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Abstract

Biomaterial properties such as mechanics, degradation rate, and cell adhesivity affect cell
behaviors including spreading, proliferation, and differentiation. To engineer complex tissues, it is
often desirable to achieve precise spatial control over these properties. Here, methacrylated
alginate (MA-ALG) was used to create hydrogels comprising a single base material with regions
of different types and levels of crosslinking and subsequently different material properties. lonic
and ultraviolet light crosslinking mechanisms were combined to create dual-crosslinked hydrogels
with significantly increased stiffness and decreased swelling compared to calcium-crosslinked or
UV-crosslinked hydrogels. MC3T3 cells showed significantly enhanced proliferation on the
surface of dual-crosslinked hydrogels compared with calcium-crosslinked hydrogels. Photomasks
were then used to create patterned hydrogels with precise spatial control over regions that were
only calcium-crosslinked versus dual-crosslinked. This spatial variation in crosslinking
mechanism permitted local regulation of the hydrogel physical properties and alignment of cells
seeded on their surface. Photomasks were also used to create hydrogels with patterned
presentation of cell adhesion ligands, leading to spatial control over cell attachment and
proliferation. This biomaterial system can be useful for providing patterned, instructive cues to
guide cell behavior for engineering complex tissues.
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INTRODUCTION

During healing and development, cells are exposed to complex microenvironments
comprising biochemical and physical signals.12 To better understand the effects these
signals have on cell behavior, it is important to engineer biomaterial systems where they are
regulated in time and space. For example, manipulating mechanical signals can promote
changes in cell behavior such as spreading, proliferation, migration, and differentiation.3-7 It
is therefore desirable to isolate and vary individual biochemical or physical cues within a
single biomaterial without changing its base chemistry to determine the effects of these
signals on cells. Changes in crosslinking of biomaterial hydrogels are often used to change
their physical properties. This has been used to create hydrogels with different mechanical
properties using chemically modified materials including polyethylene glycol (PEG),8
hyaluronic acid (HA),%10 alginate, polydimethylsiloxane (PDMS),12 dextran,13 and a
number of others.14

Extending this idea, hydrogel systems have been developed using two different crosslinking
mechanisms applied sequentially.1>-23 Hydrogels crosslinked by both mechanisms exhibit
different physical properties than those that are single-crosslinked. For example, a
methacrylated x-carrageenan system used chemical and physical crosslinking separately and
in combination to vary hydrogel mechanical properties including modulus and toughness.1’
Dual-crosslinked hydrogel systems with a light-based crosslinking step can easily be
adapted for spatial control of material properties, with the goal of controlling and/or
studying cell responses to these micro-environmental parameters. In this approach, the
hydrogels are uniformly crosslinked throughout (single-crosslinking), and then additional
crosslinks are formed with ultraviolet (UV) light in specific spatial regions using a
photomask (dual-crosslinking). For example, HA modified with methacrylate groups was
chemically crosslinked with butanediol diglycidyl ether or dithiothreitol, and then UV light
was used to photo-crosslink remaining methacrylate groups.2%-21 The extent of crosslinking
influenced the hydrogel swelling and mechanical properties, which affected human
mesenchymal stem cell (hMSC) spreading and proliferation in two dimensions (2D) and
three dimensions (3D).21:22 Similar cell proliferation results were obtained using human
adipose-derived stem cells (hASCs) in methacrylated alginate chemically crosslinked with
an 8-arm PEG amine and then additionally UV-crosslinked in controlled regions. This
alginate/PEG system was also used to explore the effect of patterned material properties on
hASC differentiation, demonstrating the utility of dual-crosslinked hydrogel systems in
examining complex cell behaviors.23
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Alginate, a natural polysaccharide derived from brown algae, is a powerful material for
studying the effects of physical and biochemical signals on cells. Cells do not adhere or
spread on hydrogels made of native alginate, but it can be modified with cell adhesion
ligands to allow for controlled cell attachment.2425 Alginate can be ionically crosslinked
with divalent cations, usually calcium, that interact with the carboxylic acids on the
macromer backbone. Changing the cation concentration can change the crosslinking density
and thus the hydrogel mechanical properties.!! Calcium-crosslinking is gentle enough to
form hydrogels with encapsulated cells which maintain high viability.28 Our group has
previously chemically modified alginate with methacrylate groups that form covalent
crosslinks through free radical polymerization in the presence of low level UV light and a
photoinitiator.2” Since the methacrylated alginate (MA-ALG) still has remaining free
carboxylic acids, it can also interact with calcium ions to form additional crosslinks.
Therefore, MA-ALG is a unique material because it allows for both ionic and covalent
crosslinking. While the ionic crosslinks degrade due to dissociation of the macromer chains
as calcium ions are replaced by monovalent cations such as sodium ions,28:29 the covalent
crosslinks degrade via hydrolysis of ester linkages.2” These two fundamentally different
crosslinking mechanisms may also result in independent control of hydrogel swelling
profiles and/or mechanical properties by varying the relative amount of each crosslink type,
allowing for even greater manipulation of biomaterial properties compared to dual-
crosslinked systems based on two separate covalent crosslinking mechanisms.

