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Abstract
Highly Resilient Hydrogel Adhesives

Based on Dopamine-Modified Crosslinking Agents

Gi-Yeon Han
Program in Environmental Materials Science
Graduate School

Seoul National University

Every year, more than a million people in the world experience various wounds due
to traumatic incidents, surgical incisions, and diabetic ulcers. Traditionally, invasive
techniques such as sutures, staples, clips, and skin closure strips are the gold standard
for wound closure and restoring tissue structure and function. Among them, sutures
are preferred for deeper wounds due to their flexibility and ease of use, and they do
not require removal after the wound has healed. However, sutures have several
limitations, including the risk of infection, granuloma formation, the inherent length
of the suturing process, anesthesia requirements, and skilled by trained personnel
requirements. Therefore, the use of tissue adhesives has attracted the attention of
scientists and industries because of several advantages, such as blood leakage
prevention, less pain, less surgery time, infection mitigation, non-requirement for

removal procedures, and minimally invasive surgery.

Recently, hydrogel-based tissue adhesives have gained the attention of scientists
and industries as alternatives to sutures for sealing and closing wounds or incisions

because of their similarity to biological tissues, ease of use, and short application
i



time. Various functionalities of hydrogel adhesives, such as hemostasis, cell
adhesion, anti-microbial, and anti-inflammatory properties, make them promising
materials for applications in wound dressing and tissue engineering. However, poor
mechanical properties and weak adhesion limit the application of hydrogel adhesives.
Poor interface adhesion between a hydrogel and wound increases the risk of
infections and delays tissue regeneration, and the low mechanical resilience of
hydrogels limits wound dressing in movable parts where a large range of motion

occurs.

In this study, the dopamine-modified oligomers were designed and applied as
crosslinking agents to fabricate hydrogel adhesives. To manufacture a hydrogel with
high mechanical resilience, robust tissue adhesion, and biocompatibility, dopamine-
modified crosslinking agents were designed to have the following structural
characteristics: 1) The end group of oligomers was functionalized with acrylate, 2)
incorporating multiple dopamine molecules with short intervals, 3) hydrolyzable
ester bonds. Both ends of the oligomer were functionalized with acrylate, which acts
as a crosslinking agent. The short intervals between dopamine molecules enable
crosslinking agents to be associated in the hydrogel network through reversible
physical interactions of dopamine, such as hydrogen bonds and hydrophobic
interactions. Therefore, this structure enables hydrogel to dissipate energy and
exhibits mechanical resilience. The high dopamine content due to the crosslinking
agent enables hydrogel to form robust tissue adhesion through physical and chemical
intermolecular interactions, such as hydrogel bonds, Schiff-base reaction, and the
Michael addition reaction of dopamine. Finally, the ester bond in a dopamine-
modified crosslinking agent makes fabricated hydrogel using a dopamine-modified

crosslinking agent hydrolyzable under physiological conditions.

ii



Moreover, after optimizing the hydrogel system using a dopamine-modified
crosslinking agent, the toughness of hydrogel was enhanced through the
modification of the structures of the dopamine-modified crosslinking agent and
hydrogel network. By modifying the backbone of the dopamine-modified
crosslinking agent to a bulkier backbone, the stretchability of the hydrogel adhesive
was dramatically enhanced. By modifying the network structure of hydrogel from a
single network to a double network, the toughness of the hydrogel adhesive was

enhanced.

In this study, we successfully developed a stretchable and highly resilient hydrogel
adhesive with robust adhesion. By introducing a dopamine-modified crosslinking
agent and a double network structure, a hydrogel adhesive with a well-balanced
combination of tissue adhesion, toughness, and mechanical resilience, which are
typically negatively correlated, was fabricated. Furthermore, hydrolyzable ester
bonds in the crosslinking agent enable the hydrogel adhesive to degrade under
physiological conditions. Through these characteristics, the resultant hydrogel
adhesives exhibit the potential to be used as wound-sealing patches in movable parts.
This study provides a straightforward method to develop functional hydrogels using
only a crosslinking agent, which can be potentially applied to electronic skins,

sensors, and tissue scaffolds beyond the wound dressing materials.

Keywords: Hydrogel Adhesives, Crosslinking Agents, Dopamine, Mechanical

Resilience, Wound Sealing Patches

Student Number: 2019-24629
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Introduction




1. Research Background

1.1. Hydrogels

1.1.1. Characteristics of Hydrogels

Hydrogel is a three—dimensional crosslinked hydrophilic polymeric network
infiltrated with a large amount of water (50~90%). The crosslinked network structure
of hydrogels results in a transformable and interconnected network structure with
various mechanical properties and length scales from nano - to macroscopic
dimensions (Zhao, ef al., 2021). These characteristics of the hydrogels allow them
to be applied in various fields, such as agriculture and food chemistry, environmental
engineering, medicine, and tissue engineering (Dai, ef al., 2015, Liu, et al., 2020,
Wang, et al., 2022, Yahia, 2015). In particular, in biomedical fields, hydrogels have
received significant attention due to their high similarity to biological tissue;
therefore, hydrogels are used as biomaterials, such as contact lenses, drug delivery
carriers, and wound dressing materials (Cheng, et al., 2022, Ma, et al., 2014,

Pinnaratip, et al., 2019).

