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ABSTRACT 

 

SPATIALLY AND TEMPORALLY CONTROLLED  

 

MECHANICAL SIGNALS TO DIRECT  

 

HUMAN MESENCYHMAL STEM CELL BEHAVIOR 

 
Ross A. Marklein 

 

Jason A. Burdick, PhD. 

 

 In order to effectively incorporate stem cells into tissue engineering solutions, a 

deeper understanding of the microenvironment factors that influence their behaviors is 

necessary.  Specifically, the inherent mechanics of the extracellular matrix (ECM) have 

been shown to profoundly effect multiple stem cell behaviors such as their morphology, 

proliferation, differentiation, and secretion of factors.  The effect of matrix mechanics on 

stem cells has been investigated using a wide range of material systems; however, many 

of these systems lack the mechanical complexity that native tissues possess in terms of 

their spatial and temporal properties, as well as context (2D vs. 3D).  In order to 

determine the effect of heterogeneous and dynamic mechanical signals on stem cells, a 

sequential crosslinking technique was developed that allowed for formation of hydrogels 

with a wide range in mechanical properties in terms of magnitude, context, and 

spatiotemporal presentation.  Hydrogels with tunable mechanics were synthesized using 

methacrylate hyaluronic acid (MeHA) in a sequential process: 1) Michael-type ‘addition’ 

crosslinking using dithiothreitol to consume a fraction of the methacrylate groups, and 2) 
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UV-initiated ‘radical’ crosslinking using controlled UV light exposure in the presence of 

a photoinitiator to consume unreacted methacrylates. 

 Using this approach, we demonstrated local control of stem cell morphology, 

proliferation, and differentiation (adipogenesis and osteogenesis) in both patterned and 

gradient systems on 2D hydrogels.  We further investigated the effects of mechanics in a 

3D context using non-porous and porous presentations of controlled mechanics.  In the 

non-porous system, cell behavior was shown to be dependent on mechanics as threshold 

responses were observed related to the ability of hMSCs to adopt a spread or rounded 

morphology within the hydrogel.  In the 3D macroporous system, mechanics were 

spatially and temporally modulated and hMSC morphology, proliferation, differentiation, 

and secretion of angiogenic and cytokine factors were shown to be dependent on the local 

and temporal presentation of mechanical signals. 

 This dissertation work emphasizes the importance of the magnitude, context, and 

presentation of mechanical signals and highlights this sequential crosslinking process as a 

model system for future investigations into heterogeneous, dynamic microenvironments, 

as well as a novel platform for developing future tissue engineering strategies. 
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CHAPTER 1 

Stem Cells Sense and Respond to Matrix Mechanics 

 

1.1 Introduction 

 Stem cells have become an attractive option for tissue engineering applications 

due to their proliferative capacity, differentiation potential, and their ability to promote 

tissue repair through trophic mechanisms.
1-3

 However, a significantly greater 

understanding of stem cell responses to their microenvironment (both in vitro and in 

vivo) is needed before the lofty expectations of tissue engineering are satisfied and stem 

cells are incorporated into clinically effective therapies.  Human mesenchymal stem cells 

(hMSCs) have particularly received significant attention from this field due to their ease 

of isolation (even from the patient), as well as their ability to differentiate into numerous 

cell types
4
 and facilitate tissue regeneration.

5
 However, there is still a fundamental need 

to further understand what factors influence stem cell behaviour and how cells effectively 

interpret their environments and respond accordingly.   

 Ever since the realization that cells do indeed exert forces and are able to sense 

the mechanics of their substrate,
6
 matrix mechanics have not only been investigated in 

fundamental cell biology studies, but also as a design variable for tissue engineered 

scaffolds.  Within this field, it has become apparent that mechanics direct a number of 

cell responses including, but not limited to, cell morphology, proliferation, migration, 

differentiation, and the secretion of factors.
7-11

 Therefore, in order to effectively 

incorporate stem cells into tissue engineering strategies, it is necessary to understand how 

stem cells respond to matrix mechanics in the context of the application, as distinct 
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mechanical properties are evident in different tissues.
12

 With this, techniques to then 

manipulate mechanics within engineered systems will help drive the use of mechanics as 

a design variable for tissue engineering therapies. 

 

1.2 Stem Cell Mechanotransduction 

1.2.1 Role of acto-myosin complex  

 While the specific mechanism by which stem cells transduce a mechanical signal 

into a response is still being elucidated, major components of this system have been 

discovered and characterized.  Sensing the substrate requires the ability of a cell pull and 

probe the surroundings and this is achieved through a complex cytoskeleton network.  

This is best exemplified by stem cells grown on soft and stiff substrates as the cells on 

stiffer substrates are able to exert greater tension and develop a more organized actin 

cytoskeleton (evidenced by stress fibers, see Figure 1.1A) as opposed to cells on softer 

substrates, which exert less tension and possess a more diffuse, less organized actin 

cytoskeleton.
12, 13

 Quantification of this force generation is also possible using traction 

force microscopy, where fluorescent beads are incorporated within substrates in order to 

measure bead displacement and generate force maps, as shown in Figure 1.1B.
14

 Along 

with the actin cytoskeleton, several other components of this mechanosensing machinery 

have been identified using inhibition assays.  For example, non-muscle myosin II 

(NMMII) has been shown to have a profound effect on hMSC differentiation in response 

to mechanics as inhibition of this protein (using blebbistain) completely abrogates the 

differentiation response observed on polyacrylamide substrates over a physiologic range 

of mechanics.
7
 It was also shown that NMMII expression levels varied across the range 
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of mechanics as cells on stiffer substrates expressed higher levels of NMMII, which 

agreed well with the observation of a more organized acto-myosin cytoskeleton. 

 

1.2.2 Role of Cell Adhesive Complex 

 In order to exert tension and sense the matrix mechanics, the cytoskeleton must be 

coupled to proteins that interact with adhesive ligands such as fibronectin or vitronectin.
15

 

Cell adhesion complexes consist of a multitude of proteins known collectively as focal 

adhesions, which are involved in regulation of cell behavior in response to mechanics.
16

  

Vinculin is one well-studied member of this complex that exhibits differential expression 

"

Figure 1.1 (A) hMSCs on ‘stiff’ (~100 kPa) and ‘soft’ (~3 kPa) substrates with staining for actin 

(red), nuclei (blue), and vinculin (green).  Marklein et al. unpublished.  (B) Representative 

traction maps of hMSCs cultured on stiff (30 kPa) and soft (3 kPa) hydrogels.  Color scale 

indicates spatial traction force |T|, scale bar = 25 µm.  Adapted from Guvendiren et al.
14
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based on the stiffness of the material. Expression of vinculin has been shown to increase 

in quantity and exhibit greater association with the cytoskeleton on stiffer substrates.
17

  

 At the interface of the focal adhesion and matrix-binding site are integrins, which 

are a family of heterodimeric proteins involved in many cell functions such as cell 

motility, proliferation, and differentiation.
18, 19

 The binding of integrins (such as !5"1) is 

tension-dependent, as increased tension results in conformational changes in the protein 

and exposure of cryptic binding sites that allow for recognition of synergy sequences on 

fibronectin.
18

 Integrin binding can then result in phosphorylation of other focal adhesion 

proteins such as focal adhesion kinase (FAK) and Rho kinase (ROCK).
13, 20

 These two 

mechanosensory proteins serve as downstream regulators of stem cell functions, such as 

differentiation, and inhibition can result in impaired osteogenic differentiation of MSCs 

as the signal transduction cascade originating from integrin !2"1 binding can not 

effectively reach the nucleus and initiate the differentiation program.
21

  

 

1.3 Stem Cell Responses to Matrix Mechanics 

1.3.1 Effect of mechanics on stem cell morphology and proliferation 

 As cytoskeletal tension is regulated by matrix mechanics, it follows that the 

ability of a cell to spread and adopt a given morphology is highly dependent on this 

matrix property.  Cell morphology has been identified as not only a consequence, but also 

a cause,
22

 of cell fate specification and mechanics have been shown to have a significant 

impact on the adoption of a given cell shape.  hMSCs seeded on matrices of variable 

stiffness exhibit the general trend of increased cell spread area with increasing 

mechanics.
7, 9

 As mentioned above, cells on stiffer substrates exert greater force and they 
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are able to spread to a greater degree as increased contraction correlates well with 

subsequent increases in cell area.
14

 Not only do cells follow an observed trend of 

increased spreading on stiffer substrates, they also adopt distinct morphologies 

reminiscent of the cells associated with the tissue from which the mechanics are being 

mimicked.  For example, hMSCs cultured on soft 1 kPa hydrogels mimicking neural 

tissue developed extensive neurite networks similar to those of primary neurons.  In the 

same study, hMSCs cultured on hydrogels of elasticity similar to muscle (~11 kPa) 

became highly elongated like fully differentiated myoblasts and cardiomyocytes, which 

also exhibit morphologies dependent on matrix mechanics.
7, 23, 24

  

 Cell proliferation is another cell response that is highly dependent on the ability of 

dividing cells to exert tension and effectively “pull” on their substrate.  As cells exert 

greater tension on stiffer matrices, phosphorylated FAK levels increase, which further 

activates the Extracellular signal-regulated protein kinase (ERK) cascade and allows for 

progression through the cell cycle.
13

 Much like the cell morphological response to 

mechanics (Figure 1.2A), cell proliferation exhibits the trend of higher rates of 

proliferation on stiffer substrates while lower rates of proliferation are observed on softer 

substrates (Figure 1.2B).  This has been exemplified by hMSCs cultured on substrates 

covering a physiologic range of mechanics (1-100 kPa) with a threshold mechanics (>3 

kPa) necessary for not only increased cell spreading, but also proliferation.
9, 11, 25

 In these 

systems, cells were either unspread and non-proliferating or spread and proliferating.  

This further agrees with morphology-dependent responses observed for cells grown on 

micropatterned substrates with varying cell adhesive areas.  As cell adhesive area was 

increased, cells spread to fill the area and increased DNA synthesis while cells cultured 
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on smaller islands had lower levels of DNA synthesis and subsequent increases in 

markers for apoptosis.
26

  

 

1.3.2 Effects of mechanics on stem cell differentiation and secretion 

 The distinct mechanical properties of a given tissue have implications not only at 

the macroscale (i.e., bones providing support and muscles’ ability to contract), but also at 

the microscale as the local mechanics can guide differentiation to cells of that tissue.
24, 27

 

In a seminal study performed by Engler et al., stem cell differentiation was found to be 

"

Figure 1.2 (A) hMSCs cultured on gelatin-hydroxyphenylpropionic acid (Gtn-HPA) hydrogels 

of varied mechanics (soft-0.6 kPa, medium-2.5 kPa, stiff-8.2 kPa) nuclei (blue), actin (red).  (B) 

hMSC proliferation on Gtn-HPA hydrogels with time.  Adapted from Wang et al. 
11
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dependent on the mechanics of the substrate.
7
 Specifically, cells cultured on soft matrices 

(1 kPa) expressed neurogenic markers, cells on intermediate stiffness matrices (11 kPa) 

expressed myogenic markers, and cells on stiff matrices (34 kPa) expressed osteogenic 

markers.  These 1 kPa, 11 kPa, and 34 kPa hydrogels closely mimicked the moduli 

present in native brain, muscle, and pre-calcified bone, respectively (Figure 1.3).
12

 More 

committed pre-osteoblast cells also exhibited mechanodependence as increased 

osteocalcin and alkaline phosphatase expression (indicative of osteogenesis) was 

observed on stiffer substrates as compared to softer substrates (Figure 1.4).
28

  

 Although much of the focus on stem cell application for tissue regeneration has 

focused on the ability of these cells to differentiate into desired cell types and replace 

damaged tissue, an increasing amount of work is being performed to understand how 

stem cells can facilitate tissue repair through the secretion of trophic factors.
29-32

 This 

new paradigm of tissue engineering focuses on stem cells as stimulators and facilitators 

of endogenous tissue repair compared to the replacement tissue engineering strategy 

initially proposed by the field.
33

 Stem cell tropism is influenced by matrix mechanics, as 

the secretion of various angiogenic and inflammatory factors are differentially regulated 

on distinct mechanical environments.  In one study,
10

 hMSCs exhibited distinct 

"

Figure 1.3 Scale illustrating range of mechanics present in native tissues, adapted from Discher 

et al.
12 
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expression profiles for an array of angiogenic and cytokine factors on soft (2 kPa) and 

stiff (20 kPa) hydrogels at early and late timepoints (Figure 1.5A). Secretion of VEGF, 

IL-8, and urokinase plasminogen activator (uPA) were also quantified and shown to be 

dependent on matrix mechanics not only in terms of the magnitude of secretion, but also 

in terms of temporal expression (Figure 1.5B).  In another study using adipose-derived 

stem cells, mechanics were shown to simultaneously influence both stem cell 

differentiation (in this case adipogenesis) and secretion of the potent angiogenic 

stimulator VEGF.
34

  As expected, cells readily differentiated into adipocytes in more 

compliant hydrogels (3.3 kPa) while VEGF secretion and stimulation of HUVEC 

network formation was favored by cells grown in stiffer hydrogels (12.4 kPa).  

 

"

Figure 1.4 MC3T3-E1 cells cultured on soft (13.7 kPa) and stiff (424 kPa) PEGDA hydrogels 

and tissue culture polystyrene (PS). (A) Alkaline Phosphatase (ALP) activity revealed 

significant differences between the 3 groups at day 7 (**p<0.01) and day 14 (***p<0.001).  (B) 

Osteocalcin expression on stiff and PS substrates showed significantly higher expression at both 

day 7 and 14 (*p<0.05).  Adapted from Khatiwala et al. 
28
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1.3.3 Stem cell responses to mechanics in vivo 

 Although difficult to experimentally validate, the effect of in vivo mechanics on 

stem cell behavior has been implicated as one of the reasons for the observed undesirable 

outcomes of certain stem cell therapies.  Due to their ability to stimulate angiogenesis,
35

 

 

Figure 1.5 Secretory response of hMSCs on soft (2 kPa) and stiff (20 kPa) hydrogels. (A) 

Secretory profiles of cells on soft and hard hydrogels characterized using proteome profile 

arrays at day 2 and 14.  Protein levels normalized to cell number at each time point. (B) 

Temporal expression of IL-8, uPA, and VEGF over duration of culture on soft (closed circles) 

and hard (closed circles) hydrogels using ELISA.  Adapted from Seib et al.
10
"
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reduce inflammation,
36

 promote survival of cardiomyocytes,
37

 and differentiate into 

cardiomyocytes,
38, 39

 MSCs have been investigated as a potential cell therapy source for 

regenerative strategies post-myocardial infarction.  However, in several studies utilizing 

this multipotential cell source to aid in cardiac repair, maladaptive responses were 

observed typically associated with calcification.
40, 41

 Considering the effects of stiffer 

microenvironments on MSC osteogenesis, this is not unexpected as cardiac tissue post-

 

Figure 1.6 Mechanical characterization of rat heart mechanics pre- and post-myocardial 

infarction. A) Dotted white line denotes area of infarction with axis drawn to indicate location 

along which elastic moduli were calculated (using AFM).  Scale bar = 2 mm.  B) Local elastic 

moduli plotted along axis for non-infarcted (Normal), infarct control (MI only), as well as two 

treatment methods post-infarct (MI w/ DMEM and w/ MSCs).  Adapted from Berry et al.
43
#
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infarct is typified by an increase in mechanics (both spatially and temporally)
42

 and 

quantitatively evaluated by Berry et al. (Figure 1.6).
43

 In order to effectively overcome 

these aberrant responses and achieve more desirable functional repair of cardiac tissue, 

the timing and exposure of stem cells to the appropriate microenvironmental cues (i.e. 

mechanics) must be realized and incorporated into tissue engineering strategies. 

 Stem cells have also been explored as a means to modulate and inhibit tumor 

progression in vivo due to their innate ability to home to sites of tumorigenesis.
44

 

However, due to the secretion of various pro-angiogenic and pro-survival factors, MSCs 

can potentially promote tumorigenesis and metastasis.
1, 45

 This response has been 

attributed to tumor cell-MSC crosstalk
46

 and, more importantly, the mechanosensitive 

response of stem cells to the pathologically stiffer matrix associated with tumor 

formation.
47, 48

 As shown in vitro, stem cells migrate from softer to stiffer substrates in a 

process called durotaxis, which has been observed in many systems employing gradients 

of mechanics.
49-51

 Once at the site of the tumor, observed increases in angiogenesis
52

 can 

occur as the stiffer environments have been previously described to promote the secretion 

of angiogenic factors (such as VEGF
10, 34

) in vitro.  Although stem cells have been shown 

to preferentially localize at tumor sites, this response could also be exploited in order to 

deliver anti-cancer therapies by genetically modifying the targeting cells.
53

 

 

1.4 Systems for Studying Stem Cell Responses to Mechanics 

1.4.1 Hydrogels with Tunable Mechanical Properties 

 In order to better understand stem cell responses to mechanics, advanced material 

systems are necessary that afford the ability to recapitulate aspects of the native tissue 
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environment. Typically, these systems consist of a single component hydrogel with a 

range of mechanics achieved by varying the crosslinking density either through the 

number of reactive sites or crosslinking molecules or by varying the amount of material.  

The most widely used mechanically-tunable platform consists of polyacrylamide 

hydrogels due to their ease of formation and ability to possess mechanics that span 

several orders of magnitude (0.1-100 kPa) and thus encompass a wide range of native 

tissues.
54

 This system, while able to effectively replicate native tissue mechanics, has 

only been used to investigate 2D mechanical signals and due to the cytotoxicity of 

acrylamide cannot be used for 3D studies.  Calcium-crosslinked alginate has also been 

widely used to investigate mechanosensitive responses as it is a bioinert polymer that can 

be easily tuned to possess a range of mechanics by varying both the composition of 

alginate and amount of Ca
2+

 ions.
55, 56

  This system does allow for 3D encapsulation of 

cells, but often results in a somewhat restricted morphology
56

 and requires degradation in 

order to promote adequate cell spreading and infiltration.
57

 Incorporation of a cell 

adhesion site (such as RGD or collagen) is necessary for both of these systems as both 

polyacrylamide and alginate alone do not support stem cell adhesion and 

mechanosensing. 

 While some natural materials (such as fibrin and collagen) have been investigated 

as mechanically-tunable systems
58, 59

, issues arise due to the manner in which mechanics 

are varied in these systems.  Altering the concentration of a given material in order to 

modulate mechanics can result in confounding variables in terms of differences in ligand 

density, mesh size, and fibrous morphology
60

 and therefore chemical modifications (such 
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as PEGylation
61

) are typically necessary in order to utilize these native materials as 

mechanically-tunable systems. 

 

1.4.2 Hydrogels with Spatially and Temporally Modulated Mechanics 

 Although many hydrogel systems afford mechanical tunability in terms of 

achieving a physiological range of mechanics, few systems exist with the ability to mimic 

the inherent mechanical complexities found in vivo both during development and in fully 

mature tissue.  The importance of spatially controlled mechanics is best exemplified by 

looking at native tissue organizations such as the osteochondral interface
62

 and the 

aforementioned pathologically distinct mechanics profile present post-myocardial 

infarction.
43

 In these examples there are not only distinct spatial organizations of cell 

types and matrix composition, but also the mechanical properties of the tissues.  

Furthermore, tissues also possess dynamic mechanics such as during 

development
63

,injury (i.e., decrease in mechanics associated with MMP activation
64

), and 

wound repair (i.e., increased mechanics associated with fibrosis
45, 65

). 

 In order to better understand how stem cells respond to these heterogeneous, 

dynamic environments present in native and pathological conditions, material systems 

with both spatial and temporal control of mechanics are desirable.  Currently, most 

systems with the ability to spatially control material properties employ light due to the 

precise control light affords in terms of exposure time and intensity.  By restricting light 

to specific regions, complex patterns of exposed and non-exposed locations within the 

same hydrogel system can be achieved in order to locally control cell behaviour.
66-68
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Gradients in mechanics have also been investigated using both microfluidics
69, 70

 and 

photomasks
51, 71

 in order to monitor cell responses such as durotaxis and differentiation. 

 Hydrogels with temporally modulated mechanics have also been developed in 

order to investigate the dynamic nature of mechanosensing in cells.  Again, UV light was 

employed in one system to locally degrade the matrix (using photodegradable crosslinks) 

after myofibroblasts were seeded in order to monitor the effect of decreasing mechanics 

on myofibroblast activation (Figure 1.7).
72

 The effects of temporally increasing 

mechanics were investigated in another system in which cardiomyocytes were seeded on 

thiolated-hyaluronic acid/PEGDA crosslinked hydrogels, which increased in crosslinked 

density with time in order to mimic native cardiac tissue development.
63

  

  

1.5 Summary 

 While significant advances in our knowledge of stem cell responses to mechanics 

have been made in the past decade, there is a greater need for understanding stem cell 

responses to more complex mechanical environments.  Mechanically-tunable hydrogel 

systems exist and have provided initial insight into stem cell responses to heterogeneous 

and dynamic mechanical signals.  However, significant limitations are apparent in many 

of these hydrogel systems as they lack the ability to both spatially and temporally 

modulate mechanics, as well as the ability to be translated into a more biologically 

relevant 3D presentation of controlled mechanics. A system with the ability to spatially 

and temporally modulate the magnitude and presentation (2D vs. 3D) of mechanics 

would provide essential insight into fundamental stem cell behaviour, as well as provide a 
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platform upon which to build future tissue engineering strategies. Thus, the work 

presented in this dissertation builds on this goal.       

       

 

Figure 1.7 Modulation of substrate elasticity in situ directs myofibroblast de-activation. 

Valvular interstitial cells (VICs) were cultured on myofibroblast promoting or suppressing 

substrates for 5 days and immunostained to assess activation: (a) 32 kPa and (b) 7 kPa. On Day 

3, a portion of the 32 kPa substrates with activated cells were irradiated for 5 min, decreasing 

the substrate modulus. By Day 5, almost all cells were de-activated by this in situ modulus 

change ((c) 32–7 kPa on Day 3), with a similar number of myofibroblasts present on substrates 

with a modulus of 7 kPa for the full 5 days. Modulation of substrate elasticity in dynamic 

cellular processes such as this can lead to a better understanding of its influence on cell function. 

Scale bars, 100 µm.  From Kloxin, et al. 
72
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CHAPTER 2 

Research Overview 

 

2.1 Introduction 

 The ability of stem cells to respond to the mechanics of their microenvironment 

has received considerable attention in the past decade within the realms of tissue 

engineering and stem cell biology.  Although efforts have been made to investigate the 

effects of uniform, static mechanics on stem cell behavior, few systems exist with the 

ability to control mechanics spatially and temporally for the purpose of elucidating stem 

cell responses to complex mechanical environments.  This dissertation outlines the 

development of a sequentially crosslinked hydrogel system with the unique ability to 

spatially and temporally control mechanics and subsequently investigate the response of 

adult stem cells to these heterogeneous, dynamic microenvironments.  The implications 

of this research extend not only to biomaterial design for tissue engineering, but also 

toward furthering our knowledge of stem cell responses to native and pathological 

mechanics in vivo. 

 

Hypotheses: The global hypothesis of this work is that a sequentially crosslinked 

hydrogel system, based on naturally-derived hyaluronic acid (HA), would afford a means 

to study the effects of distinct spatially and temporally controlled mechanical 

microenvironments on stem cell behavior.  Specifically, we hypothesized that 1) 

Hydrogels possess controlled spatial and temporal mechanics in a sequentially 
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crosslinked system based on the extent of initial crosslinking (Michael Addition), as well 

as the location and timing of UV exposure (radical polymerization), 2) human 

mesenchymal stem cell (hMSC) morphology, proliferation, and differentiation behavior 

is dependent on the local matrix mechanics in both uniform and patterned systems, 3) 

hMSCs alter their phenotype based on the timing of matrix “stiffening,” and 4) hMSC 

morphology, proliferation, differentiation, and secretion of trophic factors are dependent 

on the 3D contextual presentation of mechanics in non-porous and porous hydrogels. 

 

In order to test these hypotheses, the following specific aims were proposed: 

Specific Aim 1: Develop sequentially crosslinked hydrogel systems with both 

spatially and temporally controlled mechanics.  Two approaches will be investigated, 

where crosslink density is modified through an interpenetrating network (e.g., 

polyethylene glycol diacrylate in alginate) or where one molecule is crosslinked using 

two means (e.g., methacrylated hyaluronic acid) In the latter approach, the methacrylated 

hyaluronic acid will be crosslinked via Michael Addition (using a dithiol crosslinker) and 

radical polymerization (using UV light) in series.  Mechanics will be characterized for 

each of these tunable mechanical systems 

 

Specific Aim 2: Spatially and temporally control human mesenchymal stem cell 

(hMSC) behavior on sequentially crosslinked hyaluronic acid hydrogels.  Using the 

system developed in Specific Aim 1, hydrogels with distinct uniform, patterned, and 

dynamic mechanics will be investigated in order to spatially and temporally direct stem 
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cell morphology, proliferation, and differentiation in both non-inductive and inductive 

(osteogenic-adipogenic) medium. 

 

Specific Aim 3: Investigate hMSC response to 3D presentation of mechanical signals 

in hyaluronic acid hydrogels.  hMSCs will be presented with controlled mechanical 

signals in non-porous and porous 3D contexts.  For non-porous studies, hMSCs will be 

fully encapsulated within photocrosslinked hydrogels, while porous studies will consist 

of hMSCs seeded within sequentially crosslinked macroporous hydrogels (formed using a 

degradable microsphere template).  Stem cell morphology, proliferation, differentiation, 

and secretion of angiogenic and cytokine factors will be monitored for each 3D context.  

The effects of spatial and temporal mechanics will be investigated in the macroporous 

system due to the sequential crosslinking process. 

 

2.2 Research Summary 

 The motivation for the development of a hydrogel with spatially and temporally 

modulated mechanics was outlined in Chapter 1.  As tissue engineering strategies strive 

to recapitulate the complex mechanical properties of native tissue, it is important to 

understand how stem cells respond to these microenvironments and understand how 

desired stem cell outcomes can be achieved through biomaterial design.  Chapter 3 

provides a review of literature summarizing the field of biomaterials and how material 

cues can be controlled in order to elicit a desired stem cell response. 

 Chapter 4 outlines the mechanically-tunable systems developed to direct stem cell 

behavior.  Within this chapter, several candidate hydrogel systems based on natural and 
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synthetic polymers are investigated in order to arrive at a system capable of fulfilling the 

requirements for a system that adequately supports stem cells and presents complex 

mechanical cues.  The effects of spatially controlled mechanics on stem cell morphology 

and proliferation in 2D are first investigated in Chapter 5 using a non-inductive culture 

system.  In Chapter 6, a well-established bipotential induction system is used to 

investigate the effects of spatially controlled mechanics on hMSC lineage specification 

towards either adipogenic or osteogenic fates. 

 Chapter 7 depicts the translation of the mechanically-tunable 2D system into a 

non-porous photocrosslinked 3D network with controlled mechanics.  hMSCs 

encapsulated in non-porous hydrogels across a range of physiologic mechanics are 

investigated in terms of their effects on hMSC morphology, proliferation, differentiation, 

and secretion of angiogenic and cytokine factors.  As this system does not rely upon 

sequential crosslinking (radically crosslinked only), we are only able to investigate the 

effect of uniform mechanics on hMSCs in this non-porous context. 

 Chapter 8 introduces another 3D presentation of mechanics using the same 

hyaluronic acid material except in a macroporous context.  Sequential crosslinking allows 

for macroporous hydrogels with spatial and temporal mechanics as crosslinking can be 

controlled by not only the amount of UV exposure, but also the location and timing.  

hMSC responses to uniform, patterned, and dynamic porous hydrogels are investigated 

and compared to responses in other 2D and 3D contexts.  

 Finally, Chapter 9 illustrates the overall conclusions and future directions for this 

dissertation.  Stem cell responses to complex mechanical signals are assessed in the 

context of this study, as well as in the context of other mechanically-tunable systems and 
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native biological systems.  Limitations of the work are also presented and followed by 

proposal of future studies that take advantage of the sequential crosslinking process in 

order to further investigate stem cell mechanosensitivity and provide a platform for tissue 

engineering applications.   



!
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CHAPTER 3 

Controlling Stem Cell Fate with Material Design: A Review 

Adapted from Marklein, RA, Burdick, JA. “Controlling Stem Cell Fate with Material Design,” Adv Mater, 

2010, 22(2): 175-89. 

 

3.1 Introduction 

 Stem cells are becoming an important component of approaches for regenerative 

medicine, especially within the rapidly expanding field of tissue engineering. Tissue 

engineering aims to develop biologically inspired 3-dimensional (3D) constructs that 

integrate with native tissue and/or stimulate the body’s innate repair mechanisms to 

regenerate damaged tissue and restore function.
1
  Due to an aging population and demand 

for a higher quality of life, the emergence of tissue engineering as a solution to repair a 

multitude of tissues is evident.  Within the tissue engineering paradigm, the selection of 

the appropriate cells, materials, and biological molecules will ultimately determine 

success or failure.  With their ability to proliferate, self-renew, and differentiate, stem 

cells are becoming a promising cell source for these applications.  The successful 

incorporation of stem cells into tissue engineering strategies is contingent upon a 

thorough knowledge of factors influencing stem cell behavior.  Uncommitted stem cells 

in the developing embryo, for example, are subjected to regional differences in their 

microenvironments, which result in the formation of every tissue in the human body.  

Through an understanding of the cues that drive stem cell fate decisions, it may be 

possible to incorporate these cues into the design of future 3D microenvironments to 
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optimize and facilitate tissue repair and regeneration.  These cues include 

soluble/immobilized factors, chemical and physical signals from the extracellular matrix 

(ECM), cell morphology, and external stresses.  Furthermore, it is not only the simple 

presence of these cues that is crucial to a stem cell’s response, but also their spatial and 

temporal context.  Due to the complex nature of stem cell fate decisions and the constant 

“crosstalk” among different signals, it is necessary to design 3D microenvironments that 

consider the interplay of these diverse cues. 

