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ABSTRACT: Inspired by mussel adhesion, catechol function-
alization of different biomacromolecules has become a popular
technique to impart adhesion to biomaterials. However, the
bioadhesion capacity of catechol motifs in hydrogels that cross-
link through free-radical-based systems is debated. Here, we
revisit the bioadhesion efficacy of catechol functionalization in
methacryloyl-modified photo-cross-linkable biomaterials. For
this purpose, gelatin biomolecules functionalized with caffeic
acid (CA) and methacryloyl groups are cross-linked using UV
light to assess their cross-linking and bioadhesion. Despite the
typical emphasis on wet adhesion of catecholic biomaterials,
samples with larger catechol content showed lower adhesion
strength, particularly when bioadhesives are cross-linked in situ
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as injectable sealants. Cross-linking was found to decay toward the interface with the substrates as more catechol groups are
introduced to the hydrogels, which further undermines hydrogel integrity and adhesive bonds. Finally, cytotoxic and
immunostimulatory effects associated with the catechol groups are evaluated for their translational potential in clinical

applications.

toolbox for sealing wounds,"”* for integration of
** and artificial tissue con-
with living tissues. Current biomaterial design
methodologies for bioadhesion are primarily based on
hydrogel-tissue molecular interactions at their interface.”'
Multiple functional groups capable of forming covalent and
noncovalent associations with tissue surfaces have been
exploited to endow hydrogels with adhesion through chemical
modification procedures.'’ Catecholic residues present in
ocean organisms such as mussel foot proteins are responsible
for their strong adhesion underwater due to their ability to
form chemical bonds to a wide range of substrates.'”"’
Inspired by mussel adhesion, integrating catecholic moieties
with biomaterial backbones has therefore become a gold-
standard technique for introducing adhesion to natural
biomacromolecules such as gelaltin.14 Gelatin, in particular,
has received extensive attention due to its extracellular matrix-
mimicking properties, including favorable biodegradability,
biocompatibility, and cell adhesion.'

One of the critical requirements of injectable bioadhesives
for sealing surgical wounds is the ability to cross-link their
pregel solutions in situ at the wound site. Physical mixing of
catechol-functionalized polymers with oxidative agents can

B ioadhesive hydrogels have emerged as an attractive
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initiate cross-linking through dicatechol coupling reactions. %’

However, in addition to cytotoxicity concerns due to oxidative
reagents such as ammonium persulfate,'® catechol groups at
the tissue interface are consumed for intermolecular cross-
linking rather than participating in covalent interactions with
tissue surfaces.'” Hence, free-radical photo-cross-linking
through methacryloyl motifs using on-demand triggers such
as light has become a popular approach for gelation of
hydrogels.”® Cross-linking of hydrogels via methacryloyl
groups not only leads to robust mechanical properties but
also enables covalent adhesion bond formation with biological
tissues.”” In essence, during polymerization propagation
reactions, free-radical-activated methacryloyl groups at the
vicinity of wet tissues can covalently bond to nucleophilic
groups present on the tissue surface through Michael addition
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Figure 1. The biomaterial design approach for assessment of catechol effects on adhesion of photo-cross-linkable methacryloyl-modified
biomaterials. (a) The synthesis route of bioadhesives starts from I: caffeic acid (CA) catechol-carrying molecules, which couple to a gelatin
backbone via a carbodiimide coupling reaction (1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide, EDC/N-hydroxysuccinimide, NHS) to
yield gelatin-caffeic acid (Gel-CA) conjugates. The Gel-CA components are modified with methacryloyl groups using x = 1, 3, S v/v%
concentration of methacrylic anhydride (MA), resulting in methacryloyl-modified Gel-CA (Gel-CA-MAx). Bioadhesives with a larger
amount of catechol groups were synthesized via II: precoupling oxidative oligomerization of caffeic acid (i.e., CA oligomers, CAo). Gelatin-
CAo conjugates (Gel-CAo) were then methacryloyl-modified to produce methacryloyl-modified Gel-CAo (Gel-CAo-MAx, x is the
concentration of MA in %v/v). Prepolymer solutions photo-cross-linked using 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure2959) photoinitiators using UV light. (b) UV—vis spectrum of Gel-CA-MAx and Gel-CAo-MAx solutions. (c) Results of catechol
content (Arnow assay) grafted to a gelatin backbone. (d) Proton nuclear magnetic resonance spectroscopic (‘H NMR) assessment of
methacryloyl modification and catechol conjugation to gelatin. Gel-MA, gelatin methacryloyl.

Recent efforts toward photo-cross-linkable bioadhesives aim
at more robust bioadhesion, which has been pursued through
comodification of polypeptide backbones such as gelatin with
both methacryloyl and catechol groups. However, most of
these approaches are associated with major limitations. For
instance, He et al.”® and Xuan et al.”* characterized
bioadhesion of catechol-conjugated Gel-MA bioadhesives;
however, the results were not compared to Gel-MA controls
with no catechol conjugation, thereby the roles of catechol
conjugates in their bioadhesion remain inconclusive. In
another study,” tissue-adhesive constructs based on cate-
chol-modified Gel-MA were bioprinted and cross-linked
oxidatively via catechol groups. However, the methacryloyl
groups were left un-cross-linked, and therefore, the need for
methacryloyl modification remains unclear.

