemically-defined cell culture environments. Our lab and others have started exploring the 

development of inductive, GF regulating cell culture substrates that are able to induce changes in 

hMSC behavior and sequester the subsequent differentially-secreted GFs to further amplify those 

behavior changes (Figure 2.2) [39, 40]. The work in this thesis builds upon the prior discoveries 

in our lab to examine the potential of using customized biomaterials to either reduce the amount 

of or completely mitigate the need for supplemented GFs to control hMSC behavior (Figure 2.3).  

 

2.5 Stem cell behavior during in vitro culture 

In vivo, stem cell survival and fate decisions to either self-renew or differentiate are 

regulated by complex interactions with local microenvironments, termed the stem cell “niches” 

(Figure 2.1) [29, 59, 60]. To harness the full potential of stem cells, an understanding of how the 

cells respond to microenvironmental cues is needed. A key aspect in stem cell engineering is the 

ability to recreate the niches in vitro in order to mimic and understand the role of in vivo cues 

that direct stem cell fate decisions [59, 60]. The exact underlying mechanisms of niche regulation 

are incompletely understood; however, several essential interactions between the cell and its 

microenvironment have been uncovered and recapitulated in vitro and studied. Here, we review 

the literature on hMSC behavior in response to in vitro signals and focus on the potential 

underlying mechanisms that regulate hMSC growth. 
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It is widely accepted that soluble signals (such as GFs and cytokines) are major regulatory 

players in both the in vivo and in vitro stem cell microenvironments [61]. Stem cell behavior can 

also be influenced by a variety of insoluble signals including biomolecules immobilized by the 

ECM as well as biophysical properties of the microenvironment itself [61-63].Recent studies 

indicates that regulation of stem cell behavior involves complex and coexisting relationships 

between soluble factors, insoluble adhesive signals, and mechanical signals contained in and 

dynamically regulated by the stem cell niche [61, 64]. A study by Anderson et al. demonstrated 

that varying spatial and temporal regulation of soluble factors (retinoic acid) in combination with 

the identities of insoluble adhesion-promoting polymeric matrices enabled combinatorial control 

over stem cell attachment, survival, and proliferation [65].  

 

2.5.1 Demonstration of hMSC mechanosensitivity 

Over the past two decades, several studies have provided evidence of the in vitro 

microenvironment’s ability to control stem cell fate through regulation of cytoskeletal tension 

and integrin-mediated adhesion [61, 66]. Studies of single-cell mechanics demonstrated hMSC 

are inherently viscoelastic bodies and their mechanical properties are regulated by the 

organization of the actin cytoskeleton and forces generated through actomyosin contractility 

[67].  

In a landmark study, Engler et al. demonstrated that polyacrylamide (PAAm) gels of varying 

substrate elasticity were able to induce hMSC differentiation towards various lineages in 2D cell 

culture, even in the absence of soluble inductive signals. Additionally, hMSCs committed to 

lineages specified by the matrix elasticity: cells seeded on soft matrices mimicking brain tissue 

expressed neurogenic markers while cells seeded on matrices with elasticity similar to muscle and 
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bone expressed myogenic and osteogenic markers, respectively [66]. Engler et al. also showed a 

positive correlation between the substrate elasticity and the intracellular cytoskeletal contractility, 

indicating that cells senses and responded to changes in matrix stiffness by modulation of 

cytoskeletal assembly and organization (a concept referred to as “mechanosensing”) [61, 66]. In 

the presence of inhibitors that block non muscle myosin II-mediated cytoskeletal contractility, and 

subsequently cytoskeletal tension, cell commitment in response to matrix elasticity was diminished 

[66]. 

Others have demonstrated the importance of mechanosensing during lineage specification and 

commitment of adult stem cells. Huebsch et al.’s study of mouse and human MSC 

mechanosensitivity in both 2D and 3D cell culture on numerous naturally-existing ECM proteins 

revealed that the relationship between matrix elasticity and stem cell fate specification was neither 

species nor substrate composition dependent. Huebsch et al. also investigated the underlying 

mechanism of mechanosensitivity and showed that MSC mechanosensing of substrates is mediated 

by cytoskeletal-associated adhesion complex signaling [68]. Other groups have shown MSC 

osteogenic commitment when patterned on substrates that promoted cell spreading and 

cytoskeletal tension by controlling cell shape [69-72].  

 

2.5.2 Phenotypic indicators of hMSC mechanosensing 

Phenotypic-based biophysical characteristics can be directly correlated to where and how force 

transduction occurs through the cell [62, 64, 66, 69-74]. For example, hMSCs cultured on stiffer 

substrates express higher levels of adhesion molecules to enable stronger attachment to surface; 

thereby, focal adhesion complexes are more prominent and larger in cells on stiffer surfaces. 

hMSC on stiffer substrates also increase actin synthesis, F-actin polymerization, and form 
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organized actomyosin cytoskeletal to provide large amounts of resistive forces necessary to deform 

the microenvironment and assist cells in migration. A common sign of cell mechanosensing on 

stiff surfaces is organized, distinct F-actin stress fibers indicative of high cytoskeletal tension. This 

higher counterforce is a major contributing factor to the well-spread, elongated morphology typical 

of cells cultured on stiffer substrates [11, 12, 14, 20, 21, 67, 73, 75-77]. We and others have 

demonstrated similar of hMSC stem cell fate by modulating cytoskeletal tension with varying 

density and affinity of adhesion promoting peptides presented on PEG hydrogel culture surfaces 

[14, 38, 62, 78, 79]. hMSCs cultured on hydrogel surfaces that promoted high cytoskeletal tension 

(via high substrate stiffness, cell adhesion molecule affinity, or cell adhesion molecule density) 

resulted in well-spread cells that possessed highly-organized f-actin stress fibers and large, well-

defined focal adhesions. Additionally, hMSCs on stiffer substrates possessed higher proliferation 

rates. Alternately, substrates that promoted low cytoskeletal tension resulted in rounded cells with 

diffused actin and small, unstable focal adhesions, with low proliferative capacity [11, 12, 14, 20, 

21]. In many of these studies, substrate-induced stem cell fate specification was negated in the 

presence of inhibitors that block actomyosin contractility and, subsequently, cytoskeletal tension. 

 

2.5.3 Intracellular signaling during hMSC mechanosensing 

Extracellular signals regulate hMSC function via signal transduction through the cell that 

eventually leads to gene expression changes in the nucleus. Several studies have also unearthed 

several key components in the intracellular signaling cascade required for mechanotransduction 

from the cytoskeleton into the nucleus. Phenotypically, cells cultured on stiffer substrates have 

larger nuclear-to-cytoplasmic ratios with large nuclei that are elongated and aligned along the 

direction of force transduction. hMSC phenotypic assessment is commonly used for high 
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throughput screening and previous studies have demonstrated hMSC biophysical characteristics 

(cell size, spreading, cytoskeletal organization, nuclear-to-cytoplasmic ratio, etc.) are indicators of 

in vitro hMSC functions [14, 66, 80-90]. 

At the single protein level, some intracellular signaling proteins are mechanosensitive and 

mechanical stress induces conformational changes to regulate their activity. For example, p130Cas 

proteins are highly involved in integrin-mediated signaling and play important roles in cell 

migration, survival, and proliferation. Mechanical stretch exposes tyrosine and serine/threonine 

binding sites on p130Cas, which then can be phosphorylated and activated by several effector 

proteins (i.e. growth factors, such as VEGF and FGF-2, or hormones and other signaling proteins). 

Activated p130Cas serves as scaffold molecule in focal adhesion complexes to spatially regulate 

effector proteins that bridge cell-surface integrins to the F-actin cytoskeleton [75]. 

In addition to phenotypic changes associated with cytoskeletal organization and cell shape, 

mechanical forces applied to the cell are transduced throughout the cytoplasm and into the nucleus 

to alter gene expression. This signal transduction occurs through both soluble protein signaling 

and protein complexes that physical link the F-actin cytoskeleton in the cytoplasm through the 

nuclear envelop and into the nuclear interior [76]. The nucleus contains various elements (namely 

components of the nuclear membrane and nuclear lamina) that help facilitate this interaction. Much 

like the cell membrane, the nuclear envelope also has mechanosensing machinery. The nuclear 

membrane contains a transmembrane linker of nucleoskeleton and cytoskeleton (LINC)-complex 

that spans both the inner and outer nuclear membrane (INM and ONM, respectively) and serve as 

a bridge through the perinuclear space. The cytoplasmic portion of the LINC-complex is composed 

of nesprin, a protein that contains an ONM-embedded Klarsicht, ANC-1 Syne homology (KASH) 

domain, C-tail-anchored membrane proteins which are targeted specifically to the outer membrane 
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of the nuclear envelope. The KASH domain binds to F-actin in the cytoplasm and also binds to 

Sad1p, UNC-84 (SUN)-domain containing proteins in the perinuclear space. SUN proteins span 

the INM and also bind to the lamins (intermediate filaments) in the nuclear lamina such that the 

KASH/SUN interaction mediates direct linkage between the cyto- and nucleoskeletons. Tension 

provided through these nesprin-KASH/SUN bridges in turn provide tension to the nuclear 

envelope and prevent nuclear envelope ruffling more commonly seen in cells cultured on softer 

substrates [73, 76, 77]. The intermediate filaments of the nuclear lamina also contain chromatin 

binding domains that bind to specific DNA sequences on chromatin to facilitate chromatin 

organization [91].  

Talele et al. and others have also demonstrated that stem cell mechanosensing can also lead 

to changes in gene expression by changing the localization of transcriptional co-activators yes-

associated protein (YAP) and Tafazzin (TAZ), downstream mediators of gene regulation and 

biological functions of the signaling through the evolutionally conserved Hippo signaling 

pathway [92-94]. In vitro, the Hippo pathway is a major regulatory mechanism associated with 

cell contact inhibition and YAP and TAZ translocation into the nucleus has been demonstrated to 

be a key event in regulating stem cell self-renewal and differentiation gene expression. In 

hMSCs cultured on stiff surfaces in vitro, YAP and TAZ co-localizes in the nucleus, where they 

regulate gene expression that leads to low self-renewal and reduced lineage differentiation 

potential. However, on soft substrates, YAP and TAZ remain in the cytoplasm and are degraded 

and inactivated. This in vitro YAP and TAZ translocation in response to stiffness mimics how 

hMSCs respond to in vivo pro-fibrotic environments of scars and tumors. hMSCs found in stiff, 

fibrotic environments have been demonstrated to convert into highly contractile myofibroblasts 

(MFs) that possess well-organized α-smooth muscle actin (α-SMA, an isoform of actin)-
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containing stress fibers. Different actin isoforms promote different levels of actin organization 

and changes in actin isoform is one mechanism by which cells can dynamically alter cytoskeletal 

function to respond to extracellular signals. Transient MSC-to-MF activation is common in 

wound healing, but persistent MF activation leads to excessive production and contraction of 

collagen-rich ECMs that increases microenvironmental stiffness and turns soft tissues into stiff 

scar tissue. As scar tissue continues to form, increasing tissue stiffness promotes further 

mechanical activation MSC-to-MF transition. Even prior to MF activation, hMSCs that possess 

α-SMA incorporation into pre-existing stress fibers have higher overall actin organization, 

cytoskeletal tension, and YAP/TAZ nuclear localization [92]. 

 

2.5.4 Combinatorial microenvironmental cues regulate hMSC behavior 

While the majority of these previous studies have examined effects of individual 

microenvironmental cues on hMSC behavior, we and others have demonstrated that 

microenvironmental cues act combinatorially to regulate hMSC function. Our preliminary study 

of 2D hMSC culture in SC media demonstrated potential synergies between adhesivity and 

substrate stiffness that would otherwise have been undetectable in a screening format not suited 

for systematic, combinatorial experiments [14, 95]. The synergy between adhesion and stiffness 

was demonstrated with hMSC expansion, where on hydrogel surfaces of high adhesivity (4 mM 

CRGDS), hMSCs expand regardless of hydrogel spot stiffness; however, hydrogels presenting 

lower adhesivity required substrates with higher substrate stiffness [14]. These results are 

consistent with previously reported trends suggesting that low cytoskeletal tension in response to 

low cell adhesion ligand density could be compensated by high cytoskeletal tension produced from 

high substrate stiffness [10, 11]. Additionally, these trends suggest some baseline level of 
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cytoskeletal tension was required for hMSC proliferation on hydrogel substrates and that multiple 

substrate signals could be engineered to work in synergy to promote mechanosensing and regulate 

cell behavior [11, 21].  

Others have also demonstrated synergy between soluble and insoluble cues to amplify 

downstream signaling pathways. hMSC-secreted vascular endothelial growth factor (VEGF) and 

hepatocyte growth factor (HGF) synergistically upregulated Ras-related C3 botulinum toxin 

substrate 1 (Rac) activity and downregulate Ras homolog gene family, member A (RhoA) 

activity which led to increase in adhesive junction-associated proteins, Cadherin 5, type 2 (VE-

cadherin) concentrations, and filamentous actin (F-actin) remodeling. This ultimately resulted in 

improved endothelial cell viability and reduce endothelial permeability [96]. In non-induced 

hMSCs, VEGF and soft 2 kPa PEGDM culture substrates independently increased fetal liver 

kinase 1 (VEGF receptor 2, Flk-1) and eNOS (endothelial genes) expression and PECAM 

(endothelial-specific functional protein) production but did not promote hMSC capillary-like 

tube formation. Synergy between VEGF and cues from 2 kDa PEGDM also increased hMSC 

insulin-like growth factor (IGF) expression and Akt signaling to further amplify Flk-1, eNOS, 

and PECAM expression and additionally promoted tube formation that was not seen with either 

cues alone [97]. The synergistic effects of VEGF and soft substrates increased VEGF autocrine 

signaling via increased downstream Akt signaling and subsequently Flk-1expression.  

 

2.5.5 hMSC secretome profiles during in vitro culture 

Routine hMSC culture protocols rely on supraphysiological concentrations of 

supplemented GFs to stimulate cell growth and differentiation; however; there is ample evidence 

hMSCs produce critical GFs necessary for effectively regulating their own growth and 
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differentiation. For example, fibroblast growth factor 2 (FGF-2), also known as basic fibroblast 

growth factor (bFGF), is a mitogenic GF routinely supplemented in hMSC growth media to 

promote cell survival and proliferation; hMSCs have been shown to secrete FGF-2 during 

proliferation [16, 98]. High concentrations of supplemented vascular endothelial growth factor A 

(“VEGF”) are known to enhance osteoblast differentiation; hMSCs have been shown to secrete 

detectable levels of VEGF in routine culture and endogenous VEGF is secreted in increasing 

quantities during osteogenic differentiation [15-19]. Transforming growth factor beta 1 (TGF-β1) 

is known to induce hMSC chondrogenic differentiation and recent studies have confirmed 

increased endogenous TGF-β1 secretion as chondrogenesis progresses [99, 100]. Bone 

morphogenetic protein 2 (BMP-2) is supplemented into osteogenic medium to induce 

osteogenesis, but has also been shown to be secreted by hMSCs in amounts that increase as hMSCs 

undergo osteogenic differentiation[101-103]. 

FBS-supplementation provides approximately 2-50 pg/mL FGF-2 and 5-350 pg/mL 

VEGF, and 90-1,500 pg/mL of active TGF-β1 to stimulate hMSC proliferation; however, the 

concentrations provided vary significantly depending on FBS lot and manufacturer,  quantification 

method, as well as time in culture (because of GF’s short half-life) [16, 104-107]. As such, there 

is need for high concentrations of recombinant GF supplementation to ensure sufficient bioactive 

GF concentration.  For example, protocols for VEGF-mediated hMSC growth use 10 – 100X 

higher concentrations (20-100 pg/mL) of VEGF than what’s physiologically relevant (0.2-2 

pg/mL) in order to stimulate proliferation and survival [16, 19, 108-112]. Previous studies have 

also demonstrated that 5-200 ng/mL VEGF pre-treatment prior to or co-delivered during 

transplantation decreases stress-associated apoptosis and increased viability, resulting in improved 

transplanted hMSC survival and engraftment  [16, 19, 108-112].   
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Studies have demonstrated hMSCs cultured on TCPS in FBS-containing media secrete 

bioactive and detectable levels of several GFs and cytokines [16, 19, 22, 109-124]. In routine 2D 

monolayer culture and 3D spheroid culture, hMSCs have been shown to secrete approximately 4-

30 pg/mL of FGF-2, 80-3,500 pg/mL of VEGF, and 125-4,000 pg/mL TGFβ1 during expansion 

[16, 98, 110, 125, 126].  Additionally, while hMSC differentiation protocols routinely require 

high concentrations of GFs supplemented to the FBS-containing growth media, there is sufficient 

evidence that hMSCs secrete detectable levels of GFs required for further catalyzing their 

differentiation. For example, chondrocyte differentiation protocols routinely use 0.5-10 ng/mL 

supplemented TGF-β1; however, as hMSCs undergo chondrogenic differentiation, the amount of 

endogenous TGF-β1 secreted can be as high as 1 ng/mL per day and this is accompanied by a 3-

fold increase in TGF-β1 receptor expression, indicative of autocrine signaling [99, 100].  For 

osteogenic differentiation, 10-25 ng/mL supplemented VEGF is used to induce differentiation 

and promote mineralization; however, as hMSCs undergo osteogenic differentiation, the amount 

of endogenous VEGF secreted increases 3-fold over the course of 3 weeks to as high as 250 

pg/mL per day. This increased hMSC-secreted VEGF is also accompanied by increased VEGF 

receptors 1 and 2 (VEGFR1 and VEGFR2) expression, indicative that the positive feedback 

mechanism based on amplified autocrine signaling  is not specific to one GF signaling pathway 

[15-19]. 

In addition to the effects of both recombinant and cell-secreted GFs on hMSC behavior in 

vitro, it is increasingly clear that inherent signals that are always present in the environment of the 

cell can also have a substantial influence on stem cell phenotype[127, 128]. Recent studies have 

implicated various biomaterial properties, presented to stem cells at the outset of cell culture, as 

critical instructive elements of the stem cell environment. For example, substrate mechanical 
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stiffness, nanometer-scale topography, and simple chemical functionality each impact hMSC 

expansion and differentiation [21, 66, 129-133]. This is in contrast to the traditional view that 

biomaterials simply provide a permissive context in which soluble GFs do the heavy lifting of 

induced stem cell differentiation. As a result, stem cell differentiation and associated tissue 

morphogenesis are typically induced via soluble GF supplements. 

 

2.5.6 hMSC mechanosensing leads to differential secretome profiles 

Matrix mechanics has been shown to influence cell growth and differentiation but the 

relationship between mechanics and GF production is not well understood [22, 81, 96, 134-139]. 

For example, hMSCs cultured on stiff substrates secrete up to 4X more VEGF than those 

cultured on soft substrates [22, 134]. Previous studies attempting to examine this relationship 

have predominantly relied on culture media supplemented with FBS, resulting in increased 

background noise (attributed to the poorly-characterized nature as well as the potentially 

confounding and conflicting signals from the numerous components of serum) that could mask 

small but significant changes in GF secretion as well as reduced reproducibility of results (due to 

serum’s large batch-to-batch variability) [140].  

Only a small number of published studies have examined hMSC GF secretion in response to 

substrate stiffness; however, the results were inconsistent and contradictory [22, 28, 81, 82, 85, 96, 

134-139]. Seib et al. showed hMSCs cultured on stiffer substrates (20 kPa vs 2 kPa  hydrogels 

formed with PEG diacrylate, thiol-modified hyaluronic acid, and gelatine) produced higher 

concentrations of GFs and cytokines due to increased Rho-associated protein kinase (ROCK) 

signaling pathway activation that increase myosin- and F-actin-mediated cytoskeletal tension. 

Independent of time (over 18 days of culture) and donor (6 different donors), hMSCs cultured on 
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20 kPa stiff substrates produced higher levels of VEGF and µPA than hMSCs cultured on 2 kPa 

soft substrates [82]. Abdeen et al. cultured hMSC in DMEM + 10% FBS on fibronectin-coated 

polyacrylamide hydrogels of 0.5, 10, and 40 kPa stiffness and corroborated Seib et al.’s 

observation of stiffness-mediated increase in VEGF expression [22]. Contradictory to these results, 

Marklein et al. claimed a temporal-dependence in correlation between stiffness and GF secretion 

when hMSCs were cultured in 3D, with an overall conclusion that increasing substrate stiffness 

resulted in decreased VEGF secretion [134, 135]. Still others have demonstrated hMSCs cultured 

on 2 kPa PEG-NB or 20 kPa alginate all produced lower levels of VEGF than hMSCs cultured on 

TCPS [28, 85].  

The existing studies have predominantly relied on culture media supplemented with FBS 

with varying substrates. These contradictory results might be due to several factors: 1) lack of 

reproducibility due to FBS variability, 2) temporal differences, and 3) differences in culture 

substrate chemistry. Nonnis et al. examined the effects of FBS on the hMSC secretome and 

revealed that increasing FBS concentration in culture media did not affect total protein 

concentration (both human and bovine) in the secretome, but did cause a significant reduction in 

relative concentrations of secreted human protein and thereby decreased the detection sensitivity 

and accuracy needed for characterizing hMSC protein production [141]. Nonnis et al. and others 

have demonstrated bovine contaminants in the secretome reduced the total portion of human 

proteins identified by mass spectrometry, whereby reducing FBS supplementation (from 5% to 

0%) in the media resulted in a 2X increase the total amount of hMSC-secreted proteins detected 

by mass spectrometry and also allowed detection of less abundant human proteins that were 

previously masked [141, 142]. Still others have demonstrated that serum deprivation increased 



 30 

activation of several apoptotic pathways, decreased MAPK and ERK1/2 phosphorylation, and 

decreased hMSC proliferation [143].  

