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a b s t r a c t

The spatially directed 3-dimensional (3D) remodeling of synthetic materials may be useful to regionally
control cell behavior. In this work, we developed a process to synthesize hyaluronic acid hydrogels using
multiple modes of crosslinking applied sequentially; a primary addition reaction to introduce protease
degradable peptide crosslinks, then a UV light-induced secondary radical reaction (enabling spatial
control) to introduce non-degradable kinetic chains. These differential network structures either
permitted (primary crosslinking only, “�UV”) or inhibited (sequential crosslinking, “þUV”) cellular
remodeling. This behavior was validated by controlling the outgrowth from chick aortic arches or the
spreading of encapsulated mesenchymal stem cells (MSCs), where only �UV regions permitted arch
outgrowth and MSC spreading. Additionally, network structures dictated adipogenic/osteogenic MSC fate
decisions, with spatial control, by controlling encapsulated MSC spreading. This manipulation of
microenvironmental cues may be valuable for advanced tissue engineering applications requiring the
spatial control of cells in 3D.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The 3-dimensional (3D) interactions of cells and the extracel-
lular matrix (ECM) comprise a dynamic regulatory system
responsible for tissue morphogenesis during development, as well
as in response to injury [1,2]. However, much of the research in
biomaterial development for regenerative medicine applications
has employed either cell seeding atop 2-dimensional (2D)
substrates that do not adequately recapitulate the 3D nature of
nativemicroenvironments, or spatially uniform and staticmaterials
that lack the heterogeneity that is found in vivo. As such, important
causal relationships such as the dependence of stem cell
morphology [3] and differentiation [4] on 2D substrate elasticity
may not readily translate to 3D culture. Thus, the development of
3D hydrogel systems, particularly with spatially controlled features,
would be an important advance for investigating basic questions in
cell behavior and tissue development, as well as toward regener-
ative medicine applications.

While considerable progress has been made in developing
uniform ECM-mimetic 3D scaffolds capable of promoting hydrogel
remodeling [5,6] and even stem cell differentiation [7], one

continuing challenge is the difficulty in translating patterning
methods well established for 2D or laminated substrates to 3D to
enable the necessary spatial control over materials. The patterning
of 3D hydrogel systems has been limited to only a few techniques,
and most of these rely on pre-fabrication before the introduction of
cells due to cytocompatibility concerns [8,9]. Techniques have also
been developed where cellular adhesion is patterned in 3D using
click chemistry reactions [10] or through the introduction of
a photodegradable linker [11] to alter cellular interactions to
materials. These approaches use spatial control of adhesion to alter
cellular behavior, but rely on complex chemistry and are only
applicable to a few polymer systems.

To overcome these limitations, this report describes the devel-
opment of a simple technique incorporating multiple modes of
crosslinking, applied sequentially, to enable 3D spatially patterned
remodeling of hydrogels. The technique is based on the basic
understanding of how cells remodel certain crosslinks. These
hydrogels support remodeling and infiltration of cells from ex vivo
tissues (e.g., chick aortic arches) or by cells that are encapsulated
directly in the hydrogels (e.g., human mesenchymal stem cells,
hMSCs). Hyaluronic acid (HA) was used as the primary structural
component in the current work due to its biocompatibility, hydro-
philicity, importance in vivo [12,13], and past use in 3D hydrogel
systems; [14e18]however, this approachcanbeeasilyapplied to any
polymeric material functionalized with compatible reactive groups.
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2. Materials and methods

All materials were purchased from SigmaeAldrich unless otherwise stated.

2.1. AHA synthesis

Acrylated hyaluronic acid (AHA) was synthesized via a two-step protocol:
(1) Synthesis of the tetrabutylammonium salt of HA (HAeTBA) was performed by
reacting sodium hyaluronate (64 kDa, Lifecore) with the highly acidic ion exchange
resin Dowex-100 and neutralization with 0.2M TBA-OH. (2) Coupling of acrylic acid
(2.5 eq) and HAeTBA (1 eq, repeat unit) in the presence of dimethylamino pyridine
(DMAP; 0.075 eq) and di-tert-butyl-dicarbonate (1.5 eq) in DMSO, followed by
dialysis and lyophilization. Synthetic details (Fig. S1a), as well as the final structure
and 1H NMR spectrum of AHA (Fig. S1b) are provided in Supplementary Information.

