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Abstract: A degradable poly(ethylene glycol)-diacrylate
(PEGDA) hydrogel system was developed using simple mac-
romer formulations and visible light initiated thiol-acrylate
photopolymerization. In addition to PEGDA, other compo-
nents in this gelation system include eosin-Y as a photo-
sensitizer, bi-functional thiol (dithiothreitol, DTT) as a dual-
purpose co-initiator and cross-linker, and N-vinylpyrrolidone
(NVP) as a co-monomer. Gelation was achieved through a
mixed-mode step-chain growth polymerization mechanism
under bright visible light exposure. Increasing photo-
sensitizer or NVP concentrations accelerated photo-
crosslinking and increased final gel stiffness. Increasing bi-
functional thiol content in the prepolymer solution only
increased gel stiffness to some degree. As the concentration
of thiol surpassed certain range, thiol-mediated chain-transfer
events caused thiol-acrylate gels to form with lower degree
of cross-linking. Pendant peptide, such as integrin ligand
RGDS, was more effectively immobilized in the network via a
thiol-acrylate reaction (using thiol-bearing peptide Ac-CRGDS.
Underline indicates cross-linkable motif) than through homo-
polymerization of acrylated peptide (e.g., acryl-RGDS). The

incorporation of pendant peptide comes with the expense of
a lower degree of gel cross-linking, which was rectified by
increasing co-monomer NVP content. Without the use of any
readily degradable macromer, these visible light initiated
mixed-mode cross-linked hydrogels degraded hydrolytically
due to the formation of thiol-ether-ester bonds following thiol-
acrylate reactions. An exponential growth relationship was
identified between the hydrolytic degradation rate and bifunc-
tional thiol content in the prepolymer solution. Finally, we
evaluated the cytocompatibility of these mixed-mode cross-
linked degradable hydrogels using in situ encapsulation of
hepatocellular carcinoma Huh7 cells. Encapsulated Huh7 cells
remained alive and proliferated as time to form cell clusters.
The addition of NVP at a higher concentration (0.3%) did not
affect Huh7 cell viability but resulted in reduction of cell meta-
bolic activity, which was accompanied by an elevated urea
secretion from the encapsulated cells. © 2013 Wiley Periodicals,
Inc. J Biomed Mater Res Part A: 102A: 3813-3827, 2014.
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INTRODUCTION

Hydrogels prepared from derivatives of poly(ethylene gly-
col) (PEG) have been employed in a wide variety of con-
trolled release, drug delivery, and tissue regeneration
applications.”™ Linear or multi-arm PEG-based macromers
with reactive termini are increasingly being developed for
hydrogel preparation. The reactive terminal groups render
the otherwise soluble PEG cross-linkable while the hydro-
philic and non-fouling nature of PEG backbone affords high
cytocompatibility and biocompatibility needed in biomedical
applications. Some of the commonly used functional termini
include acrylate, methacrylate, acrylamide, maleimide, nor-
bornene, allylether, azide, alkyne, tetrazine, etc. The mecha-
nism by which PEG macromers cross-link into hydrogels
depends on the reactivity of the terminal functional groups.
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For example, PEG-diacrylate (PEGDA) or PEG-dimethacrylate
(PEGDM) can be cross-linked into hydrogels by means of
chain-growth polymerization with the use of appropriate
initiators.” On the other hand, multi-arm PEG-maleimide or
PEG-acrylate reacts readily with multifunctional thiol-
terminated linkers via a nucleophilic step-growth cross-link-
ing mechanism.® Recently, research efforts have focused on
creating ‘clickable’ PEG-based macromers that form hydro-
gels through bio-orthogonal reactions without catalyst or
external stimuli.”~

Although PEG-based macromers are increasingly been
developed for biomedical applications, PEG-di(meth)acrylate
(PEGDA or PEGDM) continues to be among the most highly
used macromers in hydrogel fabrication due to the simplic-
ity of macromer synthesis and the high availability of these
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macromers from various commercial sources.'®*® One of
the most commonly used cross-linking methods for forming
PEGDA hydrogel is through radical-mediated photopolymeri-
zation. In one classic example, a type I photoinitiator (e.g,
Irgacure 2959) is cleaved into two radical species upon
exposure of long wavelength ultraviolet (UV) light.'* The
radicals generated from initiator molecules propagate
through acrylate moieties on PEGDA to form a cross-linked
hydrogel network. While this method is simple and allows
for rapid and spatial-temporally controlled gelation kinetics,
the use of UV light often raises concerns in clinically rele-
vant settings. Another drawback is that [-2959 is only mar-
ginally soluble in aqueous solution (<0.5 wt %) and has
very low molar absorbability in cytocompatible UV wave-
length (¢ ~ 10M 'ecm ' at 365 nm). In view of the potential
cytotoxicity of UV light, photoinitiators sensitive to visible
light can be used to initiate gel cross-linking. For example, a
highly water-soluble (>5 wt %) photoinitiator lithium aryl-
phosphinate (LAP) has been utilized to initiate gel cross-
linking.”® While LAP can also be cleaved by visible light at
405 nm, its molar absorbability at this wavelength is rela-
tively low (¢ ~ 30M~ *cm™1).?! Furthermore, the cleavage of
LAP under light exposure still creates additional radical spe-
cies that are harmful to radical sensitive cells.

Visible light initiated gelation can also be achieved using
a type II (non-cleavage type) initiator, such as eosin-
y.121922-25 Ajthough these initiators (or photosensitizers)
have exceptionally high molar absorbability in the visible
light range (e.g, ¢>10°M ' cm™* for eosin-Y at 515 nm),
they cannot initiate polymerization without a co-initiator.
One of the commonly used co-initiators is triethanolamine
(TEA), which is typically used at a submolar and cytotoxic
concentration (30-225 mM).'#1922-25 Tg accelerate gelation,
a small molecular weight co-monomer N-vinylpyrrolidone
(NVP) is also routinely added in the prepolymer solu-
tion."**>?® Rapid gelation can be achieved by fine-tuning
the concentrations of these three components (i.e., eosin-Y,
TEA, NVP). Although this gelation scheme has enjoyed vari-
ous degrees of success in preparing hydrogels for cell sur-
face coating, in situ cell encapsulation, and drug delivery
applications,'>*7?® the use of high concentration of cyto-
toxic TEA largely offset the benefits of cytocompatible visi-
ble light?® Furthermore, chain-growth PEGDA hydrogels
prepared by UV light or current visible light initiated cross-
linking methods do not degrade readily, unless the PEG
macromers are modified chemically with cleavable segments
before network cross-linking,>1939-32