While previous studies have demonstrated increasing hMSC spreading can be induced via 

both increased stiffness and substrate adhesivity, there has been no demonstrated relationship 

between mechanosensing of changing adhesivity and differential GF secretion  [11, 12, 14, 20, 

21]. Markelein et al. and Seib et al. both noted a possible correlation between cell spreading and 

GF secretion with increased VEGF secretion on substrates that promote high cell spreading, but 

this qualitative assessment was not characterized or further examined [22, 134, 135].  

As a result of this dependence on supraphysiological concentrations (~100 ng/ml) of 

recombinant GF supplements [144-147], stem cell biomanufacturing processes are plagued by 

inordinately high costs and undue regulatory burden. A recent study indicated that over half the 

cost of hMSC biomanufacturing for clinical cell therapy was attributable to recombinant GF 

supplements used during cell expansion [46]. Reducing, or potentially mitigating altogether, the 

required supplemented GFs routinely used in hMSC expansion and differentiation can 

significantly reduce the cost of biomanufacturing, thereby increasing the feasibility for clinical 

applications.  For example, Corning Life Sciences estimated reducing FBS supplementation from 

10% to 5% in routine hMSC growth media results in a cost savings of 33% per 500-mL bottle of 

medium. Further reduction from 10% to 2% FBS results in a cost savings over ~53% [148].  

 

2.5.7 Demonstration of hESC mechanosensing  

 While this thesis predominantly focuses on hMSC behavior, the concepts of 

mechanosensing and substrate-mediated changes in stem cell behaviors are not limited to 

hMSCs. Human embryonic stem cells (hESCs) exhibit infinite self-renewal, and are pluripotent 
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(capable of differentiating to endodermal, mesodermal, and ectodermal lineages) [149]. Due to 

their defining self-renewal and pluripotent properties, hESC serve as a promising cell source for 

cell therapies, drug screening, disease modeling, and for understanding human development 

[149, 150]. Understanding of the mechanisms that control hESC self-renewal and differentiation 

is crucial for realizing and optimizing hESC use in numerous therapeutic applications [150, 151]. 

 Like hMSCs, the hESC cell fate decision between self-renewal and differentiation require 

tightly regulated intrinsic and extrinsic biochemical and biophysical cues. Several transcription 

factors (namely Oct4, Sox2, and Nanog) have been identified as important intrinsic regulators 

and numerous key extrinsic regulatory cues (such as growth factor signaling and adhesion to the 

ECM and supporting cells) have also been identified [61]. Recent studies have also indicated that 

there is significant crosstalk between intrinsic and extrinsic regulatory pathways as well as 

biochemical and biophysical cues [150]. 

In the last decade, many discoveries have enabled enhanced understanding of 

biochemical regulation of hESC cell fate decisions; however, the biophysical regulation of hESC 

cell fate decision via cell-cell and cell-matrix interaction are poorly understood and significantly 

less is known about the former than the latter [151-153].  Previous studies have demonstrated 

hESC mechanosensing and matrix stiffness direct cell lineage. In a similar manner to hMSC 

mechanosensing, hESCs mechanosensing is tissue and substrate stiffness dependent: stiffer 

substrates promote pluripotency maintenance and while soft substrates promote 

differentiation[93, 94, 154, 155]. Zoldan et al. reported that substrates with high, intermediate, 

and low elastic moduli promote mesoderm, endoderm, and ectoderm differentiation, 

respectively. After 14 days of culture on substrates of very high stiffness (> 6 Mpa as determined 

by tensile testing), hESCs remain undifferentiated, express high levels of pluripotency-associated 
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genes, and express low levels of lineage-specific markers [155]. hESCs on stiff scaffolds (1.5-6 

Mpa), had upregulated FOXF1, MEOX1, and KDR (genes correlated with mesodermal tissue 

morphogenesis towards muscle, blood vessels, heart, cartilage, and bone). hESCs on scaffold 

with intermediate stiffness (0.1-1 Mpa) had upregulated GSC, SOX17, Brachyury, and MIXL1 

(genes correlated with endodermal tissue morphogenesis towards digestive system, exocrine 

systems, lungs, and epithelium). hESCs on soft scaffolds (<0.1 Mpa) had upregulated SOX1 and 

ZIC1 (genes correlated with trophectoderm development, anterior/posterior axis specification, 

stem cell maintenance, and neurogenesis).  

 

2.5.8 Phenotypic indicators of hESC mechanosensing 

Similar to hMSCs, hESCs also possess phenotypic changes as a result of 

mechanosensing; however, the results have been somewhat confounding and, at times, 

contradictory. While Keung et al. demonstrated that hESC spreading increased after culture on 

substrates with higher stiffness, Eroshenko et al. reported no correlation between stiffness and 

cell spreading  [156, 157]. While Musah et al. demonstrated increased hESC proliferation after 

culture on substrates with higher stiffness, Keung et al. saw no correlation between stiffness and 

proliferation [93, 94, 156]. Additionally, while there were demonstrated losses in pluripotency on 

all soft substrates, there were temporal differences as to when hESCs stopped expressing 

pluripotency markers [156]. Keung et al. suggested loss of pluripotency markers within 3 days 

after transition to substrates with softer stiffness, but Sun et al. suggested loss can be seen as 

early as within 1-2 days, and Erochenko et al. reported that pluripotency marker loss couldn’t be 

observed until 4 days after stiffness changes [154, 156-158]. These contradictory results could be 

due to the same experimental limitations that we see in hMSCs. The majority of these studies 
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were either conducted in ill-defined culture conditions that are dependent on long-term use of 

animal proteins or Rho- associated protein kinase (ROCK) inhibitor Y-27632s. Several studies 

used Matrigel for cell attachment [155, 156], knock-out media for cell culture[157], or Y-27632 

for cell survival and attachment [93, 94, 154]. ROCK inhibitor prevents myosin phosphorylation 

and thereby blocks actomyosin-mediated contractility and changes in cytoskeletal tension.  The 

long-term effects of ROCK inhibitor on hESC culture has not been fully elucidated and this 

reliance on ROCK inhibitor potential reduces hMSC mechanosensing sensitivity.  

Nonetheless, these studies reveal that hESC mechanosensing of substrate stiffness during 

in vitro cell culture mimics the cellular response to stiffness changes during gastrulation. During 

embryogenesis, cells are affected by or generate force. During gastrulation, blastula epiblast cells 

ingress and change their shape and motility, which changes the cellular forces in the developing 

embryo and leads to mechanical stress patterning in the following way: 

1. Epiblast cells converge at midline 

2. Epiblast cells ingress at primitive streak 

3. Rate of cell movement along the top of the blastula exceeds the rate of cell movement at 

the ingression, which causes epiblast cells to compress into bottle-shaped cells at the 

primitive streak 

4. First cells to ingress differentiates into endoderm 

5. Mesoderm arises from cells ingressing and migrating at later stage 

6. Cells that remain at surface differentiated into ectoderm 

The mechanical stress patterning in the embryo influences cell differentiation and 

development through force profiles that mimic how cells sense matrix stiffness during 2D 

culture: 1) by passively constraining movement of tissues and cells, cells move slower and exert 
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higher traction forces and 2) cells increase cortical stiffness by changing amount and pattern of 

polymerized cytoskeletal actin [93, 94, 154, 155]. 

 

2.5.9 Intracellular signaling during hESC mechanosensing 

Finally, similar to hMSCs, hESC mechanotransduction is epithelial cadherin (E-

cadherin)-mediated and relies on actomyosin contractility to alter cytoskeletal tension and 

subsequently regulate hESC self-renewal by modulating expression of pluripotency genes. E-

cadherin, a transmembrane cell surface glycoprotein, mediates cell-cell adhesions to provide a 

link between the intracellular actin network and signaling pathways of neighboring cells and 

these cell-cell adhesions have been demonstrated to be important in both hESC survival and self-

renewal. E-cadherin is normally distributed on the hESC cell surface and its co-expression with 

various pluripotency cell surface markers (such as SSEA-4 and TRA-1-60) and transcription 

factors (such as Oct4, Nanog, and Sox2) have been commonly used to identify pluripotent 

hESCs. Induction of hESC differentiation results in drastic loss of E-cadherin expression as well 

as the downregulation of the aforementioned pluripotency cell surface markers and transcription 

factors [150]. 

Not only is E-cadherin an indicator of pluripotency, but it also is capable of modulating 

hESC cell fate decisions. Various studies have indicated that upregulation of E-cadherin 

enhances hESC self-renewal while inhibition results in rapid loss of expression of the core 

transcriptional circuitry that regulates pluripotency (Oct4, Nanog, and Sox2) [150]. Recent 

discoveries suggest that E-cadherin-mediate signaling is a convergence point between 

biochemical and biophysical signaling pathways for that regulate hESC cell fate decisions. Cell-

cell signaling has been demonstrated to alter intercellular signal transduction pathways as well as 
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cell response to soluble growth factor signaling from the extracellular microenvironment to 

modulate the expression and activity of the core transcription factors. Despite recent advances in 

understanding cell-cell mediated regulation of hESC self-renewal, the signaling events 

downstream of E-cadherin that connect it to the core transcription circuitry is poorly understood. 

Recent studies propose that the E-cadherin mediated adhesions interact with the actin 

networks in the cytoskeleton to transduce forces and mechanotransduce from the cell membrane 

to the nucleus. It is well established that E-cadherin is directly anchored to the actin network and 

that interaction plays an important role in both stabilizing E-cadherin expression as well as 

strengthening E-cadherin-mediated cell-cell adhesions [152, 159, 160]. Non-muscle myosin II 

(NMMII) is an actin-binding motor protein that regulates contractile functions and force 

production in numerous cells, including hMSCs [150]. Studies indicate that a positive feedback 

loop between NMMII-mediated actomyosin contractility and E-cadherin regulates both hESC 

survival and self-renewal. For example, in response to mechanical and enzymatic dissociation, 

hESC cell-cell contacts are disrupted and E-cadherin expression at the cell surface is loss. Loss 

of cell-cell contact weakens the E-cadherin interactions with the actin network and results in 

hyperactivation of NMMII-dependent actomyosin contractility. Actomyosin hyperactivation 

further decreases E-cadherin stability at the cell surface by increasing E-cadherin endocytosis 

and degradation. This results in the inability to re-establish cell-cell adhesion and, consequently, 

dissociation-induced hESC cell death through biochemical and biophysical mechanisms that are 

not completely understood [150-152, 159]. While actomyosin hyperactivation reduces survival 

of dissociated hESC, long-term inhibition or complete depletion of NMMII (and subsequently 

reduction in actomyosin contractility) in hESC colonies results in reduction of Oct4 and Sox2 

expression and complete ablation of Nanog expression [150, 151]. Ectopic over-expression of E-
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cadherin in hESC colonies with NMMII depletion was able to completely restore Oct4, Sox2, 

and Nanog expression [153]. These results demonstrate that mechanotransduction through 

actomyosin contractility not only plays a role in generating and transmitting signals that affect 

cell survival, it is also a participates in E-cadherin-mediated hESC self-renewal. 

Preliminary attempts to gain mechanistic insight into E-cadherin-mediated hESC self-

renewal have revealed that E-cadherin and actomyosin co-regulation is needed to affect the core 

transcriptional circuitry. In response to well-established hESC cell-cell adhesions, E-cadherin 

clustering at the plasma membrane causes the release of α-catenin dimers, proteins that are 

known to bind to E-cadherin associated adaptor proteins. α-catenin dimers also interact with 

formin, a protein that nucleates and polymerize new F-actin. Formin also binds to profilin, a 

protein that regulates the activity of actin monomers, and also directly competes with Arp2/3, a 

protein complex that nucleates new F-actin along the sides of pre-existing F-actin. Both of these 

formin-mediated interactions result in changes in actin network assembly dynamics and, 

subsequently, alter intra- and intercellular mechanotransduction. This mechanotransduction 

pathway is speculated to be one mechanism by which information is transduced from cell-cell 

contacts to the core transcriptional circuitry to modulate hESC self-renewal [153]. 

A handful of other studies have also alluded to this E-cadherin-actomyosin 

mechanotransduction signaling pathway. Gharechachi et al. revealed that actomyosin 

hypercontractility and loss of E-cadherin resulted in altered expression of several transcriptional 

regulation proteins that have known functions in chromatin remodeling to alter DNA 

accessibility and, consequently, global gene expression [161]. The hESC self-renewal promoting 

activity of the core transcription circuitry is primarily attributed to their ability to upregulate 

pluripotency-associated genes while suppressing the genes that encode lineage-specific 
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transcription factors. Previous studies have indicated that the core transcription circuitry not only 

modulating their own transcription promoters, but also they form regulatory loops with 

chromatin regulators to change the chromatin architecture and, consequently, alter access to 

DNA to silence lineage specific genes [150]. 

Despite these attempts to understand the signaling mechanisms for E-cadherin-mediated 

mechanotransduction, major molecular components have yet to be identified and comprehension 

of the spatiotemporal dynamics remain largely based off speculation. The KASH/SUN bridge 

demonstrated in hMSC mechanosensing provides a potential route through which E-cadherin 

signaling can be used to mediate hESC self-renewal by direct regulation of chromatin structure 

and organization. In fact, a previous study using mouse ESCs (mESCs) demonstrated that 

differentiated mESCs displayed higher expression of nesprin isoform 1 (nesprin-1) and lamins 

than undifferentiated mESCs. In addition, forced over-expression of nesprin resulted in 

modulation of mESC self-renewal [162]. Due to marked differences between mouse and human 

ESCs, the results of this study cannot be used as a direct indicator of hESC singaling pathways. 

Nonetheless, it can be used as a guiding hypothesis for additional investigation of the interplay 

between mechanotransduction and hESC self-renewal. 

 

2.7  Biomaterials for growth factor sequestering  

In order to accelerate advances in stem cell biomanufacturing and cell therapeutics, there 

is a particular need for biomaterials that actively control GF signaling and mitigate the reliance on 

costly GF supplements. One can envision an “autocatalytic” process, in which stem cells can 

amplify their own expansion or differentiation by secreting their own GF stimulants (Figure 1). 

However, standard cell culture conditions feature a very low surface area/volume ratio, and cell-
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produced GFs are rapidly diluted due to convective currents [163].  

One intriguing and very common natural mechanism to address this challenge involves 

GF binding to the ECM [164]. The ECM contains many insoluble proteins and proteoglycans 

that can regulate both endogenous and exogenous GF signaling. Several prior studies have 

suggested that the positive influence of natural ECMs (e.g. Matrigel, heparin, collagen) and 

ECM-derived glycoproteins (e.g. vitronectin, fibronectin) in stem cell culture may actually be 

due to their ability to bind and localize cell-secreted GFs near the cell population. The ECM is 

capable of sequestering soluble GFs and releasing them upon enzymatic degradation for cell-

demanded signaling as well as regulate insoluble GF signaling by irreversibly binding GFs. Both 

soluble and insoluble GF signaling elicits different effects on hMSCs, therefore, it’s important to 

consider the sequestering context when discussing the effects of GF regulation on hMSC 

behavior [24, 165-167]. Additionally, there’s been demonstrated synergy between multiple GFs 

that are able to activate converging signaling pathways, therefore the complexity of the signaling 

environment will dictate the GF effects [43, 120-124, 168-171]. 

 

2.7.1 Effects of VEGF on hMSC behavior 

In this work, we will examine the literature discussing effects of VEGF and VEGF 

sequestering on hMSC behavior during 2D in vitro culture. VEGF was chosen as a model system 

because of its demonstrated significance both in vitro and in vivo. In vitro, VEGF 

supplementation in the growth media has been shown to promote hMSC survival, proliferation, 

migration, and osteoblast mineralization during late osteogenesis [15, 17, 18, 96, 108, 109, 112, 

168, 172-179]. There is conflicting hypothesis regarding the intracellular signaling pathways 

involved in VEGF-mediated hMSC proliferation. Some suggest VEGF promotes hMSC 
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proliferation via VEGF receptor 2 (VEGFR2)-mediated PKC, PI3K/Akt, and MAPK/ERK 

pathway activation while others suggest that hMSCs do not contain cell-surface VEGFRs but 

instead is mediated by platelet derived growth factor (PDGF), HGF, and neuropilin (Nrp) 

receptors [96, 168, 172-179]. In vivo, VEGF has been shown to promote hMSC adipogenesis and 

osteogenesis, angiogenesis via enhancing endothelial cell organization, increase hMSC and 

endothelial cell survival by decreasing autocrine and paracrine apoptotic signals, and stimulate 

hMSC and endothelial cell proliferation via decreasing expression of cell cycle inhibitors and 

pro-apoptotic factors while increasing pro-survival factors [108, 109, 112, 172-174, 176, 179-

182]. 

It’s been reported that <1% of transplanted hMSCs survive and engraft 24 hours after 

transplantation because of the stress from rapid into the hypoxic, highly inflammatory 

environment. VEGF priming (pre-treatment) during hMSC culture has been shown to promote 

survival and engraftment through multiple, synergistic pathways [17, 18, 168, 172-179]. Pons et 

al. demonstrated that 24 hour priming hMSCs via media supplementation with VEGF (20 ng/106 

cells) during culture on TCPS in 10% FBS-containing media is sufficient to observe increased 

hMSC proliferation and survival after transplantation in infarcted mice myocardiums. Increased 

hMSC proliferation (observed via BrdU incorporation) was accompanied by increased cyclin B1 

(regulator of S/G2 cell entry during mitosis) production, decreased p16INK (cell cycle inhibitor) 

production, and increased Akt phosphorylation that resulted in increased Bcl-xL (anti-apoptotic 

survival protein kinase) and decreased Bax (pro-apoptotic protein) production. Even without 

priming, bolus co-injection of hMSCs with soluble VEGF was sufficient to increase hMSC 

survival up to 28 days post injection [109].  Penna et al. demonstrated that VEGF priming in hMSC 

in vitro culture (~100 ng/106 cells/day of supplemented soluble VEGF) increased hMSC 
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proliferation through increased Akt, PKCe, and Erk 1/2 phosphorylation. Without priming,  co-

delivery of VEGF during 3D microcarrier culture and transplantation resulted in sustained VEGF 

release and also increased cell survival in vivo by increased total Erk 1/2 protein expression and 

phosphorylation, sustained Akt phosphorylation increase, increased Bcl-2 (anti-apoptotic survival 

protein kinase) biosynthesis, and reduced cleaved caspase-3 (a pro-apoptotic protease enzyme) 

[112].  

 

2.7.2 Natural and synthetic biomaterials for GF Sequestering 

 Several natural-based biomaterials (e.g. collagen, silk, agarose, alginate, hyaluronan, 

gelatin) have been utilized for hMSC culture and delivery, but these scaffolds have been 

primarily developed to provide structural and mechanical support without consideration of the 

material’s role in GF regulation [183-202].  

 Other natural biomaterials (e.g. fibrin, Matrigel, heparin-containing scaffolds) have also 

been used for hMSC culture, but these scaffolds are ill-defined and promiscuously bind hundreds 

of different GFs, thereby it’s difficult to control and parse out the effects of individual signaling 

pathways[193, 202-207].  For example, proteomic studies indicate that Matrigel includes >1,500 

unique proteins and each ECM-derived glycoprotein may bind promiscuously to several GFs 

with high affinity [208]. Hubbell and coworkers recently showed that the 12-14th type III repeats 

of fibronectin can bind with high affinity to 16 distinct GFs [209]. Peng et al. and Benoit  et al. 

showed heparin carries a high degree of negative charge from its sulfation profile and can 

regulate a wide range of positively-charged GFs and proteins that control hMSC adhesion, 

proliferation, and differentiation (e.g. FGF-2, BMP, fibronectin, and numerous proteins found in 

FBS) [23, 210].  
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Several synthetic scaffolds have been developed for hMSC culture and some have been 

customized with GF sequestering capabilities (Table 2) [33, 35-45, 169, 207, 211-224] [170, 171, 

202, 225-228].  

Benoit et al. demonstrated increased hMSC proliferation and osteogenic differentiation in 

heparin-crosslinked PEG hydrogels presenting supplemented recombinant FGF-2 [23]. Parmar et 

al. demonstrated increased encapsulated hMSC chondrogenic differentiation in collagen hydrogels 

presenting heparin-binding peptides [229]. While these studies demonstrate the potential utility of 

GF-sequestering substrates for hMSC culture, few characterize the endogenous GF sequestering, 

and none examine the potential synergistic effects of substrate stiffness.  

Our lab has developed PEG-norbornene functionalized degradable and non-degradable 

hydrogels as well as polymer-coated TCPS surfaces with immobilized adhesion-promoting 

peptides [225-228]. We have also created alkanethiol self-assembled monolayers with 

immobilized adhesion-promoting peptide and heparin-binging peptides for hMSC culture and 

demonstrated the ability to sequester serum-borne heparin and subsequently heparin-binding GFs 

to increase hMSC proliferation [39, 230].  

Again, these synthetic scaffolds enable promiscuous binding, which has its own utility, but 

is not amenable to studies that parse out the effects of individual biophysical and biochemical 

signals. 

 

2.7.3 Biomaterials for specific VEGF sequestering 

We and others have developed synthetic scaffolds to specifically sequester VEGF [43, 

169, 215-218]. Using mimicry of known protein-protein interaction, we and others have isolated 

peptide sequences from the active binding domains and created VEGF binding peptides that have 
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high affinity and specificity for VEGF. Leppänen et al. first used this approach to study the 

binding domain between VEGF and the extracellular domain of VEGFR2 to identify VEGFR2 

amino acid residues that bind VEGF isoform A (EFAYLIDFNWEYPASK) and isoform C 

(RTELNVGIDFNWEYPASK). Our lab developed D-substituted amino acid variants of the 

VEGF isoform A-binding peptide (VEGF-binding peptide, VBP) with a terminal N-terminus 

cysteine (EFdAdYdLdIDFNWEYPASKC) as well as branched and dimerized versions of VBP to 

improve VEGF affinity, specificity, and peptide serum stability to protect against protease 

degradation [43, 169, 231]. Work previously published in our lab and others have shown the 

ability to use terminal cysteine modifications to covalently immobilize peptides into PEG-

norbornene hydrogel networks using thiolene click chemistry [42, 232].  

