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Photocrosslinking of Gelatin Macromers
to Synthesize Porous Hydrogels That Promote
Valvular Interstitial Cell Function
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The development of novel three-dimensional cell culture platforms for the culture of aortic valvular interstitial
cells (VICs) has been fraught with many challenges. Although the most tunable, purely synthetic systems have
not been successful at promoting cell survivability or function. On the other hand, entirely natural materials lack
mechanical integrity. Here we explore a novel hybrid system consisting of gelatin macromers synthetically
modified with methacrylate functionalities allowing for photoencapsulation of cells. Scanning electron micros-
copy observations show a microporous structure induced during polymerization within the hydrogel. This
porous structure was tunable with polymerization rate and did not appear to have interconnected pores.
Treatment with collagenase caused bulk erosion indicating enzymatic degradation controls the matrix re-
modeling. VICs, an important cell line for heart valve tissue engineering, were photoencapsulated and examined
for cell-directed migration and differentiation. VICs were able to achieve their native morphology within 2 weeks
of culture. The addition of the pro-fibrotic growth factor, transforming growth factor-p1, accelerated this process
and also was capable of inducing enhanced a-smooth muscle actin and collagen-1 expression, indicating a dif-
ferentiation from quiescent fibroblasts to active myofibroblasts as demonstrated by quantitative real-time
polymerase chain reaction and immunohistochemistry. Although these studies were limited to VICs, this novel

hydrogel system may also be useful for studying other fibroblastic cell types.

Introduction

TYPICALLY, CELL CULTURE EXPERIMENTS are carried out on
two-dimensional (2D) surfaces, such as Petri dishes.
Although convenient, these flat surfaces are unnaturally stiff,
and can create polarity and artificially high surface-to-
volume ratios in the cell.! Three-dimensional (3D) culture
matrices are emerging to provide a more tissue-like platform
to culture cells. In some cases, these scaffolds can even be
tailored to promote or suppress specific cell functions and
interactions.”® However, the development of 3D culture
systems is complex and often requires careful tailoring of the
material environment for a given cell type.

For the creation of 3D cell culture platforms there are
many material choices, ranging from fully synthetic to natu-
rally derived. Synthetic matrices, such as poly(ethylene gly-
col) (PEG) and poly(lactic-co-glycolic acid) (PLGA), have
been widely characterized for the culture of various cell types,
including mesenchymal stem cells,** fibroblasts,®” and
Chonclrocy’tes.g’9 These materials are nontoxic, hydrophilic,
and resorbable and have tailorable mechanical properties

that make them an attractive option for cell culture.'®'! On
the other hand, these materials possess no biological epitopes
or signaling capabilities unlike the complex extracellular
matrix (ECM) of the native tissues. To maintain cell viability
and promote cellular function, bioactive epitopes such as
peptides are often incorporated into these materials.'*"

On the other end of the materials’ spectrum, scaffolds can
also be formed from naturally derived components such as
collagen,14 matrigel,15 and fibrin.’® Cells interact with these
materials in a complex way by binding and remodeling the
matrix; however, it is difficult to engineer the material
properties independently. Thus, an emerging paradigm is to
consider a synthetic method to modify a natural material to
incorporate the control of a synthetic material with the bio-
logical compatibility of natural materials.

From this methodology, we explored a chemically modi-
fied gelatin material first introduced by Van den Bulcke
et al. as a possible cell culture platform.'”” Other research-
ers have also used a similar method of generating metha-
crylated gelatin for the purposes of generating novel wound
dressings'®?® and hepatocyte cell culture.*** Gelatin is
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synthesized upon the partial breakdown of the natural triple-
helical structure of collagen as a byproduct of the meat-
processing industry and is generally considered a safe
material by the U.S. Food and Drug Administration.” As it is
processed from collagen, it maintains many of the bioactive
features of collagen, and comes in varying grades quantified
by the strength and collagen-like structures still available in
the gelatin product.**** Unmodified gelatin, nevertheless,
has problems with utilization as a culture platform. In par-
ticular, the gels formed are mechanically weak, and the
physical gelation temperature (under 35°C) is below that of
the physiological temperature required for cell culture. As
such, without further modification, gelatin cannot be em-
ployed as a 3D culture system. To overcome these limita-
tions, gelatin can be modified with standard side group
chemistry to alter its physical properties. In this communi-
cation, we investigated a methacrylate-modified system that
incorporates double bonds as pendent groups on the gelatin
chains.”” When exposed to light in the presence of a photo-
initiator, the methacrylated gelatin macromer (GelMA) po-
lymerizes to form a covalently and physically crosslinked
hydrogel that has more tunable mechanical properties and
remains gelled above physiological temperature.

