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Synthesis and Characterization of Tunable
Poly(Ethylene Glycol): Gelatin Methacrylate
Composite Hydrogels

Che B. Hutson, Ph.D.,"2" Jason W. Nichol, Ph.D."2" Hug Aubin, M.D.," Hojae Bae, Ph.D.,"?
Seda Yamanlar, M.S.,? Shahed Al-Haque, B.S.,® Sandeep T. Koshy, B.S."?
and Ali Khademhosseini, Ph.D."?

Poly(ethylene glycol) (PEG) hydrogels are popular for cell culture and tissue-engineering applications because
they are nontoxic and exhibit favorable hydration and nutrient transport properties. However, cells cannot
adhere to, remodel, proliferate within, or degrade PEG hydrogels. Methacrylated gelatin (GelMA), derived from
denatured collagen, yields an enzymatically degradable, photocrosslinkable hydrogel that cells can degrade,
adhere to and spread within. To combine the desirable features of each of these materials we synthesized PEG-
GelMA composite hydrogels, hypothesizing that copolymerization would enable adjustable cell binding, me-
chanical, and degradation properties. The addition of GeIMA to PEG resulted in a composite hydrogel that
exhibited tunable mechanical and biological profiles. Adding GelMA (5%-15% w/v) to PEG (5% and 10% w/v)
proportionally increased fibroblast surface binding and spreading as compared to PEG hydrogels (p <0.05).
Encapsulated fibroblasts were also able to form 3D cellular networks 7 days after photoencapsulation only
within composite hydrogels as compared to PEG alone. Additionally, PEG-GelMA hydrogels displayed tunable
enzymatic degradation and stiffness profiles. PEG-GelMA composite hydrogels show great promise as tunable,

cell-responsive hydrogels for 3D cell culture and regenerative medicine applications.

Introduction

AN ASSORTMENT OF DISEASES and injuries can lead to
tissue degeneration, organ dysfunction, and failure.
Although organ transplantation is an option in some cases,
potential organ donor recipients far outnumber organ do-
nors. The emerging field of tissue engineering holds great
promise to meet this outstretched demand through tissue
regeneration, organ repair, and replacement.1 Presently,
many of the techniques for developing engineered tissues
focus on using scaffolds seeded with cells in combination
with trophic factors.'™

Hydrogels have become popular scaffold platforms in the
field of tissue engineering and as materials for 3D cell cul-
ture.®” Hydrogels display favorable hydration properties
and can typically be fabricated under cyto-compatible con-
ditions. Development of new hydrogels has focused on
replicating aspects of the extracellular matrix of native tis-
sues to achieve the precise microenvironmental conditions

for a particular cell type and/or tissue development.® " This
has resulted in a wide variety of hydrogels developed from
both synthetic and naturally derived polymers.*''!> Interest-
ingly, both cell fate and cell function can be influenced by the
hydrogel microenvironment.'*"® Thus, ideally the hydrogel
microenvironment should mimic the mechanical and biological
demands and requirements of the tissues being replicated.'”
In the present study we have developed a photo-
crosslinkable composite hydrogel made from poly(ethylene
glycol) dimethacrylate (PEGDMA MW 1000Da) and me-
thacrylated gelatin (GelMA). As a synthetic hydrogel, PEG
has been very popular because of its many desirable prop-
erties. PEG hydrogels are nontoxic, nonimmunogenic, and
favorable to nutrient and oxygen transport, can be fabricated
under cell compatible conditions, and have robust mechan-
ical properties.'®' However, PEG is also void of bioactivity
common to many natural hydrogel polymers. As a result,
cells are unable to bind directly to PEG hydrogels or modify
the microenvironment through enzymatic degradation. Gel-
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MA, unlike PEG, is a natural polymer, derived from hydro-
lyzed collagen, maintaining similar bioactivity as collagen.
GelMA contains RGD binding sequences, allowing cells to bind
directly to the GeIMA hydrogels, and its protein structure al-
lows cells to enzymatically remodel and degrade the hydro-
gel.‘o"zz’24 Similar to PEG, GelMA has shown excellent cellular
compeatibility as a photocrosslinkable hydrogel for both cellular
encapsulation and cell seeding.>*** Although GelMA displays
many desirable attributes as a hydrogel for tissue engineering,
we have previously revealed an inability to tune cellular at-
tachment of GelMA hydrogels by simply altering its concen-
tration.?® Further, the degradation rate of GeIMA hydrogels can
only be altered by changing the concentration of GelMA 2
making it difficult to alter the degradation rate without affect-
ing other characteristics, such as the mechanical properties.
Therefore, pure GelMA hydrogels may be unsuitable for ap-
plications where greater tunability in cell adhesion, migration,
and cell-mediated degradation are needed.