Our previous work has demonstrated the ability to use VBP-containing hydrogels (“VBP 

hydrogels”) to sequester, localize, and provide sustained release of recombinant VEGF, serum-

borne VEGF, and cell-secreted VEGF from activated platelets to promote endothelial cell 

survival and morphogenesis [43, 218, 231, 233]. In this thesis work, we build upon the previous 

discoveries to develop VEGF-sequestering hydrogel substrates for enhanced hMSC survival and 

proliferation without the need for additionally supplemented VEGF in the in vitro SC and SF 

growth media.  

 

2.8 Biomaterials for combinatorial control of biochemical and biophysical signaling  

A small number of prior studies have examined the direct combinatorial effects of substrate 

stiffness and endogenous GF regulation on hMSC growth and differentiation. Some studies 

incorporated heparin into culture matrices to sequester endogenous GF and influence behavior of 

various cells and others have specifically examined these effects on hMSCs [23, 24, 229].  
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Jha et al. demonstrated increased cardiac progenitor cell (CPC) proliferation and cardiac 

differentiation in heparin-containing hyaluronic-based hydrogels with increasing stiffness (0-1 

kPa) and increasing RGD density (0-380 µM). Increasing both adhesivity and stiffness resulted in 

increased CPC proliferation and tubular network formation, but stiffness had a greater effect than 

adhesivity. Increasing heparin concentration in the hydrogels also increased binding and retention 

of supplemented TGFβ1 and CPC-secreted angiogenic cytokines. Nonetheless, Jha et al. 

demonstrated the ability to create chemically-defined networks with systematic and independent 

control over stiffness, adhesivity, and GF sequestering, but did not evaluate the combinatorial 

effects of these parameters [234]. 

 

2.9 High Throughput Screening  

In vivo, the decision for cell growth and function is tightly and combinatorially regulated 

by a complex array of biochemical and biophysical signals provided by the microenvironment. 

Though the exact underlying mechanisms of niche regulation are incompletely understood, several 

essential interactions between the cell and its microenvironment have been uncovered and 

recapitulated to promote hMSC expansion during in vitro cell culture: cell-matrix interactions, 

cell-cell interactions, and soluble factor signaling [1-3, 46, 47]. Chemically well-defined cell 

culture substrates can allow researchers to parse out the effects of specific signals on stem cell 

behavior [235]. However, attempts to investigate synergistic or antagonistic effects of 

combinations of signals produce thousands of potential signal combinations, leading to difficult 

and costly experiments [7, 21]. Screening array platform technologies with chemically-defined 

substrates offer the ability to rapidly and concurrently examine multiple variables. 
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Currently existing hydrogel platforms for screening the influence of stiffness on cell 

behavior rely on low-throughput techniques using bulk hydrogels, plated hydrogel arrays in cell 

culture dishes or elastomeric wells, or arrays formed using expensive liquid handling systems. 

These methods have limitations, including high materials and equipment cost and the potential for 

deformation via “buckling” when hydrogels swell against the constrained dimensions of the well 

[7, 236-239]. Our lab and others have previously developed hydrogel array systems for 2D and 3D 

stem cell culture and screening, but these systems required liquid handling systems and the 

resulting surfaces were not flat or uniform enough to be compatible with standard imaging-based, 

label-free characterization to allow for high content assessment of cell behavior without disrupting 

hMSC growth in culture [7, 236, 237, 240-242].  
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2.10 Tables and Figures 
 
Table 2.1. Commercially-available defined culture media 
 

Name Manufacturer Xeno-
Free 

Serum-
Free 

Chemically-
Defined 

Intellectual 
Property 

StemPro MSC SFM XenoFree Thermo Fisher Scientific Yes Yes -- Trade secret 

StemPro MSC SFM Thermo Fisher Scientific Yes No -- Trade secret 

Mesencult-XF Stem Cell Technologies Yes Yes Yes Trade secret 

PRIME-XVTM MSC 
Expansion SFM Irvine Scientific No Yes -- Trade secret 

Cellgro Stemgro hMSC 
medium CellGenix No Yes -- Trade secret 

Therapeak MSCGM-CD 
Medium Lonza Yes Yes Yes Trade secret 

Stemgro hMSC medium Corning Yes Yes Yes Trade secret 

RoosterNourish Roosterbio Yes No No Trade secret 

MSC Nutristem XF Medium Biological Industries Yes Yes Yes Trade secret 

PPRF-msc6 Pharmaceutical Production 
Research Facility Yes Yes No Formulation 

published 
Mosaich MSC Serum-Free 
medium (BD-SF) 

Becton Dickinson (BD) 
Biosciences -- Yes Yes Trade secret 

HEScGRO Merck Millipore Yes Yes Yes Trade secret 

Mesenchymal stem cell growth 
medium DXF PromoCell Yes Yes Yes Trade secret 

MesenGro StemRD -- -- Yes Trade secret 

MSC Qualified Plus Compass Biomedical Yes -- -- Trade secret 

MSC-GroTM (SF, complete) Vitro Biopharma -- Yes -- Trade secret 

MSCGS-ACF (MSC 
supplements) Stem Cell Research -- Yes -- Trade secret 

mTeSR Stem Cell Technologies -- Yes -- Trade secret 

RS-NovoTM and GEM-Novo Kerry Bio-Sciences Yes Yes Yes Trade secret 

SPE-IV Abecell-Bio -- Yes -- Trade secret 

Stemline MSC expansion 
medium Sigma Aldrich Yes Yes Yes Trade secret 

Stem X Vivo R&D Systems -- Yes -- Trade secret 

STK2 Two Cells Co Yes Yes Yes Trade secret 

Ultrasor G (lyophilized) Pall Biosepra -- Yes -- Trade secret 
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Table 2.2. Biomaterials for VEGF Sequestering 
 

Matrix  GF Sequestering Moiety Target Characteristic Effect Reference 

Fibrin Heparin Multiple GFs -- [207] 

Fibrin Anti-thrombin-mimicking peptide 
ATIII121-134 

Multiple GFs -- [211, 212] 

Fibrin Fibronectin-mimicking peptide 
α2PI1-8 -FN III12-14 Multiple GFs Enhanced morphogenesis [213, 214] 

Nanofibers Heparin-binding peptide 
amphiphiles 

Heparin and 
multiple heparin-

binding GFs 

Enhanced morphogenesis, 
vascularization, 

tubulogenesis, and survival 
[219-224] 

PEG 

RTELNVGIDFNWEYPASK, 
EFdAdYdLdIDFNWEYPASK and 
(EFdAdYdLdIDFNWEYPASK)2K 

 

VEGF isoform A 
and isoform C 

 
Anti-Angiogenic [169, 215-

218] 

PEG EFdAdYdLdIDFNWEYPASKC 
(VBP-C) VEGF isoform A Anti- Angiogenica and Pro- 

Angiogenic b [43, 169] 

PEG (EFdAdYdLdIDFNWEYPASK)2KC 
(VBP2-C) VEGF isoform A Anti- Angiogenic a and 

Pro- Angiogenic b [43] 

 

a Anti-Angiogenic function demonstrated upon sequestering of soluble VEGF 
b Pro-Angiogenic function demonstrated upon sustained release of bound VEGF 
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Figure 2.1 Networks of intrinsic and extrinsic biochemical and biophysical cues from the stem 

cell niche regulate stem cell self-renewal and differentiation. 

  



 48 

 
 

 

 
 

Figure 2.2. Autocatalytic culture substrates provide positive feedback loops to both induce 

changes in hMSC behavior and amplify the effects without the need for additionally 

supplemented growth factors. Modulating substrate stiffness and integrin-binding peptide 

concentration induces changes in hMSC behaviour. Upon proliferation or differentiation, cells 

generate GFs that are sequestered to the matrix, which further enhances growth and 

differentiation. Here, control of substrate properties in combination with harnessing cell-secreted 

endogenous GFs will cyclically autocatalyze growth and differentiation, all without the needed 

for additionally supplement GFs. 
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Figure 2.3. Schematic representation of sequestering and regulation of endogenous, recombinant, 

and paracrine GFs using substrates presenting sequestering molecules for harnessing, enriching, 

and mediating GF signaling.   
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3.1. Preface  

 The aim of this work was to develop hydrogel arrays for screening that would meet the 

following criteria: 1) benchtop amenable and suitable for formation without the need for liquid 

handling systems to increase potential translatability and accessibility, 2) flat and compatible 

with standard high content imaging techniques for label-free data acquisition approaches that are 

more suitable for enhanced throughput screening, and 3) enable independent and combinatorial 

control of substrate stiffness, substrate adhesivity, growth factor regulation capabilities, and 
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media composition in order to enable examination of combinatorial effects of culture parameters 

on cell behavior. This study was performed using substrate-mediated hMSC phenotypic changes 

as a model system but can also be broadly applied to identify customized substrates for culture of 

other cell types and other cell behaviors. 

Additionally, we provide additional information in the appendix to inform the reader of 

patenting and commercialization efforts regarding this and other array platforms developed for 

screening the effects of substrate parameters on cell behavior. 

 

3.2. Abstract 

Here, we have developed a novel method for forming hydrogel arrays using surfaces 

patterned with differential wettability. Our method for benchtop array formation is suitable for 

enhanced-throughput, combinatorial screening of biochemical and biophysical cues from 

chemically defined cell culture substrates. We demonstrated the ability to generate these arrays 

without the need for liquid handling systems and screened the combinatorial effects of substrate 

stiffness and immobilized cell adhesion peptide concentration on human mesenchymal stromal 

cell (hMSC) behavior during short-term 2-dimensional cell culture. Regardless of substrate 

stiffness, hMSC initial cell attachment, spreading, and proliferation were linearly correlated with 

immobilized CRGDS peptide concentration. Increasing substrate stiffness also resulted in 

increased hMSC initial cell attachment, spreading, and proliferation; however, examination of the 

combinatorial effects of CRGDS peptide concentration and substrate stiffness revealed potential 

interplay between these distinct substrate signals. Maximal hMSC proliferation seen on substrates 

with either high stiffness or high CRGDS peptide concentration suggests that some baseline level 

of cytoskeletal tension was required for hMSC proliferation on hydrogel substrates and that 
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multiple substrate signals could be engineered to work in synergy to promote mechanosensing and 

regulate cell behavior. 

 

3.3. Statement of Significance  

Our novel array formation method using surfaces patterned with differential wettability 

offers the advantages of benchtop array formation for 2-dimensional cell cultures and enhanced-

throughput screening without the need for liquid handling systems. Hydrogel arrays formed via 

our method are suitable for screening the influence of chemical (e.g. cell adhesive ligands) and 

physical (stiffness, size, shape, and thickness) substrate properties on stem cell behavior. The 

arrays are also fully compatible with commercially available micro-array add-on systems, which 

allows for simultaneous control of the insoluble and soluble cell culture environment. This study 

used hydrogel arrays to demonstrate that synergy between cell adhesion and mechanosensing can 

be used to regulate hMSC behavior. 
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3.4. Introduction 

It is widely accepted that soluble signals (such as growth factors and cytokines) are major 

regulatory players in both the in vivo and in vitro stem cell microenvironments; however, stem cell 

behavior can also be influenced by a variety of insoluble signals, including biomolecules 

immobilized in the extracellular matrix as well as biophysical properties of microenvironment [1-

3]. Recent studies indicate that regulation of stem cell behavior involves complex relationships 

between soluble factors, immobilized cell adhesive signals, and mechanical signals contained in, 

and dynamically regulated by, the stem cell microenvironment. Chemically well-defined cell 

culture substrates can allow researchers to parse out the effects of specific signals on stem cell 

behavior [4]. However, attempts to investigate synergistic or antagonistic effects of combinations 

of signals produce thousands of potential signal combinations, leading to difficult and costly 

experiments [2, 5]. Here, we designed hydrogel arrays for enhanced-throughput, combinatorial 

screening of biochemical and biophysical cues from chemically defined cell culture substrates. 

Current hydrogel platforms for screening the influence of stiffness on cell behavior rely on low-

throughput techniques using bulk hydrogels, plated hydrogel arrays in cell culture dishes or wells, 

or arrays formed using expensive liquid handling systems. These methods have limitations, 

including high materials and equipment cost and the potential for deformation via “buckling” when 

hydrogels swell against the constrained dimensions of the well [2, 6-9]. Here, we demonstrated 

the ability to generate arrays for enhanced-throughput screening without the need for liquid 

handling systems and our arrays comprise free-standing hydrogel spots, which reduces the 

likelihood of hydrogel deformation via buckling. Using these arrays, we screened the 

combinatorial effects of substrate stiffness and immobilized cell adhesion peptide concentration 

on human mesenchymal stromal cell (hMSC) behavior during short-term cell culture. hMSC 
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adhesion was chosen as a model biological outcome to demonstrate the utility of hydrogel arrays, 

as recent studies have extensively detailed the influence of substrate properties on hMSC behavior 

[10-12] [5, 13-17].  

Over the past two decades, many researchers have demonstrated a positive correlation 

between the substrate stiffness and the intracellular cytoskeletal tension, indicating that cells sense 

and respond to changes in matrix stiffness by modulating cytoskeletal assembly and contractility 

(a concept referred to as “mechanosensing”)[11, 12]. We and others have also demonstrated 

control of hMSC behavior by regulating mechanosensing: hMSCs cultured on surfaces that 

promoted high cytoskeletal tension (via high substrate stiffness, cell adhesion molecule affinity, 

or cell adhesion molecule density) resulted in well-spread cells that possessed highly-organized f-

actin stress fibers and large and well-defined focal adhesions, while substrates that promoted low 

cytoskeletal tension resulted in rounded cells with diffused actin and small, unstable focal 

adhesions.[5, 11, 13, 18]. 

 

3.5. Materials and methods 

 
3.5.1 Differential wettability pattering and glass silanization  

Gold-coated glass slides (TA134, EMF Corporation) were cleaned via sonication in ethanol 

for 1 minute and dried with air. Hydrophobic SAM formation on gold-coated glass slides were 

prepared by immersion in a 1 mM solutions of HS-(CH2)11-O-(CH2)2-(CF2)5-CF3 (fluorinated 

alkanethiols, ProChimia Surfaces) in ethanol for ≥2 hours. Polydimethylsiloxane (PDMS) 

elastomeric stencils for determining the pattern for selective etching of hydrophilic SAM regions 

were fabricated using soft lithography as previously described [18] using a 1:10 ratio of curing 

agent to base. Gold-coated glass slides with the hydrophobic SAM were cleaned with ethanol, 
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dried with air, and covered with the PDMS elastomeric stencil. Exposed regions of the 

hydrophobic SAM (regions not covered by the PDMS elastomeric stencil) were etched by oxygen 

plasma treatment at 40 sccm and 50 W for 1 minute. The PDMS elastomeric stencil was removed 

and the selectively etched gold-coated slides were cleaned with ethanol and immersed in a 0.1 mM 

solution of HS–C11–(O–CH2–CH2)3–OH (PEG-terminated alkanethiols, ProChimia Surfaces) in 

ethanol solution for ≥2 hours so that hydrophilic alkanethiol SAM layer could form in the etched 

regions. Hydrophobic and hydrophilic SAM formation on the gold-coated slides were confirmed 

by static contact angles measurements at room temperature using a contact angle goniometer 

(DataPhysics Contact Angle System, OCA). A drop of distilled water (3 μL) was placed on the 

surface and the static contact angle was measured for 3 different samples at 5 different places on 

each sample and the contact angles were averaged.   

Silanized glass coverslips were prepared via liquid-phase silanization. Silanization was 

performed with slight modifications from procedures previously described [19, 20]. Glass 

coverslips were cleaned via sonication in acetone for 30 minutes, rinse with ethanol, and dried 

with air. Clean glass coverslips were activated by oxygen plasma treatment at 40 sccm and 50 W 

for 5 minutes to increase the number of activated hydroxyl groups on the surface. Immediately 

after activation, glass coverslips were immersed in a solution of 2.5 v./v.% 3-mercaptopropyl 

trimethoxysilane (3-MPTS, Sigma Aldrich) in toluene for 2 hours, thoroughly rinsed with ethanol, 

dried with air, cured under nitrogen atmosphere at 100 °C for 1 hour, and treated with 10 mM DTT 

in PBS for 30 minutes at 37°C to increase free thiols available for thiolene reaction with PEG-NB.  

 



 87 

3.5.2. Hydrogel array formation  

Norbornene-functionalized PEG (PEG-NB, 20 kDa molecular weight, 8-arm with 

tripentaerythritol core, JenKem Technology) was synthesized and characterized as previously 

described [21-23]. Dimethylaminopyridine (DMAP), pyridine, dichloromethane (DCM), 5-

Norbornene-2-carboxylic acid, N,N′-dicyclohexylcarbodiimide (DCC), diethyl ether, hexane, 

SNAKESKIN dialysis tubing (MWCO 3.5K), deuterated chloroform (CDCl3), and 

tetramethylsilane (TMS) were purchased from Sigma Aldrich.  

Briefly, eight-arm PEG-OH, DMAP and pyridine (Sigma Aldrich) were dissolved in 

anhydrous DCM in one reaction vessel and DCC and 5-norbornene-2-carboxylic acid were 

dissolved in another. The PEG and norbornene solutions were combined and stirred overnight to 

covalently couple the 5-norbornene-2-carboxylic acid to the PEG-OH. The PEG-NB product was 

filtered through a medium fritted Buchner funnel to remove urea salts formed during the reaction. 

The filtrate was then precipitated in 900 mL cold diethyl ether and 100 mL hexane.  The solids 

were collected on qualitative grade filter paper and air dried overnight.  The PEG-NB product was 

purified by dialysis against 4L of dH2O at 4°C for 72 hours (with water change every 8 hours) to 

remove residual norbornene acid, filtered through a 0.45 µm nylon filter to remove particulates 

and impurities, and subsequently freeze dried. 

Norbornene functionalization of >90% was confirmed with 1H nuclear magnetic resonance 

spectroscopy.  Samples were prepared at 6 mg/mL in CDCl3 with TMS internal standard.  Free 

induction decay (FID) spectra were obtained using spectroscopy services provided by the National 

Magnetic Resonance Facility at Madison on a Bruker Instruments Avance III 500i spectrometer at 

400 MHz and 27°C. 
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Linear CRGDS, linear CRDGS, cyclic (RGDfC), and matrix metalloproteinase (MMP)-

degradable peptide crosslinker KCGGPQGIWGQGCK were purchased from GenScript USA.  

Linear PEG-dithiol (PEG-DT, 3.4 kDa) was purchased from Laysan Bio. Note that the “f” notation 

denotes a D-amino acid. 

Hydrogel precursor solutions were prepared by combining PEG-NB (4-8 wt/wt %), PEG-

DT (0.5-1 mole ratio of thiol-to-norbornene), peptides (1-4 mM), and 0.5 wt/wt% Irgacure 2959 

photoinitiator (CIBA/BASF) and diluted to desired concentrations with phosphate buffered saline 

(PBS, pH 7.4) immediately prior to hydrogel array formation. For cell encapsulation studies, cells 

were suspended at the desired concentration in growth medium and added to the remaining 

hydrogel precursor solution components in place of the PBS that was used for dilution. All 

encapsulation studies utilized the MMP-degradable crosslinker in place of the non-degradable 

PEG-DT crosslinker. Hydrogel precursor solutions were spotted onto the hydrophilic regions of 

the patterned gold-coated slides using a micropipette, the DTT-treated silanized glass coverslip 

was used to sandwich the hydrogel precursor solutions between the coverslip and the patterned 

gold-coated slide. Hydrogel precursor solutions were crosslinked by UV-initiated 

photopolymerization with 365 nm wavelength light for 2 seconds at 90 mW/cm2, with the light 

penetrating through the glass coverslip. The gold-coated slide was separated from the coverslip, 

which enabled the glass-immobilized hydrogel spots to cleanly detach from the gold-coated slide. 

The resulting glass-immobilized hydrogel spots, collectively referred to as the “hydrogel array”, 

were allowed to swell to equilibrium overnight at room temperature in PBS, sterilized  by 

immersion in 70% ethanol for ≥ 1 hour, thoroughly washed with PBS to remove any remaining 

unreacted components, and immersed in cell growth medium at 37 °C until use.   
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3.5.3. Hydrogel array characterization  

Hydrogel mass equilibrium swelling ratios [21, 23],  shear storage moduli [21], and mesh 

size calculations (calculated using empirical equilibrium swelling data and Flory–Rehner theory) 

were determined as previously reported [21, 24-26]. To characterize surface roughness, hydrogels 

were allowed to swell to equilibrium in PBS overnight at room temperature then imaged on a 

BioScope Catalyst BioAFM (Bruker) with a Zeiss optical microscope. Tapping atomic force 

microscopy (AFM) was performed in ScanAsyst mode in water using ScanAsyst Fluid+ tips 

(Bruker). At least 3 images of 2.5 µm by 2.5 µm or larger in area were scanned at different 

locations on the hydrogels and these images were used to calculate height data. The root mean 

square (RMS) roughness was calculated using Nanoscope Analysis software (Bruker) for 3 images 

per sample and averaged.  

