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Covalently cross-linked gelatin hydrogels have received considerable attention in biomedical fields due to
the inherent bioactivity of gelatin and the stability of covalent bonds linking the gelatin chains. Derivatives
of gelatin, such as gelatin-methacrylamide (GelMA), can be cross-linked into covalent hydrogels through
radical-mediated chain-growth photopolymerization. However, accumulating evidence suggests that
chain-growth polymerized hydrogels may not be ideal for the encapsulation of cells and proteins prone
to radical-mediated damage. The formation of heterogeneous kinetic chains following chain-growth
polymerization of (meth)acrylates or (meth)acrylamides may also hinder molecular transport or alter cell-
cell/cell-material interactions. This study presents a new synthesis route for preparing norbornene-func-
tionalized gelatin (GelNB) that could be used to form orthogonally cross-linked gelatin-based hydrogels
via a thiol-ene photo-click reaction. GelNB was synthesized through reacting gelatin with carbic anhy-
dride in aqueous buffered solution, and the degree of norbornene substitution was controlled by adjusting
the reaction time and the solution pH value. GelNB hydrogels were prepared by step-growth thiol-ene
photopolymerization using multifunctional thiols as gel cross-linkers and the degree of GelNB hydrogel
cross-linking was tuned by adjusting the thiol concentration, GelNB content, or cross-linker functionality.
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The cytocompatibility of orthogonally cross-linked GelNB hydrogels were demonstrated by in situ photo-
encapsulation of human mesenchymal stem cells (hMSCs). When compared with the chain-growth
GelMA hydrogels, the orthogonally cross-linked GelNB hydrogel promoted a faster and higher degree of

www.rsc.org/biomaterialsscience cell spreading.

1. Introduction

Gelatin is a natural biomacromolecule derived from denatured
collagen. Compared with its precursor, gelatin has higher
water solubility and lower immunogenicity." Gelatin is in-
expensive and contains peptide sequences critical for cell
surface receptor recognition. For example, gelatin contains the
Arg-Gly-Asp (RGD) sequence that can bind to cell surface
integrins. Therefore, gelatin can be used to improve cell attach-
ment, mostly through physical adsorption on the surface of a
substrate that is otherwise non-adherent to cells. In addition
to the cell affinity, gelatin can be cleaved by various proteases,
such as matrix metalloproteinase 2 (MMP-2) and MMP-9. The
protease sensitivity makes gelatin suited to the fabrication of
hydrogels for three-dimensional (3D) cell studies. The most
commonly used method to prepare gelatin hydrogel is through
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temperature-induced physical gelation. While this method
requires no chemical modification on gelatin, it often uses
temperature change beyond the physiologically acceptable
range. Therefore, temperature-induced physical gelation is not
applicable for in situ cell encapsulation. Physically gelled
gelatin hydrogel also contains reversible crosslinks that lack
stability for longer-term biomedical applications. Nonetheless,
the inherent bioactivity of gelatin warrants its role as an impor-
tant natural macromolecule for tissue engineering and regene-
rative medicine applications.>™

To increase the stability of gelation hydrogels while preser-
ving the bioactivity offered by gelatin for 3D cell culture,
chemical cross-linking methods are increasingly used for
gelatin hydrogel fabrication. For example, Draye et al. prepared
dextran-gelatin hybrid hydrogels through a Schiff base for-
mation between oxidized dextran and gelatin.® In this cross-
linking scheme, primary amines on gelatin undergo nucleo-
philic addition with aldehydes on oxidized dextran to give
stable imine bonds that cross-link gelatin chains into covalent
hydrogels. Anseth and colleagues synthesized methacrylate
modified gelatin (i.e., GelMA) that can be chain-polymerized
into covalent gelatin hydrogels for in situ cell encapsulation
and long-term 3D cell culture.” Specifically, GeIMA hydrogel-
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encapsulated valvular interstitial cells (VICs) exhibited higher
viability and spreading when compared with the pure poly-
(ethylene glycol) (PEG) hydrogel system.” Khademhosseini and
colleagues have also utilized the GeIMA hydrogel system for 3D
cell culture and for micro-scale tissue engineering.®™"* GelMA
could also be co-polymerized with PEG-dimethacrylate
(PEGDMA) to yield hybrid hydrogels with highly tunable gel
mechanical properties, cell-binding, and protease degradabil-
ity for in situ cell encapsulation."* In another example, thio-
lated gelatin was mixed with PEG-diacrylate (PEGDA) and
gelation was achieved through a mixed-mode thiol-acrylate
photopolymerization.®

Although photopolymerized GelMA hydrogels have proven
powerful and versatile in 3D cell culture, the cross-linking of
these gelatin hydrogels was a result of random chain-growth
photopolymerization that has been shown to yield high initial
radical concentrations and to produce heterogeneous hydro-
phobic kinetic chains following gelation.'®'” While con-
venient, chain-growth gelation may not be ideal for some cell
types that are prone to radical-mediated damage.'® This dis-
advantage can be addressed by forming hydrogels with
orthogonal cross-links or through ‘click chemistry’."® Light-
mediated thiol-norbornene (or thiol-ene) chemistry is one
such example suitable for preparing cell-laden hydrogels with
orthogonal cross-links.'® Thiol-ene hydrogels based on multi-
functional PEG-norbornene macromer and cysteine-bearing
peptide cross-linkers have been used to encapsulate a host of
cells, such as human mesenchymal stem cells (hMSCs),>%*!
valvular interstitial cells (VICs),”>** pancreatic beta cells,
and pancreatic epithelial cells.”® The thiol-ene photo-click
reaction is not oxygen-inhibited and requires a lower radical
concentration for initiation.'® Therefore, the cross-linking of
thiol-ene hydrogels is extremely fast (with gel point of the
order of a few seconds'®'®?®) and produces a hydrogel
network with an idealized and orthogonal structure.”® Since
PEG-based thiol-ene hydrogels do not possess the necessary
bioactivity for the encapsulated cells, cysteine-containing
integrin-binding motifs (e.g., CRGDS) are often introduced
within these hydrogels to provide the critical cell-matrix inter-
actions. In addition, bis-cysteine-bearing MMP-sensitive pep-
tides (e.g., CGPQGIIWGQC, the arrow indicates a protease
cleavage site) can be used as a gel cross-linker that permits
cell-mediated local matrix cleavage."®*

