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Designing adhesive hydrogels with optimal properties for the treatment of injured tissues is challenging due to
the tradeoff between material stiffness and toughness while maintaining adherence to wet tissue surfaces. In most
cases, bioadhesives with improved mechanical strength often lack an appropriate elastic compliance, hindering
their application for sealing soft, elastic, and dynamic tissues. Here, we present a novel strategy for engineering
tissue adhesives in which molecular building blocks are manipulated to allow for precise control and optimi-
zation of the various aforementioned properties without any tradeoffs. To introduce tunable mechanical prop-
erties and robust tissue adhesion, the hydrogel network presents different modes of covalent and noncovalent
interactions using N-hydroxysuccinimide ester (NHS) conjugated alginate (Alg-NHS), poly (ethylene glycol)
diacrylate (PEGDA), tannic acid (TA), and Fe3* jons. Through combining and tuning different molecular in-
teractions and a variety of crosslinking mechanisms, we were able to design an extremely elastic (924%) and
tough (4697 kJ/m®) multifunctional hydrogel that could quickly adhere to wet tissue surfaces within 5 s of gentle
pressing and deform to support physiological tissue function over time under wet conditions. While Alg-NHS
provides covalent bonding with the tissue surfaces, the catechol moieties of TA molecules synergistically
adopt a mussel-inspired adhesive mechanism to establish robust adherence to the wet tissue. The strong adhesion
of the engineered bioadhesive patch is showcased by its application to rabbit conjunctiva and porcine cornea.
Meanwhile, the engineered bioadhesive demonstrated painless detachable characteristics and in vitro biocom-
patibility. Additionally, due to the molecular interactions between TA and Fe3", antioxidant and antibacterial
properties required to support the wound healing pathways were also highlighted. Overall, by tuning various
molecular interactions, we were able to develop a single-hydrogel platform with an “all-in-one” multi-
functionality that can address current challenges of engineering hydrogel-based bioadhesives for tissue repair
and sealing.

1. Introduction

Hydrogels, water-swollen polymeric crosslinked networks, are
capable of interacting with the tissues through physical or chemical
interactions and are extensively employed in the design of bioadhesive
biomaterials [1,2]. However, most bioadhesives either suffer from
cohesive failure due to a lack of mechanical strength or adhesive failure
resulting from insufficient tissue-biomaterial interfacial interactions
[3-7]. Furthermore, incorporation of additional functionalities in these
adhesive hydrogels such as antibacterial and antioxidant properties that
are critical for wound healing can be challenging. Mechanistically,
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molecular interactions enable crosslinking among polymeric backbones,
forming the primary skeleton of hydrogel constructs. These crosslinked
molecular domains eventually modulate the hydrogel’s mechanical
properties, including toughness, stretchability, stiffness, and others.
Meanwhile, the functional groups present in these crosslinked networks
introduce other important features such as adhesive, antibacterial, and
antioxidant properties [8]. Therefore, the ability to tune the crosslinking
density while maintaining desired physicochemical properties is
imperative in designing bioadhesive hydrogels.

Engineering bioadhesive hydrogels with optimal cohesive properties
that mimic the stiffness and elasticity of native tissues is challenging
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since most engineered hydrogel-based bioadhesives are fragile and weak
[1,7,9-12]. In addition, there is often a tradeoff among different me-
chanical properties of hydrogels, compromising their applicability as a
potential structural biomaterial for medical use. For example, increasing
the ultimate strength often reduces the stretchability, and improving the
toughness may drop the stiffness of the hydrogel-based biomaterials
[13-18]. Furthermore, most bioadhesive hydrogels reported thus far
have been prone to fracture and breakage when subjected to sub-MPa
tensile stress or high-extent deformation. They have also displayed
breaking energies around one percent of biological tissues such as
cartilage [19]. To address these limitations, different strategies have
been implemented to modify the crosslinking mechanism of hydrogel
networks, including the formation of double network (DN) hydrogels
[20], nanocomposite hydrogels [5], sliding-ring hydrogels [21],
resilin-based hydrogels [22], topological hydrogels [23], macromolec-
ular crosslinked networks [24], and interpenetrating network hydrogels
[25]. However, achieving a high tensile strength and Young’s modulus
without compromising elasticity to better reflect the nature of soft
elastic tissue (i.e., lung and heart) remains an unsolved issue. For
instance, Daniela et al. [26] prepared photocrosslinkable gellan gum
(MeGG) hydrogels combined with an ionic crosslinking system with an
ultimate strength of ~800 kPa, but due to the tradeoff between ionic
crosslinking and the degree of methacrylation, no improvement was
achieved in Young’s modulus (<20 kPa) and strain (<80%). While the
stiffness could be improved by increasing the degree of methacrylation,
the strain and ultimate strength were shown to significantly decrease.
Recently, a hydrogen-bond-mediated, pseudo-slide-ring networked
hydrogel, synthesized with carboxymethylated polyrotaxanes and
polyacrylamides (PAAm), showed an enhanced Young’s modulus and
ultimate strength upon increasing the number of hydrogen-bonding
pairs. However, the stretchability did not increase in parallel with the
Young’s modulus and strength, as their - process generated a rigid
hydrogen-bonded network that in turn diminished the mobility of the
carboxymethylated a-cyclodextrins within the crosslinked hydrogel
[27]. In addition, not only the use of acrylamide moieties potentially
reduced the biocompatibility [28], but also the multi-step synthesis
procedure increasedthe complexity of the system, hindering the clinical
translation of this hydrogel. Meanwhile, as native soft tissues exist
across a wide range of mechanical properties with the Young’s modulus
ranging from 3 kPa for the kidney to 100 kPa for the skin [29], it is
essential to achieve control over the bioadhesive’s crosslinking mecha-
nisms and the resulting mechanical properties in order to achieve
tissue-mimicking mechano-physical properties, and eliminate inflam-
mation induced by mechanical mismatch [30]. Another challenge in-
cludes maintaining the mechanical integrity of the bioadhesives under
wet physiological conditions over time. The stiffness of bioadhesive
hydrogels can drop due to either their unstable crosslinking resulting in
hydrogels’ network dissociation or degradation [31,32] or the excessive
swelling of the hydrophilic networks [33-37]. Therefore, there is an
unmet need for a biocompatible hydrogel platform featuring a pro-
grammable crosslinking mechanism which allows for fine tuning of a
single material property (e.g., stiffness, toughness, stretchability, ulti-
mate strength) without compromising others. In addition to the
improved cohesion achieved by modulating the crosslinking mecha-
nism, the wet tissue adhesive properties of these biomaterials are also
important for their applications as sealants or glues for sealing injured
internal organs.

