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Spatially controlled hydrogel mechanics to modulate stem cell interactions
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Local control of the stem cell microenvironment with biomaterial design is of critical importance for

tissue engineering. Matrix mechanics is one aspect of biomaterial design that has received considerable

attention recently due to the effect of mechanics on stem cell proliferation, morphology, and

differentiation. In order to investigate the effect of locally controlled mechanics on human

mesenchymal stem cells (hMSCs), a sequentially crosslinked hyaluronic acid hydrogel system was

developed that permits spatial patterning of mechanics (distinct patterns and gradients). Methacrylated

hyaluronic acid was synthesized to allow for crosslinking via both Michael-type addition using a dithiol

and radical polymerization using light. By varying the initial methacrylate consumption through

addition crosslinking, restricting UV light to specified regions, and varying UV exposure time, a wide

range of mechanics (from �3 kPa to �100 kPa) was possible in both uniform and patterned hydrogels.

hMSCs exhibited increased spreading and proliferation on stiffer gels compared to cells cultured on

softer gels. Furthermore, cells grown on gels with patterned mechanics exhibited spreading and

proliferation behavior that correlated with the local mechanics. This method to spatially control matrix

mechanics represents a novel hydrogel system to tune the stem cell microenvironment.
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 fibro-

blasts and endothelial cells2,3 and more recently in stem cells,

including the effects of mechanics in 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 bone5) and stem cells differentiate down tissue

specific lineages based on these properties.6,7 Thus, a clear

understanding of this behavior may be useful in the design of

materials for applications in tissue engineering or for better

understanding of cellular behavior in disease states. For instance,

stem cells in fibrotic myocardium after injury, where mechanics

are greater than in healthy tissue, may differentiate and miner-

alize their surrounding matrix.8

Tissue engineering strategies have begun to incorporate matrix

mechanics as a means to control stem cell behavior, including

morphology, proliferation, and extracellular matrix (ECM)

secretion.9 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 engineered

scaffold. However, one limitation of current biomaterial systems

used in these investigations is the inability to spatially control the

network properties of the scaffold. Due to the heterogeneous

nature of tissues, it is necessary to design scaffolds that reflect
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these differences in spatial and temporal matrix properties in

order to facilitate proper cell behavior and tissue integration.

Spatial differences in local mechanics are also relevant in certain

pathologies10,11 and wound healing processes,8,12 and therefore

the characterization and understanding of cell responses to these

complex microenvironments are critical for better understanding

of fundamental stem cell behavior and developing an effective

tissue engineering strategy.

Only a few examples exist where hydrogel properties are

controlled spatially. 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 function-

alized polymers.13 By restricting this light to certain regions,

complex patterns of exposed and non-exposed regions can be

imparted in hydrogels to spatially control cell behavior.14–16

Beyond patterning, gradients are useful in many applications and

are found in many tissues and can direct cellular migration.17

Hydrogel gradients can be formed using specific mixing devices18

or microfluidic chambers,19,20 but these techniques rely on the use

of complex systems or only permit gradients of a certain

magnitude. Thus, a need exists for a hydrogel system that can be

manipulated in space 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 inflamma-

tion.21,22 HA possesses properties desirable for tunable scaffolds

as a wide range of molecular weights can be obtained, as well as

the presence of chemically modifiable groups (hydroxyl and

carboxyl groups) on the backbone. Functionalized HA with

reactive groups such as methacrylates and acrylates has been

utilized to form HA-based hydrogels for controlling stem cell

differentiation.21–26 These systems allow for uniform gel proper-

ties and effective cell encapsulation, but do not allow for local
This journal is ª The Royal Society of Chemistry 2010



control of the spatial and temporal properties of the network.

Recently, a hydrogel system based on acrylated HA demon-

strated spatial control of human mesenchymal stem cells

(hMSCs) by utilizing two crosslinking steps involving the acry-

late functional group on the modified HA backbone.27 This

allowed for differences in crosslinking in regions that were

further exposed to UV light compared to regions that only

utilized the initial crosslinking step. In these patterned 3D envi-

ronments that only exhibited minor changes in mechanical

properties, hMSCs adopted a rounded morphology in the dual

crosslinked regions and a spread morphology in the single

crosslinked regions.