The hydrogel can be divided into three generations based on a historical
classification (Cascone, et al., 2020, El-Sherbiny, et al., 2018). First-generation
hydrogel is covalently crosslinked hydrogel with high water content. The first—
generation hydrogels were simply made by free radical polymerization of vinyl or
acrylate monomers [such as poly(ethylene glycol), poly(hydroxyethyl methacrylate),
and poly(vinyl alcohol)] (Figure 1a). The second—generation hydrogel is an energy

2



transfer hydrogel that can change chemical energy into mechanical work. These
stimuli-responsive hydrogels respond to pH, temperature, light, and magnetic fields,
and by these external stimuli, the hydrogel can trigger specific events such as gel
formation, drug release, and polymer erosion (Ahmed, 2015). Representatives
include, temperature-responsive poly(N—isopropyl acrylamide), poly(N-—2—
hydroxypropyl acrylamide) hydrogels, pH-sensitive poly(acrylic acid) and
poly(acryl amide) hydrogels. Furthermore, glucose—sensitive biomolecules and
protein hydrogels have been used as drug delivery carriers (Figure 1b). Third—
generation hydrogels are stereo—complex hydrogels that include complex formation,
metal-ligand coordination, and peptide interactions. The physical properties of the
hydrogels are modified through stereoselective interactions between polymers and
reactive functional moieties. Representative examples include thermo—responsive
Poloxamer [poly(ethylene glycol)— poly(propylene glycol)— poly(ethylene glycol)
block copolymer], catechol, which can undergo complex formation with metal, and
cyclodextrins, which contain a hydrophobic cavity that can host diverse molecules

(Figure 1c¢).



a) First-generation Hydrogels

/!/\H/ o

Poly(hydroxy y ylate) Poly(vinyl alchol) Poly{ethylene glycol)

b) Second-generation Hydrogels

kio /kio
HN HN HO Le] HzN 0

Poly(N-isopropyl acrylamide) Poly(N-2-hydroxypropyl acrylamide) Poly(acrylic acid) Poly(acryl amide)

c) Third-generation Hydrogels

O, (o}
CHs \\ //
N
IM\
/{/\/0 %\/O\]\ N
D
HO O H o o
Poloxamer {(PEG-PPG-PEG block polymer) Catechol — metal coordination

g Baliete

Cyclodextrin - azobenzene complex formation

Figure 1. Classification of polymers and reactive moieties used for hydrogels in

the a) first, b) second, and c) third generations.



Recently, by introducing diverse synthetic techniques and reactive functional
groups in hydrogels, the mechanical properties and functionalities of the hydrogel
have been dramatically enhanced. Examples include the following: 1) highly
stretchable, tough hydrogels using multiple network structures (Figure 2a) (Chen,
et al., 2021). 2) Self-healable hydrogels using reversible bonds and intermolecular
interactions (Figure 2b) (Ren, er al, 2019). 3) Conductive hydrogels using
conductive nanofibrils (Figure 2c¢) (Han, er al., 2018). 4) Crack propagation
resistance tough hydrogels using microspheres (Figure 2d) (Li, ef al., 2022).



a) b)

Moist environment Dynamic environment
\t‘ﬂk ’g,/_q \/ /("})fi( (\ 41’ Schiff base
Multiple adhesi . J —
ultiple adhesion * L
i s Cmnam T
\ @ s o
% >

S y 7 "-;_.-‘ - /{,::%}m{o /i}° T axmmxm
/ ST N

Tissue

h “' . .
in S ba i in hydrogel *, v m

cl d)
& rosreynes in situ forming . 2 ;= g
Ao mixing nanofibrils hs s L e d T ~m@ |
APS & i i T e Sk
AP: polymerizing 3 days of aging e = % @
opaque pregel transparent hydrogel * LS
/
light light
g R B oo
i
= I\ i [. Semi-nara
Elastic modulus of microspheres
light absorbed l L

S R ]

visible light pass through :
e YOI

Figure 2. Reported multifunctional hydrogels with high mechanical properties. a)

Highly stretchable adhesive, b) self-healable, c) conductive, and d) tough
hydrogels.

(Adapted from Chen, et al., 2021, Ren, et al., 2019, Han, et al., 2018, Li, et al., 2018,

with permission from John Wiley and Sons, Royal Society of Chemistry, American
Chemical Society)



1.1.2. Network Structure of Hydrogels

Hydrogels are covalently or physically crosslinked soft materials. By controlling
the crosslinking density of the hydrogel, the mechanical properties of the hydrogel
can be controlled. However, conventional hydrogels, composed of a single network
structure, have limitations in control of mechanical properties. Usually, the single
network structure hydrogels fail less than 100% elongation and sub—MPa (Gong,
2010). Single network hydrogels exhibit low mechanical properties compared to
load—bearing soft tissues such as cartilage and muscle, which exhibit flexibility, high

toughness, and low sliding friction despite comprising 30~80% water.