Specially for the closure of internal wounds, adhesive hydrogels are
an alternative to sutures and staples [38-40]. The retention of these
bioadhesives on injured tissue surfaces throughout the healing process
while supporting physiological tissue function is critical. Two main
design strategies have been used to impart wet tissue adhesion to
hydrogels: 1) in situ formation of adhesive hydrogels on wet tissues from
precursor solutions, and 2) adhesion of prefabricated patches to the wet
tissue surfaces [1,38,41,42]. However, both design strategies face lim-
itations. For example, many in situ-forming adhesive hydrogels require
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the use of an external device, such as a light source [4,43-45] or
co-injector delivery system [46,47], while others require adding/-
spraying crosslinkers [48,49] or mixing different components [50], not
only further complicating the design but also making the gelation
inhomogeneous. These extra steps can be fatal in urgent, life-threatening
situations. In addition, traditional bioadhesives only demonstrate strong
adhesion to dry substrates in air and cannot effectively seal wet organs
[11,51]. Slow gelation presents another limitation for the clinical
application of these hydrogels. For example, Juan et al. successfully
prepared a bioadhesive prepolymer solution for in situ gelation based on
tannic acid (TA) and silk fibroin, but the gelation process did not occur
until after 9.5 h [52]. In another study, Younseon et al. made a
phenol-amine superglue with an adhesive strength of 3.87 MPa, but the
required curing time was 12 h [53]. A slow gelation time can render the
bioadhesive ineffective as it cannot prevent excessive blood loss and seal
leakages or apply to dynamic organs such as the heart or lungs. In
addition, body fluids may foul or dilute the prepolymer solution before
effective gelation in situ. On the other hand, a rapid gelation process also
presents complications with handling of the bioadhesive material by
clinicians. In many existing studies on prefabricated adhesive patches,
there is an unspecified or a prolonged incubation or contact time (>2 h)
necessary for the patch to achieve robust adhesion [1,38,42,54-57].
Additionally, previously reported hydrogel-based adhesives demon-
strate insufficient sealing strength (with most having an adhesive
strength of less than 40 kPa to the skin tissue) and short-term adhesion
[7,58,59]. Furthermore, current bioadhesives have shown limited
characteristics in different surgical applications. For example, Xin et al.
prepared an ultra-fast self-gelling powder that could crosslink in situ
within 2 s; however, the hydrogel crosslinking was highly
pH-dependent, limiting its usage for internal organs with acidic envi-
ronments such as the stomach [60]. Moreover, it remains an obstacle to
achieve both a strong cohesion and adhesion simultaneously [3-7,61],
while also allowing for painless detachment in situations involving
misplacement, the need to adjust the material, or implanted device
retrieval. To the best of our knowledge, few bioadhesives developed so
far have demonstrated robust and rapid adhesion along with
trigger-induced detachability [62]. Therefore, there is an unmet clinical
need for bioadhesives which are designed via their molecular domains to
incorporate multi-mode crosslinking sites that appropriately modulate
network mechanics and functionalities while also facilitating
tissue-material interfacial interactions.

Incorporating multiple functionalities (e.g., antimicrobial proper-
ties) into bioadhesive hydrogels is an important step to make them
suitable for both sealing and repairing internal wounds. For example,
researchers have incorporated different antimicrobial peptides [11],
antibacterial nanomaterials such as silver nanoparticles [63], and anti-
biotics [64] into bioadhesives to provide them with antibacterial prop-
erties. In addition, different chemical functional groups such as
quaternary ammoniums [65] have been conjugated to bioadhesives to
make them antimicrobial. However, these methods require additional
steps during synthesis that often involved expensive and sensitive ma-
terials, which may cause issues such as cytotoxicity or bacterial resis-
tance, and provide only short-term antibacterial effects due to leaching
of antibiotics or nanomaterials out of the polymeric network [66].

To address the need for designing multifunctional adhesive bio-
materials with antimicrobial properties for the treatment of different
injured tissues, we aimed to develop an elastic and tough hydrogel patch
that adheres to wet tissues after a few seconds of pressing while sup-
porting the tissues’ physiological functions. This multifunctional patch,
entitled APTF hydrogel, was composed of a poly (ethylene glycol) dia-
crylate (PEGDA) hydrogel interpenetrated with N-hydroxysuccinimide
ester (NHS)-conjugated alginate (Alg-NHS) and subsequently treated
with TA/Fe3" to achieve robust cohesion and adhesion. We showed
tunability of the mechanical and adhesive properties of the hydrogel by
controlling a series of covalent and non-covalent interactions among
Alg-NHS, PEGDA, TA and Fe" that collectively formed a multi-
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component macromolecular system. While the covalent network of
PEGDA defined the primary backbone of the hydrogel, the reversible
hydrogen bonding between PEGDA and TA and ionic interactions be-
tween Alg-NHS and Fe' together provided excellent elasticity and
toughness. As such, stiffness, ultimate strength, and toughness could be
improved significantly without compromising stretchability. The robust
adhesive nature of the hydrogel was achieved by chemically conjugating
NHS to alginate strands and incorporating the mussel-inspired adhesive
moieties presented by TA; the synergy effect of these two adhesive
moieties enhanced the adhesion strength of the resulting hydrogel.
Strong adherence of the designed bioadhesive was demonstrated on
rabbit conjunctiva and porcine cornea. Further, painless detachment of
the patch was also easily achieved upon the addition of nontoxic
chemical agents to the tissue-material interface. Meanwhile, the engi-
neered hydrogel showed excellent antioxidant and antibacterial prop-
erties due to the presence of the TA/Fe>* complexes that are essential for
wound treatment. The biocompatibility of this multifunctional bio-
adhesive was assessed in vitro using 3T3 cells. Overall, through molec-
ular engineering, the designed hydrogels demonstrated selectively
tunable mechanical and physiochemical properties to not only facilitate
the closure and treatment of internal and external injuries, but also to
potentially promote wound healing.

2. Results and discussion

2.1. Synthesis of APTF adhesive hydrogel based on alginate (Alg)-NHS,
PEGDA, and TA/Fe**

Sequential synthesis of the APTF adhesive hydrogel patch comprised
of Alginate (Alg)-NHS, PEGDA and TA/Fe®" is demonstrated in Scheme
la. First, Alg-NHS and PEGDA were separately synthesized as the pri-
mary molecular backbone of the resulting APTF hydrogel. NHS was
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conjugated to Alg to provide instant tissue-material interfacial in-
teractions and to fine-tune the ionic interactions with Fe>* to control the
mechanical properties. TA was also introduced to enrich the crosslinking
network by forming dynamic H-bonding interactions with PEGDA, and
ion-induced chelation with Fe>* to further tune the mechanical prop-
erties while providing multiple functions (i.e., antioxidant and anti-
bacterial properties) for the hydrogel. Additionally, the mussel-inspired
adhesive characteristics of TA, along with NHS functionalization onto
Alg, provided enhanced tissue adhesion to the resulting APTF hydrogel.
The covalent and noncovalent interactions among various macromole-
cules in the designed hydrogel were used to tune its physical properties.
Specifically, the mixture of Alg-NHS/PEGDA prepolymer solution was
treated under visible blue light (405 nm) in the presence of lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator to form
a covalently interconnected PEGDA network interpenetrated with Alg-
NHS, making the primary hydrogel network (AP hydrogel). A second-
ary molecular network was then established with the addition of TA
molecules, which facilitated the formation of H-bonding between
oxygen-rich PEGDA backbones. Meanwhile, an ionic crosslinking
network was formed inside the hydrogel through the incorporation of
Fe3" ions, which could interact with both TA and Alg-NHS, leading to
the resulting APTF hydrogel patch, an “all-in-one” crosslinked network.

