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Abstract

We report here a synthetically simple yet highly tunable and diverse visible light mediated thiol-
vinyl gelation system for fabricating cell-instructive hydrogels. Gelation was achieved via a
mixed-mode step-and-chain-growth photopolymerization using functionalized 4-arm
poly(ethylene glycol) as backbone macromer, eosin-Y as photosensitizer, and di-thiol containing
molecule as dual purpose co-initiator/cross-linker. N-vinylpyrrolidone (NVP) was used to
accelerate gelation kinetics and to adjust the stiffness of the hydrogels. Visible light (wavelength:
400-700nm) was used to initiate rapid gelation (gel points: ~20 seconds) that reached completion
within a few minutes. The major differences between current thiol-vinyl gelation and prior visible
light mediated photopolymerization are that: (1) the co-initiator triethanolamine (TEOA) used in
the previous systems was replaced with multifunctional thiols and (2) mixed-mode polymerized
gels contain less network heterogeneity. The gelation kinetics and gel properties at the same PEG
macromer concentration could be tuned by changing the identity of vinyl groups and di-thiol
cross-linkers, as well as concentration of cross-linker and NVP. Specifically, acrylate-modified
PEG afforded the fastest gelation rate, followed by acrylamide and methacrylate-functionalized
PEG. Increasing NVP concentration also accelerated gelation and led to a higher network cross-
linking density. Further, increasing di-thiol peptide concentration in the gel formulation increased
hydrogel swelling and decreased gel stiffness. Due to the formation of thiol-ether-ester bonds
following thiol-acrylate reaction, the gels degraded hydrolytically following a pseudo first order
degradation kinetics. Degradation rate was controlled by adjusting thiol or NVP content in the
polymer precursor solution. The cytocompatibility and utility of this hydrogel system were
evaluated using in situ encapsulation of human mesenchymal stem cells (hMSC). Encapsulated
hMSCs remained alive (>90%) throughout the duration of the study and the cells were
differentiated down osteogenic lineage with varying degrees by controlling the rate and mode of
gel degradation.

Keywords
Visible light; photopolymerization; thiol-ene; hydrogels; mesenchymal stem cells

© 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
"To whom correspondence should be addressed: Chien-Chi Lin, PhD., Assistant Professor, Department of Biomedical Engineering
Purdue School of Engineering and Technology, Indiana University-Purdue University at Indianapolis, Indianapolis, IN 46202,
gncc@iupui.edu.

These authors contribute equally.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

1. Introduction

Poly(ethylene glycol) (PEG) based hydrogels are a class of hydrophilic polymers suitable
for a variety of tissue engineering applications, including controlled drug delivery and
directed stem cell differentiation [1-4]. The termini of PEG are hydroxyl groups that can be
easily functionalized to render the otherwise soluble PEG cross-linkable [5]. Vinyl-based
PEG macromers are particularly useful because of their simplicity in synthesis and
purification. Various vinyl-functionalized PEG macromers have been developed for
preparing cytocompatible hydrogels, including (meth)acrylate [6-9], (meth)acrylamide [10,
11], vinylsulfone [12, 13], maleimide [14], norbornene [15, 16], etc. The reactivity of the
terminal vinyl group determines the mechanisms of hydrogel cross-linking. For example,
PEG-di(meth)acrylate (PEGDA or PEGDM) can be homopolymerized via radical-mediated
chain-growth photopolymerization [17-19]. On the other hand, multi-functional PEG-
acrylate, PEG-vinylsulfone, or PEG-maleimide “clicks’ with thiol-bearing linkers via a step-
growth nucleophilic reaction (i.e., Michael-type addition reaction) as long as the average
functionality of the vinyl and thiol-bearing macromers is greater than two (f > 2) [20].
Hydrogels prepared from these step-wise and orthogonal reactions are increasingly
employed as synthetic extracellular matrix (ECM) or tissue scaffold due to their improved
network properties and diversity [12-14]. Step-growth hydrogels can also be prepared by
radical-mediated photopolymerization. For example, Anseth and colleagues prepared multi-
arm PEG-norbornene that reacts orthogonally with bi-functional thiol linker via a radical
mediated thiol-ene reaction [15]. Other orthogonal click chemistries are also increasingly
explored for forming PEG-based hydrogels [21-23].

While the inert or “blank slate’ property of PEG hydrogels contribute greatly to their
biocompatibility, the utility of ‘plain’ PEG hydrogels are limited in cell culture or for tissue
regeneration. Oftentimes PEG hydrogels are rendered biomimetic via functionalizing the
network with bioactive motifs. For example, a fibronectin-derived RGDS is routinely
immobilized in the PEG hydrogels to support cell attachment, survival, and differentiation
[19, 24]. The methods for immobilizing bioactive molecules within the inert PEG
microenvironment have also been extensively studied. For example, Hern and Hubbell
pioneered the conjugation of oligopeptides in PEG hydrogels by homopolymerization of
PEGDA with acrylated peptides [19]. This method, however, requires the functionalization
of peptide primary amine groups that may be a part of the binding sites for cell surface
receptors. Alternatively, the conjugation of bioactive motifs to PEG-based hydrogels can be
achieved via a mixed-mode thiol-acrylate or a step-growth thiol-ene reaction mechanism
[25, 26]. In these cases, the peptides to be immobilized can be synthesized with additional
cysteine residues added in the peptide sequence, thereby bypassing the additional peptide
modification and purification steps. In mixed-mode photopolymerization, additional chain
growth reactions occur when the ratio of acrylate to thiol functionalities exceeds unity.
Peptide substrates are also used as part of hydrogel cross-links to mimic structural proteins
in the extracellular matrix [12, 13]. Incorporation of cell-cleavable peptide substrates in
hydrogel network permits cell-mediated matrix remodeling for cellular activities such as
migration and proliferation. These cell-instructive hydrogels can be formed by step-growth
Michael-type addition reaction or thiol-ene photoclick reaction [12, 13, 15]. Chain-growth
polymerized linear PEG macromers can also be rendered proteolytically responsive.
However, additional conjugation steps are required to prepare cross-linkable PEG-peptide-
PEG macromers [27-30].