Effective immobilization of bioactive motifs (e.g,
integrin-binding or protein-sequestering ligands) within the
otherwise inert PEG-based hydrogel is also of paramount
importance. The most commonly used method to render
bioactive ligands (e.g, peptides, proteins, nucleic acid
aptamer, etc.) cross-linkable in PEGDA hydrogels is through
modifying the ligand with acrylate functionality.'® Following
chain-growth polymerization, the acrylated ligands are
immobilized in the polyacrylate kinetic chains, which may
create steric hindrance and decrease the accessibility for the
binding partners (e.g., cell surface receptors, soluble growth
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factors, etc.)."® 33 It has also been shown that the immobili-
zation efficiency of acrylated pendent ligands in a PEGDA
network was relatively low (23%-66%).'% *? Further, when
utilizing peptides/proteins with bioactive primary amine
groups, this method may be problematic because acrylation
most often takes place on the bioactive primary amine
groups.'® Alternative, pendant ligands can be immobilized
in PEGDA hydrogels via thiolation or site-specific cysteine
insertion, followed by a mixed-mode thiol-acrylate polymer-
ization for immobilization.'”** Since the immobilization of
thiolated ligand in a PEGDA network is through a step-
growth reaction, the immobilized ligand is less likely to
experience steric hindrance. Furthermore, studies have
shown that thiol-acrylate mixed-mode polymerization mech-
anism affords high ligand immobilization efficiency
(~90%).” A major concern with mixed-mode ligand immo-
bilization is that the thiol-ether-ester linkage formed after
the thiol-acrylate step-growth reaction may be slowly hydro-
lyzed, which may decrease the effective ligand concentration
as time.

We have previously demonstrated the formation of
step-growth gels using a visible light source and with a sin-
gle initiator component eosin-Y.>**¢ We found that eosin-Y
deprotonates thiols to generate thiyl radicals, which propa-
gate through cyclic olefin moieties on four-arm PEG-norbor-
nene and cause rapid gel cross-linking (gel point ~20 s).
We have also shown that eosin-Y and multifunctional thiols
could be used to initiate mixed-mode step-and-chain-
growth gelation using multiarm vinyl-based PEG macro-
mers, including PEG-tetra-acrylate (PEG4A) and PEG-tetra-
acrylamide (PEG4AA).>” This mixed-mode gelation was fur-
ther accelerated by adding a small amount of co-monomer
NVP (0.1% or 9.4 mM). The use of PEG4A as the macromer
resulted in hydrogels that could be degraded hydrolytically
while PEG4AA cross-linked hydrogels remained hydrolyti-
cally stable for several weeks in vitro. The degradation of
PEG4A hydrogels followed pseudo-first order hydrolysis
kinetics and the degradation rate could be readily tuned by
adjusting the concentration of co-monomer NVP. Because
this gelation scheme does not use TEA, it is highly cyto-
compatible for in situ encapsulation, in vitro culture, and
osteogenic differentiation of human mesenchymal stem cells
(hMSCs).%”

In this contribution, we aimed at expanding the applic-
ability of this visible light initiated mixed-mode step-and-
chain growth gelation scheme by using inexpensive and
widely available linear macromer PEGDA. We examined the
effects of various parameters on the gelation of visible light
cured PEGDA-based thiol-acrylate hydrogels. We further
evaluated the impact of pendant peptide functionality (e.g.,
acrylated or cysteine-bearing peptide) on peptide immobili-
zation efficiency, as well as its influence on gel cross-linking.
We also studied the influence of gel formulations on hydro-
lytic degradation and found a high correlation between
thiol-content and gel degradation rate. Finally, we demon-
strated high cytocompatibility of this new class of hydrogels
via in situ encapsulation and in vitro culture of hepatocellu-
lar carcinoma cells (Huh7) in three-dimensions.
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MATERIALS AND MIETHODS

Materials

Eosin-Y disodium salt was purchased from MP Biomedical.
Triethanolamine (TEA) and N-vinylpyrrolidone (NVP) were
obtained from Alfa Aesar and Acros Organics, respectively.
Dithiothreitol (DTT) was purchased from Thermo Fisher.
PEGs (2, 3.4, and 10 kDa) were obtained from Sigma-
Aldrich. Fmoc-amino acids and peptide synthesis reagents
were purchased from Chempep or Anaspec. HPLC grade ace-
tonitrile and water were acquired from Thermo Fisher and
VWR international, respectively. DMEM and DPBS were pur-
chased from Thermo Fisher. All reagents for cell culture and
live/dead staining were obtained from Life Technologies.
AlamarBlue cell viability/metabolic indicator was procured
from AbD Serotec. QuantiChrom™ urea assay kit was pur-
chased from BioAssay Systems. All other chemicals were
acquired from Sigma-Aldrich unless otherwise noted.

Synthesis of PEG-diacrylate (PEGDA)

PEG-diacrylate (PEGDA) was synthesized according to an
established protocol.!® Briefly, PEG-hydroxyl (PEG-OH) was
dried azeotropically in anhydrous toluene under nitrogen.
After cooling the PEG/toluene solution to room tempera-
ture, triethylamine (8 eq.) was added slowly with stirring.
Acryloyl chloride (8 eq. of OH group on PEG) dissolved in
excess amount of anhydrous toluene was added drop-wise
to PEG/toluene solution through an addition funnel. The
reaction was stirred overnight at room temperature in the
dark and under nitrogen atmosphere. Next, the solution was
filtered through neutral aluminum oxide (to remove triethyl-
amine salt) into a flask containing sodium carbonate. The
heterogeneous solution was stirred for 2 hr, followed by fil-
tration through a thin layer of Hyflo. The volume of the
clear PEGDA solution was reduced by rotovap and precipi-
tated in cold ether. All PEGDA macromers were character-
ized by "H NMR (AVANCE Bruker 500) and the degree of
functionalization was at least 95%.

Peptide synthesis and purification

All peptides were built on Fmoc-Rink amide-MBHA resin using
standard solid phase peptide synthesis in a microwave peptide
synthesizer (CEM Discover). Two sequences were first pre-
pared: CRGDS and RGDS. Following the removal of N-terminal
Fmoc group, CRGDS was acetylated by treating the resin-
bound peptide with acetic anhydride for 30 min while RGDS
was acrylated by coupling the resin-bound peptide with
acrylic acid following standard HBTU/HOBt chemistry. The
modified peptides (Ac-CRGDS and Acryl-RGDS) were cleaved
from the resin in a microwave peptide synthesizer using a
cleavage cocktail containing 95% trifluoroacetic acid, 2.5%
triisopropylsilane, 2.5% water, and 5 wt % phenol. Cleaved
peptides were precipitated and wash three times in cold ether.
Preparative reverse phase HPLC (RP-HPLC) (PerkinElmer
Flaxer) was used to purify the peptides to at least 90% pure.