2.2. Peptides

The cell adhesive oligopeptide GCGYGRGDSPG (MW: 1025.1 Da; italics indicate
cell adhesive domain) and MMP-degradable oligopeptide GCRDGPQGYIWGQDRCG
(MW: 1754.0 Da; down arrow indicates site of proteolytic cleavage), both with >95%
purity (per manufacturer HPLC analysis), were obtained from GenScript Corporation
(Piscataway, NJ, USA).

2.3. Hydrogel formation

AHA was dissolved in sodium phosphate buffered saline (NaPBS buffer: 0.1 M

sodium phosphate, 0.3 M total osmolarity, pH 8.0) containing Irgacure 2959 (I2959,
Ciba) photoinitiator (final concentration of 0.05 wt%). I2959 was chosen due to its
aqueous solubility and good cytocompatibility [19,20]. Sequentially crosslinked AHA
hydrogels were synthesized using a two-step procedure of an addition reaction
followed by radical polymerization. In the first step, stable “�UV” hydrogels were
synthesized via addition reactions between AHA macromers (first reacted with the
cell adhesive peptide to a final concentration of 2 mM at room temperature for
30min) andMMP-degradable peptides (acrylates react with thiols from cysteines on
peptides under these conditions) to consume 50% of the total available acrylate
groups. Selected �UV gels were then exposed to 10 mW/cm2 365 nm ultraviolet
light (Omnicure S1000 UV Spot Cure System, Exfo, Ontario, Canada) for 4 min
(secondary crosslinking) through glass coverslips to produce uniform “þUV”
hydrogels. Spatial patterning of the hydrogels was possible by substituting 10k DPI
photomasks (CAD/Art Services, Inc., Bandon, OR) for coverslips during the secondary
step. For studies involving photopatterned gels, 5 nM methacrylated rhodamine
(MeRho) was mixed into the prepolymer solution for visualization ofþUV regions of
the gels (methacrylates react extensively during the radical polymerization, but
relative to acrylates, coupling is too slow during the addition reaction).

2.4. Microscopy

For all studies, confocal laser scanningmicroscopy (CLSM) imageswere obtained
with a Zeiss LSM 510Meta Confocal microscope (Carl Zeiss), using a DAPI/FITC/TRITC
multi-track configuration at 5�, 10�, and 20� objectives. All CLSM images are
projections of a 150 mm thick gel portion using a 15 mm slice thickness.

2.5. Hydrogel characterization

Samples were fabricated as described above and swelled to equilibrium in PBS
for 24 h. Photopatterned acellular gels containing MeRho were imaged at the top
and bottom surfaces, and the color intensity distribution versus horizontal distance
was obtained using the “Plot Profile” tool in ImageJ (NIH). The elastic moduli of
uniform and photopatterned AHA hydrogels 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 gel surface
(n ¼ 10 points chosen for each condition), from which a local elastic modulus was
calculated. For photopatterned gels, points were chosen at random locations from
the interior of�UV orþUV regions of the gel. To characterize the real-time change in
hydrogel mechanical properties with crosslinking, the shear elastic modulus was
measured via dynamic oscillatory shear rheometry at 1% strain and 1 Hz using an
AR2000ex controlled stress rheometer (TA Instruments) with parallel plate geom-
etry (20 mm diameter). Following the addition of crosslinker, the polymer solution
was mixed and pipetted directly onto the bottom plate, and the top plate was
lowered to contact the gelling solution with a 100 mm gap size. The evolution of the
elastic stored modulus, G0 , and viscous loss modulus, G00 , was monitored with time.
The uniform�UV hydrogel was allowed to undergo addition crosslinking for 15 min
to a peak value of w0.8 kPa, at which point the gel was irradiated by 10 mW/cm2

365 nm UV light (Omnicure S2000 Spot Curing System), resulting in a rapid increase
in the elastic modulus to a peak value ofw5.1 kPa. The gel point (i.e., the intersection
of G0 and G00) occurred almost immediately after mixing of the two components (i.e.,
before themixturewas pipetted onto the rheometer stage) and thus does not appear
on the displayed sweep.