A number of studies that developed catechol-functionalized
Gel-MA proposed dual cross-linking processes involving a
photo-cross-linking step in combination with an oxidative
catechol coupling process.”*™>’ Although these studies have
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reported improvements in adhesion strength of GelMA-
catechol as compared to Gel-MA controls, it remains unclear
whether this improvement is due to the strengthened network
cohesion (because of the secondary cross-linking via catechol
groups) or the adhesive bonds established through catechol
groups. In other words, the roles of catechol groups in
adhesion of hydrogels in the absence of the secondary
oxidative cross-linking in Gel-MA-catechol bioadhesives is
unknown.

We note that conflicting evidence has been reported on the
bioadhesion capacity of catechol motifs for photo-cross-
linkable sealants. For example, Baghdasarian et al. reported
no significant difference in burst pressure between Gel-MA and
Gel-MA-catechol conjugates (both cross-linked solely by
visible light), whereas adhesion strength was found to be
significantly higher for Gel-MA-catechol in wound closure
tests. In addition, while in situ photo-cross-linking of
dopamine-modified Gel-MA was associated with improved
adhesion to skin tissue® and titanium surfaces,®’ in lap shear
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tests, recent ﬁndings32 suggest a negative correlation between
catechol content and burst pressure. Therefore, we believe that
greater understanding of the roles of catechol moieties in
bioadhesion is required to assess the clinical benefits and
relevance of catechol modification for introducing bioadhesion
to injectable surgical sealants.

Here, we aim to provide a balanced assessment of catechol-
conjugation effects on bioadhesion of photo-cross-linkable
biomaterials. For this purpose, gelatin biomacromolecules are
grafted with catecholic moieties (i.e., caffeic acid). Then, a
methacryloyl-modification reaction is executed to introduce
methacryloyl groups, and thereby, to enable free-radical photo-
cross-linking in situ by UV light for injectable bioadhesion.
After the chemical characterization of gelatin modification, a
rheological approach is undertaken to study cross-linking of
hydrogels. Subsequently, the effects of chemical modifications
on mechanical and adhesion properties are investigated.
Finally, these effects are studied in terms of biological
responses of living cells through in vitro biocompatibility and
immunoactivity studies.

The synthesis route for modification of gelatin with catechol
and methcaryloyl groups is shown in Figure la. To
functionalize gelatin with catechol groups, the standard
carbodiimide reaction (1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide, EDC/N-hydroxysuccinimide, NHS) was per-
formed to couple carboxyl groups of caffeic acid (CA)
catechol-carrying molecules to the primary amine groups
present on the gelatin backbone (resulting in gelatin-caffeic
acid conjugates, Gel-CA, as shown in Figure lal). We design
this reaction with an excess caffeic-acid-to-gelatin weight ratio
to maximize the grafted catechol amount and thereby to
magnify its effect on bioadhesion. However, the catechol
loading capacity remains limited to the number of available
conjugation sites on the gelatin backbone as well as the low
yield of carbodiimide cou?hng (reported to be <10% based on
previous publications).”® To increase catechol loading
efficiency beyond its capacity in carbodiimide coupling, a
recently reported protocol’* was implemented where catechol
groups are oxidized into higher molecular oligo-catecholic
species prior to the amidation reaction. For this purpose, a set
of gelatin-catechol conjugates was prepared via conjugation of
oxidatively oligomerized CA moieties (Figure 1all): The CA
oligomers (CAo) were synthesized using NalO, prior to the
EDC/NHS conjugation reaction with gelatin, resulting in
gelatin-caffeic acid oligomer conjugates (Gel-CAo). Both Gel-
CA and Gel-CAo products were then subjected to a
methacryloyl-modification using different concentrations of
methacrylic anhydride (MA) to graft methacryloyl groups via
the hydroxyl and unreacted primary amine groups (Gel-CA-
MAx and Gel-CAo-MAx final products, respectively, where x
represents the concentration of MA in %v/ v). Due to the rising
interest in injectable bioadhesives with on-demand triggerable
cross-linking, this methacryloyl-modification reaction was
implemented to enable their free-radical photopolymerization
using 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophe-
none (Irgacure2959) photoinitiators under the trigger of UV
light.

We note that to be able to study the effect of catechol
content (via preconjugation oxidative polymerization approach
presented here), the catechol-carrying small-molecule candi-
date for conjugation is preferred to be carboxyl end-capped (as
is the case with CA) because carboxyl groups are preserved in
the repeating units of polymerized components, i.e., CAo.*>®
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Otherwise, e.g., in the case of amine end-capped catecholic
molecules such as dopamine (DA), primary amine conjugation
sites are mostly turned into secondary amines in polydopamine
moieties,*® which are incapable of binding to NHS-activated
carboxyl groups of gelatin. In addition, conjugation of
catecholamines requires NHS activation of carboxyl in gelatin,
which promotes a homocoupling reaction and further reduces
the reaction efficiency. Therefore, catechol conjugation was
performed through primary amine groups of gelatin molecules.
Since the methacryloyl-modification reaction is nonselective
toward both primary amines and hydroxyl groups of gelatin,’”
the catechol conjugation step was performed prior to the
methacryloyl-modification reaction.

