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SUMMARY

Extracellular matrix-derived biomaterials, such as gelatin-based hy-
drogels, are attractive candidates for sealing internal leakages.
However, gelatin derivatives are brittle and suffer from poor adhe-
sion. Modifications of gelatin with adhesive catechol moieties have
been limited to low degrees of substitution. Here, we propose
oxidative oligomerization of catecholic compounds (namely, caf-
feic acid [CA]) prior to the coupling reaction to augment the num-
ber and availability of grafted catechol groups per carbodiimide
conjugation reaction, thereby achieving robust bioadhesion.
Ex vivo adhesion tests on pig lungs suggests ~3x improvement
in adhesion strength compared with gelatin methacryloyl controls
due to their enhanced cohesion (i.e., ~5.3x and ~11.5x improve-
ments in stretchability and toughness, respectively). Functionaliza-
tion of gelatin with CA oligomers enables rapid formation of
physical gels upon exposure to room temperature, tunes the vis-
cosity of the gelatin-caffeic acid pre-gel solution for controllable
injectability onto multiply curved tissues, and boosts the antioxi-
dant effects of CA.

INTRODUCTION

Suturing and stapling have led to frequent cases of failure in sealing surgical wounds,
particularly in the case of damage to friable tissues such as pulmonary lacerations.’
Surgical sealants are increasingly being used in place of conventional wound-closure
methods.” In this respect, shape-fitting injectable bioadhesives have received
tremendous attention, as they reduce blood loss and surgical time while preventing
additional trauma.” Ideal bioadhesives are nontoxic and establish rapid tough
adhesion to wet tissues on timescales compatible with surgical settings.”® Natural
adhesives offer biocompatibility and biodegradability.®’ However, among natural
sealants, fibrin-based bioadhesives are rather costly, they suffer from poor adhesion,
and they pose the risk of viral transmission.® Gelatin-based biomaterials are low cost
and form glutinous aqueous solutions at high concentrations. In addition, gelatin-
based commercial products such as Gelfoam are US Food and Drug Administration
approved for hemostatic applications; however, they have poor adhesion
strength.”' Thermosensitive gelation of gelatin occurs at temperatures below
body temperature.’ Hence, gelatin readily dissociates in wet media and its solu-
tions can easily spread over the surrounding tissues due to its low viscosity, leading
to unwanted inflammatory reactions.'? Physical hydrogels made of gelatin are also
brittle’® and have poor mechanical strength. Hence, near-term goals include
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Modification of gelatin with methacryloyl groups has led to photo-crosslinkable
gelatin methacryloyl (GelMA) bioadhesives.'”"?? Michael addition reactions during
polymerization of GelMA drive covalent adhesive reactions with tissue surfaces.?®
In contrast to soft and expandable tissues, such as lung, GelMA hydrogels are
rather brittle (~30% stre’cchability)24 and therefore, adhesion failure occurs as
they do not conform to tissue deformation. Inspired by adhesion in marine organ-
isms,””> many studies have explored catechol functionalization of gelatin via carbo-
diimide coupling by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) reagents®® using catechol-carrying small molecules
such as dopamine.”?’~*° Conjugation efficacy in such reactions is low (below
~10%) and the number of conjugation sites on gelatin are limited.*'*? Previous
studies report that in situ polymerization of dopamine in the presence of GelMA im-
parted bioadhesion to crosslinked hydrogel patches when high catechol content
was used (i.e., 1:10 dopamine to GelMA weight ratio).>?** Unwanted gelatin homo-
coupling reactions are also inevitable, which can further reduce conjugation efficacy.
In addition, crosslinking in catechol-modified backbones mainly relies on metal-ion

30,34 35-39 wherein

coordination and coupling reactions in the presence of oxidants
catechol groups are consumed to interact with themselves instead of tissues.
Adhesion in most injectable bioadhesives is irreversible and non-selective (as the
bioadhesive can adhere to tissues through both sides).’® Therefore, it remains
challenging to achieve robust bioadhesion using gelatin-based biomaterials for their

application in surgical wound management.

Among the phenolic compounds for catechol conjugation, caffeic acid (CA) is found
in coffee, olive oil, etc.,”" and is characterized by radical scavenging, carcinogenic
inhibition, and wound-healing*? properties. In this study, by means of CA molecules,
we increase the number of coupled catechol motifs using EDC/NHS chemistry to
reinforce the effects of catechol functionalization in gelatin-based injectable bio-
adhesives. For this purpose, CA is first oxidized to yield caffeic acid oligomers
(CAO) prior to the conjugation reaction (Figure 1A). By means of chemical interac-
tions introduced by quinone CAO components, thermosensitivity of gelatin-caffeic
acid (GelCA) solutions is tuned to enable their fast thermal gelation after application
to the wound (Figure 1B), and to enhance their stability at body temperature. Those
interactions are further employed to toughen gelatin-based hydrogels and thereby
to delay cohesive failures in adhesion. Comprehensive parametric studies are con-
ducted to optimize processing parameters, including CA oligomerization, gelatin
source, and in situ crosslinking approach (i.e., photo-crosslinking in GelCA/GelMA
hybrid systems versus oxidative crosslinking via sodium periodate [NalO,] solutions)
to meet the requirements for internal bioadhesion (Figures 1A and 1B). Finally, we
test the adhesion efficacy of GelCA hydrogels in ex situ tests on the pig tissue
models by comparing the results with commercially available as well as under devel-
opment sealants and studying their biocompatibility and antioxidant activity for ap-
plications in sealing internal wounds.

RESULTS AND DISCUSSION

Synthesis of GelCA conjugates

Gelatin was modified with CA molecules and their oligomers, following the reaction
scheme shown in Figure 1A. Note that, as opposed to other phenolic compounds
such as dopamine where oxidative polymerization consumes their primary amine
conjugation sites, the carboxyl conjugation sites of CA remain intact in their oxidized
CAO moieties. Here, each molecule of CAO carries a larger number of catechol
groups than CA. Therefore, we hypothesize that more catechol groups are grafted
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Figure 1. Bioadhesive design and chemical characterizations

(A) Synthesis scheme for the functionalization of gelatin with oligo-catechol groups. Caffeic acid (CA) is oxidized with NalOy4 to yield caffeic acid
oligomers (CAO) moieties containing an array of catechol groups for adhesion and carboxyl groups for 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC)/N-hydroxysuccinimide (NHS) coupling reaction. The EDC/NHS coupling reaction results in gelatin-caffeic acid (GelCA) conjugates. Gelatin was
taken from different sources, i.e., porcine (PRC), bovine (BVN), and piscine (PSC).

(B) The process for application of injectable GelCA bioadhesives on surgical wounds in soft internal tissues, such as lungs. The pre-gel solution is
applied at a temperature higher than the sol-gel transition temperature (T;) followed by rapid physical gelation upon exposure to the operating room
temperature. Subsequent on-demand crosslinking imparts robust stability in vivo. Crosslinking strategies studied here include photo-crosslinking in
hybrid mixtures of GelCA with gelatin methacryloyl (GelMA) as well as oxidative crosslinking of GelCA using a NalO, solution.

(C) The effect of NalO4 concentration on oxidative polymerization of CA after 1 h.

(D) UV-vis characterization of oxidation reaction kinetics in terms of absorbance at 500 nm (representative of CAO).

(E) Results of catechol content per mg gelatin obtained via Arnow assay suggesting the larger amount of catechol conjugates due to pre-conjugation
oxidative oligomerization of CA. The data are presented as means £ SD.

(F) Proton nuclear magnetic resonance ('H NMR) comparing the degree of primary amine consumption (DoC) in PRC-GelCA synthesized with different
levels of CA oxidation.

per EDC/NHS coupling reaction. In addition, NHS activation of CAO in the absence
of gelatin reduces gelatin homocoupling compared with when gelatin is NHS acti-
vated to conjugate with e.g., dopamine.