Other strategies have been employed to allow the forma-
tion of a crosslinked gelatin hydrogel. The most common
method utilizes gluteraldehyde, a common fixative often
employed to preserve biological specimens through the
nonspecific crosslinking of proteins. Although this method
produces a mechanically tunable gelatin hydrogel, gluter-
aldehyde is toxic to cells and thus prevents cell encapsula-
tion.>>?® Hydrogels can also be created from various
enzymes such as transglutimase derived from bacteria;
however, studies have shown this enzyme to also be toxic at
low concentrations.””*® Although all of these methods pro-
duce gelatin-based hydrogels by forming chemical cross-
links, none allow for the encapsulation of viable cells. For
this reason we chose to study a methacrylate-modified gel-
atin, which can be photopolymerized under cytocompatible
conditions. Cell encapsulation allows the formation of evenly
distributed cell populations within the gel.

To demonstrate the utility of this material as a tissue en-
gineering and cell culture platform, aortic valvular interstitial
cells (VICs) were cultured within the GeIMA hydrogels. VICs
represent a challenging cell phenotype of great interest to the
heart valve tissue engineering community. These heteroge-
neous cells make up the majority of the cell population re-
siding within valvular leaflets.*** They are responsible for
maintaining the delicate microstructure of valve tissue to
endure the repeated mechanical stresses experienced by the
tissue. Although 70,000 people a year undergo aortic valve
replacement as the result of valve failure, surprisingly little is
known about this cell population.®® Most studies in the lit-
erature have been performed on 2D surfaces and a few
within collagen and fibrin hydrogels.*>*® As a result of the
myofibroblastic properties of these cells, collagen hydrogels
are easily contracted by these cells and are mechanically in-
ade(;{uate.?’2 Some synthetic options have also been studied,
including PEG and modified PEG platforms.**** Although
controllable, VICs are unable to degrade and remodel these
matrices, which inhibits spreading and attainment of their
natural fibroblast-like morphology. Consequently, we stud-
ied the behavior of VICs within methacrylate-modified gel-
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atin hydrogels. VIC behavior was also studied within the
GelMA hydrogels with and without the addition of the pro-
fibrotic growth factor, transforming growth factor-p1 (TGF-
B1). This potent cytokine in 2D enhances VIC collagen
deposition, and increases their production of a-smooth
muscle actin (xXSMA) a marker for myofibroblasts (the wound
healing phenotype of VICs).***” Even though our studies
were limited to VICs, we hypothesize that this material will
likely afford specific advantages to other cell types—in par-
ticular, various fibroblast cells due to its highly bioactive
structure and complex porous network allowing for both
enzymatic and ameboid movement of cells. This is particu-
larly important for fibroblasts, the main repair cells activated
by damage and require quick responses to injury. A similar
GelMA network has also been used for hepatocyte culture,
illustrating versatility in a variety of cell applications.**

Materials and Methods
Synthesis of methacrylated gelatin

GelMA was synthesized according to the method of Van
den Bulcke et. al. Briefly, powdered, type A cell culture-
tested gelatin from porcine skin with a Bloom Index of ~300
was obtained from Sigma-Aldrich (St. Louis, MO). One gram
of gelatin was added to 10mL of phosphate buffered saline
(PBS) and heated at 50°C while stirring for approximately
20min, or until all gelatin was dissolved. One milliliter
of 94% methacrylic anhydride (Aldrich, Milwaukee, WI) was
added to the stirring mixture at a constant rate of 0.5mL/
min, and the reaction was allowed to proceed for 1 h at 50°C.
The reaction was then diluted with 40 mL of 40°C PBS and
dialyzed with 12,000-14,000 molecular weight cutoff dialysis
tubing (Fisherbrand, Pittsburgh, PA) for 1 week against 40°C
diH,O to remove the methacrylic acid and other impurities.
At this point, the solution was snap-frozen with liquid ni-
trogen and lyophilized for 1 week. GeIMA product was used
without further purification. The amount of lysine groups
modified on the gelatin macromer was determined by a
method developed by Habeeb using 2,4,6-trinitrobenzene-
sulfonic acid as previously described.*® This was confirmed
with nuclear magnetic resonance spectroscopy in a method
similar to that described from modified collagen macro-
mers.” With this method, the degree of lysine groups
modified on the gelatin macromers can be easily controlled
through limiting reactant (methacrylic anhydride) available
to produce hydrogels with a range of moduli. The range for
degree of methacrylation is between 0% and 60%, which
ultimately gives rise to moduli between 25 and 45kPa. For
the purposes of these experiments, we selected reaction
conditions that produced hydrogels with roughly 57 + 2% of
available lysine residues modified and a compressive mod-
ulus in the range of 42 + 3 kPa. We chose this composition for
optimal mechanical properties and ease of handling.