Among the crosslinking methods, photopolymerization offers experimenters great degrees
of control (e.g., spatial-temporally defined gelation kinetics). Both ultraviolet (UV) and
visible light sources are commonly used to initiate photopolymerization for forming cell-
laden hydrogels as long as an appropriate photoinitiator system is employed [31, 32]. UV
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light (250 nm < A <400 nm) mediated polymerization is typically initiated by a cleavage
type (type 1) photoinitiator (e.g., Irgacure 2959) [3, 16, 24, 32, 33]. Upon photon absorption,
each photoinitiator decomposes into two radical species. The radicals either propagate
through vinyl groups on functionalized PEG macromers (e.g., PEGDA) via a chain-growth
polymerization mechanism or abstract protons from thiol-containing molecules to form step-
growth cross-links with appropriate vinyl functionalities. Alternatively, visible light (400 nm
< A <700 nm) can be used with a type 2 initiator (e.g., eosin-Y, rose bengal, etc.) to initiate
photopolymerization [34, 35]. The most commonly used visible light mediated cross-linking
of hydrogels involves the excitation of dye molecules into a triplet state for extracting
hydrogen atoms from amine-bearing co-initiators (e.g., triethanolamine, TEOA) [36-39].
The deprotonated radicals then initiate vinyl bond cross-linking via a chain-growth
polymerization mechanism. Apart from the difference in initiation mechanisms, visible light
mediated polymerizations often require co-monomers (e.g., N-vinylpyrrolidone or NVP) to
accelerate gelation [10].

We have recently reported a visible light mediated thiol-ene photopolymerization scheme to
form step-growth PEG hydrogels [40, 41]. Mechanistically, an excited eosin-Y abstracts
hydrogen from cysteine-bearing peptide linker to produce thiyl radicals that ‘click’ with
norbornene-functionalized PEG macromers. Uniquely, this cross-linking scheme does not
rely on other co-initiator (e.g., TEOA) or co-monomer (e.g., NVP), thus greatly simplifies
material preparation [40]. In addition to the PEG-norbornene macromer that we previously
used, we hypothesized that other vinyl macromers can also be used in this visible light
mediated thiol-vinyl reaction to initiate hydrogel crosslinking. The objective of this study
was to demonstrate that visible light mediated photopolymerization could be used to prepare
vinyl-based PEG hydrogels without the use of cytotoxic TEOA. To this end, four PEG-
based vinyl macromers were used for evaluating the potential of this new cross-linking
method, including PEG-tetra-acrylate (PEG4A), PEG-tetra-acrylamide (PEG4AA), PEG-
tetra-methacrylate (PEG4MA), and PEG-tetra-allylether (PEG4AE). The use of different
macromers affects the cross-linking efficiency and hydrolytic stability of the resulting
hydrogels. Although TEOA was not required in this visible light mediated thiol-vinyl cross-
linking scheme, the addition of NVVP was necessary for rapid gelation. Differing from
previous visible light mediated photopolymerization of PEGDA hydrogels where TEOA
was used solely as a co-initiator, the current thiol-vinyl photo-crosslinking scheme uses
multifunctional thiol-containing molecules that act as co-initiator and cell-responsive linker.
Furthermore, the concentration of thiols (< 8 mM) required to initiate gelation was only a
fraction of the concentration of TEOA (>200 mM) typically used in prior visible light
mediated gelation schemes. It should be noted that the only function of TEOA in chain-
growth gelation schemes is to provide radical species. An exceptionally high concentration
(e.g., 225mM [30, 42, 43]) of TEOA was often used to generate sufficient radicals to initiate
gelation. The use of high TEOA concentration may cause undesired cytotoxic effect to some
sensitive cell types [40]. Because of the use of dual-purpose thiol-bearing co-initiator/cross-
linker, this new gelation scheme also offers many benefits for preparing cell-instructive
biomimetic matrices. Here, we used human mesenchymal stem cells (hMSCs) as an example
to demonstrate the cytocompatibility and utilities of this new class of hydrogels. hMSCs
were encapsulated, cultured, and differentiated within cell instructive hydrogels constructed
using PEG4A, unmodified protease-sensitive peptide, and NVP. The inclusion of NVP did
not affect cell viability but altered cell fate determination, including spreading and
osteogenic differentiation.
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2. Materials & methods

2.1 Materials

4-arm PEG-hydroxyl and 4-arm PEG-amine (both 20kDa) were obtained from JenKem
Technology USA. Eosin-Y disodium salt, TEOA, and NVP were purchased from Thermo
Fisher. Fmoc-amino acids and peptide synthesis reagents were purchased from Chempep or
Anaspec. HPLC grade acetonitrile and water were acquired from Thermo Fisher and VWR
international, respectively. DMEM and DPBS were purchased from Thermo Fisher while
other reagents for cell culture were obtained from Life Technologies. AlamarBlue® cell
viability/metabolic indicator was procured from AbD Serotec. All other chemicals were
acquired from Sigma-Aldrich unless otherwise noted.

2.2 Synthesis of PEG Macromers

PEG-tetra-acrylate (PEG4A) and PEG-tetra-acrylamide (PEG4AA) were synthesized using
4-arm PEG-hydroxyl (PEG-OH) or 4-arm PEG-amine (PEG-NH>) [10]. Prior to reaction,
PEG-OH or PEG-NH, was dried azeotropically in anhydrous toluene. Then, acryloyl
chloride (8 eq. of OH or NH, group on PEG) and triethylamine (TEA, 8 eq.) dissolved in
anhydrous toluene were added slowly to the PEG/toluene solution through an addition
funnel. The reaction was allowed to proceed overnight at room temperature in the dark.
Next, the solution was filtered through neutral aluminum oxide to remove TEA salt and
stirred for 2 h with sodium carbonate. The heterogeneous solution was filtered through a thin
layer of Hyflo, followed by precipitation in cold ethyl ether.