Multiple—network/crosslinked/architecture hydrogels are developed to overcome
these limitations inspired by the load—bearing soft tissues. These hydrogels contain
a combination of 1) covalent, non—covalent, and reversible dynamic bonds, 2)
crystalline and amorphous network structures, and 3) natural and synthetic polymer
networks. The multiple-network/crosslinked/architecture hydrogels comprise a
structure maintaining rigid/hard moieties and energy dissipating flexible/soft
moieties. When the mechanical load is applied to the materials, flexible soft moieties
dissipate energy by being destroyed first, and the rigid/hard moieties impart the
elasticity of hydrogel (Sun, et al., 2013). Then, when a higher load is applied to the
extent that the rigid/hard moieties are destroyed, these destroyed moieties can act as
a crosslinking point of the flexible/soft moieties (Figure 3a) (Gong, 2010).
Therefore, complex structure hydrogels exhibit dramatically increased tensile
strength, toughness (over 1,000% strain and several MPa), and other mechanical

properties such as crack propagation resistance (Figure 3b) (Chen, et al., 2015).
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polymeric materials.
(Adapted from J. P. Gong, 2010, with permission from Royal Society of Chemistry)

Sun et al. reported a physically crosslinked hydrogel composed of polyampholytes.
They designed a hydrogel with weak and strong ionic bondable moieties in the
polymer. These ionic combinations make hydrogel exhibit high toughness with
elasticity (Sun, et al., 2013). Fang et al. reported that the hydrophobic domain
contained hydrogel. They fabricated a hydrogel using 4—carboxybenzaldehyde,
which can form reversible bonds through hydrogen bonds and hydrophobic
interaction. Through this moiety, the resultant hydrogel exhibits high elasticity and
self—healability (Liu, et al., 2022). Liu et al. reported a topoarchitectured polymer
network. They embedded hard blocks in the soft matrix by sequential polymerization
and photolithography (Fang, et al., 2020). Chen et al. reported a poly(ethylene
glycol)-based double network hydrogel. They added a diffusive long linear
poly(ethylene glycol) chain. These long chains were entangled in a hydrogel network
and could diffuse in the substrate. Therefore, the resultant hydrogel exhibits high
stretchability and adhesion properties (Chen, et al., 2019).



1.1.3. Hydrogel Adhesives for Biomedical Applications

The use of hydrogel adhesives (or tissue adhesives) as a replacement for sutures
and staples to close and seal incisions or wounds has received significant attention.
Compared to traditional suturing and stapling, hydrogel wound dressing requires less
surgery time and prevents secondary tissue damage (Bertsch, et al., 2022, Freedman,
et al., 2021). Moreover, hydrogel adhesives should meet the following properties to
serve as a substitute for sutures and staples (Nam, ef al., 2021, Scognamiglio, et al.,

2016, Yilmaz, ef al., 2011).

1) Biocompatibility with non—local irritation, anti—inflammatory activity,
non—toxicity, and non—antigenicity

2) Straightforward applicability on the target tissue surface

3) Biodegradability after exerting their functions

4) Occurrence of the reticulation process in the presence of body fluids in a short
timespan, based on the operation requirements

5) Flexibility similar to the target tissue to follow expansion/contraction based on
the physiological conditions of the target tissue

6) A strong binding efficacy to ensure adequate mechanical properties

7) Maintenance of bonding in a wet physiological environment.



Diverse synthetic and natural polymer—based hydrogel adhesives have been
reported, but each adhesive has pros and cons. Synthetic adhesives such as
poly(cyanoacrylate), polyurethane, and poly(ethylene glycol) exhibit strong
mechanical and adhesion strength but exhibit low biocompatibility (Figure 4a). In
the case of natural polymer—based adhesives such as fibrin and albumin exhibit high
biocompatibility, but exhibit low mechanical and adhesion strength (Figure 4b).
Recently, synthetic/natural polymer complex network structures and reactive
functional groups have been introduced to the hydrogels to fabricate hydrogel

adhesives with high mechanical strength and biocompatibility.

{L)L/w]/ /i%l Ho—s:_oirs:._o%s_m

Polyurethane Poly(cyanoacrylate) Poly(silicon)

‘ NH

Albumin Fibrin

Figure 4. Classification of hydrogel adhesives. a) Synthetic polymer— and b)

natural polymer—based hydrogel adhesives.
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1.2. Underwater Adhesion

1.2.1. Underwater Adhesion Strategies

Adhesion occurs through interactions between adhesives and the adherend. Various
chemical and physical interactions such as Van der Waals interaction, hydrogen
bonding, mechanical interlocking, and chain entanglement (Figure Sa) affect
adhesion. For robust adhesion, adhesives are wetted well on the adherend and then
interact with it enough. However, when water exists at the surface of the adhesive or
adherend (underwater conditions), the water layer is formed at the interface. The
water layer at the interface interferes with the wetting of the adhesive and the direct
contact between the adhesive and the adherend. Moreover, there is a risk that water

molecules penetrate the adhesive material and cause swelling or decomposition.