To quantitatively assess degradation kinetics, uniform crosslinked �UV and þUV
hydrogels were incubated in separatewells of a 24-well plate containing either 1.0mL
PBS or 1.0 mL PBS with 40 nM human MMP-2 (R&D Systems) on an orbital shaker at
37 �C. The solutions were refreshed every 48 h until complete degradation of �UV
hydrogels occurred. The sample supernatants (frozen and stored at �20 �C after
collection) were analyzed in triplicate via a modified uronic acid assay as previously
reported [20]. For SEM analysis, uniform �/þ UV and 250 mm diameter dot photo-
patterned hydrogels were incubated with PBS containing MMP-2 as above until
complete degradation of theuniform�UVhydrogels occurred. The sampleswere then
flash frozen in liquid N2, lyophilized, and imaged with a JEOL 7500 HR-SEM at 10 kV.

2.6. Chick aortic arch culture

Specific pathogen-free chick embryos (Charles River Labs) were sacrificed at day
14 after fertilization, and dissection and extraction of aortic arch samples (w1 mm3

volume) were performed using aseptic techniques [21]. For encapsulation, arches
were suspended in the precursor solution prior to the first crosslinking step. AHA
hydrogels with encapsulated arches were incubated in basal medium with supple-
ments (EGM-2 media; Lonza) with media replacement every 2e3 days. Following 3
weeks in culture, the gels were fixed with 10% formalin and stained with FITC-
conjugated phalloidin using standard protocols.

2.7. hMSC cell culture

Human mesenchymal stem cells (hMSCs) were obtained from Lonza Corpora-
tion (Walkersville, MD). For encapsulation studies, hMSCs were expanded in growth
media (a-MEM, 10% FBS, 1% L-Glutamine & penicillinestreptomycin) and encapsu-
lated at passage 3 in AHA hydrogels at a density of 5 � 106 cells mL�1 by suspension
in the precursor solution prior to the first crosslinking step. The constructs were
maintained in 2 mL growth media (for remodeling studies, Fig. 5) or a mixed adi-
pogenic/osteogenic inductive media (for differentiation studies, Fig. 6) in a 24-well
plate and media was refreshed every 2e3 days until day 14. The adipogenic/oste-
ogenic mixedmedia was made by combining commercially available osteogenic and
adipogenic inductivemedia (R&D Systems) in a 1:1 ratio and supplementing with 1%
(v/v) penicillinestreptomycin.

2.8. Live/dead staining

Following 14 days incubation in growth media, cell viability and morphology
(for remodeling studies) were assessed using a live/dead staining kit (Molecular
Probes).

2.9. Cellular aspect ratio measurements

Cellular aspect ratio is defined as the ratio of the maximum orthogonal length to
width of each cell. To quantify, three random CLSM images of live/dead stained gels
at 20� magnification were chosen from the interior of each gel; each image was
used for �20 measurements of randomly selected cells, or n � 60 for each sample.
The measured aspect ratios were then sorted into bins and reported as histograms.

2.10. Oil red O and ALP quantification

Following 14 days of incubation in mixed adipogenic/osteogenic inductive
media, production of oil red O and ALP by hMSCs encapsulated within uniform �UV
and þUV hydrogels was assessed quantitatively. For oil red O, hydrogels were
stained with the marker as described in Supplementary Information (see Fig. S5 for
representative stains). Quantification of the oil red O from the same samples was
then performed as previously reported [22]. Briefly, oil red O was eluted from the
stained hydrogels by incubation in 100% isopropanol for 30 min. Following manual
digestion of the gels and centrifugation to remove cellular and gel debris, the
supernatant absorbance containing the eluted oil red O was read at 500 nm. For ALP,
hydrogels were manually digested in 250 mL CelLytic M cell lysis buffer, incubated at
45 �C for 1 h, and centrifuged to remove cellular debris. ALP production was then
quantified by reacting 50 mL of the lysis buffer with an equal volume of substrate
solution and measuring the absorbance at 405 nm. Quantitative values for oil red O
and ALP were normalized to total dsDNA content, which was determined using the
PicoGreen assay as previously reported [23].