PEG-tetra-methacrylate (PEG4MA) was synthesized by a microwave-assisted reaction [44].
Briefly, 4-arm PEG-OH was added to 8 eq. of methacrylic anhydride in a round bottom
flask. The flask was placed in the microwave-assisted reactor (CEM Discover SPS) and the
reaction proceeded at a microwave power of 300W and 60°C for 5 min. The product was
precipitated in cold ethyl ether and collected via filtration.

PEG-tetra-allylether (PEG4AE) was synthesized as described previously [45]. First, sodium
hydride (NaH, 1 eq.) was added slowly into a flask containing dried 4-arm PEG-OH
dissolved in anhydrous tetrahydrofuran (THF). After the release of hydrogen gas, allyl
bromide (6 eq. of OH group) was added into the flask slowly and the reaction was kept at
40°C for overnight. The product was filtered and precipitated in cold ether.

All PEG macromers were characterized by 1H NMR (AVANCE Bruker 500) and stored at
—20°C until use. The degrees of functionalization for all products were at least 95%.

2.3 Peptide synthesis and purification

All peptides were synthesized by a microwave-assisted peptide synthesizer (CEM Discover)
and purified to at least 90% pure by reverse phase HPLC (PerkinElmer Flaxer) as described
previously [46].

2.4 Rheometry

Real-time photorheometry was used to determine gel points (i.e., cross-over time). Briefly,
macromer solution was placed in the light cure cell in Bohlin CVVO 100 digital rheometer.
The sample was irradiated with visible light (halogen cold light lamp from AmScope, Inc.,
70,000 Im/m2 or Lux) through a flexible light guide. Time-sweep measurements were
operated at 10% strain, 1 Hz frequency, 0.1 N normal force, and 100um gap size. The
storage (G') and loss (G") moduli were recorded in the linear viscoelastic region and gel
points were identified by the time at which G’ surpassed G". Strain-sweep (0.1% to 5%)
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oscillatory rheometry was performed, on a Bohlin C\VVO 100 digital rheometer, to measure
gel moduli using a parallel plate geometry (8mm) with a gap size of 750um.

2.5 Visible light-mediated thiol-vinyl gelation

Mixed-mode thiol-vinyl hydrogels were formed by visible light mediated polymerization
between PEG macromer (PEG4A, PEG4AA, PEGAMA, or PEG-4AE) and di-thiol
containing cross-linker (DTT or bis-cysteine containing peptides), which were dissolved in
pH 7.4 phosphate buffered solution (PBS). Eosin-Y (0.1 mM) and N-vinylpyrrolidone
(NVP, 0.1 or 1 vol%) were added to the precursor solution, which was injected in a
cylindrical mold and exposed under visible light for 5 min at 70,000 Lux.

2.6 Gel swelling and degradation

For gel swelling studies, each gel was prepared from 40uL of precursor solution following
the gelation procedure described above. After gelation, samples were incubated in pH 7.4
PBS at 37°C on an orbital shaker for 24 h. Gels were then removed from the buffer and
weighed to obtain swollen weighs (Wgyolien), followed by drying in vacuuo for 24 h to
obtain dried polymer weights (Wqry). Hydrogel mass swelling ratio (q) was defined as
Wiwollen/Wary- Hydrogel degradation was monitored by changes in hydrogel shear moduli
as time. Hydrogel shear modulus is positively correlated to the gel crosslinking density,
which decreases exponentially as time for hydrolytic bulk gel degradation [20, 46]. Gels for
degradation studies were incubated in PBS (pH7.4) at 37°C.

2.7 Cell culture and encapsulation

Human mesenchymal stem cells were isolated from unprocessed human bone marrow
(Lonza). hMSCs (passages 2—3), on TCPS or encapsulated in hydrogels, were maintained in
low glucose DMEM supplemented with 10% fetal bovine serum (FBS, Gibco), 1x
antibiotic-antimycotic (Invitrogen), and 1 ng/mL basic fibroblast growth factor (bFGF,
Peprotech) [47, 48]. For osteogenic differentiation, cell-laden hydrogels were placed in high
glucose DMEM containing 10% FBS, 1x antibiotic-antimycotic, 100 nM dexamethasone, 50
MM ascorbic acid, and 20 mM [-glycerophosphate. Cells on TCPS or encapsulated in
hydrogels were maintained in a humidified incubator with 5% CO, at 37°C and the culture
media were refreshed every 2-3 days.

For cell encapsulation, hMSCs at a final density of 5 x 10° cells/mL were suspended in
sterile polymer precursor solutions (pH7.4 DPBS) containing 4 wt% PEG4A (total acrylate
conc.: 8 mM) and with either 3.5 mM CGGGC or 3.5 mM KCGPQGIWGQCK peptide
linker, and 1 mM CRGDS (total thiol conc.: 8 mM). All precursor solutions also contained
0.1 mM eosin-Y and either 0.1 or 1.0 vol% NVP (vinyl conc.: 9.36 or 93.6 mM). Well-
mixed precursor solution (25 pl) was injected in a 1 mL cylindrical mold and exposed under
a halogen lamp illuminator (AmScope) for 5 minutes at room temperature. Cured cell-laden
hydrogels (~4.6 mm in diameter and 1.5 mm in thickness) were placed in cell culture media
and cultured as described above.