The molecular interactions inside the synthesized hydrogel,
comprised of multiple macromolecular moieties, are demonstrated in
Scheme 1b. Initially, PEGDA molecules formed hydrogen bonds with
multiple OH groups presented in TA (Schemelb-i). In a previous study,
although PEGDA/TA hydrogels were shown to provide improved
toughness and wet tissue adhesion in comparison to PEGDA hydrogels,
th reported ultimate strengths were below 80 kPa, and the materials
demonstrated limited tunability in mechanical properties [6]. Addi-
tionally, the PEGDA/TA hydrogels lacked multifunctionalities [6].
Metal-phenolic networks have recently attracted interest because of
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Scheme 1. (a) Schematically illustrated synthesis of APTF hydrogel based on Alg-NHS, PEGDA, and TA/Fe>". (b) Molecular interactions among the building blocks
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their desirable properties [67,68]. In particular, Fe>*-phenolic chelation
is of particular interest for its broad functionalities, including hemo-
static, antioxidant and photothermal properties [7,69,70]. Therefore, it
would be highly desirable to incorporate Fe>* into PEGDA/TA adhesive
hydrogels to further enhance their properties. However, the facile
mono-chelation between TA and Fe>* may interfere with the H-bond
interactions between PEGDA and TA, leading to a drop in mechanical
properties (Schemelb-ii). To eliminate this tradeoff, we incorporated
Alg-NHS, which competes with TA for Fe3' ions, in the hydrogel
network to increase the dynamic crosslinking densities via ionic cross-
linking with Fe>* ions, while also re-introducing the H-bond interactions
between TA and PEGDA. Furthermore, synergistic adhesion was ach-
ieved through utilizing both TA and NHS to form a wide range of both
covalent and noncovalent interactions with the tissues. By controlling

(b)

HN/_\N/

~

(@

Alg-NHS (1:4:20)
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the multi-mode molecular interactions, the crosslinking mechanisms in
the resulting APTF hydrogel network were modulated, leading to the
formation of an ultra-strengthened multi-component adhesive patch
(Schemelb-iii).

2.2. Synthesis and chemical characterizations of Alg-NHS, AP, and APTF
hydrogel

A schematic for the synthesis of NHS-modified Alg based on the EDC/
NHS coupling reaction is presented in Fig. 1a. The resulting Alg-NHS
was chemically characterized with proton nuclear magnetic resonance
(*H NMR), showing the presence of succinimide hydrogen peak at 2.8
ppm (Fig. 1b). To increase the NHS content in the Alg backbone, the Alg:
EDC:NHS ratio was varied from 1:1:1 to 1:2:10 to 1:4:20. An increase in

Fig. 1. Characterizations of synthesized Alg-NHS, AP
hydrogel, APTF hydrogel. (a) Schematic for Alg-NHS
synthesis. (b) H NMR and (c) FTIR spectra of Alg,
Alg conjugated with NHS under different reaction
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the degree of NHS conjugation in Alg-NHS was confirmed by the
enhanced NHS peak intensity in the 'H NMR spectrum of Alg-NHS
formed by using higher Alg:EDC:NHS ratio (Fig. 1b). Successful conju-
gation of NHS onto Alg was further analyzed with FTIR spectroscopy,
which showed characteristic NHS peaks at 1780 cm™* (carbonyl stretch
of NHS), 1704 cm™! ( carbonyl stretch of NHS), 1219 ecm™! (C-N-C
stretch of NHS) (Fig. 1c¢).

The viscosity of the Alg-NHS solution was measured and compared to
that of a native Alg solution, as shown in Fig. 1d, revealing a lower
viscosity for Alg-NHS. Since NHS groups are covalently attached to the
carboxyl groups of the Alg moieties which contain two hydrogen
bonding, they can restrict the electrostatic interactions of Alg by
reducing the negative charge of the carboxyl group. This replaces the
electrostatic interactions with dynamic and comparatively weaker
hydrogen bonding interactions, reflected in the lowered viscosity of Alg-
NHS (2%) compared with that of native Alg (2%) [71].

Both Alg-NHS and TA can interact with Fe** ions. To understand the
effect of Alg-NHS and TA in their cross-interactions with Fe>*, rheo-
logical studies were performed on Alg-NHS/Fe>* hydrogels and Alg-
NHS/TA/Fe>* hydrogels (ATF hydrogels), and the results were
compared with those of the Alg/Fe>* hydrogel (Fig. 1e). While native
Alg with bare COOH groups formed a stronger hydrogel with Fe>* ions,
the presence of NHS could tune the mechanical properties of the
resulting hydrogel by reducing the “egg-box” crosslinking density.
Meanwhile, when Fe®" was chelated with TA, it still interacted with Alg-
NHS to form a weak hydrogel. This was confirmed upon observing a
greater elastic modulus (G') than the viscous modulus (G"). However, the
G’ and G” were lower in the hydrogels containing TA as compared to
those without TA. Therefore, we hypothesized that both TA and Alg-
NHS may compete for interacting with Fe>*. Overall, by introducing
NHS and TA into the Alg/Fe>* network, the molecular interactions and

Bioactive Materials 29 (2023) 214-229

crosslinking densities across the APTF hydrogels were manipulated to
tune their mechanical properties.

As a key functional moiety for tuning tissue-material interfacial in-
teractions [1,72,73], NHS presence within the AP hydrogel was assessed
via FTIR measurements shown in Fig. 1f. Peaks at 1780 cm ™' and 1704
cm™! in the FTIR spectra of the AP hydrogel are related to the carbonyl
stretching of NHS. The peak at 1219 cm ™! corresponds to C-N—C stretch
of NHS. Formation of APTF hydrogel was also assessed with X-ray
photoelectron spectroscopy (XPS) studies, which confirmed the pres-
ence of N and Fe elements in the ATPF hydrogel (blue shaded areas in
Fig. 1g, which were absent in PEGDA hydrogel). The deconvoluted XPS
spectrum of the carbon region showed the presence of 0—C-O (~288.5
ev, from Alg-NHS), O—C-N (~287 ev, from Alg-NHS) and C-O (~286.5
ev, from PEGDA) in the hydrogel network. Meanwhile, the presence of
TA in the hydrogel was confirmed by pi-pi* interactions visible in the
region of 291.8 ev (Fig. 1h). Nitrogen XPS further demonstrated the
presence of NHS in both AP hydrogel and APTF hydrogel (Fig. S1).

2.3. Physical properties of APTF hydrogel

Since PEGDA forms the primary skeleton of the APTF hydrogel, it is
important to understand the interactions between TA and PEGDA along
with the role of Fe>* in controlling the crosslinking of the hydrogel.
Fig. 2a shows that the TA-crosslinked PEGDA hydrogel formed without
Fe3" underwent nonhomogeneous crosslinking, resulting in swelling in
some portions of the PEGDA/TA hydrogels. This could be due to the
diffusion-governed crosslinking, during which the surface of PEGDA had
a higher crosslinking density than the bulk interior portion, leading to
the formation of an inhomogeneous crosslinked network. Interestingly,
this effect was eliminated by adding Fe3", which may decrease the
crosslinking between TA and PEGDA as it underwent mono-chelation