To demonstrate controllable microsphere encapsulation and peptide immobilization, we 

formed hydrogel arrays with varying concentrations of 2 µm fluorescent red carboxylate-modified 

polystyrene latex beads (Sigma Aldrich) and CRGDS peptides in the hydrogel precursor solution. 

Immediately following hydrogel array formation, the N-terminal amine on CRGDS peptides were 

labeled using Alexa-Fluor 488 5-sulfodichlorophenol (SDP) ester (Invitrogen) as previously 

described [21]. Briefly, hydrogel arrays were immersed overnight in a solution of SDP ester in 

PBS (pH 7.4) with at 2-fold molar excess of SDP ester to CRGDS, rinsed with PBS, soaked in 

PBS for 6 hours with PBS change every 2 hours to remove unreacted SDP ester. Fluorescently-

labeled arrays were imaged using a Nikon Eclipse Ti microscope (Nikon) and relative fluorescence 

intensities of each hydrogel spot in the array were obtained using the threshold feature in NIS 

Elements software (Nikon). 
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3.5.4. Cell culture  

Bone marrow-derived hMSCs (Lonza) were expanded in 10% fetal bovine serum (FBS, 

Invitrogen) in minimum essential medium, alpha (αMEM, MediaTech) supplemented with 1% 

penicillin/streptomycin (Invitrogen) on tissue culture polystyrene plates at 37 °C in a 5% CO2 

atmosphere until 70% confluence. Passage 7 hMSC were harvested using trypsin (Invitrogen), 

resuspended in 10% FBS in αMEM, and seeded at 2000 cells/cm2 on sterilized hydrogel arrays. 

After 24 hours, unattached cells were removed by gently replacing the culture media. Cells on 

hydrogel arrays were maintained at 37 °C in a 5% CO2 atmosphere and culture media was replaced 

every 3 days.  

 

3.5.5. Data acquisition and analysis 

Samples were placed in a heated environmental chamber and imaged on the Nikon Eclipse 

Ti microscope (Nikon) at the desired times. Immunofluorescence staining for vinculin and F-actin 

were conducted using the FAK100 focal adhesion staining kit (Millipore) per the manufacturer’s 

instructions with 1:200 dilutions of both the TRITC-conjugated phalloidin and primary mouse 

anti-vinculin monoclonal antibody components included in the kit. Alexa-Fluor 488 goat anti-

mouse IgG secondary antibody (Invitrogen) was used at 1:200 dilution. Live/dead stain 

(Invitrogen) was performed per the manufacturer’s instructions. Nuclear counterstain was 

performed using 1:5000 dilution of diamidino-2-phenylindole (DAPI, Life Technologies).  

Cell number was manually determined using NIS Elements software (Nikon), cell area of 

single cells were determined using NIS Elements’s threshold and automated measurement 

features, and cell proliferation was quantified as previously reported by normalizing cell number 

at day 4 (C4) to cell number at day 1 (C1), where normalized cell number greater than 1 was used 
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to indicate proliferation [18]. Focal adhesion length was determined using NIS Element’s threshold 

and automated measurement features to define regions on the periphery of single cells stained with 

mouse anti-vinculin monoclonal antibody. Focal adhesion density was determined by normalizing 

the number features stained with mouse anti-vinculin monoclonal antibody to the cell area. 

Encapsulated cell concentration was determined by counting cells at 3 focal planes 50 μm apart in 

distance. Cell viability was determined by comparing the total number of calcein positive to total 

DAPI positive cells. Statistical analysis was performed using Student’s t-test (2-tailed, α=0.05) or 

ANOVA with post-hoc Tukey (HSD or Kramer depending on sample size variability) tests as 

indicated. All error bars denote standard deviation. All Pearson’s product-moment correlation 

coefficients (R2) were calculated using Excel’s Analysis ToolPak. 

 

3.6. Results and discussion 

 
3.6.1. Differential wettability patterning and hydrogel array formation 

Since cell structural measures (e.g. cell area and morphology) and perturbations (e.g. 

proliferation and cytoskeletal organization) have been demonstrated to be accurate qualitative 

measures of hMSC mechanosensing in response to substrate stiffness and ligand density, we 

examined these properties here using automated data collection techniques that augmented the 

enhanced-throughput capability of our array-based screening system [11, 12, 15, 24]. Hydrogel 

arrays were formed using gold-coated glass slides patterned with alkanethiolate self-assembled 

monolayers (SAMs), and differential wettability was used to define the geometry and confine the 

contents of each spot in the array (Figure 3.10). Gold-coated glass slides with a fully formed 

hydrophobic SAM composed of fluorinated alkanethiolates were covered with  elastomeric 

stencils and etched using oxygen plasma to selectively destroy exposed regions of the hydrophobic 
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SAM [27]. The gold-coated slides were subsequently immersed in solutions containing 

poly(ethylene glycol) (PEG)-terminated alkanethiols to replace the etched regions with a 

hydrophilic PEG alkanethiolate SAM (Figure 3.10a). Differential wettability of SAMs resulting 

from this removal and replacement method were confirmed using static contact angle 

measurements (Figure 3.10b).  

Hydrogel precursor solutions (0.75 µL per 2.4 mm diameter, 150 µm thick hydrogel spot) 

containing norbornene-functionalized PEG (PEG-NB) and PEG-dithiol (PEG-DT) were deposited 

onto the hydrophilic regions on the patterned gold-coated slide using either a single-channel 

micropipettor, multichannel micropipettor, or a single-channel repeat pipettor. The wettability 

patterning was designed with dimensions compatible with an 8-channel micropipette, allowing for 

deposition of multiple solutions simultaneously. A 150 µm PDMS spacer was places on regions 

of the patterned gold slide and a silanized glass slide was placed atop the entire patterned gold 

slide to sandwich the precursor solution (Figure 3.10c,d and 3.S1a). UV-initiated crosslinking was 

used to form hydrogel spots via radically-mediated thiol-norbornene (term “thiolene”) 

photopolymerization, a step-growth reaction mechanism that enabled rapid gelation time and 

resulted in homogeneous polymer network formation (Figure 3.10e and Figure 3.12a) [22, 23]. 

The silanes on the silanized glass slide possessed terminal thiols that were capable of participating 

in thiolene reaction with the norbornene groups on PEG-NB, thereby enabling covalent 

immobilization of the hydrogels to the glass slide upon polymerization. The result was an array of 

hydrogel spots upon a glass slide (Figure 3.10f). The dimensions of the hydrogel spots could be 

altered by changing the pattern on the elastomeric stencil used for SAM patterning (to define the 

X and Y dimensions) and by using a polydimethylsiloxane (PDMS) elastomeric spacer between 

the patterned SAM and the silanized glass slides (to define the Z dimension of the resulting 
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hydrogel spot) (Figure 3.10g,h). Note that the silanized glass slides promote non-specific cell 

adhesion which could contribute to the soluble factors presented in the microenvironment and 

influence cell behavior during long-term cell culture. We are currently developing a passivation 

procedure to address this in our design process.  

The lack of a liquid handling system does limit the throughput on this array formation 

method because of the time required for deposition of hydrogel precursor solution for each spot in 

the array. We use small volumes (0.75 µL) to generate each hydrogel spot to reduce the materials 

cost; however, due to the small volumes, evaporation concerns limited array sizes to what can be 

feasibly produced within a 5-minute timeframe. Within a 5-minute timeframe, we can feasibly 

generate an array for 2D culture comprised 80 spots formed using up to 16 different hydrogel 

precursor solutions. For 3D encapsulation studies, arrays sizes are limited by evaporation, cell 

viability in suspension, and cell settling once the hydrogel precursor solution has been deposited 

onto the patterned gold slide.  Arrays formed for 3D encapsulation experiments in this manuscript 

were formed within 2 minutes and contained 20 spots formed using up to 5 different hydrogel 

precursor solutions. 

Previous studies have indicated that natural and synthetic compliant surfaces with 

topographical features typically ≥ 100 nm in height  can be used to modulate integrin-mediated 

stem cell attachment, cytoskeletal structure, proliferation, migration, and differentiation [28-31]. 

As the hydrogel array formation procedure required glass-immobilized hydrogel detachment from 

the patterned gold-coated slide, it was plausible that this detachment could have contributed to the 

formation of nano- or micron-sized features on our hydrogel surface. Therefore, we used hydrated 

atomic force microscopy (AFM) to examine the resulting hydrogel surface roughness and root 

mean square (RMS) roughness of all hydrogels formed. Regardless of concentration of PEG-NB 
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or PEG-DT crosslinker in the precursor solution, the surface roughnesses were similar in value 

and did not seem to correlate with changing PEG-NB or PEG-DT concentration (Figure 3.11). 

This indicates that the detachment procedure and changes in hydrogel composition minimally 

influence surface nanotopography. Additionally, height of features found on our hydrogel surfaces 

(6.6-15.1 nm) are lower than the feature sizes commonly used in prior studies of surface 

topography effects, which suggests minimal contribution of surface topography to observed 

differences in hMSC behavior (Figure 3.11b).   

 

3.6.2. Changing composition of each hydrogel spot 

The composition of each hydrogel spot in the arrays could be also systematically and 

independently altered (Figure 3.12). Thiolene photopolymerization offered the advantage of facile 

ligand incorporation into the polymer network as long as the ligand contained a thiol capable of 

participating in thiolene reaction with PEG-NB (Figure 3.12a). We utilized cysteine-terminated 

CRGDS peptide and, by changing the molar ratio of peptide to norbornene functional groups, we 

could systematically and independently change the concentration of the peptides immobilized in 

each hydrogel spot in the array (Figure 3.12b,c). The resulting relative CRGDS concentrations in 

the hydrogel spots were directly correlated to the concentration of CRGDS in the hydrogel 

precursor solution (R2=0.9845). 

The array formation procedure also allowed for encapsulation of micron-sized materials 

and cells (Figure 3.12b and Figure 3.14). By adding the material or cells into the precursor solution, 

those components could be encapsulated within and uniformly distributed throughout the hydrogel 

spots upon photopolymerization (Figure 3.S2). As the mesh size of typical hydrogel networks 

generated were 6-12 nm (Figure 3.13a), micron-sized components were not able to freely diffuse 
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through and out of the network, thereby enabling their entrapment and encapsulation. We 

demonstrated the ability to change the density of encapsulated materials or cells by varying the 

concentration of fluorescently-tagged microspheres (from 0 to 2.5 w/v %) or cells (from 250,000 

to 1 million cells/mL) in the hydrogel precursor solution (Figure 3.12b,d and Figure 3.14a-c). The 

resulting concentrations of encapsulated materials in the hydrogel spots were directly correlated 

to the concentrations of materials added to the hydrogel precursor solutions (R2=0.9855 and 0.9655 

for microspheres and cells, respectively). At the concentrations typically used for cell 

encapsulation studies (500,000 and 1 million cells/mL), the empirical cell number encapsulated in 

the hydrogels is 75 and 69% of the desired cell number. Note that, due to the small volumes of 

viscous fluids, low-resolution microscopy, and automated measurement techniques used to enable 

enhance throughput screening with the hydrogel arrays, minor technical errors could result in 

significant variability in the resulting encapsulated cell concentration. Consistent with other 

workflows utilizing screening techniques, results from enhanced throughput screens with our 

hydrogel arrays should be confirmed with follow-up experiments using large-scale culture. 

We also demonstrated that the array formation procedure enabled hMSC encapsulation 

with cell viability consistent with those previous published for encapsulation in PEG hydrogels 

(70-90% viable cells at 24 hours after encapsulation, Figure 3.14d-e) [8, 32, 33]. Additionally, 

increasing concentration of CRGDS (which has been used to promote hMSC adhesion to hydrogel 

surfaces through interactions with αvβ3 and α5β1 integrins on the cell surface) did not significantly 

affect hMSC viability (Figure 3.14e) [33-35]. 

The hydrogel spot stiffness (as measured by shear storage modulus) was controllably 

altered by varying either the concentration of PEG-NB or PEG-DT crosslinker in the precursor 

solution. These results were consistent with those previously reported [36]. Hydrogel shear 
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modulus was directly correlated to both PEG-NB monomer concentration and PEG-DT crosslinker 

density (with 50%-100% density corresponding to 0.5-1 mole ratio of thiol-to-norbornene) in the 

precursor solution, and these results were confirmed by determining equilibrium mass swelling 

ratio (Figure 3.12e and Figure 3.13b). 

 

3.6.3. hMSC adhesion and proliferation on hydrogel array 

For hMSC adhesion studies, we generated arrays containing hydrogel spots with stiffness 

values ranging from 1.8 to 10.9 kPa and varying immobilized CRGDS peptide concentrations from 

0 to 4 mM. The arrays generated comprised several isolated hydrogel spots where each hydrogel 

spot possessed a unique CRGDS concentration and stiffness value. As the PEG hydrogel is bio-

inert and does not permit cell adhesion, the inclusion of RGD-containing peptides was designed to 

promote hMSC integrin-mediated cell adhesion and enable integrin-mediated mechanosensing 

[14, 21, 22, 37, 38].  Note that total peptide concentration was maintained at 4 mM by 

supplementing the hydrogel precursor solution with a “scrambled”, non-bioactive CRDGS peptide 

(whereby “0 mM CRGDS” hydrogels contain 4 mM CRDGS scrambled peptide).  The stiffness 

range was chosen to reflect the reported stiffness values of various soft tissues, including fat and 

muscle tissue [39, 40]. Following hydrogel array formation, hMSCs were seeded onto the hydrogel 

spots and cultured for up to 8 days (Figure 3.15a). hMSC initial cell attachment, spreading, and 

proliferation were linearly correlated with immobilized CRGDS concentration (Figure 3.15b-d and 

Figure 3.S3a-d) regardless of the hydrogel spot stiffness. After 1 day of culture, minimal hMSCs 

were attached to hydrogel spots that did not contain CRGDS (4 mM “scrambled” CRDGS), 

indicating that initial cell adhesion was mediated by the bioactivity of the immobilized peptide. 

Increased CRGDS concentration resulted in increased hMSC attachment, spreading, and 



 97 

proliferation with maximal values on hydrogel spots presenting 4 mM CRGDS. These results are 

consistent with previously reported relationships [12, 13, 18, 24, 41], and confirmed that hydrogel 

arrays can be used to screen for the effects of peptide density and identity on hMSC behavior.  

Increasing hydrogel spot stiffness (from 1.8 to 10.9 kPa) also resulted in increased hMSC 

initial cell attachment, spreading, and proliferation; however, maximal values for these cell 

behaviors were achieved on hydrogel spots with the highest CRGDS concentration and 

intermediate stiffness values  Figure 3.15b-d). In particular, maximal hMSC initial cell attachment 

was seen on hydrogel spots of 8.2 kPa stiffness while maximal cell spreading and proliferation 

were both seen on hydrogel spots of 5.4 kPa stiffness. As previous studies have reported that hMSC 

integrin-mediated mechanosensing is directly correlated to cytoskeletal tension, we examined 

focal adhesion formation and cytoskeletal structure to assess the influence of hydrogel spot 

stiffness on cytoskeletal tension [10, 12, 13, 15, 16, 18, 38]. Immunofluorescence staining for 

vinculin (a component of focal adhesions) and F-actin (an important component of stress fibers in 

adherent cultured cells) qualitatively revealed diffuse F-actin and focal adhesion in hMSCs seeded 

on softer hydrogels spots (3.3 kPa or less), while those seeded on stiffer hydrogels spots (5.4 kPa 

or greater) expressed well-defined stress fibers terminated by prominent focal adhesions (Figure 

3.16a). hMSCs expression of F-actin stress fibers terminated by prominent focal adhesions has 

been previously directly correlated to both substrate stiffness and cytoskeletal tension [10, 15, 16, 

18]. Independent of CRGDS concentration and substrate stiffness, hMSCs cultured on all 

substrates used in this study present mature focal adhesions (≥5 µm in length, Figure 3.16) [31].  

Independent of substrate stiffness, hMSC focal adhesion density appeared to be linearly correlated 

to CRGDS concentration (R2= 0.8852, Figure 3.16b). Additionally, independent of CRGDS 

concentration, focal adhesion length appeared to be correlated with substrate stiffness (Figure 
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3.16c). These trends are consistent with those previously reported and further support that hydrogel 

spot stiffness can be used to modulate hMSC cytoskeletal tension [42, 43]. Combined, these results 

suggested that hydrogel arrays produced here may be used to screen for the effects of substrate 

stiffness on hMSC mechanosensing.  

Interestingly, examination of the combinatorial effects of CRGDS concentration and 

hydrogel spot stiffness revealed potential interplay between these distinct substrate signals. The 

synergy between adhesion and stiffness is most clearly demonstrated with hMSC proliferation 

(Figure 3.15d). At 4 mM CRGDS, hMSCs proliferate regardless of hydrogel spot stiffness; 

however, hydrogel spots presenting 1 and 2 mM CRGDS required stiffness values greater than 1.8 

and 3.3 kPa, respectively.  These results are consistent with previously reported trends suggesting 

that low cytoskeletal tension in response to low cell adhesion ligand density could be compensated 

by high cytoskeletal tension produced from high substrate stiffness [12, 13]. Additionally, these 

trends suggest some baseline level of cytoskeletal tension was required for hMSC proliferation on 

hydrogel substrates and that multiple substrate signals could be engineered to work in synergy to 

promote mechanosensing and regulate cell behavior [5, 13]. It is worthwhile to note that, as we 

modified both PEG-NB concentration and crosslinking density to control stiffness, it is unclear the 

extent to which stiffness influences surface polymer chain mobility and subsequently the ability 

for the cells to access the cell adhesive ligands. Increasing stiffness could potentially decrease 

polymer chain mobility, reduce the effective CRGDS density accessible to the cells, and actively 

limit integrin clustering which subsequently impacts hMSC cytoskeletal reorganization and 

mechanosensing. Previous studies indicated that integrin clustering regulates cell adhesion, 

spreading, and proliferation and are dependent on both concentration and spatial distribution of 

cell adhesive ligands [31, 44]. Increasing PEG-NB concentration and crosslinking density could 
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reduce polymer chain mobility to decrease the number of favorable conformations of the CRGDS 

ligand during integrin clustering, thereby limiting the cluster size and distribution on the cell 

surface. Additionally, increasing crosslinking density could decrease potential sites for CRGDS 

covalently attachment and subsequently reduce effective CRGDS density [31]. Previous studies 

have also suggested that integrin clustering and mechanosensing is dependent on the flexibility of 

the anchor points to which cells adhere to the surface [31, 38, 44]. By increasing crosslinking 

density to increase substrate stiffness, we could have potentially decreased anchor point flexibility 

and limited hMSC integrin clustering, leading to increase hMSC spreading on stiffer substrates.  

 

3.6.4. hMSC adhesion on hydrogels presenting peptides with varying ligand-receptor affinity 

 We cultured hMSCs on hydrogels spots presenting 0-4 mM of the linear CRGDS or the 

cyclic (RGDfC) peptide to determine the influence of ligand-receptor affinity on cell behavior 

(Figure 3.17). Previous studies have indicated that the cyclic peptide possesses higher affinity for 

αvβ3 integrins than the linear peptide [34, 35]. Note that total peptide concentration was 

maintained at 4 mM by supplementing the hydrogel precursor solutions with the non-bioactive 

CRDGS peptide. Following hydrogel array formation, hMSCs were seeded onto the hydrogel 

spots and cultured for up to 3 days (Figure 3.17a). While changing the immobilize peptide identity 

did not significantly change the hydrogel spot stiffness or the linear correlation between both 

initial hMSC attachment or spreading and immobilized RGD-containing peptide concentration 

(Figure 3.S4), hMSCs initial attachment and spreading on hydrogels presenting cyclic (RGDfC) 

was higher than on hydrogels presenting equivalent concentrations of CRGDS (Figure 3.17b). 

These results are consistent with those previously reported for comparison of hMSC attachment 

and spreading on SAMs presenting linear vs. cyclic RGD-containing peptides [13] and suggest 
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that hydrogels with varying immobilized peptides identity could be used to screen for the effects 

of  changing ligand-receptor affinity on hMSC mechanosensing. 

 It is worthwhile to note that previous studies have suggested that more low-affinity ligands 

must be presented to the cells in order to achieve the same integrin clustering, stable attachments, 

and cell spreading when compared to higher affinity ligands [31]. Consistent with these 

suggestions, low concentrations of cyclic (RGDfC) promoted similar or higher levels of hMSC 

initial attachment and spreading than high concentrations of CRGDS (Figure 3.17b,c). 

 

3.7. Conclusion 

In conclusion, we have developed a method for forming hydrogel arrays using surfaces 

patterned with differential wettability. The proof-of-concept study presented here confirmed that 

our hydrogel array formation procedure is capable of producing hydrogel spots with properties 

that can be systematically and independently varied and that these arrays can be used for stem cell 

culture and screening for the effects of various chemical and mechanical substrate properties on 

stem cell behavior. While we and others have previously developed other hydrogel array systems 

for stem cell culture and screening [2, 6, 7, 21, 37, 45], our current array system offers the unique 

advantage of benchtop array formation for both 2- and 3-dimensional cell cultures and enhanced-

throughput screening without the need for liquid handling systems [7]. Our method is also suitable 

for screening the influence of substrate size, shape, and thickness on stem cell behavior via our 

ability to control the XYZ dimensions. Additionally, hydrogel arrays formed using our method are 

compatible with commercially-available micro-array add-on systems, thereby enabling attachment 

of wells for each individual spots to offer control over the soluble medium presented to each spot 

in the array (Figure 3.18). Our hydrogel array system therefore can be used to identify and optimize 
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substrate properties and culture conditions for stem cell culture. This capability is particularly 

important in stem cell engineering, as there is a need for optimization of chemically well-defined 

cell culture substrates for stem cell expansion, differentiation, and tissue assembly. 
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3.9. Figures  
 

 

Figure 3.10. Hydrogel array formation procedure and outputs. a-b) Hydrogels arrays were 

formed on gold-coated glass slides patterned with SAMs with differential wettability. c-e) 

Hydrogel precursor solutions deposited onto the hydrophilic SAM regions of the patterned slide 
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were crosslinked via UV-initiated photopolymerization to form hydrogel spots. F) The resulting 

array is composed of hydrogel spots immobilized on a glass slide. g-h) The array formation 

procedure allows for the formation of hydrogel spots of various size, shape, and height.  
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Figure 3.11. Characterization of surface roughness of hydrogels formed using the array 

formation procedure. (a) Representative AFM height image of hydrogel (shown: 20 wt.%, 45% 
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crosslinking)  in liquid to determine the RMS roughness. (b) The calculated RMS roughness 

values (6.6-15.1 nm) for hydrogels with the lowest and highest stiffness values formed using this 

array formation procedure. Dotted line denotes minimum height used in previous studies 

investigating the influence of nanotopography of compliant surface on hMSC behavior. Sample 

size: n = 3 (b).   
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Figure 3.12. Characterization of the chemical and mechanical properties of hydrogel spots in the 

array. a) Schematic representation of array with hydrogel spots formed using thiolene chemistry. 