Here, we present a system of dual-crosslinked alginate that is used to locally regulate
hydrogel mechanics by creating regions of calcium only crosslinking and dual-crosslinking.
The utility of the approach to subsequently regulate adhesion and/or proliferation of cells
seeded on the surface is then demonstrated in hydrogels with spatially patterned mechanics
and adhesion ligand presentation. To our knowledge, this is the first work that uses both
ionic and covalent crosslinking of one base material with simple photomask patterning to
achieve spatial control over hydrogel physical and biochemical properties.

Crosslinking Mode Effects on Hydrogel Physical Properties.

Single and dual crosslinked hydrogels were formed as shown in Figure 1a. Single-
crosslinked hydrogels were crosslinked with UV light or calcium alone, and dual-
crosslinked hydrogels contained both calcium- and photo-crosslinks as shown in Figure 1b.
Dual-crosslinked hydrogels had higher shear storage and loss moduli than those with the
same level of methacrylation that were crosslinked with calcium or UV alone (Figure 2a and
c). Hydrogels with only UV-crosslinking were by far the least stiff, with storage moduli 2-3
orders of magnitude lower than calcium or dual-crosslinked hydrogels with the same levels
of methacrylation. Representative curves show that neither the G’ nor G” exhibited
frequency-dependent behavior over the range examined (Figure 2b and d). The main effect
of crosslinking mechanism was significant (o < 0.001), and within each level of
methacrylation, storage moduli for hydrogels crosslinked with UV alone, calcium alone, and
dual-crosslinking were all statistically different from each other (p < 0.05). The storage
moduli of the system ranged from G’ = 0.01-0.11 kPa for UV-crosslinked hydrogels, G’ =
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8.3-11.5 kPa for calcium-crosslinked hydrogels, and G* =15.7-22.3 kPa for dual-
crosslinked hydrogels. The loss moduli of the system ranged from G” = 0.005-0.024 kPa
for UV-crosslinked hydrogels, G” = 1.1-1.3 kPa for calcium-crosslinked hydrogels, and G”
= 1.8-2.9 kPa for dual-crosslinked alginate.

Average swelling correlated inversely with mechanical properties: dual-crosslinked
hydrogels swelled less than calcium-crosslinked hydrogels at the same methacrylation level
(Figure 2e). Again, the main effect of crosslinking type led to significantly different average
swelling (p < 0.001). Swelling differences were significant between calcium- and dual-
crosslinked hydrogels for 11% MA (p < 0.05), and between UV-only and dual-crosslinked
hydrogels at all methacrylation levels (p < 0.05). Swelling for UV-only crosslinked
hydrogels was significantly greater than that of calcium-crosslinked hydrogels for 5% and
7% MA-ALG, likely because the low levels of methacrylation limited the number of UV-
crosslinks that could form. Average swelling ratio, Q, ranged from a low of 36.9 for 11%
MA, dual-crosslinked alginate, to a high of 210.1 for 5% MA UV-crosslinked hydrogels,
with the average for calcium-crosslinked hydrogels ranging from Q= 83.0-98.6.

Crosslinking Mode Effects on Cell Proliferation.