Previous reports have exploited the favorable mechanical
properties and lack of bioactivity of PEG by implementing
PEG as a base for the addition of bioactive polymers and
peptides. Leach et al. developed a hyaluronic acid (HA)-PEG
composite hydrogel, whereas Mann et al. attached peptide
sequences to the acrylate groups of PEG.>>* Although HA
instills bioactive properties into the composite hydrogel, HA-
PEG hydrogels lack the cell adhesive functionalities desired
in many tissue engineering and 3D culture applications.
Also, the addition of bioactive peptides to PEG acrylate
groups is a complex multistep process and cell binding sites
are limited by the number of PEG acrylate groups. We
propose to exploit the lack of bioactivity of PEG by strate-
gically adding GelMA, a bioactive polymer, with the goal of
creating a group of “biologically functionalized” PEG hy-
drogels with properties exceeding those of either material
alone. We hypothesize that the supplementation of PEG
hydrogels with GelMA will create a composite photo-
crosslinkable hydrogel with tunable cell responsive proper-
ties, degradation, and mechanical properties, yielding a
hydrogel system that can be finely tuned for many diverse
applications such as creating engineered tissues or controlled
in vitro micro-environments for investigating cell behaviors.

Materials and Methods
Materials

The chemicals used in the production of GelMA-fabrication
(gelatin [type A, 300 bloom from porcine skin], metha-
crylic anhydride [MA]) and the pretreatment of glass slides
3-(trimethoxysilyl)propyl methacrylate (TMSPMA) were pur-
chased from Sigma-Aldrich. PEGDMA with a molecular
weight of 1000 DA was purchased from Polysciences, Inc..
Glass slides and coverslips were purchased from Fisher Sci-
entific. For photolithography we used printed photomasks
from CADart and a UV light source (Omnicure 52000) from
EXFO Photonic Solutions Inc. (Washington, DC). Electronic
digital micrometer calipers from Marathon Watch Company
Ltd. were used to determine spacer thickness.

GelMA synthesis

GelMA was synthesized as previously described.”*?®

Briefly, gelatin was mixed at 10% (w/v) with Dulbecco’s
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phosphate-buffered saline (DPBS; Gibco) at 50°C and stirred
until completely dissolved. A high degree of methacrylation
was achieved by adding 20% (w/v) of MA to the synthesis
reaction as previously shown.”> MA was added at a rate of
0.5mL/min under stirred conditions at 50°C and allowed to
react for 2h. After a 5xdilution with DPBS to stop the re-
action, the mixture was dialyzed against distilled water us-
ing 12-14kDa cutoff dialysis tubing for 1 week at 40°C to
remove salts and methacrylic acid. The solution was lyoph-
ilized for 1 week to generate a white porous foam and was
stored at —80°C.

Hydrogel preparation

PEGDMA and lyophilized GelMA were mixed into DPBS
with 0.5% (w/v) 2-hydroxy-1(4-(hydroxyethox)pheny)-2-
methyl-1-propanone (Irgacure 2959; CIBA Chemicals) at
80°C until completely dissolved. Ten percent and 5% (w/v)
PEG hydrogels were mixed with 0%, 5%, 10%, or 15%
(w/v) of GeIMA. PEGDMA alone did not polymerize at 5%
(w/v) and was not included in experimental analyses. To
achieve a homogeneous distribution, the prepolymer
was placed on a vortex mixer. To prevent gelation the pre-
polymer was maintained at 40°C before use.