2.11. Immunocytochemistry

Following 14 days incubation in mixed adipogenic/osteogenic inductive media,
uniform �UV and þUV and photopatterned (250 mm stripes) hydrogels with encap-
sulated hMSCs were fixed overnight in 10% formalin. The gels were washed (PBS
containing 0.1% Tween 20 and 3% bovine serum albumin), permeabilized with 0.25%
TritonX-100, blockedwith10%goat seruminPBS, and incubatedovernightat 4 �Cwith
anti-human osteocalcin (1:10 dilution, mouse IgG) and anti-fatty acid binding protein
(R&D Systems, 1:20 dilution, goat IgG) 1� Ab. Constructs were then washed and
incubated for 2 h at room temperaturewithAlexa Fluor 488 anti-mouse (goat IgG) and
Alexa Fluor 350 anti-goat (donkey IgG) 2� Ab for OC and FABP, respectively.
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2.12. Statistical analysis

Values are reported as mean � standard error of the mean (mechanics).
Statistical differences between groups (p < 0.05) were determined using ANOVA in
conjunction with Tukey’s post hoc test (JMP software).

3. Results and discussion

A two-step protocol was used to synthesize sequentially cross-
linked hydrogels. In the primary crosslinking step, a uniform (i.e.,
non-patterned) “�UV” hydrogel is formed using Michael-type
reactivity between multi-acrylate HA macromers and bifunctional,
proteolytically degradable peptides. Monofunctional, pendant
RGDS-containing peptides are also added (prior to crosslinking) to
incorporate cell adhesion. With these components (adhesion and
proteolytic degradability), this hydrogel was expected to support
cellular remodeling [5,24]. The primary addition step is performed
in the presence of a photoinitiator (at this point, non-reactive) and
designed so that only a portion of total available acrylate groups are
consumed, making secondary free radical crosslinking possible. In
the secondary step, �UV hydrogels are exposed to light to initiate
free radical photopolymerization of the remaining acrylate groups.
The resulting “þUV” hydrogels were expected to prevent remod-
eling due to the incorporation of non-degradable covalent cross-
links from kinetic chain formation. Since mesh sizes in the þUV
hydrogels are orders of magnitude smaller than typical cell diam-
eters [24,25], secondary crosslinking was also predicted to prevent
cellular outgrowth from tissue and to confine encapsulated cells to
a rounded morphology. This has been observed previously when
cells are encapsulated in hydrogels using a purely radical poly-
merization [26e28].

With this technique, it is possible to synthesize and characterize
hydrogels patterned with �UV (permissive) and þUV (inhibitory)
regions (Fig. 1). Since the secondary crosslinking is initiated by
light, spatially distinct zones of remodeling are created by applying
a photomask to the gel surface prior to the secondary crosslinking
(Fig. 1a). To assess pattern resolution with depth, methacrylated
rhodamine (MeRho) was mixed into the prepolymer solution,
which due to charge density and steric hindrance effects [29] only
covalently incorporates into the network during the secondary
radical crosslinking. The pattern fidelity at the top and bottom

surfaces of a hydrogel photopatterned with 250 mm stripes was
confirmed qualitatively by visualization using laser scanning
confocal microscopy (LSCM) (Fig. 1a), and quantitatively by plotting
the average color intensity versus horizontal distance across the
pattern (Fig. 1b). These results demonstrate the retention of high
resolution patterns throughout the hydrogel volume.