Hydrogel fabrication
Mixed-mode step-chain growth PEGDA hydrogels were
formed by visible light mediated thiol-acrylate photopolyme-
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rization. Prepolymer solutions were prepared by mixing the
required components in pH 7.4 PBS: (1) macromer PEGDA,
(2) photosensitizer eosin-Y, (3) bifunctional co-initiator DTT,
(4) co-monomer NVP, and (5) pendant peptide at desired
final concentrations (i.e, 1 mM). Note that all concentrations
indicated were final concentrations in the prepolymer solu-
tions. The prepolymer solution was injected between two
glass slides separating by two 1 mm Teflon spacers and
exposed under halogen cold light (400-700 nm, AmScope,
Inc.)) for 5 min at 70 k Lux. In some controlled experiments,
TEA was used as a co-initiator to yield purely chain-growth
nondegradable PEGDA hydrogels.

Rheometry

In situ gelation and real time photo-rheometry were con-
ducted in Bohlin CVO digital rheometer to determine gel
points, which were the times at which storage moduli (G")
surpassed loss moduli (G”). Briefly, prepolymer solution was
placed in a light cure cell and was irradiated through a
quartz plate through a flexible light guide. Time-sweep rhe-
ometry was operated at 10% strain, 1 Hz frequency, 0.1N
normal force, and 90 pm gap size. Visible light was turned
on 15 s after starting the time-sweep measurement. Hydro-
gel shear moduli were also measured to reveal gel stiffness
and hydrolytic degradation as a function of time. Before the
measurements, hydrogel discs (8 mm in diameter) were
punched out from the gel slabs and incubated in pH 7.4
PBS at 37°C. At predetermined time intervals, the storage
(G6") and loss (G”) moduli of the hydrogel discs were charac-
terized by oscillatory rheometry operating in strain-sweep
(0.1-5%) mode. Gel moduli were measured using a parallel
plate geometry (8 mm) with a gap size of 800 um.

Peptide incorporation efficiency

The incorporation efficiency of pendant peptide (Ac-CRGDS
or Acryl-RGDS. Underlines indicate cross-linkable moieties)
in the hydrogel was characterized by analytical RP-HPLC. In
addition to the necessary macromer and initiator compo-
nents, peptide Ac-CRGDS or Acryl-RGDS was added in the
prepolymer solution at 1 mM. Peptide-immobilized hydro-
gels (25 pL each gel) were prepared via the same visible
light exposure as described above. The use of Ac-CRGDS or
Acryl-RGDS led to a mixed-mode step-chain growth or a
purely chain growth polymerization mechanism, respec-
tively. After gelation, samples were incubated in 200 pL
ddH,0 in microtubes kept at 37°C on an orbital shaker for
1 to 4 days. The solutions were then removed from micro-
tubes and subjected to analytical RP-HPLC to determine the
concentration of the released peptide. A series of peptide
solutions with known concentrations were analyzed to gen-
erate standard curves, which were used to determine the
concentration of the released peptide. Peptide incorporation
efficiency was determined by mass balance calculation.

Cell culture, encapsulation, and assays

A hepatocyte-derived cellular carcinoma cell line Huh7 was
used to evaluate the cytocompatibility of PEGDA-DTT hydro-
gels formed by visible light mediated thiol-acrylate
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photopolymerization. Huh7 cells were maintained in high
glucose DMEM containing 10% fetal bovine serum (FBS)
and 1X Antibiotic-Antimycotics. Culture media were
changed every two to three days. Cell encapsulation was
achieved by mixing trypsinized single cells in the prepoly-
mer solutions to a final cell density of 1.5 X 10° cells/mL.
Twenty microliters of cell-containing prepolymer solution
was injected to a 1 mL syringe with open tip, followed by
visible light exposure using the same light source and condi-
tions as described in the previous section. Cell-laden hydro-
gels were cultured in the same culture media as described
above. Cell viability and metabolic activity was determined
by Live/Dead staining and AlamarBlue reagent assay (10%
in culture media). For live/dead staining, cell-laden gels
were incubated in buffer containing Calcein AM (0.25 uL/
mL, stained live cells green) and Ethidium homodimer-III (2
pL/mL, stained dead cells red) for 1 h. Stained cell-laden
gels were rinsed with DPBS briefly before imaging using a
confocal microscope (Olympus Fluoview, FV1000). At least
three sets of images per gel sample were taken (100 um
thick, 10 pm per slice). For metabolic activity assay, cell-
laden gels were incubated in 10% AlamarBlue solution for 4
hr and the fluorescence generated were analyzed by a micro-
plate reader (excitation: 560 nm and emission: 590 nm). Cell
culture media containing urea secreted by the encapsulated
cells over a period of 18 hr were collected at day 1, 4, and
7. Urea quantification was conducted using QuantiChrom™
Urea Assay Kit following manufacture’s instructions. Fresh
cell culture medium was used as blank control.

Statistics

All statistical analyses and curve fittings were conducted
using GraphPad Prism 5 software. Gel swelling (with more
than three experimental groups), cell metabolic activity, and
urea secretion were analyzed by two-way ANOVA followed
by Bonferroni’s post hoc test with control group specified in
the respective figure captions. Gel points and swelling ratio
with single experimental group were analyzed by one-way
ANOVA followed by Turkey post hoc test. All experiments
were conducted independently for at least three times. Data
presented were Mean * SD. Single, double, and triple
asterisks represent p <0.05, 0.01, and 0.001, respectively.
p <0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Effect of eosin-Y on visible light initiated thiol-acrylate
gelation