After establishing the effect of crosslinking mode on hydrogel physical properties, it was
important to evaluate how these differences in physical properties affect cell behavior.
MC3T3 preosteoblast cells could adhere and spread on both calcium- and dual-crosslinked
7% MA hydrogels modified uniformly with the RGD adhesion ligand (Figure 3a). After 12
h of culture, the cells exhibited no visible differences in cell number or initial spreading.
However, there were visible qualitative differences in cell proliferation over time. At 4 days,
some increase in cell number was observed on calcium-crosslinked hydrogels, but there was
marked proliferation on the dual-crosslinked hydrogels. At 7 days, cell proliferation was
substantial on the calcium-crosslinked hydrogels, while cells had reached near confluence on
the dual-crosslinked hydrogels (Figure 3a). Quantification of metabolic activity by MTS
assay, an indirect measure of cell number, confirmed these qualitative findings. While there
was no difference in the initial MTS readings indicating the same number of cells adhered to
the hydrogels at 12 h, absorbance readings normalized to day zero were 34.3% and 30.5%
higher for the dual-crosslinked hydrogels compared to the calcium-crosslinked hydrogels at
4 and 7 days, respectively (Figure 3b). These increases were significant at p < 0.01.

Spatial Control over Hydrogel Patterning to Direct Cell Behavior.

The ability to spatially control the physical properties described above would dramatically
increase the utility of the dual-crosslinked alginate. Successful photo-patterning of the
hydrogels was verified with methacrylated rhodamine, a fluorescent tag which covalently
bonds to the methacrylate groups on MA-ALG during exposure to UV light. After 24 h
equilibration in DMEM, the free methacrylated rhodamine diffused out of the hydrogel in
areas that were crosslinked by calcium alone. This left only the methacrylated rhodamine
that was coupled to the dual-crosslinked regions, and could be detected with a fluorescence
microscope. Images of hydrogels made with a variety of photomask geometries demonstrate
that patterns were fabricated in a number of shapes with resolution on the order of tens of
microns (Figure 4a—c). Micropatterned hydrogels resulted in regional differences in surface

Bioconjug Chem. Author manuscript; available in PMC 2019 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Samorezov et al.

Page 5

swelling after incubation in media for 48 h. These were grossly observed visually as
demonstrated with 11% MA alginate (Figure 4d), which had the most dramatic differences
in swelling between calcium- and dual-crosslinked hydrogels (Figure 2e). Other levels of
methacrylation do not lead to visible patterns of surface swelling, but these patterns may be
present on the microscopic scale.

Given that the properties studied in the bulk hydrogels were shown to affect cell behavior, it
was hypothesized that spatial control of these material properties can be used to direct cell
behavior. When MC3T3 cells were seeded on hydrogels with uniform adhesion ligand
presentation patterned with 250 gm stripes of dual-crosslinking, there was no visible pattern
in their initial attachment (Figure 5a, top row). After 7 days of culture on the patterned
hydrogels, the cells exhibited visible proliferation and formed aligned cell structures on the
250 1m dual-crosslinked stripes (Figure 5a, bottom row). In contrast, cells seeded on single-
or dual-crosslinked hydrogels that were not patterned exhibited no visible pattern of
alignment after 7 days in culture (Figure 3a). Increased cell coverage of dual crosslinked
regions of the hydrogel, which is a function of cell number and cell spreading, was verified
quantitatively. There was no statistically significant difference in initial cell area fraction on
the calcium- vs dual-crosslinked hydrogels at 12 h (5.5% of the calcium-crosslinked area
was covered with adhered cells compared with 5.6% of dual-crosslinked area). After 7 days,
however, a significantly greater fraction of the dual-crosslinked area of the hydrogels was
covered with cells (15.8% of dual-crosslinked area compared with 6.7% of calcium-
crosslinked area, p < 0.01, Figure 5b).