To characterize the chemical effects of the conjugation
reaction, UV—vis spectra of modified gelatin components are
studied in Figure 1b. As seen, no significant absorption peak
was found in the unmodified gelatin between 250 and 400 nm.
In the gelatin-catechol conjugates without methacryloyl
modification (i.e., Gel-CA-MAO and Gel-CAo-MAO in Figure
Sla,b, respectively) two absorption peaks at 280 and 320 nm
were observed, which corresponded to the peaks found in CA
indicating conjugation of CA moieties to gelatin backbone.
These absorption peaks are attributed to the 7—z* transition
from the aromatic ring and n—7* transition due to the —OH
groups connected to the aromatic ring in the CA structure,
respectively.”® As shown in Figure S1, the values of absorbance
at these wavelengths are significantly larger in the group of Gel-
CAo-MAO compared to Gel-CA-MAO, supporting that a larger
amount of CA-based moieties grafted to the Gel-CAo-MAO
group. Correspondingly, the absorbance band at wavelengths
larger than 320 nm in Gel-CAo-MAO, which was absent in Gel-
CA-MAO samples, is assigned to the formation of o-quinone
structures and larger molecular weight CAo with oxidation of
CA species (e.g., see 400 nm in Figure 1bI versus Figure 1blII).
Methacryloyl-modification of both groups of gelatin-catechol
conjugates (i.e., Gel-CA and Gel-CAo) was accompanied by an
attenuation of an absorbance peak at 320 nm, while a peak
intensification at 280 nm was observed. Based on the
functional groups associated with those peaks,” the former
can be explained by the reaction of MA with the hydroxyl
groups in some of the conjugated catechol groups. The latter
are due to the 7 conjugates of methacryloyl groups grafted to
gelatin-catechol molecules. These chemical reactions are
shown in Figure lc,d, respectively, and described further
below.

The amount of catechol groups conjugated to gelatin was
studied via the Arnow assay, as shown in Figure lc. In the
samples with no methacryloyl modification, significant
increases in catechol content were attained with preconjuga-
tion oxidation of CA (i, Gel-CAo-MAO compared to Gel-
CA-MAO). This increase is attributed to (i) the larger number
of catechol groups and conjugation sites per molecule in CAo
and (ii) the Schiff base coupling of oxidized CA to primary
amine groups of gelatin in addition to carbodiimide coupling.
Methacryloyl groups of gelatin-catechol components, however,
contained a lesser amount of catechol groups, possibly due to
the reaction between MA and the —OH of catechol groups,
which is in accord with UV—vis peak decay at 320 nm, as
discussed above (in Figure S1b). Although methacryloyl
groups could impact the number of free catecholic moieties
on the gelatin backbone, catechol groups remained more
abundant in the Gel-CAo-MAx samples compared to Gel-CA-
MAx.
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Figure 2. Rheological investigation of photo-cross-linking kinetics using UV light. (a) Experimental setup for exposure of bioadhesives to UV
light during real-time rheological measurements. (b) Variations of storage (G’) and loss (G'’) modulus with UV irradiation time for I:
methacryloyl-modified gelatin-caffeic acid (Gel-CA-MAx) and II: methacryloyl-modified gelatin-caffeic acid oligomer (Gel-CAo-MAx)
conjugates, where x represents the amount of methacrylic anhydride used during synthesis in %v/v. Results of (c) gelatin time and (d)
maximum storage modulus obtained from the rheological photo-cross-linking studies. Gel-MA, gelatin methacryloyl.

Molecular characteristics of synthesized samples were
further investigated via proton nuclear magnetic resonance
("H NMR), as shown in Figure 1d and Figure S2. In the group
of Gel-CAo-MAx samples, a new peak at ~5.5 ppm was
observed (Figure 1d), which was absent in their Gel-CA-MAx
counterparts. We assign this peak to the oxidized caffeic acid
quinones due to the chemical shift of protons at the double-
bond conjugates of CA side chains.”” A similar peak was
reported previously in the corresponding proton of the pyrrole
group in $,6-indolequinone moieties.*” Conversion of primary
amine groups due to catechol conjugation (measured based on
the consumed lysine peaks) was ~8% and 43% for Gel-CA-
MAO and Gel-CAo-MAO, respectively, according to our
previous study.' As far as catechol conjugation, a larger
degree of amine consumption (DoC) in Gel-CAo-MAx
compared to Gel-CA-MAx corroborates its larger catechol
content, which is in accord with the results of the Arnow assay
(Figure 1c). The DoC for all methacryloyl-modified samples,
which represents both catechol functionalization and meth-
acryloyl modification, was found to be in the same order
between ~82% and 86% with no significant differences across
different MA concentrations (Figure S2). Note that in addition
to amine groups, MA can also react with hydroxyl side
chains,” thereby its conversion degree can cause a difference
in overall methacryloyl content of samples synthesized at
different MA concentrations. Assuming a similar level of
hydroxyl conversion at the same MA concentration, Gel-CA-
MAx is expected to carry a larger amount of methacryloyl
groups compared to Gel-CAo-MAx because more unreacted
available primary amines were left for methacryloyl mod-
ification after the initial catechol conjugation reactions.