To synthesize CAO, CA molecules were oxidized with different concentrations of

NalO,.*" Oligomerization kinetics of CA were characterized via UV-vis spectroscopy
(Figure STA). Upon addition of NalO,4 to CA, the solution color changed to dark
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brown due to CA oligomerization, as shown in Figure 1C. Absorbance at 500 nm cor-
responded to CAO formation (see Figure 1D)."" The values of absorbance sharply
increased upon addition of NalO,4 during the first ca. 2 min, reaching a peak as
CA coupling reactions progressed to form CAO. Thereafter, the absorbance drop-
ped to a plateau proportional to the concentration of NalO,4 at ~1 h (Figure S1B).
The initial recovery of absorbance may be due to interactions between the primarily
generated CAO with dimethyl sulfoxide (DMSO) present in the reaction solvent. Ac-
cording to a previous study,”® DMSO establishes strong hydrogen bonds with
phenolic compounds and thereby inhibits formation of high-molecular-weight ag-
gregates. In addition, the UV-vis spectra of CA measured in 50% v/v DMSO (peak
at 380 nm) compared with water (peak at 320 nm) exhibited dissimilar peaks indi-
cating interactions between DMSO and CA (Figure S1C). Increasing the NalO4
beyond 2.5% w/v led to precipitation and forming a cloudy solution (Figure 1C).
Similar aggregation occurred upon addition of EDC/NHS to the solutions containing
0.75% w/v and higher NalOy4 (Figure S2). Hence, we limited NalO4 content to 0.45%
w/v in subsequent experiments. The CAO products were then conjugated to gelatin
from various animal sources (i.e., porcine [PRC], bovine [BVN], and piscine [PSC]) of
gelatin. The experimental conditions used throughout this study along with their la-
beling format are summarized in Table S1. Note that the process variables including
the gelatin type and concentration of NalO, used for CA oligomerization, in addition
to crosslinking parameters, were optimized to tailor the bioadhesives for injectable
applications.

Removal of the unreacted small molecules during the dialysis step was monitored by
UV-vis analysis of the dialysis solution (Figures S3A and S3B) for PRC-GelCA-0 and
PRC-GelCA-15 samples, respectively. The value of the absorbance at 320 nm (repre-
sentative of CA content)***® reached a minimum plateau after four dialysis water
replacement cycles (Figure S3C). Conjugation of CA-based moieties to gelatin
was evaluated spectrometrically. The UV-vis spectra of GelCA with reference to
unmodified gelatin are shown in Figure S4A. The characteristic peaks of GelCA sam-
ples at 320 and 290 nm in the CA spectrum (Figure S3C) are attributed to the m-*

transition of the double bonds and benzene ring in CA,*~*#

indicating conjugation
of CA moieties to gelatin. The absorbance (at 320 nm) shown in Figure S4B increased
with CA oligomerization level (NalO4 concentration), indicating higher amounts of
catechol conjugated to gelatin. The source of the gelatin did not have a significant
effect on the absorbance. These results are in agreement with the Arnow assay per-
formed to determine the conjugated catechol content (Figure 1E). Oligomerization
of CA prior to EDC/NHS coupling improved the overall conjugated catechol con-
tent. Larger numbers of catechol groups were covalently loaded by CAO compared
with CA. Note that the ratio of catechol content in PRC-GelCA-15 and PRC-GelCA-
45 to PRC-GelCA-0 (~1.6 and ~2.5 for concentrations of 0.15% and 0.45% w/v
NalQOy, respectively) was in accord with the number of CA repeating units in CAO
(N < 2-5), asreported in the literature.*! The results of proton nuclear magnetic reso-
nance ('H NMR) data also suggest significantly higher amine consumption rates for
gelatin conjugated with CAO (PRC-GelCA-15) compared with CA (PRC-GelCA-0), as
shown in Figure 1F.

Thermosensitivity of GelCA pre-gel solutions

To maximize chemical interactions between GelCA pre-gel solutions and tissues, we
sought to find the maximum pre-gel concentration of GelCA that allows injectability.
For this purpose, the viscosity of solutions with different pre-gel concentrations was
assessed via a vial tilt assay at 50°C (Figure 2A) for GelCA-15 samples. In contrast to
unmodified gelatin, where highly concentrated solutions (40% w/v) could still flow
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Figure 2. Thermosensitivity and injectability of GelCA solutions

(A) Vial tilt assay investigating flow of pre-gel solutions with different concentrations under gravity at 50°C. Conjugation of CAQ led to significant
increases in the viscosity and the integrity of solutions.

(B) Augmented thermosensitive hydrogen-bonding interactions between gelatin macromolecules due to the conjugated catechol moieties, leading to
increases in the gelatin phase transition temperature.

(C) Dynamic (i.e., hydrogen bonding and m-7t) as well as covalent interactions (i.e., Michael addition, Schiff base formation, and quinone coupling)
introduced via the catechol groups.

(D) Rheological measurement (storage modulus, G'; loss modulus, G”) of gelatin thermosensitivity in terms of CA oligomerization for PRC GelCA
samples over a cooling-heating temperature cycle.

(E) Sol-gel transition temperature obtained from the gelation process for PRC, BVN, and PSC GelCA. The data are presented as means =+ SD.

(F) The increase in gelation temperature due to the faster association of the gelatin backbone because of the increased density of temperature-sensitive
hydrogen bonds with CA modification.

(G) Variation of viscosity in CAO-conjugated PRC gelatin (GelCA-15) compared with their CA counterparts (GelCA-0) across different shear rates.
(H) Self-gelation properties of PRC-GelCA samples.

(I) Time to physical gelation in response to a temperature step from 50°C to room temperature at 25°C. The data are presented as means + SD.

(J) Facilitated injectability and control over the pre-gel in CAO-conjugated gelatin (PRC-GelCA-15) for applications on non-horizontal surfaces.

under gravity, the CAO-modified gelatin either transformed into the gel state upon
hydration (PRC sample) or formed a highly viscous fluid (in the cases of BVN and PSC
groups). The improved association of the GelCA network stems from the high den-
sity of junction zones, which was due to: (1) the reinforced hydrogen-bonding and
- interactions through CA (via phenolic hydroxyl groups)*” and, to a larger extent,
CAOQO conjugates (via phenolic hydroxyl and carboxyl groups), as depicted in
Figures 2B and 2C; (2) Michael addition and Schiff base formation between gelatin
primary amine and carbonyl groups present in the oxidized CA-based moieties®”
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and (3) potential homocoupling of gelatin chains due to the EDC/NHS reaction®’
and potential quinone coupling reactions®” leading to high-molecular-weight
gelatin species. The total pre-gel solution concentrations for the samples studied
here were fixed at 20% w/v, as they were found to be soft enough and therefore
injectable in clinical settings across all gelatin sources (Figure 2A).

We investigated the effects of CA modification on the thermosensitive physical gela-
tion in 20% w/v pre-gel solutions (see Figure 2D for the PRC group and Figure S5A
for the BVN group). As opposed to the PSC group, which remained in the sol state
across different temperatures, the PRC and BVN groups demonstrated themorever-
sible modulus changes with temperature in response to thermal cycles between
50°C and 10°C. As shown in Figures 2E and S5B, sol-gel transition temperatures
increased with both CA and more significantly with CAO conjugation. This increase
was more prominent for the gelatin sources with higher molecular weight (i.e.,
PRC > BVN > PSC). The PRC-GelCA with CAO conjugates at the highest oxidation
level (PRC-GelCA-45) stayed in the gel state, even at 80°C (Figure Sé). This system
was therefore not characterized further. We attribute the significant changes in the
gelatin phase transition temperature to the augmented density of thermosensitive
hydrogen bonds with CA-based modifications (Figure 2F).°>** Likewise, we attri-
bute the lower sol-gel transition temperature of GelMA, compared with gelatin, to
the elimination of hydrogen bonds due to the conversion of hydroxyl and amine
groups to methacrylate groups (Figure S7). The sol-gel transition temperature can
be further tuned with the concentration of GelCA solution, as illustrated in Figure S7.
Shifting the sol-gel transition temperature toward that of body temperature gives
more physical integrity to the gelatin networks, as opposed to the unmodified
gelatin, which readily dissociates at 37°C.

The viscosity-shear rate characteristics for the PRC group at 37°C suggest approxi-
mately two orders of magnitude increase in the viscosity of the GelCA-15 (CAO-con-
jugated gelatin) versus GelCA-0 (CA-conjugated gelatin) across all shear rates, as
shown in Figure 2G. The long-term rheological evolution of samples maintained at
37°C (over 6 h) was monitored, as shown in Figure 2H. Due to the CA-induced cova-
lent interactions shown in Figure 2C, spontaneous association of GelCA-15 and
GelCA-0 led to continuing gelation that was only evident for PRC-GelCA (Figures 2H
and S8). Aniinitial jump in storage modulus of GelCA-15 was observed within ~5 min;
this jump for GelCA-0 occurred after ~45 min (a gelation point was recorded to be
the order of ~4 h). This behavior suggests body-temperature-driven self-association
of PRC GelCA contingent on the pre-gel being maintained at high concentration (in
other words, if not allowed to dissolve in aqueous medium). Importantly, this self-
gelation of PRC GelCA occurred on timescales that would allow pre-gel handling
and injectability in surgical settings.