Fig. 2. Physical characterizations of PEGDA,

PEGDA/TA, AP, PTF, Alg-NHS/PEGDA hydrogel
treated with TA (APT) and APTF hydrogel. (a)
Macroscopic images of PEGDA hydrogels crosslinked
with TA (40%), and TA/Fe>" with varied Fe*" con-
centrations (3%, 6%). (b) Releasing profile of TA
from PEGDA/TA or PTF hydrogels with varied Fe"
concentrations. (¢) UV-Vis of released TA from
PEGDA/TA or PTF hydrogels. (d) Representative SEM
images of the (i) PEGDA, (ii) AP, (iii) PEGDA/TA,
(iv) PTF and (v) APTF hydrogel. Scar bar = 10 pm.
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with TA. Indeed, as shown in Fig. S2, increasing the concentration of
Fe®! led to a decreased amount of TA crosslinked into the hydrogel
network due to the blocking of H-bonds between PEGDA and TA.
Hydrogels composed of PEGDA/TA/Fe®* are denoted as PTF hydrogels.
Meanwhile, physically encapsulating Alg-NHS in hydrogle network
inhibited nonhomogeneous crosslinking as Alg-NHS possessed fewer
interactions with TA as compared to PEGDA. TA mainly interacted with
PEGDA and had minimal interactions with Alg-NHS, which was
confirmed by increasing the Alg-NHS concentration in the AP hydrogel
(at a fixed total polymer concentration of 22%) leading to a decreased
amount of TA incorporated into the hydrogel during crosslinking
(Fig. S2). By interlocking the PEGDA polymer chains with Alg-NHS, a
more homogeneous crosslinking was achieved, as shown in Fig. S3.
Since TA was incorporated into the hydrogel through non-covalent
interactions, a release study of TA was performed over time. Although
numerous studies have focused on TA-crosslinked hydrogels, only few
studies reported the release kinetics of TA over time [6]. As the TA
leaching may be beneficial due to its antibacterial, antioxidant, and
anti-inflammatory effects [74,75], it has been used as a releasing agent
for accelerating wound healing. For example, Neethu et al. developed a
pH-sensitive hydrogel for sustained delivery of TA to promote wound
healing [76]. However, a localized high TA concentration (>3 mg/ml)
showed slight cytotoxic effects [77]. As a result, controlling the release
of TA is critical for successfully executing its function in a proper
manner. Fig. 2b—c and S4 demonstrate the release profiles of TA from the
engineered hydrogels, formed under different treatments (40% TA/0%,
3%, 6% Fe®"), over time. The decreased amount of TA leaching upon
Fe®*-assisted crosslinking was due to 1) less TA incorporation in the
hydrogel as a result of chelation between Fe> and TA which blocked the
H-bonding interactions between TA and PEGDA during crosslinking, and
2) the conversion of the mono-chelated TA/Fe>" within the hydrogel to
tris-chelated upon exposure to physiological pH. This pH-sensitive na-
ture of the chelation between TA and Fe>™ may serve to stabilize TA
within the hydrogel network [78]. Therefore, the release profile of the
proposed TA/Fe3" crosslinked hydrogel is highly desirable and
controllable. The morphologies of different hydrogel compositions were
characterized by scanning electron microscope (SEM). As shown in
Fig. 2d, the pure PEGDA hydrogel (Fig. 2d-i) had the largest pore size
compared with the other hydrogel compositions, presumably due to the
lower crosslinking density. Interestingly, when the PEGDA hydrogel was
interpenetrated with Alg-NHS, the morphology completely changed
(Fig. 2d-ii). The effect of Fe>* in contributing to homogenous cross-
linking was also manifested in the SEM images, as the PEGDA/TA
hydrogel (Fig. 2d-iii) demonstrated a larger pore size distribution
compared with that of the PTF hydrogel (Fig. 2d-iv). The final APTF
hydrogel demonstrated a more crosslinked structure with the highest
roughness and less pores when compared to other hydrogels (Fig. 2d-v).

2.4. Mechanical characterization of APTF hydrogels

Controlling intermolecular interactions and crosslinking density
within the hydrogel network is the key for tuning its mechanical prop-
erties. While TA has been shown to improve the mechanical strength of
hydrogels, controlling the mechanical properties of TA containing
hydrogels is limited when primarily relying upon H-bonding in-
teractions [6,79-83]. On the other hand, ion crosslinked Alg hydrogels
are known for their brittleness and weak mechanical properties (with a
Young’s modulus of 17 kPa and ultimate strain of 20%) [84], signifi-
cantly limiting their applications as bioadhesive due to their cohesive
failure during application. To address this limitation, Jeong-Yun et al.
prepared a Ca-alginate/polyacrylamide (PAAm) hybrid hydrogel,
through forming a ionically and covalently crosslinked network, with
significantly strengthened toughness as compared to their parents, the
alginate and polyacrylamide hydrogels [84]. Their work suggested that
the fracture energy of resulting hydrogels could be greatly increased by
combining weak and strong crosslinks. Here, we hypothesize that by
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incorporating Alg-NHS/Fe>" into the TA crosslinked PEGDA hydrogel,
the mechanical properties would significantly increase. The tunable
properties originate from the Fe>" which controls those two crosslinking
systems through different interaction mechanisms with Alg-NHS and
TA.

To optimize the APTF hydrogel, we explored the impact of applying
different treatment methods on the mechanical properties of the
resulting hydrogel. The results highlighted that it is essential to add TA
and Fe®* simultaneously to optimize the mechanical properties of the
APTF hydrogel (Fig. 3a—d). Treating the AP hydrogel with TA first led to
Alg-NHS leaching from the hydrogel network over time. This was
confirmed by precipitation of the Alg-NHS in the TA solution after
crosslinking using ethanol, whereas no Alg-NHS precipitated out after
co-treating with the TA/Fe>" solution (Fig. S5). The released Alg-NHS
precipitated out due to a lack of H-bond interactions between Alg-NHS
and TA, thereby reducing the crosslinking density between Alg-NHS
and Fe3" in the following step. On the other hand, treatment with
Fe3™ first resulted in a crosslinked Alg-NHS/Fe>* network within the AP
hydrogel network. This was confirmed by limited swelling of the AP
hydrogel when placed in Fe>* solution as compared to Dulbecco’s
phosphate-buffered saline (DPBS) after 24 h (Fig. S6). However, the
limited amount of Fe3* crosslinked with Alg-NHS in the first step would
be chelated by TA during the subsequent treatment. Considering the
much higher amount of TA compared to Alg-NHS, the crosslinking
density between Alg-NHS and Fe3* was lower during the second treat-
ment with TA, leading to weakened mechanical properties. This
decreased crosslinking density was confirmed by the darkening of the
TA solution after immersing the Alg-NHS/PEGDA/Fe3Jr (APF) hydrogel
into it, indicating chelation of TA and Fe*'overtime as the TA/Fe>*
solution is dark in color while the TA solution is orange and clear. As
such, we chose to use a TA/Fe>* co-treatment for the APTF hydrogel
synthesis, which resulted in the highest Young’s modulus, ultimate
strength, and toughness due to optimal crosslinking between Alg-NHS
and Fe®*'.