2.8 Cell metabolic activity assay and live/dead staining

To quantify cell metabolic activity, cell-laden hydrogels were incubated in 500 pL
Alamarblue® reagent (AbD Serotec, 10 % in cell culture medium) and cultured in CO,
incubator at 37 °C for 16 hours. After which, 200 pl of media were transferred to a 96-well
plate for fluorescence quantification (excitation: 560 nm and emission: 590 nm) using a
microplate reader (BioTek, Synergy HT). For live/dead staining, cell-laden hydrogels were
incubated in buffer containing Calcein AM (0.25 pL/mL, stained live cells green. Ex: 495
nm. Em: 515 nm) and Ethidium homodimer-111 (2 uL/mL, stained dead cells red. Ex: 530
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nm. Em: 620 nm) for 1 hour. Stained cell-laden hydrogels were rinsed with DPBS briefly
prior to imaging using a confocal microscope (Olympus Fluoview, FVV1000). At least two
sets of images per hydrogel sample were taken (100 um thick, 10 um per slice). The number
of live and dead cells was counted separately using Z-stack images to determine percent cell
viability, the number of live cells divided by the total cell counts.

2.9 Osteogenic differentiation and ALP assay

For osteogenic differentiation, cell-laden hydrogels were maintained in osteogenic medium
as described above. At predetermined time points, alkaline phosphatase (ALP) activities of
the differentiated cells were quantified following a protocol described previously. Briefly,
cell metabolic activity was first determined using 10% AlamarBlue® reagent (4 h
incubation) and used for ALP activity normalization. After which, cell-laden gels were
rinsed with DPBS and transferred individually to 1.6 mL conical tubes containing 100 pL of
RIPA buffer (Pierce). The gels were homogenized and centrifuged at 14,000 rpm for 5
minutes. The supernatants were collected and transferred to a 96-well plate. Alkaline
phosphatase substrate (PNPP) solutions (100 pL per well) were added and absorbance at 405
nm was measured with a microplate reader. Measurements were taken at one-minute
intervals for a total of ten minutes. The slope of the absorbance linear regression curve was
used to represent the relative ALP activity. Normalized ALP activity was obtained by
normalizing the slope to the corresponding cell metabolic activity and further normalized to
the values obtained from day-one samples.

2.10 Statistics

Statistical analysis was conducted using a two-way analysis of variance (ANOVA) followed
by a Bonferroni’s post-hoc test. Single, double, and triple asterisks represent p < 0.05, 0.001,
and 0.0001, respectively. A pvalue < 0.05 was considered statistically significant. All
experiments were conducted independently for three times and the results were presented as
mean + SD.

3. Results & Discussion

3.1 Visible light mediated thiol-vinyl gelation

Visible light curable hydrogels are commonly fabricated via a chain-growth polymerization
mechanism, which yields a heterogeneous network structure and dense polyacrylate kinetic
chains. To rapidly produce a stable network, at least four components are required: (1)
multi-functional vinyl macromer (e.g., PEGDA), (2) photosensitizer (e.g., eosin-Y), (3)
amine-based co-initiator (e.g., TEOA), and (4) mono-functional monomer (e.g., NVP) [10,
48-50]. The second visible light mediated gelation mechanism is based on a step-growth
photoclick reaction recently developed by our group [40, 41]. In such gelation scheme,
multi-arm PEG-norbornene (e.g., PEG4NB) was used as the macromer, while di-thiol-
containing molecules and eosin-Y were used as cross-linker and initiator, respectively.
Using PEG4NB and dithiothreitol (DTT), purely step-growth hydrogels were formed under
2 minutes of visible light exposure. To evaluate the possibility of using other PEG-based
vinyl macromers in this visible light mediated step-growth gelation scheme, we first tested
PEGA4A as the macromer (Figure 1A), dithiol-containing DTT (Figure 1E) as the dual-
purpose co-initiator/cross-linker, and eosin-Y (Figure 1G) as the photosensitizer.
Unfortunately, gelation did not occur within the first 7 minutes of visible light exposure (gel
point ~430 seconds) when 4wt% of PEG4A (8 mM acrylate), DTT (8 mM thiol), and eosin-
Y (0.1 mM) were used (Figure 2A; F1 in Table 1). Theoretically, thiyl radicals generated by
the visible light excited eosin-Y should be able to initiate step-growth thiol-acrylate gelation
(Figure 1H). Unlike norbornene moieties, however, acrylates on PEG4A exhibited slower
reaction Kinetics under visible light exposure. Here, thiyl radicals were generated from di-
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thiol molecules by the visible light sensitized eosin-Y and were the only radical source
capable of initiating the polymerization. These thiyl radicals might not have high reactivity
with acrylates or not propagate fast enough to cause network cross-linking. The slow
reaction kinetics observed in Figure 2A suggested a need for accelerating polymerization
kinetics. Since NVP (Figure 1F) is a commonly used co-monomer for accelerating gelation
kinetics in conventional visible light-mediated chain-growth gelation [10], we reasoned that
it would also accelerate visible light mediated thiol-acrylate gelation. Indeed, when NVP
was added at 0.1 vol.% (9.36 mM; F2 in Table 1) or 1 vol.%, (93.6 mM; F3 in Table 1), the
gel points were decreased from ~430 seconds to ~231 and ~92 seconds, respectively (Figure
2B, 2C, & Table 1). Increased gelation rate in the presence of NVP could be attributed to an
increased vinyl group concentration and/or rapid diffusion of radical bearing NVP [10, 43].

A major difference between acrylate and norbornene moieties is that acrylate can undergo
homopolymerization with other acrylates in photopolymerization reactions while
norbornene cannot, unless in the presence of a catalyst [51]. Hence, the use of acrylate-based
macromers (e.g., PEG4A) with thiol-containing molecules leads to a mixed-mode
photopolymerization. In such system, addition of a thiyl radical to an acrylate produces a
step-growth thiol-ether-ester bond, while the propagation of carbon radicals through vinyl
group results in chain-growth poly(acrylate) kinetic chains (Figure 1H). The kinetic
constants of these two competing reactions are depicted by kp c=cand kp c7; respectively.
At fixed PEG macromer and thiol concentrations, increasing NVP content in the prepolymer
solution increases vinyl-to-thiol ratio (Table 2), thus shifting the network cross-linking from
a pure step-growth to a mixed mode step-and-chain growth photopolymerization. Salinas
and Anseth have demonstrated that, when a bi-cysteine-containing peptide was used, the
chain-transfer constant (i.e., kp c=c kp c7) Was only slightly higher than one, indicating a
high efficiency of radical-mediated thiol-acrylate conjugation and hence high percentage of
peptide incorporation in the gel network (>97%) [25]. While NVP is a co-monomer that did
not contribute to network cross-linking, adding NVP did increase the final gel stiffness. This
is likely due to the formation of more hydrophobic and potentially more rigid poly(NVP)
kinetic chains (Figure 1H) [10, 43]. Increasing NVP concentration also increased the
likelihood of homopolymerization of multiple PEG-acrylate arms within the same cross-
link. Although this mixed mode visible light gelation system still uses four components (i.e.,
PEG4A, DTT, NVP, and EY), it replaces the more cytotoxic amine-based co-initiator with
multi-functional thiols that not only serve as gel cross-linker but also increase the flexibility
of material design (see sections below).