Injectability of pre-gel solutions

The declining trend of viscosity with shear rate (as discussed above for Figure 2G)
demonstrated the shear-thinning properties of GelCA pre-gel solutions, indicating
their injectability. We attribute this shear-thinning property to the shear-induced
breaking of the gelatin network. As observed in Figures 2D, 2E, and S5, thermal hys-
teresis led to significantly larger solation than gelation temperatures. This thermal
history effect results in a lag in thermal gelation during the cooling process, which
allows injectability for a longer period after exposure to room temperature. As
shown in Figure 21, we assessed the time to thermal gelation in response to a step
temperature change from 50°C to 25°C (Figures S9A and S9B). The results for
different compositions of PRC and BVN GelCA:GelMA composites are displayed
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in Figure S9C. As for pure GelCA solutions, the shortest thermal gelation times were
attained for CAO-modified PRC GelCA (~30 s after reaching 25°C). This time was
longer for their CA-modified counterparts (~75 s) and for the BVN group
(~130-160 s). The GelMA additives could further delay the thermal gelation time
for all GelCA groups. The short thermal gelation times could provide rapid physical
stability to the hydrogel on the wound, while secondary covalent crosslinking is initi-
ated on demand.

Accelerated thermal gelation kinetics along with the enhanced viscosity of CAO-
modified PRC gelatin also facilitated application of GelCA solutions on non-horizon-
tal surfaces and double-curved tissues such as lungs. As demonstrated in Figure 2J
and Video S1, PRC gelatin and their CA-modified solutions drip under gravity upon
injection on a vertical plane, while the CAO-modified gelatin remains integral during
injection. In this regard, Figure S9D compares the values of storage moduli 1 min
after reaching 25°C. The largest storage moduli were obtained for CAO-modified
PRC GelCA. The steady storage modulus values (8 min after exposure to 25°C), how-
ever, demonstrated no significant differences between CA- and CAO-modified
groups (Figure S9E). In fact, higher catechol contents accelerate gelation; the steady
modulus of physical gels, however, remains consistent. Here, the large-molecular-
weight gelatin sources (i.e., PRC) possessed the highest gel stiffness, which decays
with addition of GelMA components.

Kinetics of covalent crosslinking

As discussed above, in Figure 2H, PRC GelCA solutions exhibited continuous self-
gelation in the absence of aqueous medium. However, they dissolved if exposed
to wet medium before covalent crosslinking. Thus, an additional crosslinking step
was required to provide wet stability to the hydrogels. For this purpose, we evalu-
ated two different covalent network-forming strategies that could be triggered on
demand for internal bioadhesion (see Figure 1B): (1) a photo-crosslinking procedure
based on free radical polymerization was initiated by 0.25% w/v lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) in GelCA/GelMA hybrid pre-gels
with varying GelMA:GelCA ratios. In this system, GelMA provides a covalent hydro-
gel within which GelCA macromolecules were physically entrapped; (2) oxidative
polymerization of GelCA by applying NalO, solution on the physical hydrogels after
injection. In this approach, infusion of NalO, solution through the hydrogel surface
forms a cohesive topical crosslinked layer via catechol coupling reactions. This layer
protects against hydrogel dissolution under wet physiological conditions. On the
other hand, the catechol groups in the layer at the interface were left intact, so
that they could be involved in adhesion, rather than being consumed for
crosslinking.

Rheological evolution of pre-gel solutions under covalent crosslinking was investi-
gated to assess the solidification (gelation) timescales required during surgery. As
for the photo-crosslinkable group (Figure ST0A), Figure S10B compares overall
trends of storage (G') and loss (G”) modulus with crosslinking time for GelCA/
GelMA hybrid hydrogels in response to UV light exposure (35 mW/cm? light inten-
sity). For the PSC group, a clear gelation point was observed due to the absence
of physical gelation (Figure ST10BI). Gelation time in PSC GelCA/GelMA composites
was significantly longer for the samples with higher catechol content (i.e., CAO con-
jugated compared with CA conjugated). We attribute this effect to free radical scav-
enging by the conjugated catechol groups,*” which can hinder free radical crosslink-
ing of GelMA.”* At this point, we excluded further investigation for conditions that
require more than 2 min UV exposure due to their potential UV-induced toxicity.®
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All samples containing PRC- and BVN-GelCA underwent physical gelation prior to
UV light irradiation. Hence, the time to physical gelation (Figure 2C) best describes
their solidification times (~25-180 s for PRC and ~130-330 s for BVN groups, where
higher GelMA content is associated with longer gelation times). In these groups, free
radical polymerization of GelMA augmented G’ values (after 2 min UV light irradia-
tion) compared with those of physical hydrogels (Figure S11). Due to radical scav-
enging by catechol groups, lower crosslinking density, and thereby storage moduli,
were obtained for samples with higher catechol content (i.e., GelCA-15 and GelCA-
45). To understand radical crosslinking in the GelCA/GelMA hydrogel system, the
rate of variation in G’ with crosslinking time (representative of crosslinking reaction
kinetics) was plotted in Figure S12. Interestingly, the UV-triggered sharp increase
in reaction rate was evident even in CA-conjugated PRC- and BVN-GelCA samples
without GelMA additives. We tentatively attribute this effect to free-radical-
sensitive double bonds present in unoxidized CA and amino acid residues on the
PRC and BVN gelatin sources, which can undergo coupling reactions in the presence
of free radicals.”” The reaction rates were significantly slower in samples with
high catechol content. In addition, higher-molecular-weight GelCA sources
(PRC > BVN > PSC) exhibited greater rates of change in storage modulus.

Gelation for oxidative crosslinking was performed by soaking the physical gels in a
25°C NalQy solution (Figure 3A). The PSC group readily dissociated once NalO, so-
lutions were added to the dish (Figure S13A). Hence, we did not further characterize
the PSC group of oxidatively crosslinked GelCA hydrogels. The PRC and BVN groups,
however, improved their structural integrity as they were cooled, upon immersion in
the 25°C NalO4 solutions (Figures S13B and S13C). Diffusive oxidation crosslinking of
PRC-GelCA-0 in the presence of NalOy4 (demonstrated in Video S2) suggests the for-
mation of a superficial covalent crosslink layer. Figure 3B demonstrates the trends of
G' and G” with peripheral infusion of NalO,. Figure S14 also compares crosslinking
kinetics in terms of the rate of variation in G'. An initial sharp increase in G’ upon addi-
tion of NalOy solution corresponds to synergistic contributions of physical gelation
due to initial cooling by NalO,4 solution and oxidative crosslinking. Values of G’
reached a plateau within ca. 5 min for most samples as they reached thermal equilib-
rium at 37°C while they were partially and circumferentially crosslinked through
NalO, infusion. Since the hydrogels have already transitioned to the sol state at
this temperature, the increases in steady G' values reflect covalent crosslinking. Fig-
ure 3C compares the values of G' at 5 min crosslinking time for different crosslinking
conditions. Overall, G’ increased with NalO, concentration and this increase was
more prominent for PRC compared with BVN GelCA. Here, CA oligomerization did
not have significant impact on the final storage moduli. Figure 3D and Video S3
demonstrate fast gelation of CAO-conjugated PRC gelatin upon exposure to
NalO, solution. Compared with CA-conjugated gelatin, the CAO-modified gelatin
formed instant crosslinking at lower concentrations of NalOy.

Analysis of tensile mechanical properties

Mechanical properties of bioadhesives play pivotal roles in their adhesion to soft and
mechanically dynamic tissue substrates. Low elastic moduli in bioadhesives result in
better compliance with natural tissue deformation due to less adhesive resistance at
the tissue interface. High toughness is also a critical requirement, which entails high
stretchability if low elastic moduli are desired. The tensile characteristics of the hydro-
gels are illustrated in Figures 3E, 3F, and S15. The failure mechanism for the photo-
crosslinked group was accompanied by the propagation of lateral cracks leading to
catastrophic failure (Figure 3E). The mechanical properties of photo-crosslinked and
oxidatively crosslinked GelCA samples are depicted in Figures 3F and S15,
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Figure 3. Characterization of crosslinking kinetics and mechanical properties of GelCA hydrogels

(A) Experimental setup for characterization of oxidative crosslinking of GelCA using NalO, solutions.