Recently, norbornene-functionalized hyaluronic  acid
(NorHA) was developed by the Burdick group for preparing
photo-patternable thiol-ene hydrogels.>® To synthesize NorHA,
hyaluronic acid was first converted to its tetrabutylammonium
salt (HA-TBA). HA-TBA and 5-norbornene-2-carboxylic acid
were then reacted in anhydrous DMSO in the presence of 4-(di-
methylamino)pyridine (DMAP) and di-tert-butyl dicarbonate
(Boc,0). The crude NorHA was obtained after 20 h of reaction
at 45 °C. The synthesized NorHA could be cross-linked by
dithiothreitol (DTT) at various thiol/ene stoichiometric ratios
via a step-growth radical-mediated photopolymerization.*® The
resulting NorHA-DTT hydrogels were cytocompatible and
photo-patternable, two important characteristics shared with
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PEG-based thiol-ene hydrogels. The benefits of rapid and
orthogonal thiol-ene reaction and bioactivity and biocompatibil-
ity of hyaluronic acid were retained in this new class of thiol-ene
hydrogels. Although immobilized cell-adhesive ligands were still
required in this system to support cell adhesion, this work has
demonstrated the feasibility of synthesizing thiol-ene hydrogels
using non-PEG based biomacromolecules.

In this contribution, we describe a new synthesis route for
preparing norbornene-functionalized gelatin (GelNB) that can
be stably cross-linked into 3D hydrogels for in situ cell encap-
sulation. Briefly, GeINB was prepared via reacting gelatin with
carbic anhydride in aqueous buffer solutions at 50 °C. The reac-
tion time and the buffer pH were adjusted to obtain GelNB with
a sufficient degree of functionalization suitable for gel cross-
linking. GelNB was reacted with bi- or tetra-functional thiols via
a radical mediated step-growth thiol-ene reaction to form
gelatin-based thiol-ene hydrogels. The properties of GelNB
hydrogels were tuned by using different weight concentrations
of GelNB in the precursor solution or thiol-containing linkers
with different functionality (DTT or PEG-tetra-thiol). The cyto-
compatibility of GeINB hydrogels was evaluated by in situ encap-
sulation of human mesenchymal stem cells (hMSCs).

2. Materials & methods
2.1. Materials

Type A gelatin (Bloom 238-282) and 4-arm PEG (M.W.: 5 kDa)
were purchased from Amresco and JenKem Technology USA,
respectively. Carbic anhydride (endo-cis-5-norbornene-2,3-
dicarboxylic anhydride), dithiothreitol (DTT), and fluoralde-
hyde were purchased from Fisher Scientific. DPBS, fetal bovine
serum (FBS), 100x antibiotic-antimycotic, and a live/dead
staining kit for mammalian cells were obtained from Life
Technologies. DMEM was acquired from HyClone. All other
chemicals were obtained from Sigma-Aldrich unless otherwise
noted.

2.2. Synthesis, purification, and characterization of GeIMA
and GelNB

The synthesis and purification of methacrylamide-functiona-
lized gelatin (GelMA) were performed according to a published
protocol.>'* The synthesis of norbornene-functionalized
gelatin (GelNB) was carried out under similar reaction con-
ditions to those for the synthesis of GelMA, except that carbic
anhydride was used for the reaction. Briefly, 10 wt% gelatin
was dissolved in DPBS at 50 °C under constant stirring. Carbic
anhydride (20 wt/vol%) was added to the gelatin solution and
the pH value of the buffer solution was adjusted using sodium
hydroxide solution. The reaction was quenched by adding 5x
warm DPBS (37 °C). After centrifugation to remove any undis-
solved carbic anhydride, GelNB solution was dialyzed in
ddH,O0 at 40 °C for 3 days (MWCO: 6-8 kDa) and lyophilized to
obtain dry product. The degree of norbornene substitution was
determined with the fluoraldehyde assay using unmodified
gelatin with known concentrations as standards.