3.2 Effect of vinyl moiety on visible light mediated gelation

In addition to PEG4A (Figure 1A), we also evaluated other commonly used PEG-based
vinyl macromers for this visible light-mediated gelation scheme (Figure 1B, 1C, 1D for
PEG4AA, PEGAMA, and PEG4AE, respectively). Hydrogel cross-linking efficiency varied
depending on the reactivity of the cross-linkable vinyl moieties. In particular, the use of
PEGA4A vyielded the fastest gelation kinetics (Figure 1A; F3 in Table 1), followed by
PEG4AA (Figure 1B; F8 in Table 1), PEG4MA (Figure 1C; F9 in Table 1), and PEG4AE
(Figure 1D; F10 in Table 1). These results were consistent with other polymerization
mechanisms reported in the literature. For example, Elbert and Hubbell demonstrated that
the conjugation efficiency of thiol to acrylamide is not as efficient as to acrylate [10]. The
reactivity of methacrylate is also known to be lower than acrylate. The use of PEG4AE
failed to result a cross-linked gel network within 10 minutes of visible light exposure.
Interestingly, the same visible light-mediated photo-click reaction was used by DeForest et
al. for conjugating thiol-containing molecules to allylether-bearing peptides in a hydrogel
network [21, 52]. While thiol-allyether reaction is appropriate for biomolecular conjugation,
it might not be efficient enough for an aqueous-based hydrogel network cross-linking
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because a higher cross-linking efficiency is required to reach gel point and network
formation. Considering acrylate-based PEG macromers have been widely employed in the
fabrication of PEG hydrogels and the fact that PEG4A yielded the fastest gelation in this
system, we chose PEG4A for the majority of the subsequent studies.

3.3 Effect of thiol functionality and chemistry on visible light mediated thiol-acrylate

gelation

The use of bi-functional thiol molecules (e.g., DTT) was critical for rapid gelation. As
shown in Figure 3, when a mono-thiol cysteine was used, gelation did not occur until after
250 seconds of visible light exposure (F4 in Table 1). This is because the addition of a
mono-thiol to an acrylate results in an effective termination in the step-growth reaction. In
this case, cysteine serves only as a co-initiator. The weak gel formed after prolonged visible
light exposure was likely due to chain transfer events. On the other hand, bis-cysteine
containing peptides (e.g., CGGGC in Figure 3; F5 in Table 1) contributed to network cross-
linking because of ‘peptide bridges’ formed between the multi-arm PEG macromers (Figure
1H). Our results also indicated that the cross-linking efficiency between acrylate and thiol
was affected by the chemistry of di-thiol containing cross-linker. For example, the use of
CGGGC (F5in Table 1) or KCGPQGIWGQCK (MMP-sensitive sequence, F7 in Table 1)
respectively yielded gel points of 26 £ 5 and 19 £ 2 seconds, while the use of DTT produced
a gel point of 92 + 11 seconds (F3 in Table 1). This phenomenon is similar to the work done
by Salinas and Anseth using UV-based thiol-acrylate hydrogels [25], as well as and that
reported by Lutolf and Hubbell using Michael-type addition hydrogels [53, 54]. It is possible
that radical-mediated reactions promoted more intramolecular disulfide bond formation in
DTT and less in bis-cysteine containing peptides, thus reducing the available thiyl radicals
for thiol-acrylate cross-linking. Some amino acid side groups on the peptides might also
affect the gelation process via altering the deprotonation of cysteine by excited eosin-Y. As
a comparison, we also obtained gel points in conventional chain-growth visible light
mediated gelation using PEG4A (8 mM acrylate), TEOA (8 mM), and NVP (0.1% or 1.0%).
Results listed in Table 1 (F11-F12) show that the gel points for visible light mediated chain-
growth polymerizations were similar to the gel points of mixed-mode polymerizations using
bis-cysteine peptides as dual-purpose cross-linker/co-initiator.

3.4 Effect of bi-functional thiol linker concentration on visible light mediated thiol-acrylate

gelation

We next evaluated the influence of thiol concentration on the property of visible light cured
thiol-acrylate hydrogels. At the same macromer content (i.e., 4 wt% PEG4A with 8 mM
acrylate), increasing thiol concentration from 4 mM to 8 mM (i.e., 2 to 4 mM CGGGC)
increased equilibrium gel swelling ratios (Figure 4), suggesting a decreased network cross-
linking density. Even in the presence of 1.0% NVP, where the total vinyl concentration was
~12- to 25-fold higher than thiol concentration (Table 2), the changes in thiol concentrations
still affected gel swelling. This was because one thiol group reacts with only one acrylate
moiety to form a thiol-ether bond. Therefore, a higher concentration of thiol in the pre-
polymer solution yielded a network with higher amounts of orthogonal thiol-ether linkages.
As the thiol content was decreased, polymerization kinetics was shifted toward chain-growth
polymerization that yielded hydrophobic and dense polyacrylate kinetic chains and hence
produced a stiffer and less swollen hydrogel network. Therefore, adjusting the concentration
of di-thiol-containing linker provides an efficient means of manipulating hydrogel properties
for particular biomedical applications.