Array with hydrogel spots containing varying concentrations of immobilized CRGDS peptide 
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(b,c) and encapsulated microspheres (b,d). Hydrogel spots with stiffness varied by changing 

concentration of PEG-NB or crosslinker density in the hydrogel precursor solution (e). Sample 

size: n = 4 (c-d) and n = 3 (e). Statistical significance was determined by two-factor ANOVA 

followed by Tukey HSD test, whereby * denotes statistical significant with p<0.05 and “NS” 

denotes no statistical significance. 
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Figure 3.13. Characterization of hydrogel physical properties and network structure. a) Hydrogel 

network mesh size predicted using calculations based on Flory-Rehner theory. b) Mass 

equilibrium swelling ratio of bulk hydrogels formed with varying PEG-NB (wt. %) and 

crosslinker density. Sample size: n = 3 (a-b). Statistical significance was determined by two-
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factor ANOVA followed by Tukey HSD test, whereby * denotes statistical significant with 

p<0.05 and “NS” denotes no statistical significance. 
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Figure 3.14. Demonstration of hMSC encapsulation in hydrogels formed using differential 

wettability patterning. All hydrogels presented CRGDS and were crosslinked with a MMP-
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degradable peptide. a-d) Viability and density of hMSCs encapsulated in hydrogel spots 

presenting 2 mM CRGDS and formed using precursor solutions with varying concentrations of 

hMSC. a) Maximum intensity projection created by stacking images of the hydrogel acquired at 

3 different focal planes in the hydrogel. c) Correlation of encapsulated hMSC density with 

hMSC concentration in precursor solution. e) Viability of ~500,000 hMSCs encapsulated in 

hydrogels spots containing varying concentrations of immobilized CRGDS peptide. Sample size: 

n ≥ 5 (b, d,e), n=3 (c). Statistical significance was determined by ANOVA followed by Tukey-

Kramer test, whereby * denotes p<0.05 and “NS” denotes no statistical significance. 
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Figure 3.15. Effects of hydrogel spot stiffness and immobilized CRGDS concentration on hMSC 

behavior.  a) hMSC culture on hydrogel spots presenting 4 mM CRGDS over the course of 8 

days. hMSC b) cell attachment one day after cell seeding, c) cell spreading four days after cell 

seeding, and d) cell proliferation (indicated by normalized cell number from day 4 compared to 

day 1, C4/C1 > 1) after four days of culture Sample size: n = 4 (b-d). 
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Figure 3.16. Effects of hydrogel spot stiffness and immobilized CRGDS concentration on hMSC 

cytoskeletal structure. a) Focal adhesion (vinculin, green), stress fiber (F-actin, red), and nuclear 

(DAPI, blue) stain of hMSCs after 8 days of culture on hydrogel spots with varying stiffness and 

presenting 4 mM CRGDS. b) Correlation of hMSC focal adhesion density with immobilized 

CRGDS concentration (calculated by averaging all hydrogel spots with the same CRGDS 

concentration, regardless of stiffness). c) Average hMSC focal adhesion length on hydrogels of 

different stiffness values (calculated by averaging all hydrogel spots with the same stiffness 

values, regardless of CRGDS concentration). Sample size: n ≥ 25 (b-c). Asterisks denote 

statistical significance as determined by single factor ANOVA followed by Tukey-Kramer test, 

whereby ** p<0.01. 
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Figure 3.17. Effects of immobilized peptide identity on hMSC behavior. a) hMSC attachment on 

hydrogels presenting linear CRGDS or cyclic (RGDfC) after 3 days of culture. b) hMSC cell 

attachment one day after seeding and c) cell spreading after 3 days culture on hydrogel spots 

presenting 4 mM CRGDS or cyclic (RGDfC). Sample size: n ≥6 (b,c). 
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Figure 3.18. Demonstration of hydrogel array setup for soluble media screening. a) Hydrogel 

array assembly with commercially-available micro-array add-on for ability to introduce different 

soluble factors to b) each individual spot or c) group of spots in the array. b-c) Hydrogels stained 

with Trypan blue and media contains phenol red for enhanced contrast and visibility. 
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3.10 Supporting Information 
 

 

Figure 3.S1. Demonstration of array formation procedure and capabilities. a) During UV 

polymerization, PEG-NB hydrogels were covalently linked to thiol-presenting silanized glass 

slides. b) Array with hydrogel spots containing varying concentrations of immobilized CRGDS 

and encapsulated microspheres. 
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Figure 3.S2. Maximum intensity projection and images acquired at different focal planes reveal 

uniform distribution of encapsulated hMSC throughout the hydrogel. 
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Figure 3.S3. Correlation of hMSC behavior with immobilized CRGDS concentration. hMSC a-

b) cell attachment 1 day after cell seeding, c) average cell area 3 days after culture, and d) cell 

proliferation 3 days after culture on hydrogel spots presenting various concentration of CRGDS. 

Note that values are averages for hMSCs on hydrogel spots with stiffness from 2 to 11 kPa. 

Sample size: n  ≥ 19 (a-d). Asterisks denote statistical significance as determined by two-factor 

ANOVA followed by Tukey-Kramer test, whereby ** denotes statistical significance with 

p<0.01. 
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Figure 3.S4. Correlation of hMSC behavior with immobilized RGD-containing peptide 

concentration. a) Stiffness of 8 wt% PEG-NB, 50% crosslinked hydrogels presenting 4 mM 

CRGDS or cyclic (RGDfC). hMSC b) initial attachment 1 day after seeding and c) spreading 3 

days after culture on hydrogels presenting 1-4 mM RGD-containing peptides. Statistical 

significance was determined by Student’s t-test, whereby “NS” denotes no statistical significance 

with α=0.05. Sample size: n=3 (a), n≥6 (b,c). 
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3.12 Appendix 
 
3.12.1 Patent (No: US  10,195,313; Issued: February 5, 2019)- Method for forming hydrogel 

arrays using surfaces with differential wettability 

 



 127 

3.12.2 Patent (No: US 9,694,338; Issued: July 4, 2017) - Covalently-immobilized hydrogel 

arrays in multi-well plates 
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4.1. Preface 

 The focus of these studies was to develop DOE-driven screening methods and 

technologies to enable identification of customized substrates for serum-free hMSC culture. 

Here, the screening approach examined hMSC behavior in response to multiple in vitro culture 
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parameters (substrate stiffness, substrate adhesivity, media composition) in order to identify 

unique hydrogel substrate compositions that enable hMSC expansion in both serum-containing 

and serum-free culture. This screening approach combined with MVA enabled understanding of 

the independent and combinatorial effects each culture parameter had on hMSC behavior in vitro 

and established the importance for moving towards serum-free hMSC biomanufacturing in order 

to mitigate the confounding effects of serum.  

 Additionally, reference an issued patent, data published in Nature Biomedical 

Engineering, and unpublished data in the appendix to demonstrate the commercialization 

potential for this approach as well as the broader applicability of screening to identify 

customized substrates for culture of pluripotent stem cells. Our unpublished data indicated the 

ability to resolve hESC cytoskeletal organization and phenotypes indicative of mechanosensing, 

thereby further demonstrating the ability to use this approach beyond how we’ve applied it here. 

 

4.2. Abstract  

 We describe the development of a screening approach to identify customized substrates for 

serum-free human mesenchymal stromal cell (hMSC) culture as well as its utility in combining 

the design of experiment (DOE) screening approach with multivariate analysis (MVA) to survey 

the effects of culture parameters (namely substrate stiffness, substrate adhesivity, and media 

composition) on hMSC behavior in vitro. This approach enabled the identification of media- and 

cell-source agnostic hydrogel substrate compositions that supported functional hMSC expansion 

in multiple serum-containing and serum-free media as well as the expansion of mouse-derived and 

iPS-derived MSCs. The identified substrates were compatible with standard thaw, seed, and 

harvest protocols. Finally, we used MVA on the screening data to reveal the importance of serum 
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and substrate stiffness on hMSC expansion in order to emphasize the need for development of 

customized culture systems in order to optimize hMSC biomanufacturing processes.  

 

4.3. Statement of Significance  

Our DOE-driven screening method enables the ability to rapidly develop customized cell 

culture substrates for optimizing cell biomanufacturing processes for expansion, differentiation, 

secretome generation, among many others. The hydrogel array technologies used in this screening 

approach are benchtop amenable and can be completed without a liquid handling system, thereby 

increasing the commercial and application translatability of this approach.  
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4.4. Introduction 

Human mesenchymal stromal cells (hMSCs) are powerful tools for research and clinical 

applications; however, their behavior in culture is poorly understood, resulting in inability to 

predict subsequent in vivo effects. Reliance on poorly-regulated, ill-defined adhesion substrate and 

growth media during hMSC culture is one contributor to this knowledge gap.  

hMSCs are routinely cultured on tissue culture polystyrene (TCPS) in growth factor-

supplemented media (most commonly in the form of fetal bovine serum, FBS). Both TCPS and 

FBS reliance results in poor control of signals presented to the cells and understanding of how 

extracellular signals influence hMSC behavior.  The reliance on TCPS raises concerns due to its 

supraphysiologically high stiffness and nonspecific protein absorption. TCPS is ~300 Pa while 

TCPS modulus is six orders of magnitude higher than bone marrow, five orders of magnitude 

higher than any soft tissue, and long-term hMSC culture on TCPS has been demonstrated to result 

in increased cellular stress and decreased mechanosensitivity because of cytoskeletal coarsening 

and stiffening [1-4]..  Additionally, TCPS allows nonspecific absorption of hundreds of proteins, 

therefore it is difficult to parse out and understand the effects of and mechanisms engaged in cell-

microenvironmental signaling [3]. Meanwhile, the reliance on FBS raises concerns for both 

research and clinical applications: potential for xenogenic contamination, large batch-to-batch 

variability that can reduce manufactured cell quality and efficacy, poorly-characterized 

composition and protein concentrations that reduces manufactured cell reproducibility, and supply 

and price volatility that will result in unpredictable supply and costs [5-9].  

In efforts to resolve these issues, there has been significant interest in development of 

chemically defined, xeno-free (XF), serum-free (SF) culture substrates and media formulations [5, 

6, 8-10].  Despite the development and commercialization of several SF media formulations, there 
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have been hurdles to widespread acceptance. First and foremost, the effects of serum-dependence 

on cell adhesion and proliferation are poorly understood, therefore attempts to remove serum 

during the development of SF systems have been plagued with performance issues [5-7]. Secondly, 

transition out of traditional serum-containing (SC) culture often results in suboptimal hMSC 

attachment and expansion in SF systems [5, 8, 9]. Prior studies evaluating performance of SF 

systems revealed the need for concurrent optimization of both the media formulation and substrate 

in order to achieve hMSC growth comparable to levels achieved in SC culture systems [5, 11-14].  

Finally, several commercially-available SF media formulations are proprietary and developed to 

promote optimal growth only when used with proprietary culture substrates, leading to limitations 

of their utility in research and clinical studies [5, 8, 9, 11-14].  

Here, we employed combinatorial high throughput screening technologies to enable rapid 

identification of chemically-defined substrate for hMSC culture in XF, SF media. Our screening 

method allowed examination of several variables that, based on prior literature, are likely to 

influence hMSC behavior: stiffness, adhesivity, and growth medium  [15-34]. From this screen, 

we identified three chemically-defined hydrogel substrates that supported functional hMSC 

expansion in multiple SC and SF media formulations. Finally, we used these customized substrates 

to study the influence of culture parameters on hMSC adhesion, expansion, and differentiation. 

 

4.5. Materials and Methods  

 
4.5.1 Hydrogel array formation and characterization 

Two hydrogel array formats were utilized in this set of experiments: slide-based hydrogel 

arrays and multiwell-based hydrogel arrays (Figure 4.S1A). Both array formats utilized 

Norbornene-functionalized PEG (PEG-NB) hydrogels formed using thiolene chemistry.  
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PEG-NB was synthesized and characterized as previously described [22, 35-37]. Briefly, 

8-arm PEG-OH (20 kDa molecular weight, tripentaerythritol core, 8-arm with terminal OH, 

JenKem Technology) was dissolved in anhydrous dichloromethane (DCM, Sigma Aldrich) in one 

round bottom flask while N,N′-dicyclohexylcarbodiimide (DCC, Sigma Aldrich) and 5-

Norbornene-2-carboxylic acid (Sigma Aldrich) were dissolved in a second round bottom flask. 

The PEG and norbornene solutions were combined and stirred overnight, protected from light, to 

covalently couple the 5-norbornene-2-carboxylic acid to the PEG-OH. The PEG-NB product was 

filtered through a medium fritted Buchner funnel (to remove urea salts byproduct) and the PEG 

filtrate was precipitated in 900 mL cold diethyl ether (Sigma Aldrich) and 100 mL hexane (Sigma 

Aldrich).  The PEG solids were collected on qualitative grade filter paper and air dried at room 

temperature overnight, protected from light. The PEG-NB product was purified by dialysis 

(SNAKESKIN dialysis tubing, MWCO 3.5K, Sigma Aldrich) to remove residual norbornene acid. 

PEG-NB product was dialyzed against 4L of dH2O at 4°C for 72 hours, with water change every 

8 hours, filtered through a 0.45 µm nylon filter to remove particulates and impurities, and 

lyophilized. Norbornene functionalization of >90% was confirmed with 1H nuclear magnetic 

resonance spectroscopy with free induction decay (FID) spectra obtained using spectroscopy 

services provided by the National Magnetic Resonance Facility at Madison on a Bruker 

Instruments Avance III 500i spectrometer at 400 MHz and 27°C. Samples were prepared at 6 

mg/mL in deuterated chloroform (CDCl3, Sigma Aldrich) with tetramethylsilane (TMS) internal 

standard.   

Silanized glass coverslips were prepared via liquid-phase silanization as previously 

described  [22]. Briefly, clean glass coverslips were activated using oxygen plasma treatment at 

40 standard cubic centimeters per minute (sccm) and 50 W for 5 minutes to increase the number 
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of activated hydroxyl groups on the surface, immersed in 2.5 v./v.% 3-mercaptopropyl 

trimethoxysilane (3-MPTS, Sigma Aldrich) in toluene for 2 hours, rinsed with ethanol, dried, cured 

under nitrogen atmosphere at 100 °C for 1 hour, and immersed in 10 mM  1,4-Dithiothreitol (DTT, 

Sigma Aldrich) in PBS for 30 minutes at 37°C to increase free thiols available for thiolene reaction 

with PEG-NB.  

Hydrogel precursor solutions were prepared by combining PEG-NB (4-20 wt/wt %), PEG-

dithiol crosslinker (0.5-1 mole ratio of thiol-to-norbornene), peptides (1-6 mM), and 0.5 wt/wt% 

Irgacure 2959 photoinitiator (CIBA/BASF) and diluted to desired concentrations with phosphate 

buffered saline (PBS, pH 7.4) immediately prior to hydrogel array formation. Linear CRGDS, 

linear CRDGS, CREDV, CRGDSPG, cyclic (RGDfC), CPHSRN-(SG)5-RGD, CRGD-G13-

PHSRN, and CIKVAV were purchased from GenScript USA. Note, per the manufacturer, the “f” 

notation denotes a D-amino acid. Linear PEG-dithiol (PEG-DT, 3.4 kDa) was purchased from 

Laysan Bio.  

Slide-based hydrogel arrays were formed using a patented differential wettability 

patterning method (US10195313B2) previously described [22].  

Multiwell-based hydrogel arrays were formed using a slight modification to the differential 

wettability patterned method and a patented array formation method (US9694338B2).  In this 

method, hydrogels were immobilized to silanized glass coverslips to provide ease of handling. 

Briefly, gold-coated slides were cleaned via sonication in ethanol for 1 minute, dried with air, 

cleaned with oxygen plasma at 40 sccm and 50 W for 1 minute, and immersed in a 0.1 mM solution 

of HS–C11–(O–CH2–CH2)3–OH (PEG-terminated alkanethiols, ProChimia Surfaces) in ethanol 

solution for 2 hours to form a hydrophilic alkanethiol SAM layer. 12 mm round coverslips were 

silanized using the procedure detailed above. Hydrogel precursor solutions were spotted onto the 
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hydrophilic gold-coated slides, coverslips were used to sandwich the hydrogel precursor solution, 

hydrogel precursor solutions were crosslinked by UV-initiated photopolymerization through the 

silanized coverslips with 365 nm wavelength light for <6 seconds at 90 mW/cm2, the resulting 

immobilized hydrogels were was immersed in 70% ethanol for ≥ 72 hours, treated with UV-C in 

a biosafety cabinet for 3 hours to decontaminate, thoroughly washed 3X with PBS, immersed in 

cell growth medium at 37 °C for 72 hours with media changes every 12 hours, and stored in growth 

medium at 37 °C until use.  

Hydrogel shear storage modulus and compressive modulus were determined using 

procedures previously published  [22, 29, 35, 38-41].   

 

4.5.2 Cell culture 

Bone marrow-derived hMSCs (Lonza) were expanded in 10% fetal bovine serum (FBS, 

Invitrogen) in minimum essential medium alpha formulation (αMEM, MediaTech) supplemented 

with 1% penicillin/streptomycin (Invitrogen) on tissue culture polystyrene plates at 37 °C in a 5% 

CO2 atmosphere until 70% confluence. hMSC (PDL 8-16) were harvested using trypsin 

(Invitrogen), resuspended in 10% FBS in αMEM, and seeded on sterilized hydrogel arrays or 

TCPS (for TCPS control). After 24 hours, unattached cells were removed by gently replacing the 

culture media. Cells on hydrogel arrays were maintained at 37 °C in a 5% CO2 atmosphere with 

culture medium changed every 2 days. hMSCs were also cultured in xeno-free and serum-free 

media: TheraPEAK XF SF (Lonza) with TCPS control, StemPro XF SF (Gibco) with CellStart-

coated TCPS control, and RoosterNourish XF (RoosterBio) with TCPS control. All hMSCs used 

were cryopreserved in αMEM + 10% FBS, thawed into the respective medias of interest, and 

allowed to recover from cryopreservation for 72 hours prior to harvest and use for hydrogel 
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experiments. hMSC were seeded onto TCPS and hydrogel substrates at 1000 cell/cm2 (to prevent 

significant cell-cell interactions that could mask the effects of cell-substrate interaction) or 3000 

cell/cm2 (based on the media manufacturers’ recommended seeding density for optimal growth). 

For xeno-free harvest, hMSCs were dissociated from the surface using TrypLE (XF trypsin, 

Thermo Fisher Scientific) and Versene (1X EDTA, Thermo Fisher Scientific). 

hMSCs osteogenic and adipogenic differentiation utilized establish protocols previously 

reported [42, 43]. Briefly, osteogenic medium (0.1 µM dexamethasone, 10 × 10 mM β glycerol 

phosphate, 50 nM ascorbic acid 2-phosphate) was prepared in αMEM + 10% FBS with penicillin 

(100 U/mL) and streptomycin (100 µg/mL). Adipogenic medium (1 µM dexamethasone, 500 µM 

isomethyl isobutyl xanthine, 10 µg/mL insulin) was prepared in 10% FBS in Dulbecco’s 

modification of Eagle’s medium high glucose with penicillin (100 U/mL) and streptomycin (100 

µg/mL). hMSCs were expanded on TCPS or hydrogels for 8 days, dissociated, and seeded at 5000 

cells/cm2 on 48-well plates (Corning ™ BioCoat™ Collagen I, 48-well multiwell plates, Thermo 

Fischer Scientific) in αMEM + 10% FBS, allowed to grow until confluent, before media change 

into osteogenic or adipogenic media for differentiation or αMEM + 2% FBS for no differentiation 

control. Media was changed every 3 days for 21 days of differentiation.  

Immunomodulatory function was assessed using hMSCs expanded on hydrogels or TCPS 

for 8 days and using instructions based on Miltenyi Biotec’s human MSC Suppression Inspector 

with a ratio of 1:100 hMSCs to activated T cells for 5 days. A CyQUANT Cell Proliferation Assay 

Kit (Thermo Fisher Scientific) was used to quantify DNA as an indicator of cell proliferation.  