 Biomaterials design is expanding with new material syntheses and processing 

techniques to enhance the complexity of 3D environments in order to direct stem cell 

lineage commitment.
2, 3

  These materials can be utilized as cell delivery vehicles, 

scaffolds for cell adhesion, surfaces for cell culture, and a source of soluble/immobilized 

factors, among others.  Microenvironments can be designed to feature an intense signal to 

drive differentiation, or a myriad of signals that address the biologically relevant 

sequence of events leading to lineage commitment (Figure 3.1). An understanding of 

materials science and chemical syntheses allows for the creation of biomaterials that can 

manipulate stem cells for specific tissue engineering applications.  Much of this work has 

focused on mesenchymal stem cells (MSCs), possibly due to the ease of culture and 

widespread applicability in regenerative medicine, yet this technology is widely 

applicable to numerous stem cell types.  This progress report will focus on general 

concepts of using materials to control stem cells, as well as provide examples of recent 

advances within this rapidly expanding field.  
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3.2 Biomaterial Structure and Chemistry as Differentiation Cues 

 The use of biomaterials as scaffolds is a fundamental and important component of 

tissue engineering since these materials serve as templates for tissue formation and are 

engineered depending on the tissue of interest.  These scaffolds not only provide 

mechanical and 3D structural support for cells, but can also provide cues to induce tissue 

repair.  The structure and morphology, chemistry and presentation of adhesive cues, and 

degradation are all important parameters in material design for these applications and 

may signal the differentiation of stem cells. 

Figure 3.1 The stem cell microenvironment.  Material control can be exerted at many levels 

through adhesion, cell factor binding, material degradation and mechanics, and cell morphology 

to manipulate stem cell interactions and fate.!

!
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3.2.1 Structures of Biomaterials for 3D Cellular Environments 

 Biomaterial scaffolds take on a variety of structures based on their material 

composition and processing to form 3D environments for cell delivery or invasion. These 

materials consist of natural polymers such as collagen, hyaluronic acid (HA), fibrin, or 

alginate, or synthetic polymers such as polyethylene glycol (PEG), dextran, or polyvinyl 

alcohol and can be formed into hydrogels, fibrous structures, and macroporous 

 

Figure 3.2 Scaffold fabrication and morphology.  A) Polymers with reactive groups are 

crosslinked to form a highly swollen hydrogel network.  B) Porous network formation through a 

poragen leaching process. C) Polymer electrospinning where an electric field causes a charged 

polymer solution to travel from a syringe to a grounded surface leaving distinct nano/micro 

sized fibers. 

!
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scaffolds.
4, 5

  Figure 3.2 illustrates examples of the formation and structure of each of 

these scaffold types.  The biomaterial structure controls how a cell interacts with the 

material and is important in stem cell fate decisions since the presentation of cues and 

cellular morphology are dependent on this structure. 

3.2.1.1 Hydrogels 

 Hydrogels are comprised of insoluble networks of crosslinked polymers with high 

water contents (>90%).
6
 Hydrogels with the ability to encapsulate stem cells have been 

used for applications such as cartilage
7, 8

 and cardiac
9, 10

 tissue regeneration.  In order to 

achieve tissue formation, stem cells must either be encapsulated within or recruited to the 

hydrogel.  Cells can be encapsulated in hydrogels through various means including self-

assembly, ionic crosslinking, and radical polymerizations.
11

 For example, the water-

soluble photoinitiator I2959 (Irgacure, 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-

methyl-1-propanone) can be used to initiate crosslinking upon exposure to UV light with 

materials containing acrylate or methacrylate groups.
5, 12

 It is important to note that 

potential side effects to UV light should be thoroughly assessed, particularly with stem 

cells that may be susceptible to damage.  Hydrogels are advantageous for cell 

encapsulation due to the high water content and diversity in chemistry and properties that 

can be obtained.  It is important to consider the viability of stem cells during the 

encapsulation process and with culture, including the diffusion of nutrients and wastes to 

and from the cells.  Hydrogel properties are dependent on factors such as the charge and 

chemistry of the polymer and crosslinking density.  Additionally, interpenetrating 

networks (IPNs) can be used to further alter hydrogel properties by combining properties 
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of each polymer.
13

 One class of hydrogels that is gaining interest for stem cell 

encapsulation is HA based gels.  HA is a natural polymer that was initially used as an 

implantable biomaterial to study wound healing and biocompatibility in order to monitor 

vascularization, inflammatory responses, and matrix secretion.
14, 15

  While HA does not 

possess any inherent crosslinking ability, chemical modification allows for 

photocrosslinking.
16, 17

  

3.2.1.2 Fibrous scaffolds 

 Although hydrogels provide a highly controlled 3D microenvironment for cells, 

the nature of this scaffold does not entirely mimic the structure of native ECM.  In 

particular, the crosslinked polymer network does not possess a fibrillar architecture that is 

prevalent in ECM components such as collagen and fibrin.
18, 19

  One common method to 

create scaffolds with a fibrous morphology is the process of electrospinning.  This 

method involves extruding a charged polymer solution through a blunt needle, which is 

attracted to a grounded material due to a large potential difference.
18

 Electrospinning has 

been used to produce fibrous scaffolds from a wide range of polymers with diverse 

properties, both synthetic and natural, for a range of tissue applications.
20

 Another 

attractive feature is that the fibers can be aligned by spinning on a rotating mandrel to 

produce anisotropy in both the bulk physical properties and in cellular morphology and 

matrix production.
21, 22

  However, one of the limitations of this technique is the 

potentially poor cell infiltration into the scaffold, either when seeded or when implanted.  

As demonstrated by Baker et al., it is possible to combine multiple polymer jets and a 

rotating mandrel to create electrospun scaffolds that have desired anisotropic mechanical 
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properties, as well as enhanced mesenchymal stem cell (MSC) infiltration (due to 

removal of “sacrificial fibers”).
23

 In general, the diversity in materials that can be 

obtained with fibrous morphologies and the potential advantages of the structure makes 

these scaffolds useful for controlling stem cells. 

3.2.1.3. Macroporous scaffolds 

 Potentially, the most widely used biomaterial structure for tissue engineering 

involves macroporous scaffolds, which can form interconnected porous networks that 

allow for cellular infiltration and tissue formation.  These scaffolds are often formed with 

leachable components (such as salt crystals or microspheres) around which the desired 

polymer forms a scaffold.
24

 Upon removal of the leachable components, a 3D structure 

can be obtained with varying parameters such as pore size, porosity, and 

interconnectivity.  Linnes et al. created a macroporous scaffold based on fibrinogen using 

sintered PMMA microspheres, which allowed for a highly porous, interconnected 3D 

microenvironment that upon addition of thrombin or genipin significantly increased in 

stability and mechanics.
25

 In another study, poly(!-caprolactone) scaffolds (formed using 

a gas foaming technique) with varied pore size and interconnectivity were created to 

monitor osteogenesis of dura mater stem cells.
26

 In the case of large pore sizes, cells may 

interpret the environment as 2D; however, the macrostructure of the scaffold allows for 

the creation of a 3D tissue as cells synthesize and interact with secreted matrix. 

3.2.2 Chemical Signals in Biomaterials 

 Stem cells may interact with biomaterials through surface receptors such as 
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integrins and cell adhesion molecules.
27

 The selection of a biomaterial must take into 

consideration the inherent cell adhesivity of a material (e.g., in the case of natural 

materials) or the ability to confer additional biofunctionality in order to elicit a particular 

response from stem cells.  Adhesion may be desirable or undesirable depending on the 

desired differentiation path and native cell environment.  There are a wide range of 

techniques to control adhesion, including altering the hydrophobicity of a material to 

influence protein adsorption or by tethering proteins or their analogues directly to a 

material.  Beyond adhesion, other chemical cues may be included to manipulate stem cell 

interactions and differentiation, either directly or indirectly by controlling protein 

interactions. 

3.2.2.1 Cell adhesion motifs 

 A simple and common technique in many tissue engineering strategies is to 

incorporate analogues of native ECM components into scaffolds in order to control stem 

cell interactions.  The fibronectin binding domain arginine-glycine-aspartic acid (RGD) 

has been used widely to promote binding sites for !v"3 integrins in applications such as 

osteogenesis and chondrogenesis.
28, 29

 The effects of RGD concentration and its spatial 

organization have been investigated and determined to be regulators of stem cell 

morphology, proliferation, and differentiation.
30

 While RGD is used as a “default” 

binding site for biomaterials, efforts have been made to investigate the contextual 

presentation of RGD within fibronectin and its effect on stem cell behavior.  Martino et 

al. demonstrated that the presentation of certain fibronectin domains, including RGD and 

its synergy sequence PHSRN, can significantly affect MSC spreading and proliferation.
31
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Additionally, other sequences are being investigated for cell specific differentiation such 

as laminin-derived IKVAV and YIGSR.
32

 

3.2.2.2 Chemistry of biomaterials 

 More indirect approaches (e.g., controlling hydrophobicity) towards addressing 

cell recognition of biomaterials have produced interesting results.  For example, by 

altering the hydrophobicity of a surface, the formation and differentiation potential of 

embryonic stem cells (ESCs) within embryoid bodies (EBs) could be tuned to promote 

desirable EB size and composition.
33

 In another study, Benoit et al. altered the 

microenvironment by introducing different small molecules such as phosphates, 

carboxylic acids, and aliphatic chains (very hydrophobic).
34

 The presence of these 

molecules led to increased MSC expression of bone, cartilage, and fat associated markers 

of differentiation, respectively.   

 It is often difficult to predict how a stem cell will respond to its environmental 

cues and thus methods have been developed to rapidly screen biomaterials and stem cell 

interactions.
35-37

 The use of a combinatorial library of biomaterials formed from different 

acrylate and methacrylate monomers proved to be useful for identifying environments 

suitable for uniform ESC differentiation into epithelial cells.
38

 Figure 3.3 shows one 

example of a screening of the influence of material chemistry on ESC differentiation. 

 Further combinatorial studies were performed on MSCs, neural stem cells, and 

primary articular chondrocytes using monomers with varied degradation, hydrophobicity, 

molecular weight, and crosslinking.
39

 This method allows for determination of ideal 

microenvironments for stem cell differentiation and can also be coupled with other 
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induction factors (as discussed later) to screen thousands of possible scenarios for 

controlling stem cell behavior.
40

 Rapid screening techniques are useful in that they can 

identify unique environments that can not be predicted based on material structure and 

chemistry.  The materials in these studies are also inexpensive and much easier to 

synthesize than scaffolds possessing complex chemistries and cell recognition sites.
41-43

 

These studies indicate that biomaterial design does not need to exactly mimic native 

tissue, but rather possess the fundamental characteristics that promote desired stem cell 

 

Figure 3.3 Investigating stem cell and material interactions with polymer arrays.  Top:  

Human ESCs cultured on a polymer in the presence of retinoic acid for 6 days and then stained 

for cytokeratin 7 (green), vimentin (red), and nuclei (blue). Bottom:  3 examples of polymers 

highlighted from above array.  Reproduced with permission from [36].  

!
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behavior. 

3.2.2.3 Natural and synthetic biomaterials 

 A major advantage of using naturally derived materials is that they possess 

desired cell recognition sites to control cellular behavior such as adhesion and 

degradation.  For example, fibrin hydrogels consist of polymerized fibrinogen, which 

possesses multiple direct binding sites, as well as sites that bind growth factors, 

fibronectin, HA, and von Willebrand factor.
19

 The addition of thrombin to fibrinogen 

allows for the formation of fibrin hydrogels consisting of nanometer scaled fibers that can 

be recognized by cells.  Early studies using dorsal root ganglia demonstrated the effects 

of varied fibrin network formation on neurite extension by adding biorecognition 

molecules and factor XIII, which participates in covalent crosslinking.
44

 PEGylated 

fibrinogen has been used by several groups in order to utilize the stem cell recognition of 

fibrinogen while also allowing for more control and variation of network degradation and 

mechanics.
25, 45, 46

 Another route for creating desirable 3D microenvironments for stem 

cells is to harness the potential regenerative properties of stem cell-derived biomaterials.  

Nair et al. developed a biomaterial from acellularized EBs using Triton-X/DNAse 

treatments to remove cellular components while maintaining the ECM components such 

as collagen IV, laminin, and fibronectin.
47, 48

  EBs induced towards a specific lineage and 

subsequently acellularized could create a stem cell-derived biomaterial with desired 

morphogenic cues for a given tissue engineering application. 

 HA is another naturally occurring material (i.e., polysaccharide) consisting of 

repeating disaccharide units and has been implicated in many stem cell fate decisions.49 
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Extensive work by Shu et al. has involved chemically modifying HA to confer additional 

cell recognition, degradability, and crosslinking ability.
14, 50

 The presence of hydroxyl 

and carboxyl groups allows for chemical modification of the HA backbone with methods 

such as carbodiimide chemistry.  Another useful modification of HA (and other hydroxyl 

containing polymers) is the addition of methacrylates or acrylates, which allows for 

radical polymerization.
16

 Significant work has been performed using photocrosslinkable 

HA hydrogels for stem cell encapsulation, specifically involving cartilage tissue 

engineering.
7, 51

   

 While natural materials provide inherent instructive cues for stem cells, 

limitations of these materials include a possible immune response, potential loss of 

biological activity during processing, and insufficient mechanical properties.  In many 

cases, synthetic materials are used as “blank slates” that can be modified to confer 

biofunctionality and promote stem cell differentiation.  One of the most common 

synthetic materials used as a backbone for hydrogel systems is PEG. Due to its 

hydrophilicity and ease of modification, highly swollen hydrogels can be formed that also 

contain cell recognition sites.
52

 For example, PEG coupled to poly(L-Lysine) promotes 

greater neural progenitor survival and differentiation to mature neural phenotypes than 

unmodified PEG hydrogels.
53

 This is potentially due to the charged amino side chains 

present in lysine, which allow for cell adhesion and survival and can also provide sites for 

further chemical modification. A recent study demonstrated the temporally controlled 

presentation of cell binding using PEG hydrogels coupled with a matrix 

metalloproteinase (MMP)-cleavable RGD peptide.
54

 The motivation behind this study 
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was that initiation of chondrogenesis is dependent on fibronectin, but persistence of this 

binding inhibits long-term chondrogenesis.
55, 56

  The incorporation of an MMP-13 

cleavable linker resulted in increased glycosaminoglycan production, as well as a greater 

percentage of collagen II positive cells compared to undifferentiated MSCs.  

3.2.3 Scaffold Degradation 

 While biomaterials may consist of either natural or synthetic materials, it is 

generally accepted that they serve as a temporary scaffold and, as new tissue is formed, 

they should degrade.  Therefore, it is necessary to design materials that degrade over a 

timescale that corresponds with a given application (i.e., formation of mature, functional 

tissue).  Structurally, scaffold degradation allows for cellular infiltration, as well as ECM 

synthesis and distribution.  The ideal degradation profile, in terms of tissue mechanical 

properties, may be a decrease in scaffold mechanical properties over time, with the 

concurrent synthesis of ECM by cells.
1
 While this may be oversimplified, it is important 

to address biodegradability of biomaterials when designing a scaffold.  Beyond structural 

importance, scaffold degradation also controls temporal properties, including the 

presentation of chemical and mechanical cues at different times in development and 

regeneration. 

 Cell-mediated degradation is best evidenced by naturally occurring MMP 

degradation of ECM components such as collagen.  In more synthetic materials, MMP-

sensitive sequences can be incorporated as crosslinkers, which degrade once the 

encapsulated or migrating cells begin to secrete MMPs.
57-59

 These sequences are typically 

used to promote degradation of the biomaterial as the cells begin to secrete matrix 
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components and remodel their surroundings.  Stem cells secrete specific MMPs that 

correlate with their lineage commitment (e.g., MMP-3 for ESC cardiogenesis, MMP-9 

for neural stem cell commitment, and MMP-13 for chondrogenesis).
54, 60, 61

 Scaffolds 

possessing MMP-1 sensitive sites promoted greater cell infiltration and matrix deposition 

than scaffolds without these sites when implanted in a cranial defect.
58

 Therefore, 

biomaterials have been designed to incorporate these sequences in order to allow for cell 

spreading/infiltration and matrix remodeling.
54, 58, 62

  Importantly, the ability to remodel 

and spread in matrices may be a signal in controlling differentiation and lineage 

commitment in stem cells, both through cell-cell interactions and spreading cues. 

 Hydrolysis represents another major route for scaffold degradation that can be 

utilized to facilitate tissue formation or alter scaffold properties with time.  By 

incorporating hydrolytically degradable units into a scaffold or by altering the amount of 

a given degradable unit, a desired degradation profile can be achieved.  For example, 

although cells can secrete hyaluronidases, which have the ability to degrade HA, this 

degradation does not occur on a time scale that promotes adequate matrix deposition in 

covalently crosslinked HA gels.  Hydrolytically degradable lactic acid units can be 

incorporated into the HA backbone in order to allow for a controlled degradation rate and 

increased matrix production.
63

 Additionally, lactic acid groups have also been 

incorporated into non-degradable PEG hydrogels in order to facilitate scaffold 

degradation and promote neural precursor differentiation into neurons and glial cells.
64

 In 

another PEG system, the step growth polymerization of dithiothreitol (DTT) and PEG 

diacrylate (PEGDA) formed acrylate terminated PEG-DTT with a range of molecular 
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weights.  Varying the extent of polymerization allowed for different molecular weights, 

which resulted in varied degradation and swelling properties.  MSC morphology and 

viability were found to be dependent on network degradability as cells encapsulated in 

more degradable gels were more viable and spread.
65

 

 

3.3 Controlled Presentation and Delivery of Differentiation Factors 

 In standard stem cell cultures, growth factors are simply added to culture media to 

induce a differentiation program.  Significant advances have been made in understanding 

how these factors can control stem cell fates in controlled in vitro cultures.
66

 While this 

method of simply adding a cocktail of factors to cells can be quite powerful, it is typically 

not possible for implantable materials and does not account for desirable spatial 

presentation.  Thus, efforts are being made to control the spatial and temporal 

presentation of these factors in order to mimic the native tissue development.  From a 

materials perspective, differentiation factors can be added directly to the medium for in 

vitro cultures (including with bioreactors), physically entrapped or sequestered within a 

scaffold, or encapsulated in micro/nanoparticles for controlled release. 

 

3.3.1 Soluble Factor Delivery 

 The ability to easily manipulate and control the addition of soluble factors to 

culture medium makes this approach the most well characterized effector of stem cell 
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differentiation.  In combination with the morphology of clusters of cells (e.g., 2D surface 

for osteogenesis, 3D pellets for chondrogenesis), much is known about stem cell 

differentiation using standard tissue culture approaches.  These factors not only 

participate in the commitment of cells, but also the decision of cells to remain quiescent 

or undifferentiated.  For example, Leukemia Inhibitory Factor (LIF) is commonly 

employed to prevent ESCs from differentiating and is added to ESC cultures in order to 

allow them to proliferate without spontaneously differentiating.
67

 Typically, the goal with 

biomaterials is to aid in stem cell differentiation; however there is also interest in 

materials that prevent differentiation for use as substrates in cell culture.   

 The addition of growth factors to cultures (either added to culture media or via 

material delivery) can act in synergy with other tissue engineering strategies to optimize 

stem cell differentiation and tissue formation. For example, bone morphogenic protein-2 

(BMP-2) has been incorporated into HA hydrogels along with MSCs to promote 

osteogenesis, as noted by increased osteocalcin and CD31 expression compared to 

controls without BMP-2.
17

 The TGF-! family of proteins are well documented 

chondrogenic factors and are typically added to scaffolds in combination with 

encapsulated stem cells.
7, 68

 However, it is not only the addition of this growth factor that 

is crucial to chondrogenesis, but also the temporal presentation.  Long term exposure to 

TGF-!2 resulted in greater GAG and collagen II production and an upregulation in Sox-9 

when compared to MSCs with shorter exposure time.
69

 As mentioned previously, high 

throughput screening can also be a useful tool for determining which factors are 

regulators of stem cell fate so that they can be incorporated into tissue engineering 
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applications.
40, 70

  

3.3.2 Immobilized Factors 

 Similar to coupling cell adhesion motifs to scaffolds, differentiation factors can be 

specifically immobilized on a biomaterial surface to elicit a desired response.  This is a 

common theme in nature as stem cell niches contain covalently and noncovalently bound 

factors that maintain the cell’s undifferentiated state.  Stem cell factor (SCF) and LIF are 

membrane-bound cytokines found in niches that support undifferentiated stem cells.
32

 

LIF can be added to inhibit ESC differentiation, but the immobilization of LIF can also 

affect ESC commitment.
71

 LIF immobilized to a nonwoven polyester fabric (NWPF) 

using carbodiimide chemistry was shown to support a greater percentage of 

undifferentiated ESC colonies when compared to the NWPF only groups.  The 

immobilized LIF was shown to be bound in its active form and had a similar effect (in 

terms of pluripotency maintenance) to adding soluble LIF to the culture medium. Another 

study immobilized both LIF and SCF in order to observe the threshold behavior of certain 

factors on stem cell maintenance.
72

 Additionally, growth factors such as TGF-!1 have 

been immobilized on surfaces to promote chondrogenesis of MSCs rather than simply 

adding it to the culture.
73, 74

   

 While the ability to covalently tether factors to biomaterials has shown great 

promise, another technique involves a more biomimetic approach by which growth 

factors are sequestered using noncovalent means.  Heparin is a sulfated proteoglycan that 

has the ability to bind and sequester growth factors and thus slow their release while 

maintaining their biological activity.  Specifically, heparin can bind TGF- ! proteins and 
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influence stem cell differentiation into chondrocytes, which has been demonstrated using 

poly(N-isopropylacrylamide-co-acrylic acid) thermoresponsive hydrogels
75

 In this 

system, MSCs in gels containing heparin-bound TGF-!3 had significantly greater 

upregulation of chondrogenic markers of differentiation, specifically collagen II, Sox-9, 

and aggrecan.  However, the applicability of this system depends specifically on the 

binding affinity of the protein to heparin.  A similar strategy was used with a porous 

PLGA scaffold in which both dexamethasone and heparin-bound TGF-!1 were 

incorporated and its chondrogenic potential evaluated using MSCs.
76

 Heparin-binding has 

also been utilized in electrospinning applications so that cells not only experience the 

desired fibrous morphology and adhesive properties of the electrospun material, but also 

the added effect of immobilized factors.  Casper et al. covalently linked both heparin and 

perlecan (another sulfated proteoglycan associated with mesenchymal tissues) to collagen 

and gelatin electrospun scaffolds using EDC/NHS carbodiimide chemistry.
77

 Using 

fibroblast growth factor-2 (FGF-2) as their model growth factor, they demonstrated that 

both heparin and perlecan effectively bound FGF-2, but perlecan displayed better binding 

at lower concentrations.  FGF-2 is secreted by osteoblastic cells and is present in the early 

stages of bone repair and its biological activity is significantly enhanced by heparan 

sulfate binding.  This method could prove useful in bone regeneration applications along 

with the inclusion of other heparan sulfate binding proteins such as BMP-2 and platelet-

derived growth factor (PDGF).  

3.3.3 Encapsulated Delivery Vehicles 

 Another means to control the presentation of differentiation factors to the stem 
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cell microenvironment is through the use of biodegradable delivery vehicles.  These 

vehicles can take the form of polymeric microparticles as well as the scaffold itself, 

which can be tailored to release encapsulated factors.  Release is controlled through both 

diffusion and degradation, and thus material design is essential for released molecule 

presentation to stem cells. 

3.3.3.1 Controlled release from scaffolds 

 A direct method to release differentiation factors to the stem cell 

microenvironment is through encapsulation within the 3D scaffold.  As biodegradability 

is a desired property of biomaterials, many researchers have utilized this degradation to 

not only allow for remodeling of the microenvironment and ECM synthesis, but to also 

allow for local delivery of factors to aid in stem cell commitment and tissue repair.   

 Due to their highly swollen state, hydrogels are able to rapidly deliver factors to 

surrounding tissue or to encapsulated cells within the hydrogel.  Cardiogenesis can be 

affected by controlled release of basic fibroblast growth factor (bFGF) from gelatin 

hydrogels with or without cardiosphere derived cells (CDCs) or MSCs.
78

 bFGF release 

significantly enhanced vascularization, as well as myocardial perfusion and contractility.  

While coupling the delivery of bFGF with CDCs resulted in greater myocardiocyte 

differentiation and engraftment than bFGF treatment alone, MSCs did not exhibit the 

same additive effects of combined growth factor and cell transplantation on recovery of 

myocardial function.  In order to promote greater chondrogenesis of MSCs encapsulated 

in hydrogels, TGF-!3 has been encapsulated during the hydrogel formation process in 

order to locally deliver the factor for in vivo and in vitro tissue formation.
7, 79

 In one 
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example, MSCs were encapsulated in methacrylated HA (to allow for photocrosslinking) 

and either polymerized in situ with TGF-!3 or pre-cultured for 2 weeks in growth 

medium containing TGF-!3 and subsequently implanted subcutaneously.
7
 Pre-cultured 

constructs exhibited higher collagen II, aggrecan, and chondroitin sulfate expression 

compared to constructs encapsulated with TGF-!3 and negative controls without growth 

factor.  These results emphasize the importance of sustained release of a factor to stem 

cells in order to elicit the desired differentiation and tissue formation response.  One 

approach to control release from hydrogels is by modifying the degradation rate of the 

network structure. Using a PEG dimethacrylate system incorporating hydrolytically 

degradable lactide units into the PEG backbone, Benoit et al. demonstrated a highly 

regulated delivery of fluvastatin, which stimulates BMP-2 production and osteogenic 

differentiation.
80

 The release rate and dose were controlled by adjusting the lactide repeat 

unit length and initial fluvastatin concentration, respectively.  The incorporation of 

controlled release into this network resulted in increased ALP, collagen I, and BMP-2 

production by encapsulated human MSCs. 

 Both microparticles and nanoparticles have received considerable attention in 

applications such as cancer therapeutics and biomedical imaging modalities, but are also 

useful for the delivery of molecules to stem cells.
81, 82

 Since stem cells undergoing 

lineage commitment require a specific spatio-temporal presentation of factors, efforts 

have been made to incorporate these particles into biomaterials for controlled release 

rates.  It is also important to consider the activity of the encapsulated factor upon release, 

which is dependent upon the process for encapsulation. 
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3.3.3.2 Controlled Delivery Using Particles 

 Microparticles can also be utilized without a biomaterial scaffold in order to 

control the stem cell microenvironment.  Micro- and nanoparticles have been injected 

with and without stem cells into injury sites to promote both neurogenesis and 

chondrogenesis.
83, 84

 Using a water-in-oil-in-water (W/O/W) emulsion technique, ciliary 

neurotrophic factor and brain-derived neurotrophic factor were encapsulated in PLGA 

microspheres to allow for sustained release and aid in regeneration of central nervous 

tissue and retinal tissue, respectively.  By coating larger oil-in-water (O/W) PLGA 

microspheres encapsulating one factor (dexamethasone, DEXA) with smaller W/O/W 

emulsion microspheres encapsulating another factor (dehydroepiandrosterone, DHEA), 

the release of multiple factors is possible.
85

  The negative charges of the carboxyl on 

PLGA microspheres containing DHEA are electrostatically attracted to the positive 

charge of poly(ethyleneimine) incorporated into the DEXA-loaded microspheres.  This 

minimally invasive injection of microspheres and stem cells could prove to be 

advantageous as the cells form cartilage tissue around the microspheres and then fill in 

the voids once they degrade.  

 Microspheres can also be utilized in ESC differentiation to allow for more control 

over the 3D microenvironment within EBs.  EBs consist of an aggregate of pluripotent 

stem cells that possess the ability to differentiate into all the germ layers (endoderm, 

mesoderm, ectoderm).  However, within this aggregate, the microenvironment varies by 

location due initially to cell-cell contact and diffusional constraints and later by local 

matrix and paracrine factor secretion.
86

 Efforts have been made to influence the 
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aggregation of ESCs into EBs in order to create more uniform EB populations, but 

significant improvements are needed in order to exercise more control over 

differentiation within these aggregates.
87, 88

 Encapsulation of differentiation factors into 

microspheres and incorporating them into differentiating EBs could allow for more 

control over the ESC microenvironment.  Carpenedo et al. demonstrated a highly 

controlled method of incorporating retinoic-acid (RA) loaded PLGA microspheres into 

embryoid bodies.
89

 Rotary suspension culture was used to allow for uniform EB 

formation and to facilitate the microsphere incorporation.   Compared to normal EBs and 

EBs incorporating unloaded microspheres, EBs containing RA-loaded microspheres 

exhibited a very homogeneous and organized structure.  Furthermore, EBs incorporating 

RA-loaded microspheres exhibited a completely different structure than EBs exposed to 

soluble RA.  Figure 3.4 illustrates these morphological differences in EBs exposed to 

different microenvironments as microsphere-mediated delivery of RA led to an increase 

in endoderm/epiblast organization as compared to the non-cystic unorganized EBs 

exposed to soluble RA.  The desired cellular morphology, whether it is uniform or 

heterogeneous, of the EBs is dependent on the application.  This method of locally 

delivering factors within a differentiating EB bypasses the limitations associated with 

soluble delivery as it has been shown that a dense shell containing collagen I, tight cell-

cell junctions, and basement membrane hinder diffusive transport.
90
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 Angiogenesis is a critical process with the formation of many tissue types because 

it allows for adequate nutrient supply and integration with native tissue.  In tissue 

engineering applications, it is necessary to not only stimulate the differentiation of stem 

cells into the specialized tissue cell of interest, but to also allow for formation of 

vasculature in the tissue.
91

 Two growth factors intimately involved in the process of 

vascularization are vascular endothelial growth factor (VEGF) and PDGF.  However, it is 

 

Figure 3.4 Microsphere molecule delivery.  Hematoxylin-Eosin staining of embryoid bodies 

(EBs) in untreated (A), soluble retinoic acid delivery (B), unloaded incorporated microspheres 

(C), retinoic acid loaded incorporated microspheres (D) groups, indicating that controlled and 

local RA delivery controls the morphology of EBs.  Reproduced with permission from [89].  