Several strategies have been introduced to remove water on the surface for
favorable underwater adhesion. Hydrophobic moieties or polyampholytes are
introduced into the polymer to repel water. A filler is added to absorb water at the
interface. A water drainage channel is fabricated at the surface of the adhesive
(Figure Sb) (Fan, et al., 2021). Recently, the dry state of hydrophilic polymeric film
has been applied to absorb water and adhere simultaneously (Yuk, et al., 2019).
Water—repellent silicon oil and functional groups that induce reactions through water

on the surface have also been introduced (Singh, et al., 2024, Yuk, et al., 2021).
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1.2.2. Surface Energy of Hydrogel Adhesives

The hydrogel adhesives intake a lot of water. Therefore, a hydrogel adhesive
exhibits a different adhesion mechanism compared to a dry adhesive (Zhang, ef al.,
2020). From the point of view of surface energy, the work of adhesion (®) of dry

adhesive can be expressed under equation (1).

= Yadhesive T Y substrate — Yinterface (1)

Where vy represents the surface energy.

The surface energy of adhesives is different due to their intake of water. The work

of adhesion of the hydrogel adhesive can be expressed under equations (2) and (3).

® = Yhydrogel + 7Y substrate — Y interface (2)
Y hydrogel = D, Y network — (1 - (Ds) Y water (3)

Where @, represents the polymer content of the gel.

As shown in equation (3), the water content of hydrogel is affected significantly.
When a significant amount of water (®s = 0) is present in the hydrogel matrix, the
surface energy of hydrogel is similar to the surface energy of water (i.e., Yhydrogel =
Ywater). Therefore, when designing hydrogel adhesives, the type of monomer and
filler, the structure of the polymer matrix, and molecular interactions between water,
the matrix, and the substrate have to be considered.

13



1.2.3. Physical Adhesion Mechanisms

Physical intermolecular interactions are essential for initial adhesion. Hydrogen
bonding, van der Waals forces, and electrostatic interactions are the fundamental
interactions that affect adhesion. These interactions can simply be induced by
introducing polar functional groups. Moreover, adhesion can occur in direct

interactions such as mechanical interlocking and chain entanglement.

1) Hydrogen bonding and electrostatic interactions

The hydrogen bond is an interaction that occurs between a proton donor and a
proton acceptor species. In the hydrogels, acrylic acid, acrylamide, and vinyl alcohol
are commonly used due to their polar functional groups (carboxylic acid, amide, and
hydroxyl groups, respectively), which can form hydrogen bonds with water (i.e.,
hydrophilic). Moreover, these polar monomers can form hydrogen bonds with
substrates and exhibit highly adhesive properties. In the hydrogel adhesives, catechol
and gallol groups, which have two and three hydroxyl groups at the benzene ring,
respectively, are widely used as a functional group for underwater adhesion. The
catechol and gallol groups containing hydrogel adhesives exhibit high adhesiveness
through their multiple hydroxyl groups. Electrostatic interactions occur between
oppositely charged molecules. Electrostatic interactions are most easily observed
among polar molecules containing carboxylic acid and amine groups. Moreover, the
polyampholyte (contains anion and cation moieties in the polymer) and zwitterionic
(contains anion and cation moieties in one molecule) moieties are introduced in
hydrogels for multi—functionality such as anti—cell adhesion, conductive, and shape—

memory properties (Sun, et al., 2013, Zhang, et al., 2021). Zhao et al. fabricated
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biocomponent adhesives based on lysine—rich recombinant proteins. They fabricated
a lysine-rich engineered protein (LEP) adhesive through crosslinking between
lysine-rich protein, glutaraldehyde, and oxidized hyaluronic acid. LEP exhibited
high tissue adhesion due to the hydrogen and electrostatic bonds between amine
groups in lysine and the tissue surface, and carboxylic acid groups in the oxidized
hyaluronic acid (Figure 6a) (Zhao, et al., 2023). Choi et al. constructed a densely
assembled network hydrogel using green tea extracts such as epigallocatechin gallate
and catechin. Through the dynamic and reversible hydrogen bonding, the hydrogel
exhibited high tissue adhesion with strain tolerance (Choi, et al., 2022). Wang et al.
reported a tough hydrogel adhesive based on hydrogen bonding and electrostatic
interactions. Carboxylic acid and imidazole groups can interact with each other and
the tissue surface, thereby exhibiting excellent toughness and adhesiveness (Figure

6b) (Wang, et al., 2022).