We characterized the tunability of the hydrogel’s mechanical prop-
erties, which was predominantly controlled by creation or alteration of
the molecular interactions and crosslinking nature across the network.
In our system, Alg-NHS interacts with Fe>* through ionic interactions
while Fe>* chelates with TA in a pH-sensitive manner. Fe>" forms bis-
chelation with TA when the pH is higher than 1.7 [85]. In this work,
the observed chelation was a mono-chelation as the pH of the 40% TA
solution was highly acidic (pH = 1.5). This was further confirmed by
ultraviolet-visible spectroscopy (UV-vis) which exhibited no charac-
teristic bis-chelation and tris-chelation peaks around 600 nm (Fig. S7)
[86]. Nanoparticle formation was not observed in the TA/Fe>* complex
as confirmed by transmission electron microscopy (TEM) and dynamic
light scattering (DLS) studies on the 40% TA/3% Fe3* solution. No
nanoparticles were detected based on TEM images (Fig. S8a). As
confirmed by the DLS results, the size distribution of 40% TA/3% Fe>*
solution showed no difference compared with that of Milli Q water,
confirming the absence of any nanoparticles (Fig. S8b). Additionally,
there was a strong H-bonding interaction between TA and PEGDA [6,
87]. To investigate the contribution of each polymer (Alg-NHS and
PEGDA) to the crosslinking, the total polymer concentration (22%
(w/v)) was kept constant, while the ratio of Alg-NHS: PEGDA within the
AP hydrogel was varied from 0:22, to 4:18, and 8:14, followed by
treatment with 40% TA containing either 0, 3 or 6% Fe>". The effect of
Fe3* concentration on the three AP hydrogel compositions with
different treatments was systematically examined.

As shown in Fig. 4a(i), increasing Fe3* concentration led to a
decrease in the Young’s modulus of the PEGDA hydrogel (0:22). This
was due to the decrease in H-bonding between PEGDA and TA, since the
chelation between TA and Fe>* proved to be the stronger interactions
compared with H-bonding [88]. This decrease in Young’s modulus was
not observed for Alg-NHS/PEGDA at 4:18 (%) due to the crosslinking
established between Alg-NHS and Fe>*. This trend was made even more
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Fig. 3. Effects of treatment methods on mechanical properties of APTF hydrogel. (a) Young’s modulus, (b) strain, (c) ultimate strength, and (d) toughness of APTF

hydrogels using different treatment methods for crosslinking.

prominent upon further increasing the proportion of Alg-NHS (8:14).
The same behavior was also observed for the ultimate strength and
with TA reduced the H-bonding interaction between TA and PEGDA,
thereby lowering the stiffness. On the other hand, the interaction be-
tween Fe3" and Alg-NHS could improve the mechanical properties of the
resulting hydrogels. Therefore, the positive effects of increasing the Fe>*
concentration were more obvious when the proportion of Alg-NHS was
also increased in parallel. After substituting PEGDA with Alg-NHS, the
primary covalent network density decreased, which explained why the
8:14 AP hydrogel with TA/Fe®" treatment demonstrated lower stiffness
when compared to the 0:22 PEGDA hydrogel with TA treatment.
Meanwhile, simultaneously increasing the Alg-NHS concentration and
decreasing PEGDA concentration led to enriched noncovalent in-
teractions, and an improvement in deformability with significantly
improved stretchability of up to 1000% (Fig. 4a(iv)).

To understand the net effect of Alg-NHS on the mechanical proper-
ties of the hydrogel, different concentrations of Alg-NHS were added to
the 22% PEGDA hydrogels which were further treated with 40% TA and
3% Fe>*. Improved mechanical properties (increased ultimate strength
and Young’s modulus without compromising stretchability) of the
hydrogels were observed with increasing Alg-NHS concentrations. This
confirmed the enhanced non-covalent molecular interactions in the
engineered hydrogel (Fig. 4b). The effect of PEGDA concentration on the
mechanical properties of the APTF hydrogel was evaluated at constant
TA (40%), Alg-NHS (8%), and Fe®* (3%) concentrations. Herein,
increased Young’s modulus and hydrogel strength were attributed to
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stronger covalent interactions at higher concentration of PEGDA which
could not reversibly break and heal. Therefore, due to the lack of
contribution from dynamic noncovalent interactions, the stretchability
of the hydrogel decreased dramatically as the PEDGA concentration was
increased (Fig. 4c). Moreover, increasing Alg-NHS concentrations could
increase the toughness of the hydrogels, which could not be achieved by
increasing PEGDA concentrations (Fig. 4d and S9). Overall, an optimal
combination of covalent and non-covalent molecular interactions inside
the crosslinked network of the hydrogel provided the optimal mechan-
ical properties.

After systematic characterization and optimization, the composition
of 22% PEGDA, 8% Alg-NHS, crosslinked with 40% TA and 3% Fe3*
possessed the best array of desirable and broadly applicable mechanical
properties for the APTF hydrogel. In this optimized hydrogel, the
Young’s modulus matched well with that of soft tissue (84 kPa) with a
strain of 924%, an ultimate strength of 951 kPa, and a toughness of
4697 kJ/m>, making this composition a suitable biomaterial for sealing
elastic tissue (Fig. 4e-g). A representative strain-stress curve of the
optimized APTF hydrogel is shown in Fig. 4e. High elasticity of APTF is
shown in Fig. 4f-g. We further confirmed that the APTF hydrogel’s
strong mechanical properties, including its superb elasticity, toughness,
and ultimate strength, could not be obtained in the case of a PEGDA/TA
hydrogel, despite incorporating an increased PEGDA concentration
(38% PEGDA crosslinked with 40% TA) (Fig. S10).

As a functional bioadhesive, it is imperative that the hydrogel
maintains its structural integrity throughout the duration of application
to the tissues. Most bioadhesive hydrogels lose their mechanical
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integrity over a short period under wet conditions due to their excessive
swelling [33-37], or degradation [31,32]. The mechanical stability of
the APTF hydrogel was assessed in DPBS at 37 °C over time (Fig. S11).
Although a drop was observed in the mechanical properties of the APTF
hydrogel after 96 h, it still exhibited characteristics superior to those of
the majority of freshly prepared TA-based bioadhesive hydrogels re-
ported thus far [6,79-83], featuring values of 31 kPa Young‘s modulus,
798% ultimate strain, 398 kPa ultimate strength, and 1409 kJ/m®
toughness.

2.5. Adhesive characterization of APTF hydrogel

The ability to achieve durable and rapid adhesion to the surface of
wet tissue is a key requirement for the design of bioadhesives. The
polyphenol-rich TA molecule is an excellent candidate for incorporation
into bioadhesives due to its ability to form various interactions (e.g.
chelation, H-bonding, hydrophobic interactions, Schiff base reaction,
Michael type addition) with the native tissues through its five-arm
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structure [31,78,80,81]. The presence of catechols/pyrogallols in TA,
the primary moieties in muscle foot proteins (mfps) of marine mussels to
provide wet adhesion underwater, attributes enhanced tissue adherence.
Initially, TA interacts with the tissue through H-bonding. Subsequently,
covalent interactions with the tissue (i.e., Michael addition, Schiff base
reactions) come into play after catechol moieties in TA undergoes
auto-oxidization overtime to form quinones [29,89,90]. These covalent
interactions provide durable adhesion of the material to the tissues
during their physiological function. An ideal adhesive biomaterial
should be functionalized with binding moieties that can spontaneously
form both covalent and noncovalent interactions with the tissue surfaces
while conforming to deformation. Adhesive moieties that have demon-
strated high reactivity and spontaneous covalent interactions with tissue
surfaces include aldehyde [91-94], N-hydroxysuccinimide (NHS) ester
[1,12,72,73], isocyanates [95,96], and aryl azides [97].