!
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not only the presence of these two factors that influences angiogenesis, but also their 

temporal presentation.  VEGF is responsible for the initiation of angiogenesis and 

involves endothelial cell activation and proliferation while PDGF is required after VEGF 

activation in order to allow for blood vessel maturation through recruitment of smooth 

muscle cells.
92

 Richardson et al. developed a dual growth factor release system in which 

VEGF is encapsulated in the porous poly(lactide-co-glycolide) (PLG) scaffold and PDGF 

is encapsulated in PLG microspheres dispersed throughout the scaffold.  Based on release 

kinetics, they demonstrated an initial rapid release of VEGF and a delayed release of 

PDGF, which contributed to greater maturation of vessels as evidenced by !-smooth 

muscle actin compared to VEGF or PDGF factor addition only. In a similar system, 

BMP-2 and BMP-7 loaded into PLG microspheres at different concentrations (and thus 

different release rates) was investigated as a system for bone tissue regeneration.93 The 

sequential delivery of BMP-2 and BMP-7 in porous PLG scaffolds resulted in enhanced 

osteogenic differentiation of MSCs as evidenced by cell proliferation and alkaline 

phosphatase (ALP) activity. 

 While PLGA microparticles have received the most attention as delivery vehicles 

for stem cell applications other notable microencapsulating carriers exist.  Naturally-

derived materials such as alginate, chitosan, and gelatin have been used to encapsulate 

factors based on their biocompatibility and ability to crosslink by ionic and chemical 

means.
94-96

 Based on a given application, the release kinetics can be tailored by altering 

the polymer composition, method of formation and encapsulation, and post-formation 

processing (such as coating or complexing with other materials). 
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3.4 Material Control of Cell Morphology 

 Fully differentiated cells take on a variety of well-recognized shapes both in vivo 

and during in vitro culture ranging from striated, contractile myoblasts to spherical 

chondrocytes, to highly branched neurons.  While there has been considerable research 

concerning the adoption of specific cell morphologies as a result of differentiation, the 

concept of cell morphology as an effector of differentiation, and not simply a 

consequence, has only recently received significant attention.   

 

3.4.1 Cell Adhesion Regulates Morphology 

 The importance of cell adhesion to materials not only involves the general support 

of cells and signal transduction (as mentioned in previous sections), but can also dictate 

cellular morphology.  For instance, the effects of integrin binding and cytoskeletal 

organization on cell morphology and chondrogenesis were investigated using RGD-

coupled agarose and alginate gels.
29, 56

 Increased RGD concentrations in alginate gels 

resulted in a diminished expression of chondrogenic genes and deposition of collagen II 

and proteoglycans by encapsulated MSCs.  Furthermore, soluble RGD peptide addition 

helped recover the chondrogenic potential since it competed with bound ligands in the 

gel.
56

 In a follow up study, RGD coupled agarose gels were used to investigate the effect 

of morphology and cytoskeletal organization on MSC chondrogenesis.
29

 Increased cell 

spreading and differences in cytoskeleton arrangement were observed in gels with higher 

RGD concentrations.  The addition of a potent inhibitor of actin polymerization 
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(cytochalasin D) prevented the inhibitory effects of RGD on chondrogenesis, which 

reinforces the concept that integrin binding and coupling with the cytoskeleton can play a 

pivotal role in MSC differentiation.  

 The distribution of cell binding molecules also influences stem cell morphology 

and lineage commitment.  Specifically, the formation of focal adhesion complexes has 

been well documented to involve integrin clustering and inside-out coupling with the 

actin cytoskeleton.
97, 98

 Comisar et al. studied the effects of different ligand presentations 

on pre-osteoblast morphology and osteogenic differentiation.
30

 RGD was covalently 

coupled to alginate gels using carbodiimide chemistry and the degree of substitution was 

varied to create alginate chains with a range of peptide modifications.  By changing the 

ratio of modified to unmodified alginate for different degrees of substitution, they were 

able to control the total bulk RGD density, as well as the spacing of adhesive “islands.”  

Cell morphology and osteogenic differentiation were found to be dependent on ligand 

spacing, while proliferation was found to be dependent on bulk RGD density.  Lower 

ligand spacing favored focal adhesion formation and cell spreading, while higher spacing 

resulted in greater osteocalcin expression.  The effects of bulk RGD on proliferation were 

shown to be biphasic, as an increase in RGD led to a maximal proliferation rate beyond 

which any increase in RGD density resulted in diminished proliferation.    

 The organization of a stem cell’s cytoskeleton as a result of its microenvironment 

can also have a pronounced effect on lineage specification.  Non-muscle myosins (NMM) 

have been implicated in the regulation of cell morphology and NMMIIs are particularly 

implicated in stem cell morphological processes.
99-101

 Myoblast alignment and striation, 
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which are crucial to its contractility, are a result of the cell’s adhesion and surrounding 

microenvironment.  Specifically, the roles of NMMIIA and NMMIIB include 

involvement in the formation of myoblast bipolar morphology and prevention of over-

elongating differentiating myotubes, respectively.
102

 The importance of polarization is 

also evident as neurons exhibit a preferential directionality that is required for their 

functionality.  Aligned fibrous scaffolds and micropatterned surfaces have been used to 

direct neural progenitor cells to adopt the appropriate cell morphologies due to either 

fiber morphology or the presence of desired adhesion molecules.
103

  The addition of 

gelatin to PCL electrospun fibers resulted in enhanced neurite outgrowth and alignment 

of neural stem cells (C17.2 cells) in the direction of the electrospun fibers.  The presence 

of alignment in collagen and collagen/carbon nanotube structures also resulted in 

preferential ectoderm differentiation of ESCs compared to nonaligned gelatin scaffolds, 

which showed differentiation into all three germ layers.
104

 The synergy between adhesion 

and neural progenitor alignment was also demonstrated using a co-culture of 

hippocampal progenitor cells (HPCs) and astrocytes in the presence of patterned laminin 

substrates.
105

 The neural stem cell niche involves specific cell-cell and cell-matrix contact 

and this study demonstrated that the presence of both factors (i.e., alignment and cellular 

interactions) influenced progenitor morphology and resulted in greater expression of a 

neural marker of differentiation (!3-tubulin).  Similar results were found in a study 

involving MSCs differentiating into cardiac muscle cells.
106

 Co-culture of these 

predifferentiated cells on aligned substrates with cardiomyocytes resulted in greater 

electrical conduction and upregulation of cardiogenic markers of differentiation 

compared to co-cultures on isotropic substrates. While adhesion to specific molecules can 



!

58 

initiate a differentiation program, the presentation of these adhesion sites allows for 

proper coupling of cell morphological and signal transduction pathways. 

 

3.4.2 Control of Cell Shape Directs Differentiation 

 The physical control of stem cell binding and morphology results in profound 

effects on stem cell behavior, including differentiation.  Controlling materials through 

crosslinking, feature sizes, and topography represent various means to influence cell 

morphology, and thus differentiation. 

3.4.2.1 Extent and type of crosslinking controls cell morphology 

 Within a 3D scaffold such as a hydrogel, the ability of a cell to spread and adopt a 

specific morphology can be influenced by the crosslinking density, which is either static 

or dynamic using nondegradable or degradable components, respectively.  PEG 

hydrogels have been modified by several groups with varied crosslinking (e.g., length of 

crosslinker or incorporation of interpenetrating networks) and to incorporate hydrolytic 

and cell-sensitive degradation to modulate stem cell spreading.
107-109

 As stated above, the 

mesh size can be used to control features such as ECM distribution by encapsulated stem 

cells.  As an additional example, MSCs encapsulated in degradable PEG-co-cyclic acetal 

gels exhibited different morphologies based on the crosslinking density.  For example, 

gels that were more swollen promoted a more spindled morphology than highly 

crosslinked gels.
110

 Cell viability was high in all formulations and cell morphology was 

directly correlated to crosslinking density as cells were more spread in less crosslinked 
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networks.  

  Network degradation plays a temporal role in both the restriction of cell 

morphology and ECM synthesis of stem cells.  Biomaterials provide initial adhesion and 

mechanical cues that influence cell morphology and signal transduction and the 

subsequent commitment and formation of tissue is contingent upon proper material 

degradation.  HA hydrogels have been developed that not only influence stem cell fate 

decisions, but have controlled degradation to enhance ECM distribution.
63

 For instance, a 

comparison of two nondegradable hydrogel networks (methacrylated HA and PEG 

diacrylate) indicated that where MSCs are maintained in a spherical shape, other factors 

such as cell recognition sites (such as CD44 binding to HA) and growth factors (such as 

TGF-!3) can control differentiation.
7
 Further modifications to HA to control cell 

morphology have included incorporating MMP-sensitive cleavage sites, which allow for 

MSC spreading compared to the rounded morphology found in nondegradable 

crosslinked gels.
111

 In a system involving vinyl-terminated 4-arm PEG, the inclusion of 

MMP-degradable sites allowed for spreading and the adoption of a smooth muscle cell 

phenotype for MSCs.
112

 In this gel, both MSCs and SMCs acquired a spindled, elongated 

shape that influenced cytoskeletal organization and adoption of the desired smooth 

muscle cell phenotype.  It is expected that these same trends of crosslinking and 

degradation are important for all types of stem cells, yet this area has focused primarily 

on MSCs. 

3.4.2.2 Differentiation effects of feature sizes 

 Cell morphology can also be controlled by the size of features on a 2D substrate 
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or the size of individual components of a scaffold.  The growth and differentiation of EBs 

in microwells of defined size has provided definitive evidence of how feature size 

influences stem cell fate decisions.
113

 Compared to traditional suspension culture, EBs 

cultured in PEG-coated wells of different diameters showed remarkably lower levels of 

variability in terms of SSEA-1 and alpha-fetoprotein expression. EB size homogeneity is 

crucial for applications in which other material effects on stem cell differentiation are 

being studied, in order to eliminate unaccountable variability.
33, 86, 87, 89, 114

  The restriction 

of cell spreading on functionalized surfaces has also produced interesting results 

concerning stem cell differentiation.  MSCs cultured on fibronectin-coated islands of 

various sizes resulted in commitment of cells to adipocytes on smaller islands and 

osteoblasts on larger islands.
115

 Surfaces with varying degrees of hydrophobicity and 

terminal end groups were also studied to determine how EB size and morphology affect 

ESC differentiation (similar to the microwell study).
33

 After separating EB populations 

based on size, it was discovered that intermediate sized EBs (100-300 µm) showed the 

highest viability, lowest apoptotic rate, and highest differentiation potential. 

 Stem cells grown on fibrous scaffolds have also shown differentiation dependent 

behavior in terms of the fiber chemistry, size, and alignment.  For example, MSCs grown 

on electrospun aligned PCL scaffolds showed preferential differentiation to a 

chondrogenic lineage on nanoscale versus microscale fibers.
116

 While cells aligned in the 

direction of the fibers for both nano- and microscale scaffolds, the nanofibers (~500 nm 

diameter) promoted higher GAG and mRNA expression of collagen II and aggrecan.  

Similar results were observed in the case of neural stem cells (NSCs) grown on poly(L-
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lactic acid) (PLLA) electrospun fibers.
117

 Again, while fiber diameter did not influence 

the extent of alignment, NSCs were found to have a higher level of differentiation on 

nanofibers compared to microfibers based on neurofilament expression and neurite 

outgrowth.   Since native ECM components possess features on the order of nanometers, 

these findings emphasize the importance of biomimicry when developing scaffolds for 

stem cell differentiation.  Electrospinning allows for a great degree of control over fiber 

chemistry through choice of polymer, fiber size through changes in polymer 

concentration, and fiber alignment through design of the electrospinning apparatus.
20

 

3.4.2.3 Topography influences differentiation 

 Electrospun fibers represent one means by which scaffold features can be 

designed in order to influence stem cell spreading and adhesion.  In the same study that 

found that nanoscale fibers promoted chondrogenic differentiation of MSCs, it was also 

found that chondrogenic differentiation was enhanced on nanofibers over porous PCL 

scaffolds.
116

 Similar to fibers of controlled diameter, several studies have been performed 

to investigate the influence of micropatterned ridges or grooves on stem cells.  For 

example, patterned grooves 300 nm deep were formed with varying widths (10, 25, and 

100 µm) and the osteogenic effects on MSCs were compared.
118

 Based on gene 

microarray analysis, MSCs grown on 100 µm grooves showed a significant upregulation 

in genes associated with skeletal development compared to other groove sizes.  In another 

study, the effects of topography were found to have a greater influence on MSC 

neurogenesis than a potent neurogenic soluble factor (retinoic acid).
119

 Nanoscale 

grooves showed greater enhancement in MSC neural differentiation compared to smooth 
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or microscale groove substrates.  This also provides interesting insight into the concept of 

transdifferentiation of stem cells, particularly MSCs transdifferentiating into neuronal 

cells as evidenced by increased !3-tubulin, MAP2, and glial fibrillary acidic protein 

expression.  It should be noted that the concept of transdifferentiation of MSCs into 

neurons is controversial and work still needs to be performed in this area. 

 Beyond fibers and grooves, surface roughness has also been shown to regulate 

stem cell behavior.  MSCs on PLGA scaffolds treated with an alkalizing agent to 

incorporate surface roughness resulted in upregulation of ALP, bone sialoprotein, 

osteocalcin, and VEGF during the initial stages of MC3T3 pre-osteoblast culture 

compared to non-treated PLGA scaffolds.
120

 In another study, MSCs grown on He-

irradiated PCL showed an increase in ALP activity and collagen production compared to 

non-irradiated and tissue culture polystyrene (TCPS) controls.
121

 The irradiation resulted 

in a “smoothening” of the PCL material and, most importantly, no change in surface 

energy that could affect protein adsorption, thus confirming the effect surface topography 

has on stem cell differentiation.  While these studies show conflicting results, they 

demonstrate a clear dependence of stem cell differentiation on surface topography.  

3.4.3 Patterned Stem Cell Morphology 

 The ability to spatially control stem cell spreading and subsequent fate decisions 

is of great importance in tissue engineering applications due to the heterogeneous nature 

of tissues.  Specialized zonal architecture in cartilage, cardiac muscle fiber arrangement, 

and the varied degrees of vascularity represent critical hierarchical organizations within 

tissues that provide their unique functions.
122-124

 Patterning of biomaterials can be 
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achieved by spatially controlling the physical restraints surrounding a cell or by 

patterning adhesion molecules in order to control stem cell spreading. 

 One of the most prevalent methods of patterning 3D microenvironments is 

through the use of photopolymerization.  The ability to spatially control the location, 

intensity, and duration of light allows for high pattern fidelity and extensive processing 

capabilities.
5
 Complex hydrogel features can be produced by an additive-polymerization 

process in which a crosslinked PEG network is immersed in a solution of non-crosslinked 

PEGDA and subsequently exposed to UV light.
125

 The use of a photomask restricts light 

(and consequently, crosslinking) to certain regions.  In another additive polymerization 

process, PEGDA combined with amino-functionalized PEG allowed for multilayered 

assemblies of gels that resembled microvascular networks through multiple 

photopolymerization steps.
126

 Another means to spatially control cell morphology is 

through the combination of sequential crosslinking steps that occur by distinct methods.  

This has been demonstrated by groups using HA as the base network, which is first 

crosslinked with chemical crosslinks (e.g., Michael addition) and then exposed to UV 

light in order to crosslink remaining methacrylate or acrylate functional groups.
127, 128

 

Khetan et al. demonstrated with acrylated HA hydrogels that MSC spreading can be 

patterned based on the type of crosslinking in specific regions.  Using an MMP-

degradable and thiol-terminated crosslinker, a fraction of available acrylates were 

consumed during the initial Michael addition crosslinking step.  Exposing one half of the 

gel to UV light effectively restricted cell spreading in these dual crosslinked regions and 

allowed MSCs in non-exposed regions to thoroughly spread (Figure 3.5).  In vasculature 
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and nervous tissue, the maintenance of organized cell spreading is of critical importance 

and the ability to photopattern and control cell morphology in distinct regions could 

prove useful for these applications. 

 Patterning of cell adhesion sites can also serve to control cell morphology and 

stem cell differentiation within a 3D scaffold.  The ability of multi-photon confocal 

microscopy to focus light in a specific plane (and certain regions within this plane) 

provides the technology to photopattern adhesive molecules within a hydrogel 

network.
129

 Similar to the additive polymerization methods, a solution of acrylated PEG-

 

Figure 3.5 Controlling stem cell spreading.  Sequential crosslinking of hyaluronic acid 

hydrogels containing adhesive (orange symbols) and MMP-degradable (green rectangles) sites.  

Encapsulated MSCs are able to remodel the matrix after the addition crosslinking (left), but not 

after the radical polymerization (right).  This technique allows for spatial patterning of cellular 

spreading when light is used for the secondary radical polymerization step.   

!
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coupled RGD peptide was allowed to equilibrate within a PEGDA network.  By 

programming the region of interest and depth of the feature, channels of RGD adhesion 

sites were conferred within the PEG hydrogel.  Cell spreading was restricted in regions 

not exposed to UV light and the coupling of RGD to exposed regions (in the form of 

channels) allowed for spreading and migration of cells from a fibrin cluster encapsulated 

within the gel.  This method could be used to spatially control cell spreading and promote 

infiltration of recruited stem cells and vasculature. 

 

3.5 Matrix Mechanics Direct Stem Cell Differentiation 

 Considerable evidence exists for cell mechanosensitivity, primarily in systems 

where cells experience external stresses, such as shear and tension, which results in 

changes in protein expression and, in some cases, differentiation.
130, 131

 Recently, the 

inherent mechanical properties of a material have received considerable attention with 

regards to controlling stem cell behavior.  The stiffness of a material is governed by the 

structure and composition of the network components, extent of crosslinking (both 

physical and covalent), and the organization of the network (whether it is anisotropic or 

part of an IPN). 

 

3.5.1 Cell Mechanosensitivity 

 Native tissues range widely in composition (ECM components) and mechanics 
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(0.1-1 kPa in neural tissue to on the order of GPa for fully mineralized bone tissue).
100, 132

 

When adhesion-dependent cells are grown on materials of varying mechanics, depending 

on the cell type, there are noticeable differences in terms of cell morphology and gene 

expression.  Initial insight into the possibility of mechanics influencing stem cell fate 

decisions can be gained by observing the native tissue mechanics.  Muscle tissue exhibits 

a stiffness of ~10 kPa and myoblasts cultured on polyacrylamide gels of varying 

mechanics showed optimal alignment and striation on substrates that mimicked this 

mechanical environment.
133

 Furthermore, when myoblasts were cultured in multiple 

layers, cells exposed to the soft environment (on top of other myoblasts) differentiated 

into multi-nucleated, aligned myotubes more readily than those in contact with the rigid 

glass substrate in the bottom layer.  Hepatocytes and neural cells exhibit similar stiffness-

dependent behavior as the hepatocytes aggregate and neurons extend neurites (both 

indicative of their associated phenotypes) on more compliant (less stiff) matrices.
134

 The 

consequences of aberrant tissue mechanics are apparent in situations such as myocardial 

infarction and liver disease, in which the stiffening of tissues results in changes in cell 

morphology and loss of tissue function.
100

 Therefore, the mechanics of the tissue of 

interest should be accounted for when designing a material for tissue regeneration. 

 

3.5.2 Controlling Stem Cells with Material Mechanics 

 The ability of stem cells to sense their 3D microenvironmental mechanics is not 

fully understood, although there are several well-documented factors involved in 

mechanosensing and mechanotransduction.  Specifically, the coupling of cell adhesion 
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molecules (such as integrins) to the cytoskeleton and the formation of focal adhesion 

complexes is highly dependent on matrix stiffness in both differentiated and 

undifferentiated cells.
135, 136

 The interplay of adhesion ligands and stiffness was 

investigated in one study to determine possible synergistic effects of the two factors on 

MSC differentiation.
135

 MSCs grown on substrates containing collagen I, collagen IV, 

fibronectin, or laminin with varying stiffness were investigated for their myogenic and 

osteogenic potential.  Osteogenesis was regulated by both stiffness and ligand type, as 

MSCs showed the highest upregulation in Runx2 (a transcription factor in osteoblasts) in 

the stiffest polyacrylamide gels containing collagen I (a major component of native bone 

tissue).  Myogenesis, while not as stiffness dependent as osteogenesis, required a 

threshold stiffness (>9 kPa) before sufficient cell spreading and upregulation in MyoD1 

occurred.  Non-muscle myosin (NMM) has also been implicated as part of the 

mechanosensing machinery.  Adhesion to the matrix is governed by integrins, and 

coupling with the actin cytoskeleton allows the cell to form a direct link with its 

microenvironment, which can then be sensed through intracellular tension governed by 

myosin II motors.  The addition of blebbistatin, a potent inhibitor of NMMII, resulted in a 

significant reduction in elasticity of developing zebrafish embryos and disruption of stem 

cell differentiation.
137

  Different isoforms of NMMII also showed varied expression at 

different stiffnesses, but one isoform (NMMIIA) showed little variation among different 

stiffnesses, possibly suggesting its ubiquitous role in mechanosensing.   
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 The effect of stiffness on stem cell differentiation is best exemplified by Engler et 

al. in which polyacrylamide gels of varying stiffness and constant collagen I 

concentration were used to examine MSC behavior.
138

 Figure 3.6 illustrates the striking 

expression profiles for cells grown on gels with elasticity matching the native tissue 

elasticity.  Cells grown on soft (0.1-1 kPa), intermediate (11 kPa), and stiff (34 kPa, 

 

Figure 3.6 Matrix mechanics dictates MSC differentiation.  MSCs grown on polacrylamide gels 

of 3 stiffnesses (0.1-1 kPa, 8-17 kPa, and 25-40 kPa) expressed differentiation markers 

characteristic of cells found in tissues exhibiting similar stiffnesses.  b3-tubulin indicates 

presence of neurogenic cytoskeletal filaments, myogenic differentiation factor 1 (MyoD1) a 

myogenic transcription factor, and core binding factor alpha 1 (CBFA1) an osteogenic 

transcription factor.  Reproduced with permission from [138].  
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similar to non-mineralized bone) gels differentiated to neurogenic, myogenic, and 

osteogenic lineages, respectively.  Addition of blebbistatin to cultures effectively 

inhibited this mechanosensing by disrupting the actin cytoskeleton and intracellular 

tension.  This lineage commitment was found to depend solely on the elasticity of the 

substrate since the cells were exposed to a constant collagen density and cultured in 

growth medium without differentiation factors. 

 The effects of mechanics on NSCs were examined using a semi-IPN network of 

polyacrylamide and PEG.
139

 The addition of PEG to the network allows for modulation 

of mechanics (due to PEG hydrophilicity) without contributing to the biofunctionality of 

the material, as the RGD concentration was kept constant.  NSCs cultured on these semi-

IPNs showed differentiation profiles that correlated well with native tissue (i.e., neurons 

formed on softer substrates and astrocytes formed on stiffer substrates).  This observed 

differentiation behavior is consistent with other studies in which primary neurons and 

astrocytes were cultured on gels of various moduli.
140, 141 

 Local mechanical control of stem cell microenvironments can also be 

accomplished by patterning colonies of cells.  In MSC aggregates grown on patterned cell 

adhesive surfaces, patterns of differentiation were observed that corresponded with local 

strains experienced by cells.
142

 In rounded aggregates, a radial pattern of differentiation 

was observed where cells in the center were committed to an adipogenic lineage and cells 

in the periphery were driven to an osteogenic lineage (Figure 3.7).  Furthermore, in more 

complex geometries, field strains experienced by cells resulted in patterned 

differentiation behavior, where cells in softer regions were driven to adipogenesis versus 
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stiffer regions where cells were driven to osteogenesis.  In this same study, MSCs 

exhibited a differentiation pattern similar to that of long bones (i.e., osteogenic zones on 

the outside and an inner adipogenic zone) when cultured in 3D tubular collagen 

hydrogels.  The use of a constitutively active Rho-kinase gene (involved in cytoskeletal 

tension) resulted in a thicker osteogenic outer zone due to an increase in tractional forces 

and local mechanics. 

 

Figure 3.7 Patterned organization of differentiating MSC aggregates.  Fat droplets (red) and 

alkaline phosphatase (blue) activity were localized to specific regions corresponding to traction 

forces and geometry:  square (A), rectangle (B), ellipse (C), half-ellipse (D), offset annulus (E), 

elliptical annulus (F), and sinusoidal bands (G, H) after 14 days. Red arrows indicate 

adipogenesis at concave edges, and blue arrows indicate osteogenesis at convex edges. Scale 

bars = 250 !m.  Reproduced with permission from [142].  

!
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 Pre-osteoblasts exposed to soft and stiff RGD-functionalized PEG gels expressed 

higher levels of MAPK activation and osteocalcin secretion on stiffer gels.
143

  Activation 

of MAPK (through phosphorylation) has been associated with focal adhesions and further 

downstream activation of Runx2, which regulates osteocalcin and ALP expression.  

RhoA is another molecule involved in the generation of intracellular tension, and is 

influenced by matrix mechanics in both differentiated and undifferentiated cells.  RhoA 

expression can be controlled by altering the cell morphology, as well as the stiffness of 

the substrate.
115, 144

 Changes in RhoA expression in MSCs seeded on soft and stiff 

polyacrylamide gels resulted in different Ca2+ oscillations.
145

 MSC Ca2+ oscillations are 

controlled by ROCK, a downstream effector molecule of RhoA, and therefore can be 

modulated by the mechanics of the substrate.  Cells such as pancreatic acinar cells and 

cardiomyocytes demonstrate spontaneous Ca2+ oscillations, and applications involving 

these tissues would likely benefit from the use of materials with tunable mechanics to 

direct stem cell differentiation. 

 Hydrogels with controlled mechanics have also been used to investigate the 

differences in mechanosensitivity of various cell types. Cells can possess varied degrees 

of mechanosensitivity, from highly sensitive cells (fibroblasts) to highly insensitive cells 

(neutrophils).
146

 Interestingly, stem cells alter their mechanosensitivity based on their 

level of commitment or “differentiation stage.”  A clonally derived bone marrow stem 

cell line (D1), able to differentiate to adipo-, chondro-, and osteogenic lineages, and a 

more committed pre-osteoblast cell line were cultured in the presence of RGD-coupled 

alginate gels with varied mechanics (20, 60, 110 kPa) by changing the amount of 
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Ca2+.
147

 The pre-osteoblasts showed higher mechanosensitivity (as evidenced by cell 

proliferation) than the undifferentiated D1 cell line.  However, when the D1 cells were 

pre-differentiated to a pre-osteoblast-like state, their mechanosensitivity increased 

dramatically and was nearly identical to the MC3T3 cells.  This change in 

mechanosensitivity may be attributed to different integrin expression patterns of the 

uncommitted and more committed pre-osteoblast cells.  This could also explain the 

observed difference in mechanosensitivity for MSCs undergoing myogenesis and 

osteogenesis differentiation.
135

 

3.6 Conclusions 

 In order to effectively control stem cell differentiation, many aspects of the 

microenvironment must be considered including soluble factor presentation, matrix 

mechanics and chemistry, and topography.  Because cells in the body are exposed to 

highly evolved, complex environments, biomaterials that provide these cues can not be 

passive or static, but should be instructive and dynamic.  If a material is to be used to 

direct stem cell lineage commitment, it is important to consider the desired spatial and 

temporal context of specific cues. While many of the methods to control stem cell 

differentiation can be utilized individually, it is the incorporation of material control over 

many aspects of the 3D microenvironment that will be necessary to create fully 

functional tissue equivalents, particularly with complex multi-cellular tissues.  
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CHAPTER 4 

Development and Characterization of Hydrogel Systems with Spatially and 

Temporally Controlled Mechanics 

 

4.1 Introduction 

 

 As outlined in Chapter 3, there are many factors within the stem cell 

microenvironment that contribute to its fate.  While significant work has been completed 

to investigate the effects of uniform and static presentation of various cues on stem cell 

behavior, investigations of the effects of non-uniform and dynamic environments on stem 

cells are limited.  Specifically, matrix mechanics have a profound effect on stem cell 

morphology, proliferation, and differentiation,
1-3

 yet few systems exist with the ability to 

spatially and temporally control mechanics.  While some systems have demonstrated 

spatially controlled cell responses based on mechanics,
4-6

 these systems lack the potential 

for 3D encapsulation (due to inherent material toxicity and/or scaffold fabrication), as 

well as the ability to effectively modulate mechanics in a temporal manner.  Other 

systems with the ability to temporally control mechanics possess either a limited range of 

mechanics (2-8 kPa
7
) or result in a decrease in mechanics (due to photodegradation of 

hydrogel network
8
), which is not as biologically relevant as temporally-increasing 

mechanics (hallmarks of many pathologies and tissue development
7, 9, 10

). 

 In order to thoroughly investigate the effects of complex mechanical 

microenvironments on stem cell behavior, several hydrogel systems (both synthetic and 

naturally-derived) were developed and characterized and reported in this chapter.  Human 

mesenchymal stem cells (hMSCs) were chosen for these studies due to their ease of 
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isolation, multi-lineage differentiation capacity, and their well-established therapeutic 

potential.
11, 12

 In order to first confirm hMSC response to uniform mechanics, a synthetic 

hydrogel system based on biocompatible poly(ethylene glycol) (PEG) was used.  Once 

hMSC response to uniform mechanics was confirmed, more complex systems involving 

sequential crosslinking were developed in order to create hydrogels with spatially and 

temporally modulated mechanics.   