We have previously shown that PEG-based hydrogels can be
prepared by visible light initiated photo-crosslinking using
photosensitizer eosin-Y, multiarm macromer PEG-tetra-
acrylate or PEG-tetra-acrylamide, and bi-functional thiol
co-initiator/cross-linker (DTT or bis-cysteine-bearing pep-
tides).3” The objectives of this study were to: (1) expand
the applicability of this visible light mediated gelation by
using linear PEGDA as the macromer; (2) understand the
effect of various parameters on gelation and degradation of
this new class of hydrogels; and (3) evaluate the potential
of this gel platform for in situ encapsulation, culture, and
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differentiation of hepatocytes (Huh7). We hypothesized that
gelation will occur with the use of linear macromer PEGDA
and bi-functional thiol co-initiator DTT in the presence of
visible light exposure and non-cleavage type initiator eosin-
Y. As shown in Figure 1(A), under visible light exposure
thiyl radicals generated by eosin-Y attack vinyl groups on
PEGDA to form carbon radicals. These carbon radicals either
propagate through other acrylates (i.e., chain-growth homo-
polymerization) or further abstract hydrogen from other thi-
ols (i.e., step-growth thiol-acrylate reaction). These visible
light mediated polymerization steps yielded a mixed-mode
step-chain-growth network structure that is similar to the
gels fabricated from UV-mediated thiol-vinyl polymeriza-
tions.’”?#* Figure 1(B) shows the influence of eosin-Y on
the appearance of PEGDA thiol-acrylate hydrogels prepared
from 10 wt % PEGDA (3.4 kDa), eosin-Y (0.025, 0.05, or 0.1
mM), 10 mM DTT (i.e, 20 mM SHprr), and 0.1% NVP (or
9.4 mM). Although the use of 0.1 mM eosin-Y caused the
gels to appear slightly in red post-gelation (5 min visible
light exposure), the gels became mostly transparent after
incubating in PBS overnight. The gels also appeared larger
in size after overnight incubation in pH 7.4 PBS. To deter-
mine gelation Kkinetics, we conducted in situ photo-
rheometry using the same macromer compositions. We
found that gel points decreased from 249 = 14 s to 156 = 3
and 125+ 11 s when eosin-Y concentration was increased
from 0.025 mM to 0.05 and 0.1 mM, respectively [Fig. 1(C)].
While further increasing eosin-Y concentration will acceler-
ate gelation kinetics, higher degree of light attenuation will
likely occur and affect the gelation efficiency in thicker gel
samples.>® These gel points were slower than the visible
light initiated thiol-norbornene reaction that we previously
reported (5-20 s) and were similar to that in UV-mediated
chain-growth polymerization of PEGDA hydrogels.*! Figure
1(D) shows the results of strain-controlled rheometry
experiments. The storage moduli (G) of these hydrogels
were at least one order of magnitude higher than the
respective loss moduli (G”), indicating the formation of elas-
tic gels with tunable stiffness (G° ~0.4, 1.4, and 1.8 kPa for
gels formed with 0.025, 0.05, and 0.1 mM, respectively). The
improvement in gel crosslinking at higher eosin-Y concentra-
tions could also be observed in hydrogel swelling. Figure
1(E) shows that the equilibrium mass swelling ratios (Qn)
of PEGDA-DTT hydrogels decreased as increasing eosin-Y
concentration in the prepolymer solution.

The mechanism of this visible light initiated thiol-
acrylate gelation is different from purely chain-growth acry-
late homopolymerization or purely step-growth thiol-nor-
bornene reaction. In our current system, gelation was
initiated by thiyl radicals generated by proton extraction
(by photo-excited eosin-Y) and the presence of thiol func-
tionality permits chain-transfer events, which decrease the
molecular weights of polyacrylate kinetic chains. In the
purely radical mediated step-growth thiol-norbornene gela-
tion system, the cross-linking was not inhibited by oxygen
and therefore reached gel points faster than the current sys-
tem. This gelation is similar to the UV-initiated gelation
methods developed by Salinas and Bowman.!”3% %042 The
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FIGURE 1. A: Mechanism of visible light initiated mixed-mode step-chain-growth thiol-acrylate photopolymerization. B-E: Physical properties of
visible light cured PEGDA thiol-acrylate hydrogels formed with 0.025, 0.05, or 0.1 mM of eosin-Y. (B) Photographs; (C) Gel points; (D) Elastic (G’)
and viscous (G”) modulus, and (E) Equilibrium mass swelling ratio (Q,,). All properties were measured at day 1 postgelation. All gels were pre-
pared from 10 wt % PEGDA (3.4 kDa) with 10 mM DTT (or 20 mM [SHIprr) and 0.1% NVP, and with 5 min visible light exposure (N=3,
mean * SD, *p< 0.05, **p<0.01, ***p < 0.001). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

major difference between the gelation mechanism proposed
here and the previous thiol-acrylate gelation systems is that
a more cytocompatible visible light source and a noncleav-
age type initiator were used. Furthermore, because of the
use of eosin-Y and visible light, thiyl radicals provided by
the bifunctional thiols (e.g, DTT) were the only radical
source capable of initiating gelation. In prior systems where
a cleavage type initiator (e.g, 1-2959) was used, gelation
might also be initiated via homopolymerization of acrylates.
When comparing our system with the conventional visible
light initiated gelation where triethanolamine (TEA) was
used as a co-initiator, our system uses bifunctional thiols
that not only server as a more cytocompatible co-initiator
but also render the resulting gels degradable due to the for-
mation of hydrolytically labile thiol-ether-ester bonds (see
sections below).

Effect of PEGDA molecular weight and thiol-content on
stiffness of thiol-acrylate hydrogel

We also evaluated the effect of PEGDA molecular weight
and bifunctional thiol (i.e., [SH]prr) content on the shear
moduli of these visible light cured thiol-acrylate hydrogels
in their equilibrium swelling state (at day 1 postgelation).
PEGDA with molecular weights of 2, 3.4, or 10 kDa and con-
centrations of 10 or 15 wt % were used. We found that
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there was a parabolic relationship between the biofunctional
thiol concentration in the prepolymer solution and the shear
moduli of the resulting hydrogels for all PEGDA molecular
weights used (Fig. 2). Furthermore, the bifunctional thiol
concentration required to reach maximum gel modulus
shifted to a higher value as the molecular weight of PEGDA
decreases. For example, when 10 kDa PEGDA at 10 wt %
was used, the concentration of bifunctional thiol needed to
reach highest gel modulus was 5 mM (corresponding to 2.5
mM DTT). When 3.4 or 2 kDa PEGDA macromers were used
(also at 10 wt % but with higher molar concentrations,
Table I), the concentrations of bi-functional thiols required
for reaching highest gel stiffness increased to 20 or 60 mM
(10 or 30 mM DTT), respectively. Increasing PEGDA concen-
tration from 10 wt % [Fig. 2(A)] to 15 wt % [Fig. 2(B)]
increased not only overall gel stiffness (from ~0.6 kPa, 4.6
kPa, or 5.8 kPa to ~1.4 kPa, 11.2 kPa, or 11.7 kPa for 10,
3.4, or 2 kDa PEGDA, respectively), but also the range of bi-
functional thiol concentrations necessary for obtaining
highly cross-linked hydrogels.