This dual-crosslinking system was then used to achieve control over cell behavior by
exploiting its capacity for patterning biomolecule presentation. Here, this was demonstrated
using MA-ALG that was not modified with RGD peptides throughout, but instead mixed
with acrylated RGD-containing peptides. Much like the methacrylated rhodamine dye, the
acrylated RGD can be mixed into the MA-ALG macromer solution prior to crosslinking,
and is only immobilized in the dual-crosslinked regions. Overnight incubation of the
hydrogels in DMEM allowed the uncrosslinked acrylated RGD in the regions not exposed to
UV light to diffuse out of the hydrogel. In contrast to the hydrogels modified uniformly with
RGD-containing peptides, which showed no patterns in cell attachment (Figure 5a, top row),
on hydrogels with micropatterns of adhesion ligands MC3T3s attached predominantly to
peptide-containing regions (Figure 6a, top row). Over 7 days the cells continued to
proliferate almost exclusively on these regions (Figure 6a, bottom row). There were
statistically significant differences in cell distribution on the RGD-patterned hydrogels after
both 12 h, when 3.5% of calcium-crosslinked areas without RGD were covered with cells
compared to 17.7% of dual-crosslinked areas with coupled RGD, (p< 0.01), and after 7
days, when 4.9% of hydrogel areas without RGD were covered with cells compared to
72.8% of areas with coupled RGD (p < 0.01, Figure 6b).

DISCUSSION

In this study, dual ionic- and photo-crosslinking was used to create alginate hydrogels with
spatially controlled physical and chemical properties. Before achieving spatial control, it
was first important to characterize the bulk properties of single- and dual-crosslinked
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hydrogels. Mechanical testing showed that for all conditions, the storage moduli were higher
than the loss moduli, which indicates crosslinked hydrogel networks that have passed their G
’IG” crossover, or gel points.30 However, dual-crosslinking led to hydrogels with higher
shear storage moduli than either calcium- or UV-crosslinking alone. This trend is consistent
with other hydrogel systems where increasing the number of crosslinks led to increased
stiffness; additional crosslinks add to a material’s ability to resist deformation under applied
load.14:18:20 The inverse relationship seen between hydrogel stiffness and swelling follows
as expected from Flory—Rehner theory, where increased crosslink density correlates with
decreased hydrogel swelling.31 Of note, increased alginate methacrylation led to increased
storage moduli and decreased swelling of UV-crosslinked hydrogels, similar to results
reported previously,2” and a decreasing trend in the storage moduli of calcium-crosslinked
hydrogels. This is likely due to the decreased availability of carboxylic acid groups for ionic-
crosslinking in hydrogels with higher methacrylate modification.

The hydrogels presented here comprise a broader storage moduli range than some existing
systems. For example, the HA system described by Zawko et al. exhibited G* < 1 kPa
(single-crosslinked regions) up to a maximum G’ = 1.37 kPa (dual-crosslinked regions),20
compared with this alginate system, where the G’ range is from <1 to 22.3 kPa. Because
hydrogels are typically viscoelastic, it is difficult to make direct comparisons with systems
that report elastic moduli obtained through constant strain rate compression tests. Results on
viscoelastic materials are highly dependent on testing parameters including hydrogel
geometry and strain rate. However, the shear storage moduli of these hydrogels are in the
range of others reported in the literature and shown to support the viability of cells both in
and on the hydrogels.14

It is useful to note that ionic and covalent crosslinks lead to hydrogels with unique stress
relaxation behaviors. lonic crosslinking of alginate allows for the breakage and reformation
of crosslinks under loading. Covalent crosslinks are fixed and instead force the migration of
water through the hydrogel network in response to applied loads.32:33 By regulating the
location of ionic-only versus dual-crosslinking, it may be possible to create a material with
regional differences in viscoelastic mechanical properties. For example, a patterned hydrogel
can be subjected to a relatively uniform compressive load in one direction, such as that from
a simple compressive loading bioreactor,3435 but cells in the differently crosslinked regions
will be exposed to different deformations and patterns of fluid flow depending partially on
how easily crosslinks in the material of these regions break and reform.