 Two systems were investigated and both involved the use of two types of 

crosslinking, where the first step was used to fabricate a uniform hydrogel and the second 

step was a radical polymerization using light. Specifically, the first system used both 

alginate and PEG-diacrylate (PEGDA) precursors, where ionic crosslinking of alginate 

occurs in the presence of Ca
2+

 and radical polymerization (in the presence of light and 

photoinitiator) crosslinks the PEGDA within the alginate network in order to create an 

interpenetrating network (IPN).  A second system was developed and termed sequential 

crosslinking, where naturally-derived hyaluronic acid (HA) was chemically modified 

with a methacrylate functionality to allow for crosslinking via both Michael Addition 

(using a dithiol crosslinker) and radical polymerization.  HA is present in native tissue 

and is involved in processes such as wound repair, cell motility, tissue morphogenesis, 

and inflammation.
13, 14

 Due to its susceptibility to chemical modification (carboxyl and 

hydroxyl groups on the HA backbone) and biological significance, HA represents an 

attractive target for development of a mechanically-tunable system for studying hMSC 

responses. 

 The crosslinking density of these hydrogel systems directly correlates with 

modulus, and therefore local and time-dependent control of crosslinking density using 
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sequential crosslinking permits the formation of hydrogels with complex mechanical 

environments to study the effects of heterogeneous, dynamic microenvironments on 

hMSCs.  A mechanically-tunable hydrogel system would be very beneficial not only for 

understanding stem cell responses to complex mechanical microenvironments, but to also 

provide a new biomaterial platform suitable for tissue engineering applications.  

 

4.2 Materials & Methodology 

4.2.1 PEGDA Synthesis, Characterization, and Initial Cell Response 

 PEGDA was synthesized as described previously
15

 and illustrated in Figure 4.1. 

Briefly, 10 g PEG-4000 (Sigma) was dissolved in 300 mL methylene chloride and 3X 

Figure 4.1 Synthetic scheme and 
1
H NMR spectrum for poly(ethylene glycol) diacrylate 

(PEGDA) denoting acrylate peaks (arrows) and PEG backbone.  

!
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excess triethylamine was added while stirring @ 4°C.  3X excess acryloyl chloride was 

then added dropwise and reacted under nitrogen overnight.  The solution was then 

precipitated in ethyl acetate, filtered, and redissolved in dIH2O.  Following dialysis for 72 

hours, the PEGDA solution was frozen overnight at -80°C and lyophilized.  Modification 

of PEG was quantified using 
1
H NMR with corresponding spectrum shown in Figure 4.1 

and found to be ~100% acrylated.  PEGDA hydrogels were formed by dissolving 

PEGDA at 4, 6, 8, 10, and 12 wt% in PBS containing 0.05 % I2959 (Irgacure), as well as 

1 mM mono-acrylated PEG3400 coupled to a cell adhesive peptide (YRGDS).  1 mm 

thick PEGDA hydrogel slabs were radically polymerized by exposing to 10 mW/cm
2
 UV 

light (Blak-Ray) for 4 min for both mechanical testing and cell studies. 

 Mechanical characterization of PEGDA hydrogels was performed using atomic 

force microscopy (AFM, Veeco Bioscope I).  A silicon bead AFM tip with spring 

constant 0.06 N/m was used to obtain force curves for each hydrogel condition (n=15 

measurements per condition) from which a local elastic modulus was calculated using a 

Hertz model. 

 For cell studies, human mesenchymal stem cells (hMSCs, Lonza) were cultured in 

!-MEM medium supplemented with 20% fetal bovine serum (FBS), 1% L-glutamine and 

penicillin-streptomycin and seeded at a density of 5000 cells/cm
2
 for each hydrogel 

condition.  Prior to cell seeding, hydrogels were sterilized by exposing to germicidal UV 

for 2 hours in sterile PBS.  24 hours after cell seeding, samples were fixed with 10% 

formalin, permeabilized with 0.25% Triton-X, and stained for actin and nuclei using 

phalloidin and DAPI (Invitrogen), respectively.  Cell morphology was quantified for 

several conditions using ImageJ (NIH) after 24 hours (n=50 cells/condition). 
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4.2.2 Alginate-PEGDA IPN Synthesis, Characterization, and Initial Cell Response 

 PEGDA was synthesized as described in Section 4.2.1.  The alginate-PEGDA 

crosslinking scheme is outlined in Figure 4.2.  In this system, mechanics are varied by 

maintaining a constant ionically-crosslinked alginate network and varying the amount of 

PEGDA initially dissolved within the precursor solution.  Because PEG is a relatively 

inert polymer,
13

 this would allow for a change in crosslinking density (and thus 

mechanics), without altering the cell reactivity of the hydrogel.  The “base” alginate 

network consisted of 2 wt% alginate (Sigma) crosslinked with 25 mg/mL CaSO4 (Sigma) 

mixed at a ratio of 3:1 in PBS containing 0.05% I2959, as well as a range of PEGDA (0-

12 wt%).  In order to allow for cell attachment to the hydrogel, RGD-containing peptides 

were covalently attached to alginate using EDC-NHS chemistry as illustrated in Figure 

Figure 4.2 Alginate and PEGDA are suspended in solution (PBS containing 0.05% I2959) and 

upon addition of Ca
2+

, ionic crosslinking of alginate occurs with uncrosslinked PEGDA 

dispersed throughout (semi-IPN).  Exposure to UV light radically crosslinks the PEGDA 

within the alginate network (kinetic chains shown with dotted lines) to create an IPN where 

mechanical heterogeneity is defined by where and when the light exposure occurs.!
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4.3.  To investigate the accessibility of the RGD peptide, two different RGD peptides 

were used to determine if the length of the tether attaching the RGD affected cell 

adhesion to the hydrogel.  The RGD sequences used for these studies were GRGDS and 

GCGYGRGDSPG and were designated RGD(short) and RGD(long), respectively.  

Conditions for EDC-NHS coupling were chosen based on optimization performed in a 

previous study.
16

 Briefly, 1 g of alginate was dissolved in 100 mL buffer solution 

containing 0.3 M NaCl, 0.1 M MES at pH 6.5.  Approximately 5% of uronic acid repeat 

units were activated using a 1:2 molar ratio of Sulfo-NHS:EDC and 1 mmol of each RGD 

peptide was added in order to create two batches of RGD-coupled alginate.  The solutions 

were reacted for 20 hours, followed by dialysis for 72 hours, frozen at -80°C and then 

lyophilized. 

Figure 4.3 EDC-NHS coupling of RGD peptides to alginate backbone forms amide bond 

between carboxyl group on alginate and amine terminus of peptide.!
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 For all formulations, the CaSO4 solution was added to the alginate solution to 

ionically crosslink the alginate for 10 minutes at 20°C between glass slides with 1 mm 

spacers.  A constant ratio of alginate-RGD:alginate (50:50) was used in order to maintain 

a constant RGD ligand density for all formulations.  Following ionic crosslinking, the 

hydrogels were exposed to 10 mW/cm
2
 UV light for 4 min and 8-mm cylindrical samples 

were cored from the hydrogel slabs for mechanical testing and cell studies.  Mechanical 

testing was performed as outlined in Section 4.2.1 with a range of PEGDA (0-12 wt%) 

within the same base alginate network.  24 hour cell attachment studies were performed 

with assessment of cell viability and morphology using Calcein AM (Invitrogen).  To 

confirm the presence of secondary crosslinking, methacryloxyethyl thiocarbonyl 

Rhodamine B (MeRho, Polysciences, Inc.) was dissolved in the precursor solution and 

incorporated into the radically crosslinked network due to the presence of the 

methacrylate on the fluorescent dye. 

 

4.2.3 Methacrylated-HA Synthesis, Characterization, and Initial Cell Response 

 Methacrylated hyaluronic acid (MeHA) was synthesized as described 

previously.
17, 18

 Briefly, sodium hyaluronate (Lifecore, 59 kDa) was dissolved at 1 wt% 

in dIH2O and methacrylic anhydride (MA) was added dropwise (2.4 mL MA per g HA) 

while stirring at 4°C.  The pH was maintained above 8 during the reaction by adding 5 N 

NaOH intermittently for 8 hours, followed by overnight reaction and further addition of 

MA (1.2 mL per g HA) and pH maintenance for 4 hours the following day.  The 

macromer solution was dialyzed against dIH2O (SpectraPor, MW cutoff 6000-8000 Da) 

for 4 days, frozen at -80 °C, lyophilized and stored in powder form.  The MeHA synthetic 
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scheme is shown in Figure 4.4A with resulting 
1
H NMR spectrum revealing 

approximately 100% modification of the hydroxyl groups on the HA backbone (Figure 

4.4B).  

 For the MeHA hydrogel system, methacrylated glass coverslips were used to 

covalently attach thin hydrogel films to facilitate mechanical characterization and cell 

studies.  22 mm x 22 mm coverslips were first plasma coated for 3 min to activate the 

surface for methacrylation.  Next, 100 µL of 3-(trimethoxysilyl)propyl methacrylate 

Figure 4.4 A) Synthesis of MeHA through the reaction of sodium hyaluronate (HA-Na) with 

methacrylic anhydride (MA). B) 
1
H NMR spectrum shows peaks corresponding to HA 

backbone and protons associated with the methacrylate group in order to determine the degree 

of methacrylation.!
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(Sigma) was placed on each activated slide and reacted at 100 °C for 1 hour followed by 

10 min at 110 °C.  Finally, slides were rinsed with dIH2O and ethanol and allowed to dry.  

 MeHA hydrogels were formed using one- or two-step crosslinking processes 

(Figure 4.5A).  In the first step, Michael-type ‘Addition’ crosslinking occurred via 

introduction of dithiothreitol (DTT, Sigma) to a 3 wt% solution of MeHA in PBS 

Figure 4.5 MeHA sequential crosslinking schematic. A) Step 1: dithiothreitol (DTT) solution 

was added to MeHA macromer resulting in Michael addition crosslinking in presence of TEA 

at pH 10.  Step 2: unconsumed methacrylates remaining after ‘Addition’ crosslinking can 

underwent further crosslinking (‘Radical’) upon exposure to UV light in the presence of 

photoinitiator. Spatial variations in hydrogel mechanics can be introduced by restricting UV 

light to certain regions of the addition crosslinked hydrogel using a photomask (B) or varying 

the time of UV exposure (via a sliding mask) to create gradients (C).!
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containing 0.2 M triethanolamine (TEA, Sigma) containing 0.05 wt% I2959.  Various 

amounts of DTT were added to vary the theoretical molar consumption of methacrylates 

present on the HA backbone (12, 15, 30, 50, and 100%) to achieve a range of initial 

mechanics in this first crosslinking step.  The oligopeptide GCGYGRGDSPG was added 

prior to DTT crosslinking to allow for coupling of the well-established RGD adhesion 

moiety to the network.  Hydrogel thin films were formed between slides with 150 µm 

spacers and a methacrylated slide was used on one side to allow for covalent gel 

attachment.  After mixing, solutions were reacted for 1 hour at 37 °C to complete the 

‘Addition’ crosslinking step (“-UV gels”).  

 When desired, hydrogels were further exposed to UV light in order to initiate 

‘Radical’ crosslinking of the remaining unconsumed methacrylates.  Collimated 10 

mW/cm
2
 365 nm UV light (Omnicure S1000 UV Spot Cure System, Exfo) was used to 

uniformly expose the hydrogels for 4 min (“+UV gels”).  This step could be performed to 

create uniform hydrogels or to create hydrogels with spatially or temporally controlled 

mechanics.  Patterned hydrogels were created using photomasks (Figure 4.5B) to restrict 

the presentation of UV light.  Photomasks consisted of printed transparencies containing 

striped patterns ranging from 100-1000 µm in width that were created using Adobe 

Photoshop and printed at a resolution of 20,000 DPI.  Mechanics were also spatially 

modulated in a graded manner by passing a photomask across the surface of the gel at a 

linear velocity (10 mm/min using a syringe pump, Figure 4.5C) to create a range of 

exposure times and crosslinking across a 15 mm distance.  

 Mechanical characterization was performed with AFM as outlined above using a 

range of DTT consumptions with and without UV exposure for uniform hydrogels.  For 
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patterned and gradient hydrogels, local moduli were measured at discrete points (n=10 

measurements at each point) across the hydrogel surfaces.  Initial 24 hour cell attachment 

studies were performed for both -UV and +UV hydrogels and cell morphology was 

assessed using rhodamine-phalloidin to observe the actin cytoskeleton. 

 

4.2.4 Statistical Analysis 

 Values are reported as means and standard deviation for mechanics and means 

and standard error for cell spreading.  Statistical differences (p<0.05) were determined 

using a Student’s t-test (JMP software) to compare mechanics and cell spreading area for 

a specific formulation and with or without light exposure. 

 

4.3 Results and Discussion 

 Two systems were successfully developed and characterized that use two modes 

of crosslinking to first form a uniform hydrogel and then to introduce mechanical 

complexity with a second spatially controlled and light-initiated radical polymerization.   

 

4.3.1 PEGDA System Characterization and Initial Cell Response 

 By varying the wt% of PEGDA from 4-12%, a range of moduli were obtained 

from ~3-59 kPa (Figure 4.6).  This range corresponds well with the physiologic range of 

tissue moduli as adipose tissue is typified by a modulus of approximately 2-3 kPa
19, 20

 

while stiffer, pre-mineralized bone tissue is typified by a modulus >30 kPa.
1
 In order to 

determine if hMSCs are sensitive to differences in PEGDA hydrogel mechanics, three 

hydrogel formulations were tested that spanned this broad mechanics range.  As shown in 
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Figure 4.7, cells on the softest ~3 kPa hydrogels remained rounded and possessed a 

diffuse, unorganized cytoskeleton.  On the stiffer ~11 kPa and ~59 kPa hydrogels, cells 

were more spread and possessed highly organized cytoskeletons with pronounced stress 

fibers.  These results are in good agreement with other findings that stem cells become 

more spread with more distinct stress fibers on stiffer substrates (e.g. polyacrylamide 

substrates).
2, 3

 While these results further demonstrate the effect of mechanics on stem 

cells, this PEGDA hydrogel system is limited to uniform, static mechanics and thus a 

different system is necessary to probe more complex stem cell responses to non-uniform 

and dynamic mechanics. 

 

4.3.2 Alginate-PEGDA IPN Synthesis, Characterization, and Initial Cell Response 

 A system consisting of alginate and PEGDA was investigated to determine if 

spatially controlled mechanics in hydrogels was possible through a combination of ionic 

 

Figure 4.6 AFM mechanical characterization of PEGDA hydrogels fabricated with a range of 

concentrations 

!
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and radical crosslinking.  Two-component networks have been developed previously,
5, 21

 

and this system was developed to determine if two orthogonally crosslinked networks 

(ionic and radical) would allow for a range of physiological mechanics that could also be 

spatially modulated.  Figure 4.8A shows the mechanics range achievable using ionically-

crosslinked alginate in conjunction with an interpenetrating PEGDA network that has 

been radically crosslinked.  By combining these two polymer networks, there was a 

significant increase in mechanics between 6 and 12 wt% PEGDA between the alginate-

PEGDA IPN and PEGDA only hydrogels.  Of note, alginate only hydrogels of the same 

 

Figure 4.7 hMSC response to PEGDA hydrogels with uniform mechanics.  Left: 

representative images of hMSCs 1 day after seeding showing cytoskeleton (actin, red) and 

nuclei (blue) on uniform PEGDA hydrogels over a range of moduli.  Scale bar=200 µm.  

Right: quantification of day 1 cell spread area (mean±SE) for 3, 13, and 59 kPa PEGDA 

hydrogels.  13 and 59 kPa cell spread area significantly different than 3 kPa (*p<0.01) 
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formulation used for all IPN conditions had moduli of ~1.6 kPa and thus the combination 

of this soft ionically crosslinked network with the PEGDA network results in a dramatic 

increase in moduli over both single-component hydrogels.  Other dual component 

systems exist in which the combination of two polymers produce an interpenetrating 

network with mechanical properties significantly higher than each individual 

component,
22

 or in another instance the second component acts to interfere with 

crosslinking of the first component (and thus resulted in decreased mechanics).
23

  

 

Figure 4.8  A) AFM mechanical characterization of alginate-PEG IPN hydrogels (open 

circles) with a range of PEGDA wt % (alginate composition held constant).  Moduli for PEG-

only hydrogels (black circles) shown for comparison.  Significant differences between Alg-

PEG IPN and PEG *p<0.01  B) Photopatterning schematic showing how spatially restricting 

UV light using a photomask can result in local control of PEGDA crosslinking.  Incorporation 

of a photoreactive dye (MeRho, red) allows for confirmation of patterning.  Scale bar= 200 µm 
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 By spatially restricting UV light exposure (Figure 4.8B schematic) alginate-

PEGDA hydrogels with spatially controlled crosslinking were investigated.  Figure 4.8B 

shows the successful photopatterning capability of this system as the incorporation of 

MeRho indicates that radical crosslinking occurred only in these regions designated 

“+UV”.  The pattern resolution indicates that feature sizes as small as hundreds of µm are 

achievable using this IPN system, which would be beneficial for studying stem cell 

responses to mechanically-distinct regions of size similar to that of the cells themselves. 

 Although the alginate-PEG IPN system exhibited a desirable mechanics range (2-

85 kPa) and the ability to photopattern, cell adhesion to these hydrogels was severely 

compromised.  As shown in Figure 4.9, the alginate only hydrogels had minimal cell 

adhesion and spreading in the absence of cell-adhesive RGD, but the incorporation of 

RGD (through EDC-NHS coupling directly to alginate) resulted in greater cell 

attachment in these single component hydrogels.  However, with the addition of the 

PEGDA network cell attachment was significantly abrogated.  Since the RGD peptide 

used in the PEGDA only hydrogels (Section 4.3.1) was covalently attached to a 

monoacrylated PEG tether (3400 Da) and allowed for sufficient cell attachment and 

spreading, there was a possibility that the short RGD peptide did not allow for adequate 

presentation and binding recognition by the hMSCs.  Therefore, two more methods of 

RGD presentation were used (longer sequence and the same PEG-RGD tether used in 

previous section) to see if greater cell accessibility was possible.  Figure 4.9 illustrates 

that neither of these RGD presentations allowed for cell interaction even though the PEG 

tether provided adequate cell binding in the PEGDA-only hydrogels.  Cell adhesion 

requires not only the presence of cell adhesion sites, but also the ability to organize and 
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cluster these adhesions,
24

 and it is possible that the presence of the IPN results in reduced 

flexibility of the RGD sites or complete blocking (e.g., through film of PEG at surface) 

and the observed poor cell adhesion.  There is also a possibility that the positively-

charged guanidinium group (located on the arginine of the RGD peptide) non-covalently 

interacted with the alginate (negatively charged carboxyl groups),
25

 and the presence of 

the rigid IPN may have enhanced this interaction compared to softer alginate only 

hydrogels with more flexible polymer chains. 

 

4.3.3 MeHA Synthesis, Characterization, and Initial Cell Response 

 

Figure 4.9  Day 1 hMSC response (Calcein AM, green) to alginate only (Alg) and alginate-

PEG (Alg-PEG) IPN with and without various presentations of cell adhesive RGD peptide.  

Scale bar = 200 µm   

 



!

110 

 While the alginate-PEGDA IPN system afforded a hydrogel system with tunable 

mechanics and the ability to pattern, the poor observed cell interaction required 

development of a new system that possessed similar mechanical properties and the ability 

to spatially control crosslinking while maintaining adhesion.  A sequentially crosslinked 

MeHA hydrogel system was developed and found to possess a similar wide range in 

mechanical properties (from ~2-100 kPa) as shown in Figure 4.10.  By varying the initial 

methacrylate consumption via molar ratio of DTT added, the hydrogel modulus ranged 

from 2.3 kPa (12% DTT -UV) to 84 kPa (100% DTT -UV).  Furthermore, the exposure 

of these hydrogels to UV light resulted in an increase in modulus to ~100 kPa in all 

 

Figure 4.10 AFM characterization of MeHA hydrogel moduli for various DTT consumptions 

(theoretical value plotted on x-axis based on molar ratio of DTT thiols to methacrylates on 

MeHA) before (-UV, white circles) and after (+UV, black circles) UV exposure.   
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sequentially crosslinked hydrogels, which agreed well with the hydrogel polymerized 

using only the radical crosslinking step (Figure 4.10 0% DTT +UV).  Excluding the 

100% -/+ UV DTT hydrogels, there were significant differences (**p<0.001) in the 

mechanics between -/+ UV hydrogels in all cases. 

 The ability to sequentially crosslink hydrogels has been used in a similar addition-

radical sequential crosslinking system
26

 and in other systems containing multi-component 

interpenetrating networks in which the two networks crosslink by different means.
21, 27-29

 

However, none of these systems exhibited the wide range of mechanics achievable with 

this dual crosslinkable MeHA system.  While multi-component hydrogel systems allow 

for incorporation of multiple cell recognition sites and spatio-temporal control over 

mechanics and degradation, the complexity of these microenvironments makes 

determination of factors influencing stem cell behavior more difficult.  In our system we 

use a constant polymer and ligand concentration while only altering the crosslinking of 

the same macromer, and thus mechanics.  Therefore, any observed differences in hMSC 

behavior should be attributed to mechanics and not regional differences in ligand density 

and matrix components.   

   Initial hMSC response to MeHA hydrogels was assessed using -/+ UV hydrogels 

with and without RGD.  Cells on -/+ UV hydrogels without RGD did not attach or spread 

as expected after 24 hours (Figure 4.11).  The addition of RGD to the MeHA backbone 

resulted in increased cell attachment in both -UV and +UV hydrogels with similar 

spreading behavior to the uniform PEGDA hydrogels (Figure 4.7) as cells were rounded 

on the softer -UV hydrogels (2.3 kPa) and highly spread on the stiffer +UV hydrogels 

(100 kPa).  These results indicate that MeHA can serve as a mechanically-tunable single 
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component system that cells interact with and exhibit responses similar to other 2D 

systems.
1, 3, 30

 Unlike the alginate IPN system, the use of one macromer that contains both 

the adhesion and reactive sites for secondarily crosslinking appears to lead to both 

tunable mechanics and the ability to facilitate adhesion. 

 The ability to control mechanics spatially and temporally was also investigated 

for the sequentially crosslinked MeHA hydrogel system.  Understanding and directing 

stem cell spatial and temporal behavior is necessary due to the heterogeneous nature of 

 

Figure 4.11  Day 1 hMSC response (actin, red) to MeHA sequentially crosslinked hydrogels.  

Softer –UV hydrogels (12% DTT -UV, top row) and stiffer +UV hydrogels (12% DTT +UV, 

bottom row) seeded with hMSCs with (right column) and without (left column) RGD cell-

adhesive peptide.   
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tissues (both native and pathological).  Spatially controlling stem cells based on 

mechanics would be useful for advanced tissue engineering approaches, as well as in 

understanding multi-phenotype differentiation from a single cell population. 

Photopatterning was similarly employed as in the alginate-PEGDA IPN system using a 

photomask to restrict UV light (and subsequent radical crosslinking) to desired locations 

within the hydrogel.  Confirmation of photopatterning is shown in Figure 4.12A as the 

incorporation of MeRho denotes regions where radical crosslinking (+UV) has occurred.  

AFM mechanical testing allowed for local quantification of the hydrogel modulus across 

the length of the photopattern (Figure 4.12B).  For 500 µm photopatterned stripes, the 

local moduli varied from ~6 kPa (-UV, non-exposed) to ~31 kPa (+UV, exposed).  

!

Figure 4.12 A) Confocal cross-section of photopatterned gel illustrating exposed (+UV, red) 

and unexposed (-UV, black) regions. Scale bar = 400 µm B) Local moduli measured using AFM 

for a photopatterned hydrogel with 500 µm stripes. 

!
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 In a different photopatterning strategy, UV light exposure was linearly varied 

across the surface of the hydrogel in order to create a gradient in mechanics as shown in 

Figure 4.13A.  Locally probing the modulus at regular intervals along the length of the 

gradient allowed for correlation of matrix mechanics with distance (i.e., time of light 

exposure).  As shown in Figure 4.13B, the modulus gradually increases from a minimum 

of ~6 kPa to ~25 kPa over regions with up to a minute of exposure followed by a sharp 

increase in mechanics for regions with an additional 30 s of exposure up to a maximum 

elasticity comparable to the 12% DTT +UV uniform gel (~90 kPa).  Other sequentially 

crosslinked systems saw similar rapid secondary crosslinking upon exposure of UV to 

radically polymerize remaining photoreactive groups.
26, 29

  

!

Figure 4.13 Sequentially crosslinked hydrogels with gradient in moduli measured across the 

length of the gradient using AFM. 

!

!
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 Temporally modulated mechanics were developed using the strategy outlined in 

Figure 4.14A.  ‘Addition’ only hydrogels were formed and allowed to equilibrate 

overnight followed by incubation in a 0.05% I2959 initiator solution.  By reintroducing 

initiator into the hydrogel, further radical polymerization could occur at later time points 

during cell culture in order to investigate the effects of temporally increased mechanics 

on hMSCs.  A range of UV exposure (0-120 s) was used on a given ‘Addition’ only 

hydrogel formulation (15% DTT) to vary the hydrogel mechanics from ~6 kPa (0 s UV) 

up to ~34 kPa (120 s UV).  A hydrogel system with the ability to temporally modulate 

mechanics would prove useful for investigating the effects of dynamic mechanics on 

hMSC fate decisions and to further understand the mechanism by which cells 

dynamically sense and interact with their surrounding microenvironment.  Understanding 

stem cell plasticity and fate decisions in response to changing mechanics would provide 

further insight into basic stem cell biology, as well as a greater understanding of 

 

Figure 4.14 A) Temporally-modulated mechanics achieved by swelling photoinitiator into 

‘Addition’-only hydrogels after reaching swelling equilibrium and exposing to UV light for a 

range of exposure times.  B) Varying exposure time results in a physiological range of moduli 

(5-35 kPa). 
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pathologies where aberrant mechanics have been implicated as both a cause and effect of 

the disease.
9, 31-33

 

 

4.4 Conclusions 

 Overall, this chapter summarizes the progressive material development that led 

towards the selection of sequentially crosslinked MeHA hydrogels as a tunable 

mechanical system with the ability to spatially and temporally control mechanics.  While 

the alginate-PEGDA IPN system showed promise in terms of a wide range of mechanics 

and the ability to photopattern, the poor cell interactions observed using several cell 

adhesive peptide presentations necessitated the development of another hydrogel system 

with tunable mechanics that promoted adequate cell adhesion.  The presence of the 

methacrylate functionality of MeHA allowed for initial crosslinking via Michael-type 

Addition and secondary radical crosslinking through UV exposure in the presence of a 

photoinitiator.  Photopolymerization allowed for both spatial and temporal control of 

MeHA secondary crosslinking since UV light could be presented either non-uniformly 

(in a pattern or gradient) or at a later time point to effectively “stiffen” the substrate.  This 

system provides the foundation for the remainder of this thesis as sequentially crosslinked 

MeHA hydrogels are used to investigate the effects of uniform, as well as spatial and 

temporal mechanics on hMSC behavior. 
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CHAPTER 5 

Spatially and Temporally Controlled Hydrogel Mechanics to Modulate Stem 

Cell Interactions 

Adapted from: Marklein, RA. and Burdick, JA. “Spatially controlled hydrogel mechanics to modulate stem 

cell interactions.” Soft Matter, 2010, 6, 136-143. 

 

5.1 Introduction 

 The ability of stem cells to interact with and respond to their environment is being 

increasingly investigated both in native tissues and in synthetic systems.
1
 For example, it 

is now clear that cells respond to the mechanical properties of their surroundings, which 

was originally investigated in somatic cells such as fibroblasts and endothelial cells
2, 3

   

and more recently in stem cells, including the effects of mechanics on specifying lineage 

commitment.
4
 Native tissues can vary in stiffness (e.g. 0.1-1 kPa in brain tissue, ~10 kPa 

in relaxed muscle, and >30 kPa for pre-mineralized bone
5
) and stem cells differentiate 

down tissue specific lineages based on these properties. Thus, a clear understanding of 

this behaviour may be useful in the design of materials for applications in tissue 

engineering or for better understanding of cellular behaviour in disease states.  For 

instance, stem cells in fibrotic myocardium after injury, where mechanics are greater than 

in healthy tissue, may differentiate and mineralize their surrounding matrix.
6
 

 Tissue engineering strategies have begun to incorporate matrix mechanics as a 

means to control stem cell behaviour, including morphology, proliferation, and 

extracellular matrix (ECM) secretion.
7
  Coupled with other differentiation cues such as 

growth factors or adhesive ligands, an engineered biomimetic approach to tissue repair 

and regeneration may be possible by controlling the inherent mechanical properties of the 
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engineered scaffold.  However, one limitation of current biomaterial systems used in 

these investigations is the inability to spatially and temporally control the network 

properties of the scaffold.  Due to the heterogeneous and dynamic nature of tissues, it is 

necessary to design scaffolds that reflect these complex presentations of spatial and 

temporal matrix properties in order to facilitate proper cell behavior and tissue 

integration.  Spatial and temporal differences in local mechanics are also relevant in 

certain pathologies
8, 9

 and wound healing processes,
12, 13

 and therefore the 

characterization and understanding of cell responses to these complex micorenvironments 

are critical for better understanding of fundamental stem cell behaviour and developing 

an effective tissue engineering strategy. 

 Only a few examples exist where hydrogel properties are controlled both spatially 

and temporally.  Much of this is dependent on the use of light, due to the precise control 

that light affords.  Photopolymerization with UV light is a commonly employed 

technique that involves radical polymerization using methacrylate or acrylate 

functionalized polymers.
10

  By restricting UV light to certain regions, complex patterns of 

exposed and non-exposed regions can be imparted in hydrogels to spatially control cell 

behaviour.
11-13

  Beyond patterning, gradients are useful in many applications and are 

found in many tissues and can direct cell migration.
14

  Hydrogel gradients can be formed 

using specific mixing devices
15

 or microfluidic chambers,
16, 17

 but these techniques rely 

on the use of complex systems or only permit gradients of a certain magnitude.  