In the current study, a similar dual crosslinking method that

supports major changes in mechanics (from several kPa to

�100 kPa) was utilized to explore the effects of mechanics on 2D

hMSC behavior, namely spreading and proliferation. Addition-

ally, the spatial patterning of mechanics was realized by region-

ally restricting light exposure during the second crosslinking. The

ability of patterned and gradient mechanics to control hMSC

behavior was also investigated. Although this is only a prelimi-

nary step towards the utility of these systems for actual tissue

engineering constructs, this novel system allows for spatial

control of matrix mechanics for the purposes of driving stem cell

behavior.
Experimental

Methacrylated hyaluronic acid (MeHA) synthesis

MeHA was synthesized as described previously.23,28 Briefly,

sodium hyaluronate (Lifecore, 59 kDa) was dissolved at 1 wt% in

deionized water 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 by adding 5 N NaOH for 8 h, followed

by overnight reaction and further addition of MA (�1.2 mL MA
Fig. 1 (A) Chemical structure of methacrylated hyaluronic acid (MeHA) an

DTT (dithiol crosslinker) induces partial crosslinking of a solution of MeH

merization when exposed to UV light in the presence of a photoinitiator (dotte

(B) Spatial variations in hydrogel mechanics can be introduced by restric

a photomask to create patterns (left) or varying the time of UV exposure (via
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per g HA) and pH maintenance for 4 h the following day. The

macromer solution was dialyzed against deionized water (Spec-

traPor, MW cutoff 6000–8000 Da) for 3 days, frozen at �80 �C,

lyophilized, and stored frozen in powder form. 1H NMR revealed

�100% modification of the hydroxyl groups on the HA back-

bone, resulting in the MeHA structure shown in Fig. 1A.
Methacrylated slide preparation

In order to easily handle and process the thin gels, slides were

methacrylated to allow for covalent attachment of the gels to the

glass. 22 mm � 22 mm coverslips were first plasma coated for

3 min to activate the surface for methacrylation. Next, 100 mL 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.
MeHA hydrogel crosslinking

MeHA hydrogels were formed using one- or two-step cross-

linking processes (Fig. 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 wt%

I2959 (Irgacure). Various amounts of DTT were added to vary

the theoretical molar consumption of methacrylates (12, 15, 20,

30, 50, and 100%) to achieve a range of initial mechanics during

this first step. The oligopeptide GCGYGRGDSPG was added

prior to the DTT crosslinking step to allow for coupling of the

well-established RGD adhesion moiety to the network. Gels

were formed between slides with 150 mm spacing and meth-

acrylated slides were used on one side to allow for covalent gel

attachment. After mixing, solutions were reacted for 1 h at 37 �C

to complete the ‘addition’ crosslinking step (‘‘�UV’’ gels).
d dual crosslinking mechanism. Michael addition of methacrylates with

A and TEA at pH 10. Remaining methacrylates undergo radical poly-

d lines are kinetic chains) to increase crosslinking density (i.e., mechanics).

ting UV light to certain regions of the addition crosslinked gel using

a sliding mask) to create gradients (right).
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Gels could be further exposed to UV light in order to initiate

‘radical’ crosslinking of the remaining unconsumed methacry-

lates. Collimated 10 mW cm�2 365 nm UV light (Omnicure

S1000 UV Spot Cure System, Exfo Life Sciences Division, Mis-

sissauga, Ontario, Canada) was used to uniformly expose the

entire gels for 4 min (‘‘+UV’’ gels). This step could be performed

to create uniform gels or to create gels with spatially controlled

mechanics (Fig. 1) by either (a) restricting UV light with

a photomask or (b) varying the UV exposure time using a sliding

photomask. For patterns, photomasks consisted of printed

transparencies containing 500 mm stripe patterns that were

created using Adobe Photoshop and printed at a resolution of

20 000 DPI. Gradient gels were formed by passing a photomask

over the surface of the gel at a constant linear velocity

(10 mm min�1 using a syringe pump) to create a range of varied

exposure times and crosslinking (0–90 s) across a 15 mm

distance.
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�1 was used to obtain force

curves for individual points on the gels (15 points chosen for each

condition) from which a local elastic modulus was calculated.