3.5 Effect of macromer composition on thiol-acrylate hydrogel hydrolytic stability

The visible light cured mixed-mode polymerized hydrogels presented here could be
synthesized as non-degradable gels if acrylamide-based macromers (e.g., PEG4AA) and
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non-cleavable di-thiol linkers were used (Figure 5A). For example, the shear moduli (G") of
hydrogels prepared from PEG4AA (4wt%) and a non-cleavable peptide CGGGC remained
relatively unchanged as time (Figure 5B) regardless of NVP concentration incorporated.
Since G’ correlates directly to the network cross-linking density, unchanged gel stiffness
indicated the hydrolytic stability of these hydrogels. In this gel formation, two types of
hydrolytically stable cross-links were formed following visible light mediated thiol-
acrylamide reactions, namely poly(acrylamide) kinetic chains and thiol-ether-acrylamide
bond. As expected, increasing NVP concentration resulted in stiffer hydrogels. This effect,
however, reached a maximum at 4% NVP, (Figure 5B) as further increased NVP
concentration from 4% to 8% did not increase gel stiffness. Another phenomenon worth
noting is that the stiffness of PEG4AA hydrogels appeared to be weaker than PEG4A gels
under the same gelation conditions because of the lower reactivity of acrylamide compared
to acrylate as discussed earlier (Table 1). While not investigated in this contribution,
proteolytic degradability could be imparted into the network by using a protease sensitive
peptide (e.g., MMP-sensitive linker). This will allow researchers to investigate the effect of
proteolysis on cellular fate in 3D without the compounding factor of hydrolytic gel
degradation.

We next explored the hydrolytic degradation of hydrogels formed by PEG4A and a bis-
cysteine peptide cross-linker, CGGGC. Mechanistically, hydrogels prepared by PEG4A and
thiol-containing linker would degrade hydrolytically following a bulk degradation
mechanism due to the formation of hydrolytically labile thiol-ether-ester bonds throughout
the highly swollen network (Figure 6A). For this degradation study, we fabricated PEG4A
(4 wt%) hydrogels cross-linked by different peptide cross-linkers and measured the shear
moduli (G") of the hydrogels as a function of degradation time. Figure 6B and 6C show the
degradation profiles in gels cross-linked by different concentration of CGGGC peptide (4, 6,
and 8 mM thiol) in the presence of 0.1% or 1.0% NVP. Figure 6D and 6E represent
hydrolytic degradation in gels cross-linked by MMP-sensitive peptide linker
(KCGPQG{IWGQCK) and a control peptide less susceptible to protease cleavage
(KCGPQGPAGQCK) [55]. Results showed that all hydrogels formed by PEG4A and di-
thiol containing linker degraded as time regardless of their initial stiffness. Figures 6B—6E
also show that the degradation of these hydrogels could be easily predicted by a pseudo first-
order degradation equation [20]:

G =G eq €TP(—kappt) (1)

where G’gq and G’y are the shear moduli at equilibrium swelling state (before significant
degradation occurs) and at any time during degradation, respectively. &y, is the apparent
degradation rate constant.

Eq. (1) describes the degradation kinetics of hydrogels prepared with 0.1% NVP very well
(R =0.95~0.99, Tables 3 & 4), indicating that the degradation of these gels was mainly
governed by the hydrolysis rate of thiol-ether-ester bond. Furthermore, the apparent
degradation rate constant (kzp,) was higher in hydrogels containing higher concentrations of
bis-cysteine peptides. This phenomenon could be attributed to the formation of more thiol-
ether-ester bonds in hydrogels containing higher amounts of peptide. Since the hydrolytic
degradation rate of bulk-degrading hydrogels was dictated by the concentration of
hydrolytically labile units, higher thiol-ether-ester concentration would cause faster gel
degradation.

We further examined the degradation of visible light cured thiol-acrylate hydrogels cross-
linked with 1.0% NVP and found that these degradation profiles fit less perfectly using
exponential curve fitting (R% = 0.88~0.94, Tables 3 & 4). One possible explanation is that
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the hydrolytic degradation of thiol-acrylate hydrogels in the presence of high NVP
concentration was affected by the dense and hydrophobic poly(NVP) chains. Among other
factors, local water concentration could also be affected in the presence of dense poly(NVP)
chains. Water concentration was assumed to be a constant during hydrolysis of ester bonds
in a pseudo-first order degradation kinetics. Further, the empirically obtained &g, values for
gels cross-linked with 0.1% NVP were 1.68 to 3.42 fold higher than that in 1.0% NVP
containing gels. These results suggest that the presence of high concentration of poly(NVP)
chains not only partially affects the predictability of hydrolytic gel degradation (i.e., less
perfect curve fitting) but also slows down the degradation rate (i.e., lower kgp,). Although
not explored in this contribution, one could easily tune the gel degradation rate by mixing
hydrolytic-labile PEG-acrylate and hydrolytic-stable PEG-acrylamide in different ratios
while keeping the concentration of bis-cysteine containing peptide constant.