Furthermore, current system with the ability to temporally control hydrogel mechanics 

either involve a limited range in mechanics
18

 or don’t allow for matrix stiffening,
19

 which 

is a widely observed response both in development and in certain pathologies.
20, 21

  Thus, 
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a need exists for a hydrogel system that can be manipulated in space and time with 

respect to mechanical properties. 

 Hyaluronic acid (HA) is a polysaccharide that is present in native tissue and is 

also intimately involved in processes such as wound healing, cell motility, 

embryogenesis, and inflammation.
22, 23

  HA possesses properties desirable for tunable 

scaffolds as a wide range of molecular weights can be obtained, as well as the presnce of 

chemically modifiable groups (hydroxyl and carboxyl groups) on the backbone.  

Functionalize HA with reactive groups such as methacrylates and acrylates has been 

utilized to form HA-based hydrogels for controlling stem cell differentiation.
22-27

  These 

systems allow for uniform hydrogel properties and effective cell encapsulation, but do 

not allow for local control of the spatial and temporal properties of the network.    

 In this chapter, the sequential crosslinking process developed in Chapter 4 was 

utilized to explore the effects of mechanics on 2D hMSC behaviour, namely spreading 

and proliferation.  Additionally, spatial and temporal modulation of mechanics was 

realized by regionally restricting light exposure and also the temporal presentation of UV 

light in the presence of cells.  Although this is only a preliminary step towards the utility 

of these systems for actual tissue engineering constructs, this novel system allows for 

spatial and temporal control of mechanics for the purpose of driving stem cell behaviour. 

 

5.2 Materials and Methodology 

5.2.1 Methacrylated hyaluronic acid (MeHA) synthesis 

 Methacrylated hyaluronic acid (MeHA) was synthesized as described in Chapter 4 

in order to obtain a macromer with 100% modification (% methacrylation).
28
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Modification efficiency was defined as percentage of HA repeat units containing 

methacrylates based on 
1
H-NMR.  Briefly, sodium hyaluronate (Lifecore, 59 kDa) was 

dissolved at 1 wt% in dIH2O and methacrylic anhydride (MA) was added dropwise (2.4 

mL MA per g HA) while stirring at 4°C.  The pH was maintained above 8 during the 

reaction by adding 5 N NaOH for 8 hours, followed by overnight reaction and further 

addition of MA (1.2 mL per g HA) and pH maintenance for 4 hours the following day.  

The macromer solution was dialyzed against dIH2O (SpectraPor, MW cutoff 6000-8000 

Da) for 4 days, frozen at -80 °C, lyophilized and stored in powder form. 

 

5.2.2 Methacrylated Slide Preparation 

 In order to easily handle and process thin hydrogels, slides were methacrylated to 

allow for covalent attachment of the hydrogels to the glass.  22 mm x 22 mm coverslips 

were first plasma coated for 3 min in order to activate the surface for methacrylation.  

Next, 100 µL of 3-(trimethoxysilyl)propyl methacrylate (Sigma) were placed on each 

activated slide and reacted at 100 °C for 1 h followed by 110 °C for 10 min.  Finally, the 

slides were rinsed with deionized water and ethanol and allowed to dry. 

 

5.2.3 MeHA Hydrogel Crosslinking 

 MeHA hydrogels were formed using one- or two-step crosslinking processes 

(Figure 5.1A).  In the first step, Michael-type ‘addition’ crosslinking occurs via 

introduction of dithiothreitol (DTT, Sigma) to a 3 wt% solution of MeHA in PBS buffer 

containing 0.2 M triethanolamine (TEA, Sigma) and 0.05% I2959 (Irgacure).  Various 

amounts of DTT were added to vary the theoretical molar consumption of methacrylates 
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(12, 15, 20, 30, 50, 100%) to achieve a range of initial mechanics during the first step.  

The oligopeptide GCGYGRGDSPG was added prior to DTT crosslinking to allow for 

coupling of the well-established RGD adhesion moiety to the network.  Hydrogels were 

formed between slides with 150 µm spacing and methacrylated slides were used on one 

 

Figure 5.1 (A) Michael addition of methacrylates with DTT (dithiol crosslinker) induces partial 

crosslinking of a solution of MeHA in TEA buffer at pH 10.  Remaining methacrylates undergo 

radical polymerization when exposed to UV light in the presence of a photoinitiator (dotted 

lines represent kinetic chains) to increase crosslinking density (i.e. mechanics).  Spatial 

variations in hydrogel mechanics can be introduced by restricting UV light to certain regions of 

the addition crosslinked gel using a photomask to create patterns (B) or varying the time of UV 

exposure (via a sliding mask) to create gradients (C). 
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side to allow for covalent hydrogel attachment.  After mixing, the solutions were reacted 

for 1 h at 37 °C to complete the ‘addition’ crosslinking step (“-UV” gels). 

 Hydrogels could be further exposed to UV light in order to initiate ‘Radical’ 

crosslinking of the remaining unconsumed methacrylates.  Collimated 10 mW/cm
2 

365 

nm UV light (Omnicure S1000 UV Spot Cure System, Exfo Life Sciences Division) was 

used to uniformly expose the entire hydrogels for 4 min (“+UV” gels).  This step could 

be performed to create uniform hydrogels or to create hydrogels with spatially or 

temporally controlled mechanics.  Spatially controlled mechanics were achieved by 

restricting UV light to create patterns using a photomask (Figure 5.1B) or by varying the 

UV exposure time using a sliding photomask in order to create gradients (Figure 5.1C).  

For patterns, photomasks consisted of printed transparencies containing 500 µm stripe 

patterns that were created using Adobe Photoshop and printed at a resolution of 20,000 

DPI.  Gradient hydrogels were formed by passing a photomask over the surface of the 

hydrogel at a constant linear velocity (10 mm/min using a calibrated syringe pump) to 

create a range of varied exposure times and crosslinking (0-90 s) across a 15 mm 

distance.  In order to temporally modulate mechanics, ‘Addition’-only hydrogels were 

allowed to equilibrate overnight after which a 0.05% I2959 solution in PBS was swelled 

into the hydrogel (Figure 5.2) either in the presence or absence of cells.  A range of UV 

exposures was used (0-120 s) and following exposure, the hydrogels were rinsed 3X with 

PBS (for mechanical testing) or cell culture medium (for cell culture studies). 

 

5.2.4 Characterization of Hydrogel Mechanics 
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 Hydrogel surface mechanics were quantified using atomic force microscopy 

(AFM, Veeco Bioscope I).  A silicon bead AFM tip with a spring constant of 0.06 N/m 

was used to obtain force curves for individual points on the hydrogels (15 points chosen 

for each condition) from which a local elastic modulus was calculated.  For patterned and 

gradient hydrogels, points were chosen at regular intervals along the distance of the 

hydrogel (500 µm for stripe patterns or every 1.5 mm for gradient patterns).  Dynamic 

hydrogel mechanics were measured as the uniform, static hydrogels (n=15 per condition). 

 

5.2.5 Cell Seeding on MeHA Hydrogels 

 

Figure 5.2 Temporal modulation of MeHA hydrogel mechanics.  hMSCs seeded initially on 

‘Addition’-only hydrogels and 0.05% I2959 solution is swelled into the hydrogel and then UV 

light exposure results in radical crosslinking (‘stiffening’) of hydrogel in the presence of cells.   
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 hMSCs were obtained from Lonza and used at low passage for all studies 

(passages 2-5).  Prior to cell seeding, hydrogels were sterilized using germicidal UV for 2 

h in a cell culture hood.  Cells were expanded and cultured in standard growth medium 

(!-MEM, 10% fetal bovine serum (FBS), 1% L-glutamine, and 1% penicillin-

streptomycin) and seeded at a density of 5,000 cells per cm
2
 on hydrogel surfaces.  For 

most studies, an RGD concentration of 1 mM was used to promote hMSC adhesion and 

spreading.  In order to determine whether the swelling of the softest hydrogels resulted in 

effective diluting of the RGD ligand, we tested several ligand densities (1, 2, and 5 mM) 

to elucidate the influence of ligand density on cellular spreading.  For dynamic culture 

studies, cells were seeded on initially ‘soft’ 15% DTT crosslinked hydrogels and cultured 

for 24 h.  A 0.05% I2959 solution was introduced into the samples and incubated for 30 

min and finally exposed to 10 mW/cm
2
 UV light (Spot Cure) for 2 min.  Following 

exposure, samples were rinsed 3X with growth medium and analyzed for morphology 24 

h after UV exposure.  

 

5.2.6 Cell Imaging and Quantification 

 Cell spread area was calculated after 24 h for uniform and patterned hydrogels 

using an inverted microscope (Axiovert 200, Carl Zeiss Inc.).  ImageJ (NIH) was used to 

calculate average cell spread area (>50 cells/condition) for each uniform hydrogel 

condition (-/+ UV), as well as regions of both striped and gradient hydrogels.  Cells were 

stained with calcein AM (Invitrogen) for imaging on photopatterned hydrogels.  Further 

staining was performed by fixing cells with 4% formalin followed by permeabilization 

with 0.25% Triton-X (Sigma) and cell nuclei staining using 2 µg/mL DAPI (Invitrogen).  
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Cel proliferation was quantified by counting cell nuclei on 5 images at 10X magnification 

on days 1, 4, and 7 for uniform hydrogels. 

 

5.2.7 Statistical Analysis 

 Values are reported as means and standard deviations (mechanics, proliferation) 

or standard errors of the mean (cell spreading).  Statistical differences (p<0.05) were 

determined using a Student’s t-test (JMP Software) to compare either mechanics, cell 

spreading, or cell proliferation on -/+ UV hydrogels. 

 

5.3 Results and Discussion 

5.3.1 MeHA Hydrogel Characterization and Cellular Response 

 Hydrogels with uniform mechanics were formed by a multi-step crosslinking 

procedure, where addition crosslinking (via DTT) is performed initially (-UV) to 

consume all or a fraction of reactive groups and then followed by radical crosslinking 

(+UV) to further consume reactive groups.  In this case, the reactivity was due to the 

methacrylates on HA that can react with thiols (on DTT) via an addition reaction or with 

each other during a radical polymerization to form kinetic chains in the presence of light 

and a photoinitiator.  A highly functionalized HA (~100% modified) was used to allow 

for large changes in mechanics at a uniform macromer concentration (3 wt%); however, 

these parameters can be varied to alter overall hydrogel properties.  Notably, the second 

step uses light that can be controlled spatially and temporally to obtain hydrogels with 

heterogenous and dynamic properties. 



!

131 

 AFM mechanical testing allowed for local probing of the surface hydrogel 

mechanical properties, which is representative of what a cell would sense when 

interacting with the material.  Figure 5.3A illustrates the wide range of mechanics 

(nearly three orders of magnitude) achieved using this sequential crosslinking system.  

By varying the initial methacrylate consumption via molar ratio of DTT added, the 

hydrogel modulus ranged from 2.3 kPa (12% DTT -UV) to 84 kPa (100% DTT -UV).  

Furthermore, the exposure of these hydrogels to UV light resulted in an increase in 

modulus to ~100 kPa in all sequentially crosslinked hydrogels, which agreed well with 

the hydrogel polymerized using only the radical crosslinking step (Figure 5.3A, 0% DTT 

 

Figure 5.3 Characterization of mechanics and hMSC response to hydrogels with uniform 

properties. (A) Hydrogel modulus for variable DTT consumption (theoretical values shown, 

based on molar ratio of thiols in DTT to methacrylates on MeHA) before (-UV, white) and after 

(+UV, black) light exposure.  The mechanics can be tailored over two orders of magnitude with 

this system and result in a peak modulus of ~100 kPa. (B) hMSC spread area 24 h after seeding 

for the same hydrogel systems.  (C) hMSC spread area 24 h after seeding versus mechanics 

shows increased cell area with increasing mechanics.  Significant differences (**p<0.001, 

*p<0.01) were found between –UV and +UV gels. 
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+UV).  Excluding the 100% DTT hydrogels, there were significant differences between 

the mechanics for all other -/+ hydrogel conditions. 

 The ability to sequentially crosslink hydrogels has been used in a similar addition-

radical crosslinking system
29

 and in other systems containing multi-component 

interpenetrating networks in which the two networks crosslink by different means.
17, 34-36

 

However, none of these systems exhibit the wide range of mechanics achievable using 

this sequentially crosslinkable MeHA system.  While multi-component hydrogel systems 

allow for incorporation of multiple cell recognition sites and spatiotemporal control over 

mechanics and degradation, the complexity of these microenvironments makes 

determination of factors influencing stem cell behaviour more difficult.  In our system we 

use a constant polymer and ligand concentration while only altering the crosslinking of 

the same macromer, and thus mechanics.  Therefore, any observed differences in hMSC 

behaviour should be attributed to mechanics and not regional differences in ligand 

density and matrix components. 

 Figure 5.3B shows the spread area of hMSCs on hydrogels with a range of DTT 

consumptions -/+ UV after 24 h.  Again, significant differences were found between the 

cell responses on -/+ hydrogels for all cases except the 100% DTT -/+ UV (where there 

was not a significant change in mechanics).  The spread area is also plotted as a function 

of hydrogel mechanics in Figure 5.3C.  This demonstrates a clear dependence of hMSC 

spreading on the mechanics of the substrate as spreading increases until it plateaus.  

Increases in cell area with increasing moduli have also been shown in studies using other 

substrates
4, 30

 and other cell types.
3, 31, 32

 The ability of stem cells to mechanosense has 

been linked to integrin binding and coupling of the cytoskeleton to these adhesion sites, 
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which is responsible for development of cellular tension and is stiffness dependent for 

many adherent cell types.
3, 33, 34

 The presence of the RGD motif allows for binding with 

!5"1 integrins, which have been implicated in stem cell morphology and fate 

decisions.
35-37

 The importance of RGD is further exemplified in negative controls 

consisting of HA hydrogels without coupled RGD, which showed no cell spreading on 

both soft and stiff substrates (see Figure 4.11). 

 Histogram analysis of 12% DTT -/+ UV hydrogels showed two distinct 

populations of hMSCs in terms of spread area (Figure 5.4).  Cells on the ‘soft’ 12% -UV 

 

Figure 5.4 Distribution of hMSC spreading on ‘soft’ (12% DTT –UV, white) and ‘stiff’ (12% 

DTT, +UV, black) hydrogels 24 h after seeding.  Representative images are shown for each 

population.  Scale bar = 200 µm 
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hydrogels exhibited a rounded morphology with few extensions, while cells on the ‘stiff’ 

+UV hydrogels showed a much more spread morphology with a wide distribution in cell 

area.  Inset images are representative of cells for each condition after 24 h.  These 

differences in morphology (due to mechanics) could specify further lineage commitment 

as stem cells have shown differentiation responses to imposed cell morphologies where 

less spread cells undergo adipogenesis and more spread cells undergo osteogenesis at a 

constant ligand density.
38

 However, this study was performed on a relatively ‘stiff’ 

substrate (PDMS) and lacks the ability to create continuous patterns of cell behaviours, as 

well as temporally modulate the interactions. 

 

5.3.2 RGD Concentration Dependence 

 While we were able to show orders of magnitude difference in mechanics for -/+ 

UV hydrogels, it was necessary to demonstrate that the lack of spreading observed on 

12% DTT -UV hydrogels was a result of mechanics and not an effective diluting of the 

RGD due to swelling.  Large changes in surface area due to swelling were not observed, 

potentially due to the hydrogel binding to the glass substrate, yet it is important to 

investigate how minor changes may influence outcomes.  This potential decrease in 

surface ligand density could result in hMSCs not forming sufficient integrin binding sites 

to allow for spreading on soft substrates.  To investigate this, cells were seeded on ‘soft’ 

hydrogels (12% DTT -UV) containing 1, 2, and 5 mM RGD to see if the increase in 

ligand density would result in spreading.  Due to the high modification of HA used in this 

system, the percentages of methacrylates consumed by the RGD coupling were ~1.5, 3, 

and 7.5% for 1, 2, and 5 mM RGD, respectively.  This low percentage of methacrylates 
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consumed by RGD coupling would therefore not result in competition with the DTT 

crosslinking step for available methacrylates.  As shown in Figure 5.5, cells at all ligand 

concentrations exhibit the same rounded morphology, indicating that the lack of cell 

spreading is not a result of potential ligand density issues arising from hydrogel swelling.  

The strength of !5"1 integrin binding to fibronectin (specifically RGD and its synergy 

sequences) is tension dependent and while the amount of available integrin binding sites 

on each mechanics is constant, the adhesive strength of these binding complexes is 

stiffness dependent.
39

 Although the cell may be forming more or less adhesive bonds to 

 

Figure 5.5 Representative images (top) and histogram (bottom) of the relationship between 

hMSC spreading and adhesive ligand density for ‘soft’ (12% DTT –UV) hydrogels 24 h after 

seeding.  No significant differences in cell area or morphology were observed with increasing 

ligand density of 1, 2, and 5 mM RGD.  Scale bar = 200 µm 
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the MeHA hydrogels at different RGD concentrations, these ‘relaxed bonds’ do not allow 

the cell to develop sufficient tension to spread on these soft substrates.  Based on these 

findings, 1 mM RGD was used for the remaining studies. 

 

5.3.3 Stiffness Effects on Long Term Cell Behaviour 

 After determining the effects of matrix mechanics on short-term cell morphology, 

we investigated the long-term cell response to 12% DTT -/+ UV hydrogels by monitoring 

cell morphology and proliferation at several time points.  Figure 5.6A shows the 

dramatic differences in cell proliferation over 7 days for the -/+ UV hydrogels.  Cells on 

the +UV hydrogels proliferated much more than their -UV counterparts over the course 

of 7 days.  Representative images indicate that the cells on the softer hydrogels 

 

Figure 5.6 (A) hMSC proliferation for up to 7 days on ‘soft’ (12% DTT –UV, white) and ‘stiff’ 

(12% DTT +UV, black) hydrogels.  (B) Representative images with culture time for both 

hydrogels reveal the qualitative differences in hMSC number and morphology over 7 days.  

Scale bar = 200 µm.  Significant differences (**p<0.001, *p<0.01) found between –UV and 

+UV hydrogels. 
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maintained their rounded morphologies while the cells on the stiffer hydrogels remained 

highly spread and became fully confluent after 7 days. 

 Cell proliferation has been shown to be dependent on matrix mechanics in several 

notable studies.
36, 40, 41

 Highly spread cells possess a greater proportion of phosphorylated 

focal adhesion kinase (FAK), which has been shown to increase intracellular tension 

through Rho signaling.  The maintenance of intracellular tension has significant 

consequences on whether a cell proliferates, differentiates, remains quiescent, or 

undergoes apoptosis.
42-44

 The effects of spreading and mechanics have also been shown 

to result in changes in nuclear volume and chromatin condensation.  In one study, 

increases in endothelial cell spreading led to an increase in nuclear volume and a greater 

proportion of cells in the S phase of cell division.
45

 Our findings show a similar 

behaviour in hMSCs as proliferation was significantly higher on the stiffer substrates. 

 

5.3.4 Spatially Controlled Mechanics and Stem Cell Response 

 The ability to control stem cell spreading and proliferation has been demonstrated 

on substrates wit uniform mechanics; however, spatial control of these behaviours is 

necessary due to the heterogeneous nature of many tissues.  This is useful for intial steps 

towards advanced tissue engineering approaches, as well as to understand multi-

phenotype differentiation from a single cell population.  Figure 5.7A shows the 

differences in moduli on photopatterned regions of non-exposed (~6 kPa) and exposed 

(~31 kPa) stripes of 500 µm width.  After 24 h, cells acquire morphologies reminiscent of 

the uniform hydrogels on the corresponding mechanical environments (i.e. rounded on 

‘soft’ regions and highly spread on ‘stiff’ regions, Figure 5.7B).  This is observed in 
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representative images of photopatterned stripes with cells showing the spatial control of 

cell morphology based on local mechanics.  It is clear that cells maintain a rounded 

morphology on the softer -UV regions and are highly spread on the stiffer +UV regions 

(Figure 5.7C).  Of note, many cells aligned along the soft/stiff interface just as NIH3T3 

fibroblasts do on similar mechanical interfaces.
46, 47

 Cell migration due to durotaxis can 

also take place in these interfacial regions as cell adhesion sites on the stiffer regions 

result in greater traction generation, and subsequent greater adhesion strength, which 

allows the cells to migrate from soft to stiff regions.  After 7 days, cells became confluent 

on the ‘stiff’ regions, but not in the ‘soft’ regions (Figure 5.7D).  These large differences 

in confluence could be due to cells proliferatin, as well as cells migrating from the softer 

to stiffer regions. 

 

Figure 5.7 Spatially controlled mechanics (A) and hMSC spreading (B) on photopatterned 

stripes (500 µm width) on 12% DTT hydrogels.  The mechanics vary across the hydrogel based 

on exposure to UV light and is correlated with hMSC morphology response.  Cellular 

morphology on patterns after 1 day (C) and 7 days (D) illustrates local hMSC response to 

mechanics.  Statistically significant difference in hydrogel modulus and cell area (p<0.001), 

Scale bar = 400 µm 

 



!

139 

 In another photopattern strategy, the extent of exposure was linearly varied by 

passing a photomask across the surface of the preliminarily crosslinked hydrogel (see 

schematic in Figure 5.1C).  Locally probing the modulus at regular intervals along the 

length of the gradient allowed for correlation of matrix mechanics with distance (i.e. time 

of light exposure).  As shown in Figure 5.8A, the modulus gradually increases form a 

minimum of ~6 kPa to ~25 kPa over regions with up to a minute of exposure followed by 

a sharp increase in mechanics for regions with an additional 30 s of exposure up to a 

maximum modulus comparable to the 12% DTT +UV uniform hydrogel (~90 kPa).  

Other sequentially crosslinked systems saw similar rapid secondary crosslinking upon 

exposure of UV to radically polymerize remaining photoreactive groups.
29, 48

 As 

expected, the hMSC spreading increased locally along the length of the gradient, reacing 

a spreading plateau in regions of the hydrogel that had been exposed for greater than 60 s.  

 

Figure 5.8 Mechanical gradients were achieved using a sliding photomask to locally vary the 

light exposure time and thus mechanics nearly two orders of magnitude across a single hydrogel 

(A).  hMSC response to the mechanical gradient (B) with representative images shown at 

different distance (exposure) along the gradient hydrogel (right).  Scale bar = 200 µm 
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These photopatterning studies not only indicate that we can control matrix mechanics in a 

binary manner (-/+ UV), but also in a gradient manner with the capability to create a wide 

range of mechanics using the same base HA network composition.  

 

5.3.5 Dynamic Control of Hydrogel Mechanics and Stem Cell Morphology 

 In order to investigate the dynamic nature of hMSC responses to mechanics, the 

sequentially crosslinked system was adapted to allow for secondary crosslinking to occur 

in the presence of cells.  To accomplish this, an ‘Addition’-only hydrogel (15% DTT 

consumption) was formed and exposed to a range of UV exposure times after re-

introducing photoinitiator into the network (I2959 solution swelled into hydrogel).  As 

shown in Figure 5.9, a wide range in mechanics (from 5-33 kPa) was achieved using this 

 

Figure 5.9 Temporal modulation of hMSC morphology. (A) hMSC hydrogel mechanics 

controlled by varying UV exposure time on ‘Addition’-only hydrogels (15% DTT) after 

swelling in I2959 solution. (B) Representative images of hMSC morphology on initially ‘soft’ 5 

kPa hydrogels (Day 1), swelled with I2959 solution and either unexposed (-UV) or exposed 

(+UV) and morphology assessed after 24 h (Day 2).  Scale bar = 200 µm 
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modified sequential crosslinking approach with a more gradual increase in mechanics 

with increasing exposure time compared to the modulation in mechanics observed in the 

gradient hydrogel system (Figure 5.8A).  hMSCs seeded on initially ‘soft’ 5 kPa 

hydrogels were rounded after 1 day of culture (similar to uniform hydrogels).  However, 

after introducing photoinitiator and exposing to 2 min of UV (thus increasing the 

modulus to 33 kPa), hMSCs became spread much like cells that were initially cultured on 

‘stiff’ static substrates.  On samples that were not exposed to UV, the cells remained 

rounded as expected for cells initially seeded on uniform, static ‘soft’ hydrogels.  This 

provides evidence for dynamic sensing of the mechanical environment and could prove to 

be a useful tool for investigating stem cell fate decisions in response to dynamic 

environments as well as investigating aberrant cell responses associated with ‘stiffening’ 

of the tissue (i.e. fibrosis
9, 21

). 

 

5.4 Conclusions 

 Chapter 5 demonstrates how hMSC responses (morphology and proliferation) can 

be impacted by mechanics of the MeHA hydrogel.  By changing the initial crosslinker 

concentration, elastic moduli over several orders of magnitude were obtained that could 

be significantly increased through the incorporation of sequential radical crosslinking.  

Furthermore, the ability to spatially and temporally control mechanics was possible by 

controlling the location and timing of UV light exposure.  This allowed for patterned cell 

responses, as hMSCs exhibited morphologies corresponding well with the local substrate 

mechanics.  Stem cell behaviour was also temporally modulated as stiffening of the 

hydrogel resulted in a dramatic switch from a rounded morphology to a more spread 
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morphology.  While these outputs are not necessarily indicative of stem cell 

differentiation, morphology and proliferation can be determinants and effectors of 

differentiation in both 2D and 3D microenvironments.
30, 36, 40, 49, 50

 As mechanical 

differences are also relevant in certain pathologies and development, the characterization 

and understanding of cell responses to mechanics in a controlled manner are critical for 

developing effective tissue engineering strategies.    
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CHAPTER 6 

Spatially Controlled Stem Cell Differentiation on Sequentially Crosslinked 

Hydrogels with Patterned and Gradient Mechanics 

 

6.1 Introduction 

 Chapter 5 demonstrated the effect of spatially controlled mechanics on stem cell 

behaviors, such as morphology and proliferation, in a system that is absent of known 

soluble inductive factors in the culture media.  While distinct morphologies can be 

representative of commitment to a specific lineage,
1-3

 a well-established adipogenic-

osteogenic bipotential induction system
1-5

 was investigated here in order to monitor the 

effects of spatially modulated mechanics on hMSC fate decisions.  Adipogenesis and 

osteogenesis are two widely studied lineage commitments for hMSCs and the interplay 

between these two differentiation programs is implicated in regular bone maintenance 

and disease states such as osteoporosis.
6-8

 Due to the spatial heterogeneity inherent in 

both the matrix composition and properties of bone and adipose tissue,
9, 10

 development 

of a system to investigate hMSC commitment to osteogenic and adipogenic lineages in 

controlled mechanical microenvironments would be useful for not only fundamental stem 

cell biological questions, but also towards the development of scaffolds for bone and 

adipose tissue regeneration. 

 Using the sequentially crosslinked hydrogel system developed in Chapter 5, 

hMSC differentiation into adipogenic and osteogenic lineages was monitored on both 

uniform and spatially modulated hydrogels with distinct mechanics.  The effect of 

mechanics on hMSC differentiation in bipotential inductive media has been investigated 
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previously using adipogenic-osteogenic
5
 and myogenic-chondrogenic

11
 systems on 

hydrogels with spatially uniform mechanics.  Distinct differentiation behaviors were 

observed where the favored lineage specification correlated well with the mechanics 

associated with the given tissue (i.e., adipogenesis and chondrogenesis on softer 

substrates and osteogenesis and myogenesis on stiffer substrates).  In order to further 

investigate the multi-lineage differentiation potential of hMSCs, sequentially crosslinked 

hydrogels with distinct spatial presentation of mechanics (i.e., stripes and gradients) were 

developed and evaluated for their ability to spatially control stem cell differentiation. 

 

6.2 Materials and Methodology 

6.2.1 Methacrylated Hyaluronic Acid (MeHA) Synthesis 

 Methacrylated hyaluronic acid (MeHA) was synthesized as described in Chapter 4 

in order to obtain a macromer with 100% modification (% methacrylation).  Modification 

efficiency was defined as the percentage of HA repeat units containing methacrylates 

based on 
1
H NMR.  Briefly, sodium hyaluronate (Lifecore, 59 kDa) was dissolved at 1 

wt% in dIH2O and methacrylic anhydride (MA) was added dropwise (2.4 mL MA per g 

HA) while stirring at 4°C.  The pH was maintained above 8 during the reaction by adding 

5 N NaOH for 8 hours, followed by overnight reaction and further addition of MA (1.2 

mL per g HA) and pH maintenance for 4 hours the following day.  The macromer 

solution was dialyzed against dIH2O (SpectraPor, MW cutoff 6000-8000 Da) for 4 days, 

frozen at -80 °C, lyophilized and stored in powder form. 

 

6.2.2 Methacrylated Slide Preparation 
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 In order to easily handle and process thin hydrogels, slides were methacrylated to 

allow for covalent attachment of the hydrogels to the glass.  22 mm x 22 mm coverslips 

were first plasma coated for 3 min in order to activate the surface for methacrylation.  

Next, 100 µL of 3-(trimethoxysilyl)propyl methacrylate (Sigma) was placed on each 

activated slide and reacted at 100 °C for 1 h followed by 110 °C for 10 min.  Finally, the 

slides were rinsed with deionized water and ethanol and allowed to dry. 

 

6.2.3 MeHA Hydrogel Crosslinking 

 MeHA hydrogels were formed using one- or two-step crosslinking processes as 

outlined in Chapter 5 (see Figure 5.2).  In the first step, Michael-type ‘addition’ 

crosslinking occured via introduction of dithiothreitol (DTT, Sigma) to a 3 wt% solution 

of MeHA in PBS buffer containing 0.2 M triethanolamine (TEA, Sigma) and 0.05% 

I2959 (Irgacure).  The base hydrogel (-UV) consisted of a 17% DTT-crosslinked MeHA 

hydrogel.  The oligopeptide GCGYGRGDSPG was added prior to DTT crosslinking to 

allow for coupling of the well-established RGD adhesion moiety to the network.  

Hydrogels were formed using square PDMS molds with 150 µm spacing and 

methacrylated slides were used on one side to allow for covalent hydrogel attachment.  