To study the cross-linking characteristics of hydrogels, the
rheological evolution of prepolymer solutions in response to
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UV irradiation was monitored in real time (Figure 2a).
Variations of storage (G’) and loss (G'’) modulus with UV
light exposure are shown in Figure 2b and Figure S3, based on
which the reaction kinetics were calculated (slope of G’ with
cross-linking time) in Figure S4. A sharp increase in G’
followed by crossing G"’ corresponded to the gelation point. In
both highly methacryloyl-modified samples of Gel-CA-MAS
and Gel-CAo-MAS, the gelation point was reached before UV
exposure due to thermal gelation of the prepolymer solution.
Note that the tests were performed using a custom-made add-
on setup (Figure 2a) at room temperature to simulate
operating conditions. In these samples, the reaction kinetic
profiles provide better understanding of their gelation time, as
covalent cross-linking proceeded at higher rates than thermal
gelation (Figure S4) based on which the onset of covalent
cross-linking could be determined. As opposed to Gel-MA,
where decay in the G’ rate was observed after the peak of the
reaction rate (due to saturation of polymerization), catechol-
functionalized samples reached a plateau at lower rates, at least
1 order of magnitude smaller than the maximum reaction rate
of Gel-MA samples.

The effects of catechol-modification and degree of
methacryloyl modification on cross-linking are shown in Figure
2¢,d in terms of gelation time and maximum G’ (G’
measured at 10 min), respectively. Longer gelation times were
attained for samples synthesized at the lower MA concen-
trations as well as for those with greater catechol content (i.e.,
Gel-CAo-MAx group). Note that the long gelation times of
greater than 4 min in hydrogels with the lowest methacryloyl
modification (i.e., Gel-CA-MA1l and Gel-CAo-MA1) render
these conditions impractical for use in surgical settings;
therefore, they were not characterized further. For other
samples, G’ reached close to the G’ (G'/G' . ratio of
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Figure 3. Mechanical properties and adhesion performance of the methacryloyl-modified gelatin-caffeic acid (Gel-CA-MAx) and
methacryloyl-modified gelatin-caffeic acid oligomer (Gel-CAo-MAx) conjugates (x shows the %v/v concentration of methacrylic anhydride
during their synthesis). (a) Tensile test results comparing I: elastic modulus, II: tensile strength, III: stretchability, and IV: toughness of Gel-
CA-MAx and Gel-CAo-MAx hydrogels with methacryloyl (Gel-MA) controls. (b) Burst pressure of hydrogels cross-linked in situ on collagen
sheet substrates. (c) Axial adhesion (tack) tests performed on hydrogels cross-linked in situ between a metal and glass surface. (d)
Bioadhesion of hydrogel cross-linked ex situ to a collagen sheet as a tissue substrate model for potential application as wound dressing
patches. (e) Failure mechanism of bioadhesives in the ex vivo wound closure test setup using porcine skin. Scale bar = 2 mm. (f) Force per
width versus displacement results of wound closure tests. (g) Failure force and (h) failure energy per unit of width calculated based on

force—displacement data obtained from wound closure tests.

220% and >35% for MA concentrations, x = 3 and 5%v/v,
respectively) at UV irradiation times of greater than S min
based on which the cross-linking time was determined for
hydrogel preparation (Figure 2c). Correspondingly, G’ ., after
cross-linking (which is correlated to cross-linking density,
based on the Flory—Rehner theory of elasticity)** increased
with the concentration of MA used in the synthesis process.
The values of G',,, were inversely proportional to the catechol
content in the hydrogels, suggesting that catechol groups have
an inhibitory influence on the free-radical polymerization of
hydrogels. This effect is in agreement with previous reports”’**
and is attributed to the radical scavenging property of catechol
groups,” which leads to lower cross-linking density. Chain
transfer reactions to catechol groups are another factor leading
to weak free-radical polymerization.”* According to a previous
study,™ such termination reactions are reported to be more
applicable to polymerization of vinyl-carrying monomers as
compared to those of methacrylic monomers. Nevertheless, the
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result of this study suggests significant sensitivity of
methacryloyl monomers to catechol groups in the presence
of catecholic compounds. We note that the lower number of
methacryloyl motifs in samples with larger catechol content (as
discussed above) is also responsible for their slower polymer-
ization kinetics.

According to the above results, radical polymerization of
catecholic monomers requires protection of catechol
gl‘oups.45‘46 However, catechol deprotection after gelation is
impractical for injectable in situ cross-linking bioadhesives in
clinical settings rendering catechol conjugation an incompat-
ible approach for bioadhesion in free-radical-based photo-
cross-linking systems.

Hydrogel cohesion is an important criterion in the design of
bioadhesives; hence, tensile mechanical tests were performed
to evaluate hydrogel network integrity under mechanical loads
(see Figure 3a). The trends in elastic modulus (Figure 3al)
were consistent with those of G’ values after cross-linking
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(Figure 2d). In general, the lower elastic moduli of catechol-
modified samples compared to Gel-MA are representative of
the enhanced compliance of hydrogels on tissues. In terms of
tensile strength, no significant differences were observed across
all conditions except Gel-CAo-MAS, which showed ~53%
improvement compared to Gel-MA controls (Figure 3all). As
shown in Figure 3alll, strain at failure in both groups of
catechol-containing hydrogels methacryloyl-modified using 3
and S5%v/v MA was significantly improved when larger
amounts of catechol motifs were grafted. Superior stretch-
ability and tensile strength of Gel-CAo-MAS among other
samples led to the highest toughness, ~33.4 k_]/m3 (see Figure
3alV), which was ~130—140% larger than that of Gel-MA
controls and Gel-CA-MAS samples. This remarkable toughness
is attributed to the interpenetrating network (IPN) formation
within the hydrogel due to the synergistic contribution of
strong covalent bonds and strengthened dynamic interactions
(i.e, hydrogen-bonding and 7—7 associations) via catecholic
moieties.