(B) Variation of G' and G” for PRC and BVN GelCA in response to peripheral NalO, infusion at different concentrations (i.e., 0.05%, 0.1%, 0.3%, and 1%
w/v).

(C) Storage modulus after 5 min crosslinking by exposure to different concentrations of NalO,4. The data are presented as means + SD.

(D) Rapid gelation of GelCA pre-gel solutions upon injection in NalOy4 solutions. Gelation of GelCA with oligomerized caffeic acid (CAO) conjugates
(PRC-GelCA-15) occurred at lower NalOy4 concentrations than gelatin-caffeic acid conjugates (PRC-GelCA-0).

(E) The failure mechanism of oxidatively crosslinked GelCA samples for the cases of photo-crosslinked samples, PRC-GelCA-15(11:8), and oxidatively
crosslinked samples, PRC-GelCA-15(0.3) hydrogels in mechanical tensile tests.

(F) The results of tensile tests for the group of oxidatively crosslinked GelCA in terms of (I) elastic modulus, (I1) tensile strength, (l1) strain at failure, and
(IV) toughness. The data are presented as means + SD.

(G) Strain amplitude sweep tests on PRC-GelCA samples crosslinked with (1) 0.1, (1) 0.3, and (lll) 1% w/v NalO,4 solutions.

respectively. The elastic moduli (Figure S15A) were initially reduced with the addition
of GelCA content for all gelatin sources. We attribute the decrease in elastic moduli
with further addition of GelCA to be a result of reduced covalent crosslinking density
due to the free radical scavenging effect of the catechol groups. As the GelMA con-
tent decreased further, this trend was reversed, more prominently in PRC group,
likely because of the hydrogen-bonding-driven association of GelCA, as these exper-
iments were performed below the gelation point, at room temperature. The tensile
strengths in the PRC group far exceeded those of other counterparts. No significant
difference was observed among the different catechol loadings, e.g., PRC-GelCA-15
versus PRC-GelCA-0 (Figure S15B). Tensile strength increased with increasing GelCA
content, presumably due to the contribution of physical associations at room temper-
ature. The stretchability in GelCA hydrogels was improved by ~6.5-7x compared
with the GelMA samples (Figure S15C). Furthermore, a ~6.5-fold increase in tough-
ness compared with GelMA in the PRC group (Figure S15D) was observed. We attri-
bute the enhanced toughness and stretchability with increasing GelCA content to
non-covalentinteractions (i.e., hydrogen-bonding and m-stacking interactions) intro-
duced by catechol groups (forming a double network with the covalent network of
GelMA), as well as reduced covalent crosslinking density in the hydrogels with high
catechol content.
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The mechanical properties of oxidatively crosslinked hydrogels are shown in
Figures 3E and 3F. Elastic moduli increased with increasing concentration of the
NalO,4 solution due to crosslinking via catechol coupling (Figure 3FI). Similar to
that of photo-crosslinked hydrogels, stronger mechanical properties (stiffness,
strength, stretchability, and toughness) were recorded for PRC compared with the
BVN group, and the differences between the CA- and CAO-conjugated groups
were insignificant. As can be seen in Figure 3Fll, the maximum tensile strength for
oxidative crosslinking was ~60% larger than that of oxidative polymerization in
PRC group (and ~2x greater than GelMA). Overall, the values of stretchability
were slightly lower than the photo-crosslinked group of GelCA samples. Neverthe-
less, the maximum stretchability in the oxidatively crosslinked PRC group was ~5.3 x
larger than GelMA controls (Figure 3FIll). Increased NalO,4 concentration led to
decreased hydrogel stretchability. As illustrated in Figure 3E, crack propagation
initiated from the non-treated (hydrogen-bonding associated) side of the specimens
and slowed down as the crack tip reached the NalO,-treated (covalently crosslinked)
side. The through-thickness crosslinking density gradient in the samples due to
NalO, infusion postponed failure, because propagating cracks are hindered as
they pass through layers with stronger crosslinking densities. As for toughness (Fig-
ure 3FIV), the PRC group was comparable with that of the photo-crosslinked groups.
Values for toughness did not show significant sensitivity to NalO,4 concentration.
Toughness for the PRC group was improved by approximately 11.5X compared
with GelMA hydrogels. We attribute this improvement to the synergistic con-
tributions of hindered crack propagation mechanism of failure as well as tough inter-
penetrating covalent and non-covalent (i.e., hydrogen-bonding and m-stacking
interaction) networks introduced by the conjugated catechol groups.

Rheological analysis of oscillatory amplitude sweep

The results of the tensile tests reflect the mechanical properties at room temperature
in the absence of aqueous medium and thus involve interchain physical gelation ef-
fects. In order to understand mechanical responses under hydrated conditions at
body temperature, strain amplitude sweep tests were performed on the most me-
chanically robust GelCA, i.e., PRC groups (Figures 3G and S16) for the oxidatively
crosslinked groups. In these tests, physically associated hydrogels were peripherally
treated with NalO, solution followed by thermal stabilization at 37°C. The results
again indicated that CA oligomerization did not have substantial impact on the hy-
drogel mechanical properties. In turn, the magnitude of G’ significantly increased
with increasing NalO,4 concentration, in agreement with the results of tensile tests
(Figure 3Fl). Superstructure breakdown and micro-crack formation in the early stages
led to the descending trend of G” for NalO,4 concentrations of 0.1% and 0.3% w/v. In
fact, the yield strain was found to increase overall with NalO,4 concentration (Fig-
ure 3G), as opposed to the tensile test data where strain at failure decreased with
increasing NalO,4 concentration (Figure 3Flll). Likewise, the values of yield stress
increased with increasing NalO4 concentration (Figure S16), a trend that was not
seen in tensile tests. Therefore, in the absence of hydrogen bonding (physical asso-
ciation), larger oxidative strength can provide more deformability in the hydrogels.
In essence, chain flexibility was improved as hydrogen-bonding associations were
weakened by elevating the temperature to 37°C.

Adhesion stability under wet conditions

Given the intended application of tissue adhesives for internal use, the stability of
adhesion was investigated by incubating hydrogels crosslinked on wet collagen
sheets in PBS at 37°C for 1 day. Figures 4A and S17 represent the recorded state
of adhesion for oxidatively crosslinked and photo-crosslinked hydrogels,
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(A) Experimental procedure and inspection of adhesion stability in wet conditions for oxidatively crosslinked GelCA (porcine, PRC; bovine, BVN
sources) on collagen sheets incubated in water at 37°C for 24 h.

(B) The process and results of in vitro burst pressure tests. The data are presented as means + SD.
(C) Tack tests on different conditions of oxidatively crosslinked GelCA samples. The data are presented as means + SD.
(D) Schematic of the synergistic contributions of the cohesive and adhesive mechanisms in oxidatively crosslinked GelCA. A crosslinking gradient is

formed by the infusion of NalO, in the physical GelCA gels, resulting in a protective non-adhesive layer on the top reinforcing hydrogel cohesion and a

self-associating hydrogel underneath contributing to adhesion to wet tissues.
(E) Demonstrations of adhesion of PRC-GelCA-15 pre-gel solution to (1) nitrile gloves and (ll) metal spatula at 37°C (in the absence of crosslinking).

(F) Cyclic tack test performed using a rheometer on the non-crosslinked pre-gel solutions, demonstrating that CAO conjugates, i.e., GelCA-15,

provided gelatin with structural integrity at 37°C, which leads to stable adhesion as opposed to gelatin and CA-conjugated gelatin, i.e., GelCA-0, where

the phase transition to sol state at 37°C led to disruption of cohesion thus also adhesion. The insets compare the hydrogel stickiness of GelCA-15 and
GelCA-0 between glass/metal substrates after lifting the metal adherent following the cyclic tack tests.
(G) (1) Effect of temperature on pre-gel stickiness (PRC-GelCA-15). (Il) Characterization of the temperature effects on stickiness in terms of detachment
positions in cyclic tack tests. GelMA, gelatin methacryloyl.

respectively. Adhesive failure was due to: (1) delamination arising from hydrogel

swelling, partial dissolution, or water-triggered disruption of bioadhesives/tissue
interfacial interactions and (2) dissolution of GelCA due to weak interchain associa-

tions. The results shown in Figure S17 indicate that, among the photo-crosslinked

hydrogels, only a few of the conditions and compositions maintain wet adhesion
to the collagen sheet. Adding GelMA to GelCA (~3%-9% w/v) provided structural
support to prevent full dissolution; however, delamination failure was frequently

observed in these samples. Pure GelMA hydrogels also exhibited delamination fail-

ure in wet medium. The results for oxidatively crosslinked samples (Figure 4A) sug-
gest that treating the hydrogels with NalO, solutions at 0.1%-0.3% w/v provide
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stable static wet bioadhesion. Furthermore, we examined release of GelCA after
crosslinking and incubation at 37°C in aqueous medium (Figure S18). Oxidatively
crosslinked bioadhesives showed the highest stability in the PRC group (Fig-
ure S18A), revealing the significant role of gelatin molecular weight in the formation
of interconnected three-dimensional (3D) networks. Oligomerization of CA further
enhanced the hydrogel stability in both the PRC and BVN groups, which we attribute
to the larger catechol content and thereby higher crosslinking density in CAO-
compared with CA-conjugated gelatin. Release of GelCA in the PRC group dropped
significantly, to below ~3%, as the concentration of NalOy in the treating solution
was increased from 0.05% to 0.1% w/v.