For patterned gels, points were chosen at regular intervals along

the distance of the gel (500 mm for stripe patterns or every 1.5 mm

for gradient patterns).
Cell seeding

hMSCs were obtained from Lonza Corporation (Wakersville,

MD) and used at low passage for all studies (passages 2–5). Cells

were expanded and cultured in standard hMSC growth medium

(a-MEM, 10% fetal bovine serum (FBS), 1% L-glutamine and

penicillin–streptomycin) and seeded at a density of 5k cells per

cm2 on gel 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 less crosslinked

gels (lowest mechanics) resulted in an 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.

Gels were sterilized under a germicidal lamp for 2 h in sterile PBS

prior to cell seeding.
Cell imaging and quantification

Cell spread area was calculated after 24 h for both uniform and

patterned gels using an inverted microscope (Axiovert 200, Carl

Zeiss Inc.). ImageJ (NIH) was used to calculate average cell

spread area (>50 cells per group) for each uniform gel condition

(�/+UV), as well as on regions of both striped and gradient gels.

Cells were stained with calcein AM (Invitrogen) for imaging on

photopatterned gels. Further staining was performed by fixing

cells with 4% formalin followed by permeabilization with 0.25%

v/v Triton-X (Sigma) and cell nuclei staining with 2 mg mL�1

DAPI (Invitrogen). Cell proliferation was quantified by counting

cell nuclei on 5 images at 10� magnification on days 1, 4, and 7

for uniform gels.
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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 gels.

Results and discussion

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 group) to consume all or a fraction of

reactive groups and then followed by radical crosslinking

(+UV group) to further consume reactive groups. In this case,

the reactivity was due to 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 concentration (3 wt%); however, these

parameters can be varied to alter overall gel properties. Notably,

the second step uses light that can be controlled spatially to

obtain gels with regionally diverse properties.

AFM mechanical testing allowed for local probing of the

surface mechanical properties, which is representative of what

a cell would sense when interacting with the material. Fig. 2A

illustrates the wide range of mechanics (nearly three orders of

magnitude) achieved using this dual 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 gels to UV light resulted in an increase in

modulus to �100 kPa in all dual crosslinked hydrogels, which

agreed well with the hydrogel polymerized using only the radical

crosslinking step (Fig. 2A, 0% DTT +UV). Excluding the 100%

�/+UV 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 system27 and in

other systems containing multi-component interpenetrating

networks in which the two networks crosslink by different

means.16,29–31 However, none of these systems exhibit 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.

Fig. 2B shows the spread area of hMSCs on hydrogels with

a range of DTT consumptions for hydrogels �/+UV after 24 h.

Again, significant differences (**p < 0.001, *p < 0.01) were found

between the cell responses on �/+UV hydrogels for all cases
This journal is ª The Royal Society of Chemistry 2010



Fig. 2 Characterization of mechanics (assessed with AFM) and hMSC response to hydrogels with uniform properties. (A) Hydrogel modulus for

variable DTT consumption (theoretical values shown, based on molar ratio of thiols on 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. Spreading increased with increasing DTT consumption and UV exposed gels show

similar spread area responses. (C) hMSC spread area 24 h after seeding versus mechanics shows increased cell area with increasing mechanics until

a plateau is reached at �80 kPa. Significant differences (**p < 0.001, *p < 0.01) were found between �UV and +UV gels.
except the 100% �/+UV (where there was not a significant

change in mechanics). The spread cell area is also plotted as

a function of hydrogel mechanics in Fig. 2C. 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 mechanics have also been shown in studies

using other substrates4,32 and other cell types.2,33,34 The ability of

stem cells to mechanosense has been linked to integrin binding

and coupling of the cytoskeleton to these adhesion sites, which is

responsible for development of cellular tension and is stiffness
Fig. 3 Distribution of hMSC spreading on ‘‘soft’’ (12% DTT �UV,

white) and ‘‘stiff’’ (12% DTT +UV, black) hydrogels 24 h after seeding.