Although the synergy between covalent and noncovalent
bonds improved the energy absorption capacity of hydrogels,
we note that the toughness values obtained here, as well as
those reported in the majority of previous studies, are from
tensile tests performed at room temperature. Tensile properties
can change significantly at physiological temperature. For
instance, the contribution of dynamic hydrogen bonds can be
weakened at the elevated temperatures of in vivo conditions.
To assess this effect, wet stability of hydrogels at body
temperature was studied (Figure SS). We find that as catechol
content increases, the cross-linking depth is reduced (samples
tested were 2 mm thick); thereby, solidification of the
prepolymer at the interface with the substrate was primarily
because of physical gelation. Hence, as opposed to Gel-MA,
which swelled in aqueous media and gained weight, catechol-
modified samples partially dissociated and lost weight. No
significant difference in weight change was observed between
different degrees of methacryloyl modification.

Catechol groups have long been identified as adhesion-
inducing motifs for the modification of biomacromolecules."”
Here, we evaluate the impact of catechol-conjugation to photo-
cross-linkable gelatin on its bioadhesion using various test
setups including burst pressure, axial adhesion test in situ and
ex situ, and wound closure tests. Figure 3b shows the burst
pressure results where punctured collagen sheets (representa-
tive model of skin surface) sealed with the in situ cross-linked
hydrogels are subjected to air pressure. The results not only
showed no improvement in burst pressure with conjugation of
catechol motifs (in Gel-CA-MAx group) but also the increase
in catechol content had a detrimental effect on burst pressure
values (in Gel-CAo-MAx group) compared to Gel-MA
controls. However, the fact that burst pressure in the Gel-
CA-MAx group was larger in the samples synthesized at higher
MA concentrations corroborates the stronger tissue binding
capacity of methacryloyl groups compared to catechol groups.
The groups of Gel-CAo-MAx hydrogels failed due to
delamination (adhesion failure), while cohesive failure was
observed in Gel-MA and Gel-CA-MAx groups. Burst pressure
followed a decreasing trend with the concentration of NalO,
used for synthesis of CAO conjugates (Figure S6).

We conclude that better adhesion of methacryloyl-modified
samples with lower catechol content can be due to
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1. higher density of covalent attachment (via Michael
addition) to tissue compared to catechol groups having
less stronger dynamic interactions (hydrogen bond and
7—x interactions) and slow covalent binding affinity (via
e.g, Schiff base formation) toward tissue surfaces;

. negative effects of catechol-conjugation on free-radical-
based adhesive reactions of methacryloyl groups (i.e.,
Michael addition reactions) at the interface with tissue
because of the radical scavenging characteristic of
catechol groups, which is exacerbated by lower
methacryloyl content in catechol-rich samples, as
discussed above; and/or

. through-thickness decay of free-radical stability in
catechol-rich samples, as discussed above for Figure
SS, results in insufficient cross-linking of hydrogel in the
vicinity of the tissue surface, despite the overall
enhanced mechanical toughness of catechol-rich samples
(ie., Gel-CAo-MAS compared to GelMA, as shown in
Figure 3alV).

Similar trends for bioadhesion strength were observed in
axial adhesion tests performed by in situ cross-linking (Figure
3c). A significant drop in adhesion strength was seen in the
samples with the highest catechol content (i.e., Gel-CAo-
MAx). The fact that catechol motifs in Gel-CAo-MAx are
oxidized into quinones (as opposed to Gel-CA-MAx hydro-
gels) is not expected to underlie the lower adhesion of Gel-
CAo-MAx group as quinones are also potent adhesive
functionality according to the previous studies.*>*' Quinones
are, in essence, mediators of catechol’s covalent adhesion to
biological tissues. Furthermore, given that Gel-CA-MAS
samples were synthesized at their maximum conjugation
capacity and did not show significant differences from Gel-
MA, changing the graft ratio by varying the CA-to-gelatin ratio
is not anticipated to improve adhesion.

Therefore, despite the well-known bioadhesion capacity of
catechol groups, described in the literature, catechol
conjugation can also compromise bioadhesion in the injectable
bioadhesive backbones based on free-radical cross-linkable
methacryloyl-functionalized biomacromolecules (such as Gel-
MA). These results highlight the roles of cross-linking
compatibility considerations in bioadhesive design, which
should be taken into account with regard to target applications.

Despite the poor performance of catecholic backbones in the
in situ photo-cross-linking settings for injectable applications,
slight improvements in axial adhesion were attained when
hydrogels (Gel-CAo-MAS) cross-linked ex situ compared to
Gel-MA controls (Figure 3d). Therefore, we infer that catechol
chemical conjugation can introduce limited adhesion to
preformed patches, e.g, for topical applications such as
wound dressings and bioelectronic interfaces where an easily
detachable bioadhesive is in demand (in patients with fragile
skin such as for diabetics and infants®*). These results are in
agreement with previous work on Gel-MA-catechol conjugates
where the molded prepolymer was cross-linked ex situ for
application as adhesive patches.””***’