The results of the release study for photo-crosslinked hydrogels, however, demon-
strated much greater instability compared with their oxidatively crosslinked counter-
parts (release ranging from ~10% to 100%), as shown in Figure S18B. These data
explain the adhesion failures observed in Figure S17 and indicate that GelMA net-
works in the composition ranges studied here failed to establish sufficiently strong
interactions with GelCA to remain stable within the GelMA networks. Note that
CAO-conjugated samples containing more catechol groups exhibited greater disso-
ciation compared with CA-conjugated samples. From the poor adhesion of the
photo-crosslinked hydrogels in wet conditions, we infer that this mechanism of gela-
tion may not be practical for internal wound-closure applications. Hence, we focused
instead on oxidative crosslinking of single-component GelCA in the subsequent
measurements.

Swelling of the CAO- and CA-conjugated PRC gelatin crosslinked at different con-
centrations of NalO,4 solution followed by incubation in PBS are compared in
Figures ST9A and S19B, respectively. NalO,4 concentrations over 0.3% w/v led to
the minimal equilibrium swelling ratio of ~0.2 in the CAO-conjugated gelatin. The
converged swelling properties at NalO4 concentrations over 0.3% w/v indicate a
saturated infusion crosslinking. The minimal swelling below this concentration is in
accord with the stable wet adhesion observed in Figure 4A. The effect of pH on
swelling was also tested on PRC-GelCA-15 hydrogels crosslinked at 1% w/v
NalOy, as shown in Figure ST19C where no statistically significant difference was
found between pH 5.0 and 7.4 (the common pH range in healing wounds).*®

Adhesion performance in vitro

Burst pressure tests were performed underwater to assess hydrogel sealing perfor-
mance by applying bioadhesives to a collagen sheet (Figure 4B; Video S4). The PRC
group exhibited higher burst pressure (~2-3x larger than that of commercial seal-
ants); no significant differences were found between CA- and CAO-conjugated
gelatin types. The burst pressure results demonstrated minor sensitivity to NalO4
concentration for most GelCA types. At the burst point, initially, adhesive failure
developed from the punctured area, leading to cohesive failure at the edges of
the sample. The trends observed in the burst pressure were consistent with those
of mechanical tensile (Figure 3F) or strain sweep (Figure 3G), suggesting that the
adhesion strength was primarily governed by the material’s intrinsic toughness.
Adhesion strength was also measured for bioadhesives using a tack test in wet me-
dium at 37°C, as shown in Figure 4C and Video S5. Increasing the adhesion strength
with NalO,4 concentration was more significant compared with those in burst pres-
sure results where significant increases in adhesion strength were observed at 1%
w/v NalO,. Note that although previous published work has emphasized the neces-
sity of catechol protection against oxidation to enable their adhesion,>’
ful correlations were found between the adhesion strength in CA and CAO

no meaning-
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conjugates. We infer that interactions between oxidized catechol groups with nucle-
ophiles can drive as strong adhesion as those with non-oxidized catechol groups.
Similar to the burst pressure results, the PRC group, in general, excelled over
BVN-GelCA in the tack test. Thus, the subsequent optimization studies only involved
PRC-GelCA samples.

In the oxidative crosslinking of GelCA, NalQy, infusion through the physical hydro-
gels leads to a through-thickness gradient crosslink where the densely crosslinked
surface reinforces the hydrogel and protects the pre-gel underneath from being
released (Figure 4D). Here, the catechol groups of non-crosslinked GelCA at the tis-
sue interface are not consumed for crosslinking (as is the case when mixing with
crosslinking agents), enabling them to interact with tissues while they self-associate
at body temperature. As discussed above, tackiness and burst strength in the non-
crosslinked PRC GelCA (0% w/v NalQOy in Figures 4B and 4C) were measured to be
~1.5-4x larger for CAO- compared with CA-conjugated gelatin. We attribute this
improvement to the better chain integrity/cohesion and higher viscosity of the
gelatin-CAO conjugates at 37°C, as discussed for Figure 2.

Adhesion of GelCA pre-gel solutions is shown in Figures 4E-4G. Stickiness of PRC-
GelCA-15 pre-gel was demonstrated in Figure 4E and Video Sé. To reveal the roles
of thermosensitivity in bioadhesion, a cyclic tack test followed by detachment was
performed at 37°C in axial mode (Figure 4F; Video S7). The nearly zero detachment
forces of gelatin and CA-modified gelatin were due to the thermosensitive phase
transition to the sol state at 37°C. Oligomerization of CA prior to conjugation, how-
ever, provided gelatin with a structural integrity at this temperature, leading to an
adhesion force of ~0.2 N. The adhesion force remained consistent across 100 adhe-
sion cycles, indicating the durability of adhesion. We further monitored adhesion in
terms of material elongation at detachment via cyclic adhesion tests while changing
the temperature from 10°C to 40°C (Figure 4Gl). Elongation at detachment
increased sharply as the pre-gel underwent the phase transition to the sol state.
For gelatin and PRC-GelCA-0, the increase in elongation before detachment began
at ~27°C, and the material transitioned fully to the sol state before reaching 37°C.
Pre-conjugation oligomerization of CA (CAO conjugates), however, enabled struc-
tural integrity to the hydrogel where elongation at detachment reached ~1.6 mm
at 37°C. As shown in Figure 4Gll and Video S8, the hydrogels at 37°C exhibited
more tackiness compared with 10°C. This thermosensitivity of adhesion enables
the application of molded physical hydrogel patches, wherein stickiness can be acti-
vated in response to exposure to body temperature.

Previous examples of bioadhesives could form unwanted adhesion from the back
side of the bioadhesive.® Here, oxidative crosslinking via NalO4 consumed the cate-
chol groups on the back surface for catecholic crosslinking (Figure 4D), thereby de-
activating surface stickiness in situ, as demonstrated in Video S9. Thus, oxidative
crosslinking using NalO,4 forms a slippery anti-adhesive topical surface with selective
adhesion to the tissue underneath, as the interfacial catechol groups were preserved
on the opposite “front” side to establish adhesion to tissue. As shown in Figure S20,
PRC-GelCA-15 patches applied to gloves at 37°C only adhered through their non-
crosslinked side while the other side did not show adhesion.

Analysis of adhesion ex vivo

Adhesion of GelCA samples was studied ex vivo by measuring adhesion energy via
wound-closure tests using pig lung and heart tissues, as shown in Figure 5A and
Video S10. No delamination was observed in GelCA specimens since adhesion
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Figure 5. Ex vivo characterization of adhesion in GelCA bioadhesives

(A) (1) Deformation mechanism and (I1) results of wound-closure tests. The data are presented as
means £ SD.