Two distinct populations are evident as the stiffer hydrogel promotes

greater cell spreading and a wider distribution of spread areas. Repre-

sentative images are shown for each population, scale bar ¼ 200 mm.

This journal is ª The Royal Society of Chemistry 2010
dependent for adhesion dependent cells.2,35,36 The presence of the

RGD motif allows for binding with a1b5 integrins, which have

been implicated in stem cell morphology and fate decisions.37–39
Fig. 4 Representative images (top, scale bar ¼ 200 mm) 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 (white), 2 (black) and 5 (gray) mM RGD.

This provides evidence that the spreading is due to mechanical differ-

ences, rather than potential changes in ligand density.

Soft Matter, 2010, 6, 136–143 | 139



The importance of RGD is further exemplified in negative

controls consisting of HA gels without coupled RGD, which

showed no cell spreading on both soft and stiff substrates (data

not shown).

Histogram analysis of 12% DTT �/+UV hydrogels shows

two distinct populations of hMSCs in terms of spread area

(Fig. 3). Cells on the ‘‘soft’’ 12% �UV hydrogels exhibited

a spherical morphology with very few extensions, while cells on

the ‘‘stiff’’ +UV hydrogels showed a much more spread

morphology and a wider distribution. Inset images are repre-

sentative of cells in 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 controlled and restricted cell morphologies where less spread

cells undergo adipogenesis while more spread cells undergo

osteogenesis at a constant ligand density.40 However, these

previous studies have been performed on substrates with

uniform mechanics.
Fig. 5 (A) hMSC proliferation for up to 7 days on ‘‘soft’’ (12% DTT �UV,

proliferate at a higher rate than cells on softer gels. (B) Representative images

hMSC number and morphology over 7 days, scale bar¼ 200 mm. Significant di

Fig. 6 Spatially controlled mechanics (A) and hMSC spreading (B) on photo

vary with space across the hydrogel depending on whether it was exposed to

patterns after 1 (C) and 7 (D) days illustrates the importance of me

Scale bar ¼ 400 mm. Statistically significant differences in gel modulus and c
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RGD concentration dependence

While we were able to show orders of magnitude differences in

mechanics for �/+UV hydrogels, it was necessary to demon-

strate that the lack of spreading 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 gel binding to

the 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 suffi-

cient 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 mM, 2 mM, and 5 mM, respectively.
white) and ‘‘stiff’’ (12% DTT +UV, black) hydrogels. Cells on stiffer gels

with culture time for both hydrogels reveal the qualitative differences in

fferences (**p < 0.001, *p < 0.01) were found between�UV and +UV gels.

patterned stripes (500 mm width) on 12% DTT hydrogels. The mechanics

light and is correlated to hMSC response. The cellular morphology on

chanics on cellular behavior, including spreading and proliferation.

ell area *p < 0.001.
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This low percentage of methacrylates consumed by the RGD

coupling would therefore not result in competition with the DTT

crosslinking step. As shown in Fig. 4, cells at all ligand concen-

trations exhibit the same rounded morphology, indicating that

the lack of spreading is not due to potential ligand density issues

arising from hydrogel swelling. The strength of a1b5 integrin

binding to fibronectin (specifically RGD and its synergy

sequences) is tension dependent and while the number of total

integrin binding complexes is constant on hydrogels of different

mechanics, the adhesive strength of these complexes is stiffness

dependent.41 Although the cell may be forming more or less

adhesive bonds to 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.
Stiffness effects on long term cell behavior

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. Fig. 5A shows the dramatic

differences in cell proliferation over 7 days for the �/+UV

hydrogels. Cells on the +UV stiffer hydrogels proliferated much

more than their �UV counterparts over the course of 7 days.

Representative images indicate that the cells on the softer

hydrogels maintained their rounded morphology while cells on

the stiffer hydrogels remained highly spread and fully confluent

after 7 days.