This journal is © The Royal Society of Chemistry 2014
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2.3. Synthesis and purification of LAP & PEG4SH

The photoinitiator lithium arylphosphinate (LAP) was syn-
thesized as described previously.>” PEG4SH was synthesized as
described below: (1) 4-arm PEG was first dissolved in anhy-
drous toluene and dried through solvent evaporation under
reduced pressure. The dried PEG was re-dissolved in anhy-
drous tetrahydrofuran (THF), followed by addition of sodium
hydride (1.5-fold excess to hydroxyl group) slowly. After the ces-
sation of hydrogen gas, allyl bromide (6-fold excess to hydroxyl
group) was added drop-wise to the PEG solution, which was
kept at 40 °C under nitrogen purging overnight in the dark.
Next, sodium bromide salt precipitate was filtered off to obtain
4-arm PEG-allylether (PEG4AE), which was precipitated in cold
ethyl ether, filtered, and dried under reduced pressure. The
desired amount of dried PEG4AE was dissolved in a dichloro-
methane (DCM) solution containing PEG4AE and the photo-
initiator Irgacure 1-2959 (0.5 wt%). With stirring, thioacetic
acid (2-fold excess to allylether group) was added slowly to the
solution. Thiol-ene conjugation was initiated by UV-light
exposure (Omnicure $1000, 365 nm and 10 mW cm™>) for
15 min, followed by the addition of another portion of 1-2959
(0.5 wt%) and another 30 min of reaction. After the thiol-ene
photo-conjugation, 4-arm PEG-thioacetate was precipitated in
cold ethyl ether, filtered and dried under reduced pressure.
Thioacetate was hydrolyzed in a solution of sodium hydroxide
(2 N) for 5 minutes, followed by solution neutralization with
an equal volume of hydrochloride acid (2 N) solution. The
volume of PEG4SH solution was reduced by half through
rotary evaporation and dialyzed against ddH,O for 2 days at
room temperature. PEG4SH was obtained by freeze drying and
the purity was characterized by 'H NMR (>90%, Bruker 500).

2.4. Preparation of hydrogels and swelling ratio
measurements

Chain-growth GelMA or step-growth thiol-ene GelNB hydrogels
were prepared by photopolymerization in PBS. Multifunctional
thiol (i.e., di-thiol DTT or tetra-thiol PEG4SH) was also added
to the GelNB precursor solution as a cross-linker. 1 mM of LAP
was used as the photoinitiator and an ultraviolet light source
(365 nm, 10 mW cm™>, 5 min) was used to initiate the gela-
tion. After photo-crosslinking, hydrogels (50 pL) were incu-
bated in ddH,O at 37 °C on an orbital shaker for 24 h to
remove un-crosslinked (sol fraction) components. The gels
were dried and weighed to obtain dry weight (Wp,y). The dried
gels were incubated in 5 mL of buffer solution (pH 7.4 PBS) at
37 °C on an orbital shaker for 2 days for reaching equilibrium
swelling. Next, hydrogel swollen weights were measured
(Wswollen) and used to calculate the mass swelling ratio: g,
which was defined as Wsyotien/Wpry-

2.5. Rheometry

To monitor gelation kinetics, in situ photorheometry was con-
ducted using a digital rheometer (Bohlin CVO 100) operated in
an oscillatory rheometry time-sweep mode with 5% strain,
1 Hz frequency, and a gap size of 90 pm. Gelation was
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conducted in a UV cure cell at room temperature. A macromer
solution (100 pL) was placed on a quartz plate in the UV cure
cell and irradiated with UV light (Omnicure S1000, 365 nm,
10 mW cm?) through a liquid light guide. UV light was
turned on 10 seconds after the onset of rheometrical measure-
ments. Gel points (i.e., crossover time) were defined as the
time when storage modulus (G') surpassed loss modulus (G").

For gel stiffness characterization, gelatin-based hydrogel
slabs were first fabricated between two glass slides separated
by 1 mm thick spacers. Using a biopsy punch, circular gel
discs (8 mm in diameter) were punched out from the gel slabs
and incubated in pH 7.4 PBS for 2 days. At equilibrium swel-
ling, oscillatory rheometry in the strain-sweep mode (0.1% to
5%) was performed. Gel moduli were measured using a paral-
lel plate geometry (8 mm) with a gap size of 800 um and were
reported using averaged G' values obtained in the linear visco-
elastic region (LVR). In the strain range (0.1% to 5%), LVR was
identified as the region where the modulus values (G') do not
deviate by more than 10% from a plateau value.

2.6. Cell encapsulation

hMSCs (used between passage 2 and 4 and a final cell density
of 5 x 10° cells mL™" in hydrogel) were suspended in a sterile
polymer precursor solution containing either GelNB/DTT or
GelMA with the desired gelatin weight content (4 or 8 wt%).
All precursor solutions (25 pL) also contained 1 mM of LAP as
the photoinitiator. Gelation and cell encapsulation were
achieved simultaneously through long-wave UV light (365 nm,
6 mW cm™?) exposure for 5 min at room temperature. Follow-
ing cell encapsulation, cell-laden hydrogels were maintained
in hMSC growth media (low-glucose DMEM supplemented
with 10% FBS, 1 ng mL ™" basic fibroblast growth factor (bFGF,
Peprotech), and 1x antibiotic-antimycotic) and incubated at
37 °C in 5% of CO,. Cell culture media were refreshed every
2-3 days.

2.7. Cell viability, actin staining, and imaging

Cell viability was monitored through live/dead staining where
calcein AM (0.25 pL mL™') and ethidium homodimer-1
(EthD-1, 2 pL mL™") were used to stain live and dead cells,
respectively. A confocal microscope (Olympus Fluoview,
FV1000) was used to image the stained gels (100 pm thick and
10 pm depth increments). Four images were taken per hydro-
gel (n = 3 per condition) and the number of live and dead cells
was counted per image. Cell viability was determined by the
percent of live cells over the total cell counts. Cell spreading
was characterized by measuring the longest cell end-to-end
distance.