In conventional visible light mediated PEGDA gelation,
amine-based co-initiator (e.g, TEA) serves only as a co-
initiator. In the thiol-acrylate gelation scheme reported here,
however, thiol has multiple roles. It is not only a co-initiator
that provides thiyl radicals to initiate gelation, but also a
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FIGURE 2. Effect of PEGDA molecular weight and bi-functional thiol
content on equilibrium shear moduli measured at day 1 postgelation.
PEGDA macromers were used at: (A) 10 wt % and (B) 15 wt %. All
hydrogels were formed with 0.1 m eosin-Y and 0.1% NVP and with 5
min of visible light exposure. Nonlinear curve fitting was conducted
using parabolic relationships as a function of bifunctional thiol con-
tent. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

linker and a chain-transfer agent that impact the degree of
gel cross-linking. For PEGDA macromer with a particular
molecular weight, there is a minimal thiol content or thiol-
to-acrylate ratio needed to initiate thiol-acrylate gelation
(Table I). Depending on PEGDA molecular weight and
weight content, the minimal thiol-to-acrylate ratio needed
for initiating thiol-acrylate gelation was between 0.06 and
0.2. Initial increases of thiol content in the prepolymer solu-
tion increased gel shear modulus, which was a result of
increased thiyl radical concentration that accelerated gela-
tion Kkinetics. However, further increasing thiol-content

3818 HAO AND LIN

resulted in reduction in gel stiffness. Increasing concentra-
tion of the bi-functional thiol increased chain-transfer
events, which decreased the degree of homopolymerization
and the number of high molecular weight polyacrylate
chains.*? In this scenario, more acrylates participated in the
step-growth thiol-acrylate reaction rather than chain-growth
polymerization. Since both PEGDA and DTT are linear mac-
romers, theoretically a thiol-to-acrylate ratio of one would
result in the formation of linear polymers rather than a
cross-linked network. In some examples, however, gelation
still occurred at a unity thiol-to-acrylate ratio. This was due
to the use of 0.1% NVP (9.4 mM) that decreased overall
thiol /vinyl ratio (Table I). It is worth noting that the use of
a bi-functional thiol molecule (e.g., DTT) is essential because
we have shown that mono-thiol (i.e., cysteine) could not ini-
tiate gelation within a short period of time.?”

Effect of pendant peptide functionality on peptide
immobilization efficiency and gel stiffness

Covalent immobilization of bioactive motifs in a hydrogel
network has become a routine and necessary task when
designing hydrogels for cell studies. High peptide immobili-
zation efficiency is critical, especially for in situ cell encap-
sulation, because soluble peptides compete with the
immobilized ones for cell surface receptors and reduce the
efficacy of immobilized peptides. Another criterion pertain-
ing to the incorporation of pendant peptide is that it should
not affect gelation efficiency. We evaluated the influence of
pendant peptide incorporation on the properties of visible
light cured PEGDA thiol-acrylate hydrogels at various
bifunctional thiol contents (Fig. 3). Gels were either pre-
pared without pendant peptide (blank) or with 1 mM of
acetylated-CRGDS (Ac-CRGDS) or acrylated-RGDS (acryl-
RGDS). For all conditions tested, gel fraction increased as
increasing bifunctional thiol concentration. The incorpora-
tion of pendant peptide (either Ac-CRGDS or Acryl-RGDS)
had minimal effect on gel fraction only when the concentra-
tion of bifunctional thiol was low [10 mM [SH]prp Fig.
3(A)]. At higher bifunctional thiol contents (i.e., 15, 20, 30
mM [SH]prr), the presence of functionalized pendant pep-
tide showed various degrees of influence on gel fraction.
The incorporation of pendant peptides, however, did not
affect the overall increasing trend of gel fraction at higher
[SH]prr We also examined pendant peptide immobilization
efficiency using analytical RP-HPLC. Peptide-immobilized
hydrogels were incubated in distilled water to permit the
release of unimmobilized peptide from the gels. As shown
in Figure 3(B), the immobilization efficiency of Ac-CRGDS
peptide via step-growth thiol-acrylate reaction was consis-
tently high (87-90%) and unaffected by the concentration
of bi-functional thiol linker incorporated in the prepolymer
solution. The immobilization efficiency of Acryl-RGDS via
chain-growth polymerization, however, was much lower
(33-67%) and somewhat fluctuated depending on the con-
centration of bi-functional thiol linker. Increasing gel incuba-
tion time for peptide leaching from 1 to 4 days did not
significantly change the results (data not shown). The low
immobilization efficiencies of acrylated peptides in visible
light initiated chain-growth polymerized network have been
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TABLE I. Formulations of Visible Light Curable PEGDA Hydrogels with DTT as a Bifunctional Co-initiator

ORIGINAL ARTICLE

PEGDA (wt %)

PEGDA m.w. (Da)

Acrylate (mM)

[SH]DTT (mM)?

[SH]/[acrylate]

[SH1/[vinyl] ®

10

15

2,000 100
3,350 60
10,000 20
2,000 150
3,350 90
10,000 30

20-80
5-40
2.5-10
20-150
5-90
2.5-20

0.2-0.8
0.08-0.67
0.13-0.5
0.13-1
0.06-1
0.08-0.67

0.183-0.734
0.072-0.580
0.086-0.345
0.126-0.943
0.051-0.909
0.064-0.513

2[SHI1prT represents thiol concentration, with is twice the concentration of DTT.
P[Vinyl] = [acrylate] + [NVP]. All gel formulations contain 9.4 mM (0.1 vol %) NVP.

reported in the literature (23-66%)."%** Salinas and Anseth
have also reported high peptide immobilization efficiency
(85-95%) in UV-based thiol-acrylate polymerization.'” Our
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visible light mediated thiol-acrylate polymerization also
yielded high degree of peptide immobilization, likely due to
higher reactivity between thiol and acrylate moieties.
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FIGURE 3. Effect of pendant peptide (i.e., Acryl-RGDS or Ac-CRGDS) and bi-functional thiol content on: (A) gel fraction, (B) peptide immobiliza-
tion efficiency, and (C) equilibrium shear moduli (measured at day 1 postgelation). All gels were prepared by 10 wt % PEGDA3 4kpa, 0.1 mM
eosin-Y, 0.1% NVP, and with 5 min visible light exposure. All peptides were incorporated at 1 mM in the prepolymer solutions. Gels containing
no pendant peptide (i.e., Blank) were used as control for statistical analysis (N=3, mean = SD, *p < 0.05, **p < 0.01). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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mixed-mode thiol-acrylate photopolymerization (20 mM bifunctional
thiol as co-initiator) using (A) 10 wt % and (B) 25 wt % PEGDAg 4kpa-
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with 5 min of visible light exposure. The concentrations of NVP were
0.1, 0.15, 0.2, 0.25, 0.5, 0.75, and 1 vol % (N=3, mean = SD). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The immobilization of pendant peptides negatively
affected the shear moduli of the hydrogels, especially in the
mixed-mode polymerized gels with lower bifunctional thiol
contents (e.g, 10-20 mM) [Fig. 3(C)]. Specifically, the addi-
tion of Acryl-RGDS caused 20 to 40% reduction of gel stiff-
ness, whereas the incorporation of Ac-CRGDS reduced gel
stiffness by 30 to 60%. Turturro et al. has reported similar
reduction in gel stiffness when acrylated peptide was
co-copolymerized in TEA-mediated chain-growth PEGDA
hydrogels.?? Our results show that the incorporation of
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pendant cysteine-bearing peptide caused more reduction in
gel stiffness. The incorporation of higher thiol-content in
this visible light initiated mixed-mode gelation likely caused
higher degree of chain transfer [Fig. 1(A)] that reduces the
cross-linking density of the hydrogel (Fig. 2).