Hydrogel preparation and characterization

Hydrogels were formed by crosslinking the methacrylate
groups formed via a photoinitiated chain polymerization.
GelMA macromer was dissolved in PBS at 10 wt% concen-
tration and allowed to dissolve at 60°C. Photoinitiator, 1-[4-(2-
hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propanone
(Irgacure 2959; Ciba Specialty Chemicals, Tarrytown, NJ),
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was added to the GeMA solution at various concentrations as
indicated in the Results section. Once fully dissolved, the
warm macromer and initiator mixture were pipetted between
two glass slides separated by 1-mm spacers. Immediately, the
mixture was exposed to 365nm UV light at an intensity of
8 mW/cm? for 10 min. After gelation, hydrogels were pun-
ched using 5-mm round biopsy punches to obtain samples of
equal size (diameter, 5mm; thickness, 1 mm). The hydrogel
was subsequently placed into PBS, and the temperature was
decreased to 37°C to allow physical gelation to occur.

Porosity of the GelMA hydrogels was analyzed using low
vacuum scanning electron microscopy (SEM) (Model JSM-
6480LV; JEOL, Tokyo, Japan) in the University of Colorado’s
Nanomaterials Characterization Facility at 1-0.8kV. For
viewing on SEM, samples were sectioned with a vibratome,
flash-frozen in liquid nitrogen, dried under reduced pressure
(~100mT), and mounted on standard aluminum SEM spec-
imen stubs with double-sided carbon tape. Porosity was
calculated from SEM images by utilizing NIH Image] soft-
ware to determine pore size and normalized to the number
of pores present in a viewing field.

Bulk macroscopic mechanical properties of GelMA gels
were quantified using an MTS Synergie 100 equipped with a
10N load cell (MTS Systems, Eden Prairie, MN). Swollen
gels were subjected to unconfined compression at a constant
rate of 1 mm/min up to a strain of 20% at room temperature.
Compressive moduli were subsequently calculated from the
linear region of the stress—strain curve at low strains.

Characterization of hydrogel degradation
with collagenase

GelMA hydrogels (10 wt% macromer) were added to col-
lagenase type II (Worthington Biochemical, Lakewood, NJ)
dissolved in PBS at the indicated enzyme concentrations.
Samples were then placed on a 37°C shaker (50 rpm). At the
indicated time points, hydrogel samples were removed and
weighed. Samples were then lyophilized and measured again
for dry weight. Mass loss was determined by normalizing dry
sample measurements to dry measurements at time zero.

VIC isolation and culture

Aortic leaflets were surgically isolated from porcine hearts
purchased from Hormel (Austin, MN) 24h after sacrifice.
VICs were removed from tissue by sequential collagenase
digestion as previously described.*’ Cells were cultured on
tissue culture polystyrene (TCPS) plates in growth medium
consisting of Medium 199 supplemented with 15% fetal bo-
vine serum, 2% penicillin/streptomycin (100 U/mL), 0.4%
fungizone (0.5pg/mL), and 0.2% gentamicin (Invitrogen,
Carlsbad, CA) in a humid incubator at 37°C and 5% CO,. Cells
were successively passaged by trypsinization to expand cul-
tures. Passages 2 and 3 were used for all cell experimentation.
Hydrogel—cell constructs were cultured in 1% fetal bovine
serum-supplemented medium to minimize cell proliferation
and treated with 5ng/mL porcine TGF-p1 (R & D Systems,
Minneapolis, MN).

VIC encapsulation within GelMA hydrogels

VICs were added to warm, sterile, macromer solution of
10 wt% GelMA and 0.05 wt% Igracure 2959 in PBS to balance
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osmolarity at a final density of 10 million cells/mL. The cell-
macromer suspension was transferred to sterile molds con-
structed of glass slides separated by 1-mm spacers and
exposed to UV light (365nm) at 5mW /cm? for 10 min. Cell-
gel slabs were then cut with sterile razor blades into smaller
hydrogels and transferred to well-plates containing cell cul-
ture medium and placed on an orbital shaker for the dura-
tion of the experiments. Medium was refreshed every other
day over the course of the study.