2) Mechanical Interlocking and Chain Entanglement

Mechanical interlocking is a method for increasing adhesion strength by expanding
the adhesion surface area. This method can be achieved by wetting the adhesive into
the irregularities of a rough r patterned surface. Yang et al. introduced a biphasic
microneedle with a non—swellable core and swellable tip at the adhesive surface for
mechanical interlocking. By introducing this needle, the adhesive could penetrate
the soft tissue surface, and this caused a swellable tip interlocking with the dermis
(Yang, et al., 2013). The diffusion of polymer chains can lead to chain entanglement
between dissimilar materials. The diffusion of the chain occurs through capillary
action and electrostatic interactions. Chain diffusion is affected by molecular weight,
chain length, and chain concentrations (Figure 6c¢) (Mansuri, ef al., 2016). The most

widely used diffusive polymer in the biomedical field is chitosan. Ying et al. used
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chitosan as a bridging polymer. Chitosan can be absorbed by the target surface
through electrostatic interactions and then form physical entanglements. Through
these bridging polymers, their hydrogels exhibit high adhesion energy at various
tissue and polymeric surfaces (Ying, et al., 2021).
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1.2.4. Chemical Adhesion Mechanisms

Chemical crosslinking is stronger than physical interactions and can form robust
adhesion between the adhesive and the substrate. Chemical crosslinking reactions
are of many types. Among them, amide—based crosslinking reactions are used for
tissue adhesives because biological tissue contains a large amount of amide groups.
Moreover, various interactions between biomolecules during the metabolic process
of organisms are possible mechanisms for tissue adhesion (Shokrani, et al., 2022).
Tissue adhesion can occur under mild conditions without any specific pH and

temperature.

1) Carbodiimide Coupling and Imine Reactions

A carbodiimide coupling reaction occurs between carboxyl and amine groups
(Figure 7a), and an imine coupling reaction occurs between an aldehyde or ketone
and an amine (Figure 7b). The imine coupling reaction is also called the Schiff base
reaction. Both types of coupling reactions have been widely used. Cintron—Cruz et
al. achieved additional tissue adhesion strength through carbodiimide coupling
reactions of chitosan. They performed the robust adhesion through a carbodiimide
reaction between topologically entangled chitosan and an alginate adherend
(Cintron-Cruz, et al., 2022). Wu et al. incorporated N-hydroxysuccinimide (NHS)
ester groups in the adhesive, and the NHS ester group formed covalent bonds through
a carbodiimide reaction. Therefore, the NHS ester group containing adhesives
exhibited robust and long—term stable tissue adhesiveness (Wu, ef al., 2021). Ma et
al. introduced O-nitrobenzene in chitosan to fabricate photo-responsive hydrogel

adhesives. Under UV irradiation, O-nitrobenzene was converted into O-
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nitrobenzylaldehyde, and the aldehyde group formed crosslinks with the amine

groups of chitosan and the tissue surface through an imine reaction (Ma, et al., 2020).

2) Michael Addition Reaction

The Michael addition reaction occurs between a Michael donor (amine or thiol
group) and a Michael acceptor (vinyl or acrylate group) (Figure 7c). This reaction
is commonly observed in catechol chemistry. When a dopamine molecule is oxidized
to the quinone form, an amine or a thiol can form a covalent bond through the
Michael coupling reaction (Salazar, et al., 2016). Moreover, this reaction is used to
crosslink bioadhesives. Shin et al. grafted dopamine on chitosan for use as the sealing
and hemostatic agent. The grafted dopamine molecules form crosslinks with the
amine groups of chitosan and the tissue. They suggested that the dopamine—grafted

film exhibited a self—sealing property (Shin, ef al., 2017).

3) Biological Interactions

The interactions that occur in living organisms can act as adhesion mechanisms.
Representatively, the disulfide bond, thrombin—fibrinogen, and avidin—biotin
interactions exist. 1) The disulfide bonds are frequently observed in protein
interactions. The formation of disulfide bonds during protein—protein interactions is
critical in the initial folding, refolding, regulation of biological function, and
stabilization of proteins (Adams, 2023). 2) The thrombin—fibrinogen interactions are
observed during the blood coagulation stage. Thrombin induces the conversion of

fibrinogen to fibrin, which forms a firm clot in the presence of the coagulation factor
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FXIII (Wang, et al., 2022). Therefore, the thrombin—fibrinogen interaction has been
used as the main interaction of the hemostasis agent. 3) The avidin—botin interaction
is strong and specific. Therefore, the avidin—biotin interaction has been applied in
immunoassays, diagnostics, chromatography, drug delivery, cell culture, and tissue

engineering (Tsai, et al., 2005).
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1.3. Catechol Chemistry

1.3.1. Catechol Chemistry

Inspired by marine organisms such as mytilus mussels, barnacles, and sandcastle
worms, which can adhere to submerged substrates under harsh and wet conditions,
researchers are looking into underwater adhesion chemistry. These marine
organisms secrete several types of proteins to glue on calcareous—base rigid
substrates. Researchers have observed that a catecholic amino acid (hydroxylated
tyrosine), known as 3,4—dihydroxy—L—phenylalanine (L-DOPA, dopamine), can
activate adhesion (Hofman, ef al., 2018). Dopamine is a catechol amine with a
hydrophilic di-hydroxyl group and a hydrophobic benzene ring. The unique
chemical structure of dopamine can participate in various interactions, including
physical interactions such as hydrophobic interaction, n— = stacking, m—cation
interaction, metal coordination, and hydrogen bonding (Figure 8a). Moreover, when
dopamine is exposed to base conditions (pH > 7), it changes to a quinone form
(Figure 8b). Quinone has a much lower surface affinity and hydrogen bond
capability to form covalent bonds such as through Michael addition, Schiff base
reaction, and dopa—quinone coupling (Figure 8¢) (Zhang, et al., 2020). In particular,
the hydrophobic benzene ring can balance hydrophobic—hydrophilic balances,(Liu,
et al., 2022) stabilizing hydrogen bonds(Tamai, et al., 1996) and repelling water at
the surface of the substrate. Due to their rich and versatile chemistry, researchers
have explored applying synthetic dopamine as an underwater adhesive. When
dopamine molecules are introduced into the polymer, these various dopamine