3.6 Cytocompatibility of visible light cured thiol-acrylate hydrogels for hMSCs

Next, we evaluated the cytocompatibility of our visible light-cured thiol-acrylate hydrogels.
We photoencapsulated hMSCs in PEG4A hydrogels formed with different cross-linkers
(non-protease sensitive CGGGC or MMP-sensitive KCGPQG | IWGQCK) and NVP
concentrations (0.1% or 1.0%). In growth conditions, the encapsulated hMSCs retained high
viability for the duration of the study (Figure 7). Live/dead staining images and metabolic
activity assay revealed high cell viability (>90%) one day following photoencapsulation
(Figure 7A, 7C). It is worth noting that hMSCs encapsulated in PEG4A/CGGGC hydrogels
cross-linked with 0.1% NVP maintained high metabolic activity for the duration of 21 days
(Figure 7B). The use of conventional PEGDA/TEOA hydrogels, however, caused significant
hMSC death as shown in our previous report (0.75% TEOA, and 0.1% NVP) [40]. This
suggests that the visible light cured thiol-vinyl hydrogels are highly cytocompatible, at least
for the cell type studied here. Although the use of higher NVP concentration (e.g., 1.0%)
increased gel stiffness, it did not significantly affect cell viability compared to a softer gel
cross-linked with 0.1% NVP one-day post encapsulation. After culturing in growth medium
for 21 days, however, hMSCs encapsulated in hydrogels containing 1.0% NVP (i.e., stiffer
gels) showed higher percentage of dead cells and slightly lower cellular metabolic activity
(Figure 7C). The slight decrease in cell viability in 1.0% NVP containing PEG4A hydrogels
after culturing for 21 days might be a result of cytotoxicity induced by cross-linked
poly(NVP). However, this was less likely since hydrogels containing poly(NVP) have been
shown to support cell attachment and proliferation compared to gels without poly(NVP)
[56-58]. The most likely explanation for the decreased cell viability in 1.0% NVP
containing hydrogel was a lower degree of hydrogel degradation (Fig. 6D, 6E). We have
recently shown that hMSC encapsulated in thio-ene hydrogels with lower degradability
exhibited lower viability [59]. Another notable difference between day-1 and day-21 live/
dead images was a lower cell counts in day-21 images, especially for hydrogels contained
0.1% NVP. This was likely due to faster hydrolytic degradation (Figure 6D, 6E) and higher
swelling in hydrogels with lower cross-linking density (i.e., gel swelling/expansion increases
the distance between cells).

Although images shown in Figure 7 demonstrate high cell viability in these hydrogels, cell
morphology was easily manipulated by altering gel compositions. For example, hMSCs
encapsulated in CGGGC cross-linked hydrogels with 0.1% NVP retained their round
morphology after 21 days of culture (left column in Figure 7C). On the other hand, extensive
cell spreading could be observed in hydrogels cross-linked with 0.1% NVP and MMP-
sensitive peptide linker, indicating that hMSCs actively remodeled their local matrix by
means of protease-mediated matrix cleavage (middle column in Figure 7C). These results
are consistent with prior efforts on creating cell-instructive matrices for culture and
differentiation of hMSCs [47]. More interestingly, when we increased the concentration of
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NVP from 0.1% to 1.0% without changing other macromer compositions, we no longer
observed the enhanced spreading seen in gels with 0.1% NVP, even though these gels
contained the same concentration of MMP-sensitive peptide linker (right column in Figure
7C). The restriction in cell spreading might be a result of increased local gel cross-linking
density that decreased proteases secretion, reduced cell traction forces [60], or both. It
should be noted that we did not conduct gel degradation experiments using exogenously
added proteases because: (1) Exogenously added protease will cause gel degradation in a
surface erosion mechanism if enzymatic reaction is faster than enzyme diffusion in
hydrogels [16]. This situation is not relevant to cell-laden hydrogels because proteases are
not infiltrated from the external media. They are secreted by the cells encapsulated within
the hydrogels. Furthermore, we did not observe any surface erosion occurring in hydrogels
encapsulated with hMSCs; (2) If enzyme diffusion is faster than substrate cleavage,
hydrogels will degrade homogenously throughout the gel. This situation is also irrelevant to
cell-laden hydrogels because studies have shown that cell-mediated gel degradation is
restricted very locally to the surrounding of the cells [47, 59].

3.7 Osetogenic differentiation of hMSCs encapsulated in visible light cured thiol-acrylate

hydrogels

In addition to cell survival, we also assessed the potential of this gel system to support
osteogenic differentiation of hMSCs. We encapsulated hMSCs in hydrogels formed by
PEG4A and MMP-sensitive peptide linker with 0.1% or 1.0% NVP. Cell-laden hydrogels
were cultured in standard osteogenic media for 21 days. Similar to the images shown in
Figure 7C, the degree of hMSCs spreading was affected significantly by the extent of gel
cross-linking. Cells encapsulated in hydrogels with higher degree of chain-growth cross-
links (i.e., with 1.0% NVP) were not able to spread out (Figure 8A). Cell metabolic activity
in osteogenic media was also influenced by the degree of network cross-linking (Figure 8B).
Furthermore, we found that the use of NVP at high concentration hinders osteogenic
differentiation (Figure 8C), likely due to restricted gel degradation with a high cross-linking
density. Burdick and colleagues have recently reported the profound impact of degradation
in chemically cross-linked hydrogel on hMSC differentiation [60]. In highly cross-linked
hydrogels (e.g., +UV gels in the study by Burdick et al. or the thiol-acrylate gels cross-
linked with 1.0% NVP as shown here), the encapsulated hMSCs failed to exert traction
forces upon surrounding matrix, which resulted in reduced osteogenic differentiation.

It is worth noting that although thiols and acrylates can react via a nucleophilic addition
reaction, the use of eosin-Y and visible light irradiation significantly accelerates crosslinking
speed (i.e., complete gelation within 5 minutes). This visible light mediated gelation scheme
also offers additional advantages in spatial-temporal control of gel properties without the
concern of UV-mediated cellular damage. In addition, this visible light curable thiol-vinyl
gel system has the following unique features that distinguish this system from the
conventional visible light initiated photopolymerized hydrogels. Firstly, the gelation does
not rely on cytotoxic TEOA or other amine-based molecules as co-initiators and hence
provides enhanced cytocompatibility for sensitive cell types [32, 40]. Secondly, the gel
network can be easily tuned from a near step-growth structure to a prone chain-growth
structure, depending on the amounts of bis-cysteine containing cross-linker and/or co-
monomer NVP used. Finally, these thiol-vinyl hydrogels can be designed to remain stable or
be degraded via hydrolysis, proteolysis, or combination of these mechanisms. This gelation
system provides a facile way of using visible light to form biomimetic matrix with highly
controllable cell-matrix interaction and matrix properties.
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Conclusion

In conclusion, we have developed a new form of visible light curable and cytocompatible
PEG-based thiol-vinyl hydrogels with high tunability in gelation and degradation. Further,
these gels supported the growth and osteogenic differentiation of hMSCs in 3D. The
components used in this gel platform (e.g., PEG-acrylate, initiator eosin-Y, and bis-cysteine
containing peptide cross-linkers) have been widely employed by many research groups for
cell-laden hydrogel preparation. With this platform, one can obtain highly tunable
degradation profiles by simply mixing various macromer components without complicated
chemical synthesis and material preparation. The use of visible light to form hydrogels with
diverse degradation profiles should have great potential in promoting tissue regeneration
and/or controlled release applications.
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Figure 1.