Effect of NVP on stiffness of thiol-acrylate hydrogel

Since incorporating pendant peptide negatively affected the
degree of gel cross-linking in these visible light cured
PEGDA hydrogels, we sought methods to improve network
cross-linking while still allowing for facile and high effi-
ciency of peptide incorporation. Addition of a small molecu-
lar weight monomer NVP has been shown to accelerate the
gelation of acrylate-based hydrogels.'>****> NVP has also
been shown to react preferentially with acrylate double
bonds and improves acrylate conversion.*® The crosslinking
of NVP together with PEGDA also yields a co-polymer net-
work that contains additional poly(NVP) kinetic chains,
which impact network structure and mechanical properties.
Here, we compared the gel moduli in conventional PEGDA/
TEA/NVP and the current PEGDA/DTT/NVP gelation sys-
tems. Previous study has shown that the molar ratio of NVP
to acrylate is a critical parameter affecting final gel stiff-
ness.'? As shown in Figure 4, increasing [NVP]/[acrylate]
ratio indeed caused gels with higher stiffness [PEGDA3z 4 kpa
was fixed at 10 wt % in Fig. 4(A) or 25 wt % in Fig. 4(B)].
We found that there was a linear relationship between the
gel shear modulus and [NVP]/[acrylate] ratio for both
chain-growth and mixed-mode polymerized hydrogel sys-
tems. While Elbert and Hubbell reported this phenomenon
for chain-growth networks,'® we found that the dependency
of gel stiffness on [NVP]/[acrylate] ratio was lower in the
mixed-mode polymerized gels, as demonstrated by lower
slopes in the linear regression analysis (Fig. 4 and Table II).
The chain-transfer events occurring in the mixed-mode
thiol-acrylate photopolymerization likely reduced the influ-
ence of NVP on hydrogel cross-linking density. Nonetheless,
increasing NVP concentration from 0.1% to 1.0% increased
the shear moduli of 10 wt % PEGDA-DTT hydrogels from
0.8 kPa to 25 kPa, a range suitable for many cell studies.

Effect of macromer formulations on hydrolytic gel
degradation

All PEGDA hydrogels prepared in this contribution degraded
hydrolytically due to the formation of hydrolytically labile
thiol-ether-ester bonds following thiol-acrylate photopoly-
merization. Figure 5 shows the influence of bi-functional
thiol concentration (as indicated by the figure legends) and
NVP content [0, 0.1, 1.0% in Fig. 5(A-C), respectively] on

TABLE Il. Linear Regression Results of Data Presented in
Figure 4

PEGDA (wt %) Co-Initiator Slope R?

10 20 mM TEA 61,190 * 3085 0.96
20 mM SHprr 18,090 = 672 0.97

25 20 mM TEA 332,300 + 7346 0.99
20 mM SHprr 117,600 + 2548 0.99
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shear moduli of PEGDA hydrogels as a function of gel degra-
dation time. Exponential decay curve-fitting results revealed
that the degradation of these thiol-acrylate hydrogels

followed pseudo-first order hydrolysis kinetics given
by:31:39:42,47-49

In (G{) = In(Go)—knya ot (9]

Here, G’y is the gel modulus before the occurrence of
significant degradation and G’ is the shear modulus at any
time during degradation. ky,q is the apparent hydrolytic
degradation rate constant (day ') and ¢ is the degradation
time (day). This empirical degradation model has been used
to predict the degradation of many hydrogels containing
ester or thiol-ether-ester linkages.?****° Figure 5 shows
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that, at any given NVP and bifunctional thiol concentrations,
the degradation rate (kyyq) does not change as a function of
time. However, the degradation rate clearly varied depend-
ing on the gel formulations. Specifically, all gels containing
no NVP degraded rapidly and dissolved completely within
one week [Fig. 5(A)]. When NVP was included in the prepol-
ymer solutions at 0.1 vol %, most of the gels remained
intact, but weaken as time, for more than 3 weeks, except
for gels cross-linked with 40 or 45 mM bifunctional thiol
[Fig. 5(B)]. All gels cross-linked with 1 vol % NVP were
more stable unless high concentration of bifunctional thiol
(e.g., 45 mM) was used [Fig. 5(C)]. To reveal the relationship
between kyyq and gel formulations, we plotted the empiri-
cally obtained kyyq values against bi-functional thiol concen-
tration for all three NVP concentrations [Fig. 5(D)]. Clearly,
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TABLE lll. Exponential Fitting of Hydrogel Degradation Rate
Constant (ki q) as a Function of Bifunctional Thiol
Concentration at Different NVP Contents

[NVP] (vol %) Slope R?

0 0.034 = 0.007 0.92
0.1 0.049 = 0.003 0.99
1.0 0.071+0.006 0.98

knya decreases with increasing NVP concentration for all bi-
functional thiol concentrations. Since increasing NVP con-
centration in the prepolymer solution increases poly(NVP)
content in the resulting gels, it was possible that these non-
degradable and less hydrophilic poly(NVP) chains altered
water accessibility to the hydrolytically labile thiol-ether-
ester bonds. We further evaluated the dependency of kyyq
on bi-functional thiol concentration using non-linear curve
fitting and found that the value of kyyq increases exponen-
tially as a function of bi-functional thiol concentration for all
three curves. The dependency of kyyq on thiol concentration
also has a positive correlation with NVP concentration
(Table III). The variation of kyyq in gels with different forma-
tions is an interestingly but not completely understood phe-
nomenon. Rydholm et al. observed a similar dependency
between kyyq and thiol content in degradable mixed-mode
thiol-acrylate and thiol-allylether hydrogels cross-linked by
UV light irradiation.*®****° Using UV-based chain-growth
PLA-PEG-PLA block co-polymer hydrogels, Shah et al. also
reported dependency of hydrolytic degradation rate to the
local hydrogel structure and solvent conditions.>* Although
the exact mechanism underlying the dependency of kyyq on
gel composition was not clear, the existence of an exponen-
tial growth relationship between kyq and bifunctional thiol
(i.e, [SH]prr) suggests a predictable way of manipulating
gel degradation. Most importantly, many of the current
thiol-acrylate hydrogels have gel stiffness (0.8-49 kPa) and
degradation rate (1 to several weeks) highly relevant to tis-
sue regeneration applications.