To test the bioadhesion of hydrogels to biological tissues, a
wound closure test was conducted on porcine skin tissues
(Figure 3e-h). As illustrated in Figure 3e, while the failure in
Gel-MA samples stemmed from hydrogel rupture, adhesive
failure was registered for Gel-CAo-MAS samples, which we
attribute to the poor free-radical-based adhesion at the
interface (as discussed for Figure SS). The force—extension
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Figure 4. In vitro biocompatibility and immunoactivity of bioadhesives based on methacryloyl-modified gelatin-caffeic acid (Gel-CA-MAx)
and methacryloyl-modified gelatin-caffeic acid oligomer (Gel-CAo-MAx) conjugates (x is the %v/v concentration of methacrylic anhydride
for their synthesis). (a) In vitro live/dead assays and results of (b) cell viability after 4 days postculture. (c) Metabolic activity of cells
cultured on cross-linked hydrogels on day 4. The expression of (d) CD80/CD86 and (e) STAT1 positive macrophages on day 1. Gel-MA,

gelatin methacryloyl.

characteristics followed a linear trend up to an abrupt drop
corresponding to the failure point, Figure 3f. The values of
failure force and failure energy per unit width (Figure 3g and b,
respectively) agreed well with the results of in vitro adhesion
tests where introducing catechol molecules corresponds to the
decrease in adhesion performance.

Bioadhesive hydrogels and the products released should be
cytocompatible before they can be used in clinical applications.
In vitro biocompatibility assays in many studies are limited to
indirect cell exposure to the components released from
hydrogels, while direct hydrogel contact with biological
elements can provide a more realistic understanding of cell-
hydrogel interactions. Furthermore, the use of small sample
sizes relative to culture media such as thin films”’ and
procedures such as predialysis of hydrogels for sterilization
processes’’ are among the factors that can underestimate the
cytotoxic effects of synthesized biological materials. Here, we
study the effects of catechol-conjugation on the viability of
C2C12 mouse myoblast cell lines by directly seeding the living
cells on the hydrogels. Cell morphology and viability after 4
days of culture were examined by a live/dead assay, as shown
in Figure 4a,b. As opposed to Gel-MA samples where the cells
were spread on the hydrogel, a round cell morphology along
with lower viability and more sparse cell distribution was
observed in samples with high catechol content. Additionally,
metabolic activity of cells, evaluated via the PrestoBlue assay
(Figure 4c), further supported the potential toxicity of catechol
motifs (e.g, Gel-CA-MAS and Gel-CAo-MAS compared to
Gel-MA). The toxicity was exacerbated in samples with a lower
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degree of methacryloyl-modification (i.e, Gel-CAo-MA3)
potentially due to the greater amount of release from the
hydrogel.

The immunostimulatory effects of hydrogels were charac-
terized by measuring costimulatory molecules expressed from
the macrophage cells (Figure 4d,e and Figure S7) to evaluate
the risk of immune system activation, organ damage, and
autoimmune diseases through coculturing macrophages with
the cross-linked hydrogel samples in trans-well plates. In
general, the average of inflammatory macrophages after
exposure to hydrogels for 1 day slightly rose with catechol
content in both 3% and 5% MA groups, although this
correlation was not statistically significant in the group of 5%
MA. Therefore, the macrophage response to catechol content
is much less significant at higher degrees of methacryloyl
modification, likely due to higher cross-linking density and
thereby lower release of un-cross-linked chains. Although
immune response can be mitigated by increasing the cross-
linking density in mussel-inspired hydrogels, this result
suggests the risk of immune system activation in response to
the degradation products of a gelatin backbone, which should
be investigated further in future studies. We note that potential
inflammatory activation by catecholic compounds such as
poly(levodopa) has been reported in the literature®" due to the
increased aggregation and attachment of macrophages to
catechols, as well as high expression of pro-inflammatory
factors (i.e, TNF-a and IL-15).

In conclusion, the rising need for on-demand cross-linkable
sealants with tough wet adhesion and cytocompatibility has
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motivated the research toward photo-cross-linkable mussel-
inspired bioadhesives. Recent approaches in biomaterial design
have focused largely on introducing methacryloyl and catechol
moieties to natural biomolecules. The results of this study,
however, underpin the incompatibility of catechol motifs in
photo-cross-linking systems based on methacryloyl groups for
injectable wound sealing applications. Interference of catechol-
conjugates with free-radical polymerization of methacryloyl
groups reduces cross-linking density, thereby compromising
overall cohesion and adhesion in hydrogels cross-linked in situ.
Therefore, the choice of cross-linking systems (such as
oxidative cross-linking through catechol motifs) is essential
for effective bioadhesion in catecholic biomaterials. Accord-
ingly, we infer that the detrimental effects of catechol
modification on cohesion of free-radical cross-linkable
biomaterials require the incorporation of secondary oxidative
cross-linking mechanisms in most previous studies.”*”>"*%*’
Under these circumstances, the addition of potential toxicity
and prolonged curing times, along with the need for light
sources for photo-cross-linking, should be considered in
assessing the clinical benefits of dual cross-linking mechanisms.
Likewise, improving adhesion strength in photo-cross-linkable
injectable bioadhesives requires procedures that enhance
hydrogel cohesion without negatively impacting free-radical
polymerization during photo-cross-linking (e.g., through
radical scavenging or termination reactions). Although
catechol conjugation reduces bioadhesion of in situ photo-
cross-linkable injectable bioadhesives, we note that for
applications in wound dressings and bioelectronic interfaces,
catechol conjugation provides limited improvement in
adhesion of preformed hydrogel patches photo-cross-linked
ex situ.