VIC viability within GelMA hydrogels

VIC viability was determined using Live/Dead® pur-
chased from Invitrogen. Briefly, hydrogels were rinsed in
PBS and then placed into phenol red-free medium contain-
ing Live/Dead stain. Hydrogels were then incubated in stain
for 30 min and subsequently rinsed before imaging. Images
of 200 um stacks were obtained with a Zeiss confocal mi-
croscope (model LSM5 Pascal) with pictures taken in 5pum
slices. Projections of each stack were then used to quantify
live and dead cells according to staining by manual counting
of live (green) versus red (dead) cells. Three hydrogel sam-
ples each with three confocal projections were imaged and
counted for each condition. Average cell area and circularity
were calculated from the Live/Dead image set using NIH
Image] Software Analyze Particles feature. Circularity ranges
from 0 to 1, with 1 indicating a perfect circle.

Isolation of messenger RNA and quantitative
real-time polymerase chain reaction

Messenger RNA (mRNA) was isolated from VIC-laden
GelMA hydrogels using the SV total RNA isolation kit
(Promega, Madison, WI). Reverse transcription was then
performed using the iScript cDNA Synthesis kit (Bio-Rad,
Hercules, CA). Polymerase chain reaction (PCR) was con-
ducted using an iCycler quantitative real-time PCR (qRT-
PCR) machine (Bio-Rad), and primers were designed with
the Beacon primer design program. Primers for glyceralde-
hyde 3-phophate dehydrogenase (GAPDH), aSMA, and
collagen-1 are listed in Table 1 (Integrated DNA Technolo-
gies, Coralville, IA). Threshold cycle and primer efficiency
were analyzed according to the Pfaffl method and normal-
ized to GAPDH*! (Table 1).

Immunohistochemical staining

VIC GelMA hydrogels were fixed at 4°C in 10% buffered
formalin for 24 h. Constructs were then moved to a 30 wt%
sucrose solution for an additional 24 h at 4°C. Samples were
then frozen and stored at —80°C until sectioning. For sec-
tioning, constructs were mounted in Cryo-Gel embedding
medium (Instrumedics, St. Louis, MO) and cryosectioned
into 30-um sections. Slides were then immunostained for
aSMA expression. Briefly, slides were blocked in a 3wt%
bovine serum albumin (BSA) solution for 1h. Slides were
then subsequently immunostained with mouse anti-aSMA
(Abcam, Cambridge, MA) overnight at 4°C. After primary
antibody incubation, slides were rinsed twice and im-
munostained with goat anti-mouse Alexa® 488 (Invitrogen)
for 1h at room temperature. Slides were then counterstained
with 4/,6'-diamidino-2-phenylindole (DAPI) and imaged on a
Nikon TE 2000 fluorescent microscope.
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TABLE 1. QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION PRIMER CONDITIONS
Anneal Efficiency
Gene Sense Anti-sense Temperature (°C) (%)
aSMA AAC AAC CAC AGA TGA CCT GCG ATT AACC 55.4 110.9
ACC ACA AG
Collagen-1 GGG CAA GAC GGA TGG AGG GAG TTT 55.4 109.9
AGT GAT TGA ATA CA ACA GGA A
GAPDH TCG GCA TCG GGC AGC AGT AGA AGC 57.6 99.6

TGG AAG GAC

aSMA, a-smooth muscle actin; GAPDH, glyceraldehyde 3-phophate dehydrogenase.

Statistical analysis

All analyses were performed using a standard Student’s
t-test. Statistical significance was considered for p <0.05.
Error bars represent standard deviation of the mean. Unless
otherwise indicated, measurements were performed in trip-
licate.