The influence of bifunctional thiol and co-monomer NVP
concentrations on the hydrolytic degradation of visible light
cross-linked PEGDA hydrogels was also evaluated when 1
mM of Ac-CRGDS peptide was included in the prepolymer
solutions [Fig. 6(A-D)]. Conventional visible light cured
PEGDA hydrogels with TEA as a co-initiator were used as
controls [Fig. 6(EF)]. PEGDA was used at 10 wt % [Fig.
6(A-C,E)] and 25 wt % [Fig. 6(D,F)]. NVP was added at 0.1,
0.15, 0.2, 0.25, 0.5, 0.75, and 1 vol %, while bifunctional
thiol was added at 15 mM [Fig. 6(A)], 20 mM [Fig. 6(B,D)],
and 30 mM [Fig. 6(C)]. In controlled experiments, TEA was
added at 20 mM for both PEGDA concentrations [Fig.
6(E,F)]. All PEGDA hydrogels cross-linked with bi-functional
thiol degraded following the pseudo-first order degradation
kinetics as described in Eq. (1). PEGDA thiol-acrylate hydro-
gels degraded more slowly at higher NVP concentration
(>0.5%) or when the gels were cross-linked from 25 wt %
PEGDA solution [Fig. 6(D)]. On the contrarily, PEGDA hydro-
gels cross-linked with TEA as the co-initiator remain hydro-
lytically stable for all conditions studied [Fig. 6(EF)].
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Exponential curve fitting [Fig. 7(A) and Table IV] revealed
good correlations between hydrogel degradation rate con-
stant (kyyq) and NVP concentration (R? =0.95-0.97) for 10
wt % thiol-acrylate PEGDA hydrogels. When the gels were
less hydrolytically degradable (ie, 25 wt % PEGDA), the
exponential fitting of knyq as a function of NVP concentra-
tion was less perfect (R? ~ 0.92). As expected, chain-growth
PEGDA hydrogels did not degrade hydrolytically for the
duration of the study [Fig. 7(B)]. Another worth-noting dif-
ference between thiol-acrylate PEGDA hydrogels and chain-
growth PEGDA hydrogels was the influence of co-monomer
NVP on gel stiffness (or cross-linking density). In thiol-
acrylate PEGDA hydrogels, addition of NVP from 0.1 to 1 vol
% caused approximately two orders of magnitude increase
in initial gel cross-linking for all formulations tested, regard-
less of PEGDA concentration. The influence of NVP on
chain-growth PEGDA hydrogels, however, depends largely
on the concentration of PEGDA in the prepolymer solution.
For example, increasing NVP concentration from 0.1 to 1 vol
% led to three orders of magnitude increase in gel moduli
for 10 wt % PEGDA gels [Fig. 6(E)] but the influence of
NVP was less pronounce (increased ~ one order of magni-
tude) when 25 wt % PEGDA was used [Fig. 6(F)].

PEG hydrogels with tunable degradability are increas-
ingly been developed for tissue engineering applications.
However, conventional UV-based or visible light-mediated
chain-growth photopolymerization of PEGDA yields hydro-
gels that are nonhydrolytically degradable in a physiologi-
cally relevant time scale. To prepare degradable hydrogels,
most approaches available to date rely on the synthesis of
degradable macromers having hydrolytically labile segments.
Following the synthesis and purification of these degradable
macromers, an additional “end-capping” step (acrylation,
methacrylation, etc.) is often necessary for obtaining macro-
mers that are cross-linkable. These multi-step material syn-
thesis processes may be labor intensive and time
consuming. Further, these custom-designed and synthesized
macromers may not be readily available for researchers
lacking comprehensive chemical synthesis capacity. From
Figures 5 to 7, one can see that hydrogels prepared from
PEGDA could be rendered hydrolytically degradable using a
single step visible light mediated thiol-acrylate photopoly-
merization. All components used in this gelation scheme are
commercially available yet one can easily tailor the degrada-
tion rate of the thiol-acrylate PEGDA hydrogels even without
the use of any readily degradable macromer. In our earlier
publication, we have also shown that bis-cysteine containing
protease-sensitive peptide can be used to render the gels
enzymatically degradable.®” This allows one to use simple
macromer components to design dynamic multimode
degradable hydrogels for in vitro 3D cell studies and for in
vivo tissue regeneration applications.

Three-dimensional culture of hepatocellular carcinoma
cells (Huh7) in visible light cured thiol-acrylate
hydrogels

Using multiarm PEG-based macromers (PEG-tetra-acrylate
and PEG-tetra-acrylamide), we have recently reported the
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FIGURE 6. Effect of NVP contents on hydrolytic degradation of mixed-mode PEGDA thiol-acrylate hydrogels immobilized with 1 mM Ac-CRGDS
pendant peptide. Hydrogel shear moduli were plotted as a function of degradation time. Gel formulations are: (A) 10 wt % PEGDA, 15 mM
SHprr; (B) 10 wt % PEGDA, 20 mM SHpr; (C) 10 wt % PEGDA, 30 mM SHpr; (D) 25 wt % PEGDA, 20 mM SHprr; (E) 10 wt % PEGDA, 20 mM
TEA; and (F) 25 wt % PEGDA, 20 mM TEA. All gels were prepared with 0.1 mM eosin-Y and with 5 min of visible light exposure. All degradation
profiles were analyzed using exponential curve fitting (log scale on y-axis). Gel degradation was conducted in pH 7.4 PBS at 37°C (n=3,
mean * SD). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cytocompatibility of thiol-vinyl gelation system on the viabil-
ity and osteogenic differentiation of in situ encapsulated
human mesenchymal stem cells (hMSCs).?” Here, we encap-
sulated hepatocellular carcinoma cells Huh7 to evaluate the

potential of this thiol-based visible light initiated PEGDA
hydrogels for liver tissue engineering applications. Huh?7
cells are immortalized hepatocellular carcinoma cells that,

when grown on tissue culture plastics,
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morphology and proliferate rapidly to form a monolayer.>°
These cells are commercially available, inexpensive to cul-
ture, and are widely used for studying drug toxicity, hepatic
gene regulation, and pathogenesis of hepatitis and viral
infection. Although these cells are capable of secreting
plasma proteins (e.g., albumin), their ability to express func-
tional drug-metabolizing enzymes is not fully character-
ized.>® When cultured on a two-dimensional surface, these
cells lose their normal polarity and liver-specific functions.
Although a few studies have utilized gel matrices for three-
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dimensional culture of Huh7 cells,”? it remains a challeng-