Mechanical testing of photopatterned hydrogels was then
carried out to determine if differences in gel structure predictably
instructs differences in mechanics of �UV and þUV environments.
Atomic force microscopy (AFM) was used to characterize the local
elastic modulus of �UV and þUV regions of photopatterned
hydrogels and for uniform gels (Fig. 2a). As expected, the increased
crosslink density as a result of photopolymerization led to an in-
crease in mechanical properties from 6.3� 0.7 kPa to 18.0� 1.5 kPa
in �UV and þUV uniform hydrogels, respectively, and from
6.3 � 1.0 kPa to 15.2 � 2.4 kPa in �UV and þUV regions of photo-
patterned gels, respectively. Further, the increase in elastic
modulus as a result of secondary crosslinking was observed in
rheometry studies, which showed a rapid increase in shear
modulus with light exposure similar in fold to that observed with
AFM testing (Fig. 2b). The mechanical properties in each environ-
ment can be tuned for individual applications by adjusting the
macromer concentration and ratio of addition to radical cross-
linking, both of which were kept constant (3 wt% and 1:1, respec-
tively) in this study.

To demonstrate that the incorporation of non-degradable
covalent kinetic chains restricts protease-mediated remodeling, we
exposed hydrogels to exogenous MMP-2. When incubated in PBS
containing 40 nM MMP-2, uniform �UV hydrogels underwent
complete degradation (i.e., 100% uronic acid release) within 12
days, whereas very limited degradation (16.8 � 2.1% uronic acid
release) was observed with uniform þUV hydrogels (Fig. 3a). The
small degree of mass loss in þUV hydrogels may be due to hydro-
lysis of ester linkages in the crosslinks or a soluble fraction after
crosslinking. To assess the degradation of patterned hydrogels, both
uniform �UV and þUV and patterned gels (250 mm dots) were
incubated in 40 nM MMP-2 and imaged using scanning electron
microscopy (SEM) (Fig. 3b). As expected, incubation with MMP-2
for 12 days led to complete degradation of �UV gels, but did not
significantly affect the surface topography ofþUV regions, whereas
patterned gels degraded only in the �UV regions of the gel (i.e., the

Fig. 1. Photopatterning of AHA hydrogels. (a) Schematic of a sequentially crosslinked hydrogel photopatterned using a high resolution photomask. Laser scanning confocal
microscopy (LSCM) images are shown from the top and bottom surfaces of a hydrogel photopatterned with 250 mm stripes. Light-initiated radical polymerization and kinetic chain
formation only occurs in exposed (þUV) regions, whereas the unexposed (�UV) regions only consist of peptide crosslinks, resulting in spatially precise zones of crosslink type as
illustrated schematically below the gel diagram. Scale bars ¼ 200 mm. (b) Quantification of photopattern fidelity at the top and bottom gel surfaces from images in (a) scanned
perpendicularly with respect to the pattern.
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circular dot). Patterned degradation of the gels was further
confirmed by reacting macromers with thiolated FITC prior to
crosslinking and observing the progressive loss of fluorescence
within �UV regions upon incubation with MMP-2 (Fig. S2). These
results support the hypothesis that the incorporation of non-
degradable covalent kinetic chains from secondary crosslinking
restricts the protease-mediated remodeling observed in �UV
environments of uniform and patterned gels. Additionally, the
degradation behavior further illustrates the potential tunability
afforded by these techniques, as the rate of remodeling can be
matched to tissue engineering applications of interest by varying
both the total crosslink concentration and the ratio of degradable to
non-degradable crosslinks.

To assesswhether the degradation behavior of the gels translates
to directed cellular behavior, w1 mm3 chick aortic arch samples or
hMSCs were mixed with MeRho into the macromer solution and
encapsulated in both uniform and photopatterned gels. Aortic
arches are useful as a model system for tissue growth, since
outgrowth can be readily imaged and quantified [21]. As illustrated
in Fig. 4, the degree of cellular outgrowth from aortic arch samples
was dependent on the hydrogel composition. Arches encapsulated
in uniform �UV hydrogels exhibited robust isotropic radial

outgrowth (0.92 mm � 0.18 mm) compared to largely restricted
outgrowth in uniform þUV samples (0.14 mm� 0.02 mm) (Fig. 4a).
When arch samples were encapsulated in gels synthesized with
various patterns of light exposure and visualized using confocal
microscopy (Fig. 4b), outgrowth as a result of gel remodeling was
only observed into biodegradable�UV (i.e., black) versus restrictive
þUV (i.e., red from MeRho incorporation) regions of the gel. The
representative xey and z coordinate projections shown are from
a focal region (150 mm thickness) of the gelw500 mmabove the arch
sample, highlighting the capacity of the patterned gel structures to
direct cell migration over a length-scale comparable to the sample
thickness (w1 mm).