(B) (I) Ex vivo testing procedure and (Il) results of burst pressure tests on pig lungs. The data are
presented as means + SD. The results compare gelatin from PRC sources modified with caffeic acid
(GelCA-0) and caffeic acid oligomers (GelCA-15) versus commercial sealants and GelMA.

failure originated from materials failure (Figure 5Al). Adhesion energy for lung tissue
was comparable with that of heart tissue (see Figures 521 and 5All); however, adhe-
sion was considerably tougher than for commercial sealants (by approximately an or-
der of magnitude). As observed in mechanical characterization, oligomerization of
CA conjugates had no significant effect on adhesion ex vivo. Increasing NalO, con-
centration from 0.1% to 0.3% w/v led to increased average adhesion energy; further
increases in NalO4 concentration to 1% w/v did not have significant impact on adhe-
sion strength. Hence, the ex vivo burst pressure test on pig lungs was performed on
GelCA samples crosslinked at 0.3% w/v NalOy, as shown in Figure 5Al. In contrast to
GelMA, where failure occurred in the early stages of lung tissue expansion (due to its
limited inherent stretchability), GelCA samples remained stable and accommodated
tissue expansions with no observable failure. As shown in Video S11, hydrogels did
not burst, even after the lung was fully expanded with air pressure, at which point
remote leakage spots were observed in the lung tissue. The measured burst pres-
sure results demonstrated significant improvement in adhesion for both GelCA sam-
ples (with either CA or CAO conjugates) compared with commercial adhesives and
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GelMA hydrogels (Figure 5BIl). Also, the burst pressure tests performed on pig
bladder tissue suggested significant improvements in adhesion strength (Figure
S22A); however, the improvement was more considerable in the case of lung tissue,
suggesting the roles of tissue type in adhesion efficacy. The GelMA hydrogels were
delaminated more rapidly with bladder expansion compared with GelMA, since they
failed to comply with deformations of bladder tissue (due to the stiffness of GelMA);
however, flexible GelCA hydrogels could accommodate bladder tissue expansion
better, and the leak point was thereby shifted to higher values (Figures S22B and
§22C; Video S12). Bioadhesives applied on pig heart tissue were subjected to tap
water pressure (at ~37°C) for ~30 s, as shown in Figure S23 and Video S13. The
CAO-modified gelatin resisted the harsh water pressure for a longer period than
CA-conjugated gelatin, which we attribute to the stronger interactions and better
thermal stability of gelatin-CAO conjugates. The robust bioadhesion of GelCA
hydrogels was also demonstrated in terms of their resistance to scratching by razor
blades and spatulas (see Video S14). The bioadhesives applied to the heart tissue
substrates did not detach after being subjected to harsh twist deformation. In
addition, the bioadhesives could be detached with minimal residues and no visible
damage to the lung model tissues.

In vitro and in vivo biocompatibility

The biocompatibility of oxidatively crosslinked group of CA- and CAO-conjugated
PRC gelatin using 0.3% w/v NalO, solution was evaluated in vitro (Figure S24).
The samples were exposed to cells seeded on a well plate on which live/dead assays
were performed using human lung fibroblast (HLF) cells (Figure S24A). The results
indicated viability values of over ~80% after 7 days. Compared with blank controls,
no significant viability drop was seen in GelCA-0 or GelCA-15 samples. PrestoBlue
assays performed on C2C12 cells also suggested increases in cell proliferation
over time, comparable with GelMA controls (Figure S24B). Furthermore, in vivo
biocompatibility studies showed no evidence of toxicity in extracted tissues from
different organs at weeks 1 and 4 (Figure S25). Therefore, functionalization of gelatin
with CA or its oxidized moieties, as well as diffusive crosslinking with NalOy, are cy-
tocompatible processes for using GelCA as an internal bioadhesive.

Drug release and antioxidant function

Bioadhesive hydrogels can be leveraged for wound healing applications by incorpo-
rating various drugs such as antibiotics and by introducing antioxidation effects. The
effects of CAO conjugates on the drug release kinetics (using Rhodamine B as small-
molecule model drug) were compared via drug release from PRC-GelCA-15(0.3)
versus photo-crosslinked GelMA hydrogels (Figure S26). The results showed no sig-
nificant differences between the two groups, suggesting that the crosslinking pro-
cess in GelCA does not undermine the drug loading and release capacity of these
hydrogels. Despite the additional phenolic groups introduced to the gelatin back-
bone, the release kinetics were not altered by the potential interactions between
CAO and drug molecules.

Hydrogels with antioxidant function have been shown to accelerate chronic wound
repair by reducing the oxidative stress at the wound site.” CA is known for its strong
antioxidant effects®’ and is used to impart antioxidant function to natural biomole-
cules.®” The antioxidant activity of the pre-polymer solutions was examined using a
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay, as illustrated in Fig-
ure S27. Conjugation of CA raised DPPH radical inhibition from ~4% to ~75%. This
figure was increased to ~95% with conjugation of CAO to PRC gelatin, rendering the
proposed conjugation scheme a promising approach to boost antioxidant effects of
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catecholic small molecules. The stronger antioxidant effect is attributed to the larger
numbers of catechol groups grafted to gelatin backbone. We note that this result
further supports the lower crosslinking kinetics and density of photo-crosslinked
hydrogels due to the radical scavenging effects of the catechol groups, as character-
ized in Figure S10.

Taken together, we find that CA-based moieties and their oxidatively oligomerized
components in the chemical modification of gelatin backbones are promising as
thermosensitive, biodegradable, and tough bioadhesives for sealing internal surgi-
cal wounds. On this basis, processing parameters (i.e., gelatin source, crosslinking
approach, and CA oligomerization prior to conjugation) were optimized to attain
robust bioadhesion. Oligomerization of CA prior to conjugation with gelatin
enabled covalent grafting of a large numbers of catechol groups through standard
EDC/NHS coupling reactions. In this way, in addition to introducing adhesion to the
physical gels, gelatin’s intrinsic thermosensitivity can be tuned so that not only its so-
lutions remain integral, but they can also self-associate at body temperature. Modi-
fication of gelatin with CAO-enhanced injectability on non-horizontal tissue surfaces
accelerated physical gelation and provided better pre-gel control due to increased
viscosity. In contrast to photo-crosslinkable GelCA/GelMA hybrid hydrogels,
aqueous stability and static adhesion were preserved more efficiently in the oxida-
tively crosslinked groups. In both cases, considerable improvements in tensile prop-
erties, i.e., toughness (~11.5X) and stretchability (up to ~5-7x), were obtained
compared with GelMA hydrogels. Significant improvements in gelatin cohesion
and thus adhesion strength were obtained ex vivo (by an order of magnitude relative
to commercial sealants). The hydrogel tackiness improved and better resistance
against delamination under harsh conditions was achieved in CAO- compared
with CA-conjugated gelatin at body temperature. In addition, the presented
approach can boost hydrogel functionality for chronic wound management by
strengthening the antioxidant effects of catechol moieties as a result of their
increased conjugation efficacy.

By increasing the limits of conjugation capacity through catechol modification and
polymerization prior to conjugation, we are opening up new opportunities to
enhance adhesion performance in natural biomaterials. In this regard, chemical
modification of natural biomaterials with the other oxidized catechol-carrying mole-
cules than CA (e.g., 3,4-dihydroxy-L-phenylalanine), which can produce larger mo-
lecular weight polycatecholic species, should be studied. We will explore implemen-
tation of this strategy with different backbones for other adhesive functionalities in
upcoming studies. Finally, we anticipate further exploration of the mucoadhesion
of conjugated polycatecholic compounds for potential drug delivery applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Paul S. Weiss (psw@cnsi.ucla.edu).

Materials availability
All materials generated in this study are available from the lead contact upon

request.

Data and code availability
All data and methods can be found in the supplemental information.
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Materials

Gelatin from PRC skin type A, gelatin from BVN skin type B, gelatin from cold water
fish (PSC) skin, CA, NalO,4, DMSO, LAP, sodium molybdate, sodium nitrite, and
methacrylic anhydride (MA) were purchased from Sigma-Aldrich. NHS and EDC
were provided by TCI Chemicals, USA. PRC lung and bladder tissues were supplied
by Sierra for Medical Science, USA. Dulbecco’s phosphate-buffered saline (PBS) was
purchased from Thermo Fisher Scientific, USA.

Synthesis of GelMA

GelMA was synthesized according to the previously reported procedures.®*** In
brief, 10 g gelatin from porcine skin was dissolved in PBS at 10% w/v. Then, 8 mL
MA was added dropwise to the solution in dark and the reaction was continued while
stirring for 3 h at 50°C. The final solution was dialyzed against de-ionized (DI) water
for 7 days and the dialysis solution was refreshed twice a day. The dialyzed solution

was then filtered and freeze-dried for 4 days.