interactions can enable surface adhesion and enhance the cohesion of polymers.
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1.3.2. Coacervation

Catechol in the mussel—foot protein is the main functional moiety affecting
underwater adhesion (Figure 9a) (Wei, ef al., 2014). The adhesion process through
catechol chemistry involves three synergistic processes; 1) surface spreading/drying,
2) coacervation, and 3) phase inversion (Yang, et al., 2014). First, the water is spread
on the surface by coacervation. Coacervation is liquid-liquid phase separation
caused by the association (intermolecular interactions) of different molecules upon
aqueous mixing. When a catechol-containing protein is submerged in water,
hydrophobic, n— 7 stacking, m—cation interactions, and hydrogen bonding occur and
promote coacervation (Figure 9b). Second, catechol groups react with the target
surface through intermolecular interactions such as hydrogen bonding, metal
coordination, n— 7 stacking, and oxidation. The catechol group can instantly adhere
to the target surface through these interactions. Finally, oxidation (i.e., dopamine—
quinone coupling) and Michael addition reactions occur due to external stimuli such
as pH change or the addition of a metal. These intermolecular interactions can

solidify the catechol—containing materials, thereby leading to stronger adhesion.
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1.3.3. Catechol-Inspired Hydrogel Adhesives

Mussel—inspired hydrogel adhesives have drawn considerable attention as
biological adhesives. These hydrogel adhesives can adhere to various surfaces in a
moist environment and have favorable cell affinity. In recent years, dopamine—based
stretchable and self-healable hydrogel adhesives have been reported using reversible
intermolecular interactions of dopamine (Liu, et al., 2022, Patil, et al., 2015, Ryu, et
al., 2011, Xie, et al., 2020). The dopamine network forms a physically crosslinked
network, and this network dissipates and redistributes energy effectively when the

strain is applied.

Dopamine is generally introduced into the polymer network in the form of
polydopamine. Han et al. reported stretchable hydrogel adhesives by introducing
polydopamine networks. They fabricate polydopamine networks by dopamine
oxidation via O, (Han, et al., 2017) (Figure 10a). Yang et al. reported highly
stretchable hydrogel adhesives using bacterial cellulose and polydopamine. They
fabricated polydopamine networks through dopamine oxidation via ammonium
persulfate (Yang, et al., 2021) (Figure 10b). Xue et al. introduced polydopamine
networks by electrical oxidization. By using electrical oxidization methods,
dopamine was oxidized without toxic oxidizing agents and the reaction was

controlled (Xue, et al., 2021) (Figure 10c).

24



a)

Step 1 Step 2
O OM
NH, alkali +0, K\Q ‘/ preclude PDA
DA polymerization /“Qm further oxidation
—_—— —_—
4@'2 OH AM polymerization
HO’
v on L e
dopamine (DA) PDA chain B

acrylamide monomer (AM)

o
m:ﬁ_ﬂ_m,

b)
yd Step 2 Step 3
& DA polymerization AM polymerization
BC-g-pDADMAC (BCD) - »
H
/+K NH; m,],,LTu_ C. JNHZ
i O | &
(T S / Acrylamide (AM)
Ho” . AJJ‘ ot /
o AL AR
Dopamine (DA) ks Y BCDIPDA composite TNPAM  BcDIPDAIPAM hydrogel
<)
[ f)w 25 ) [ i R Fa )
e =SSN TCw S S g oT| B
2O (987 o ) 1O, )
L e - —
Hydrogel &
network
~
El!wvgﬂd'w
i Sgete-dpe
-

Figure 10. Hydrogel adhesives with polydopamine network. The polydopamine
network is formed using a) alkali and O, b) ammonium persulfate, and c) electro

oxidization.