Mechanical testing

Eighty microliters of prepolymer was pipetted between
two glass slides separated by a 1 mm spacer and exposed to
6.9mW/cm? UV light (360-480nm) for 50s. Samples were
detached from the slide and incubated in DPBS at room
temperature for 24h. Immediately before testing, an 8 mm
disc was punched from each swollen hydrogel with a biopsy
punch. The disc was blotted dry and compressed at a rate of
20% strain/min on an Instron 5542 mechanical tester. The
compressive modulus was determined as the slope of the
linear region corresponding with 0%-10% strain. The sample
size was 4-15 gels per group.

Swelling analysis

To perform swelling analysis, the gels were formed as
described for mechanical testing. Samples were then de-
tached from the slide and incubated in DPBS at room tem-
perature for 24 h. Gels were removed from DPBS and lightly
blotted dry, and the swollen weight was recorded. Samples
were then lyophilized and weighed to determine the dry
weight of polymer. The mass swelling ratio was then cal-
culated as the ratio of wet mass to the mass of dry polymer.
The gels were then incubated in DPBS at room temperature
for 48 h, weighed, and the rehydrated ratio was calculated as
the ratio of the rehydrated wet mass to the initial wet mass.
The sample size for analysis was six gels per group.

Hydrogel degradation

Polymerization was performed as described for mechani-
cal testing. Hydrogels were placed in 1.5mL tubes with 1 mL
of DPBS with 2.5 U/mL of collagenase type II (Worthington
Biochemical). Gels were incubated with collagenase type II at
37°C for 3, 6, 12, 24, 36, or 48h. After each time point, the
collagenase solution was removed, without disturbing the
undigested hydrogel. The remaining hydrogel was washed
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with DPBS, and then all liquid was removed and gels were
lyophilized. The percent degradation was calculated by the
dried weight after digestion divided by the weight of un-
treated hydrogels. The sample size was six gels per group.

Cell culture

All cells were cultured in a standard cell culture incubator
(Forma Scientific) in a 5% CO, atmosphere at 37°C. NIH3T3
fibroblasts were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) supplemented with 10% FBS, 1%
Penicillin/Streptomycin changed every 2 days, and passaged
two times per week.

Cell adhesion

For cell adhesion studies, hydrogels were patterned onto
PEG-coated glass slides using techniques previously dem-
onstrated to prevent cell adhesion on the slide surface.”
Briefly, PEG prepolymer was pipetted between a TMSPMA-
coated glass slide and an untreated coverslip (18 mm
[w]x 18 mm [1]), then exposed to 6.9 mW/ cm? UV light (360-
480 nm) for 50s. Six circular hydrogels (1 cm in diameter and
150 um in height) for each PEG and GelMA combination
were then patterned onto PEG-coated slides and placed in
DMEM at 37°C overnight. NIH3T3 cells were stained with
PKH67 Fluorescent Linker Kit according to the manufactur-
er’s instructions (Sigma-Aldrich). Hydrogels were then cov-
ered with a solution containing 3.5x10° labeled NIH3T3
cells/mL to a depth of approximately 1 mm above the sur-
face of the hydrogel and incubated for 8h before washing
twice with DPBS. PHK67 fluorescence was observed using
an inverted fluorescence microscope (Nikon TE 2000-U). Six
gels per group and six fluorescent images from each hy-
drogel were used to quantify total area occupied by PHK67-
labeled fibroblasts by using NIH Image] software.

Cell encapsulation and viability

NIHS3TS3 fibroblasts were trypsinized and resuspended in
prepolymer containing 0.5% photoinitiator at a concentration
of 2x10° cells/mL. Two hundred microgel units (500 pm x
500 pm x 150 pm) were fabricated as previously described,
onto PEG and TMSPMA-treated glass.23 The glass slides
containing microgels were washed with DPBS and incubated
for 6 and 48h in NIH3T3 medium under standard culture
conditions. The calcein-AM/ethidium homodimer Live/
Dead assay (Invitrogen) was used according to the manu-
facturer’s instructions. Calcein-AM/ethidium homodimer
fluorescence was observed using an inverted fluorescence
microscope (Nikon TE 2000-U). NIH Image] software was
used to quantify the number of calcein-AM and ethidium
homodimer-positive cells from 10 randomly selected micro-
gel units from six patterns for each PEG-GelMA hydrogel
combination.