We demonstrated that the APTF hydrogel exhibited strong tissue
adhesion, in which NHS and TA jointly acted to form robust and instant
covalent and non-covalent bonds with the tissue surfaces (Fig. 5a). Many
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studies have shown compromised adhesion due to the pre-oxidation of
catechol or pyrogallol prior to application [98-101], as oxidation can
trigger the self-polymerization of TA by converting catechols and py-
rogallols to highly reactive quinones that can react with the molecule
itself rather than the tissue, thus losing the adhesive moieties [102].
Catechols start to get irreversibly oxidized, forming quinone structures
when the pH is higher than 5.5 with negligible adhesion at a pH of 7.5
[102]. Marine mussels themselves have adopted a smart strategy to
overcome the drop in their wet surface adhesion, caused by catechol
oxidation, by generating an isolated acidic environment secluded from
seawater and secreting the thiol-rich mfp-6 as a reducing agent
[103-107]. Our system was designed in a similar fashion, as the APTF
hydrogel was formed in an acidic pH environment that prevented the
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Fig. 5. Adhesion assessment of APTF
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catechol/pyrogallol from undergoing oxidation, thus preserving its
strong adhesiveness. American Society for Testing and Materials (ASTM)
standard lap shear test (ASTM F2255) was conducted on freshly cut
porcine skin tissue to quantify the adhesion efficacy of the engineered
APTF hydrogel patch. At a fixed total polymer concentration (22%) with
co-treatment of 40% TA and 3% Fe>", increasing Alg-NHS concentration
had no effect on the adhesive strength. This was due to lower TA
incorporation when less PEGDA was used (Fig. S12).

While previously reported PEGDA hydrogels showed no adherence
to tissue surfaces due to their nonadhesive nature toward cells and
proteins [108], treatment of PEGDA with TA enhanced the adhesive
strength of the PEGDA/TA hydrogel to 32.5 + 2.05 kPa. Herein, TA
molecules with multiple hydroxyl groups interact with the polar


astm:F2255

Y. Zheng et al.

functionalities of the tissue surface to facilitate adhesion. The contri-
bution of Alg-NHS to tissue adherence was demonstrated by comparing
PEGDA and AP hydrogels following TA treatment. The presence of
Alg-NHS increased the adhesion strength significantly from 32.5 + 2.05
kPa for the PEGDA/TA hydrogel to 52.24 + 3.86 kPa for the APT
hydrogel due to the introduction of NHS-mediated covalent and non-
covalent interactions (Fig. 5b). Meanwhile, the incorporation of Fe3*
into the AP hydrogel, which crosslinked the Alg-NHS moieties within the
hydrogel, further improved the adhesive strength to 77.28 kPa + 3.03
kPa by preventing the leaching of Alg-NHS from the hydrogel during
crosslinking. Fig. 5c represents the shear strength-displacement curves
related to the engineered hydrogels, reflecting the origin of adhesion
from TA and Alg-NHS. Additionally, we found that some NHS groups
could undergo acid-triggered ester hydrolysis during crosslinking,
which is a reversible [109] and temperature dependent reaction [110].
The hydrolysis of NHS in the TA solution was characterized by 'H NMR
(Fig. S13) which showed that part of the NHS ester was hydrolyzed
during the crosslinking step. This opens up possibilities for optimizing
the solvent and temperature during crosslinking in the future. Quick
adherence after 5 s of gentle pressing on different types of wet tissues (e.
g., liver, lung, stomach, heart, muscle, and others) was assessed with the
engineered APTF hydrogel and presented in Fig. 5d. One side of the
patch was adhered to a spatula, while the other side was adhered to the
wet tissue (Video S1). To evaluate the bonding effect of the APTF
hydrogel, we further characterized the adhesiveness of the APTF
hydrogel through a tensile pull-off test (ASTM F2258). As shown in
Fig. 5e, the APTF hydrogel exhibited an adhesive strength of 77.28 +
3.39 kPa based on the lap shear test and 102.8 + 3.39 kPa based on the
tensile pull-off test, which were significantly higher than that of com-
mercial glues including Coseal, DuraSeal, Histoacryl, BioGlue, and Tis-
seel (less than 40 kPa) [1]. Additionally, the adhesive strength of APTF
hydrogel was also higher than most of the recently developed bio-
adhesives [38,55,111,112]. The APTF bioadhesive also exhibited strong
adhesion to a wide range of wet tissue surfaces including stomach (13.72
+ 2.81 kPa), cornea (19.61 + 3.26 kPa), and conjunctiva (11.87 + 2.57
kPa) (Fig. 5f).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2023.06.007

Removal of patches from wounds is difficult due to the risk of sec-
ondary injury and bleeding [113]. Especially for infants and diabetic
patients with fragile and sensitive skin, extra-strong adhesion might
exacerbate pain and cause trauma and inflammation upon removal
[114]. In addition, on-demand detachment of bioadhesives is crucial for
repositioning misplaced bioadhesives or for retrieving implants [50].
Achieving tough adhesion and benign triggerable detachment remains a
challenge. For instance, many recently developed bioadhesives required
harsh triggering conditions which are incompatible for the adjacent
native tissues such as concentrated metallic ions, pH, UV irradiation, or
electrical stimulus to induce the detachment [115-118]. Recently, Jiang
et al. developed a gelatin-based bioadhesive that could be removed by
applying cold water. However, their hydrogel suffered from low adhe-
sive strength (less than 10 kPa) [62]. Since APTF hydrogel possesses
strong adhesive properties, therefore, endowing APTF hydrogel with a
chemically tunable debonding characteristic is imperative. Herein, the
debonding capability of the engineered APTF patch is demonstrated in
Fig. 5g and h which reveals facile patch removal upon the application of
deferoxamine mesylate (DFO) and urea solutions at different concen-
trations. As a strong medical Fe>* chelator, DFO is FDA approved and
widely used in clinical cases of acute iron intoxication [119]. It has been
shown that DFO readily interacted with Fe>" ions involved in the
crosslinking of hydrogels, leading to the resulting dissociation of the
hydrogel [7]. Therefore, DFO is expected to reduce the adhesion of the
hydrogel by decrosslinking and subsequently decomposing the hydrogel
network. Meanwhile, urea is a naturally occurring molecule, which is
produced during protein metabolism and present in large amounts in
human blood and urine [120,121]. Urea molecules have a superior
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tendency to form hydrogen bonds and can thus interact with interfacial
TA molecules to weaken the adhesion of the hydrogel patch to the tissue
surface [6]. Here, we showed that using a higher concentration of urea
significantly lowered the adhesion strength of the patch (Fig. 5h). The
on-demand detachment characteristics were also assessed using wet
tissues such as the cornea and conjunctiva. As is shown in Fig. 5i, the
application of 50 pL urea (0.1 M) could significantly reduce the adhesion
to the tissue substrates. As the required concentrations and amounts of
the urea and DFO for detachment were remarkably lower than their safe
dosage used in clinics [121-125], we do not expect to see any side effects
with using them.