Although we use gelatin as a backbone for evaluation of
catechols’ bioadhesive capacity, further mechanistic studies
using more defined biomacromolecules, such as chitosan, are
recommended. In addition, we encourage further exploration
of toxicity and immunostimulatory effects, particularly in
hydrogels with poor cross-linking density, to increase the
potential for clinical translation of mussel-inspired biomate-
rials. Therefore, further research on biosafe and catechol-
compatible cross-linking mechanisms for mussel-inspired
bioadhesives is of urgent importance and requires additional
attention.

B EXPERIMENTAL METHODS

Gelatin from porcine skin (type A), caffeic acid (CA),
methacrylic anhydride (MA), 2-hydroxy-4'-(2-hydroxye-
thoxy)-2-methylpropiophenone (Irgacure 2959), sodium ni-
trite (NaNO,), sodium molybdate (Na,Mo0O,), sodium
periodate (NalO,), and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich. 1-(3-(Dimethylamino)propyl)-
3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuc-
cinimide (NHS) were supplied by TCI Chemicals, USA.
Dulbecco’s phosphate-buffered saline (DPBS) was obtained
from Thermo Fisher Scientific.

For methacryloyl-modified gelatin-caffeic acid hydrogel
(Gel-CA-MAx, x represents the amount of MA used for
methacryloyl-modification) conjugates, 212 mg of CA was
dissolved first in S mL of a S0 v/v% DMSO solution in
deionized (DI) water. Then, the EDC/NHS coupling agent
was prepared separately by adding 191 mg of EDC and 115 mg
of NHS in a 50 v/v% DMSO solution, and the final volume
was adjusted to 20 mL. The CA activation was initiated by
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adding the EDC/NHS solution to the CA solution, and the
mixture was stirred for 2 h at room temperature. Subsequently,
1 g of gelatin was dissolved in 75 mL of a 50 v/v% DMSO
solution in water at 50 °C and added to the activated CA
solution. The coupling reaction proceeded for 24 h at room
temperature while stirring. Then, various amounts of MA were
added to the reaction mixture (i.e., 1, 3, and 5 mL), and the
solution was kept under stirring for ~19 h at 40 °C. Next, the
reaction byproducts were removed through a dialysis step
against DI water (dialyzing water was refreshed 3 times per
day), followed by freeze-drying for 4 days. The final foam
products were stored at room temperature until further use.

Methacryloyl-modified gelatin-caffeic acid oligomers (Gel-
CAO-MAx, x represents the amount of MA used for
methacryloyl-modification) were synthesized through the
same procedure as described as for Gel-CA-MAx, except for
the CA which was oxidatively oligomerized in the CA solution
prepared at the beginning (before EDC/NHS activation), by
adding 7.5 mg of NalO, (1.5 mg/mL) followed by vortex
agitation for 2 h.

Gelatin methacryloyl (Gel-MA) was prepared according to
the procedure described previously.”> In brief, MA (8 v/v%)
was added to a gelatin solution (10%v/v) in DPBS, and the
solution was left at 40 °C for 3 h. Then, the reaction was
stopped by adding an equal volume of DPBS. Subsequently,
dialysis and freeze-drying steps were performed as explained
above.

To prepare the prepolymer solutions, first, a 0.5%w/v
Irgacure 2959 photoinitiator solution was prepared in DI water
by heating at 80 °C in the dark. Then, the freeze-dried
modified-gelatin foams were dissolved at 20%w/v in the above
0.5%w/v Irgacure 2959 solution in an 80 °C oven. The
solutions were pipetted, followed by UV light irradiation for 5
min (unless noted otherwise), at the light intensity of ~150
mW/cm?* using an OmniCure $2000 spot UV curing system.

The effect of chemical modifications on UV—vis spectra of
gelatin was studied using a NanoDrop OneC Microvolume
UV—vis spectrophotometer model 840-274200 (Thermo
Scientific). Bioadhesives were dissolved in DI water at 3%w/
v concentration. Then, 2 uL samples were pipetted onto the
measurement surface, and relative absorbance was measured
across the UV—vis wavelengths between 190 to 750 nm.

Nuclear magnetic resonance ("H NMR) spectroscopy was
performed to study the chemical modification of gelatin
backbones. The samples were prepared by dissolving 10 mg of
freeze-dried foams in DMSO-d; and loaded to a 400 MHz
Bruker AV400 spectrometer. The 'H NMR spectra were
corrected with phase and baseline. Then, the degree of
conversion of amine groups at the lysine residues was
calculated based on the integration of the peaks associated
with methacryloyl groups.

Arnow assays were performed to evaluate the conjugated
catechol content to Sgelatin, based on the procedure described
in previous studies.”” Bioadhesives were dissolved in 0.5 M
HCI at a final concentration of 0.15%w/v. Then, the solutions
were mixed with an equal volume of 10%w/v sodium
molybdate and 10%w/v sodium nitrite in DI water. After
shaking for S min, the pH increased to 7 using 1 M NaOH, and
subsequently, the final volume was adjusted to S mL. The
absorbance of 200 uL samples taken in a 96-well plate was
measured at 520 nm using a plate reader (BioTek Synergy 2,
USA). The amount of conjugated catechol was calculated
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based on calibration curves obtained from a diluted series of
dopamine solutions.

Photo-cross-linking kinetics of hydrogels was evaluated by
real-time monitoring of storage and loss modulus in response
to UV light irradiation using an Anton Paar MCR 302
rheometer (USA, CA). For this purpose, 80 yuL prepolymer
solutions were pipetted onto an in-house-made sample holder,
which guided the UV light transversally so that the entire
sample was exposed to UV light from underneath. The
measurements were performed using an 8 mm torque
measuring system at 1 mm gap size, 10% strain, and 1 Hz
frequency. Irradiation of the UV light started after 1 min of
stabilization.