Since photopolymerizable alginate can be easily modified throughout with cell adhesion
ligands, such as those containing the RGD peptide sequence, with minimal changes to
hydrogel physical properties such as swelling and elastic modulus,2® the system can be used
to examine effects of changing hydrogel physical properties while maintaining biochemical
properties, such as cell adhesion, constant. The range of mechanical properties achieved in
this dual-crosslinked system was wide enough to induce changes in cell proliferation, which
is known to be influenced by biomaterial mechanical properties in both 2D and 3D.4:36
MC3T3 cells showed increased proliferation on dual-crosslinked hydrogels, probably due to
their higher stiffness. Cells cultured on other cell-adhesive hydrogels have also exhibited
increased proliferation on stiffer surfaces.>37:38 This is likely because cell spreading, which
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is enhanced on substrates of increased stiffness,#243 is often necessary for division of
adhesion-dependent cells.39 Since both crosslinking mechanisms are gentle, ensuring high
viability of encapsulated cells (data not shown), this system will allow for the highly
controlled study of the effects of a range of substrate mechanical properties using hydrogels
with similar biochemistry, a useful tool in fields like tissue engineering and cancer biology.

Hydrogels with photopatterned physical properties showed no localized differences in cell
adhesion, but over time cells formed aligned structures on the surfaces that matched the
hydrogel patterns, with the majority of cell area covering the dual-crosslinked regions of the
hydrogels. This could be due to spatial differences in gel mechanics leading to preferential
proliferation on dual-crosslinked regions and/or gel curvature resulting from differential
swelling. Hydrogels with patterned RGD cell adhesion peptide showed striking control over
both localized cell adhesion and proliferation. Given the versatile chemistry, other peptide
sequences?? and patterns could be used with similar effect. For example, islands of adhesion
ligands can be created in defined geometries on the scale of tens of microns, directing
adhesion and spreading of cells and/or cell clusters, and potentially affecting proliferation
and differentiation.#142 In a similar manner, other bioactive molecules can be functionalized
with acrylate or methacrylate groups and patterned in the dual-crosslinked regions of these
hydrogels. For instance, an osteopontin mimicking peptide®3 might be used to locally drive
osteogenesis, matrix metalloproteinase-degradable peptides** could permit regional control
over where cells degrade hydrogel crosslinks, and methacrylated heparin®® could be used to
sequester heparin-binding growth factors in specific regions of dual-crosslinking.

Importantly, this system also differs fundamentally from most existing dual-crosslinked
systems in that the two crosslinking mechanisms can be applied in either order: UV light can
be applied to an ionically crosslinked hydrogel, or divalent cations in solution can diffuse
into a photo-crosslinked hydrogel. This can be used to stiffen regions of hydrogel at different
time points without affecting viability of cells seeded on the hydrogel surface or in its
interior. Alternately, to soften hydrogels at a desired point in time, calcium-binding
molecules, such as EDTA or citrate, could be delivered to local regions of a hydrogel to
remove the ionic-crosslinks#® while leaving UV-crosslinked regions unaltered. These system
capabilities may be used to yield insight into cellular behavior in response to externally and
spatially controlled temporal changes in substrate mechanical properties.4748

Spatial control of ionic-crosslinking following photo-cross-linking could be accomplished
on the macroscopic scale by only permitting access of a divalent cation-containing solution
to part of the hydrogel. UV-based calcium release would allow for fine spatial resolution.
Applying UV light again to photo-crosslinked alginate hydrogels that have first been rinsed
to remove unreacted residual photoinitiator will not result in additional photo-crosslinking.
This means that, for example, calcium caged DM-nitrophen, a photolytic molecule that
releases calcium ions in response to UV light and is small enough to diffuse into photo-
crosslinked hydrogels,*® could be used to ionically crosslink hydrogels only in regions
directed by a photomask.50 Given that the differences between the properties of the dual-
crosslinked hydrogels and photo-crosslinked hydrogels were even more dramatic than those
between the dual-crosslinked and calcium-crosslinked hydrogels that were described in this
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work, using patterned calcium ion presentation has the potential to create hydrogels with an
even wider range of properties.

Advances such as two-photon excitation technology and lasers with digital micromirror
devices have been employed in the literature to localize UV light to specific locations in 3D
space to allow for even finer control over the presentation of these signals as opposed to the
2D patterning reported.>! These technologies could allow for the study of the effects that
precise 3D spatial presentation of different bioactive factors have on cell behavior. Such
tools could ultimately be used to generate complex instructive biomaterials to create 3D
patterned templates for tissue regeneration.