(Adapted from Han, et al., 2017, Yang, et al., 2021, and Xue, et al., 2021, with

permission from Springer Nature and John Wiley and Sons)

25



By adding nano clay or iron ions, dopamine networks can be fabricated without
oxidizing agents. Liu et al. mixed Laponite with dopamine-grafted poly(ethylene
glycol). The dopamine molecule forms a hydrogen bond and undergoes a dispersion
interaction with the silica oxide of nanosilicate, resulting in the crosslinked networks
(Liu, et al., 2017) (Figure 11a). Han et al. introduce polydopamine-intercalated clay
nanosheets. Through the addition of clay nanosheets, dopamine was intercalated into
clay nanosheets and limitedly oxidized between the layers (Han, et al., 2017) (Figure
11b). Hou et al. introduced ferric ions and dopamine. Dopamine forms a metal
complex with ferric ions, and this complex is reversible according to pH (Holten-
Andersen, et al., 2011). Therefore, resultant hydrogel adhesives demonstrate re-
formability and self-healability (Hou, et al., 2015) (Figure 11c¢). Another method to
fabricate a dopamine network is grafting on the polymer backbone. Xie et al. grafted
dopamine on carboxymethyl cellulose and the resultant hydrogel demonstrated high
wet tissue adhesion (Xie, et al., 2024) (Figure 12a).Wang et al. reported self—
healable hydrogel adhesives using dopamine—grafted dextran and poly(L—glutamic
acid) (Wang, et al., 2021) (Figure 12b).
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2. Objective

Recently, an attempt to replace suturing and stapling with hydrogel adhesives
received significant attention due to their efficiency in the surgical process.
Compared to conventional surgical methods, implanting hydrogel adhesives can
save time and prevent secondary tissue damage. However, hydrogel adhesives have
several limitations when applied to dynamic movable parts of the human body. Poor
interface adhesion to the target substrate needs additional adhesive for fixation. A
lack of flexibility cannot withstand dynamic movement and the large range of motion

of a human body.

To overcome these issues, researchers use dopamine as a tissue adhesion functional
group. Dopamine is one of the most promising materials that can interact with
diverse functional groups and has favorable cell affinity. Recently, stretchable and
self-healable hydrogel adhesives have been reported through the reversible
intermolecular interactions of dopamine, such as hydrophobic interactions (n— ©
stacking), m—cation interactions, and hydrogen bonding. These previously reported
dopamine-based hydrogel adhesives use oxidized dopamine or a dopamine—grafted
polymer (Deng, et al., 2021, Han, et al., 2017). However, these hydrogel adhesives
exhibit relatively low tissue adhesion and mechanical resilience due to

uncontrollable reactions and relatively low dopamine content.

This study aimed to fabricate highly resilient hydrogel adhesives in a facile method.
Inspired by the coacervation phenomenon of mussel—foot proteins (Cui, et al., 2019,
Wei, et al., 2014), we designed a dopamine-modified oligomer and applied it as a

crosslinking agent. By introducing dopamine molecules in crosslinking agents, a
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high content of dopamine molecules can easily incorporated into the hydrogel. The
resultant hydrogel adhesives will exhibit two major performances: 1) mechanical
resilience and 2) robust tissue adhesion in a wet environment (Figure 13). The
fabricated hydrogel, using a dopamine-modified cross-linking agent, forms a densely
associated network structure through the intermolecular interaction (hydrogen bonds,
hydrophobic associations, m—m interactions) of the dopamine molecules. This
associated network structure enables the hydrogel to exhibit high mechanical
resilience. Moreover, the hydrophilic hydroxyl group of dopamine forms physical
and chemical interactions (hydrogen bonds, hydrophobic interaction, and Schiff base
reaction) with substrates. These interactions between dopamine and substrates

enable the hydrogels to form robust tissue adhesion in wet environments.

Development of highly resilient hydrogel adhesives

*ﬁ.—.@

1. Mechanical resilience =g <

n,\fWW‘

O

j _ \ L
/4

Y

a{‘?‘

# 2. Robust adhesion

*Q,[E(\

Dopamine-modified crosslinking agent

Figure 13. Schematic of dopamine-modified crosslinking agent and the

synthesized hydrogel adhesive using it.
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2.1. Design of Dopamine—Modified Crosslinking Agent for Hydrogel
Adhesives

Crosslinking is essential for fabricating hydrogels and is formed through chemical
and physical interactions. The mechanical properties of hydrogel are easily modified
through the control of the crosslinking of hydrogel, such as crosslinking density and
the length or volume of the crosslinking agent. Moreover, diverse functional
hydrogels, such as those that are stretchable, self—healable, and biodegradable, can

be fabricated by introducing functional groups or bonds in the crosslinking agent.

In this part, the linear acrylate functionalized and dopamine—modified crosslinking
agent was designed to synthesize the highly resilient hydrogel adhesives. The
dopamine—modified crosslinking agent was synthesized through the aza—Michael
reaction between the amine group of dopamine and the acrylate group of a diacrylate
monomer. The resultant dopamine-modified crosslinking agents exhibit the
following three characteristics: 1) the end group of the crosslinking agent is
functionalized with acrylate, 2) multiple dopamine molecules are incorporated with
a short interval in the crosslinking agent, and 3) hydrolyzable ester bonds are
incorporated into the crosslinking agent (Figure 14a). First, the terminal acrylate
group of the crosslinking agent can react with other acrylate monomers through free
radical polymerization. As the linearly synthesized crosslinking agent has two
acrylate groups, it can form a gel by crosslinking. Second, the short intervals between
dopamine molecules enable crosslinking agents to be associated in the hydrogel
network through the physical interactions of dopamine, such as hydrogen bonds and
hydrophobic interactions. The associated structure formed by these physical
interactions gives the hydrogel mechanical resilience. At the same time, the
hydrophilic hydroxyl groups of dopamine are exposed to the surface of hydrogel and
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form robust adhesion between substrates (Figure 14b). Finally, hydrolyzable ester
bonds in the dopamine—modified crosslinking agent enable hydrogel made using the
dopamine—modified crosslinking agent to be degraded under physiological

conditions (Figure 14a).