To demonstrate handling and clinical application of the designed
material, tissue adhesion was tested in situ using a rabbit eye conjunctiva
and pig cornea. Cornea and conjunctiva were adopted to assess the wet
adhesion of the designed APTF hydrogel since these tissues are known
for their consistent secretion of tear fluid and mucin, which lubricate the
eye but limit surface adhesion [126]. To the best of our knowledge, there
is no ready-to-use bioadhesive patch developed for quick adherence to
the eye due to its slippery and extremely wet surface. To demonstrate the
potential in vivo wet adhesion of the APTF bioadhesive to the cornea and
conjunctiva, adhesion was assessed immediately after euthanizing the
rabbit and pig when the cornea and conjunctiva surfaces were fresh and
wet. We demonstrated that the APTF patch strongly adhered to the eye
conjunctiva upon gentle pressing for 1 min, and the wet adhesion was
immediately assessed by attempting to remove the patch with a tweezer
(Fig. 5j). Further, in addition to the demonstration of robust adhesion,
the painless on-demand detachment of the APTF hydrogel was also
shown by applying 2-3 drops of a 0.1 M urea solution to the adhesion
site in both animal models (Video S2 and S3).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2023.06.007

2.6. In vitro biocompatibility assay of APTF hydrogel

To evaluate the biocompatibility of the APTF hydrogel, 3T3 cells
were drop-seeded on top of the AP and APTF hydrogels, followed by
incubation for 7 days. NIH 3T3 fibroblasts were selected because it is one
of the most frequently used cell lines for studying biomaterial biocom-
patibility and cytotoxicity in accordance with the International Orga-
nization for Standardization (ISO) norm 10993-5 [127-130]. A
live/dead assay demonstrated excellent cellular viability (>90%) for
both AP and APTF hydrogels up to 7 days post-seeding (Fig. 6a-b, S14).
Fluorescent F-actin/cell nuclei staining was also performed to demon-
strate cell proliferation and spreading on hydrogels up to 7 days
post-seeding  (Fig. S15). However, due to the lack of
arginine-glycine-aspartic acid (RGD) moieties in the hydrogel, the cells
proliferated relatively slowly on both the AP and APTF hydrogels as
demonstrated by a PrestoBlue assay (Fig. 6¢). To further evaluate the
biocompatibility of the APTF hydrogel, we cultured NIH 3T3 cells in
Transwell® cell culture inserts and exposed them to APTF hydrogel. In
this experiment, NIH 3T3 cells were seeded at the bottom of a 24-wells
Transwell permeable (Costar®, 8 pm PET membrane) at a cell density of
2 x 10* cells/cm?. APTF hydrogels were placed into Transwell inserts,
and 1 mL of growth medium (Dulbecco’s Modified Eagle’s Medium) was
added to each well of the Transwell permeable supports. As shown in
Fig. S16, based on a live/dead assay, cells treated with APTF hydrogel
showed no difference compared with that of the control group, con-
firming the in vitro biocompatibility of the APTF hydrogel.

2.7. Antioxidant activities of APTF hydrogel

Free radicals generated at the wound site may cause oxidative stress
and cytotoxicity by damaging DNA and enzymes [131]. Antioxidant
bioadhesive patches can facilitate the wound healing process by scav-
enging excess reactive oxygen species (ROS). The antioxidant properties
of the APTF patches were determined by evaluating the scavenging
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Fig. 6. In vitro biocompatibility and antioxidant ac-
tivity of APTF hydrogel. In vitro cell studies: (a)

Representative live/dead stained images of 3T3 cells

on AP hydrogel and APTF hydrogel on day 1 and day
7. (b) Quantification of cellular viability for 3T3 cells
seeded on AP and APTF hydrogel over 7 days of
culture. (c¢) Cellular proliferation on AP hydrogel and
APTF hydrogel over time based on PrestoBlue assay.
In vitro antioxidant activity: (d) The color changes of
the three DPPHe solutions containing hydrogel-
lacking control, AP hydrogel, APTF hydrogel over
time. (e) Absorbance change of DPPHe before and
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ability of the hydrogels against the stable free radical colorimetric
probe, 1,1-diphenyl-2-picrylhydrazine (DPPHe), where the color change
can be quantified by UV-vis spectrophotometry [132]. TA is known to
have antimutagenic and antioxidant activities. The antioxidant activity
of TA is attributed to its capacity to form a complex with ferric ions,
interfering with the Fenton reaction [133]. Here, to evaluate the anti-
oxidant properties of the engineered hydrogels, the color changes of the
three DPPHe solutions exposed to the hydrogel-lacking control, the AP
hydrogel and the APTF hydrogel were monitored at different time
points. As shown in Fig. 6d, the color of the DPPHe solution exposed to
the APTF hydrogel changed from dark purple to light yellow within 10
min, which was not observed in DPPHe solutions exposed to either the
hydrogel-lacking control or the AP hydrogel. Typically, DPPH radicals
gave a strong absorption at 517 nm in the UV visible spectroscopy. After
being reduced, the strong peak at 517 nm disappeared only in the case of
the APTF hydrogel (Fig. 6e). We found that the APTF hydrogel possessed
strong antioxidant activities with 91% radical scavenging efficiency due
to the presence of TA/Fe>* complexes (Fig. 6f).

2.8. Photothermal properties and near-infrared (NIR)-assisted
antimicrobial activity of APTF hydrogel

Photothermal ablation, which utilizes photothermal agents under

AP hydrogel
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APTF hydrogel

NIR radiation (700 nm-1400 nm), has been applied to kill antibiotic-
resistant bacteria in the treatment of infections [134]. Consequently,
mild photothermal ablation has received significant attention as an
alternative treatment to conventional antibiotics due to its remote deep
tissue penetration to kill bacteria without damaging normal tissues. On
the other hand, compared to traditional photothermal agents such as Au
nanoparticles, the hydrogel compound consisting of catechol-Fe3* can
protect normal tissues from thermal damage while mitigating adverse
effects such as nanomaterial diffusion [68].

Therefore, we envision that the APTF hydrogel containing TA/Fe>*
can effectively absorb and convert NIR light to heat for antibacterial
applications. To test this, an 808 nm NIR laser was used to characterize
the photothermal properties of the APTF hydrogel under wet and dry
conditions. After irradiation for 4 min, the temperature increments of a
dry APTF hydrogel were 27.6 °C and 38.6 °C at 0.015 W/cm? and 0.016
W/cm?, respectively (Fig. 7a). For a wet APTF hydrogel, the temperature
dropped to 22.53 °C at 0.015 W/cm?, and 37.8 °C at 0.016 W/cm?>
(Fig. 7b). However, the pure AP hydrogel showed almost no temperature
increase at 0.016 W/cm? in either dry or wet conditions (~5 °C and
~0 °C), indicating a lack of photothermal effects. Meanwhile, pyrogal-
lol-Fe3* crosslinked APTF displayed a tunable photothermal capacity,
depending on the intensity of NIR light exposed to the hydrogel surface.
A cyclic photothermal heating test demonstrated that the APTF hydrogel
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Fig. 7. Photothermal and antibacterial properties of the APTF hydrogels. Temperature enhancement over time for the (a) dry APTF hydrogels and (b) wet APTF
hydrogels under irradiation with a NIR laser (808 nm) under different power densities. (¢) Photothermal stability of the engineered APTF hydrogel undergoing 10
consecutive heating cycles. (d) Infrared thermal images of the AP and APTF hydrogels under 808 nm irradiation for 6 min. (e) Quantitative antibacterial efficiency
against p. aeruginosa under different treatment conditions. (f) Quantitative antibacterial efficiency of APTF hydrogel against p. aeruginosa and MRSA under 808 nm
irradiation. (g) Representative images from the p. aeruginosa colonies on the agar plates after treatment with DPBS, DPBS + light, AP hydrogel + light, APTF
hydrogel, APTF hydrogel + light. Images were taken from a Zeiss Axio Observer Z1 inverted microscope. Scar bar = 500 pm. (h) Cell viability in the presence of APTF

hydrogel after 5 min irradiation.

could be heated to 50 °C in 2 min during irradiation. Upon removal of
irradiation, the APTF hydrogel could cool down to room temperature
within 2 min. The application of 10 consecutive heating cycles
demonstrated the photothermal stability of the APTF hydrogel, indi-
cating no long-term degradative photothermal effects (Fig. 7c). More-
over, the infrared images showed that the maximum photothermal
temperature of the APTF hydrogels was quickly reached in 1 min and
remained stable over 5 min, confirming the practical usability of the
hydrogel in both dry and wet conditions (Fig. 7d).