After mixing, the solutions were reacted for 1 h at 37 °C to complete the ‘addition’ 

crosslinking step.  In order to vary mechanics, the -UV hydrogels were equilibrated 

overnight and a 0.05% I2959 solution was introduced for 1 hour.  Uniform +UV 

hydrogels were formed by exposing to 10 mW/cm
2
 UV light (Omnicure S1000 Spotcure) 

for 2 min and rinsing 3X with PBS.  Photopatterned hydrogels were formed by placing a 

photomask consisting of 750 µm stripes over the hydrogel and exposing to UV light for 2 
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min followed by 3X PBS washes.  Hydrogels with mechanical gradients were formed by 

passing a sliding mask across the surface of the hydrogel at a linear velocity of 12.5 

mm/min for 2 min in order to create a gradient with a length of 25 mm.  Distinct 

unexposed and exposed regions were present at each end of the gradient to represent 

regions similar to the uniform -/+ UV conditions. 

 

6.2.4 Characterization of Hydrogel Mechanics 

 Hydrogel surface mechanics were quantified using atomic force microscopy 

(AFM, Veeco Bioscope I).  A silicon bead AFM tip with a spring constant of 0.06 N/m 

was used to obtain force curves for individual points on the hydrogels (15 points chosen 

for each condition) from which a local elastic modulus was calculated.  For patterned and 

gradient hydrogels, points were chosen at regular intervals along the distance of the 

hydrogel (750 µm for stripe patterns and every 5 mm for gradient patterns).  

 

6.2.5 Cell Seeding on MeHA Hydrogels 

 hMSCs were obtained from Lonza and used at low passage for all studies 

(passage 3).  Prior to cell seeding, hydrogels were sterilized using germicidal UV for 2 h 

in a cell culture hood.  In order to prevent observed differences in cell behavior based on 

proliferation, cells were subjected to Mitomycin C treatment (10 µg/mL in serum-free 

medium) for 2 hours prior to seeding and then washed 3X in growth medium.  Cells were 

expanded and cultured in standard growth medium (!-MEM, 20% fetal bovine serum 

(FBS), 1% L-glutamine, and 1% penicillin-streptomycin) and seeded at a density of 5,000 

cells per cm
2
 on hydrogel surfaces.  After 24 hours of initial cell attachment to hydrogel 
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surfaces, the growth medium was replaced with 1:1 adipogenic-osteogenic mixed 

inductive medium (R&D Systems) and maintained for 14 days in order to induce hMSC 

differentiation. 

 

6.2.6 Cell Imaging and Quantification 

 For early time points, cells were fixed using 10% formalin and stained for nuclei 

and actin using DAPI and phalloidin (Invitrogen), respectively.  On uniform hydrogels, 

the expression of the focal adhesion protein vinculin was assessed using immunostaining.  

Samples were fixed in formalin for 10 min, permeabilized in 0.25% Triton-X for 5 min, 

and blocked for 1 hour (10% goat serum, 1% BSA, 0.1% Triton-X).  Primary mouse anti-

vinculin antibody (Sigma, 1:200 dilution) was reacted overnight at 4°C and washed 3X 

using PBS containing 1% BSA.  Secondary anti-mouse FITC-labeled antibody (Sigma, 

1:200 dilution) was reacted at room temperature for 1 hour and washed 3X with PBS.  

For the late time point (day 14), hMSC adipogenic and osteogenic differentiation were 

assessed using Oil Red O and alkaline phosphatase stains, respectively.  Alkaline 

phosphatase staining was performed using FastBlue/napthol solution (Sigma) for 1 hour 

at room temperature.  Oil Red O staining was performed by washing samples with graded 

isopropanol solutions (20%, 40%, 60% isopropanol) followed by incubation with 3 

mg/mL Oil Red O (Sigma) in 60% isopropanol for 30 min at room temperature.  Cell 

areas were quantified on day 1 for gradient hydrogels using ImageJ at discrete locations 

along the length of the gradient (every 5 mm) with >30 cells per location and n=4 

samples.  For later time points, cell differentiation was evaluated by counting the total 

number of differentiated cells (osteogenic and adipogenic) and calculating the percentage 
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of cells from this differentiating population that underwent either lineage specification.  

For uniform, patterned, and gradient hydrogels, >30 cells were evaluated for each 

condition (or location on a patterned/gradient hydrogel) for n=4 hydrogels.  The cell 

density for gradient hydrogels was assessed at early (day 1) and late (day 14) time points 

by calculating the cell density at each gradient position (every 5 mm) for n=4 hydrogels.   

 

6.2.7 Statistical Analysis 

 Values are reported as means and standard deviations.  Statistical analyses were 

performed with Student’s t-test and One-way ANOVA using R Statistical Software. 

 

6.3 Results and Discussion 

6.3.1 Uniform Hydrogel Mechanics and hMSC Response 

 Uniform soft (-UV) and stiff (+UV) hydrogels were formed in order to 

recapitulate mechanics of adipose and bone tissue.  As shown in Figure 6.1A, significant 

differences were observed between the -UV and +UV hydrogels as they possessed 

moduli of ~2 and ~31 kPa, respectively.  These values agree well with reported values for 

adipose tissue (2-4 kPa) and pre-mineralized osteoid (20-50 kPa).
12-14

 Similar to the 

results in Chapter 5, cells possessed distinct rounded and spread morphologies on the soft 

and stiff substrates, respectively (Figure 6.1B, phase).  The focal adhesion complex 

protein vinculin was involved in cell mechanosensing and osteogenic differentiation and 

the increased expression (and presence of punctate structures) on stiffer +UV hydrogels 

coupled with a more organized cytoskeleton possessing stress fibers (Figure 6.1B) agrees 

with previous findings.
5, 15
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 Following 14 days in mixed adipogenic-osteogenic media, hMSCs stained 

positively for Oil Red O (red lipid droplets) on softer substrates and alkaline phosphatase 

(blue) on stiffer substrates (Figure 6.2A).  Similar differences in cytoskeletal assembly 

were noted at day 14 as cells on softer substrates had a more diffuse actin cytoskeleton 

(disrupted by presence of lipid droplets) while cells on stiffer substrates were highly 

spread with more organized actin cytoskeleton.  Quantification of differentiation revealed 

stark differences in lineage specification, with significant differences observed between 

lineages on a given substrate and for a given lineage between each substrate (Figure 

6.2B). 

!

Figure 6.1 (A) Mechanical characterization for uniform MeHA hydrogels assessed using AFM.  

Significant differences between –UV and +UV hydrogels (*p<0.001) (B) Day 1 morphology 

assessment of hMSCs cultured on soft (-UV) and stiff (+UV) hydrogels.  Cytoskeletal and focal 

adhesion proteins (actin and vinculin, respectively) fluorescently evaluated for each uniform 

condition.  Scale bars = 200 µm (for Phase) and 50 µm (for Fluorescence) 

!
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6.3.2 hMSC Differentiation Response to Photopatterned Mechanics 

 MeHA hydrogels with spatially modulated mechanics were first investigated 

using 750 µm stripe patterns of unexposed (soft, -UV) and exposed (stiff, +UV) regions.  

A spatial mechanical profile of a given photopatterned hydrogel is shown in Figure 6.3A, 

and the -UV regions possessed a modulus ~1.6 kPa, while +UV regions possessed a 

modulus of ~30 kPa.  At early time points, cells exhibited local morphological and 

!

Figure 6.2 (A) Day 14 images of hMSCs cultured in adipogenic-osteogenic inductive medium 

on soft (-UV, ~2 kPa) and stiff (+UV, ~30 kPa) uniform hydrogels.  Phase images show staining 

for markers of adipogenesis (Oil Red O, red) and osteogenesis (Alkaline Phosphatase, blue) 

while fluoresecent images reveal cytoskeletal organization after 14 days in the mixed induction 

medium (actin, green).  Scale bar = 200 µm (for phase) and 50 µm (for fluorescence)  (B)  

Quantification of differentiation into each lineage shown on right with significant differences 

between –UV and +UV conditions observed for both osteogenesis (**p<0.001) and 

adipogenesis (*p<0.001) 

!
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cytoskeletal behaviors similar to their responses on uniform hydrogels as cells on the 

softer -UV regions were rounded while cells on the stiffer +UV regions were highly 

spread (Figure 6.3B and C).  After mixed induction, cells preferentially differentiated 

into the lineage as a result of their local mechanics with adipogenesis on -UV regions and 

osteogenesis on +UV regions, as indicated by Oil Red O and alkaline phosphatase 

staining, respectively (Figure 6.4A-C).  Differences in differentiation marker expression 

on each mechanically-distinct region were also quantitatively assessed and reported in 

Figure 6.4D with statistically significant differences in differentiation observed between 

-UV and +UV stripe regions.  Hydrogels with distinct spatially-defined regions of 

mechanics have been used previously to investigate cell-material interactions
16

; however, 

evidence of patterned differentiation from a single cell population based on local 

mechanics has not yet been demonstrated. 

!

Figure 6.3  (A) Mechanics profile for photopatterned MeHA hydrogels using 750 µm stripes.  

Significant differences observed between –UV stripes and +UV stripes (*p<0.001)   Day 1 

phase (B) and fluorescent (C) images showing distinct spatial organization of cells on stripe 

patterns.  Fluorescent images indicate regions of UV exposure due to incorporation of 

methacrylated-rhodamine dye (red) and cytoskeletal organization (actin, green).  Scale bars = 

750 µm 

!
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6.3.3 Gradient Hydrogel Characterization and hMSC Differentiation Response 

 A hydrogel with a gradient in mechanics across a length of 25 mm was developed 

in order to investigate the effects of a wide range in mechanics on stem cell lineage 

specification to adipogenic or osteogenic fates.  As shown in Figure 6.5A, distinct soft 

and stiff regions existed at both ends of the gradient hydrogels with moduli of ~1.8 and 

32 kPa, respectively.  The gradient between these two regions was formed by linearly 

varying the exposure time using a sliding photomask and responded in a linear manner 

across the length of the gradient with approximate gradient magnitude of ~1 kPa/mm.  

Initial cell spreading was found to vary in a gradient manner as cells were rounded in the 

!

Figure 6.4  (A) Low magnification phase image showing distinct soft (-UV) and stiff (+UV) 

regions in the same MeHA hydrogel with staining for adipogenic (Oil Red O, red) and 

osteogenic (Alkaline Phosphatase, blue) markers of differentiation.  Scale bar = 500 µm. (B) 

Higher magnification of –UV (B) and +UV (C) regions highlighted by white boxes in (A). Scale 

bar = 100 µm  (D) Quantification of differentiation into each lineage on each distinct region with 

significant differences between –UV and +UV stripes observed for both osteogenesis 

(**p<0.001) and adipogenesis (*p<0.001) 

!
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softer regions and exhibited increasing cell spread area with the increase in local moduli 

observed across the gradients (Figure 6.5B).  Representative images of regions with 

distinct cell morphologies are shown in Figure 6.5C with characteristic rounded cells on 

the soft regions, mixed populations of rounded and spread cells on intermediate gradient 

positions, and fully spread cells on the stiffest region of the gradient hydrogel.   

 Following 14 days in mixed inductive media, hMSCs demonstrated a gradient 

response in differentiation (Figure 6.6A) as adipogenesis was favored on the softer 

regions, osteogenesis favored on the stiffer regions, and a dramatic shift in the ratio of 

!

Figure 6.5  (A) Mechanical characterization of gradient hydrogels at discrete points. (B) hMSC 

day 1 cell spreading response (mean±SEM) at points along gradient. Region of gradient 

highlighted in gray (C) Representative day 1 images of hMSCs with distinct morphological 

responses along length of gradient.  Scale bar = 200 µm. 

!
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osteogenesis:adipogenesis occurred at the beginning of the gradient (10 mm, 7.2 kPa).  

Increased cell spreading has been shown to induce osteogenesis in mixed induction 

systems
1, 3, 5

, and it follows in our gradient system that increases in cell spreading due to 

increasing mechanics across the length of the gradient results in a greater proportion of 

hMSCs expressing markers for osteogenesis (Figure 6.6C).  In order to eliminate the 

possibility of cell proliferation influencing local cell density effects on differentiation, 

hMSCs were treated with Mitomycin C prior to cell seeding in order to inhibit 

!

Figure 6.6  (A) Quantification of hMSC differentiation at discrete points along length of 

gradient (B) Cell density per field of view (FOV) measured along length of gradient at day 1 

(white) and day 14 (black).  Region of gradient highlighted in gray (C) Representative images of 

hMSCs stained for markers of adipogenic (Oil Red O, red) and osteogenic (Alkaline 

Phosphatase, blue) differentiation at positions along gradient with distinct morphological 

behaviors.  Scale bar = 500  µm 

!
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proliferation.  Figure 6.6B shows that the cell density remained constant at each location 

from day 1 to day 14, indicating that cells did not proliferate or preferentially migrate 

from one region of the gradient hydrogel to another.  Migration across gradients in 

mechanics have been observed for hMSCs in growth medium in a different system with 

moduli ranging from 1-14 kPa and a gradient magnitude of ~1 kPa/mm.
17

  While our 

system did show similar mechanical gradients, the differences in culture conditions 

(adipogenic/osteogenic vs. growth medium) likely influenced the motility and fate 

decisions of cells cultured on hydrogels with heterogeneous mechanics. 

   Furthermore, the location that resulted in a nearly 50:50 mixed differentiation 

response showed distinct multicellular aggregates (Figure 6.6C, ‘intermediate’) with the 

center of the aggregates showing intense red staining (indicative of adipogenesis) and the 

surrounding of these aggregates with more intense blue staining (indicative of 

osteogenesis).  This behavior was also observed in a different 2D system
18

 that employed 

spatially restricted adhesive islands that allowed for distinct organizations of hMSCs.  

Similarly, cells located in the center of the aggregates stained more positively for 

adipogenic markers, while cells located on the outer regions of the aggregates typically 

stained more positively for osteogenesis.  These findings were determined to be a result 

of differences in local cell traction force generation as cells within the aggregates exert 

less traction (and undergo adipogenesis), while periphery cells are able to develop 

traction, spread, and undergo osteogenesis.  
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6.4 Conclusions 

 As shown in Chapter 5, the spatial control of hydrogel mechanics resulted in 

distinct patterns of stem cell behavior according to the local mechanics.  In this chapter, a 

mixed adipogenic-osteogenic induction medium was used to determine if local mechanics 

could dictate long term hMSC responses such as differentiation.  Stem cell differentiation 

on hydrogels with uniform mechanics favored adipogenesis on softer substrates, while 

osteogenesis was favored on stiffer substrates.  This trend was also evident on patterned 

hydrogels, as hMSCs preferentially differentiated into a given lineage based on the local 

mechanics (i.e., adipogenesis on softer stripes and osteogenesis on stiffer stripes).  

Finally, a gradient differentiation response was observed on hydrogels with a gradient in 

mechanics ranging from ~2-32 kPa with the ratio of osteogenesis:adipogenesis increasing 

as mechanics locally increased along the gradient.  These findings further emphasize the 

importance of the spatial presentation of microenvironmental factors on stem cell fate 

decisions and illustrate the utility of this hydrogel system for investigating cell 

interactions with heterogeneous mechanical signals. 

 

  

 

 

 

 

 

 



 

164 

REFERENCES: 

 

1. S. Khetan and J. A. Burdick. Patterning network structure to spatially control 

cellular remodeling and stem cell fate within 3-dimensional hydrogels, 

Biomaterials, 2010, 31, 8228-8234. 

2. K. A. Kilian, B. Bugarija, B. T. Lahn and M. Mrksich. Geometric cues for 

directing the differentiation of mesenchymal stem cells, Proc Natl Acad Sci USA, 

2010, 107, 4872-4877. 

3. R. McBeath, D. M. Pirone, C. M. Nelson, K. Bhadriraju and C. S. Chen. Cell 

shape, cytoskeletal tension, and RhoA regulate stem cell lineage commitment, 

Dev Cell, 2004, 6, 483-495. 

4. M. Guvendiren and J. A. Burdick. The control of stem cell morphology and 

differentiation by hydrogel surface wrinkles, Biomaterials, 2010, 31, 6511-6518. 

5. M. Guvendiren and J. A. Burdick. Stiffening hydrogels to probe short- and long-

term cellular responses to dynamic mechanics, Nat Commun, 2012, 3, 792. 

6. P. Augat, U. Simon, A. Liedert and L. Claes. Mechanics and mechano-biology of 

fracture healing in normal and osteoporotic bone, Osteoporos Int, 2005, 16 Suppl 

2, S36-43. 

7. T. Hoshiba, N. Kawazoe and G. Chen. The balance of osteogenic and adipogenic 

differentiation in human mesenchymal stem cells by matrices that mimic stepwise 

tissue development, Biomaterials, 2012, 33, 2025-2031. 



 

165 

8. H. Koshiyama, Y. Ogawa, K. Tanaka and I. Tanaka. The unified hypothesis of 

interactions among the bone, adipose and vascular systems: 'osteo-lipo-vascular 

interactions', Med Hypotheses, 2006, 66, 960-963. 

9. J.-H. Chen, C. Liu, L. You and C. A. Simmons. Boning up on Wolff's Law: 

mechanical regulation of the cells that make and maintain bone, Journal of 

biomechanics, 2010, 43, 108-118. 

10. U. A. Gurkan and O. Akkus. The mechanical environment of bone marrow: a 

review, Annals of biomedical engineering, 2008, 36, 1978-1991. 

11. J. S. Park, J. S. Chu, A. D. Tsou, R. Diop, Z. Tang, A. Wang and S. Li. The effect 

of matrix stiffness on the differentiation of mesenchymal stem cells in response to 

TGF-!, Biomaterials, 2011, 32, 3921-3930. 

12. E. M. Chandler, C. M. Berglund, J. S. Lee, W. J. Polacheck, J. P. Gleghorn, B. J. 

Kirby and C. Fischbach. Stiffness of photocrosslinked RGD-alginate gels 

regulates adipose progenitor cell behavior, Biotechnol. Bioeng., 2011, 108, 1683-

1692. 

13. D. E. Discher, D. J. Mooney and P. W. Zandstra. Growth Factors, Matrices, and 

Forces Combine and Control Stem Cells, Science, 2009, 324, 1673-1677. 

14. A. J. Engler, S. Sen, H. L. Sweeney and D. E. Discher. Matrix elasticity directs 

stem cell lineage specification, Cell, 2006, 126, 677-689. 

15. R. A. Marklein and J. A. Burdick. Spatially controlled hydrogel mechanics to 

modulate stem cell interactions, Soft Matter, 2010, 6, 136-143. 

16. S.-Y. Chou, C.-M. Cheng and P. R. Leduc. Composite polymer systems with 

control of local substrate elasticity and their effect on cytoskeletal and 



 

166 

morphological characteristics of adherent cells, Biomaterials, 2009, 30, 3136-

3142. 

17. J. R. Tse and A. J. Engler. Stiffness gradients mimicking in vivo tissue variation 

regulate mesenchymal stem cell fate, PLoS ONE, 2011, 6, e15978. 

18. S. A. Ruiz and C. S. Chen. Emergence of Patterned Stem Cell Differentiation 

Within Multicellular Structures, Stem Cells, 2008, 26, 2921-2927. 

 

 



167 

CHAPTER 7 

3D Encapsulation of Adult Stem Cells in Hyaluronic Acid Hydrogels with 

Varied Mechanics 

 

7.1 Introduction 

 As demonstrated in Chapters 5 and 6, the controlled presentation of mechanics in 

2D (where a cell sits atop a hydrogel film) can result in profound effects on stem cell 

behavior, including morphology, proliferation, and differentiation.  Cells interacting with 

a 2D substrate possess an inherently polarized morphology
1
 due to only engaging cell 

adhesion on the basal side of the cell; however, most systems investigating stem cell 

responses to mechanics have relied upon primarily 2D presentations of mechanics.
2-6

 In 

order to more accurately mimic the cellular microenvironment in many tissues, systems 

that present mechanical signals in a 3D context are necessary and have become the focus 

of many recent studies.
7, 8

 Development of a mechanically-tunable 3D system would not 

only advance our understanding of stem cell responses in a more biologically relevant 

context, but provide a platform for future tissue engineering applications. 

 Several studies have demonstrated that stem cells encapsulated in hydrogels of 

varying moduli do indeed behave in a mechanodependent manner.  Murine mesenchymal 

stem cells (mMSCs) encapsulated in RGD-functionalized alginate hydrogels expressed 

differentiation markers for osteogenesis in stiffer 20 kPa hydrogels and markers for 

adipogenesis in softer 2.5 kPa hydrogels.
8
 Also, adipocyte progenitor cells (APCs) 

encapsulated in photopolymerized alginate hydrogels also exhibited mechanosensitive 

responses as APCs in softer hydrogels (3.3 kPa) showed greater expression of adipogenic 

markers of differentiation while APCs in stiffer hydrogels (12.4 kPa) had markedly 
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reduced adipogenesis and a concurrent increase in VEGF secretion.
7
 In these studies cells 

possessed a restricted, rounded morphology, which did not allow for matrix remodeling 

and proliferation as exists in other 3D hydrogel systems;
9, 10

 yet, cells still were able to 

exhibit mecho-dependent responses.  This chapter focuses on the translation of the 

MeHA material system outlined in previous chapters into a 3D hydrogel system with 

controlled mechanics where cells are directly encapsulated.   

Photopolymerized MeHA hydrogels have been investigated for their potential to 

facilitate cartilage repair
11, 12

 and this chapter investigates the effects of modulating 

MeHA hydrogel mechanics in 3D on hMSC morphology, proliferation, differentiation, 

and secretion of angiogenic and cytokine factors.  A physiologic range of mechanics (4.2-

25.5 kPa) was achieved by tailoring the ratio of low modified (~30% methacrylated) 

MeHA to high modified (~100% methacrylated) MeHA.  While this system did not allow 

for spatial and temporal modulation of mechanics (due to the lack of sequential 

crosslinking), it allows for investigation into how mechanical signals from the same base 

material (in this case, hyaluronic acid) can affect hMSC behavior based on its contextual 

presentation (2D vs. 3D). 

 

7.2 Materials and Methodology 

 

7.2.1 MeHA Synthesis and Characterization 

 Methacrylated hyaluronic acid (MeHA) was synthesized as described in Chapter 4 

in order to obtain macromers with ~30% and 100% modification (% methacrylation). 

Modification efficiency was defined as the percentage of HA repeat units containing 
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methacrylates based on 
1
H NMR.  Briefly, sodium hyaluronate (Lifecore, 59 kDa) was 

dissolved at 1 wt% in dIH2O and methacrylic anhydride (MA) was added dropwise (0.72 

and 2.4 mL MA per g HA for 30% and 100%, respectively) while stirring at 4°C.  The 

pH was maintained above 8 during the reaction by adding 5 N NaOH for 8 hours, 

followed by overnight reaction and further addition of MA (0.36 and 1.2 mL per g HA 

for 30% and 100%, respectively) and pH maintenance for 4 hours the following day.  The 

macromer solution was dialyzed against dIH2O (SpectraPor, MW cutoff 6000-8000 Da) 

for 4 days, frozen at -80 °C, lyophilized, and stored in powder form. 

 

7.2.2 MeHA Hydrogel Formation and Mechanical Characterization 

 Low modification (low mod) MeHA and high modification (high mod) MeHA 

were individually dissolved at 3 wt% in 0.2 M triethanolamine (TEA) buffer at pH 8 

containing 0.05% of the photoinitiator I2959.  In order to vary mechanics, the ratio of low 

mod: high mod was varied and the mechanical groups chosen were 100:0, 60:40, 30:70, 

and 0:100.  50 µL of MeHA precursor solution was pipetted into syringe tip molds and 

exposed to 10 mW/cm
2
 UV light (Omnicure S1000 UV Spot Cure Systems) for 2 minutes 

and then allowed to equilibrate overnight in PBS.  The compressive moduli of the 

hydrogels were determined using a Dynamic Mechanical Analyzer (DMA, TA 

Instruments). A mechanical testing regimen of 10% strain/min was used and the 

compressive modulus for each hydrogel was determined by evaluating the stress-strain 

slope between 5% and 20% strain (n=4 hydrogels/group). 
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7.2.3 Encapsulation and Culture of hMSCs in MeHA Hydrogels 

 Prior to encapsulation, the cell adhesive oligopeptide GCGYGRGDSPG was 

coupled to the MeHA backbone (through Michael Addition) by incubating overnight at 

37°C in a sterile 3 wt% MeHA solution containing 0.2 M TEA and 0.05% I2959 at pH 8.  

Although the RGD peptide effectively “consumes” methacrylates available for radical 

crosslinking, the concentration of RGD used in this study (1 mM) consumed less than 1% 

of available methacrylates on the MeHA backbone.  250,000 hMSCs (Lonza, passage 3) 

were encapsulated in each 50 µL hydrogel (Figure 7.1) and crosslinked under identical 

conditions as hydrogels that underwent mechanical testing (10 mW/cm
2 

for 2 min).  

Hydrogels were cultured in 1 mL growth medium consisting of base medium !-MEM, 

20% FBS, 1% L-glutamine, and 1% Pen-Strep (Gibco for all components). 

 

 

Figure 7.1 Encapsulation of hMSCs in photocrosslinked MeHA hydrogels. (A) MeHA precursor 

solution containing MeHA at ratio of high:low modification dissolved in buffer was used to 

resuspend cells.  Upon exposure to UV light (in presence of photoinitiator), MeHA crosslinks via 

‘Radical’ polymerization and entraps cells within the hydrogel. (B) Representative confocal stack 

showing cells (actin and nuclei stained red and blue, respectively) encapsulated within MeHA 

hydrogel at day 1.  Scale bar = 50 µm 

 

!
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7.2.4 Cell Morphology Assessment and Proliferation/Metabolic Activity  Quantification 

 hMSC morphology was assessed using rhodamine-phalloidin staining on days 2, 

7, and 14 for each condition.  Cells were fixed in 10% formalin for 10 min, permeabilized 

with 0.25% Triton-X for 10 min, and stained with rhodamine-phalloidin for 40 min with 

3X PBS washes after each step.  Cells were imaged using a Zeiss LSM510 confocal 

microscope.  Cell proliferation was quantified using the PICOGREEN dsDNA assay on 

days 2, 7, and 14 for all uniform conditions.  Samples (n=4) were placed in CellLytic 

(Sigma) solution for 1 hour and vortexed gently at 37° C.  Samples were measured on a 

TECAN InfiniteM200 plate reader and compared with a dsDNA standard curve in order 

to determine the total DNA content. 

 

7.2.5 Gene Expression and Secretory Profile Characterization 

  In order to assess cell differentiation, RNA was extracted from each sample (n=4) 

using Trizol reagent (Invitrogen) and a manual tissue grinder.  RNA was reverse-

transcribed into cDNA and PCR was performed on the following genes: Collagen II 

(COL2) and SOX9 (chondrogenic), !-Smooth Muscle Actin (aSMA) and Calponin 

(CALP) (myogenic), Osteocalcin (OC) and Alkaline Phosphatase (ALP) (osteogenic), 

Fatty-Acid Binding Protein (FABP) and Peroxisome Proliferator-Activated Receptor " 

(PPARG) (adipogenic).  Using GAPDH as a housekeeping gene, relative gene expression 

was determined using the ##CT method and all experimental values are plotted relative to 

the day 0 undifferentiated hMSCs seeded into each hydrogel.  Note that CT for GAPDH 

were consistent between all groups and controls (data not shown). 

  hMSC secretory profiles were characterized for both angiogenesis and cytokine 
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factors (R&D Systems, kits ARY005 and ARY007) by collecting culture media on days 

2, 7, and 14 and pooling for each condition (n=3). The protein arrays were threshold 

adjusted and analyzed using a protein array analyzer (ImageJ, NIH) to quantify pixel 

intensity.  Each value was then normalized to the max expression of that protein and 

plotted in descending order with the protein most highly expressed plotted at the top and 

proteins minimally expressed plotted at the bottom. 

 

7.2.6 Statistical Analysis 

  Statistics were performed using One-Way and Two-Way ANOVA and Tukey’s 

post-hoc test (R, Free Software Foundation) for hydrogel mechanics, cell proliferation 

and gene expression studies. 