Chemical structures of (A) PEG-tetra-acrylate (PEG4A), (B) PEG-tetra-acrylamide
(PEG4AA), (C) PEG-tetra-methacrylate (PEG4AMA), (D) PEG-tetra-allylether (PEG4AE),
(E) dithiothreitol (DTT), (F) N-vinylpyrrolidone (NVP), (G) eosin-Y (EY). In (A-D), only
one arm in each of the 4-arm PEG macromer is shown. (H) Mechanism and proposed
network structures of visible light mediated mixed-mode thiol-vinyl photopolymerization.
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Figure2.

Representative in situ time sweep photorheometry data showing the effect of NVVP on the
evolution of storage/loss (G'/G") moduli of visible light curable thiol-acrylate hydrogels.
PEG4A (4wt% or 8mM acrylate) and DTT (8mM thiol) were used in the testing in the
presence of different concentrations of co-monomer NVP: (A) 0%, (B) 0.1%, and (C) 1.0%.
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Effect of thiol-functionality (i.e., mono-functional Cysteine and bi-functional peptide
CGGGQC) on visible light curable thiol-acrylate hydrogelation (4wt% PEG4A or 8mM
acrylate; 8 mM total thiol; and 1% NVP).

Acta Biomater. Author manuscript; available in PMC 2015 January 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Hao et al.

Page 19

%k ] 4 m A
6 mhA

ol
<
*

Swelling ratio
(- [
Q W
_|

0.1 |
[NVP] (vol.%)

Figure 4.

Effect of bis-cysteine peptide (CGGGC) and NVP concentrations on equilibrium swelling
ratios (measured at day 1 post-gelation) of visible light cured thiol-acrylate hydrogels using
4wt% PEGA4A as the macromer. Figure legends indicate total thiol concentrations on the
CGGGC peptide incorporated in the polymer precursor solutions. Single and triple asterisks
represent p < 0.05 and 0.0001, respectively.
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Figurebs.

(A) Chemical structure of a hydrolytically stable thiol-ether-acrylamide linkage formed
between acrylamides (on PEG4AA) and cysteines (on CGGGC peptide). (B) Relatively
stable shear moduli as a function of time and NVP concentration for hydrogels prepared
from 4wt% PEG4AA and CGGGC (8mM acrylamide & 8mM SH).
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(A) Schematic showing the structure and hydrolysis mechanism of a thiol-ether-ester bond
formed by visible light mediated thiol-acrylate reaction. (B—C) The influence of thiol
concentration on gel degradation as measured by time-dependent gel shear moduli.
Hydrogels were prepared from 4wt% PEG4A and CGGGC with: (B) 0.1% or (C) 1.0%
NVP. Figure legends indicate total thiol concentrations on the CGGGC peptide incorporated
in the polymer precursor solutions. (D-E) The influence of peptide cross-linker on gel
degradation as measured by time-dependent gel shear moduli. Hydrogels were prepared
from 4wt% PEG4A and MMP-sensitive linker KCGPQGIWGQCK or a protease stable
peptide linker KCGPQGPAGQCK with: (D) 0.1% or (E) 1.0% NVP.
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Figure?7.

(A) Viability of hMSCs encapsulated in visible light cured PEG4A-peptide hydrogels with
different formulations as indicated. Sequence of MMP jnker: KCGPQGIWGQCK. (B)
Metabolic activity of hMSCs encapsulated in PEG-peptide hydrogels with different
formulations as indicated. (C) Live/Dead staining of hMSCs encapsulated in PEG-peptide
hydrogels with different formulations as indicated. All hydrogels contained 1mM of integrin

ligand CRGDS peptide (Scale: 100um).
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Osteogenic differentiation of hMSCs encapsulated in MMP-sensitive PEG-peptide
hydrogels formed by visible light mediated mixed mode photopolymerization. (A) Cell
morphologies revealed by Live/Dead staining and confocal imaging using gels crosslinked
with 0.1% or 1.0% NVP (Scale: 100um). (B) Metabolic activity of encapsulated hMSCs
cultured in osteogenic media. (C) Normalized ALP activity of encapsulated hMSCs. Triple

asterisks represent p < 0.0001.
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Hydrolytic degradation rate constants of visible light cured thiol-acrylate hydrogels with different thiol and
NVP concentrations (with CGGGC as the peptide linker).

NVP (%) [acrylate] (MM) [SH] (MM)  Kqpp (day™)  R2
8 4 0.032+0.002 0.95
0.1 8 6 0.060 £0.003  0.97
8 8 0.168 +0.005 0.99
8 4 0.019+0.001 0.89
1.0 8 6 0.026 +£0.002  0.91
8 8 0.049+0.003 0.94
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Hydrolytic degradation rate constants of visible light cured thiol-acrylate hydrogels with different peptide

linker and different NVP concentration.

Peptide linker NVP (%)  Kapp (day™) R?
0.1 0.167 £0.009 0.98
KCGPQG!IWGQCK (MMP sensitive linker)
1.0 0.035+0.002 0.91
0.1 0.131+0.006 0.98
KCGPQGPAGQCK (MMP insensitive linker)
1.0 0.025+0.001 0.88
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