Actin filaments of hMSCs were stained to visualize cell
spreading. Briefly, cells were fixed with 4% paraformaldehyde
for 45 minutes at room temperature on an orbital shaker. After
cell fixation, hydrogels were washed twice with HBSS for
10 minutes and permeabilized with 0.5% of Triton X-100 in
HBSS for 45 minutes, followed by washing twice with HBSS
(10 minutes per wash). Hydrogels were blocked with HBSS
solution containing equal volumes of BSA, FBS, and polyvinyl-
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pyrrolidone (5 vol% each) at 4 °C overnight in the dark on an
orbital shaker. Next, cell-laden hydrogels were incubated in
rhodamine phalloidin (cytoskeleton) solution (in HBSS with
1 vol% of Tween 20). Following two washings with HBSS
(1 hour per wash) at room temperature, hydrogels were stored
in blocking solution (HBSS with 1 vol% Tween 20) overnight at
4 °C. On the day of imaging, cell nuclei were counter-stained
with DAPI for an hour at room temperature and washed three
times with HBSS (30 minutes per wash). Hydrogels were
imaged with a confocal microscope as described above.

2.8. Data analysis & statistics

Data analysis and Student’s ¢-test were performed on Prism 5
software. Unless otherwise noted, all experiments were con-
ducted independently three times. All data presented are
mean + SEM.

3. Results & discussion
3.1. Optimization of GelNB synthesis using carbic anhydride

To synthesize gelatin-norbornene (GelNB), we modified a pro-
tocol for gelatin-methacrylamide (GelMA) synthesis that was
previously developed by the Anseth” and the Khademhosseini
groups.®™® Here, the primary amines of gelatin served as
nucleophiles for reaction with carbic anhydride to form
amide-linked norbornene (Fig. 1A). The degree of norbornene
substitution was characterized by a fluoraldehyde assay, which
detects the concentration of primary amines on gelatin.
Initially, the reaction was carried out by dissolving 20 wt/vol%
of carbic anhydride in gelatin/DPBS (starting solution pH =
7.4), which was kept at 50 °C for 2 h. While these reaction con-

A. “[' Carbic anhydride <
o 0 0
NH, 3

% °c N S
OW
0
NH HoN  HN
HN  NH, NHx  DPBS %OH X \Q:&
V o) HO

0]
Gelatin-norbornene (GelNB)

Gelatin

B. C.

50 50
& 40- S
S 30 5§ 301
2 2
= 207 £ 207
o) | Qa
a 104 a 104

0 T 0-

6 70 9
Reaction Time (hours) pH

Fig. 1 (A) Schematic of gelatin-norbornene (GelNB) synthesis. (B) Effect
of reaction time (without pH adjustment) on the degree of norbornene
substitution (*p < 0.05). (C) Effect of the solution pH value on the
degree of norbornene substitution. In all reactions, carbic anhydride was
added at 20 wt/vol%.
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ditions were optimized for the synthesis of GeIMA with high
degrees of substitution (>80%), we could only obtain a very low
degree of norbornene substitution on gelatin (<20%, data not
shown) using this protocol. When the reaction time was
increased to 6 h and 70 h, however, the degree of norbornene
substitution was increased to 27 + 3% and 36 + 2%, respect-
ively (Fig. 1B). Further prolonging the reaction time did not
yield an additional increase in the degree of substitution (data
not shown). During the reaction, we noticed that the added
carbic anhydride did not dissolve completely. When the pH
value of the reaction buffer was increased to and maintained
at 8, a clear reaction mixture was obtained. Adjusting pH
values to slightly basic also increased the degree of substi-
tution to 44 + 2% (Fig. 1C). Further increasing the pH of the
reaction to 9 did not enhance the degree of substitution
(Fig. 1C). The lower degree of norbornene substitution regard-
less of the reaction conditions might be a result of the steric
hindrance imposed by the strained norbornene. Although the
reaction efficiency of carbic anhydride and gelatin was lower
than that of methacrylic anhydride and gelatin, we were able
to obtain step-growth gelatin hydrogels with various degrees of
cross-linking using GelNB having at least 40% degree of substi-
tution (see the section below). From the perspective of preser-
ving gelatin bioactivity after chemical modification, a lower
degree of substitution may actually be favorable since the
majority of the bioactive primary amine groups remain avail-
able for cellular recognition.

3.2. Orthogonal gelation of GeINB hydrogels

To evaluate the cross-linking of gelatin hydrogels via an
orthogonal step-growth thiol-ene photo-click reaction, we used
a bi-functional cross-linker dithiothreitol (DTT) at various con-
centrations and the photoinitiator lithium arylphosphinate
(LAP) at 1 mM (Fig. 2A). In situ photo-rheometry was used to
monitor gelation kinetics under long-wave UV light exposure
(365 nm, 10 mW cm™>). As shown in Fig. 2B, gelation took
place rapidly after the UV light was turned on at 10 s. The gel
point of this reaction was determined to be around 12 s.
Although the onset of gel cross-linking was rapid, complete
gelation (95% of the plateau G’ value, at 0.4 kPa) was roughly
300 seconds of light exposure, a rate significantly slower than
that of the purely PEG-based thiol-ene gelation.'® We also
compared the gelation kinetics of step-growth GelNB-DTT
hydrogel to that of chain-growth GelMA hydrogel using
gelatin-derivatives with similar degrees of functionalization
(~45%, Fig. 2C). Interestingly, the two systems did not exhibit
substantial differences in gel points. At the end of the gelation
experiment, however, chain-growth GelMA hydrogel yielded a
higher shear modulus (~0.9 kPa) than that in step-growth
GeINB-DTT gelation (~0.4 kPa). This result was unexpected
since previous studies comparing photo-gelation of step-
growth PEG-norbornene (PEGNB) and chain-growth PEG-di-
acrylate (PEGDA) have revealed that thiol-ene gelation was
faster due to its non-oxygen inhibited nature."® This was likely
due to the complex amino acid sequences in gelatin that
altered the kinetics of thiol-ene reaction, as studies have