Modification of gelatin with CA-based moieties

To modify gelatin with CA-based motifs, first, 212 mg (4.25% w/v) CA was dissolved
in 5 mL 50% v/v DMSO in DI water solution. Note that, in contrast to CA, gelatin is
soluble in water and hardly soluble in organic solvents. Hence, a 50% v/v DMSO so-
lution in DI water was chosen for complete dissolution of reaction components.
Then, various amounts of NalO,4 (0, 7.5, and 22.5 mg corresponding to 0%,
0.15%, and 0.45% w/v) were added to the CA solution and shaken for 1 h to produce
CAOQ. Subsequently, 20 mL 50% v/v DMSQ in water solution containing 191 mg EDC
(0.96% w/v) and 115 mg NHS (0.58% w/v) were added to the CAO solution, and the
NHS activation reaction proceeded for 2 h. Then, 1 g gelatin from different sources
including PRC, BVN, and PSC was dissolved in 75 mL 50% v/v DMSO solution in wa-
ter (1.33% w/v gelatin) at 50°C for 1 h. The gelatin solutions were added to the NHS-
activated CAO solution and the conjugation reaction was maintained at room tem-
perature for 24 h at room temperature. The resulting solutions were dialyzed against
DI water for 3 days and the dialysis solution was refreshed three times a day. The
GelCA products were then freeze-dried for 4 days and stored in a 4°C refrigerator.

Hydrogel preparation and crosslinking procedure

Two groups of hydrogels with different crosslinking approaches were studied.
Photo-crosslinkable groups of pre-gel solutions were prepared by dissolving
GelCA/GelMA composites in 50°C solutions of 0.25% w/v LAP photo-initiator in
2 mL Eppendorf tubes. Composition ratios of GelCA:GelMA were 20:0, 17:3,
14:6, 11:9, 8:12% w/v:% w/v in pre-gel solutions with total concentrations of 20%
w/v. The mixtures were vortexed and kept at 50°C for about 1 h until full dissolution.
To speed up the dissolution process, bubbles were removed via centrifugation for
increments of ~30 s at 5,400 rpm every ~10-20 min using a mini centrifuge. Cross-
linking was carried out by irradiating UV light (365 nm wavelength) at 35 m\W/cm?
light intensity using an OmniCure $S2000 Spot UV Curing System for 2 min.

For oxidatively crosslinked hydrogels, crosslinking solutions of NalO,4 were first pre-
pared at 0.05%, 0.1%, 0.3%, and 1% w/v. The GelCA components were dissolved in
Dl water at 20% w/v concentration, similar to the procedure described for the photo-
crosslinkable group. The hydrogels were either cast in polydimethylsiloxane (PDMS)
molds or pipetted on tissue substrates (depending on the experiment type) using a
Pos-D positive-displacement pipette. The pre-gels were left at room temperature for
~45-60 s to form a physical gel. Then, the NalO4 solutions were pipetted on the hy-
drogel surfaces so that the physical gels were fully covered with the crosslinking
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solutions. The samples were exposed to NalO4 solution for 5 min to allow infusion-
triggered crosslinking, and then washed with PBS solution.

UV-vis spectroscopy

To monitor elimination of small molecules during dialysis, before refreshing the dial-
ysis solution each time sample volumes of 200 pL were taken from the dialysis solu-
tion and added to a 48-well plate. Absorbance was measured at 320 nm wavelength
(associated with CA) using a plate reader and the results were expressed with
respect to DI water blanks.

Oligomerization reactions of CA in the presence of NalO4 were monitored via UV-vis
measurements. Different amounts of NalO,4 (2.1, 6.3, 10.5, 18.9, 31.5, 52.5, 105.0,
and 136.5 mg) were dissolved in 880 uL-DI water Eppendorf tubes. In each tube, excess
solution (792 pl) was discarded, leaving behind 88 uL of the NalO, solution. Then,
334 ul of CA solution in 63% v/v DMSO solution in DI water was added to each tube
starting the oxidation reaction at the final NalO4 concentrations of 0.05%, 0.15%,
0.25%, 0.45%, 0.75%, 1.25%, 2.5%, and 3.25% w/v in the presence of 4.25% w/v CA
and 50% v/v DMSO. At different time points, 2 uL of each reaction solution was taken
to measure absorbance at 500 nm wavelength using a NanoDrop OneC Microvolume
UV-vis spectrophotometer. A solution of 50% v/v DMSQ in water was used as a blank.

To test conjugation of CA to gelatin, UV-vis spectroscopy was conducted as follows.
Different types of synthesized GelCA samples were dissolved in Dl water at 3.2% w/v
and absorbance values were measured across wavelengths. Corresponding solu-
tions of unmodified gelatin sources were used as blanks.

Catechol content assay

Arnow assays were performed to study the concentrations of catechol groups in
modified gelatin following procedures reported in the literature.*® In brief, 1 mL
of 0.15% w/v GelCA dissolved in 0.5 M HCl was mixed with an equal volume of so-
lution containing 10% w/v sodium molybdate and 10% w/v sodium nitrite prepared
in water. The final solution was shaken for 5 min followed by increasing pH to 7 by
adding 1 M NaOH and increasing the final volume to 5 mL. The values of absorbance
for 200-pL samples added to a 48-well plate were measured at 520 nm using a plate
reader. Standard calibration curves were obtained by implementing the above pro-
cedure for various concentrations of dopamine based on which the conjugated cate-
chol content was calculated.

Nuclear magnetic resonance

Proton nuclear magnetic resonance ("H NMR) spectroscopy was conducted for
chemical characterization of biopolymers. The 'H NMR spectra were recorded for
all samples at room temperature using a 400-MHz Bruker AV400 spectrometer. All
spectra were corrected with phase and base line and solvent peak were fixed before
quantifying the degree of conjugation. Modified gelatin samples were dissolved in
DMSO-dé at a concentration of 10 mg/mL, and the degree of amine consumption

was estimated based on reported literature.**4>¢’

Rheological measurements

All the rheological measurements were performed using an MCR 302, Anton Paar
(Graz, Austria) rheometer equipped with an 8-mm diameter torque measurement
system. An 80-pL pre-gel solution was pipetted for each experiment at 1 mm gap
size, unless noted otherwise. Where applicable, the gelation point was defined by
the point where storage modulus (G') exceeded loss modulus (G”).
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Prior to the tests, the samples were stabilized at 50°C for 5 min. Analysis of thermo-
sensitivity was conducted by a temperature sweep starting from 50°C to 10°C at a
rate of 1°C/min followed by a 3-min isothermal period and then a heating cycle
over the same temperature range. The values of G' and G” were recorded at 10%
strain and 1 Hz oscillation. Measurements of viscosity-shear rate were performed
at 37°C across shear rates from 1to 100 s~ at 0.5 mm gap size.

Time sweeps were carried out for the study of physical and chemical gelation kinetics.
For the photo-crosslinkable samples, a custom-made fixture setup was used to expose
the pre-gel solutions to UV light vertically, by transferring the light from a horizontal op-
tical fiber using a 45° aluminum reflector. Accordingly, oxidative crosslinking kinetics
were evaluated by implementing the experiments in a Petri dish where pre-gel solution
was immersed in NalOy solutions of different concentrations. Storage and loss moduli
were recorded after a 1-min stabilization period at 10% strain and 1 Hz frequency over
10 min. Time sweeps for photo-crosslinkable and NalO,-crosslinked hydrogels were
performed at room temperature and 37°C, respectively.

Mechanical tensile tests

Tensile properties of hydrogels were evaluated using Instron 5943 (Norwood, MA)
universal testing instrument equipped with a 100 N load cell. Specimens of 25 mm
length, 5 mm width, and 2 mm thickness were molded and crosslinked according
to the above-mentioned procedure. Next, the specimens were glued to a piece of
plain paper used to grip the samples. Quasi-static tensile tests were performed at
4 mm/min while the force-displacement data were recorded. Stress-strain data
were calculated by defining stress as ¢ = F/A and strain ¢ = 6/L where F represents
force, Ais the cross-sectional area, ¢ is displacement, and L is the initial length of the
samples. Tensile strength and strain at failure (stretchability) were defined as the
stress and strain at the failure point, respectively. Toughness was also characterized
as the absorbed deformation energy per unit of material volume, in other words, the
area under the stress-strain curves. Elastic modulus (stiffness) was measured from the
slope of stress-strain curves.