In summary, this work demonstrates the capacity of combined ionic and photo-crosslinking
to control alginate material properties. Dual-crosslinking created hydrogels with
significantly increased elastic modulus and significantly decreased swelling compared to
UV- or calcium-crosslinking alone. Further, a photomask could control exposure of UV
light, creating a spatially patterned biomaterial with micron scale resolution. These
differences in hydrogel physical properties affected cell behavior: preosteoblast cells
exhibited significantly increased proliferation on dual-crosslinked compared to calcium-
crosslinked hydrogels, and formed aligned cell structures on patterned hydrogels. Acrylated
cell adhesion peptides could also be spatially patterned using photomasks, directing cell
attachment as well as proliferation. Such a system will be useful for studying effects of
hydrogel material properties on cells, and for patterning these properties in three-
dimensional space to create instructive hydrogels for the regeneration of complex tissues.

EXPERIMENTAL PROCEDURES

Synthesis of Methacrylated Alginate.

MA-ALG was prepared as previously described.2” Briefly, 5 g of 5 Mrad irradiated Protanal
LF 20/40 alginate (52 kDa, FMC Biopolymer, Philadelphia, PA) was dissolved at 1% w/v in
a pH 6.5 solution of 50 mM 2-morpholinoethanesulfonic acid (MES, Sigma-Aldrich, St.
Louis, MO) and 0.5 M NaCl. To prepare alginate with a theoretical methacrylation (MA) of
45% of its monomers, A-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (NHS, 1.31 g and EDC, 4.38g, respectively, Sigma-Aldrich)
were added to activate the carboxylic acid groups of the alginate, after which 2-aminoethyl
methacrylate (AEMA, 1.9 g, Polysciences, Inc., Warrington, PA) was added and allowed to
react for 24 h. The molar ratio of NHS:EDC:AEMA was maintained at 1:2:1, varying the
amount of AEMA to achieve varying degrees of methacrylation. The product was
precipitated in excess acetone, dried under reduced pressure, rehydrated to 1% w/v in
ultrapure deionized water (diH20), and dialyzed against diH20 (MWCO 3500, Spectrum
Laboratories, Rancho Dominguez, CA) for 3 days. It was then treated with 5 g/L activated
charcoal for 30 min, filtered through a 0.22 um filter, and lyophilized until dry. The degree
of alginate methacrylation was characterized by 1H NMR (Varian Inc., Palo Alto, CA) and
integrating the peaks of the methylene protons of the methacrylate groups as previously
described.2” The synthesized alginates were labeled by their calculated percent of
methacrylated carboxylic acids, for example, 7% MA. For material to be used in cell
experiments with uniform adhesion ligand presentation, MA-ALG was further modified for
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cell adhesion with 15 mg of the amino acid peptide sequence GGGGRGDSP (Gly-Gly-Gly-
Gly-Arg-Gly-Asp-Ser-Pro, Mimotopes, Clayton, Victoria, Australia) per gram of alginate
using sulfo-NHS (Sigma-Aldrich) and EDC (28.1 mg sulfo-NHS and 49.7 mg EDC per
gram of alginate) under reaction conditions as previously described.25:52

Hydrogel Preparation.