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (A) Schematic of step-growth photopolymerization of GelNB
hydrogels using bi-functional thiol as a cross-linker and LAP (1 mM) as a
photoinitiator. (B) In situ photorheometry of GelNB (5 wt%) hydrogel
gelation using DTT as a cross-linker ([SHptr] = 15 mM). Light was turned
on at 10 seconds (dashed line) after the start of the measurement. (C)
Comparison of step-growth GelNB-DTT and chain-growth GelMA
hydrogel gelation kinetics. Control experiments show that no gelation,
physical or chemical, could be achieved using 4 wt% (D) and 8 wt% (E)
of GelNB without light exposure.

shown that the kinetics of thiol-ene or thiol-vinyl gelation,
either light dependent or independent, could be affected by
the amino acid sequences near the thiol-bearing linkers.>*>?%2°
We also performed controlled experiments to show that the
gelation was through a light-initiated thiol-ene reaction. As
shown in Fig. 2D (4 wt% GelNB) and 2E (8 wt% GelNB), the
low G' values (<0.5 Pa) and the lack of a cross-over point
during the entire in situ rheometry test confirmed the light-
mediated thiol-ene gelation mechanism.

When compared with GelMA hydrogels, the lower moduli
of GeINB-DTT hydrogels at equivalent gelatin content could be
a result of the short DTT linker and/or the orthogonal cross-
links formed after the step-growth gelation. In the GelMA
system, poly(methacrylamide) kinetic chains formed following
chain-growth polymerization. The heterogeneous Kkinetic
chains might cause a higher degree of chain entanglements in
the GelMA system, which could increase the final gel modulus.
Finally, we found that unmodified gelatin formed physical
association and gelation within a few minutes at room temp-
erature when its concentration was above 6 wt%. Chemical

This journal is © The Royal Society of Chemistry 2014
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modification on gelatin (e.g;, GelMA or GelNB) leads to
decreased gelatin solubility at room temperature but increases
the concentration threshold above which physical crosslinking
forms. We did not observe physical gelation at GelNB concen-
trations below 8 wt% (Fig. 2E). Following chemical cross-
linking of gelatin hydrogel, physical crosslinks could still form
in the hydrogels, especially for gelatin gels formed from
higher macromer concentrations. Future work may focus on
characterizing the degree of physical cross-links contained in
the highly chemically cross-linked gelatin hydrogel, as well as
on exploiting the dual-mode crosslinking for manipulating cell
fate processes.

3.3. Effect of macromer concentration on GelNB hydrogel
crosslinking

Controlling the cross-linking density of a hydrogel is of para-
mount importance when designing matrices for tissue engin-
eering and controlled release applications because cross-
linking density not only determines molecular transport pro-
perties but also affects cell fate processes. One way of achieving
a tunable gel cross-linking density in step-growth hydrogel is
by adjusting the concentration of the cross-linker. In one
example, we fixed [GelNB] at 5 wt% but varied the bi-func-
tional thiol crosslinker (e.g., DTT) concentration to 10, 15, or
20 mM thiol (ie., 5, 7.5, 10 mM DTT). Here, we defined the
R ratio as “mM thiol per wt% GelNB” because even though we
could characterize the degree of substitution on GelNB (based
on a reduction in free amine group content), the exact mole-
cular weights of gelatin and hence the molar concentrations of
norbornene groups were difficult to define. The use of 10, 15,
or 20 mM thiol would give rise to an Rjsyyceing] vValue of 2, 3,
or 4 (Fig. 3A). As shown in Fig. 3A, gelatin hydrogels prepared
from these formulations exhibited the highest stiffness (G’ =
0.6 kPa) at 15 mM thiol (i.e., 7.5 mM DTT). Furthermore, the
use of a lower thiol concentration (e.g., 10 mM) reduced
slightly the gel modulus (not statistically significant) and the
use of a higher thiol concentration (e.g., 20 mM) led to a sig-
nificant reduction of gel cross-linking. This was likely caused
by insufficient orthogonal gel cross-linking due to an excess
amount of thiol groups. It is worth noting that the exact stoi-
chiometric ratio of thiol to ene groups at R[syj[ceing] = 3 Was
unknown. However, based on our gelation test (Fig. 3A), this
R value gave rise to GelNB hydrogels with the highest moduli,
indicating that the stoichiometric ratio of thiol-to-ene at this
R value could be close to one. Since an R ratio (i.e., mM thiol
per wt% GelNB) of 3 yielded the highest degree of gel cross-
linking, this ratio was used in the subsequent studies.