 

7.3 Results and Discussion 

 

7.3.1 Mechanical Characterization of MeHA Hydrogels 

  MeHA hydrogel mechanics were effectively modulated by varying the ratio of 

low mod MeHA:high mod MeHA and the compressive moduli was quantified using 

DMA.  As shown in Figure 7.2, increasing the amount of high mod MeHA resulted in 

increased moduli as the mechanics groups obtained were ‘4.2 kPa’ (0% high mod MeHA, 

100% low mod MeHA), ‘9.7 kPa’ (40% high mod MeHA, 60% low mod MeHA), ‘18.5 

kPa’ (70% high mod MeHA, 30% low mod MeHA), and  ‘25.5 kPa’ (100% high mod 

MeHA, 0% low mod MeHA).  A similar trend was observed in another mechanically-

tunable system in which the ratio of two modifications of glycidylmethacrylate-
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functionalized dextran was varied in order to achieve a range of mechanics.
13

  This 

process allows for the maintenance of the same base network material (hyaluronic acid) 

and simply varying the crosslinking density in order to create hydrogels with mechanics 

encompassing a wide range of tissues.
14

 

 

7.3.2 hMSC Morphology and Proliferation Response to Mechanics 

  In the non-porous hydrogel system, the extent of crosslinking had a significant 

effect on initial stem cell morphology as hMSCs as cells were found to only spread in the 

softest ‘4.2 kPa’ hydrogels and above this threshold mechanics cells were rounded and 

unspread at day 2 (Figure 7.3A).  These trends in morphology were maintained 

 

Figure 7.2 Hydrogel compressive moduli for bulk non-porous radically polymerized MeHA 

hydrogels.  Statistically significant differences (p<0.05) were observed between all groups except 

70% and 100% High Mod MeHA. 
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throughout the experiment as cells only remained spread in the ‘4.2 kPa’ group even after 

7 and 14 days in culture.  By day 7, cells in the ‘4.2 kPa’ also began to significantly 

contract the hydrogel, resulting in enhanced cell-cell contact and a reduction in scaffold 

volume due to compaction. While there was a significant increase in cell number in the 

‘4.2 kPa’ gels from day 2 to day 7 and day 14, there were very few statistically 

significant differences across mechanics at any given time point (Figure 7.3B).  Due to 

the non-degradable nature of the non-porous hydrogel network, the cells are unable to 

remodel, develop adequate tension, and proliferate as compared to the other 3D hydrogel 

systems that incorporate degradability and cell remodeling capabilities.
15-17

 

 

Figure 7.3 (A) hMSC morphology/cytoskeletal organization (actin, red) in non-porous hydrogels 

at day 2, 7, and 14. (B) Cell numbers (represented with DNA content) with culture time in the 

various non-porous hydrogels. Statistically significant differences were observed between ‘4.2 

kPa’ and ‘18.5 kPa’ at day 7 (# p<0.01) and ‘4.2 kPa’ at day 7 and 14 compared to ‘4.2 kPa’ at 

day 2 (+ p<0.05). Scale bar = 400 µm. 
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7.3.3 hMSC Lineage Marker Expression in Response to 3D Mechanics 

  hMSC differentiation was evaluated after 14 days in growth medium for four 

lineage programs: chondrogenesis, myogenesis, osteogenesis, and adipogenesis.  The 

most notable upregulation in genes (relative to day 0 hMSCs) occurred for the 

chondrogenic and adipogenic markers: Col2 and Sox9 for chondrogenesis, and FABP for 

adipogenesis.  In non-porous hydrogels, there was a general trend of ‘4.2 kPa’ hydrogels 

exhibiting significantly reduced upregulation (from two- to ten-fold) in Col 2, Sox9, and 

 

Figure 7.4 Day 14 expression of various genes for hMSCs cultured in non-porous hydrogels. 

Values above dotted line indicate upregulation relative to d0 hMSCs. Statistically significant 

differences: *p < 0.05, #p < 0.01, +p < 0.001.  
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FABP compared to other groups (Figure 7.4).  Cell morphology can be a determinant of 

cell fate
9, 18

 and these results reinforce this concept as cells that maintain a rounded 

morphology showed significantly greater upregulation in genes associated with rounded 

phenotypes (i.e., chondrocytes and adipocytes).  Photocrosslinked hydrogels have been 

shown to cultivate hMSC chondrogenesis and adipogenesis,
7, 19, 20

 and the results of this 

study further validate the utility of hyaluronic acid hydrogels for tissue engineering 

applications as these experiments were performed in the absence of any inductive factors.  

Lack of proliferation is often associated with differentiation in cells,
21

 and the 

upregulation in adipogenic and chondrogenic markers in non-porous hydrogels correlated 

well with relatively stable DNA content (Figure 7.3B).  Although there was no observed 

upregulation in lineage marker expression for genes associated with a ‘spread’ 

morphology (myogenesis and osteogenesis), significantly decreased expression in both !-

smooth muscle actin (four-fold) and osteocalcin (twenty-fold) were associated with the 

softest ‘4.2 kPa’ hydrogel group, which correlated well with the dramatic increases in 

chondrogenic and adipogenic marker expression. 

 

7.3.4 hMSC Secretory Profile Response to Mechanics 

  Conditioned medium was analyzed for 55 angiogenesis and 36 cytokine factors 

using proteome profile arrays and results are plotted in Figure 7.5.  The conserved trend 

of cell responses differing above the ‘4.2 kPa’ threshold was maintained in terms of 

secretory responses as well.  hMSCs in ‘4.2 kPa’ non-porous hydrogels were the only 

group that supported cell spreading (Figure 7.3A) and had the lowest degree of 

chondrogenesis/adipogenesis (Figure 7.4) and it also followed that they demonstrated the 
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greatest expression of factor secretion.  Initially, there were no marked differences in 

secretion between the 4 mechanics groups (with the exception of slightly increased 

Activin A and PlGF in ’25.5 kPa’ hydrogels) at day 2.  However, by day 7, the ‘4.2 kPa’ 

group exhibited maximal expression of 5 proteins (MCP-1, uPA, MIF, MMP-9, and 

PlGF).  Endothelin-1 showed transient maximal expression for all mechanics groups at 

 

Figure 7.5 Secretory profiles for angiogenic and cytokine factors by hMSCs interacting with 

non-porous hydrogels at days 2, 7, and 14. Molecule expression is normalized to the maximum 

detected expression. Molecules are then plotted with those having the highest maximal 

expression at the top and those with minimal detection at the bottom. Normalized colorimetric 

scale bar displayed on the right.  
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day 7 with no detection of this protein at either day 2 or 14 for any group.  By day 14, the 

‘4.2 kPa’ hydrogel group emerged as the most favorable environment for secretion as 

there was maximal expression of 11 factors (IL-8, VEGF, GROalpha, MCP-1, IGFBP-2, 

Pentraxin 3, Thrombospondin-1, CXCL16, PlGF, and Angiogenin).  Increased pro-

angiogenic behavior was associated with a decrease in adipogenesis in a study involving 

adipose progenitor cells, and our system showed similar behavior with the ‘4.2 kPa’ non-

porous hydrogels.
7
 

  Greater factor secretion present in the softest ‘4.2 kPa’ hydrogel condition agrees 

well with the observation that stem cells implanted into stiffer, pathological tissues 

behave in a non-trophic manner.
22

  This emphasizes the importance of injection time and 

scaffold mechanics for cell therapies in diseases that involve a fibrotic response, such as 

myocardial infarction, chronic kidney disease, and muscular dystrophy in which the 

pathological environments are stiffer than normal tissue.
23-25

  

 

7.5 Conclusions 

  In summary, Chapter 7 demonstrates how translation of the 2D hyaluronic acid 

system developed in Chapter 4 into a 3D non-porous hydrogel can also impact hMSC 

behaviour based on the mechanical microenvironment.  However, in this 3D context the 

observed results appeared more dependent on the adoption of a specific morphology as 

threshold responses were observed primarily above the ‘4.2 kPa’ condition, which was 

the only condition that promoted cell spreading.  There were no substantial differences in 

cell morphology, proliferation, differentiation, and secretion above this threshold 

mechanics, which suggests that hMSCs in this non-degradable, non-porous hydrogel 
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cannot effectively interpret these differences in mechanics and display mechanosensitive 

responses similar to those observed in 2D.  Therefore, the 3D presentation of controlled 

mechanics to hMSCs using MeHA must be reimagined in order to allow hMSCs to more 

effectively sense the differences in mechanics and respond accordingly. 
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CHAPTER 8 

Spatially and Temporally Dependent Human Mesenchymal Stem Cell 

Responses to 3D Mechanical Signals In Sequentially Crosslinked 

Macroporous Hydrogels 

Adapted from: Marklein, RA, Soranno, DE, Burdick, JA. “Magnitude and Presentation of Mechanical 

Signals Influence Adult Stem Cell Behavior in 3Dimensional Macroporous Hydrogels.” Soft Matter, 2012 

doi: 10.1039/c2sm25501d 

 

8.1 Introduction 

 As demonstrated in Chapter 5 and 6, the mechanics of the stem cell environment 

have a profound effect on morphology, proliferation, and differentiation in 2D.  

Furthermore, stem cells were shown to be sensitive to the local mechanics of their 

substrate, as well as dynamic changes in substrate mechanics.  Chapter 7 demonstrated 

the importance of contextual presentation of uniform non-porous 3D mechanics on 

hMSCs as morphology, differentiation, and secretion of factors were shown to be highly 

dependent on the extent of crosslinking.  However, in order to effectively incorporate 

stem cells into therapeutic applications, a more thorough understanding of how stem cells 

respond to more complex 3D mechanical signals is necessary.
1, 2

  

 A wealth of natural and synthetic hydrogels have been used to investigate the 

effect of mechanics on stem cells.
2
 However, few systems possess the ability to spatially 

and temporally control mechanics
3-6

 despite the distinct mechanical heterogeneity that 

exists in many pathologies (e.g. post-myocardial infarction, calcification and fibrosis in 

heart valves)
7, 8

 as well as during tissue development.
9
 Additionally, few studies present 

mechanically-tunable hydrogels in a 3D context, rather using hydrogels as simple 2D 

substrates.  The limited studies on 3D stem cell mechanosensitivity include systems such 

as static alginate gels of varied crosslinking density
1
 and photodegradable gels with 
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tunable mechanics.
10

 Thus, there still exists the need for advanced material systems to 

further investigate complex mechanical environments in more biologically relevant 3D 

contexts. 

 Chapter 7 illustrated one approach to modulate mechanics in 3D, but the 

photocrosslinking method employed in that system did not allow for the spatial and 

temporal control of mechanics as sequential crosslinking provided in 2D.  In this chapter, 

the sequentially crosslinked hydrogel system outlined in previous chapters was translated 

to a 3D mechanically-tunable system, where gelation occurs around a degradable 

microsphere template, leading to macroporous structures where cells can be seeded 

through the pores with a range of mechanical signal presentations.  This chapter further 

emphasizes the utility of MeHA as this polymer not only provides controlled 2D 

mechanical environments, but also distinct 3D contextual presentations of mechanics i.e 

non-porous and porous.  This porous hydrogel system allows for further insight into 

hMSC behavior over a physiological range of mechanics (1.5-12.4 kPa) in a 3D 

macroporous context, as well as a unique method for studying hMSC response to 

dynamic mechanics (matrix stiffening).  There have been initial studies investigating the 

effects of pore morphology, mechanics, and adhesivity on hMSC motility,
11

 however 

further investigation into other complex stem cell responses, such as differentiation and 

secretion, are necessary.  This macroporous hydrogel system provides advantages over 

other mechanically-tunable systems as it can serve as a desirable tissue engineering 

platform due to its high degree of tenability, as well as the benefits imposed by a porous 

architecture (high water content and potential for cell infiltration). 
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8.2 Materials & Methodology 

8.2.1 MeHA Synthesis and Characterization 

 Methacrylated hyaluronic acid (MeHA) was synthesized as described in Chapter 4 

in order to obtain a macromer with 100% modification (% methacrylation).
6
  

Modification efficiency was defined as percentage of HA repeat units containing 

methacrylates based on 
1
H-NMR.  Briefly, sodium hyaluronate (Lifecore, 59 kDa) was 

dissolved at 1 wt% in dIH2O and methacrylic anhydride (MA) was added dropwise (2.4 

mL MA per g HA) while stirring at 4°C.  The pH was maintained above 8 during the 

reaction by adding 5 N NaOH for 8 hours, followed by overnight reaction and further 

addition of MA (1.2 mL per g HA) and pH maintenance for 4 hours the following day.  

The macromer solution was dialyzed against dIH2O (SpectraPor, MW cutoff 6000-8000 

Da) for 4 days, frozen at -80 °C, lyophilized and stored in powder form. 

 

8.2.2 Macroporous Hydrogel Fabrication and Characterization 

 For the sequentially crosslinked hydrogel system, a 3 wt% MeHA solution 

dissolved in 0.2 M triethanolamine (TEA) at pH 9 was reacted with dithiothreitol (5 mM) 

in order to ‘‘consume’’ 15% of the methacrylates (Figure 8.1A ‘Addition’) for 2h at 37 

°C.  In order to vary the crosslink density, a solution of 0.05% I2959 (Irgacure) was then 

incubated with the hydrogels for 1 h, followed by a range of UV exposure times (up to 2 

min) using 10 mW/cm
2
 collimated UV light (Omnicure S1000 UV Spot Cure Systems), 

where the time of light exposure controlled the extent of secondary crosslinking. The 

compressive moduli of non-porous hydrogels were determined using a Dynamic 
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Mechanical Analyzer (DMA, TA Instruments). A mechanical testing regimen of 10% 

strain/min was used and the compressive modulus for each hydrogel was determined by 

evaluating the stress-strain slope between 5% and 20% strain (n=4 hydrogels/ group).  

 Porous hydrogels were fabricated using a similar approach, but the addition 

crosslinking solution was pipetted onto a cylindrical PMMA microsphere template 

(Polysciences, Inc. average diameter of beads ~250 µm) with diameter 7.5 mm and 

 

Figure 8.1 (A) Schematic of sequential crosslinking process used for the fabrication of 

hydrogels with varying crosslinking. Methacrylates are first consumed using a dithiol 

crosslinker (DTT) via a Michael Addition (‘Addition’) reaction. Remaining methacrylates can 

be further crosslinked using UV light in the presence of photoinitiator (kinetic chains shown 

with dotted lines, ‘Radical’). (B) Addition crosslinking of MeHA around a PMMA microsphere 

template results in a porous hydrogel architecture following microsphere leaching by solvent 

exchanges (acetone, ethanol, PBS). Following template removal, the mechanics are tuned by 

introducing photoinitiator (I2959) and varying UV exposure time (0–120 s). Cells are then 

seeded on both sides of the porous hydrogel and cultured with static or dynamic mechanics (by 

performing further radical crosslinking once the cells are seeded). (C) Representative image of 

hMSCs (actin, red) within porous hydrogels (FITC-coupled, green). Scale bar = 400 µm.  
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thickness 2.3 mm that had been sonicated to introduce hexagonal close packed order 

(Figure 8.1B). Following incubation for 2h at 37 °C, the hydrogel/template constructs 

were serially washed to dissolve the beads (3X Acetone, 3X EtOH, 3X PBS). After the 

final PBS wash, a solution of 0.05% I2959 solution was introduced in order to perform 

the secondary ‘radical crosslinking’. Following UV exposure (0–120 s), the porous 

hydrogels were again washed in PBS (to remove excess I2959). The compressive 

modulus of porous samples was determined as above.  

 In order to characterize the porous morphology of the hydrogels, a 10 mM 

solution of thiolated-FITC (Toronto Research Chemicals, Inc.) was diffused into the 

hydrogels for 1h and then rinsed 3X with PBS.  Porous hydrogels were imaged using a 

two-photon confocal microscope (Zeiss LSM510) and pore diameter calculated for each 

mechanics group using ImageJ (n=20 pores/hydrogel, n=3 hydrogels/group). The same 

confocal stacks were also threshold adjusted in order to determine the porosity of the 

hydrogels for each condition (n=5 slices/hydrogel, n=3 hydrogels/group) using ImageJ. 

The porosity was then used to evaluate compressive moduli of both non-porous and 

porous hydrogels using the Gibson-Ashby model for open cell foam structures shown in 

Equation 8.1.
12

  

 

E* = (!*/!s)
n
Es (1) 

 

E* represents the modulus of the porous material, Es the modulus of the material when 

non-porous, n an arbitrary constant (taken as 2 in this porous context), and (!*/!s) the 

ratio of the porous and non-porous densities (calculated as stated above using ImageJ). 
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8.2.3 Porous Hydrogel Preparation for Cell Culture 

 As above, porous hydrogels were fabricated using microsphere templates and 

targeting ~15% methacrylate consumption with DTT with secondary UV exposure to 

alter the crosslink density.  Prior to addition crosslinking, the adhesive oligopeptide 

GCGYGRGDSPG was coupled to the MeHA backbone (1 mM RGD) using the same 

‘addition reaction’ method.  While the RGD peptide binds to methacrylates that would 

otherwise be consumed by Michael Addition or radical crosslinking, the percentage of 

methacrylates consumed (assuming 100% coupling efficiency) was only ~1% for this 

coupling process and RGD concentration used.  Prior to cell-seeding, samples were 

 

Figure 8.2 Photopatterning schematic for macroporous hydrogels.  Photoinitiator (I2959) and 

photoreactive dye (MeRho) are swelled into ‘Addition’ Only Hydrogel and photomask applied 

to spatially restrict UV light and create soft (-UV, unexposed) and stiff (+UV, exposed) regions 

within the same hydrogel.  hMSCs are then seeded on the patterned hydrogels after removing 

I2959 and unreacted MeRho with 3X PBS washes.  
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sterilized using germicidal UV for 1 h, and pre-incubated with growth medium.  Growth 

medium consisted of the base medium !-MEM, 20% FBS, 1% L-glutamine, and 1% Pen-

Strep (Gibco for all components).  125,000 hMSCs (Lonza, passage 3) were pipetted onto 

each side of the porous hydrogels (Figure 8.1B, 250,000 hMSCs total) and cultured for 

14 days in growth medium.  In order to investigate hMSC response to dynamic (step-wise 

increase) mechanics, 0.05% I2959 solution was added to 2.6 kPa hydrogel groups on day 

2 and day 7 of cell culture for 1 hour and then exposed to UV for 80 s.  Following UV 

exposure, hydrogels were washed 3X with growth medium (30 s per wash) to remove 

excess initiator.  For spatially-controlled porous hydrogels, a PBS solution containing 

0.05% I2959 and 10 µM of the photoreactive dye Methacryloxyethyl Thiocarbamoyl 

Rhodamine B (MeRho, Polysciences, Inc.) was swelled into Addition-Only porous 

hydrogels (Figure 8.2).  Using a photomask, UV light exposure (120 s) was restricted to 

half the porous hydrogel and following exposure, patterned hydrogels were washed 3X 

with PBS in order to remove excess I2959 and MeRho. 

 

8.2.4 Cell Morphology Assessment and Proliferation/Metabolic Activity  Quantification 

 hMSC morphology was assessed using rhodamine-phalloidin staining on days 2, 

7, and 14 for uniform static and dynamic conditions.  For patterned hydrogels, cell 

morphology and density were assessed at day 2 only.  Cells were fixed in 10% formalin 

for 10 min, permeabilized with 0.25% Triton-X for 10 min, and stained with rhodamine-

phalloidin for 40 min with 3X PBS washes after each step.  Cells were imaged using a 

Zeiss LSM510 confocal microscope.  Cell proliferation was quantified using the 

PICOGREEN dsDNA assay on days 2, 7, and 14 for all uniform conditions.  Samples 
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(n=4) were placed in CellLytic (Sigma) solution for 1 hour and vortexed gently at 37° C.  

Samples were measured on a TECAN InfiniteM200 plate reader and compared with a 

dsDNA standard curve in order to determine the total DNA content.  For patterned 

hydrogels, samples were stained with DAPI for 5 min and imaged using confocal 

microscopy in order to quantify local cell density in exposed and unexposed regions of 

the hydrogel in order to determine the homogeneity of cell seeding.   

  In order to assess the effect of UV and free radical exposure on cell metabolic 

activity, Alamar Blue assay (Invitrogen) was performed on all dynamic conditions at 

each time point to ensure there were no detrimental effects from the stiffening process.  

Cells were washed with PBS and 2 mL of Alamar Blue solution (50X dilution) was 

added to each sample.  Following incubation for 3 h, fluorescence of the solution was 

measured using a TECAN InfiniteM200 plate reader (560 nm excitation, 590 nm 

emission). 

 

8.2.5 Gene Expression and Secretory Profile Characterization 

  In order to assess cell differentiation, RNA was extracted from each sample (n=4) 

using Trizol reagent (Invitrogen) and a manual tissue grinder.  RNA was reverse-

transcribed into cDNA and PCR was performed on the following genes: Collagen II 

(COL2) and SOX9 (chondrogenic), !-Smooth Muscle Actin (aSMA) and Calponin 

(CALP) (myogenic), Osteocalcin (OC) and Alkaline Phosphatase (ALP) (osteogenic), 

Fatty-Acid Binding Protein (FABP) and Peroxisome Proliferator-Activated Receptor " 

(PPARG) (adipogenic).  Using GAPDH as a housekeeping gene, relative gene expression 

was determined using the ##CT method and all experimental values are plotted relative to 
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the day 0 undifferentiated hMSCs seeded into each hydrogel.  Note that CT for GAPDH 

were consistent between all groups and controls (data not shown). 

  hMSC secretory profiles were characterized for both angiogenesis and cytokine 

factors (R&D Systems, kits ARY005 and ARY007) by collecting culture media on days 

2, 7, and 14 and pooling for each condition (n=3). The protein arrays were threshold 

adjusted and analyzed using a protein array analyzer (ImageJ, NIH) to quantify pixel 

intensity.  Each value was then normalized to the max expression of that protein and 

plotted in descending order with the protein most highly expressed plotted at the top and 

proteins minimally expressed plotted at the bottom. 

 

8.2.6 Statistical Analysis 

  Statistics were performed using One-Way and Two-Way ANOVA and Tukey’s 

post-hoc test (R, Free Software Foundation) for hydrogel mechanics, hydrogel pore sizes, 

cell proliferation and gene expression studies. 

 

8.3 Results and Discussion 

8.3.1 MeHA Hydrogel Mechanical Characterization 

  We used a sequential crosslinking process to obtain a wide range of crosslinking 

densities from the same starting material, by altering the extent of methacrylate 

polymerization in already formed networks using UV light exposure.  Compressive 

moduli were obtained for bulk non-porous hydrogels (containing RGD peptide) formed 

with this sequential crosslinking system (Figure 8.1A) using DMA and are reported in 

Figure 8.3.  A range of moduli from 1.5 kPa (no UV exposure) to 7.4 kPa (120 s UV 
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exposure) was obtained by varying the UV exposure time during the secondary radical 

crosslinking step.  This represents a simple process to alter hydrogel mechanics to form 

materials with mechanics that encompass a wide range of tissues.
13

   

  Due to the porosity and low degree of crosslinking, the bulk mechanics of the 

porous hydrogels were difficult to measure using the DMA for groups below the stiffest 

condition (7.4 kPa, 120 s UV exposure).  The bulk compressive modulus of this 

formulation in a porous architecture measured ~0.2 kPa, which agrees well with the 

Gibson-Ashby model give our measured porosity of ~85% (as determined using 

threshold adjusted confocal images, example shown in Figure 8.3).  Given that the 

moduli of both porous (0.2 kPa) and non-porous (7.4 kPa) hydrogels fit the model for 

open cell foam mechanics, we are confident that the moduli of the reported non-porous 

 

Figure 8.3 Hydrogel compressive moduli for bulk sequentially crosslinked hydrogels (0-120s 

UV exposure range).  Statistically significant differences (p<0.05) were observed between all 

groups.  Example of original confocal slice showing porous morphology (FITC dye used for 

visualization), as well as thresholded image to determine hydrogel porosity used to validate non-

porous vs. porous bulk mechanics using Gibson-Ashby equation.  Scale bar = 200 µm.  

 



194 

hydrogels were representative of the microscale moduli experienced by the hMSCs at 

each hydrogel formulation.  This local modulus is most relevant as this is what the cell 

experiences during adhesion, spreading, and traction-mediated behavior. 

  Due to the highly swollen nature of porous hydrogels, the average pore size was 

calculated for each mechanics group as shown in Figure 8.4 with representative images 

of the porous architecture for varied UV light exposure.  While there was a significant 

difference in pore size between the softest (1.5 kPa) and stiffest (7.4 kPa) conditions, this 

difference in pore sizes (310 µm vs. 270 µm, respectively) likely has a minimal effect on 

cell behavior because the pore size scale (hundreds of µm) is much larger than that of 

cells (tens of µm).  However, these differences between the softest and stiffest groups 

must be considered in the context of the results of this study.  In one particular study 

investigating the effects of porous hydrogel mechanics, pore sizes on the order of cell 

 

Figure 8.4 Average pore size and representative images for macroporous hydrogels with varied 

crosslinking. Scale bar = 400 µm. Significant differences *p<0.05.  
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diameters (7-20 µm) were used to demonstrate the influence of porous architecture on 

MSC motility.
11

 Our study similarly utilized a mechanically-tunable porous system, 

however we further investigated the effects of 3D porous mechanics on other stem cell 

responses (morphology, prolieration, differentiation, and secretion), as well as the effects 

of spatial and temporally modulated mechanics. 

 

8.3.2 hMSC Morphology and Proliferation Response to Mechanics 

  Uniform distribution of hMSCs within the pores was evident after 24 h (Figure 

8.5), likely facilitated by the highly-swollen nature of the porous hydrogels, as well as the 

presence of interconnected pores. Stem cell morphology and proliferation exhibited 

 

Figure 8.5 Initial cell seeding within macroporous hydrogels.  Cells stained for actin 

cytoskeleton (rhodamine-phalloidin, red) and nuclei (DAPI, blue) within FITC-labeled hydrogel 

(green).  Arrows indicate interconnected pores allowing for cell infiltration throughout the 

scaffold.  Scale bar = 200 µm 
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mechanodependence in porous hydrogels as shown in Figure 8.6.  Cells exhibited 

increased spreading and a more organized actin cytoskeleton with increasing mechanics 

on day 2 (Figure 8.6A), which agrees well with previous findings in 2D systems.
6, 14

 Due 

to the macroporous scaffold morphology, this system represents a quasi-2D presentation 

of mechanics that directs the formation of a complex 3D environment for the cells seeded 

within the hydrogel.  By day 7, cells in the 2.6, 3.8, and 7.4 kPa groups had similar 

confluent morphologies with cells filling the scaffold pores as opposed to the 1.5 kPa 

group, which had begun to contract the scaffold resulting in a distinct cell mass. 

  Although there was an increase in DNA with time above a threshold mechanics of 

2.6 kPa, there was no significant difference in DNA content at any of the time points 

 

Figure 8.6 (A) hMSC morphology/cytoskeletal organization (actin, red) in porous hydrogels at 

day 2, 7, and 14. (B) Cell numbers (represented with DNA content) with culture time in the 

various macroporous hydrogels. Statistically significant differences were observed between ‘1.5 

kPa’ and all other groups at days 7 and 14 (*p < 0.01) and with hydrogels at a given mechanics 

between day 2 and day 14 (**p < 0.001). Scale bar = 400 µm. 
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among the 2.6, 3.8, and 7.4 kPa groups, potentially due to the high seeding density and 

cell-cell interactions.  Contact inhibition of proliferation is apparent in stem cell culture 

once confluency is reached
15

 and this could contribute to the lack of differences observed 

in cell number between the groups above 1.5 kPa as the cells completely fill the pores by 

day 7.  Furthermore, there was no significant increase in DNA over time in the 1.5 kPa 

condition, which was significantly lower at the 7 and 14 day time points than all other 

conditions (Figure 8.6B).  Although the observed contraction in the 1.5 kPa hydrogels 

and the proliferation/confluency of the other groups resulted in differences in cell-

scaffold and cell-cell interactions with time (as well as an accompanied decrease in 

porosity), the initial mechanical cue provided by the porous hydrogels played a role in the 

resulting stem cell behavior.  It was not possible to directly measure the hydrogel 

mechanics in the presence of cells during the experiment and any cell produced matrix 

could also influence local interactions within the hydrogel. 

 

8.3.3 hMSC Lineage Marker Expression in Response to Mechanics 

  hMSC expression of lineage markers was evaluated after 14 days in growth 

medium for four common hMSC fates: chondrogenesis, myogenesis, osteogenesis, and 

adipogenesis.  The growth medium does not include inductive components to direct cells 

to a specific lineage.  The only notable upregulation in genes (relative to d0 hMSCs) 

occurred for the chondrogenic and adipogenic markers: Col2 (two- to three-fold) and 

Sox9 (four- to eight-fold) for chondrogenesis and FABP (two-fold) for adipogenesis 

(Figure 8.7).  Because the cells were cultured in growth medium, changes in gene 

expression are likely due to morphology, proliferation, and cell-cell contacts imposed by 
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differential mechanics and the porous architecture. 

  There were no significant differences between groups for the chondrogenic genes; 

however, FABP and PPARG expression significantly differed between 1.5 kPa and all 

other mechanics.  Although osteocalcin expression was highest in the softest hydrogels 

(contrary to 2D findings),
16

 studies have demonstrated increased upregulation of 

osteocalcin in softer 3D hydrogels that allow for scaffold contraction and reduced 

proliferation.
17, 18

 The increased cell-scaffold compaction also resulted in enhanced cell-

cell contact, which has been correlated with chondrogenesis in pellet cultures.
19

 There 

 

Figure 8.7 Day 14 expression of various genes for hMSCs cultured in porous hydrogels. Values 

above dotted line indicate upregulation relative to d0 hMSCs. Statistically significant 

differences: *p < 0.05, #p < 0.01, +p < 0.001.  
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were also observed differences in myogenic marker aSMA and CALP expression, with 

the 1.5 kPa condition exhibiting greater downregulation (five-fold and twenty-fold for 

aSMA and CALP, respectively) while the other mechanics did not exhibit as drastic of a 

downregulation of these myogenic markers relative to d0 hMSCs.  Softer hydrogels (~1 

kPa) have demonstrated reduced myogenic potential for hMSCs cultured in growth 

medium (in the presence and absence of TGF!) coupled with enhanced chondrogenesis,
20

 

which correlates well with the differentiation profile observed for stem cells cultured in 

1.5 kPa hydrogels.  Thus, there is evidence that the outlier in spreading and proliferation 

(i.e. 1.5 kPa) exhibits differences in differentiation marker expression influenced by the 

initial porous hydrogel mechanics. 