Results

Given that GeIMA macromers are composed mostly of
proteinaceous material with secondary and tertiary struc-
ture, we first investigated the physical structure of GelMA
hydrogels formed under differing polymerization conditions
before cell encapsulation experiments. Upon examination
with SEM, we observed that GelMA hydrogels have a po-
lymerization-induced porosity with diameters on the micron
scale (Fig. 1A). This was particularly interesting as most
mammalian cells are also on the order of microns in size. The
size of the pores was easily tuned by adjusting the rate of
polymerization through the photoinitiator concentration
(Fig. 1B). Although lyophilization procedures can alter ma-
terial porosity, this relative difference in pore size using the
same drying process indicates a fundamental difference in
network structures between prepared samples. The largest
pores were formed in the hydrogels with the lowest photo-
initiator concentration, while the smallest pores were formed
with the highest concentrations. The largest pores were an
order of magnitude greater in size (~1800pum?, projected
area) than the smallest pores (~400um?®, projected area).
Wall thickness in between the pores was also decreased with
the highest photoinitiator concentration. Pores formed were
most likely the result of polymerization-induced phase sep-
aration, as the same structures were not visible in physically
formed natural gelatin gels (Fig. 1A). It did not appear that
these pores were interconnected, rather distinct pockets
within the hydrogel separated by thin walls. For the subse-
quent cell encapsulation experiments, the 0.05wt% photo-
initiator concentration was selected, as this commonly used
encapsulation composition provided the largest pores while
still maintaining no adverse effects of cell viability.

After investigation of the network structure, enzymatic
degradation of the GelMA hydrogels was examined to en-
sure that crosslinking of the macromers did not interfere
with enzymatic degradability. Two concentrations of colla-
genase were applied to hydrogels of uniform size over the
time course indicated (Fig. 2A). Increased collagenase enzy-
matic activity accelerated the rate of degradation, an ex-
pected trend, for relatively uniform bulk degradation
throughout the hydrogel. To study the effect of exogenous

collagenase delivery on VIC morphology within the GelMA
hydrogels, cells were encapsulated and treated either with or
without (control) the lowest concentration (1 U/mL collage-
nase) for 4h and cultured for an additional 2 days. In the
non-collagenase-treated samples, VIC spreading was mini-
mal as shown by the observed rounded morphology; this
was expected since elongated cell morphology is only ap-
parent in later time points of culture. The cell-laden hydro-
gels treated with collagenase achieved a more spread
morphology throughout the construct, indicating an erosion
of the GeIMA network (Fig. 2B).

To demonstrate the flexibility and utility of the GelMA
hydrogel culture system, VICs were photoencapsulated
within 10wt% GelMA hydrogel networks and cultured for
up to 7 weeks with and without supplementation of
5ng/mL TGF-p1. The cells maintained their viability over
the time course of the experiments (Fig. 3A). There was an
initial drop in viability, most likely the result of the initial
encapsulation stress. This was quickly recovered, however,
within the first week of culture. The addition of TGF-f1
had no impact on the viability of VICs (Fig. 3A). The
morphology of VICs within 3D culture is also an impor-
tant indicator of cell activity. VICs are a fibroblastic cell
type and should be able to achieve spread morphology
through interactions with the gelatin and local degradation
of the matrix. Over time in culture, VICs were able to
accomplish greater process extension with TGF-B1 treat-
ment over control within GeIlMA hydrogels as illustrated
in Figure 3B. Quantitatively, this was also observed
through image analysis of the collected Live/Dead images
in Figure 3C and D. Overall, the addition of TGF-B1 in-
creased the amount of VIC process extension and spread-
ing while decreasing circularity, indicating a more active
cell type and possibly myofibroblastic activation.***3

To investigate the myofibroblastic activity, mRNA was
collected and analyzed for aSMA, an important myofibro-
blastic marker. Analysis with qRT-PCR showed a significant
doubling of ®SMA expression with TGF-f1 treatment from 3
weeks of culture and on (Fig. 4A). Interestingly, there was
also an elevation in «SMA expression over day 1 in the un-
treated VIC-GelMA hydrogels. This may be an innate cellu-
lar response to the degraded nature of gelatin itself, as it is
derived from processed collagen. To confirm the qRT-PCR
results, hydrogels were fixed, sectioned, and immunostained
for aSMA protein expression. Cell constructs treated with
TGF-p1 had increased positive «SMA staining with clear
stress fiber formation, indicating myofibroblastic activity
(Fig. 4B). Untreated constructs had much lower positive
staining for «SMA mirroring the qRT-PCR results attained.
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FIG. 1.

(A) Scanning electron microscopic images of 10 wt% lyophilized methacrylated gelatin macromer (GelMA) hydrogel

samples with varying photoinitiator concentration and natural gelatin gel. (B) Quantification of GelMA hydrogel porosity
from scanning electron microscopic images as a function of initiator concentration. Porosity was determined using the
projected area of the pores as determined with NIH Image] software. The largest pores were achieved with the least amount
of photoinitiator, while the smallest pores were formed with most amount of photoinitiator. Results were calculated with

three or more electron micrographs per sample.