Cell proliferation has been shown to be dependent on matrix

mechanics in several notable studies.38,42 Highly spread cells

possess a greater proportion of phosphorylated focal adhesion

kinase (FAK), which has been shown to increase intracellular

tension through Rho signaling. This maintenance of intracellular

tension has significant consequences on whether a cell proliferates,

differentiates, remains quiescent, or undergoes apoptosis.43–45 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.46 Our findings show a similar behavior in

hMSCs as proliferation was significantly higher on the stiffer

substrates.
Fig. 7 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 gel (A). hMSC response to the mechanical

gradient shows increased cell spreading with increasing exposure until

a maximal spread area is achieved (B). Representative images at different

distances (exposures) along the gradient gel. Scale bar ¼ 200 mm.
Photopatterned mechanics and stem cell response

The ability to control stem cell spreading and proliferation has

been demonstrated on substrates with uniform mechanics;

however, spatial control of these behaviors is necessary due to

the heterogeneous nature of many tissues. This is useful for initial

steps towards advanced tissue engineering approaches, as well as

to understand multi-phenotype differentiation from a single cell

population. Fig. 6A shows the differences in mechanics on

photopatterned regions of non-exposed (�6 kPa) and exposed

(�31 kPa) stripes of a width of 500 mm. After 24 h, cells acquire

morphologies reminiscent of the uniform gels on the corre-

sponding mechanical environments (i.e., rounded on ‘‘soft’’

regions and highly spread on ‘‘stiff’’ regions, Fig. 6B). This is
This journal is ª The Royal Society of Chemistry 2010
observed in representative images of photopatterned stripes with

cells showing the spatial control of cell morphology based on the

local elasticity. It is clear that cells maintain a rounded

morphology on the softer �UV regions and are highly spread on

the stiffer +UV regions (Fig. 6C). Interestingly, many cells

aligned along the soft/stiff interface just as NIH3T3 fibroblasts

do on similar mechanical interfaces.47,48 Cell migration due to

durotaxis can also take place in these interfacial regions as cell

adhesion sites on the stiffer regions result in greater tension, and

subsequent greater adhesion strength, which allows the cells to
Soft Matter, 2010, 6, 136–143 | 141



migrate from soft to stiff regions. After 7 days, cells became

confluent in the ‘‘stiff’’ regions, but not in the ‘‘soft’’ regions

(Fig. 6D). These large differences in confluence could be due to

cells proliferating, as well as cells migrating from the softer to

stiffer regions.

In another photopattern strategy, the extent of exposure was

linearly varied by passing a photomask across the surface of the

preliminarily crosslinked gel (see schematic in Fig. 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 Fig. 7A, 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 dual crosslinked

systems saw similar rapid secondary crosslinking upon exposure

of UV to radically polymerize remaining photoreactive

groups.27,30 As expected, the hMSC spreading increased locally

along the length of the gradient, reaching a spreading plateau in

regions of the gel that had been exposed for greater than 60 s.

These photopatterning studies not only indicate that we can

control matrix mechanics in a binary fashion (�/+UV), but also

in a gradient fashion with the capability to create a wide range of

mechanics using the same base HA network composition.

However, further investigation is needed to understand how this

behavior translates to features such as differentiation and to

understand how cells in different local environments affect each

other through factors such as paracrine signaling. This same

system could also be translated in a 3-D system by polymerizing

the gel around a desired template (such as sintered polymethyl

methacrylate (PMMA) microspheres14) to create a macroporous

hydrogel with locally controlled mechanics.
Conclusions

We have successfully developed a mechanically tunable sequen-

tially crosslinked hydrogel system, which represents a novel

method for spatially controlling hMSC morphology and prolif-

eration by varying matrix mechanics. By changing the initial

crosslinker concentration, elastic moduli over several orders of

magnitude were obtained that could be significantly increased

once the secondary radical crosslinking mechanism was incor-

porated. Furthermore, the ability to spatially control mechanics

was possible by restricting light to regions of the gel or by varying

the light exposure time in space. This allowed for patterned cell

responses, as hMSCs cultured on these patterned gels exhibited

morphologies corresponding well with the local substrate

mechanics. Stem cell morphology and proliferation were highly

dependent on mechanics, as cells became more spread and more

proliferative on substrates of higher mechanics. 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.32,38,42,49

Since mechanical differences are relevant in certain pathologies

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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