For calcium-crosslinked hydrogels, 50-mm-diameter cell culture dishes with 14-mm-
diameter holes (MatTek, Ashland, MA) were placed on top of 18 mm square glass coverslips
(Fisher Scientific, Fair Lawn, NJ) to create a small well, and a small amount of water
between the dish and coverslip created a seal. A 2% alginate solution (225 /1) in
Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific, Waltham, MA)
with 0.05% Irgacure 2959, a photoinitiator, (Sigma-Aldrich) was deposited into the well, and
covered with a 47-mm-diameter, 5 1m pore size cellulose acetate membrane (GE Water,
Trevose, PA). The dish was filled with 100 mM calcium chloride (Fisher Scientific) in
diH20 for ionic crosslinking. After 15 min, the calcium solution and membrane were
removed, and the alginate hydrogel remained on the glass coverslip. For UV-crosslinked
hydrogels, the alginate was deposited into the well as described above, but not covered with
a membrane, and placed under UV light (Lumen Dynamics, Missisagua, Ontario, Canada)
with 320-500 nm filter at 2 mW/cm? for 60 s. All dual-crosslinked gels were first calcium-
crosslinked. Before the hydrogel was removed from the dish, the dish was inverted so the
glass coverslip was on top, and exposed to UV light as described for the UV-crosslinked
hydrogels. In the case of patterned hydrogels, a custom photomask made from chrome on
soda lime glass in either 250-zm-wide stripes or a 200 xm checkerboard pattern (Advance
Reproductions Corporation, North Andover, MA) was placed in between the glass coverslip
and the UV lamp.

Characterization of Bulk Hydrogel Physical Properties.

The rheological properties of the photo-crosslinked hydrogels were measured using a strain-
controlled AR-2000ex rheometer or ARES rheometer (TA Instruments, New Castle, DE,
USA) with stainless-steel parallel plate geometry. Samples prepared in the same manner
measured on both rheometers showed similar properties. The measurement was performed
using a dynamic frequency sweep test in which a sinusoidal shear strain of constant peak
amplitude (0.1%) was applied over a 0.1-10 Hz frequency range, with V=4 samples per
condition. Storage modulus (G”) and loss modulus (G”) at 1 Hz were compared for all
samples. Swelling ratio was calculated by incubating the hydrogels for 48 h in DMEM, and
taking the ratio Q = wet mass/dry mass at that time, with A//=4 samples per condition.

Cell Proliferation.

Prepared hydrogels were transferred to nonadhesive 24-well cell culture plates (Corning
Inc., Corning, NY) and rinsed overnight in 1 mL DMEM at 4 °C. Cell proliferation
experiments used MC3T3-E1 preosteoblast cells (passage 24, ATCC CRL 2593, Manassas,
VA) seeded at 5000 cells per cm?2. Cells were seeded onto the surface of the hydrogels,
cultured in 0.5 mL of Minimum Essential Medium Alpha (aMEM, Thermo Fisher
Scientific) with 10% fetal bovine serum (FBS, Fisher Scientific) changed every other day,
and observed at 12 h, 4 days, and 7 days. Cells were photographed on a TMS Microscope
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(Nikon, Tokyo, Japan) using a Nikon CoolPix camera. At these time points, cells on the
hydrogels were incubated for 1 h with phanazine methosulfate (PMS) and 3-(4,5-
Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
(MTS) (Promega, Madison, WI), which can be reduced in the presence of metabolically
active cells.>3 The assay was performed per manufacturer’s guidelines, and the absorption of
resulting formazan product was measured at 490 nm using a VersaMax plate reader
(Molecular Devices, Sunnyvale, CA), with A/=4 samples per condition at each time point.
Absorbance readings were normalized to the calcium-cross-linked hydrogels at the 12 h time
point, allowing a relative measure of cell number changes over time.

Visualization of Micropatterning.

To visualize pattern formation, 7% MA micropatterned dual-crosslinked alginate gels were
prepared as described above using a variety of photomasks, but 0.01% w/v of methacrylated
rhodamine was added to the alginate solution before crosslinking. After 24 h incubation in
media at 4 °C to remove the uncrosslinked rhodamine, hydrogels were imaged for red
fluorescence using an Eclipse TE300 fluorescence microscope (Nikon) with a Retiga-SRV
camera (QImaging, Burnaby, BC, Canada). To visualize patterns in surface swelling,
micropatterned, dual-crosslinked 11% MA alginate gels were prepared as described above
with a 250 gm stripe photomask, allowed to incubate in media for 48 h as in the swelling
experiments, and photographed with a Nikon Coolpix camera. MC3T3 cells were then
seeded on these patterned hydrogels as described above, again at 5000 cells per cm?. After
12 hours or after 7 days, hydrogels were incubated with 30 g/mL fluorescein diacetate
(Sigma-Aldrich) for 2 min at room temperature and imaged for both red and green
fluorescence as described above. At each time point there were /=4 hydrogels per
condition, with representative images reported. Hydrogels were not returned to culture after
imaging. Using these images, quantification of cell coverage on calcium-crosslinked and
dual-crosslinked areas of the hydrogels was performed using ImageJ software (U.S. National
Institutes of Health, Bethesda, Maryland, USA). Images of both the cells and patterns were
thresholded, and the total pattern areas and cell areas on each part of the pattern were
calculated using the Analyze Particles tool. From this, the cell area fraction on each part of
the substrates was determined. Images from N = 4 hydrogels from each time point were
examined, with one image per hydrogel.