Another important marker for myofibroblastic differenti-
ation of VICs is collagen-1 expression indicating a fibrotic
response. Thus, after xSSMA experiments, mRNA expression
of collagen-1 was explored. Again collagen-1 mRNA ex-
pression was increased with TGF-B1 treatment (Fig. 5), al-
though it was not as dramatic as the differences with «SMA

expression. Collagen-1 expression was not upregulated until
3 weeks of culture and then was similar to ®SMA expression,
achieved a 1.5-fold increase over the untreated samples.
Unfortunately due to the collagenous nature of gelatin, we
were unable to differentiate between GelMA matrix and
cellular produced collagen-1 for protein expression analysis.
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FIG.2. (A) GelMA 10 wt% hydrogels of uniform size were
exposed to 2.5U/mL (O) or 1U/mL (A) exogenous colla-
genase until complete degradation. The higher concentration
of collagenase increased the rate of degradation as expected.
(B) Valvular interstitial cells (VICs) were encapsulated in
10wt% GelMA hydrogels and incubated with or without
1U/mL of exogenous collagenase for 4h. Collagenase was
then removed, and the cells were cultured for an additional
2 days. GelMA-VIC hydrogels were then stained with
Live/Dead® and imaged with a confocal microscope. No
dead cells were observed. Scale bar = 100 um. VICs had more
dramatic spread morphology in treated hydrogels compared
with untreated hydrogels. Color images available online at
www liebertonline.com/ten.

Discussion

In this communication, we explored the utility of
methacrylate-modified gelatin hydrogel scaffolds for the 3D
culture of VICs, an important cell type for understanding
heart valve function. This material is an attractive cell culture
platform for a number of reasons. First, this material can be
easily photopolymerized under cytocompatible conditions
allowing for the encapsulation of viable cells. Second, this
material has tunable and enhanced mechanical properties
over natural ECMs as previously shown. Further, the ma-
jority of the hydrogel is composed of gelatin chains, which
possess many of the bioactive epitopes of collagen promoting
cell function such as the classic G-P-Y or G-X-HydroxyP se-
quence, where X and Y are various other peptides. Interest-
ingly, we observed that GeIMA hydrogels also have a unique
physical structure, which may promote unique cell behavior
such as the ability to migrate through pore walls, remodel
the pore structure, and replace gel material with secreted
ECM. Photopolymerization of other biosynthetic materials
(including methacrylated dextran and chondroitin sulfate),
under certain reaction conditions, have been found to give
rise to porous network structures as well.**** These materials
have a polymerization-induced distinct pore structure on the
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size order of mammalian cells that is tunable with polymer-
ization conditions.** Here, we found that upon photo-
polymerization in the presence of excess water, GelMA
macromers undergo photopolymerization-induced phase
separation via syneresis to form a microporous material. Sy-
neresis occurs when polymerization takes place with a higher
amount of water than would be present at equilibrium
swelling. As the polymerization proceeds, locally excess wa-
ter is squeezed out of the formed polymer in an attempt to
reach its equilibrium swelling concentration—the thermody-
namically favored state of the material. Kinetics prevent the
system from forming a fully homogenous material as the
features of this two-phase (polymer-rich and water-rich)
system are covalently bound as the network continues to
form. This phenomenon has been previously observed in the
hydrogel community**® as well as in liquid crystal-polymer
constructs.**° Network porosity, pore size, and wall thick-
ness are directly related to the rate of polymerization. Here,
varying the rate of initiator concentration altered this reaction
rate but a similar effect can also be achieved by altering
gelatin methacrylation functionality and photocuring light
intensity. Although we did not quantitatively evaluate the
connectively of the pores formed, SEM led us to believe that
they are not interconnected. This is consistent with the pro-
posed syneresis-mediated, photopolymerization-induced
phase separation theory for pore formation as the water-rich
phase forms as pockets within the polymer-rich phase.