Another approach for tuning the cross-linking density of a
chemically cross-linked hydrogel is by adjusting the gelatin
macromer concentration. For example, increasing the GelNB
content in the precursor solution led to significant increases
in the shear modulus (G’) of the hydrogels. Specifically, gelatin
hydrogels formed from 4, 5, or 6 wt% GelNB had a shear
modulus of approximately 0.2, 0.4, or 0.8 kPa, respectively
(Fig. 3B). It is worth noting that the experiments in Fig. 3A and
3B were conducted independently. Although there was a mis-
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Fig. 3 Controlling the cross-linking density of GelNB hydrogels via adjusting DTT and GelNB contents. (A) At a fixed GelNB content (5 wt%), gelatin
hydrogel cross-linking density could be tuned by adjusting the DTT concentration. R is defined as mM thiol per wt% of GelNB. (B) At a fixed R,
gelatin hydrogel cross-linking density could be tuned by adjusting the GelNB concentration. The experimental conditions were identical for 5 wt%
GelNB and 15 mM SHprr in both (A) and (B), but these experiments were conducted independently with at least three samples in each gel formu-
lation. Data were presented as mean + SEM. *, ** and *** represent p < 0.05, 0.01, and 0.001 respectively.

match between the data values in the 5 wt% GeINB + 15 mM
SHprr groups (middle bar in both graphs: G’ = 637 + 124 Pa in
Fig. 3A and 429 + 10 Pa in Fig. 3B; mean + SEM), the difference
has no statistical significance. Similar to other chemically
cross-linked hydrogels, step-growth GelNB-DTT hydrogels
exhibited a lower equilibrium swelling ratio (g.q) at higher
GelNB macromer concentration (data not shown).

Adjusting the macromer concentration to tune the gel
cross-linking density is a valid approach not only for chain-
growth hydrogels bearing homo-polymerizable vinyl groups
(e.g., methacrylamide on GelMA, acrylates on poly(ethylene
glycol)-diacrylate or PEGDA), but also for step-growth hydro-
gels with mutually reactive functional groups (e.g., norbornene
and thiol). Increasing the gelatin concentration in the pre-
polymer solution directly increases the concentration of the
cross-linkable moiety (e.g., methacrylamide in GelMA or nor-
bornene in GelNB). In chain-growth photopolymerization, a
higher methacrylamide concentration leads to accelerated
gelation and increased cross-linking density. In step-growth
polymerization, higher macromer and cross-linker concen-
trations improve the gelation efficiency and network ideal-
ity,2**® which also results in the formation of a network with
higher stiffness and lower swelling ratio. Although simple,
adjusting the gel stiffness by increasing the GelNB (or GelMA)
concentration in the precursor solution also increases the con-
centration of bioactive motifs. As described earlier, gelatin
contains sequences for both integrin recognition and protease
cleavage. The coupling of increased mechanical stimulation
(due to increased crosslinking density) and cell-material inter-
actions (due to higher concentrations of bioactive motifs)
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might confound the interpretation of experimental results rele-
vant to cellular processes.

3.4. Effect of cross-linker functionality on GelNB hydrogel
crosslinking

Adjusting the functionality of the cross-linker to affect the
degree of hydrogel cross-linking in step-growth hydrogels has
been exploited by us and other groups for the purpose of con-
trolling the network ideality and permeability.>***' Prior
studies have mostly focused on synthetic hydrogels, including
PEG-acrylate or PEG-vinylsulfone hydrogels formed by a conju-
gation addition reaction (i.e., Michael-type addition)***" and
PEG-norbornene hydrogels formed by radical-mediated thiol-
ene photopolymerization.'®?® These studies have shown that
increasing cross-linker functionality enhances the -cross-
linking efficiency of step-growth hydrogels. Here, we used
GelNB (at 5 wt% and ~41% degree of norbornene substitution)
together with a bi-functional or tetra-functional thiol linker
(DTT or PEG4SH) to yield step-growth hydrogels with different
degrees of network cross-linking (Fig. 4A). Fig. 4B shows that
when 4-arm PEG-thiol (PEG4SH5 ypa, fz = 4) was used as the
gel cross-linker, the equilibrium shear modulus of the GeINB-
PEG4SH hydrogel was increased to roughly 5 kPa from 0.4 kPa
when a bi-functional DTT (fp = 2) was used. The equilibrium
swelling ratios (Fig. 4C) and shear modulus of the GelNB
hydrogels also show an inverse correlation. In this example,
the stoichiometric ratio between the thiol and ene groups was
maintained in both GelNB-DTT and GelNB-PEG4SH hydrogel
systems because both [GelNB] (5 wt%) and [SH] (15 mM) were
kept constant and the only difference was the functionality of
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Fig. 4 (A) Controlling the cross-linking density of GelNB hydrogels via
adjusting the functionality of the cross-linker (fg). The hydrogel poly-
merized from higher cross-linker functionality has higher cross-linking
density but a similar bioactive motif concentration. (B) Influence of
cross-linker functionality (DTT, fg = 2; or PEG4SH, fg = 4) on gelatin
hydrogel shear modulus (G'). (C) Influence of cross-linker functionality
on equilibrium mass swelling ratio (geq) of the hydrogel. [GelNB] = 5 wt%.
[SH] = 15 mM (i.e., 7.5 mM DTT or 3.75 mM PEG4SH. R = 3). * and ***
represent p < 0.05 and 0.001 respectively.

the cross-linkers (i.e. fz = 2 for DTT and f = 4 for PEG4SH). To
increase the degree of gelatin hydrogel swelling while main-
taining the high cross-linking efficiency, one could use multi-
arm (e.g., PEGASH or PEG8SH) cross-linkers with higher mole-
cular weights. This approach should increase hydrogel swel-
ling due to the extended cross-linker chain length in between
the gelatin chains.

It is worth noting that in chain-growth GelMA hydrogels,
increasing the hydrogel stiffness by using higher concentration
of GelMA inevitably increases the concentration of bioactive
motifs. In the current GelNB hydrogel system, the gelatin used
was kept at 5 wt% for both systems and the stiffness was tuned
by using cross-linkers with different functionality (2 or 4). This
indicates that the concentrations of bioactive motifs contribu-
ted by gelatin were similar for both systems (Fig. 4A). Although
not explored in this contribution, gelatin hydrogels with inde-
pendently tuned biophysical and biochemical properties may
be used to understand the influence of individual ECM cues
on cell fate processes.