The responses of encapsulated hMSCs to each hydrogel
composition (Fig. 5) corroborated the arch findings and provide
further evidence of control of cellular remodeling using sequential
crosslinking. As shown in representative CLSM projections from the
interior of the gels (Fig. 5a), cells encapsulated in uniform �UV
hydrogels for 14 days locally degraded the matrix, spread and
exhibited high aspect ratios (i.e., the ratio of the longest dimension
of the cell to the shortest orthogonal dimension) (Fig. 5b). We and
others have shown previously [5,30] that the inclusion of both sites
for proteolytic degradation and for adhesion (e.g., RGD) is necessary

Fig. 2. Mechanical properties of photopatterned and uniform AHA hydrogels. (a) Elastic modulus of uniform �UV and þUV hydrogels, and �UV and þUV regions of photopatterned
hydrogels measured by atomic force microscopy. * Denotes statistically significant difference (p < 0.05) between þUV and �UV conditions for uniform and patterned gels. (b) The
storage (G0) and loss (G00) moduli of a uniform sequentially crosslinked AHA gel measured by parallel plate oscillatory shear rheometry, with secondary crosslinking performed after
15 min of primary crosslinking.

Fig. 3. Enzymatic degradation of sequentially crosslinked AHA hydrogels by exogenous MMP-2. (a) Degradation kinetics of uniform �UV or þUV AHA hydrogels (50% theoretical
consumption of acrylates during primary addition crosslinking) in the presence of 40 nM MMP-2. (b) Representative scanning electron microscopy (SEM) images of either uniform
�UV or þUV hydrogels or hydrogels photopatterned using 250 mm diameter black dots at day 0 (i.e., no degradation) and 12 (following complete degradation of uniform �UV
hydrogels) of incubation with 40 nM MMP-2. Scale bars ¼ 100 mm.
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to support cellular spreading, and that the use of alternate cross-
linkers (e.g., dithiothreitol or scrambled sequences) and/or the lack
of adhesion sites restrict cells to a rounded morphology. Cells
encapsulated in uniform þUV gels, in contrast to �UV gels,
remained completely rounded, with almost all cells exhibiting an
aspect ratio between 1 and 2. Cells in both conditions exhibited
good viability (w85% and 83% in �UV and þUV uniform gels,
respectively) with no significant difference between conditions, as
quantified from live/dead staining (Fig. S3). Photopatterning of
hydrogels resulted in �UV and þUV zones that recapitulated the
behavior observed in the corresponding uniform hydrogels with
single cell resolution. This is illustrated qualitatively, in the CLSM
projections, and quantitatively, in the good agreement of the aspect
ratio distributions with the respective uniform compositions. Taken
together, the responses of cells from tissue (aortic arches) and in
suspension (hMSCs) demonstrates that secondary crosslinking,
applied to �UV gels uniformly or with patterning through masks,
switches AHA hydrogels from a “permissive” to “inhibitory” state
with respect to remodeling, outgrowth, and spreading.

Scaffold remodeling is a critical parameter in biomaterial
systems, since differences in the degradability of hydrogel micro-
environments lead to differences in temporal cell adhesivity and
spreading, established inputs to hMSC differentiation [31,32].
Recent reports [33,34] using a mixed adipogenic/osteogenic
inductive medium demonstrated a direct dependence of differen-
tiation on morphology-mediated cytoskeletal tension. When
cultured on 2D substrates, spread cells with spindle-like
morphologies differentiated down a cytoskeleton-rich osteogenic
lineage, whereas cytoskeleton-poor rounded cells followed an
adipogenic fate. Follow-up studies indicated that these fate deci-
sions may be due to a tension-mediated switch involving the Rho
and ROCK signalling pathways [35]. However, the precise effect of
spreading on stem cell fate has not been replicated in 3D hydrogel
systems, possibly due to limitations in previous material systems.
We hypothesized that spatially defined differences in hydrogel
remodeling and subsequent tension-mediated cell spreading could
induce a similar switch in hMSC differentiation in uniform and
patterned hydrogels. Specifically, spread and rounded hMSCs in