Swelling tests

The swelling kinetics of the oxidatively crosslinked hydrogels were evaluated by
casting 100-uL pre-gel solutions in an 8-mm circular mold. The hydrogels were
removed after forming a physical gel and were immersed in NalO,4 solutions of
different concentrations for 5 min, followed by washing with PBS. The hydrogels
were weighed (wg) and incubated in 2 mL PBS in 12-well plates. The weights of
swollen hydrogels at different time points were registered (ws) and the correspond-
ing swelling ratio was defined by Equation 1:

swelling ratio = W — o (Equation 1)
Wo

Antioxidant activity assay
To evaluate antioxidant activity of the pre-polymer solutions, a DPPH assay was per-
formed following the procedure reported by Spizzirri et al.*® with slight modifica-
tions. The samples were dissolved at 4 mg/mL in distilled water. Then, 200 uL of
the sample solution was mixed with 1 mL DPPH solution (200 pM in ethanol) in a
48-well plate. The reaction was allowed to proceed for 30 min. Then, the absorbance
of the DPPH was measured at 517 nm (A,) using a NanoDrop OneC Microvolume UV-
vis spectrophotometer. The absorbance of samples with no gelatin content was as-
signed to the blank sample (Ag). The DPPH radical scavenging activity was calculated
according to Equation 2:
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%DPPH inhibition = %x 100. (Equation 2)
0

Drug release tests

Hydrogel prepolymers were prepared by dissolving modified gelatin bioadhesives in
2 mg/mL Rhodamine B as a small-molecule model drug. Then, disks of 8 mm diameter
and 2 mm height were crosslinked according to the described procedures. The hydro-
gel samples were incubated in 1 mL PBS. The absorbance of the PBS solution was
measured every 30 min based on which the drug release was measured according
to calibration curves obtained from Rhodamine B solutions at various concentrations.

Hydrogel static adhesion stability

To study hydrogel stability and pre-gel release in aqueous media, UV-vis measure-
ments were first implemented on the non-crosslinked pre-gel solutions. For this pur-
pose, 80 uL pre-gel solution was diluted in 500 pL DI water and vortexed before
keeping it at 37°C. Then, the crosslinked samples were prepared by crosslinking
the same amount of pre-gel on wet collagen sheets followed by incubation in
500 pL DI water in 12-well plates. The samples were maintained at 37°C for 24 h.
Next, the amount of release was calculated as the ratio of the absorbance of the so-
lution containing crosslinked samples to their corresponding non-crosslinked pre-
gel solutions at 320 nm wavelength. Furthermore, the state of adhesion was in-
spected visually at 24 h, and the observable detachments were registered.

Tack tests

The normal adhesion force produced by crosslinked hydrogels was measured using
a rheometer according to the following procedure. An amount of 80 uL pre-gel was
pipetted onto a Petri dish at 37°C and contacted with an 8-mm diameter torque
measurement system at 1 mm gap. Then, different concentrations of 25°C NalQO, so-
lutions were added to the Petri dish to immerse the hydrogel completely from the
peripheral edges. After 5 min, the torque measuring system was lifted while
recording the normal force at 0.5 mm/min. Adhesion strength was reported as the
maximum recorded reaction force divided by interfacial area.

To perform cyclic tack tests for evaluation of adhesion durability and variation with
temperature for the pre-gels, disk-shaped poly(methyl methacrylate) sheets with
10 mm internal diameter and 1 mm thickness was first laser cut and closed on one
side using a glass slide. The molds were attached to the sample holder and filled
with pre-gel solutions. Then, the temperature was reduced to 10°C to form a phys-
ical gel. Using an 8-mm diameter torque measurement system, a preload of 5 N was
applied to determine the zero position on the surface of hydrogels. Then, the tem-
perature was raised to 37°C and samples were left for thermal stabilization for
10 min. Next, vertical motion profiles involving 100 cycles of vertical displacement
were defined over of 400 s at 3 mm displacement amplitude. The temperature for
the adhesion durability tests was kept constant at 37°C. For study of temperature ef-
fect, the temperature was varied from 10°C to 40°C during the cyclic tests and the
maximum reaction force per cycle due to adhesion was reported.

In vitro burst pressure test

Collagen sheets of 25 mm diameter were punched using a 3-mm diameter puncher
and soaked in PBS for ~1 h. The punctured collagen sheets were attached on a
fixture and tightened to cover the air chamber completely. The excess water was
removed using Kimwipes and 80 pL pre-gel solution was pipetted to cover the inci-
sion completely. After ~45-60 s physical gelation at room temperature, the samples
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were treated with NalOy solutions for 5 min and subsequently washed with PBS. Air
was pumped into the air chamber using a syringe pump at 20 mL/min. A pressure
sensor was used to monitor the air pressure inside the chamber. The pressure and
mode of failure at the time of failure or leakage were registered.

Wound-closure test in vitro

Pig lung and heart tissue surfaces were harvested in strips of 10 mm width. Rectan-
gular portions of 20 mm length were cut in the middle. The incision was glued sym-
metrically covering ~10 X 10 mm area by the pre-gels and crosslinked using NalO,4
treatment for 5 min after physical gelation. The specimens were washed with PBS
and incubated in DI water at 37°C for at least 10 min. Tensile displacement was
applied to the two ends of tissues at a rate of 25 mm/min. The work of adhesion
was measured according to the area under the force-displacement curve until the
break point. The adhesion toughness was reported by dividing the work of adhesion
to the total surface area under the pre-gel.

Burst pressure ex vivo

For the ex vivo burst pressure tests on pig lungs, the tissue was connected to an ox-
ygen tank and a pressure sensor using silicone tubes through the esophagus, which
was tightened with clips. The lung tissue was immersed in 37°C water. A 3-mm inci-
sion was made on the tissue surface, which was sealed with pre-gel solutions fol-
lowed by crosslinking. A similar procedure was applied to the pig bladder. Oxygen
pressure was increased while pressure sensors monitored the internal pressure. A
similar procedure was performed for burst pressure measurement for porcine
bladder tissue, except that 37°C water was pumped into the bladder tissue using
a positive-displacement pump.

In vitro biocompatibility

The cytotoxicity of the bioadhesives was evaluated by 2D cell culture procedures in
12-well plates. The hydrogels were prepared in disk shapes by adding 60 pL pre-
gel solutions to the 8-mm diameter PDMS molds. After physical gelation, the disks
were soaked in NalOy4 solutions for 5 min for crosslinking. Then, the hydrogels
were transferred into fresh PBS solutions under UV light for 2 h for sterilization.
To perform the live/dead assay, HLF cells were seeded at ~1 x 10 cell/well den-
sity using 2 mL of a FGM-2 BulletKit fibroblast growth medium (Lonza, Basel,
Switzerland) for 24 h. The sterilized GelCA hydrogels were then added to the wells.
At different time points, live/dead assays (Invitrogen) were performed by treating
the cells with 500 pL of the live/dead reagent consisting of 5 uL calcein and 20 plL
ethidium homodimer-1 prepared in 10 mL PBS. The cells were incubated for
~20 min, and fluorescence imaging was conducted using a fluorescence micro-
scope (Zeiss Axio Observer 5, Germany) at the excitation/emission wavelengths
of 528/617 nm for ethidium homodimer-1 (red) and 494/515 nm for calcein (green).
Cell viability was calculated by the ratio of the number of live cells to the total num-
ber of cells where the cells were counted using ImageJ software. We further as-
sessed the metabolic activity of the C2C12 murine myoblasts cell lines (ATCC)
cultured at ~2.5 x 10 cell/well density similar to the procedure explained for
live/dead assay using a Dulbecco’s modified Eagle’s medium (DMEM) medium
containing 10% fetal bovine serum and 1% penicillin-streptomycin. Here, a
PrestoBlue reagent (Thermo Fisher Scientific) was diluted in DMEM in 1:9 ratio
and the cells were treated with a fresh 2 mL of this solution. The cells were then
incubated for ~45 min and then the fluorescence intensity at excitation and emis-
sion wavelengths of 560 and 590 nm, respectively, were measured at different time
points using a BioTek Synergy 2 plate reader.
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In vivo biocompatibility

Biocompatibility of hydrogels was evaluated in vivo by implanting 1/4 cylindrical
samples (8 mm diameter and 2 mm height) subcutaneously in C57Bé black mice sup-
plied by The Jackson Laboratory. These studies were carried out under an approved
protocol (Institutional Animal Care and Use Committee, approval no. 22747-01) at
the Lindquist Institute, Torrance, CA. The mice were fed with laboratory pellets
and purified water and maintained at 25°C in pathogen-free (SPF) facilities. Isoflur-
ane (1.5% v/v in O, gas) was used along with carprofen injection for anesthesia dur-
ing the surgery. Subcutaneous implantation was conducted via a 15-mm surgical
incision following sterilization. After 1 and 4 weeks, the mice were euthanized by
inhalation of carbon dioxide. Then, sample extraction was performed from the im-
planted sites, adjacent tissues, and organs. The samples were fixed using formalin
(10% v/v) and, after implantation, the samples were embedded in paraffin, cut
into 5-um slices, and then stained with hematoxylin and eosin to analyze cell
morphology.
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