Visualization of Hydrogels with Micropatterned Adhesion Ligand Presentation.

Acrylated RGD was prepared as previously described,>* using GGGGRGDSP peptide
(Mimotopes), and added to a final concentration of 1 mg/mL to a solution of 7% MA
alginate that was not already modified with peptide. The material was calcium-crosslinked,
UV-crosslinked through a 250 um striped photomask, and incubated overnight in 1 mL of
DMEM at 4 °C to allow uncrosslinked acrylated RGD to diffuse out of the hydrogel.
MC3T3 cells were seeded on the surface of the hydrogels, and at 12 h or 7 days cells were
incubated with fluorescein diacetate and imaged as described earlier. There were N=4
hydrogels per condition, with representative images reported. Hydrogels were not returned
to culture after imaging. Quantification of preferential cell adhesion and proliferation on the
RGD-modified regions was performed using these images as described in the previous
paragraph.
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Statistical Analysis.

All quantitative data is expressed as mean * standard deviation. Statistical analysis was
performed with one- or two-way analysis of variance (ANOVA) with Tukey honestly
significant difference post hoc tests using Minitab software (Minitab Inc., State College,
PA). A value of p< 0.05 was considered statistically significant.
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Figure 1.
Dual-crosslinked hydrogel (a) fabrication and (b) chemistry. Calcium-crosslinked hydrogels

are prepared using only steps 1-3. Patterned hydrogels required the use of a photomask and
UV light in step 4.
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Shear (a) storage (G') and (c) loss (G”) moduli at 1 Hz. The main effect of crosslinking
mechanism was significant at p < 0.001. Representative (b) G and (d) G” moduli curves
across a range of frequencies. (e) Swelling of calcium- and dual-crosslinked hydrogels. The
main effect of crosslinking mechanism was significant at p < 0.001. Individual comparisons
significant at p < 0.05 within methacrylation levels for groups indicated with different

letters.
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4 days

crosslinked alginate-RGD hydrogels as quantified by MTS assay (*p < 0.01 compared to all
other time points for same crosslinking type, O p < 0.01 compared to different crosslinking

mechanism for the same time point).
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(d)

Figure 4.
Fluorescence photomicrographs using methacrylated rhodamine to show micropatterns in

7% MA hydrogels: (a) 100 um checkerboard, scale bar = 200 xm; (b) 250 um stripes, scale
bar =500 zm, and (c) 200 zm islands, scale bar = 500 xm. Red indicates coupled
methacrylated rhodamine, which demonstrates where UV crosslinking occurred. (d)
Patterned surface swelling in 11% MA hydrogel patterned with 250 um stripes, after 48 h
incubation in media at 4 °C.
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Figureb.
Cells seeded onto a 250 pm striped micropatterned dual-crosslinked hydrogel. (a)

Fluorescence photomicrographs of hydrogels and cells after 12 h (top row), and after 7 days
in culture (bottom row). Scale bars = 500 um. (b) Quantification of cell distribution on
calcium- and dual-crosslinked regions (* p < 0.01 compared to different crosslinking
mechanism at same time point).
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Figure6.
Cells seeded onto micropatterned 250 4m striped dual-crosslinked hydrogels presenting cell

adhesion ligands only in regions of dual crosslinking. (a) Fluorescence photomicrographs of
hydrogels and cells after 12 h (top row), and after 7 days in culture (bottom row). Scale bars
=500 um. (b) Quantification of cell distribution on calcium- and dual-crosslinked regions (*
p < 0.01 compared to different crosslinking mechanism at same time point).
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