Fig. 4. Chick aortic arch sprouting within AHA hydrogels. (a) Actin (FITC-phalloidin) staining of outgrowth within uniform �UV and þUV hydrogels. Representative LSCM images
(5� magnification) are shown from the plane of isotropic radial (i.e., in the xey plane) outgrowth into the samples and used for quantification (n � 10 measurements/sample, n ¼ 3
samples/condition). * Denotes statistically significant difference between uniform �UV and þUV conditions (p < 0.01). Scale bars ¼ 200 mm. (b) Representative LSCM images (10�
magnification) of photopatterned AHA hydrogels at a focal plane w500 mm above the arch samples. Cellular outgrowth from the arch samples (shown by staining for actin) is
limited to permissive �UV regions of the hydrogels. Below each pattern schematic are the corresponding xey and z coordinate scans. Scale bars ¼ 200 mm.

Fig. 5. Hydrogel remodeling by encapsulated hMSCs. (a) Images of encapsulated hMSCs (stained with calcein) in uniform and photopatterned AHA hydrogels. Spreading only occurs
in the permissive �UV regions. Scale bars ¼ 100 mm. (b) Histograms of the cellular aspect ratio (the ratio of the longest ratio to shortest dimension of encapsulated cells) for these
same groups. All cultures were for 14 days.
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permissive �UV and inhibitory þUV environments were expected
to undergo primarily osteogenesis and adipogenesis, respectively,
based simply on morphology. To test this hypothesis, low passage
hMSCs were encapsulated in uniform �UV and þUV hydrogels and
hydrogels photopatterned with a 250 mm stripe pattern. 14 days
following incubation in 1:1 adipogenic/osteogenic media, hMSC
differentiation was assessed by quantitative protein assays for
markers of osteogenesis (alkaline phosphatase, ALP) and adipo-
genesis (oil red O), gene expression analysis, histological staining
for ALP and oil red O, and immunostaining for osteocalcin (OC;
osteogenic differentiation) and fatty acid binding protein (FABP;
adipogenic differentiation). Our choice of differentiation markers
was based on literature demonstrating specificity of each marker to
its respective lineage at 14 days following hMSC induction [36,37].

Consistent with our hypothesis and in good agreement with the
described previous reports, Fig. 6 illustrates a clear dependence of
hMSC differentiation within the respective AHA hydrogel micro-
environments on cell morphology. Results of quantitative assays for
ALP and oil red O in normalized arbitrary units of activity are shown
in Fig. 6a. ALP activity (osteogenic marker) in uniform �UV
hydrogels (where cell spreading is permitted) was 2.1 � 0.3,
compared to 1.0 � 0.1 within þUV gels (where cell spreading is
restricted). In contrast, oil red O activity (adipogenic marker) was
1.7 � 0.3 in uniform þUV hydrogels compared to 1.0 � 0.2 within
�UV gels. Representative xey coordinate projections from the
interior of uniform �UV and þUV gels stained for OC (osteogenic
marker) and FABP (adipogenic marker) are shown in Fig. 6b. Cells
encapsulated in �UV gels underwent primarily osteogenic differ-
entiation, as illustrated by dense staining of OC in spindle-shaped
cells, compared to sparse staining of comparatively rounded cells in
the þUV constructs. The opposite trend was observed for expres-
sion of FABP; rounded cells in þUV stained predominantly for this
adipogenic marker relative to cells in �UV gels. Lineage specifica-
tion of hMSCs in uniform �UV and þUV environments was further
confirmed via quantitative PCR and cytochemical staining
(Fig. S4eS5). In photopatterned AHA hydrogels, multi-lineage
hMSC differentiation based on the local gel structure was
confirmed by immunostaining for the same targets (Fig. 6c). Cells in
�UV andþUV regions were induced primarily down the osteogenic
and adipogenic lineages, respectively.