Induced pluripotent stem cell- (iPS) derived MSC were provided by Dr. Igor Slukvin’s lab 

at the University of Wisconsin-Madison (Madison, WI) and cultured in complete Vasculife 

medium (Lifeline Cell Technology, Frederick, MD) supplemented with 10% FBS. Mouse bone 
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marrow-derived MSCs were collected from bone marrow aspirate using procedures previously 

published and cultured in αMEM + 10% FBS [44]. Human umbilical vein endothelial cells 

(HUVECs, Lonza) were cultured in growth medium consisting of medium 199 (M199, Mediatech 

Inc) supplemented with EGM-2 Bulletkit (Lonza). H1 human embryonic stem cells (hESCs) were 

purchased from WiCell, expanded on Matrigel-coated TCPS, and cultured in Essential 8 (E8, Stem 

Cell Technologies) medium. 

 

4.5.3 Data Acquisition and analysis 

hMSC viability after harvest was determined by Trypan Blue exclusion assessment. 

Hydrogel arrays and samples were placed in a heated environmental chamber and imaged on the 

Nikon Eclipse Ti microscope (Nikon) at each desired time point. Cell number was manually 

determined using NIS Elements software (Nikon) every 24 hours after seeding, cell area of single 

cells were determined using NIS Elements’ threshold and automated measurement features at 72 

hours  after seeding, and cell expansion was quantified as previously reported by normalizing cell 

number at 72 hours relative to 24 hours, where fold change in cell number greater than 1 was used 

to indicate expansion and proliferation [19].  

To assess osteogenic differentiation, cells were fixed with 10% Formalin, stained with 

Alizarin Red (40 mM, pH 4.1–4.3), washed three times with water, and assessed for mineral-

stained red cells as positive indicators of osteogenic differentiation. To assess adipogenic 

differentiation, cells were fixed with 10% Formalin, incubated in Oil Red O working solution (3 

parts of Oil Red O at 3 mg/mL in 99% isopropanol to 2 parts distilled water and filtered with 0.2 

µm syringe filter to remove undissolved particulates) for 20 minutes, washed with water until clear, 

and assessed for lipid vacuoles stained red as positive indicators of adipogenic differentiation. 
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Additionally, Oil Red O-stained cells were imaged using TxRed fluorescence imaging on the 

TiEclipse microscope, and lipid droplet size and density was determined using automated 

thresholding on NIS Elements analysis software. 

Design of experiment (DOE) and multivariate analysis (MVA) was performed using JMP 

statistical analysis software. The multivariate value of each culture parameter was calculated a 

ratio relative to the total summed effect value for all parameters (∑All	effects	 = 1). Statistical 

analysis for significance was performed using the GraphPad Prism software via Student’s t-test 

(2-tailed, α=0.05) or ANOVA with post-hoc Tukey (HSD or Kramer depending on sample size 

variability) tests as indicated. Error bars denote standard deviation.  

 

4.6. Results 

 

4.6.1 Screening method and platform technologies 

We have developed a high throughput screening method utilizing hydrogel array platform 

technologies with the goal of identifying substrates that support functional hMSC expansion in SF 

media. Our high throughput screening method employs a design of experiment (DOE)-driven, 

multistep process, two different hydrogel array platforms, and is amenable for high-content, label-

free characterization approaches (Figure 4.1A and Figure 4.S1A,B).  

Both the slide-based and multiwell-based array platforms employed in this screening 

method comprised PEG-DT crosslinked PEG-NB hydrogels with networks formed via thiolene 

photopolymerization, a step-growth reaction mechanism with rapid gelation time that yields 

homogeneous polymer networks (Figure 4.1B and Figure 4.S1C) [22, 23]. The composition of 

each hydrogel spot in the arrays were controlled such that substrate stiffness and adhesivity could 
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be modified independently (Figure 4.1B,C and Figure 4.S2A,B). Here, hydrogel stiffness could be 

regulated independent of adhesivity, regardless of total peptide concentration or identity (Figure 

4.1C). We controlled identity and concentration of cysteine-terminated moieties incorporated into 

the network to regulate both stiffness and adhesivity. We controlled the stiffness of each hydrogel 

spot in the array by changing the concentration of PEG-NB polymer and the molar ratio of 

crosslinker-to-norbornene in the hydrogel precursor (prepolymer) solution (Figure 4.1C and 

Figure S1B). We controlled substrate adhesivity through altering peptide identity and 

concentration in the hydrogel precursor solution. Several fibronectin-, vitronectin-, and laminin-

derived integrin-binding peptides were immobilized into the hydrogel network to promote cell 

adhesion (Figure 4.S2A,B).  

Additionally, our high throughput screening arrays and method allowed us to examine the 

independent and combinatorial effects of substrate stiffness, substrate adhesivity, and media 

formulation on hMSC behavior to identify combinations of substrates and media that supported 

hMSC expansion (Figure 4.1A). Each spot in the array could be customized in terms of mechanical 

stiffness, cell adhesion peptide identity and concentration, GF sequestering molecule identity and 

concentration, cell type and density, and media formulation.  

For the screening workflow, we first use preliminary data from literature and prior 

experiments to design primary screen(s) on slide-based hydrogel arrays (Figure 4.1A and Figure 

4.S3). In this initial screening set, we examined variables that are likely to influence hMSC 

phenotype: substrate stiffness and adhesivity. First, we performed short-term hMSC culture to 

identify cytocompatible “hit” hydrogel compositions that support stable hMSC adhesion and 

spreading. Second, we scale up the hits into multiwell-based arrays for secondary screens to 
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identify “master hit” hydrogel compositions that support functional hMSC expansion. These steps 

were iterative and were repeated as needed.  

Our screening array platforms and workflow were developed to require no liquid handling 

systems, be amenable for formation on the benchtop, and produced flat culture surfaces that were 

compatible with standard imaging techniques.  

 

4.6.2 Customized substrates for functional SF hMSC expansion 

We used the aforementioned high throughput screening method to identify customized 

hydrogel substrates for functional hMSC expansion in SC and SF media.  

First, we used slide-based hydrogel arrays to identify integrin-binding adhesion peptides 

that could support hMSC adhesion in SC and SF media (Figure 4.S2C, Figure 4.S3, and Figure 

4.S4). For experiments on slide-based arrays, we seeded hMSCs at 1000 cell/cm2, a density much 

lower than recommended for XF SF culture, to prevent significant cell-cell interactions that could 

mask the effects of cell-substrate interaction. We incorporated 2 mM of several integrin-binding 

peptides (containing laminin-derived IKVAV, fibronectin-derived RGD, and vitronectin-derived 

PHSRN sequences) into 8 kPa stiffness hydrogels and examined the ability for each substrate to 

support stable adhesion, cell spreading, and expansion (a balance between proliferation and cell 

survival) (Figure 4.S4). Substrates presenting 2 mM cyclic RGDf promoted the highest 

combination of initial adhesion, cell spreading, and expansion in aMEM + 10% FBS culture; 

however, regardless of peptide concentration, cyclic RGDf alone was unable to support hMSC 

adhesion in TheraPEAK XF SF medium at levels comparable to those achieved on the TCPS 

control (Figure 4.S5A).  
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Next, we performed a 2nd adhesion-based screen on slide-based hydrogel arrays to 

examine the influence of increasing cyclic RGDf concentration (8 kPa hydrogels presenting either 

2 or 4 mM cyclic RGDf) and the additional of 0.5 mM IKVAV on hMSC adhesion in TheraPEAK 

XF SF medium (Figure 4.S5).  Regardless of cyclic RGDf concentration and media formulation, 

adding 0.5 mM IKVAV increased hMSC adhesion to levels equal to or greater than those achieved 

on TCPS controls. In αMEM + 10% FBS culture, increasing cyclic RGD concentration increased 

hMSC adhesion and the addition of IKVAV provided additive effects to further increase adhesion 

to levels greater than what was achieved on TCPS. In TheraPEAK XF SF culture, increasing cyclic 

RGDf concentration alone also increased adhesion, but only the combination of cyclic RGDf and 

IKVAV promoted adhesion levels comparable to what was achieved on TCPS + CellStart coating.  

After we identified adhesion-promoting peptides suitable for supporting hMSC adhesion 

in both SC and SF media, we performed a 3rd screen on slide-based hydrogel arrays to identify 

combinations of substrate stiffness and adhesivity that supported hMSC expansion (Figure 4.2 and 

Figure 4.S6A). We varied hydrogel stiffness (1, 8, or 18 kPa), cyclic RGDf concentration (0 – 6 

mM), and IKVAV concentration (0 – 2.5 mM) and examined cell adhesion, spreading, and 

expansion in SC (αMEM + 2% or 10% FBS) and SF (TheraPEAK XF SF) media. The stiffness 

range was chosen to reflect stiffness values previously employed for hMSC culture on hydrogel 

substrates of various other chemistries in SC media [1, 45-50]. Hydrogel compositions that 

concurrently supported adhesion, spreading, and expansion in both SC and SF media were deemed 

“hit” compositions.  

Of the 48 different hydrogel compositions examined (46 hydrogel substrates, TCPS, and 

TCPS + CellStart coating), we identified 23 hits (22 hydrogel substrates and TCPS + CellStart 

coating) that promoted cell adhesion, spreading at levels equal or greater than what was seen on 
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TCPS controls, and expansion (with > 1 fold change in cell number over 2 days of culture)  in 

TheraPEAK XF SF medium (Figure 4.2 and Figure 4.S6 ).  Note hMSC expansion in TheraPEAK 

XF SF medium was significantly lower than those seen in αMEM + 2% or 10% FBS culture, 

regardless of culture substrate. Additionally, regardless of media formulation, culture on TCPS 

produced higher expansion than those on hydrogel substrates. 

Next, we performed a 4th screen on slide-based hydrogel arrays to determine whether the 

24 TheraPEAK XF SF hit hydrogel compositions could support hMSC adhesion, spreading, and 

expansion in other XF and SF media (Figure 4.3). Of the 22 TheraPEAK XF SF hydrogel hit 

compositions, 3 were “master hits” that supported hMSC culture in αMEM + 2% FBS, 

RoosterNourish XF, and StemPro XF SF media (Figure 4.4A). Notably, these 3 media-agnostic 

master hit hydrogel compositions not only supported bone marrow-derived hMSC (BM-hMSC) 

adhesion, spreading, and expansion, but also supported iPS-derived hMSC and bone marrow-

derived mouse MSC adhesion, spreading, and expansion (Figure 4.S6B). Additionally, the 

screening method was also able to identify customized hydrogel substrates for promoting culture 

of other cells in XF condition: human embryonic stem cells (hESCs) in Essential 8 (E8) and human 

umbilical vein endothelial cells (HUVECs) in Endothelial Growth Medium 2 (EGM2) media 

formulations (Figure 4.S7). Interestingly, the identified master hits or media and cell-source 

agnostic hMSC culture were also able to support both hESC and HUVEC adhesion and expansion. 

Finally, we scaled up the master hits into multiwell-based hydrogel arrays, seeded hMSCs 

at 3000 cell/cm2 (per the manufacturers’ recommended seeding density for optimal growth), 

expanded cells for 8 days, and harvested the cells for induced adipogenic differentiation, induced 

osteogenic differentiation, and activated T-cell co-culture to examine whether the cells retained 

their function after expansion. hMSCs expanded on master hit hydrogels in SC and SF media 
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retained their proliferative capacity with expansion levels comparable to those seen on TCPS 

controls (Figure 4.3B) Notably, hMSCs cultured on “non-hit” hydrogels (18 kPa with varying 

adhesivity) did expand, but at levels significantly lower than those seen on TCPS controls (Figure 

4.S5C). 

hMSCs also retained their multipotency and immunosuppressive functions after 8 days of 

expansion on hit hydrogels. Expanded hMSCs cultured on collagen I-coated TCPS in osteogenic 

induction medium for 21 days gave rise to mineralized cells (Alizarin Red S+) and those cultured 

in adipogenic induction medium gave rise to cells with large lipid vacuoles (Oil Red O+) (Figure 

4.4A, Figure 4.S8, Figure 4.S9A,B and Figure 4.S10). Expanded hMSCs co-cultured with 

activated T-cells were able to suppress T-cell proliferation at levels comparable to those expanded 

on TCPS in αMEM + 10% FBS (Figure 4.S9C).  

Finally, to examine master hit hydrogels’ compatibility with standard cell culture protocols, 

we examined the effect of seeding and harvest techniques on cell viability and expansion (Figure 

4.S11). hMSCs passaged onto the hydrogels following TCPS expansion (as utilized in the 

aforementioned experiments) or directly from thaw both maintained adhesion and expansion 

capabilities similar to cells cultured on TCPS controls (Figure 4.S11A,B). hMSCs dissociated from 

the surface using enzyme and enzyme-free reagents (trypsin, TrypLE, and Versene) maintained 

high viability (> 80%, Figure 4.S11C) and multipotency (Figure 4.S8). Additionally, hMSCs could 

be dissociated off the hydrogels and reseeded onto a fresh hydrogel substrate similar to the 

repassaging procedure on TCPS (Figure 4.S11D). 
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4.6.3 The influence of culture parameters on hMSC adhesion, expansion, and differentiation 

Next, we performed multivariate analysis (MVA) on the screening data to examine the 

independent and combinatorial influences of culture parameters (culture media composition, 

substrate stiffness, and substrate adhesivity via Cyclic RGDf and IKVAV) on hMSC adhesion, 

expansion, and differentiation (Figure 4.4.B). Independently, media formulation, Cyclic RGDf 

concentration, and substrate stiffness all were positively correlated with hMSC adhesion and 

expansion. For combinatorial effects, stiffness and Cyclic RGDf (stiffness x Cyclic RGDf) had 

the single largest impact on hMSC expansion and their synergistic effect was able to increase 

expansion 269 % greater than the effect of increasing Cyclic RGDf concentration and 367 % 

greater than the effect of increasing stiffness alone. Interestingly, the factoring in the effects of 

IKVAV resulted in the combinatorial effects of stiffness x Cyclic RGDf x IKVAV causing a 

decrease in both hMSC adhesion and expansion. These results were confirmed via head map of 

hMSC adhesion and expansion (Figure 4.S11). 

Next, we examined the influence of substrate stiffness on adipogenic differentiation of 

hMSCs following expansion (Figure 4.4A and Figure 4.S10). We use this as a testbed to study 

substrate-dependent hMSC differentiation in both SC and SF media and to confirm that we are 

able to generate functional hMSC post culture on hydrogel substrate hits. We use adipogenic 

differentiation because of the ability to with Oil Red O+ and identify with TxRed fluorescence 

imaging for a high content data acquisition and analysis method amenable to high throughput 

approaches [51, 52].  hMSCs were expanded on TCPS, 1 kPa, or 8 kPa master hit hydrogels for 8 

days after which the cells were harvested for induced adipogenic differentiation. While the 

combinatorial effects of stiffness x media formulation were not significant for both adhesion and 

expansion, there were notable effects on hMSC adipogenic differentiation. Regardless of the XF 
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SF media formulation used for expansion, hMSCs cultured on master hit hydrogel substrates of 

decreasing stiffness (8 vs. 1 kPa) possessed increasing adipogenic differentiation potential, as 

indicated by increasing Oil Red O+ lipid vacuole density, in TheraPEAK XF SF and StemPro XF 

SF. There was significant difference in lipid vacuole density following induced adipogenic 

differentiation of hMSC expanded on soft vs stiff substrates in TheraPEAK XF SF media: 364% 

increase in lipid vacuole density between TCPS controls and 8 kPa hydrogels and 591% increase 

between TCPS control and 1 kPa hydrogels. These results were consistent with differentiation of 

hMSCs expanded in StemPro XF SF (+241% between TCPS controls and 8 kPa hydrogels, +285% 

between TCPS controls and 1 kPa hydrogels). Note, there was no statistically significant difference 

in hMSC adipogenic potential between hMSCs expanded in TheraPEAK XF SF and StemPro XF 

SF on TCPS controls (Figure 4.S9B). This substrate stiffness-dependence was not observed when 

using hMSCs expanded in SC media (αMEM + 10% FBS) for adipogenic differentiation.   

 

4.7. Discussion 

Here, we’ve demonstrated the use of an enhanced screening approach to identify 

customized substrates for serum-free expansion of functional hMSCs. Of 46 different hydrogel 

substrate formulations examined, we identified 3 formulations that supported media agnostic, cell-

source agnostic, functional MSC expansion. We also demonstrated the ability to integrate the 

customized substrates into routine culture workflow for thaw, seeding, and harvest.  

Consistent with previous studies, our screening results demonstrated the need to optimize 

the substrate and media combination in order to support hMSC adhesion, survival, and expansion. 

Miwa et al. and Hartman et al. demonstrated that the Mesencult-XF system supported attachment 

when cultured using the manufacturer’s proprietary attachment substrate but did not support 
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attachment when was used in combination with fibronectin-coated TCPS [13, 14]. These two 

studies suggest that the performance of the medium could be improved by optimizing the culture 

substrate [5].   

Of the 48 different substrate formulations in our screen, 45 and 36 substrates supported 

hMSC expansion in serum-containing media (10% and 2% FBS-containing media, respectively), 

but only 23 formulations (“hits”) supported hMSC expansion in TheraPEAK XF SF media (Figure 

3). Interestingly, we demonstrated the ability to use the screening approach to identify 3 of the 23 

media-agnostic hit formulations (“master hits”) that supported hMSC expansion in 4 different SC 

and SF media (Figure 4). Additionally, the master hits also supported cell type-agnostic hMSC 

culture (iPS-derived and primary, mouse-derived MSC) as well as hESC and HUVEC adhesion 

and expansion.  

Using MVA, we were able to assess the effects of multiple culture parameters on hMSC 

expansion. Notably, we demonstrated the ability to use combinatorial control of substrate 

parameters (e.g. concurrent control of substrate adhesivity and media formulation) to yield 

synergistic increase in hMSC expansion to levels higher than what could be achieved with either 

parameter alone (Figure 4.4B). This result confirmed the observations reported by Miwa et al. and 

Hartman et al. [13, 14]. 

While we demonstrate the ability to use the screening approach to identify substrates that 

promoted hMSC adhesion, expansion, and multipotency maintenance, we also observed lowered 

adhesion and expansion and altered cell morphology in SF, XF media that are consistent with what 

has been reported in the literature. Previous studies also reported reduced adhesion and expansion 

in SF, XF media as well as on chemically-defined culture substrates [5-10]. For example, Jung et 

al. and Chase et al. demonstrated lower initial adhesion and expansion on in XF SF media during 
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culture on TCPS that could be improved with the use of proprietary culture substrates developed 

specifically for each media formulation. While culture on the proprietary substrates did improve 

hMSC adhesion and expansion rates, cell morphology was drastically different than those observed 

on TCPS or in SC media culture [5, 8-10]. For some media formulations (such as StemPro XF SF), 

hMSCs were smaller and cells tended to grow in clumps as opposed to the individual, well-spread 

morphology typical of culture on TCPS in SC media [5, 8-10]. Our results demonstrated some 

media formulations resulted in smaller, less-spread cells (StemPro XF SF) while other 

formulations (TheraPEAK XF SF) yielded polygonal, more well-spread cells, even on the same 

substrates (Figure 4.3A).  

In this study, we also demonstrated hMSC expansion and confirmed function via directed 

differentiation to confirm multipotency maintenance and co-culture with T-cells to confirm 

immunomodulatory activity (Figure 4.4A and Figures 4.S8-10). Our results and those from 

literature already suggest that short-term hMSC expansion in different media and substrates 

produce cell populations with different behavior. We did not examine the effects of morphological 

differences on long-term cell behavior in vitro and in vivo; however, based on mechanosensing 

studies that demonstrated direct correlations between morphology and cell behavior, we predict 

long-term culture in different media and substrate combinations will lead to differences in hMSC 

function [1, 2]. For example, our directed differentiation experiment demonstrated hMSCs 

expanded in TheraPEAK XF SF and StemPro XF SF resulted in higher adipogenic differentiation 

efficiency than cells expanded in αMEM + 10% FBS media (Figure 4.4A and Figure 4.S10). 

Interestingly, we were able to observe a priming effect for higher adipogenic differentiation 

potential from the substrate stiffness in hMSCs expanded in XF SF media but not in αMEM + 10% 

FBS. Others have also demonstrated different adipogenic and osteogenic differentiation 
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efficiencies for hMSCs expanded with varying substrates and media, but this is the first 

demonstration of serum-dependence in the ability to resolve stiffness-dependent hMSC lineage 

commitment after short-term culture [53]. 

 While the effects of serum dependence are not entirely known, there are previously 

published reports of serum-dependence on hMSC adhesion and proliferation that’s resulted in 

decreased adhesion and expansion when hMSCs are transitioned from SC to SF culture [5-7]. 

Additional studies will be needed to examine the long-term effects of varying media and substrates 

on hMSC behavior and determine the relationship between hMSC phenotype and function.  

In conclusion, we used an enhanced throughput screening approach to identify customized 

hydrogel substrates that support functional SC and SF expansion of MSCs from several sources 

(human bone marrow-, iPS-, and mouse-derived MSCs). While the formulations themselves are 

promising for allowing research and clinical studies to compare the effects of biomanufacturing 

using different media and hMSC cell source, the screening approach can be more broadly applied 

to develop customized materials for several different cell types (e.g pluripotent stem cells and 

terminally differentiated cells) and applications (e.g. cell expansion in biomanufacturing, 

organotypic model development). Additionally, while we screened for “hits” using expansion as a 

criterion, this screening approach can also be used to identify materials for optimized hMSC 

biomanufacturing to produce cell populations specifically for adipogenic differentiation, 

immunomodulatory function, GF secretion, and many other functions.  
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4.9. Figures 

 

 

Figure 4.1. Hydrogel array screening. A) Image of workflow for enhanced throughput 

composition screening on hydrogel arrays formed on glass slide and scale up on bulk hydrogels 
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formed in 6-well plate for hMSC expansion and long-term culture. B,C) Hydrogel stiffness and 

adhesivity interpedently tailored by controlling network density, crosslinking, and the identity 

and concentration of immobilized peptides. 
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Figure 4.2. Identifying hydrogel compositions for promoting hMSC attachment, expansion, and 

spreading in TheraPEAK chemically-defined, serum-free, xeno-free medium. A) hMSC 
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attachment at day 1, expansion over 2 days (C3/C1 = cell number at day 3 normalized to count at 

day 1), and spreading at day 3. 