This porosity may have some interesting implications on
directing cell behavior. Since cells are photoencapsulated,
they are uniformly dispersed throughout the network, most
likely distributed within the walls, as well as the pores of the
hydrogel structure. Given that gelatin possesses the same
biodegradable epitopes as collagen, the cells should be able
to degrade the network to migrate into and through the
pores of the network. In contrast to other porous synthetic
networks, such as electrospun poly(lactic-co-glycolic acid)
(PLGA), hydrolytic degradation controls the rate at which
the network and pores disintegrate, which may not be the
most desirable rate for the cells. This difficulty can be over-
come via the incorporation of enzymatically degradable
peptide sequences into the polymer backbone, which allow
for cell-mediated material degradation,51 but has not been
combined with materials of controlled porosity.

To confirm that the GelMA network is still susceptible to
enzymatic degradation, we treated GelMA hydrogels with
collagenase. As expected, the networks degraded with col-
lagenase delivery. This result indicates that GeIMA materials
will also be susceptible to local degradation via cell-secreted
enzymes. Unlike hydrolytically controlled degradation, this
provides cells with spatial and temporal control of the net-
work structure, not matched in other porous synthetic hy-
drogels. Encapsulated cells should be capable of degrading
GelMA hydrogels through a host of collagenase like en-
zymes, most notably, the matrix metalloproteinase (MMP)
family of enzymes.”>** Although relatively nonspecific, these
enzymes are the main tools used by fibroblasts to remodel
ECM. Further, cells were able to attain dramatic spread
morphology when treated with collagenase, whereas non-
degraded samples produced minimal, to no cell spreading.
This observation may indicate that the VICs are possibly
encapsulated within the walls of the material, providing
support to the hypothesis that porosity is indeed induced
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FIG. 3.

(A) VIC viability was measured with Live/Dead staining over a time course of 7 weeks. Constructs were treated

with (A) or without ([J) 5ng/mL transforming growth factor-p1 (TGF-B1) in 1% fetal bovine serum (FBS) medium. Initially,
the viability of encapsulated VICs dropped, and then recovered after 1 week in culture. Growth factor treatment had no
apparent effect on overall cell viability. (B) Representative Live/Dead projected confocal stacks of VICs encapsulated within
GelMA hydrogel networks treated with TGF-B1 as indicated. Greater cell spreading was observed in cells treated with TGF-
B1. Scale bar =200 pm. (C) To quantify differences in cell spreading, average cell area was measured from Live/Dead images
with NIH Image] software. Significant differences in cell spreading were observed from day 21 onward with TGF-p1
treatment. (D) To confirm differences in cell spreading, circularity was also measured from Live/Dead images with NIH
Image] software. Significant differences in circularity were observed from day 21 onward with TGF-B1 treatment. n =3, *p <

0.01, **p <0.001. Color images available online at www liebertonline.com/ten.

during the polymerization process where the VICs would
remain in the gelatin-rich phase. The combination of induced
porosity on the order of mammalian cell size and the enzy-
matically degradable network walls provides a unique
platform that may enhance cell-dictated migration and dif-
ferentiation.

To illustrate the function of GeIMA hydrogels as cell cul-
ture platforms, a unique and highly interesting cell type for
the heart valve tissue engineering community was selected.
Although VICs specifically reside in heart valves, they share
many similarities with other fibroblast like cells important
for other tissue engineering applications, such as dermal fi-
broblasts for skin applications. Natively, VICs reside within
the leaflets of aortic heart valves in a spread fibroblast-like
morphology. Attaining this cell profile has been difficult in
other photopolymerized hydrogel materials without the
specific incorporation of bioactive epitopes to promote cell-
directed spreading such as degradable peptides.>** Given
that GelMA hydrogels are entirely composed of cell de-
gradable linkages, VICs were able to achieve a spread mor-
phology reminiscent of native cell profile within the first

week of culture, and this was maintained throughout the
course of the experiments as shown in Figures 3 and 4. In
addition, the polymerization process and GelMA hydrogel
platform were very cytocompatible, maintaining a relatively
constant percent viability of live cells throughout the ex-
periments. Even though not specifically assayed here, cells
should also have the ability to proliferate within these hy-
drogels under growth conditions. We were interested in cell
differentiation, rather than proliferation, and hence per-
formed all of our experiments in low-serum, nonproliferation
conditions.