Interestingly, the observed differentiation switch occurred
despite a mismatch in the mechanical properties traditionally asso-
ciated with each lineage [4,38,39] (i.e., hMSCs in the higher elastic
modulusþUV environmentwere induced toward an adipogenic, not

osteogenic fate). Our results contrast, for example, those of a recent
report by Heubsch et al. [39] describing the dependence of MSC
differentiation on the elastic modulus of physically crosslinked 3D
alginate scaffolds with a constant adhesive ligand concentration. In
these studies, encapsulated hMSCs differentiated based on the gel
elastic modulus (2.5e5 kPa and 11e30 kPa for adipogenesis and
osteogenesis, respectively); however, the cells maintained a grossly
roundedmorphology in all conditions. The authors provide evidence
that lineage commitmentwasbasedon theabilityof thecells to reach
through the surrounding mesh and utilize traction forces to re-
organize and cluster adhesive ligands. The degree of cytoskeletal
tension and adhesion ligand clustering was shown to correlate
directly with the gel modulus, providing a mechanistic basis for
osteogenic versus adipogenic differentiation in the stiffer versus
more compliant gels.

In our work, we hypothesize that kinetic chain formation in the
þUV hydrogel environments, despite causing an increase in mechan-
ical properties to a more typical osteogenic range (w15e18 kPa),
functions as a non-degradable steric barrier, blocking the ability of
encapsulatedhMSCstospread. Incontrast, spreadhMSCs inpermissive
�UV hydrogels undergo osteogenesis, potentially since their ability to
spread allows them to apply greater tensions on the matrix, despite
initial mechanical properties (w6 kPa) that are lower than the þUV
system that supported adipogenesis. These differences illustrate that,
relative to 2D systems, 3D substrate properties including elastic
modulus, adhesive ligand density, degradability and crosslink type
mayact collectively onencapsulated cell fate, a dynamicprocess that is
less amenable to generalized trends based upon any single property.

4. Conclusions

The sequential crosslinking and photopatterning techniques
presented here constitute a simple but powerful technique to
control hydrogel remodeling in 3D. The choice of material proper-
ties (e.g., choice of polymer, type of functionalization, modification
efficiency) and experimental parameters (e.g., macromer weight
percentage and ratio of crosslinking types) are among the design
parameters kept constant in the current work that can be adjusted
to tune degradation and remodeling rates for individual applica-
tions. The use of a light-initiated secondary crosslinking step may
also enable more advanced processing capabilities, such as the
synthesis of a hydrogel with a gradient of crosslink type ratio (i.e.,
by using a syringe pump to translate a photomask laterally above
the gel during light exposure). Such techniques may be valuable for

Fig. 6. Spatially patterned hMSC lineage commitment in mixed adipogenic/osteogenic culture media. (a) Quantitative assays for markers of osteogenic (alkaline phosphatase) and
adipogenic (oil red O) hMSC differentiation following 14 days of mixed media culture within uniform �UV and þUV hydrogels. * Denotes statistically significant differences
(p < 0.05) between conditions. (b) Representative immunostaining images for fatty acid binding protein (blue; adipogenesis) and osteocalcin (green; osteogenesis) from the interior
of uniform �UV and þUV hydrogels, with channels shown separately for ease of viewing. Scale bars ¼ 100 mm. (c) Representative immunostaining images for the same targets from
the interior of a hydrogel photopatterned with 250 mm stripes. Scale bar ¼ 100 mm.
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other basic cell-material interaction studies or advanced tissue
engineering applications, including the engineering in vitro of
clinically relevant tissues with interfaces (e.g., osteochondral
defects) or anisotropic properties (e.g., vascular or nervous tissues).
Importantly, this technology is applicable to a range of currently
used polymeric biomaterials and incorporates spatial control that is
crucial in developing complex microenvironments.
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