  



 154 

 

 

Figure 4.3. Customized “master hit” hydrogel substrates support A) media-agnostic a hMSC 

adhesion and B) expansion. 
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Figure 4.4. Culture parameters and their effects on hMSC adhesion, expansion, and 

differentiation. A) Directed adipogenic differentiation potential of hMSCs following 8-day 
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expansion on hydrogel substrates in TheraPEAK XF SF or in αMEM + 10% FBS culture media. 

B) MVA of the independent and combinatorial effects of culture parameters (e.g. media 

formulation, substrate stiffness, and substrate adhesivity) on hMSC adhesion and expansion. 
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4.10 Supporting Information 

 

 

Figure 4.S1. Screening workflow and platforms. A) Slide- and multiwell-based hydrogel arrays 

for screening. B) Image of workflow for enhanced throughput composition screening on 

hydrogel arrays formed on glass slide and scale up on bulk hydrogels formed in 6-well plate for 
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hMSC expansion and long-term culture. C) Hydrogel networks formed using thiolene chemistry 

with an 8-arm PEG-norbornene polymer backbone, PEG-dithiol crosslinker, and thiol-terminated 

peptide pendant groups to promote adhesion. Stiffness is modulated using control of PEG-

norbornene and PEG-dithiol crosslinker density in the unpolymerized hydrogel precursor 

solution. 
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Figure 4.S2. Controllable hydrogel substrate stiffness and adhesivity. A,B) Hydrogel stiffness is 

tunable by changing the polymer concentration (wt/wt %) and crosslinking density (total 

percentage of norbornene arms crosslinked). C) Adhesivity is controlled by changing the identity 

and concentration of integrin-binding peptides. 

 



 160 

 

Figure 4.S3. hMSC growth and maintenance in different xeno-free (XF) and serum-free (XF) 

media and protein-coated tissue-culture polystyrene (TCPS) substrates. A,B) Media and substrate 

properties independently and combinatorially affect age-dependent hMSC reduction in 
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proliferative capacity.  C) Multivariate analysis of previous quality control data reveals the 

importance of both media formulation and substrate adhesivity on hMSC adhesion.   
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Figure 4.S4. First screen of hydrogels containing various RGD-containing adhesion-promoting 

peptides and their effects on hMSC A,B) adhesion, A,C) spreading, and A) expansion. 
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Figure 4.S5. Second screen of the effects of hydrogels with immobilized A) Cyclic RGDf and 

IKVAV on hMSC adhesion in SC and SF media. B) MVA of RGD and IKVAV and their effects 
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on hMSC adhesion. A,C) The combinatorial effects of adding IKVAV to Cyclic RGDf-

containing hydrogels on stable hMSC adhesion and long-term expansion in SF culture.  
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Figure 4.S6. Screening for A) hydrogel substrates that support hMSC adhesion and expansion in 

TheraPEAK XF SF, αMEM + 2% FBS, and αMEM + 10% FBS media (“hits”) and B) “master 

hits” that support media- and cell source-agnostic hMSC culture. 
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Figure 4.S7. Screening workflow for use in identifying substrates for serum-free hESC and -

HUVEC attachment and proliferation 
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Figure 4.S8. hMSC multipotency analysis after 8 days of culture on A) 8 kPa hydrogel in SFM, 

B) hFN-coated TCPS in SFM, or C) TCPS in 10% FBS in a αMEM and dissociated with trypsin, 
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trypLE, or versene during harvest. All differentiation experiments conducted on collagen-coated 

TCPS. Osteogenic differentiation and no differentiation control (culture in αMEM + 2% FBS) 

assessed with Alizarin Red S staining and adipogenic differentiation staining assessed with Oil 

Red O staining after 28 days of culture in differentiation media. 
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Figure 4.S9. Confirmation of functional hMSCs after 8-days of expansion on hydrogels in SC 

and SF media. A,B) Directed differentiation and C) immunomodulatory activity by controlling 

T-cell proliferation. 
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Figure 4.S10. Directed hMSC adipogenic differentiation and Oil Red O+ quantification of 

hMSCs expanded for 8 days in αMEM + 10% FBS or StemPro XF SF media on TCPS controls 

or hydrogels of varying stiffness. Note TCPS control for αMEM + 10% FBS is uncoated TCPS 

and for StemPro XF SF is CellStart-coated TCPS. 
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Figure 4.S11. Integration of “hit” hydrogel substrates into standard hMSC culture workflow. A) 

hMSC adhesion and B) expansion following thaw directly onto hydrogels. hMSC C) viability 

following harvest with varying enzymatic and non-enzymatic dissociation reagents and D) after 

re-seeding onto new hydrogel substrates for continued expansion. 
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Figure 4.S12. Heat map of hMSC i, iv, vii) adhesion, ii, v, viii) expansion and ii, vi, ix) 

spreading in TheraPEAK chemically-defined XF SF medium. Increasing color intensity indicates 

increasing adhesion, expansion, or spreading. 
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4.12 Appendix 

4.12.1 Patent (No: US 9,683,213; Issued: June 10, 2017)- Hydrogel compositions for use in cell 

expansion and differentiation 
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4.12.2 Figures: Customized biomaterials for chemically-defined short-term pluripotent stem cell 
culture 
 

 
 

Figure 4.12.2.1. Human pluripotent stem cell self-renewal and differentiation are tightly 

regulated by intrinsic genes (e.g. Sox2, Oct3/4) as well as extrinsic biochemical and biophysical 

signals from the cell’s microenvironment.  
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Figure 4.12.2.2. Enhanced throughput screening approach applied to identify substrates for 

hESC short-term culture and pluripotency maintenance. Figure and caption as previously 

published in Nature Biomedical Engineering [41]. “Material-dependent maintenance of hESC 

pluripotency. (a) Quantitative heat map of hESC NANOG expression relative to Matrigel in 

varying synthetic hydrogel-based culture conditions (n=3, n=5 in colony seeding conditions 

where ROCK inhibitor was removed, n=10 in single-cell seeding conditions where ROCK 

inhibitor was removed). The screen was performed twice over the course of these studies. 

Conditions highlighted with a black arrowhead denote environments that maintained both hESC 

pluripotency and cell attachment over a 96-hour culture period without the use of ROCK 

Inhibitor. Conditions highlighted with a white arrowhead denote conditions that were further 
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investigated for OCT3/4 expression in addition to NANOG expression.  (b) Quantitative heat 

map of hESC attachment in varying culture conditions. and spreading on PEG hydrogel 

substrates (n=3, n=5 in colony seeding conditions where ROCK inhibitor was removed, n=10 in 

single-cell seeding conditions where ROCK inhibitor was removed.) The screen was performed 

once over the course of these studies.”  
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Figure 4.12.2.3. hESCs culture on customized hydrogel substrates with varying A) substrate 

adhesivity express B) cytoskeletal organization suggestive of hESC mechanosensitivity. A) 

Hydrogels presenting immobilized Cyclic RGDf, a fibronectin-derived integrin-binding peptide, 

supports hESC C) attachment and D) colony-based spreading in a manner directly correlated to 

the concentration of immobilized adhesion-promoting peptide. 
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Chapter 5- VEGF sequestering hydrogels enhance hMSC expansion without need for 

additional GF supplementation 
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5.1 Preface 

 The purpose of these studies was to examine the influence of substrate stiffness, 

adhesivity, and vascular endothelial growth factor (VEGF) sequestering on human mesenchymal 

stromal cell (hMSC) behavior in order to probe the potential for developing instructive 

biomaterials for cell culture that could induce and control changes in cell behavior without the 

need for expensive, additionally-supplemented growth factors. Here, hydrogel substrates 

presenting VEGF-binding peptide (VBP) were able to sequester recombinant human VEGF as 



 186 

well as hMSC-secreted VEGF. These studies demonstrated the ability to use VBP-mediated 

VEGF regulation for autocrine VEGF signaling to enhance hMSC expansion and paracrine 

VEGF signaling to promote human umbilical vein endothelial cell (HUVEC) proliferation 

without the need for induction with supplemented growth factors.  

 Additionally, we provide reference to an issued patent in the appendix in order to 

demonstrate the commercial applicability of this approach. We also provide unpublished data 

demonstrating the utility of this approach to 1) create different biomaterials for applications in 

sequestering and delivery beyond the 2D culture demonstrated here and 2) control the 

sequestration via immobilization of varying bioactive GF-regulating molecules (such a heparin 

or heparin-binding peptides). 

 

5.2 Abstract  

 We describe development of customized hydrogels that enabled sequestering of 

endogenous human mesenchymal stromal cell (hMSC)-secreted vascular endothelial growth factor 

(VEGF) as well as exogenous, supplemented recombinant human VEGF for autocrine regulation 

of hMSC expansion and paracrine promotion of human umbilical vein endothelial cell (HUVEC) 

proliferation, all without the need for induction with additionally supplemented growth factors.  

 

5.3 Statement of Significance   

Our growth factor sequestering biomaterials developed in this work is the first 

demonstration of the ability to use instructive biomaterials to “autocatalyze” and control cell 

behavior changes in vitro without the need to rely on induction via additionally supplemented 

growth factors. This approach could be utilized to explore cost-reduction strategies associated with 
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the development of biomaterials for cell biomanufacturing that either reduce or completely 

eliminate the reliance on expensive growth factor supplementation. 
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5.4 Introduction 

Human mesenchymal stromal cells (hMSCs) are appealing candidates for cell therapies 

and tissue engineering because they possess potent immunomodulatory properties to regulate 

immune function and secrete an array of paracrine factors capable of supporting tissue 

regeneration [1-3]. hMSC-secreted paracrine factors help promote wound healing in vivo that in 

turn recruit stem and immune cells, promote survival and proliferation, and stimulate 

organization and remodeling  [4-7].  

Less than 1% of hMSCs engraft and survive 24 hours after transplantation, therefore 

vascular endothelial growth factor A (VEGF)-priming (pre-treatment) and co-delivery has been 

employed to increase hMSC survival and retention at the transplantation site. VEGF priming 

during hMSC culture has been shown to promote hMSC expansion by synergistically increasing 

proliferation and decreasing apoptosis [8, 9]. Priming hMSCs with rhVEGF increased Erk ½ 

phosphorylation-mediated proliferation accompanied by increased cyclin B1 (regulator of S/G2 

cell entry during mitosis) and decreased p16INK (cell cycle inhibitor). Additionally, rhVEGF 

provided an Akt phosphorylation-mediated protective effect via decreased Bax (pro-apoptotic 

protein) production, reduced Caspase-3 (a pro-apoptotic protease enzyme) activation, increased 

Bcl-2 (anti-apoptotic survival protein kinase) biosynthesis, and increased Bcl-xL (anti-apoptotic 

survival protein kinase) activation [9, 10]. 

These VEGF-priming protocols require high concentrations of supplemented rhVEGF 

(up to 20 ng/106 hMSCs); however, culture materials are expensive and the reliance on high 

concentrations of growth factors results in protocols that are cost prohibitive for large-scale 

manufacturing. Studies estimate that up to 20% of the total materials cost of goods in the hMSC 

biomanufacturing process can be attributed to the media cost alone [8-11]. There is ample 
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evidence that hMSCs secrete detectable levels of VEGF in routine culture and increase 

endogenous VEGF secretion during osteogenic differentiation, both of which are accompanied 

by increased VEGF receptor gene expression needed for autocrine signaling [5, 7, 12-17].  In 

addition, hMSCs VEGF secretion can also be regulated by biophysical cues through hMSC 

mechanosensing of the substrate stiffness and subsequent actomyosin contractility-mediated 

intracellular signaling to regulate gene expression [6, 18-21].  

While there a small number of studies that have examined the relationship between 

matrix mechanics and GF production, the results were inconsistent and contradictory [18, 22].  

Seib et al. and Abdeen et al. showed hMSCs cultured on stiffer substrates produced higher 

concentrations of secreted VEGF, but Marklein et al. and others demonstrated increasing 

substrate stiffness resulted in decreased VEGF secretion in a time-dynamic manner [6, 18-22]. 

The existing studies have predominantly relied on culture media supplemented with fetal bovine 

serum (FBS) with varying substrate chemistries and mechanics. These contradictory results 

might be due to several factors: 1) lack of reproducibility due to FBS variability, 2) temporal 

differences, and 3) differences in culture substrate chemistry. Nonnis et al. examined the effects 

of FBS on the hMSC secretome and revealed that increasing FBS (from 0 to 10%) concentration 

in culture media reduced detection sensitivity and accuracy needed for characterizing hMSC 

protein production [33].  

Here, we examine the effects of substrate mechanics on hMSC VEGF production in xeno-

free (XF) culture and investigated potential mechanisms for regulating these effects. We explore 

the use of biomaterials that mimic the combinatorial adhesivity, matrix stiffness, and VEGF-

sequestering functions of the cell microenvironment to simultaneously induce hMSC behavior 

changes, harness and localize cell-secreted VEGF at the cell-material interface to amplify VEGF 
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signaling, and subsequently provide a positive feedback loop to autocatalyze hMSC expansion 

without the need for additionally-supplemented rhVEGF. 

 

5.5 Materials and methods 

5.5.1 Materials  

PEG-OH (20 kDa molecular weight, tripentaerythritol core, 8-arm with terminal OH) was 

purchased from JenKem Technology. Anhydrous dichloromethane, 5-Norbornene-2-carboxylic 

acid, N,N′-dicyclohexylcarbodiimide, diethyl ether, hexane, SNAKESKIN dialysis tubing with 

MWCO 3.5K, deuterated chloroform with tetramethylsilane internal standard, 1,4-Dithiothreitol 

(DTT),  3-mercaptopropyl trimethoxysilane (3-MPTS), Rho associated protein kinase (ROCK) 

inhibitor (Y27632), and SU5416  (an inhibitor of VEGF receptor activity) were purchased from 

Sigma Aldrich. Linear 3.4 kDa PEG-dithiol (PED-DT) crosslinker was purchased from Laysan 

Bio. Irgacure 2959 photoinitiator was purchased from CIBA/BASF. All peptides were purchased 

from GenScript USA. Bone marrow-derived hMSCs, TheraPEAK XF SF medium, human 

umbilical vein endothelial cells (HUVECs), and endothelial growth medium 2 (EGM-2) Bulletkit 

were purchased from Lonza. Fetal bovine serum (FBS), penicillin/streptomycin and trypsin were 

purchased from Invitrogen. Minimum essential medium alpha formulation (αMEM) and medium 

199 (M199) were purchased from MediaTech. Versene 1X EDTA, TrypLE, and Click-iT EdU 

cell proliferation kits were purchased from Thermo Fisher Scientific. StemPro XF SF medium 

and CellStart coating were purchased from Gibco. RoosterNourish XF medium was purchased 

from RoosterBio. 96-well Angiogenesis plates were purchased from Ibidi. Alexa-Fluor 488 goat 

anti-human IgG antibody against endothelial transmembrane marker Platelet-Endothelial Cell 

Adhesion Molecule-1 (PECAM-1/CD31), Alexa Fluor 647 rabbit anti -human IgG antibody 
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against alpha smooth muscle actin (SMA), diamidino-2-phenylindole (DAPI), and all Quantikine 

ELISA kits were purchased from R&D Systems. Nuclear magnetic resonance spectroscopy 

services were provided by the National Magnetic Resonance Facility at the University of 

Wisconsin-Madison. 

 

5.5.2 Hydrogel formation and characterization 

 Norbornene-functionalized PEG (PEG-NB) hydrogels were formed using thiolene 

chemistry as previously reported [34-37].  PEG-NB was synthesized and characterized as 

previously described [34-37]. In brief, PEG-OH was dissolved in a round-bottom flask with 

anhydrous dichloromethane while 5-Norbornene-2-carboxylic acid was dissolved in a second 

flask with N,N′-dicyclohexylcarbodiimide. Contents of both flasks were combined and stirred 

overnight to allow for 5-norbornene-2-carboxylic acid to covalently couple to the PEG-OH and 

form a PEG-NB precipitate. The PEG-NB was filtered through a medium fritted Buchner funnel 

to remove urea salts byproduct and subsequently further precipitated from the residual salts in 

900 mL cold diethyl ether and 100 mL hexane. The PEG-NB solids were filtered through 

qualitative grade filter paper in a porcelain Buchner Funnel, collected on the filter paper, and 

allowed to air dry overnight at room temperature. The dried PEG-NB product was dissolved in 

distilled water at 1 g/mL, purified via dialysis against distilled water for 72 hours at 4 °C using 

SNAKESKIN dialysis tubing with molecular weight cutoff of 3.5 kDa to remove residual 

norbornene acids, and lyophilized. The resulting PEG-NB product was dissolved at 6 mg/mL in 

deuterated chloroform with tetramethylsilane internal standard and norbornene functionalization 

was confirmed to be >90% via 1H nuclear magnetic resonance spectroscopy on a Bruker 

Instruments Avance III 500i spectrometer at 400 MHz and 27°C.  
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Hydrogel precursor solutions were prepared by combining PEG-NB (4 or 8 wt/wt %),  

PEG-dithiol crosslinker (0.5 or 0.75 mole ratio of thiol-to-norbornene), adhesion-promoting 

Cyclic RGDfC peptides (2 or 4 mM), adhesion-promoting CIKVAV peptide (0.5 mM), VEGF-

binding peptide (VBP, CEFdAdYdLdIDFNWEYPASK) or the scrambled control (VBPscr, 

CDAdPYNFdEFAWEYdVISLdK) peptide (0, 0.067, 0.13, or 0.27 mM), and Irgacure 2959 

photoinitiator (0.5 wt/wt%) and diluted to the desired concentrations with phosphate buffered 

saline (PBS) at pH 7.4 immediate prior to hydrogel network photopolymerization using UV 

initiation at 365 nm wavelength. 

For experiments quantifying hMSC-secreted VEGF, 1 mL of hydrogels precursor 

solutions were spotted onto the bottom of 6-well plates and photopolymerized with 365 nm UV 

light with 90 mW/cm2 intensity for 6 seconds. For rhVEGF and hMSC-secreted VEGF binding 

experiments, hydrogel networks were formed via spotting 8 uL/well of hydrogel precursor 

solution into the well bottoms of 96-well Angiogenesis plates and photopolymerizing with 365 

nm UV light with 4.5 mW/cm2 intensity for 8 minutes [38].  For experiments assessing hMSC 

and HUVEC expansion in response to hMSC-secreted VEGF, hydrogel arrays were formed 

using a patented differential wettability patterning method as previously reported [37, 38]. 

Briefly, hydrogel precursor solutions were spotted onto hydrophilic-patterned regions of 

alkanethiol self-assembled monolayers formed on gold-coated sample slides, a DTT-treated 3-

MPTS-silanized glass coverslip was placed on top to sandwich the hydrogel precursor solutions, 

and hydrogel precursor solutions were photopolymerized with 365 nm UV light for 90 mW/cm2 

for <6 seconds,  and the gold-coated slide was separated from the silanized coverslip. The result 

is a hydrogel array composed of glass-immobilized hydrogel spots. Arrays were formed in a 

biosafety cabinet and additionally decontaminated with UV-C in the biosafety cabinet for 3 
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hours, thoroughly washed with PBS, immersed in the desired media for 48 hours at 37 °C until 

use. 

Hydrogel shear storage modulus was determined using procedures previously published  

[34, 37, 39-42].   

 

5.5.3 Cell Culture  

All hMSCs used were cryopreserved in αMEM + 10% FBS, thawed into the respective 

medias of interest, and allowed to recover from cryopreservation at 37 °C in a 5% CO2 

atmosphere for 72 hours prior to harvest and use for hydrogel experiments. hMSCs were 

expanded as needed (before 75 % confluence or until used for experiments) with total population 

doubling level <16. The following growth media formulations and substrates were used for 

hMSC culture: 1) minimum essential medium alpha formulation with 1% penicillin/streptomycin 

and supplemented with 10% fetal bovine serum (αMEM +10% FBS) on uncoated TCPS, 2) 

TheraPEAK XF SF on uncoated TCPS, 3) StemPro XF SF on CellStart-coated TCPS, and 

RoosterNourish XF on uncoated TCPS. For repassage and hydrogel experiments, hMSC were 

seeded onto TCPS and hydrogel substrates at 1000 cell/cm2 to reduce the amount of cell-cell 

interactions that could mask the effects of cell-substrate interaction. Human umbilical vein 

endothelial cells (HUVECs) ) were cultured in growth medium consisting of medium 199 

(M199) supplemented with the complete EGM-2 Bulletkit (Full EGM2), without the rhVEGF 

supplement from the Bulletkit (EGM2, no VEGF), without the rhFGF-2 supplement from the 

Bulletkit (EGM2, no FGF-2), or without both the rhVEGF and rhFGF-2 supplements from the 

Bulletkit (EGM2, no VEGF no FGF-2). All cells were harvested using trypsin.  
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5.5.4 Data acquisition and analysis 

 Immunofluorescence staining for PECAM-1, and SMA were performed manufacturer’s 

instructions with 1:200 dilutions. Nuclear counterstain was performed using 1:5000 dilution of 

DAPI. Click-iT EdU proliferation assay to identify cells in S-Phase were performed per the 

manufacturer’s instructions with 8 hours of EdU incubation for hMSCs and 12 hours of EdU 

incubation for HUVECs. 