Tensile mechanical properties of the hydrogels were
evaluated using an Instron 5943 universal testing machine
equipped with a 100 N load cell (USA, MA). In order to
prepare samples, 200 uL of the prepolymer solution was
pipetted into a rectangular 4 mm X 25 mm mold, followed by
UV irradiation as described above. Then, the hydrogels were
glued to rectangular plain papers using Krazy glue (OH, USA)
through which they were gripped using tensile test grippers.
The tests were started at an 8 mm/min displacement rate until
the samples failed.

Burst pressure tests were carried out using 3 mm-punctured
wet collagen sheet substrates, sealed with 100 uL of
bioadhesive prepolymer cross-linked in situ. The 25 mm
diameter collagen sheets were then placed and fixed onto a
pressure chamber, which was connected jointly to a pressure
sensor and syringe pump. The air was injected into the
pressure chamber at 20 mL/min, while the pressure sensor
recorded the internal pressure. The maximum pressure
recorded during the test up to the failure point was registered
as burst pressure for each sample.

The adhesion strength of hydrogels for applications as an
injectable sealant and wound dressing patches was examined
through in situ and ex situ detachment tests along the axial
direction, respectively. For in situ cross-linking, the tests were
performed using a rheometer equipped with an 8 mm flat
torque measuring system. Here, 80 uL prepolymer solutions
were added to the 1 mm gap between the metallic torque
measuring device and underneath the glass surface, under
which UV light could be irradiated to cross-link the sample.
After cross-linking, the torque measuring device was lifted at
the cross-head displacement rate of 0.5 mm/s, while the axial
force along the torque measuring device was recorded. The
maximum load at the detachment point was used to calculate
the adhesion strength.

Wound closure tests were performed on porcine skin tissue
cuts of 8 mm X 30 mm. Two tissue cuts were contacted
through their 8 mm faces, and their interface was treated with
the prepolymer solution over a length of ~10 mm centered at
the interface. The amounts of 100 uL of prepolymers were
then photo-cross-linked, and the tissues were subjected to axial
tensile displacement at a rate of 4 mm/min. The force at
rupture point as well as the failure energy (calculated based on
the area under the force—displacement curves) was normalized
to the sample width.

The stability of photo-cross-linked hydrogels was evaluated
by measuring the ratio of weight change after incubating in
water for 24 h at 37 °C. Samples were prepared in an 8 mm
mold by adding 80 uL of a prepolymer solution, followed by
photo-cross-linking. The weight before (w,) and after (w,)
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exposure to wet media was recorded, and the weight change
ratio was calculated based on Equation 1:

Weight change ratio = BT
Wo (1)

The bone marrow-derived macrophage cells (BMDMs)
were extracted from the tibia and femur bones of 5—6 weeks
old C57BL/6 mice. Cells were isolated and seeded (106 cells
per dish) in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10%w/v fetal bovine serum (FBS), S5 uM
p-mercaptoethanol, 100 U mL™" penicillin, and S ng mL™" of
macrophage colony-stimulating factor (MCSF). Following 8
days of culture, the BMDMs were seeded at 2.5 X 10° cells per
well in a 24-well Transwell plate. After incubation overnight,
macrophages were cocultured with hydrogels cross-linked in
disks of 100 uL volume for 1 day. Then, the cells were
collected, and macrophages were stained for markers to
determine their polarization and activation using flow
cytometry (Attune, Thermo Fisher Scientific, USA).

Cytocompatibility of the hydrogels was evaluated toward
C2C12 murine myoblast cell lines (ATCC). The cells were
incubated in an incubator (Thermo Fisher Scientific, USA)
under standard conditions (i.e, 37 °C temperature and 5%
CO,) using Dulbecco’s modified Eagle’s medium (DMEM)
media supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin. To perform the live/dead assays,
75 uL of prepolymer solutions were cross-linked in a 48-well
plate and placed under a UV flood lamp for 15 min for
sterilization. Then, 0.5 mL of cell suspension prepared in
media was added to each well (resulting in 15000 cells per
well). At different time intervals, 12 uL of ethidium
homodimer-1 (red/dead stain) and 8 uL of calcein (green/
live stain) were added to each well, followed by incubation for
1S min. Next, an Axio Observer S (Zeiss, Germany)
fluorescence microscope was used to image the cells. The
images were taken at the excitation/emission wavelengths of
~494/515 nm for calcein and ~528/617 nm for ethidium
homodimer-1. Cell viability was calculated based on the ratio
of the number of live cells to the total number of cells as
determined using Image] software. Metabolic activity was also
measured using the PrestoBlue assay according to the
following procedure. A PrestoBlue reagent was prepared in
media by dilution at a 1:9 ratio. The cells were treated with this
reagent while incubating for 2 h. The metabolic activity was
quantified by measuring the fluorescence intensity at the
excitation wavelength of 560 and emission wavelength of 590
nm using a BioTek Synergy 2 plate reader.

All experiments were repeated at least three times unless
otherwise noted. The quantities were reported as the mean +
standard deviation. A one-way analysis of variance (ANOVA)
was performed to test the significance of differences between
parameters where P < 0.5 was considered significant.
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