3.5. Cytocompatibility of GeINB-DTT hydrogels using in situ
encapsulation of hMSCs

One attractive feature of gelatin-based hydrogels is the
inherent bioactivity offered by the peptide sequences in
gelatin. Gelatin contains numerous bioactive sites, notably the
integrin binding sequence RGD and the substrate for protease
cleavage (collagenase, gelatinase, etc.). Combining the afore-
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mentioned bioactivity with the network stability offered by the
chemical cross-links (polymethacrylate in GelMA or thioether
in GelNB), these modified gelatin hydrogels are an interesting
class of biomaterials for cell-based regeneration applications.
For example, the presence of cell-binding motifs in the gelatin
sequence renders this class of hydrogels attractive because no
additional cell-binding ligand is needed during network gela-
tion. The cytocompatibility of chain-growth GelMA hydrogels
has been extensively evaluated previously in cell lines and
primary cells, including valvular interstitial cells,” fibroblasts,
and human vascular endothelial cells.®>**3*%* Here, we evalu-
ated the cytocompatibility of step-growth GelNB hydrogels
using in situ encapsulation of human mesenchymal stem cells
(hMSCs). Chain-growth GelMA hydrogels were used as the
control. Both GelNB and GelMA used in this study had a
similar degree of functional group substitution (~40-45%).
Fig. 5A shows representative confocal z-stack images of encap-
sulated hMSCs stained with calcium AM (green: live cells) and
ethidium bromide homodimer (red: dead cells) one day post-
encapsulation. Although most of the hMSCs remained viable
in both hydrogel systems, slightly more dead cells could be
seen in chain-growth GelMA hydrogels than in step-growth
GeINB-DTT hydrogels (for both 4 and 8 wt% gelatin gels). We
also analyzed semi-quantitatively the encapsulated cell viabi-
lity by counting percentages of live cells and found that cell
viability in step-growth GeIlNB-DTT gels was significantly
higher than in chain-growth GelMA hydrogels (Fig. 5B).
Specifically, ~97% and ~91% of the counted cells were stained
green in 4 and 8 wt% of step-growth GelNB-DTT hydrogels,
respectively. On the other hand, only ~85% and 80% of the
counted cells were alive in 4 and 8 wt% chain-growth GelMA
hydrogels, respectively. Live/dead staining also revealed that,
after 1-day in vitro culture, hMSCs encapsulated in these two
gelatin hydrogel systems still retained the rounded mor-
phology without visible cellular protrusion or spreading
(Fig. 5A).

A.  GeINB-DIT  GelMA

EE GelNB-DTT GelMA

Cell viability (%)
&

8wt%

4 8
[Gel-X] (Wi7)

Fig. 5 Cytocompatibility of step-growth GelNB-DTT and chain-growth
GelMA hydrogels for in situ encapsulated hMSCs. (A) Representative
confocal z-stack images of live/dead stained hMSCs encapsulated in
step-growth GelNB-DTT or chain-growth GelMA hydrogels with two
macromer concentrations (live cells stained green and dead cells stained
red; scales: 100 pm). (B) Percentages of live cell count in gelatin hydro-
gels with different weight contents (Gel-X: GelNB-DTT or GelMA). The
degree of substitution for GeINB and GelMA was both at ~40-45%.
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Maintaining the viability of hMSCs in chemically cross-
linked hydrogels is of critical importance. Results shown in
Fig. 5 have demonstrated that the orthogonal thiol-ene reac-
tion was highly cytocompatible for in situ encapsulation of
hMSCs. We and other groups have previously reported the
differential influences of chain-growth and step-growth gela-
tion on the viability of in situ encapsulated proteins and
cells.'”"'%3* However, previous comparisons were all based on
synthetic PEG-based hydrogels. McCall and Anseth have
shown that higher initial radical concentration in chain-
growth photopolymerization caused a significant reduction in
encapsulated protein bioactivity.'” In another example, we
showed that step-growth thiol-norbornene photo-click gelation
was more cytocompatible than chain-growth polymerization
for in situ encapsulation of pancreatic p-cells."® We have also
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Fig. 6 Spreading of hMSCs encapsulated in step-growth GelNB-DTT or
chain-growth GelMA hydrogels (4 or 8 wt% gelatin). Cell-laden hydro-
gels were stained with a live/dead staining kit at day-2 (A), day-7 (B), and
day-13 (C) post-encapsulation, followed by imaging with confocal
microscopy (scales: 100 pm). Accompanying each set of live/dead stain-
ing images are the average cell lengths quantified by measuring the
longest end-to-end distance on a cell using ImageJ software. Results
were reported as mean + SEM.
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shown that PEG-based hydrogels formed by radical-mediated
thiol-norbornene photochemistry supported the viability of
hMSCs.?! In this study, the decrease in hMSC viability in
GelMA hydrogels might also be the result of a higher initial
radical concentration presented in the chain-growth polymeriz-
ation systems. Finally, even though the initial viability of
hMSCs encapsulated in step-growth GelNB hydrogels was only
11-12% higher than that in the chain-growth GelMA hydro-
gels, this difference might affect long-term cell proliferation,
spreading, cell-cell interactions, matrix deposition, and
differentiation.