 

8.3.4 hMSC Secretory Profile Response to Mechanics 

  Collected medium was analyzed for 55 angiogenesis and 36 cytokine factors 

using proteome profile arrays and results for each mechanics group are plotted in Figure 

8.8.  There was a general increase in angiogenic/cytokine factor expression for the softer 

hydrogels (1.5 and 2.6 kPa) with time.  There was maximal expression in the softer 

hydrogels at day 14 for 9 factors (IL-8, IL-6, GROalpha, MIF, CXCL16, 

Thrombospondin-1, GDNF, GM-CSF, and G-CSF).  With the stiffer hydrogels (3.8 kPa 

and 7.4 kPa), there was initially a greater overall secretion at day 2 for several factors 

followed by a noticeable decrease by day 14, such as MMP-9, Ang-1, Ang-2, Endothelin-

1, Activin A, Serpin B5, and EG-VEGF.  There were also only 2 maximally secreted 

proteins at day 14 (MCP-1 and IGFBP-1) on the stiffer hydrogels at day 14.  Temporal 

changes in trophic factor secretion have also been demonstrated on 2D substrates,
21
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where stiffer substrates (~20 kPa) have been shown to initially support greater factor 

secretion while after 2 weeks the secretion profiles shift to greater secretion on softer 

hydrogels (~2 kPa).  Also of note, the angiogenic factors PlGF and Angiogenin exhibited 

 

Figure 8.8 Secretory profiles for angiogenic and cytokine factors by hMSCs interacting with 

porous hydrogels at days 2, 7, and 14. Molecule expression is normalized to the maximum 

detected expression. Molecules are then plotted with those having the highest maximal 

expression at the top and those with minimal detection at the bottom. Normalized colorimetric 

scale bar displayed on the right.  
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profiles with both temporal and mechanical dependence as they were transiently secreted 

from 2.6 kPa hydrogels at day 7, but minimally detected on other days and from other 

mechanics.  With respect to changes in secretory molecules on a per cell basis, the only 

group that had significantly different cell numbers was the softest 1.5 kPa hydrogel 

compared to all other groups at day 7 and 14.  This further amplifies the findings, as the 

softest group had the highest total secretion values for several molecules at these later 

time points. 

  While the porous hydrogel system did not afford a group with uniformly high 

factor secretion, the secretome profiles showed distinct temporal behavior based on the 

initial scaffold mechanics.  In tissue engineering applications, the timing of stem cell 

incorporation is of critical importance
22, 23

 and further investigation into the effects of 

mechanics on not only the factors secreted, but also their temporal expression is 

necessary.  These results reinforce the importance of the mechanics magnitude and 

presentation on cell behavior with respect to the production and release of trophic factors 

from cell-hydrogel constructs.  

 

8.3.5 hMSC Response to Heterogeneous Mechanics 

  The sequential crosslinking scheme not only allows for tunable mechanics in 

uniform hydrogels, but also spatially-controlled mechanics due to the use of UV light in 

the secondary crosslinking step.  Using a photomask, UV light exposure was restricted to 

half the porous hydrogel in order to create soft (‘1.5 kPa’, -UV) and stiff (‘7.4 kPa’, 

+UV) regions within the same hydrogel.  Figure 8.9A  shows the distinct mechanics 

regions within the same hydrogel as regions of UV exposure are indicated through the 
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incorporation of the photoreactive MeRho (red, +UV).  Cells within the +UV region were 

highly spread and possessed highly organized cytoskeleton (+UV inset) compared to 

cells within the -UV region, which were less spread and possessed diffuse, unorganized 

cytoskeleton (-UV inset).  These local responses agreed well with the uniform porous 

hydrogel responses observed in Figure 8.6, and further emphasize the importance of the 

stem cell microenvironment mechanics on stem cell behavior.  In order to determine if 

differences in cell density contributed to stem cell morphology within the patterned 

hydrogels, cell nuclei were counted within the soft and stiff regions of the hydrogels.  

Figure 8.9B illustrates the similar cell densities observed in both mechanically-distinct 

regions thus reducing the possibility of differences in morphology influenced by cell-cell 

contact and paracrine effects. 

 

 

Figure 8.9 Short term hMSC response to patterned mechanics in macroporous hydrogels.  

Compiled confocal stacks showing distinct soft (-UV ‘1.5 kPa’) and stiff (+UV ‘7.4 kPa’) 

regions within the same hydrogel.  MeRho (red) indicates region of UV exposure.  Insets show 

representative cytoskeletal organization of cells (actin, green) in each mechanically distinct 

region.  Scale bars = 500 µm (low magnification) and 200 µm (high magnification)  Local cell 

density quantified by staining for cell nuclei (DAPI, blue) in each region (n=4). 
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8.3.6 hMSC Responses to Dynamic Mechanics 

  In addition to providing a means to alter static mechanical properties in 

constructs, the sequential crosslinking technique can also temporally alter mechanical 

properties when the UV light exposure occurs at a later time point once cells are seeded.  

In this example, this leads to a step-wise increase in mechanical properties.  Figure 

8.10A demonstrates the ability of this hydrogel system to “stiffen” by exposing an 

initially soft 2.6 kPa hydrogel (‘static’) to an additional 80 s of UV (120 s total UV 

exposure, ‘dynamic’) in order to significantly increase the modulus to 12.4 kPa.  The 

 

Figure 8.10 (A) Dynamic mechanics as measured by DMA. Significant differences between 

stiffened (12.4 kPa) and unstiffened (2.6 kPa) conditions * p < 0.001 (B) Cellular DNA content 

over time in dynamic hydrogels. Significant differences in 2.6 kPa hydrogels from day 2 to day 

14 (+p < 0.01) and in 12.4 kPa-day 2 stiffened hydrogels from day 7 to day 14 (#p < 0.05). (C) 

Alamar Blue assay shows no difference in cell metabolic activity after stiffening at either time 

point (D) Cell morphology in dynamic hydrogels (actin, red) at day 14. Scale bar = 400 µm. 
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intermediate modulus group of 2.6 kPa was chosen as the group to be stiffened as it 

represented the threshold mechanics above which cell morphology and proliferation did 

not show significant differences (see Figure 8.6).  While the stiffened condition of 12.4 

kPa did not match the static condition with the highest modulus (7.4 kPa), the ability to 

dramatically increases the hydrogel mechanics still allowed for insight into the effects of 

dynamic mechanics on stem cell behavior in 3D.  hMSC photoencapsulation under 

similar crosslinking conditions has been well established and shown not to diminish cell 

viability,
19, 24, 25

 and recent work performed in a similar 2D stiffened system has 

demonstrated minimal effect of delayed UV exposure on cell viability.
26

 

  There were no significant differences in cell proliferation and morphology 

(Figure 8.10B, D), which agreed well with previous results for static hydrogels (Figure 

8.6) above the 2.6 kPa threshold.  Like the static conditions, cell DNA content increased 

roughly twofold by day 14 for unstiffened and stiffened conditions and cells spread and 

became confluent throughout the porous hydrogels.  There also were no observed 

differences in metabolic activity as shown in Figure 8.10C indicating that hydrogel 

stiffening and delayed exposure to UV did not significantly impact cell viability at either 

stiffening time points.  Our previous work indicates that the exposure of the cells to this 

intensity and duration of UV light and the photoinitiator does not have detrimental effects 

on cell viability.
26

  Furthermore, there were no significant differences in cell 

differentiation for either of the stiffening conditions (day 2 or day 7) compared to 

unstiffened 2.6 kPa condition (Figure 8.11), which also agreed with the static mechanics 

results above this threshold mechanics (Figure 8.7). 

  While the morphology, proliferation, and differentiation responses to dynamic 
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mechanics do not reveal a significant stem cell response to dynamic mechanics (due to 

the range selected), the secretory profiles demonstrate otherwise.  As shown in Figure 

8.12, there were overall decreases in stem cell angiogenic and cytokine factor expresson 

for all stiffening conditions on both day 7 and day 14.  On day 7, the hydrogels stiffened 

on day 2 had recuded expression of 12 proteins: Angiogenin, CXCL16, EG-VEGF, 

IGFBP-1 and -2, MCP-1, Pentraxin 3, CXCL4, PlGF, IL-8, MIF, and uPA.  On day 14, 

there was an even greater difference in factor secretion between unstiffened 2.6 kPa 

hydrogels and day 2 stiffened 12.4 kPa hydrogels.  Nearly every protein with diminished 

expression on day 7 (with the exception of uPA and CXCL4) also exhibited lower 

expression at day 14 along with Ang-1, Endothelin-1, MMP-9, Serpin F1, and 

 

Figure 8.11 Day 14 hMSC gene expression with values above dotted line indicative of 

upregulation relative to d0 hMSCs 
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Thrombospondin-1.  The secretory profile for hMSCs in day 7 stiffened 12.4 kPa 

hydrogels also showed diminished expression at day 14, but not quite as different as in 

 

Figure 8.12 Secretory profiles of static and dynamic cultures plotted with maximally expressed 

proteins at the top and minimally expressed proteins at the bottom. Values are normalized to 

maximum expression of unstiffened 2.6 kPa hydrogels and stiffened hydrogels (day 2 and day 

7) only. Normalized colorimetric scale bar displayed on the right.  
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the day 2 stiffened 12.4 kPa condition.  At day 14, only 10 factors showed decereased 

expression for the day 7 stiffened groups when compared to day 2 stiffened hydrogels, 

which had 15 factors with reduced expression.  This provides evidence for dynamic stem 

cell responses as cells that were exposed to the stiffer 12.4 kPa microenvironment for 

longer times showed a greater reduction in angiogenic and cytokine factor expression. 

  The results of this dynamic culture implicate mechanics as a profound effector of 

stem cell angiogenic and cytokine factor secretion.  Although there were no significant 

differences in stem cell morphology, proliferation, and differentiation that resulted from 

hydrogel stiffening, the differences in secretor profiles can be attributed to dynamic 

mechanics.  This also provides evidence that hMSCs were responsive to hydrogel 

mechanics after day 7 even though there is a possibility of ECM during the culture 

period, which could contribute to a change in local mechanics and stem cell behavior.  

Further studies are necessary to determine how hMSCs dynamically sense changes in 

mechanics and how this mechanosensing signal results in changes in secretion of specific 

factors in vitro and in vivo. 

 

8.4 Conclusions 

  A range of hydrogel mechanics (1.5-12.4 kPa), as well as heterogeneous and 

dynamic mechanics, were investigated in this chapter and shown to influence hMSC 

behavior in 3D macroporous hydrogels.  Cell proliferation and morphology in porous 

hydrogels were mechanosensitive, as cells cultured in hydrogels with modulus >1.5 kPa 

exhibited greater initial spreading and proliferation over two weeks.  Differentiation was 

also shown to be mechanically-dependent as the expression of several genes differed 
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between the 1.5 kPa hydrogels and all other mechanics groups.  Evidence for hMSC 

secretory profile dependence on mechanics was apparent, as distinct temporal secretion 

profiles were evident for softer (1.5 and 2.6 kPa) and stiffer (3.8 and 7.4 kPa) hydrogels.  

hMSC secretion was also temporally modulated by stiffening 2.6 kPa hydrogels at two 

different time points and found to decrease more drastically when stiffened at an earlier 

time poit (day 2).  The results of this chapter futher emphasize the importance of the 

initial mechanics (magnitude, context, timing) on stem cell behavior in vitro and how 

mechanics should be incorporated as a design variable for biomaterials and considered 

when elucidating stem cell responses in vivo. 
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CHAPTER 9 

Summary, Limitations, and Future Directions 

 

9.1 Summary 

 As the field of tissue engineering continues to make progress towards the 

development of sophisticated regenerative medicine therapies, further insight into how 

stem cells interact with and respond to complex biomaterial signals is essential.  The 

ability of biomaterials to elicit stem cell responses has been the focus of significant 

research and, more recently, the inherent mechanical properties of biomaterials have been 

highlighted as a major effector of numerous stem cell behaviors such as morphology, 

proliferation, differentiation, and secretion of factors.  With this in mind, the goal of this 

dissertation was to design a mechanically-tunable hydrogel system with the ability to 

control the presentation of mechanical signals in terms of magnitude, spatial and 

temporal profiles, as well as context (2D vs. 3D).  The implications of this work extend 

not only to further understanding fundamental stem cell biology, but also to reinforce the 

incorporation of matrix mechanics as an important design variable for future tissue 

engineering strategies. 

 In order to accomplish this goal, a sequentially crosslinked hydrogel system based 

on the naturally-derived polymer hyaluronic acid (HA) was developed (Chapter 4).  After 

demonstrating initial mechanosensitive human mesenchymal stem cell behavior on 

uniform, synthetic poly(ethylene glycol) diacrylate hydrogels, two sequential crosslinking 

systems were investigated for their potential to present controlled mechanical signals to 
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hMSCs in terms of spatial and temporal mechanical properties.  The first system involved 

the formation of an interpenetrating network of calcium-crosslinked alginate and 

radically polymerized PEGDA.  While this system demonstrated a wide range in 

mechanics (from ~2-85 kPa), as well as the ability to spatially control mechanics, the 

inability of this hydrogel to adequately support uniform cell attachment and survival 

necessitated development of an alternate mechanically-tunable system.  Chemically 

modifying HA with a reactive methacrylate functionality (i.e., methacrylated HA, 

MeHA) allowed formation of hydrogels via two distinct mechanisms: 1) Michael 

Addition (‘Addition’) using a dithiol crosslinker, and 2) Radical polymerization 

(‘Radical’) using UV light in the presence of a photoinitiator.  Using this system, MeHA 

could be initially ‘Addition’ crosslinked by consuming a fraction of the methacrylates 

followed by secondary ‘Radical’ crosslinking in order to further consume unreacted 

methacrylates.  Utilization of UV light in the secondary crosslinking process afforded 

spatial and temporal control of crosslinking density, and thus hydrogel modulus.  This 

system confirmed our Specific Aim 1 hypothesis as it demonstrated a wide range in 

elastic moduli (~3-100 kPa), spatial and temporal control of mechanics, and adequately 

supported cell attachment and survival. 

 Chapter 5 first demonstrated the ability of sequentially crosslinked MeHA 

hydrogels to control hMSC behavior on 2D thin films with uniform, as well as spatially 

and temporally modulated mechanics in standard growth medium.  As expected, hMSCs 

exhibited a general trend of increased spreading with increasing mechanics, as well as 

proliferated at a significantly higher rate on stiffer hydrogels (~100 kPa) compared to 

softer hydrogels (~3 kPa).  These trends observed on uniform hydrogels were conserved 
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in hydrogels with spatially controlled mechanics as the local mechanics were shown to 

direct the local cell behavior.  Specifically, on hydrogels with photopatterned stripes of 

soft and stiff regions, hMSCs remained rounded on the softer (-UV) stripes while cells on 

the stiffer (+UV) stripes became highly spread.  Likewise, on hydrogels with a gradient in 

mechanics, the local cell morphology was shown to steadily increase along the length of 

the gradient in accordance with the increase in local mechanics (from ~6-90 kPa).  

Finally, hMSCs were shown to respond to dynamic mechanics as stiffening the hydrogel 

from ~5 to 33 kPa resulted in hMSCs (which were initially rounded) adopting a more 

spread morphology characteristic of cells cultured on static hydrogels of the same 

mechanics (~33 kPa). 

 In Chapter 6, the effects of spatially controlled mechanics on hMSC 

differentiation were determined in a well-established adipogenic-osteogenic inductive 

medium system.  Stem cell differentiation was found to be dependent on hydrogel 

mechanics as adipogenesis and osteogenesis were promoted on softer (~2 kPa) and stiffer 

(~30 kPa) hydrogels, respectively.  The effects of spatially controlled mechanics on 

hMSC differentiation in this bipotential inductive system were also investigated for both 

photopatterned stripes and a gradient in mechanics.  Similar to Chapter 5, the 

differentiation of hMSCs was shown to depend on the local mechanics as cells on the 

softer stripes (~2 kPa) favored adipogenesis, while cells on the stiffer stripes (~30 kPa) 

favored osteogenesis.  This trend was also demonstrated in a gradient manner, as the ratio 

of osteogenesis:adipogenesis increased with increasing mechanics along the gradient.  

The results shown in Chapters 5 and 6 thus confirm the hypothesis outlined in Specific 
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Aim 2: stem cell behavior is dependent on the local hydrogel mechanics in uniform, 

patterned, and gradient hydrogels. 

 Chapter 7 presents a departure from the 2D hydrogel systems in Chapter 5 and 6 

and introduces controlled mechanics in a non-porous system using MeHA.  Varying the 

ratio of low- and high-modified MeHA polymers resulted in a range of mechanics (~4-25 

kPa).  hMSC morphology was highly dependent on the crosslinking density as only cells 

in the softest ~4.2 kPa hydrogels could adopt a spread morphology, while cells in more 

densely crosslinked hydrogels were restricted to a rounded morphology.  Expression of 

differentiation markers was also dependent on mechanics as there was greater 

upregulation of genes associated with a ‘rounded’ lineage (chondrogenic and adipogenic) 

in hydrogels above the softest group as the cells maintained a rounded morphology 

throughout the culture period.  Similarly, the threshold response was observed in terms of 

secretion as hMSCs in ~4.2 kPa hydrogels showed maximal expression of angiogenic and 

cytokine factors at day 7 and 14.  While this system did not afford the ability to spatially 

and temporally control mechanics (due to radical-only crosslinking), it highlights the 

importance of contextual presentation of mechanics (3D non-porous) on hMSC 

responses. 

 In Chapter 8, the sequential crosslinking system was translated into a 3D 

macroporous system in order to investigate the effects of spatially and temporally 

controlled mechanics on hMSCs in a 3D porous context.  Porous hydrogels with spatially 

and temporally controlled mechanics were successfully created by performing the 

addition crosslinking around a degradable PMMA microsphere template and controlling 

the location and timing of UV exposure.  Using this system, we successfully showed that 
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hMSC morphology, proliferation, and differentiation exhibit mechanically-dependent 

responses.  Above ~1.5 kPa kPa, hMSCs adopted a highly spread morphology, 

significantly increased in cell number over the culture period and possessed distinct 

differentiation marker signatures when compared to the hMSCs in the 1.5 kPa condition.  

Secretion of factors was also shown to be mechanosensitive as higher secretion levels 

were apparent for stiffer hydrogels (~3.8 and 7.4 kPa) at an early time point (day 2) while 

by day 14, greater secretion was observed in the softer hydrogels (~1.5 and 2.6 kPa).   

Furthermore, upon stiffening of hydrogels from ~2.6 to 12.4 kPa at two time points (day 

2 and day 7), noticeable decreases in secretion were observed at both day 7 and day 14.  

The timing of stiffening was found to be important as there was a greater reduction in 

secretion at day 14 for hydrogels that were stiffened at an earlier time point (day 2) as 

compared to those hydrogels stiffened at a later time point (day 7).  Notably, these results 

were found to be independent of other cell responses as cell morphology, proliferation, 

and differentiation marker expression were similar for all static (unstiffened) and 

dynamic (stiffened) conditions.  The work outlined in Chapters 7 and 8 therefore 

demonstrate the importance of context (non-porous vs. porous) and spatial and temporal 

presentation of mechanics in 3D on hMSC behavior. 

 

9.2 Limitations and Future Directions 

9.2.1 Overall limitations 

 The majority of this work presents mechanically-controlled environments that do 

not fully mimic native tissue microenvironments in terms of their network structure 

(mesh size), degradability, and fibrous architecture.  While attempts were made to 
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translate the 2D sequentially crosslinked system into a more biologically relevant 3D 

context, the non-porous and porous hydrogel systems do not fully recapitulate the 

complexities in native tissue.  Furthermore, the cell adhesive ligand used in this system 

(RGD) is a simplified analog for entire proteins, such as fibronectin and vitronectin, 

which may not elicit the appropriate response due to the lack of synergy-binding 

sequences, as well as the geometric orientation of the binding site.
1, 2

  Therefore, further 

investigation into stem cell mechanosensing in more biologically relevant contexts that 

incorporate fibrous architecture and more complex chemical signals are necessary to 

better understand the effect of mechanics on stem cell behavior.  Finally, the use of 

purely elastic materials (such as the hydrogels used in these studies) to mimic native 

tissue moduli has limitations as native tissues possess viscoelastic properties such as 

strain stiffening.
3, 4

 

 

9.2.2 Specific Aim 1: Develop sequentially crosslinked hydrogel systems with both 

spatially and temporally controlled mechanics. 

 

9.2.2.1 Limitations 

 In order to modulate mechanics, crosslinking density was varied by adjusting the 

amount and type of ‘addition’ and ‘radical’ crosslinking.  However, as the MeHA 

hydrogels exhibited pronounced differences in swelling, there is a possibility that 

differences in local hydrogel structure such as ligand and HA density could contribute to 

the observed stem cell responses.  Differences in crosslinking affect mesh size and could 

result in differences in ligand accessibility for different mechanics.  RGD ligand density 
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was varied in Chapter 5 in order to determine if the increased swelling in softer hydrogels 

affected stem cell spreading due to a possible ‘dilution’ of the RGD ligand as compared 

to the less swelled stiffer hydrogels.  Variations in RGD density were found to not affect 

stem cell morphology even when increased to five times the amount used throughout the 

studies.  The effect of different modification efficiencies (% methacrylation) and 

macromer concentration (% HA) should also be considered in the future as small 

functional groups can affect cell behavior
5
, as well as HA itself, which is involved in 

natural processes.
6, 7

 

9.2.2.2 Future Work 

 In order to better understand the sequential crosslinking system, a more thorough 

characterization of parameters involved in the synthesis and crosslinking steps is 

necessary.  Specifically, a high modification MeHA (~100% methacrylated) was used for 

all studies and other lower modification macromers could be investigated to determine if 

the addition of a methacrylate to the HA backbone results in a biological response or 

alters the recognition of HA functionality.  Quantification of the methacrylate 

consumption in ‘addition’ and ‘radical’ crosslinking steps would also provide further 

insight into the crosslinking kinetics and extent of reaction. Due to the functional 

versatility of the methacrylate, the MeHA hydrogel system could be modified to include 

different monothiolated functional groups, as well as dithiol crosslinkers with altered 

degradability (hydrolytic or MMP-sensitive) and/or biological responses. 

 

9.2.3 Specific Aim 2: Spatially and temporally control human mesenchymal stem cell 

(hMSC) behavior on sequentially crosslinked hyaluronic acid hydrogels. 
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9.2.3.1 Limitations 

 A notable limitation associated with this hydrogel system is the effect of 

differential swelling in patterned hydrogels.  Specifically, at the interface of soft and stiff 

regions there was an observed height difference as the increased swelling in the soft 

regions resulted in microscale topographical features.  However, at early and later 

timepoints cells were found at positions along this interface indicating that this surface-

induced topography did not serve as an effective ‘barrier’ to cell migration.  For gradient 

hydrogels, this was less of a concern as the differences in swelling occurred over a 

greater length scale and thus no topographical features were observed. 

 

9.2.3.2 Future Work 

 Further insight into stem cell mechanosensing could be gained by monitoring cell 

migration in response to spatially controlled mechanics in both static and dynamic 

settings.  For example, cells seeded on a uniformly soft substrate could be dynamically 

exposed to a gradient in mechanics at different time points in order to evaluate cell 

plasticity and motility after temporally-controlled exposure to mechanical signals.  These 

temporal responses to mechanical gradients could prove useful for investigating stem cell 

homing to pathologically stiff tissues such as cardiac scar tissue and tumors.
9, 10

   

 Determining the machinery involved in the mechanosensing response would also 

be useful for understanding how hMSCs respond to spatial and temporal mechanics.  

Inhibition of factors associated with mechanosensing (such as NMMII and ROCK) could 

elucidate the importance of tension-mediated matrix sensing in these complex 
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environments.  Furthermore, local ‘stiffening’ of the hydrogel in situ (using multiphoton 

microscopy) could allow for microscale investigation of focal adhesion formation as well 

as the temporal evolution of specific cell adhesion complexes in response to dynamic 

mechanics. 

 

9.2.4 Specific Aim 3: Investigate hMSC response to 3D presentation of mechanical 

signals in hyaluronic acid hydrogels. 

 

9.2.4.1 Limitations 

 As mentioned above, the most significant limitation of this aim is the inability to 

fully recapitulate the native architecture of complex 3D tissues.  The non-porous system, 

while relatively simple to vary the mechanics, results in somewhat confounding variables 

in terms of presentation of mechanical signals and cell morphology restrictions.  In this 

3D contextual presentation, the importance of cell morphology appears to hold 

precedence over the magnitude of mechanical signals as the threshold response in 

morphology, differentiation, and secretion could be directly correlated with the ability of 

a cell to spread within the hydrogel.  While matrix degradability could be incorporated 

into this scheme, this would result in changes in mechanics and it would therefore be 

difficult to determine whether the observed effects were a result of the matrix mechanics 

or due to differences in traction generation and cell spreading caused by local degradation 

of the matrix. 

 For the porous system, while the presentation of mechanical signals did not result 

in restricted morphologies (governed by the crosslinking density), the porous architecture 
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resulted in an effective 3D presentation of a 2D surface.  Furthermore, as cells began to 

exert tension and proliferate to fill the pores, differences in cell-cell and cell-scaffold 

contact were apparent.  Mechanical signals in this porous context therefore appear to 

direct an initial response in hMSCs that then result in differential cell-cell and cell-

scaffold interactions that then contribute to the long-term responses such as 

differentiation and secretion of factors.  However, it should be noted that even after 7 

days, when cells had proliferated and significantly increased cell-cell contact, that there 

was an observed response to matrix stiffening (in terms of factor secretion), which 

indicates that cells were still able to effectively sense and respond to the dynamic 

mechanics of the porous scaffold. 

 

9.2.4.2 Future work 

 Further investigations into 3D presentation of mechanical signals is necessary in 

order to understand the relative importance of matrix mechanics and cell interactions 

affected by these different hydrogel systems.  Although a diversion from the mechanics 

theme of this dissertation, using the non-porous MeHA system in Chapter 7 to investigate 

the effects of 3D restriction of cell morphology could be useful for understanding cell 

fate decisions.  In systems that utilize bipotential induction media, this could be 

particularly interesting as both adipogenic-osteogenic
8
 and chondrogenic-myogenic

11
 

conditions exist that involve cell types with distinct rounded (adipogenic and 

chondrogenic) and spread (osteogenic and myogenic) morphologies.  Sophisticated 

methods to characterize traction force generation in 3D
12

 could be used in these studies to 
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further understand how hMSCs effectively ‘probe’ their surroundings and respond to 

distinct mechanical signals.   

 The porous hydrogel system could be further investigated in terms of temporal 

presentation of local changes in mechanics in order to monitor potential migratory 

behavior of stem cells.  It could also be utilized as a model tissue infiltration assay as cell 

aggregates (such as embryoid or mesenchymal spheroids) or small tissue equivalents 

(such as aortic arches) could be seeded atop the porous hydrogel and the effects of 

distinct spatial and temporal mechanical signals on infiltration could be determined.  

Figure 9.1 shows initial evidence that macroporous hydrogels promote a high degree of 

infiltration both across the surface and throughout the porous architecture.  Finally, due to 

!

!

Figure 9.1 Aortic Arch day 7 infiltration into macroporous MeHA hydrogel. A) Confocal z-

stack showing radial outgrowth of arch (phalloidin, red) seeded atop macroporous hydrogel 

(FITC, green). Scale bar = 1 mm (B) Hematoxylin and Eosin staining of aortic arch outgrowth 

into macroporous hydrogel (top surface of hydrogel is to the left).  Scale bar =  1 mm 

!
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the high porosity and incorporation of HA, this porous hydrogel could be investigated as 

a tissue engineering strategy in order to serve as a cell-delivery vehicle or to promote in 

vivo repair and recruitment of regenerating tissue. 

 

9.3 Conclusions and Innovation 

 In summary, this work introduces a unique method for controlling the 

presentation of mechanical signals to adult stem cells in a uniform, as well as spatial and 

temporal manner.  Due to the synthetic versatility of HA and the ability to modify the 

crosslinking parameters associated with the sequential crosslinking process, thorough 

characterization of stem cell responses to complex mechanical environments was 

possible.  Specifically, stem cell morphology and differentiation are dependent on local 

mechanics on both 2-D films and when interacting with the surfaces of pores in 3-D 

macroporous substrates.  This work also highlights the importance of the contextual 

presentation of mechanical signals to cells as distinct morphology, proliferation, 

differentiation, and secretion profiles were observed in 2-D and 3-D non-porous and 

porous systems using the same base hyaluronic acid-based material.   

 The major innovations of this work stem from the ability of the sequentially 

crosslinked system to present mechanics in a variety of contexts (2D and 3D porous/non-

porous), as well as in distinct spatial and temporal presentations.  In 2D, local mechanics 

were shown to directly control hMSC morphology, proliferation, and differentiation in 

uniform, patterned, and gradient systems.  Furthermore, multi-lineage commitment 

(adipogenesis and osteogenesis) from a single cell population was achieved by spatially 

controlling mechanics in a single hydrogel in order to create distinct differentiation 
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patterns.  Finally, the presentation of mechanics in 3D using porous and non-porous 

hydrogel systems emphasized the importance of the context, location, and timing of 

mechanical signals perceived by hMSCs.  In non-porous hydrogels, hMSC morphology, 

proliferation, differentiation, and secretion were dictated by the mechanics and the ability 

of cells to spread within the 3D network.  In porous hydrogels, the mechanical signals 

directed cell-cell and cell-scaffold interactions, which resulted in threshold morphology, 

proliferation, and differentiation responses.  Secretion of angiogenic and cytokine factors 

was significantly affected by hydrogel mechanics in uniform hydrogels with distinct 

temporal secretion profiles observed for soft and stiff hydrogels.  Furthermore, in porous 

hydrogels with dynamic mechanics, hMSCs were shown to be sensitive to changes in 

mechanics by altering their secretory profile while maintaining similar morphology, 

proliferation, and differentiation expression responses. 

 The implications of this research extend not only to the field of tissue engineering, 

but also mechanobiology in the context of native tissue development and pathologies 

with distinct mechanical profiles.  In order to design biomaterials that elicit desired stem 

cell responses, the properties of the microenvironment must be optimized to facilitate 

proper tissue integration and regeneration, and the findings of this dissertation implicate 

mechanics as a critical determinant of stem cell behavior.  Therefore, future tissue 

regeneration therapies should consider mechanics as a design variable particularly in 

terms of the magnitude, context, and spatiotemporal presentation of the mechanical 

signals.  Sequentially crosslinked hydrogels with spatial and temporally controlled 

mechanics also provides a model system for investigating cell responses to 

microenvironments that mimic the complex mechanical properties present during 
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embryonic development, as well as with pathological conditions such as tumor 

progression and myocardial infarction.  This biomimetic system represents a novel in 

vitro system that could vastly improve our understanding of tissue maturation as well as 

the progression of diseases with complex mechanical microenvironments. 
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