Data analysis

Hydrogel data were analyzed using two- or three-way
ANOVA with concentration of GelMA and PEG as well as
culture time as independent variables. Post hoc analysis was
performed with Fisher’s LSD test. All statistical analysis was
performed with GB-STAT v8.0 (Dynamic microsystems). For

all statistical tests the level of significance was set at p <0.05.
Data are presented as mean+standard deviation (SD).

Results
Mechanical properties

The mechanical properties of hydrogels are well docu-
mented to influence cellular behavior, function, and differ-
entiation.”*® Unconfined compression was used to evaluate
the effect of GelMA supplementation on the mechanical
properties of 5% (w/v) and 10% (w/v) PEG hydrogels.
Statistical analysis illustrated a significant effect of PEG
(p<0.05) and a significant effect of GelMA (p<0.05) con-
centration on the compressive modulus of composite hy-
drogels (Fig. 1). Not surprisingly, this analysis revealed that
increasing the percentage of PEG from 5% (w/v) to 10% (w/v)
significantly increased the compressive modulus of the
composite hydrogels. Further, this analysis also illustrated
that GeIMA supplementation from 5% to 15% (w/v) en-
hanced the compressive modulus of composite hydrogels
more than an increase in PEG alone. These data reveal a
tunable increase in the compressive modulus of composite
hydrogels. Fisher’s LSD revealed significant differences be-
tween groups for the 10% (w/v) PEG supplemented with
GelMA. The addition of GeIMA to 10% PEG increased the
compressive modulus of composite hydrogels as compared
to 10% PEG alone. Interestingly, none of the samples failed
before the maximum 50N load was reached.

Swelling properties

The swelling characteristics of hydrogels can greatly affect
the pore size and diffusive and mechanical properties.” As
such, the effect of GeIMA supplementation on the swelling
profiles of PEG hydrogels was evaluated. Composite hy-
drogels were generated as previously described and allowed
to reach equilibrium via a 24 h incubation in DPBS at room
temperature. The hydrogels were then weighed and lyoph-
ilized, and the wet mass-to-dry mass ratio was compared
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FIG. 1. Composite hydrogels exhibit tunable compressive
moduli (MPa). Two-way ANOVA reveals a significant effect
of PEG (p<0.05) and GelMA (p<0.05) concentration on the
compressive modulus. Fisher’s LSD. *p<0.05, n=4-15 per
group. GelMA, methacrylated gelatin.
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FIG. 2. Composite hydrogels display adjustable swelling
and rehydration properties. (A) Initial wt: Dry wt. Two-way
ANOVA illustrates a significant effect of GelMA concentra-
tion (p <0.05) and a PEG and GelMA interaction (p <0.05) on
swelling. Fisher’s LSD *p<0.05, n=6 per group. (B) Rehy-
drated wt: Initial wt. Analysis found a significant effect of
PEG concentration (p <0.05), GeIMA concentration (p <0.05)
and a PEG and GelMA interaction (p<0.05). Fisher's LSD
*p<0.05, n=6 per group.

across the composite hydrogels. Statistical analysis revealed
a significant effect of GelMA (p<0.05) and a significant in-
teraction of PEG and GelMA (p<0.05) concentration in
driving the swelling properties of composite hydrogels (Fig.
2A). These data demonstrate the ability of GelMA supple-
mentation in 5% (w/v) and 10% (w/v) PEG to reduce the
swelling ratio. Further, the interaction of PEG and GelMA
reveals an effect of both materials on the swelling of com-
posite hydrogels, where the concentration of both materials
has a greater effect on swelling compared to one material
alone. The post hoc analysis illustrated additional significant
differences between groups for both 5% (w/v) and 10% (w/v)
PEG supplemented with GeIMA. Hydrogels containing 5%
PEG supplemented with 5%, 10%, or 15% (w/v) GelMA were
found to have significantly different swelling profiles. Ten
percent PEG supplemented with 0%, 5%, 10%, or 15% (w/v)
of GelMA also all displayed significantly different swelling
profiles.