3.6. Spreading of encapsulated hMSCs in GeINB-DTT or
GelMA hydrogels

Previous work has shown that chain-growth GelMA hydrogels
supported the spreading of fibroblasts and vascular endo-
thelial cells. Here, we examined the ability of step-growth
GeINB hydrogels to support hMSCs spreading in 3D. While
Fig. 5A shows that hMSCs encapsulated in both gelatin hydro-
gel systems remained rounded one day post-encapsulation, we
found that these cells started to extend long processes 2-day
post encapsulation (Fig. 6A) when encapsulated in 4 wt%
GeINB-DTT hydrogels. Interestingly, cells encapsulated in
chain-growth GelMA hydrogels (4 or 8 wt%) did not show
spreading at day-2 (Fig. 6A). At day-7 post-encapsulation,
encapsulated hMSCs showed a higher degree of spreading for
both gelatin hydrogel systems and in both weight contents
(Fig. 6B). Cells in step-growth GelNB-DTT hydrogels, however,
extended longer processes than all other formulations. By two-
week post encapsulation, all cells exhibited long processes but
the degree of cell spreading was more pronounced in step-
growth GelNB hydrogels than in chain-growth GelMA hydro-
gels (Fig. 6C). The higher degree of cell spreading in step-
growth gelatin hydrogels could also be easily observed from
the staining of F-actin (Fig. 7). While encapsulated hMSCs

F-actin Combined

Nuclei

GelNB-DTT

GelMA

Fig. 7 F-actin (red) staining in hMSCs encapsulated in step-growth
GelNB-DTT or GelMA hydrogels (scales: 100 um). The gelatin concen-
tration was 4 wt% and cells were stained at day-13 post-encapsulation.
Cell nuclei were counter-stained with DAPI (blue).
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formed an interconnected network in 4 wt% step-growth
GeINB-DTT hydrogels, cells were more closely packed in the
chain-growth GelMA gels.

When using hydrogels as a carrier to encapsulate hMSCs,
there are two requirements that need to be fulfilled if one
desires to see cell spreading in 3D: (1) protease-sensitivity and
(2) cell-adhesiveness. When hMSCs were encapsulated in PEG-
based hydrogels without the presence of protease cleavage
sites, cells might be viable but they could not spread or extend
cellular processes even in the presence of a cell-adhesive motif
(e.g., RGDS).?*?! On the other hand, when protease-sensitive
sites (e.g., peptide sequences such as GPQG|IWGQ) were
incorporated into the otherwise non-degradable hydrogels,
hMSCs were able to locally degrade a hydrogel mesh and
extend protrusions only if cell-adhesive ligands were also
present in the hydrogel. Much work has been done to engineer
synthetic hydrogel matrices bearing these two important fea-
tures for supporting cell viability, function, and morpho-
genesis. In gelatin-based hydrogels, however, these two criteria
are simultaneously fulfilled due to the inherent bioactivity of
peptide sequences in gelatin. Gelatin not only contains integ-
rin binding motifs, but also has protease-sensitive sequences
that can be degraded enzymatically. Interestingly, hMSCs
encapsulated in gelatin hydrogels formed from different chem-
istries showed different levels of spreading (Fig. 6 and 7). Gel
cross-linking chemistry (step-growth or chain-growth) likely
affected the nanoscopic structure of the gelatin hydrogel
network (i.e., orthogonal cross-links in GeINB-DTT hydrogels
and heterogeneous polymethacrylamide kinetic chains in
GelMA hydrogels). The presence of the heterogeneous kinetic
chains likely influenced cell-material interaction and the
degree of cell spreading in the encapsulated hMSCs. This
study also revealed the profound influence of hydrogel
network cross-linking on cell spreading in three dimensions.
While hMSCs spread readily in 4 wt% GelNB hydrogels, cell
spreading in 8 wt% GelNB hydrogels was comparable to that
in GelMA hydrogels in the first week post-encapsulation. This
result suggests that a high matrix cross-linking density could
restrict or delay cell spreading even in hydrogels with ortho-
gonal cross-links and bioactive motifs.

While the cell studies presented in this contribution show
that the current step-growth gelatin hydrogel system could
serve as an attractive alternative to the existing covalent gelatin
hydrogel systems, challenges exist for the reported GelNB
system and future improvement is required. For example, the
current synthesis route for norbornene-functionalization on
gelatin took more than 70 h to complete (Fig. 1B). Compared
to GeIlNB synthesis, the synthesis of GelMA was not only much
faster, but also yielded a higher degree of substitution when
using the same ratio of reactant to gelatin (methacrylic anhy-
dride for GeIMA and carbic anhydride for GelNB synthesis).
Furthermore, we found that the gelation kinetics of step-
growth GelNB hydrogel was not significantly different from
that of chain-growth GelMA hydrogels (Fig. 2C), suggesting
that modification and refinement of the synthesis route are
needed in the future.
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4. Conclusions

In summary, we have developed a new synthesis route for pre-
paring norbornene-functionalized gelatin (GelNB). GelNB
could be photopolymerized into chemically cross-linked hydro-
gels by means of light-mediated thiol-ene photoclick chem-
istry and the degree of network cross-linking could be
controlled by adjusting the concentrations of GelNB and the
cross-linker, or the functionality of the multi-functional linker.
The step-growth GelNB hydrogels were cytocompatible for
in situ cell encapsulation, and the encapsulated hMSCs exhibi-
ted high viability. Furthermore, the presence of cell adhesive
motifs and protease cleavage sequences permitted 3D
adhesion and spreading of the encapsulated hMSCs to a
higher degree when compared with chain-growth gelatin
hydrogels. This new step-growth gelatin hydrogel system
expands the utility of current gelatin hydrogel systems and
should be useful in various tissue engineering and regenera-
tive medicine applications.
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