ing task to “differentiate” these cells into functional liver
cells that express liver-specific genes including albumin,
HNF4q, al-antitrypsin, and CYP450. We hypothesized that
our thiol-acrylate hydrogel system can serve as an appropri-
ate gel platform for three-dimensional culture of Huh7 cells
(or other hepatocytes). To this end, we encapsulated Huh7
cells (1.5 X 10° cells/mL) in PEGDA hydrogels cross-linked
by 30 mM of bifunctional thiol (i.e, 15 mM DTT) and in the
presence of different NVP contents (0.1, 0.2, and 0.3 vol %).
Figure 8(A) shows the viability (live/dead staining) of Huh7
cells in hydrogels 2-hr (top panel) and 7-day (bottom panel)
post-encapsulation. In all gel formulations, vast majority of
encapsulated Huh7 cells remained alive for the duration of
the study and almost no dead cells were found. Live/Dead
staining also revealed that cells proliferated to form small
clusters after 7 days of in vitro three-dimensional culture.
Prior studies have shown that Huh7 cells form clusters nat-
urally when cultured in three-dimensional matrices.’*? As
time, these cell clusters would become bigger and our
results were similar to these reports [Fig. 8(A)]. We also
measured Huh7 cell metabolic activity with Alamarblue rea-
gent and found no difference 1-day postencapsulation for all
three cross-linking densities studied [Fig. 8(B)]. Although
cell metabolic activity increased over time in all three for-
mulations, Huh7 cells encapsulated in stiffer gels (i.e., 0.2 or
0.3% NVP) exhibited significantly lower metabolic activity
[Fig. 8(B)] compared with using gels with lower cross-
linking density (i.e, 0.1% NVP). Since cells appeared to
remain alive in all gels [Fig. 8(A)] but showed difference in
metabolic activity [Fig. 8(B)], we further examined a hepato-
cellular function—urea secretion—from Huh7 cells encapsu-
lated in gels with different NVP contents [Fig. 8(C)]. As
expected, urea secretion from the encapsulated Huh7 cells
increased as culture time since cells appeared to form larger
clusters after 7 days of in vitro culture [Fig. 8(A)]. Interest-
ingly, Huh7 cells encapsulated in gels with higher cross-
linking densities (i.e.,, 0.2 and 0.3 vol % NVP) secreted more
urea compared with cells encapsulated in gels with lower
cross-linking density (i.e, 0.1% NVP), suggesting improved
hepatocellular function in gels with higher cross-linking
densities.

The most important criterion of any photoencapsulation
system is that cells should retain their viability following
the encapsulation process. In this study, we utilized visible
light mediated thiol-acrylate photopolymerization to prepare
hydrogels with tunable stiffness and degradability for in situ
encapsulation of Huh7 cells. Following in situ photoencapsu-
lation, almost all Huh7 cells remained viable and were able

TABLE IV. Exponential Curve Fitting Results Using Data
Presented in Figure 7(A)

[PEGDA] (wt %) [SHlptr (mM) Slope R?

10 15 —4.00£0.70 0.95
20 —4.73+£0.78 0.96
30 —3.47 £0.47 0.97

25 20 —-1.75+0.32 0.92
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FIGURE 8. Three-dimensional culture of hepatocellular carcinoma cells Huh7 in visible light cured PEGDA thiol-acrylate hydrogels. A: Confocal
microscopy images of encapsulated Huh7 cells stained with Live/Dead staining kit (Live cells stained green and dead cells stained red). B: Meta-
bolic activity and (C) urea secretion rate in the encapsulated cells. Cells were encapsulated (1.5 X 108 cells/mL) in 10 wt % PEGDA; 4xpa gels pre-
pared with 0.1 mM eosin-Y, 15 mM DTT, and with 5 min of visible light exposure. All statistical analyses were conducted using 0.1% NVP group
(at the same time point) as control (n=3, mean = SD, *p <0.05, **p<0.01, ***p <0.001. n.s.: not significant). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

to proliferate into cell clusters. Gels containing 0.1% NVP
had the lowest stiffness and fastest degradation rate. These
gels appeared larger than the other two groups (0.2 and
0.3% NVP) due to gel degradation and swelling, which
could explain the lower cell counts in the confocal images
shown in Figure 8(A). These weakly cross-linked gels (i.e.,
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gels with 0.1% NVP) degraded completely within 10 days.
Although cells encapsulated in weakly cross-linked gels
showed highest metabolic activity and potentially higher
degree of proliferation, these hepatocytes showed lower
urea secretion as compared with cells encapsulated in stiffer
and slow degrading gels [Fig. 8(C)]. Statistical analysis
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results show similarity between cell metabolic activity and
urea secretion [Fig. 8(B,C)].

One potential explanation accounting for the inverse
relationships between urea secretion and cell metabolic
activity is that the restricted cell proliferation led to higher
degree of differentiation in the encapsulated Huh7 cells.
Studies have shown that Huh7 cells cultured in a rotating
wall vessel (RWV) bioreactor formed clusters and expressed
more hepatocyte-specific transcripts (e.g, HNF4«, albumin,
etc) than cells cultured in monolayer.”® It is also possible
that additional poly(NVP) chains within the hydrogels
stimulated the differentiation and urea secretion in the
encapsulated Huh7 cells. Polymers containing poly(NVP)
have been shown to promote albumin secretion from two-
dimensional culture of C3A hepatoblastoma cells.”* We are
not aware of any three-dimensional study showing the influ-
ence of poly(NVP)-containing hydrogels on hepatocyte phe-
notype and future work will focus on exploring the impact
of hydrogel formulations on hepatocyte differentiation for
three-dimensional liver regeneration, drug screening, and
viral infection.

CONCLUSION

In conclusion, we have shown that multifunctional thiol-
based molecules and linear PEGDA macromer can be used
to initiate visible light-mediated thiol-acrylate photopolyme-
rization and hydrogel cross-linking. Increasing concentra-
tions of photosensitizer eosin-Y or co-monomer NVP
accelerated the thiol-acrylate gelation kinetics. Adjusting bi-
functional thiol concentration afforded additional controls in
hydrogel cross-linking density. Conditions affecting gelation
efficiency also resulted in changes on hydrolytic gel degra-
dation. The hydrolytic degradation of these thiol-acrylate
hydrogels followed pseudo-first order degradation Kkinetics
and the degradation rate constants were affected by thiol
and NVP contents. Finally, the readily available macromer
and initiator components used in this gelation system have
high cytocompatibility, as demonstrated by in situ Huh7 cell
encapsulation. Although almost all cells retained high viabil-
ity and formed clusters in the thiol-acrylate hydrogels, cell
metabolic activity was affected by the concentration of NVP
added in the prepolymer solution. The secretion of urea
from the encapsulated cells was found to be highly depend-
ent on the gel properties and inversely proportional to cell
metabolic activity, suggesting that this system may be useful
in promoting higher degree of hepatocellular differentiation.
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