Samples were placed in a heated environmental chamber and imaged on the Nikon 

Eclipse Ti microscope (Nikon) at the desired times. Cell number was manually determined using 

NIS Elements software (Nikon) and expansion was determined as fold change in cell number 

(cell adhesion density at 72 hours divided by count at 24 or 48 hours) with a fold change >1 

indicating proliferation.  

hMSC-secreted growth factors were quantified by seeding hMSCs at high density (3000 

cells/cm2), collecting cell culture supernatant following 3 days of hMSC culture on hydrogels or 

TCPS controls, and performing Quantikine ELISAs per the manufacturer’s instructions. 

Quantified protein amounts were normalized against cell number at the time of supernatant 

collection. Cell culture supernatant collected also was used as hMSC conditioned media for 

HUVEC studies.  

hMSC proliferation studies were performed by seeding hMSCs at 1000 cells/cm2 on 

hydrogel arrays in the growth medium of interest, removing unattached cells via media change 

after 24 hours of attachment, and replacing the media with the experimental condition (with or 

without inhibitors) indicated. Samples were imaged every 24 hours with experiments lasting 72 

hours total after media change. Note, for hMSC proliferation experiments, ROCK inhibitor was 
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supplemented to the experimental media conditions to help prevent dissociation-associated cell 

death. 

HUVEC proliferation studies using hMSC-conditioned media were performed by seeding 

HUVECs at 5000 cells/cm2 in EGM-2 without VEGF or FGF-2 on hydrogels previously 

incubated in hMSC-conditioned media and removing unattached cells via media change after 24 

hours of attachment. After 72 hours of culture, HUVECs were fixed, immunostained or labeled 

using the Click-iT EdU kit, and imaged. Percent of cells in S-Phase was determined by 

normalizing the number of EdU stained cells against all DAPI counterstained cells. 

Statistical analysis for significance was performed using the GraphPad Prism software via 

Student’s t-test (2-tailed, α=0.05) or ANOVA with post-hoc Tukey (HSD or Kramer depending 

on sample size variability) tests as indicated. Error bars denote standard deviation.  

 

5.6 Results  

 
5.6.1 Customized hydrogels for combinatorial control of substrate stiffness, adhesivity, and 

VEGF sequestering. 

 PEG-NB hydrogels presenting VEGF-binding peptide (VBP) enabled the ability to 

sequester rhVEGF without compromising the capability to regulate hydrogel stiffness (Figure 5.1 

and Figure 5.S1A). Hydrogels without VBP and those presenting the VBPscr control, a peptide 

containing a different sequence organization of same amino acid residues found in VBP, were 

not able to sequester rhVEGF at levels comparable to VBP-hydrogels (Figure 5.S1B). 

 Note that hydrogels presenting 0.27 mM VBP did not sequester more rhVEGF than 0.13 

mM VBP-hydrogels. Additionally, regardless of the concentration of rhVEGF loaded into the 
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hydrogels, the maximum potentially bound by the VBP-hydrogels is approximately 70-80% of 

available rhVEGF (Figure 5.S1B).  

 

5.6.2 Stiffness- and adhesion-dependent hMSC-secreted VEGF production 

 hMSCs cultured on hydrogels with decreasing stiffness secreted higher concentrations of 

VEGF than those cultured on stiffer hydrogels or on TCPS controls; however, this stiffness-

dependence was observed in TheraPEAK XF SF culture but not in aMEM + 10% FBS (Figure 

5.2A). hMSCs cultured on substrates with increasing adhesivity secreted higher concentrations 

of VEGF (Figure 5.2B) and, similar to stiffness dependence, this adhesion-dependent differential 

VEGF secretion was only observed in TheraPEAK XF SF culture and not in aMEM + 10% FBS. 

hMSCs cultured on hydrogel substrates, regardless of stiffness or adhesivity, secreted higher 

concentrations of VEGF than those cultured on TCPS. Note FGF-2 and TGFb1 secretion was not 

affected by stiffness in either TheraPEAK XF SF or aMEM + 10% FBS culture (Figure 5.S2 and 

Figure 5.S3).  

  

5.6.3 VBP-hydrogels sequestered hMSC-secreted VEGF  

 Hydrogels presenting higher concentrations of VBP bound higher concentrations of 

hMSC-secreted VEGF from hMSC supernatant. Hydrogels presenting adhesion-promoting 

Cyclic RGDf and VBPscr did not sequester significant amounts of VEGF (Figure 5.3). Note that, 

a small amount of FGF-2 was sequester by hydrogels containing VBPscr (Figure 5.S4). 
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5.6.4 VBP-hydrogels enhanced hMSC expansion without additionally supplemented growth 

factors 

 Soft, 1 kPa hydrogels presenting 0.27 mM VBP promoted higher hMSC expansion than 

all other hydrogel surfaces for culture in TheraPEAK XF SF, RoosterNourish XF, and aMEM + 

10% FBS media (Figure 5.4 and Figure 5.S5). Note that, while VBP incorporation into 8 kPa 

hydrogels promoted increased hMSC expansion, the differential increase was smaller than 

what’s achievable via hMSCs culture on 1 kPa hydrogels presenting VBP. Note that these 

increased expansion rates occurred without any additional supplemented recombinant growth 

factors. 

   

5.6.5 VBP-hydrogels sequester bioactive hMSC-secreted VEGF for paracrine signaling 

 VBP-hydrogels incubated in hMSC-conditioned media supported HUVEC expansion in 

culture without supplemented rhVEGF (Figure 5.5 and Figure 5.S8). The addition of VBP also 

enabled HUVEC proliferation even in the absence of both rhVEGF and rhFGF-2. Notably, in the 

presence of VEGF signaling inhibitor (SU5416), HUVEC proliferation rescue was mitigated.   

 

5.7 Discussion and Conclusions 

 Here, we have developed customized hydrogels for VEGF sequestering using  a 

published VEGF-binding peptide identified by biomimicry of the VEGF-VEGFR2 active 

binding domain [38, 43-47]. VBP-hydrogels sequestered exogenously supplemented 

recombinant VEGF (rhVEGF) and endogenous hMSC-secreted VEGF with high specificity 

without binding several mitogenic GFs commonly found in growth media (e.g. FGF-2 and 

TGFb1) (Figure 5.1, Figure 5.3, and Figure 5.S1B). These results are consistent with previously-
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published data from our lab indicating the ability to sequester both recombinant human VEGF as 

well as serum-borne, activated-platelet-derived VEGF [38, 44, 45, 47]. Interestingly, VBP- and 

VBPscr-hydrogel incubation in hMSC-conditioned media suggested higher concentrations of 

hMSC-secreted FGF-2 from cell populations cultured on 1 kPa hydrogels presenting 0.27 mM 

VBPscr (Figure 5.S4B). While the VBPscr was developed as a negative binding control for 

VEGF sequestering, future experiments should examine the influence of VBP and VBPscr on 

FGF-2 secretion and other growth factors in order to accommodate previously-published reports 

of multiple GFs’ dynamic, combinatorial, and convergent ability to regulate hMSC behavior [4, 

23-32].  

 In this work, we have also demonstrated the ability to use previously-published thiolene 

chemistry to develop customized hydrogel with systematically controlled VEGF sequestering via 

increasing concentration of VBP in the hydrogel precursor solution (Figure 5.1B) [34-37]. VEGF 

sequestering capabilities were engineered into the hydrogel substrates without compromising the 

ability to customize substrate stiffness (via increasing PEG-NB backbone polymer and PEG-DT 

crosslinker concentrations in the hydrogel precursor solution) and adhesivity (via increasing 

Cyclic RGDf and IKVAV adhesion-promoting peptide concentrations in the hydrogel precursor 

solution) (Figure 5.2 and Figure 5.S1).  

 Using previously-published hydrogel array screening techniques, we examined the effect 

of substrate stiffness, adhesivity, and VBP concentration on hMSC expansion and growth factor 

secretion over the course of 72 hours (Figure 5.2, Figure 5.4, Figures 5.S1-S2, and Figures 5.S5-

S6) [37, 38, 44, 48].   We discovered hydrogel substrates able to sequester hMSC-secreted 

VEGF to promote hMSC and HUVEC proliferation, potentially through autocrine and paracrine 

signaling (Figures 5.3-5 and Figure 5.S5-S9). Soft hydrogels of 1 kPa presenting 0.27 mM of 
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VBP supported increased hMSC expansion in multiple different serum-containing and serum-

free growth media (when compared to surfaces without VEGF regulation) (Figure 5.4 and Figure 

5.S5). Notably, hMSC expansion was increased without induction through additionally-

supplemented recombinant growth factors, potentially suggestive of either VBP-mediated 

harnessing of hMSC-secreted VEGF or localization and amplification of VEGF present in the 

growth media (Figure 5.S9). When we inhibit VEGF signaling via the use of VEGF receptor 

inhibitor SU5416, we see mitigation of the VBP-mediated increase in hMSC expansion (Figure 

5.S5).  In addition to the potential regulation of autocrine signaling, we demonstrated the ability 

to use VBP-hydrogels for paracrine signaling by sequestering hMSC-secreted VEGF to rescue 

VEGF-starved HUVEC proliferation (Figure 5.5, Figure 5.S8, and Figure 5.S9). Our results 

suggest VEGF-signaling mediated this potential paracrine effect as VBP-mediated HUVEC 

proliferation was also mitigated in the presence of VEGF signaling inhibitors.  

While we do see VBP-mediated increase in hMSC expansion on hydrogels of 8 kPa 

stiffness, the increase is much larger for hMSCs cultured on soft hydrogels (Figure 5.5, Figure 

5.S5, and Figure 5.S7). There are several potential mechanisms involved in this stiffness 

dependence. First and foremost, we showed increased hMSC VEGF secretion for cells cultured 

on softer substrates accompanied by, albeit not statistically significant, a slight increase in 

secreted FGF-2; all of which potentially suggests increased hMSC autocrine regulation on softer 

substrates (Figure 5.2 and Figure 5.S2).  This is consistent with the stiffness-dependent VEGF 

production relationships previously reported by Seib et al. and Abdeen et al., but contradictory to 

Marklein et al.’s conclusions  [6, 18-22]. The trends reported here robust in its consistency 

across this work and those published by Seib et al. and Abdeen et al., independent of substrate 

chemistry and media composition. 
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To further explore the mechanisms involved in stiffness-dependent VEGF secretion and 

amplified VEGF signaling, we use ROCK inhibitor to disrupt cytoskeletal tension (and 

potentially mitigate mechanosensing effects transduced through actomyosin contractility). In the 

presence of ROCK inhibitor, we saw increased hMSC retention and survival on all hydrogels 

(regardless of VBP concentration or stiffness) in RoosterNourish XF media and for hMSCs on 8 

kPa hydrogels in  aMEM + 10% FBS (Figure 5.S6). We previously reported stiffness-dependent 

hMSC adhesion and expansion, therefore the protective effects of ROCK inhibitor could 

potentially suggest low survival on soft hydrogels resulting from low adhesion stability [48]. Our 

insights from DOE- and MVA-driven screening in chapter 4 of this work suggests that culture 

parameters can combinatorially affect cell response to their microenvironment. In this chapter, 

we used hydrogel compositions with substrate stiffness, Cyclic RGDf, and IKVAV 

concentrations that were previously identified to support hMSC expansion in multiple growth 

media; however, those experiments did not factor in the effects of VEGF sequestering as an 

additional, potentially synergistic culture parameter. To better understand the combinatorial 

effects of stiffness and VEGF sequestering, additional optimization screens should be performed 

to identify compositions suitable for supporting hMSC survival and expansion in the presence of 

VBP.  

Combined, the aforementioned results suggest that we have developed customized 

biomaterials that can both induce hMSC differential VEGF secretion (through control of 

substrate stiffness) and sequester endogenous VEGF for autocrine signaling (through controlling 

VEGF-binding peptide concentration) for a positive feedback loop that amplifies the initial 

substrate-induced hMSC behavior change in an seemingly “autocatalytic” manner. 
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Notably, we demonstrated the use of these “autocatalytic” biomaterial substrates can 

enable enhanced hMSC expansion without the need for additionally supplemented growth 

factors. Future work on these “autocatalytic” biomaterials could potentially be used as a cost-

reduction strategy for cell biomanufacturing in order to either reduce the concentration of 

supplemented growth factors or completely eliminate the need for protocols relying on growth 

factor-induced cell behavior control. 
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5.9 Figures 

 

Figure 5.1. VEGF sequestering biomaterials developed using A) VEGF-binding peptides (VBP) 

immobilized inside a PEG-NB hydrogel network formed via thiolene photopolymerization. B) 

VEGF sequestering capability of the hydrogel substrates can be tailored by controlling the 

concentration of immobilized VBP incorporated into the hydrogel network. 
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Figure 5.2. Differential hMSC VEGF secretion induced via A) control of hydrogel stiffness or 

B) adhesivity for culture in TheraPEAK XF SF media. A) Increasing substrate stiffness 

decreased hMSC VEGF secretion while B) increasing substrate adhesivity increased hMSC 

VEGF secretion. 
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Figure 5.3. Hydrogels presenting VBP A) incubated in hMSC-conditioned medium B) bound 

hMSC-secreted VEGF. VEGF binding occurred in a A) diffusion-limited, time-dependent 

manner and the degree of VEGF sequestering directly correlated to B) the concentration of VBP 

immobilized in the hydrogel network. 
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Figure 5.4. Hydrogels presenting 0.27 mM VBP increased hMSC expansion (indicated by fold 

change in cell number) on both soft 1 kPa and stiff 8 kPa hydrogel substrates in TheraPEAK XF 

SF culture. Note this increased expansion was not induced by growth factors additionally 

supplemented in the growth medium. 
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Figure 5.5. Hydrogels presenting VBP A) sequestered hMSC-secreted VEGF from hMSC-

conditioned media for B) paracrine regulation of HUVEC proliferation in VEGF-starved culture.  



 207 

5.10 Supporting Information 

 

Figure 5.S1. VBP incorporated into the hydrogel network A) did not alter the ability the control 

substrate stiffness, but did B) enable rhVEGF sequestering to levels above what could be 

achieved with blank Cyclic RGDf- and negative binding control VBPscr-containing hydrogel 

substrates. 
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Figure 5.S2. Changing hydrogel substrate A) stiffness and B) adhesivity did not significantly 

affect hMSC-secreted FGF-2 concentration detected in hMSC-conditioned media.  
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Figure 5.S3. Changing hydrogel substrate A) stiffness and B) adhesivity did not significantly 

affect hMSC-secreted TGFb1 concentration detected in hMSC-conditioned media.  
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Figure 5.S4. Hydrogels presenting increasing concentrations of VBP A) sequestered increasing 

concentrations of hMSC-secreted VEGF but not FGF-2. B) Increasing VBPscr concentrations in 

hydrogel substrates resulted in increased FGF-2 secretion. 
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Figure 5.S5. Addition of ROCK inhibitor increased hMSC retention at 72 hours after seeding for 

all hydrogel substrates (regardless of substrate stiffness or VBP concentration) in 

RoosterNourish XF media.  
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Figure 5.S6. VBP-mediated increase in hMSC expansion on 1 kPa hydrogels culture in 

RoosterNourish XF medium was mitigated in the presence of VEGF receptor signaling inhibitor 

(SU5416). 
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Figure 5.S7. VBP-mediated increase in hMSC expansion was more pronounced for hMSCs 

cultured on 1 kPa hydrogel stiffness. VEGF signaling dependence was observed in 

RoosterNourish XF culture but not in aMEM + 10% FBS culture. 
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Figure 5.S8. Hydrogels presenting VBP A) rescued HUVEC proliferation during VEGF and 

FGF-2 starvation. B) VBP-mediated HUVEC proliferation was mitigated in the presence of 

VEGF receptor signaling inhibitor (SU5416). 
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Figure 5.S9. Hydrogels presenting VBP potentially harnessed endogenous, cell-secreted VEGF 

or enriched recombinant VEGF already found in the growth media.  
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5.12 Appendix 

5.12.1 Patent (No: US 9,688,957; Issued: June 27, 2017)- Hydrogel compositions for use in 

promoting tubulogenesis 
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5.12.2 Patent (No: US 10,183,079; Issued: January 22, 2019)- Hydrogel microspheres 

containing peptide ligands for growth factor regulation in blood products 
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5.12.3 Figures: Hydrogel substrates presenting heparin and heparin-binding peptides for 

promiscuous GF sequestering 

 

 
 
Figure 5.12.3.1. Hydrogel microspheres formed with a previously-published water-in-water 

emulsion technique using PEG-NB thiolene chemistry with immobilized heparin-binding peptide 

(KRT). A,B) Water-in-water emulsion technique resulted in micron-sized hydrogel microspheres 

for potential cell and/or growth factor sequestering and delivery applications. C) The 

concentration of immobilized peptide can be controlled by changing the concentration of molar 

ratios of KRT to total available norbornene groups in the precursor solution. D) Increasing molar 

ratio of KRT:NB in the precursor solution resulted in increasing KRT immobilization into the 

hydrogel microsphere network and, subsequently, increased ability to sequester BMP-2, a known 

heparin-binding growth factor, in the presence of heparin-containing FBS. This work built upon 
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microsphere formation techniques [47] and KRT-mediated GF sequestering insights previously 

published by our lab [49, 50]. 
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Figure 5.12.3.2. H1 hESC A) proliferation, B) cell area, and C) nuclear/cytoplasmic area ratio 

after 3 days of culture on Matrigel or PEG-NB hydrogels containing 2 or 4 mM immobilized 

Cyclic RGDf and varying concentrations of immobilized thiolated, low molecular weight heparin 

(LMWH). Asterisks indicate statistical significance as determined from two-tailed Student’s t-

test with α=0.05. 
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Chapter 6 – Conclusion and future outlook  

6.1 Conclusion 

 In this thesis, we developed and utilized enhanced throughput screening methods and 

hydrogel array platform technologies for identifying customized biomaterials for cell culture. We 

demonstrated the ability to use a patented, benchtop-amenable hydrogel array formation 

approach to create screening arrays without need for liquid handling systems in order to decrease 

the barrier-to-entry for commercial translation to industry and dissemination to other researchers. 

We additionally employed that array technology in a design of experiment (DOE)-driven 

screening workflow to examine multiple bioinspired materials parameters (e.g. stiffness, 

adhesion, growth factor sequestering) to identify customized biomaterials substrates for 

functional serum-containing and serum-free human mesenchymal stromal cell (hMSC) 

expansion. Through screening, we identified several media- and cell-source agnostic hydrogel 

substrate compositions that support human-, mouse-, and iPS-derived MSC expansion using 

routine thaw, seed, and harvest protocols in order to increase potential for translation to and 

utility in hMSC biomanufacturing processes. Finally, we demonstrated the ability to use 

multivariate analysis (MVA) to determine the independent and combinatorial effects of culture 

parameters on hMSC expansion and used this insight to develop customized, growth factor 

sequestering biomaterials for inducing and controlling hMSC expansion without the need for 

additionally supplemented growth factors. While this “autocatalytic” material is currently not 

optimized for hMSC expansion at levels greater than what we can achieve on standard TCPS in 

fetal bovine serum (FBS)-containing media, this preliminary work demonstrated the potential to 

use the screening approach to develop and optimized customized growth factor sequestering 

materials for cell expansion as well as other biomanufacturing processes (e.g. secretome 
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generation, differentiation). Collectively, the studies detailed in this thesis demonstrated the 

ability to combine DOE-driven high throughput screening with what we currently understand 

about how cells interact with their environment in order to optimize materials for more robust, 

efficient, and effective cell biomanufacturing.  

 

6.2 Future outlook 

 The screening approach and hydrogel array platform technologies employed here may be 

applied more broadly to design of materials for cell biomanufacturing, development of self-

assembled organs-on-a-chip, and for materials that can be transplanted and/or co-delivered with 

cells for clinical applications. These specific broader applicability examples are chosen based on 

the preliminary works explored in current collaborations between our lab, several federal 

agencies (e.g. EPA, NIH, and NSF), as well as through consulting with Stem Pharm, a Madison-

based startup that spun out of our lab and has licensed the patented technologies developed 

through this thesis work and mentioned in this document. 

 The current collaborations we have engaged in have revealed several additional steps 

needed to increase feasibility for broader translation of the platform technologies and customized 

substrates developed in this thesis. In this work, we have designed the studies and technologies 

in order to improve our fundamental understanding of how cells interact with and respond to 

their microenvironment. From this research-driven experimental and technological design, we 

have considered translatability and cost, but we are still far from the cost and scale needed for 

both commercial and clinical translation. For example, we currently rely on expensive peptides 

in order to confer bioactivity to our inert PEG-NB hydrogel networks. Though the use of 

peptides allows us to tightly regulate the signals presented to cells, thereby enabling the ability to 
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parse out the effects of individual culture parameters, the cost associated with these peptides, at 

the concentration in which we are using them, will limited their appeal. While we have been able 

to demonstrate that our chemically-defined substrates can perform several functions as well as 

TCPS standards, our materials are currently 10-fold more expensive than TCPS and are not 

likely to be widely utilized due to high switching cost. 

 Finally, while this work has produced some insights into the individual and combinatorial 

effects of culture parameters on cell behavior, the parameters, cell types, and cell behavior 

outputs explored here are limited. As mentioned in Chapter 2, cell signaling is context-

dependent, therefore insights discussed here can be used to guide the development of other 

experiments but should not be applied literally and directly without consideration of context. 

Additionally, the work on inductive, autocatalytic biomaterials discussed in Chapter 5 is 

extremely preliminary and we have not explored the mechanisms underlying the behavior 

changes.  

 In the appendix of each chapter, we have presented published and unpublished work to 

demonstrate the broader applicability of the approaches and concepts discussed. Immediate steps 

for future work should expand upon the work in the appendices as well as emphasize 

understanding of the mechanisms regulating the substrate-mediated cell behavior changes 

explored here. 

 