VIC differentiation from the fibroblast to myofibroblast
phenotype is critical for proper wound healing in vivo and
may also be critical in the production of native ECM during
valve tissue engineering.”*>° It has been shown in 2D culture
experiments that VICs differentiate to myofibroblasts in the
presence of TGF-B1,>® a potent cytokine commonly excreted
by inflammatory cells. Since 3D culture environments are
clearly different from most 2D culture experiments, we were
interested in studying the effect of VIC differentiation in our
3D GelMA hydrogel platforms in response to TGF-B1.
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FIG. 4. (A) Quantitative real-time polymerase chain reac-
tion analysis of o smooth muscle actin (¢<SMA) messenger
RNA (mRNA) expression treated with (A) or without (1)
5ng/mL TGF-B1 in 1% FBS medium. Expression indicated
is relative to the day 1 time point and glyceraldehyde 3-
phophate dehydrogenase housekeeping gene expression.
aSMA mRNA was elevated by twofold with TGF-B1 treat-
ment. (B) Immunohistochemical staining of «SMA protein
expression at days 7 and 49 in 30 pm cryosections. Positive
aSMA staining is shown in green; 4’,6'-diamidino-2-pheny-
lindole (DAPI) counterstaining for cell nuclei is depicted in
blue. Cells treated with TGF-B1 had greater staining for
aSMA with distinct stress fiber formation, indicating myo-
fibroblastic differentiation. A blow-up of stress fiber positive
cells is also shown as an inset. *p <0.01 over the untreated
VIC-GelMA constructs, n =4 for all samples.

Initially, we noticed that cell spreading was enhanced with
TGF-Bl-treated GelMA hydrogels. It has been shown that
activated (myofibroblastic) VICs have increased expression
levels of many MMPs (particularly, MMP-2 and 9, the gela-
tinases)™; enhanced MMP expression would most surely
speed the rate of local degradation within the hydrogel and
therefore speed cell extension of processes and spreading. In
addition, it has been shown in other fibroblastic cells that
addition of TGF-B1 increases myofibroblast differentiation
and subsequent cell spreading.‘lz'43 By the end of our 7-week
experiment, cells were spread within both the TGF-f1-
treated and nontreated conditions, indicating that VICs were
able to achieve a native morphology even without TGF-f1.
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FIG. 5. Quantitative real-time polymerase chain reaction
analysis of collagen-1 mRNA expression treated with () or
without ([J) 5ng/mL TGF-B1 in 1% FBS medium. Expression
indicated is relative to the day 1 time point and glyceralde-
hyde 3-phophate dehydrogenase housekeeping gene ex-
pression. Collagen-1 mRNA was elevated by 1.5-fold with
TGEF-B1 treatment. *p <0.01 over the untreated VIC-GelMA
constructs, n =4 for all samples.

The most widely accepted and important marker for VIC
myofibroblastic differentiation is the upregulation and ex-
pression of ¥SMA, a component of stress fibers that bestows
contractile properties to the cells. Here, we used qRT-PCR to
examine mRNA (gene expression levels) of «SMA, and also
immunohistochemistry to look for protein production and
incorporation into stress fibers. Within the first week of
culture, there was an upregulation in «SMA mRNA in both
TGF-Bl-treated and —nontreated VIC GelMA hydrogel cul-
tures; there was also diffuse immunostaining for «SMA in
both conditions. Since gelatin is in itself degraded collagen, it
may trigger a partial wound healing response within the
cells promoting the initial upregulation of «SMA.” Un-
organized collagen gel cultures with VICs also have a similar
upregulation of «SMA initially.”” Over time, however, the
TGEF-pl-treated GeIMA hydrogels had a much more dra-
matic induction of aSMA at both the mRNA and protein
levels, while the untreated GelMA hydrogel cultures main-
tained relatively constant levels of aSMA. This result is not
unexpected given that TGF-B1 is a potent activator of VICs.
Another important marker for VIC myofibroblastic differ-
entiation is increased collagen-1 production. In this study we
also used qRT-PCR to follow this marker. Unfortunately, we
were unable to specifically immunostain for this protein due
to the collagenous nature of the hydrogel. Although not
dramatic, an increase in collagen expression is observed with
TGF-B1 treatment at later time points.

In summary, GeIMA hydrogels possess unique properties
that promote cell survival and differentiation in 3D. This
synthetically modified natural macromer combines the
advantages of synthetic macromers, such as mechanical
property control and photopolymerization ability, with the
benefits of natural materials, most notably the presence of
bioactive epitopes to promote cell survivability, function,
and matrix remodeling. Here, unique polymerization-
produced pores were observed, providing another distinct
feature that may promote cell migration and spreading. To
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test the suitability of this material as a cell culture platform,
VICs were encapsulated within the network and shown to
achieve their natural morphology and differentiate in re-
sponse to TGF-P1.
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