HUTSON ET AL.

For rehydration, the same lyophilized composite hydro-
gels used in the swelling experiment were allowed to reach
equilibrium via incubation in DPBS for at room temperature
for 48h. Rehydration revealed a significant effect of PEG
(p<0.05), GeIMA (p<0.05) and a significant interaction of
PEG and GelMA (p<0.05) concentration on the rehydration
ratio (Fig. 2B). These data describe the ability of both PEG
and GelMA concentration to drive the rehydration proper-
ties. The interaction of PEG and GelMA reveals a synergistic
effect of both materials on the rehydration profile, where the
combination of the materials has a greater effect on rehy-
dration than either material alone. Further, Fisher’s LSD
found significant differences between groups for both 5%
(w/v) and 10% (w/v) PEG supplemented with 0%, 5%, 10%,
and 15% GelMA, respectively. In general, the data reveal that
GelMA supplementation increases the recovery from dehy-
dration as compared to PEG alone, with PEG-GelMA hy-
drogels reaching up to 80% of their original wet mass after
48h in DPBS.

Degradation profiles

The ability of cells to degrade and remodel their hydrogel
environment is crucial to the formation and development of
mature tissue. GelMA, like gelatin in its native state, main-
tains its susceptibility to enzymatic degradation, whereas
PEG hydrogels are not susceptible to enzymatic activity.®
Previously, Benton et al. used 2.5 U/mL of type II collagenase
to evaluate the enzymatic degradation profile of 10% Gel-
MA.2 In the present study, we implemented an identical
method to examine the enzymatic degradation profiles of
PEG-GelMA composite hydrogels as compared to GelMA
alone. The degradation profiles of 5%, 10%, and 15% (w/v)
GelMA supplemented with 5% and 10% (w/v) PEG resulted
in similar statistical outcomes: a significant effect of PEG
concentration (p <0.05), degradation time (p <0.05), and an
interaction of PEG and degradation time (p<0.05) (Fig. 3A-
C). The main effect of PEG concentration illustrates the
ability of the PEG concentration to alter the degradation rates
of composite hydrogels. As evident in the graph, the main
effect of degradation time describes that the longer the hy-
drogels are exposed to collagenase II the greater the mass
loss. The significant interaction of the PEG concentration and
degradation time reveals that composite hydrogels with
higher concentrations have less mass loss over time. For
example, from 24 to 48h 10% (w/v) PEG with 5% (w/v)
GelMA hydrogels display less mass loss than from 0 to 12h
(Fig. 3A). Interestingly, the addition of only 5% (w/v) PEG
significantly enhanced the degradation rate of 5% (w/v) and
10% (w/v) of GeIMA. However, supplementation of 5% (w/v)
PEG to 15% (w/v) GelMA resulted in similar degradation
rate as 15% (w/v) GelMA alone (Fig. 3C). The addition of
15% (w/v) PEG significantly reduced the degradation rates
of composite hydrogels with 5%, 10%, and 15% (w/v) Gel-
MA as compared to GelMA alone. These data illustrate that
PEG-GelMA composite hydrogels display tunable degrada-
tion profiles that can be altered by varying the concentration
of PEG, GelMA, or both materials.