Our APTF hydrogel demonstrated NIR-assisted antibacterial func-
tionality because the hydrogel reached and exceeded a photothermal
temperature of 45 °C, beyond which the viability of some bacterial en-
zymes begins to rapidly decline due to denaturation, resulting in
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bacterial death [7,135]. The NIR-assisted antibacterial property of APTF
hydrogels was then assessed against Pseudomonas aeruginosa (P. aeru-
ginosa) and Methicillin-resistant staphylococcus aureus (MRSA). After
irradiation for 5 min, each survived bacteria sample was seeded with a 1
mL aliquot of DPBS solution. After an additional 5 min, bacteria samples
were spread onto agar plate, incubated overnight, and the colonies were
counted. Our results revealed nearly complete eradication of
P. aeruginosa when the NIR assisted APTF hydrogel was used with a log
reduction of 5.389. Meanwhile, NIR light alone provided no bactericidal
effects. Among the tested samples, only the combination of the APTF
hydrogel assisted with NIR light interacted synergistically to demon-
strate antimicrobial activity whereas the APTF hydrogel without NIR
light assistance showed no difference in bacterial viability compared to
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the control (Fig. 7e and g). In addition, the AP hydrogel with NIR light
also showed zero antibacterial activity. The strong antibacterial prop-
erties of APTF hydrogel were confirmed against both gram positive
bacteria (MRSA) with only 8.733 + 7.12% bacterial viability and gram
negative (P. aeruginosa) bacteria with complete eradication (Fig. 7f),
presumably because Staphylococcus aureus can tolerate higher tem-
peratures when compared with other bacteria [136]. Having potent ef-
fects for killing bacterial without causing cellular toxicity is important
for the safe usage of APTF bioadhesive for medical applications.
Compared with the control group (cells without any treatment), the
APTF hydrogel coupled with NIR had a mild cytotoxic effect on 3T3 cell
viability (Fig. 7h and S17). In general, sustained exposure to high tem-
peratures (above 50 °C) may cause irreversible damage to normal cells
and tissues [137,138], while heat-induced cell death (e.g., apoptosis) at
lower temperatures (42-47 °C) can be reversed with the help of heat
shock proteins [139,140]. The optimal temperature for enzymatic ac-
tivity in bacteria is between 30 and 40 °C and is strongly inhibited at
higher temperatures [7,141-143]. Therefore, careful control of irradi-
ation intensity and time is crucial to avoid the side effects of NIR laser on
normal cells and tissues while killing bacteria. In one study, Lee et al.
developed a hydrogel platform that was photopolymerized through NIR
light irradiation for cell delivery. After a 5 min incubation at 45 °C, 3T3
cell viability around 86% was observed, which was comparable to the
cells incubated at 37 °C [144]. In fact, many studies have shown that a
temperature of 40-50 °C can effectively kill bacteria without causing
any damage to the cells [143,145]. When the temperature was higher
than 50 °C, strong bacterial killing effects were observed (>90% killing
efficiency) with mild or partial cell damage, and these cells could rapidly
proliferate to a normal state [146-148]. In another study, Li et al.
developed a TA/Fe>-based hydrogel for NIR-assisted antibacterial
wound treatment. The hydrogel could reach a temperature of more than
60 °C that efficiently killed S. aureus and E. coli (>90% killing effi-
ciency). A certain extent of apoptosis of the fibroblasts was detected.
However, fibroblasts around the treated site could rapidly proliferate
and reach almost the same number as the control group after irradiation
[149].

In our study, we used a FLIR thermal camera to record the temper-
ature of both sides of the hydrogel during application. We found that
although the surface of the hydrogel (~1 mm thickness) facing the light
could reach a temperature of 60 °C after 5 min irradiation, the back side
of the hydrogel, interfacing directly with cells, could achieve slightly
above 40 °C, ensuring its safe usage (Fig. S18). In a recent work where
catechol-Fe>* was adopted for NIR-assisted antibacterial purposes, it
was reported that the wound site temperature of the hydrogel group
could increase to above 50 °C within 3 min in an in vivo infected skin
wound, while the tissue around the hydrogel just showed a slight tem-
perature increase to about 38 °C, and the temperature of other parts of
the mouse had no significant change [150]. Due to its minimal inter-
action with living tissue and ability to kill bacteria without causing
serious damage to cells, NIR light has been combined with various
biomaterials and used for different medical applications. This was
demonstrated in a variety of reported in vivo wound healing models,
where NIR-assisted therapy showed the best wound healing outcomes
with the least inflammation, best regenerative results, and no tissue
damage compared to other groups with no NIR treatment [7,143,145,
147-149,151-158]. Our results together suggest that APTF hydrogel can
provide antibacterial effects with no significant damage on cells.

3. Conclusion

We have demonstrated the development of a multifunctional bio-
adhesive with selectively tunable physical properties for the sealing and
treatment of injured tissues. The engineered bioadhesive hydrogel was
formed via a combination of Alg-NHS, PEGDA, TA and Fe>'. By fine-
tuning the covalent and noncovalent molecular interactions within the
hydrogel network, the resulting APTF hydrogel demonstrated excellent
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toughness, appropriate stiffness, and improved ultimate strength and
elasticity without any tradeoffs. Long-term mechanical integrity was
also well-preserved under wet conditions. In addition, robust and instant
adhesion was achieved through the synergistic effects of dual adhesive
moieties (NHS and TA) in the hydrogel, governing the tissue-material
interfacial interactions. We also demonstrated the on-demand removal
of the designed adhesive patch through the direct application of
nontoxic agents to the tissue-material interfaces. Meanwhile, the pres-
ence of TA/Fe>t imparted multiple functionalities to the hydrogel sys-
tem, including antibacterial and antioxidant properties suitable for
wound healing. Additionally, the hydrogel demonstrated excellent in
vitro biocompatibility. This work showcases the tunability of a single
hydrogel platform with unique physio-chemical -characteristics,
including superior mechanical, adhesive properties, along with multi-
functionalities (i.e., antioxidant and antibacterial effects), making it
suitable for the clinical treatment of wounds across diverse tissue types.
Furthermore, this biomaterial platform opens new avenues for the
design and molecular engineering of bioadhesive hydrogels for various
biomedical applications.. Our future work will focus on assessing the in
vivo biocompatibility and wound healing effects of the engineered APTF
hydrogel using different animal models to broaden its application as
bioadhesives for wound sealing and repair, hemostatic patches for
hemorrhage control as well as matrices for drug delivery.

4. Materials and methods

The detailed experimental methods can be found in the Supple-
mental Information file.
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