2D cellular surface attachment

The ability of cells to attach, spread, and proliferate on
hydrogels is an imperative attribute for the engineering of
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FIG. 3. Composite hydrogels display modifiable degrada-
tion profiles. For composite hydrogels containing 5% (A),
10% (B), and 15% (C) GelMA analysis reveals a significant
effect of PEG concentration (p<0.05), degradation time
(p<0.05), and a PEG and degradation time interaction
(p<0.05) on the rate of degradation. n=6 per group.

tissues. PEG, unlike GelMA, lacks the cell binding sequences
necessary for cellular adhesion. Thus, the ability of GelMA to
enhance the cell adhesion profile of PEG hydrogels was
evaluated using NIH3T3 fibroblasts stained with PKH67.
Composite hydrogels were then covered with a solution

containing 3.5x 10° NTH3T3 cells/mL to a depth of approx-
imately 1mm above the surface of the hydrogel and incu-
bated for 8h before washing twice with DPBS, with this
considered time “0.” Cell attachment/spreading was ana-
lyzed at 0 and 6h post-DPBS wash. Statistical analysis re-
vealed a significant effect of culture time (p<0.05), GelMA
concentration (p<0.05), PEG concentration (p<0.05), an in-
teractive effect of culture time and GelMA concentration
(p<0.05), an interactive effect of time and PEG (p <0.05) and
an interactive effect of GelMA and PEG (p<0.05) (Fig. 4).
The results reveal that an increased concentration in PEG or
GelMA increased cellular attachment, suggesting stiffer
hydrogels supported more attachment. Further, the signif-
icant interaction of PEG and GelMA describes a synergistic
effect, increasing cellular attachment and spreading more
than an increase in PEG or GeIMA alone, further supporting
the hypothesis that stiffness drives cellular attachment. The
effect of time on cell spreading was evident, as there was a
significant increase in the area of confluence from 0 to 6h
for most composite hydrogels. Post hoc analysis revealed
additional differences between groups. Five percent (w/v)
PEG supplemented with 15% (w/v) GelMA displayed sig-
nificantly more cell attachment and spreading as compared
to 5% (w/v) PEG with 5% and 10% GelMA (Fig. 4C). All
composite hydrogels with 10% (w/v) PEG displayed
greater cell attachment and spreading compared to PEG
alone. Further, all composite hydrogels with 10% (w/v)
PEG displayed significant increases in cellular spreading
from 0 to 6h. These data reveal the ability to modulate
cellular attachment and spreading on PEG-GelMA com-
posite hydrogels by altering the concentration of either PEG
or GelMA.

3D encapsulation and viability

Separately, PEG and GelMA are documented to display
favorable cell viability after cellular encapsulation.”**!
NIH3T3 fibroblasts were encapsulated in composite hydro-
gels and the percent viability was analyzed at 6 and 48h
post-encapsulation. For cell viability in composite hydrogels
there was a significant effect of GelMA concentration
(p<0.05), PEG concentration (p<0.05), an interactive effect
of time and GelMA (p<0.05), an interactive effect of PEG
and GelMA (p<0.05), and an interactive effect of time,
GelMA, and PEG (p<0.05) (Fig. 5). In general, the addition
of GelMA increased the survival from 6 to 48h post-
encapsulation, as compared to PEG alone. Post hoc analysis
revealed the only significant reduction in viability was in 5%
(w/v) PEG with 5% (w/v) GelMA and 10% (w/v) PEG
alone, whereas 10% (w/v) and 15% (w/v) GelMA typically
enhanced or maintained cell viability from 6 to 48h at both
PEG concentrations (Fig. 5C). By 7 days post-encapsulation,
NIH3T3 fibroblasts remained viable and were able to sub-
stantially remodel the composite hydrogels, which did not
occur in PEG hydrogels. Cellular staining with phalloidin,
which labels F-actin, revealed multicellular networks in most
of the composite hydrogels (Fig. 6). NIH3T3 fibroblasts en-
capsulated in 5% (w/v) PEG with 5% (w/v) GelMA and 10%
(w/v) PEG only hydrogels did not stain for phalloidin or
DAPI. DAPI stains double-stranded DNA and the lack of
DAPI staining suggests degradation of cell nuclei and sub-
stantial levels of cell death.
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FIG. 6. 3T3 cells form interconnected networks in composite hydrogels after 7 days. Cells encapsulated in 5%GelMA-
5%PEG and 10%PEG alone did not stain for DAPI (blue) or phalloidin (red) and were presumed non-viable. The numbers on
each panel represent the percentage of PEG-GelMA (w/v) in each hydrogel. Scale bar =200 um. Color images available online
at www liebertonline.com/tea

Discussion

Materials used as hydrogels for tissue engineering must
meet specific characteristics to promote the generation of
new tissue. It is imperative that hydrogels maintain their
shape and provide the necessary mechanical support while
being nontoxic and nonimmunogenic. They should mimic
the extracellular matrix and promote cellular proliferation
and differentiation, desired cell functions, and interactions.
Similar to the extracellular matrix, hydrogels should be en-
zymatically degradable, allowing cells to remodel their
environment. Therefore, the importance of developing a
hydrogel with tunable mechanical and biological properties
is crucial when considering the wide range of optimal me-
chanical and micro-environmental requirements for each cell
and tissue type.

PEG is one of the most widely used materials for bio-
medical applications and has arguably become the standard
for hydrogel biomaterials. PEG is biologically inert, being
both nontoxic and nonimmunogenic, and has been approved
by the U.S. Food and Drug Administration for a variety of
clinical applications. Numerous methods have been devel-
oped to produce PEG hydrogels through covalent cross-
linking of PEG prepolymer; free radical polymerization of
PEG acrylates, Michael-type addition, enzymatic reaction,
and radiation.’>* Although PEG displays many desirable
features as a biomaterial, the inability for cells to degrade,
remodel, and attach to PEG make it difficult to implement as
a hydrogel for tissue engineering, where such characteristics
are critical. The lack of bioactivity of PEG has spurred the
development of functionalized PEG polymers, where pep-
tide sequences are attached to PEG acrylate groups or po-
lymerized to 4-arm PEG using Michael-type addition.””***
These functionalized PEG hydrogels are able to support
cellular attachment and migration in vitro, and cell infiltra-
tion and integration in vivo. When engineering tissues, each
cell type may require a different concentration of peptide
sequences for optimal cellular attachment to and enzymatic
degradation of the hydrogel. Further, each cell and tissue
type will have specific mechanical demands of the hydrogel
to promote proper tissue development. The development
and manufacturing of these functionalized PEG hydrogels
are achieved through complicated, multistep processes that
typically cannot be completed using only commonly avail-
able chemicals and equipment. In addition, simultaneously
customizing the biological and mechanical properties of
these types of PEG hydrogels is difficult to achieve without

significant experience and training. Further, the production
of these types of PEG polymers can be expensive.

In the present study we chose to use GelMA to biologi-
cally functionalize PEG hydrogels.>*® Gelatin is an inex-
pensive, natural, edible, biocompatible, nontoxic material
derived from acid or alkaline hydrolysis of collagen.® Type A
gelatin is produced by the acid processing of collagen and
exhibits an isoelectric point of 7-9.> Type B gelatin produced
by the alkaline process has an isoelectric point of 4.6-5.2.
For the present study, type A gelatin was chosen as it has a
higher number of reactive amino groups, resulting in a
greater potential degree of methacrylation.** Although there
are many reported methods for covalently crosslinking
gelatin, photocrosslinking GelMA has been shown to be
both compatible with cellular encapsulation and micro-
fabrication.>*® Aside from the above-mentioned biologi-
cal qualities that gelatin displays, previous research has
highlighted the trophic effects of gelatin, exhibiting pro-
angiogenic properties and promotion of valvular interstitial
cell function.>**

The supplementation of PEG hydrogels with GeIMA has
led to the development of a photocrosslinkable hydrogel that
is inexpensive, easily produced with common equipment
and chemicals, and biologically and mechanically tunable.
GelMA enhanced the compressive modulus of 5% (w/v) and
10% (w/v) PEG, exceeding the compressive modulus of PEG
and GelMA alone.** The addition of GelMA also affected
the swelling and rehydration properties, where GeIMA sig-
nificantly reduced the swelling of hydrogels while simulta-
neously increasing the ability of hydrogels to rehydrate
closer to their initial hydration mass in 48 h. Typically, PEG
hydrogels are not degradable; however, the addition of
GelMA created a composite hydrogel with tunable degra-
dation profiles outside the range of pure GeIMA hydrogels.
Interestingly, supplementation of 5% (w/v) GelMA in PEG
hydrogels resulted in composite hydrogels that had the
greatest rate of degeneration as compared to both 10% (w/v)
and 15% (w/v) GelMA supplementation. GelMA supple-
mentation also allowed NIH3T3 fibroblasts to attach to and
spread on the composite hydogels, a phenomenon not pos-
sible with PEG alone. The PEG-GelMA composite hydrogels
displayed adjustable cellular attachment, an event that may
not be easily possible with PEG or GelMA alone.®> The ad-
dition of GelMA greatly improved cellular viability after
hydrogel encapsulation as compared to PEG alone. These
data are in line with previous data highlighting the trophic
effects of gelatin on cellular behavior.>** The addition of
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GelMA allowed NIH3T3 fibroblasts to remodel their envi-
ronment, creating cellular networks within the composite
hydrogels at 7 days post-encapsulation.

Although PEG was functionalized in this study through
the addition of GelMA, conceivably any water-soluble hy-
drogel that polymerizes using acrylate chemistry could be
functionalized with the addition of GeIMA. Many other hy-
drogels currently used for cell encapsulation that lack cell-
responsive elements, such as methacrylated HA, could po-
tentially be made to have tunable cell-binding and degra-
dation properties similar to PEG-GelMA. In our group we
have confirmed that GeIMA mixes well with, and improves
some of the cell-responsive properties of pullulan methac-
rylate (PulMA) and methacrylated HA; however, a thorough
characterization of the resulting polymers was not per-
formed to the extent that is presented in this article.*>*® In-
terestingly, PEG with a molecular weight of 4000 Da would
force GelMA to precipitate out of solution at PEG concen-
trations of 5% (w/v) or greater. Previous research has
demonstrated that PEG 4000 precipitates proteins with high
affinity, whereas PEG 1000 does not.*” This could pose a
potential hindrance to functionalizing some acrylated hy-
drogels using GelMA.

PEG-GelMA composite hydrogels exhibit a range of bio-
logical and mechanically tunable profiles. Thus, these hy-
drogels have the potential to meet an assortment of cellular
and mechanical demands required for engineering tissues. In
the present study we only manipulated the concentration of
PEG or GeIMA when evaluating the properties of these hy-
drogels. Yet these gels have the potential for further biolog-
ical and mechanical tuning by varying the degree of
methacrylation of the GelMA, the concentration of the pho-
toinitiator, or UV exposure.23'28 Nichol et al. previously il-
lustrated the effects that the degree of methacrylation can
have on the compressive modulus and the swelling ratio.*®
Increasing the degree of substitution, with GelMA concen-
tration held constant, augmented the compressive modulus
while reducing the swelling ratio of hydrogels.*® Reducing
the degree of substitution had the opposite effect on GelMA
hydrogels.® In the case of the PEG-GelMA composite
hydrogels, reducing the degree of methacrylation in GelMA
would allow for the addition of GelMA to enhance cellular
attachment while not increasing the stiffness of the com-
posite hydrogel. Van Den Bulcke et al. have highlighted the
effects of altering UV exposure and photointiator on GelMA,
with the increase in UV time and/or photointiator resulting
in stiffer hydrogels.28 Thus, the PEG-GelMA composite
hydrogels can be customized to meet the wide range of bi-
ological and mechanical profiles required for tissue engi-
neering.

Conclusion

The present study highlights the ability of GelMA to bio-
logically functionalize and alter the mechanical properties of
PEG hydrogels in a cost-effective and reproducible manner.
The mechanical and biological properties of PEG-GelMA
hydrogels can be controlled by altering the concentration of
PEG, GelMA, or both. Unlike PEG alone, PEG-GelMA
composite hydrogels are enzymatically degradable hydro-
gels that cells can attach to, and create cellular networks
within. These data suggest that PEG-GelMA composite hy-

drogels can be customized to meet the necessary require-
ments of a variety of tissue engineering applications.
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