Using acrylic acid, which can form additional intermolecular interactions, as the
polymer base monomer, the dopamine—modified crosslinking agent was densely
associated within the hydrogel matrix. Through these design strategies of the
hydrogel matrix, the hydrogel adhesives synthesized using a dopamine—modified

crosslinking agent exhibit robust tissue adhesion with high mechanical resilience.
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Figure 14. a) Chemical synthesis process of acrylate functionalized and
dopamine—-modified linear crosslinking agent. b) The associated structure of
dopamine—-modified crosslinking agent formed through physical interactions and

its reversibility.
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2.2. Modification of Hydrogel Network Structure for Enhancing

Toughness

The mechanical properties of the hydrogel are greatly influenced by its network
structure, which is determined by the type of polymer backbone and crosslinking
agent. Traditionally, hydrogels have a single—network structure, and the composition
and structure of the polymer backbone and crosslinking agent have controlled the
mechanical properties of hydrogels. However, these kinds of single-network
hydrogels had limitations in improving their mechanical properties. Therefore,
multiple networks and functional polymeric materials, which have diverse physical
and chemical interactable moieties, have been introduced to improve the mechanical

properties of hydrogels.

In this part, the double network hydrogel adhesive using a dopamine—modified
crosslinking agent was designed to enhance the toughness of hydrogel adhesives.
The double network hydrogel adhesives were designed by following two strategies:
1) introducing a bulkier dopamine—modified crosslinking agent (Figure 15a), and 2)
a linear polymer (Figure 15b). The backbone structure of the dopamine—modified
crosslinking agent was modified to be bulkier to improve the stretchability of the
hydrogel adhesive. A bulkier crosslinking agent forms a free volume in the hydrogel
network. However, this free volume can decrease the modulus of hydrogel and
weaken the associated structure of the dopamine-modified crosslinking agent.
Therefore, these problems can be overcome by forming a double network structure
by introducing a physically interactable linear cationic polymer. By introducing
poly(vinyl imidazole), a second network was formed through additional
intermolecular interactions such as chain entanglement, hydrogen bonds, cation-n
interactions, hydrophobic interactions, and ionic interactions. The toughness of the
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hydrogel is improved by forming a double network due to the addition of poly(1-

vinyl imidazole).
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Figure 15. a) Change of chemical structure of the dopamine—modified

crosslinking agent and b) network structure of hydrogel adhesive.
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Chapter 1

Highly Resilient Hydrogel Adhesives

35



1. Introduction

Hydrogels are three—dimensional hydrophilic polymer networks infiltrated with
water (Zhao, et al., 2021). Owing to their easily controllable network structure and
high water content, hydrogels are used as a functional material in various fields
(Griffin, et al., 2021, Han, et al., 2020, Mo, et al., 2021, Ye, et al., 2022, Zhang, et
al., 2019). In particular, in biomedical fields, the high similarity to biological tissues
of hydrogels makes them biocompatible materials used as drug delivery carriers, cell
culture media, hemostatic agents, and wound dressing materials (Lee, et al., 2001).
Moreover, hydrogel exhibits various functionalities, such as hemostasis (Bu, ef al.,
2019), cell adhesion (Vahedi, et al., 2018), anti-microbial (GhavamiNejad, et al.,
2016), and anti—inflammatory (Mao, et al., 2019) properties by introducing
functional monomers or additives. Among them, hydrogel adhesives have received
considerable attention due to their easy applicability and efficiency. Compared to
traditional suturing and stapling, hydrogels prevent secondary tissue damage and do
not need to be removed after use (Han, et al., 2017). However, the low mechanical
resilience of hydrogels limits wound dressing in movable parts, such as the knee,

wrist, and ankle, where frequent and a large range of motion occur.

To overcome these issues, a dual—crosslinked network structure was proposed for
the hydrogel system. Dual—crosslinked networks comprise a strong crosslink that
maintains the hydrogel structure and a weak crosslink that dissipates energy (Chu,
et al., 2021). By introducing weak reversible sacrificial bonds in addition to strong
bonds, the hydrogel can accommodate mechanical loading and prevent crack
development (Ducrot, et al., 2014). The weak reversible bonds are commonly
composed of host—guest interactions (Wang, et al., 2018), hydrophobic associations
(Fang, et al., 2020, Liu, et al., 2020), polyampholytes (Huang, et al., 2021, Sun, et
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al., 2013), metal-ligand coordinations (Lin, et al., 2015, Liu, et al., 2022), and
hydrogen bonding (Y, et al., 2020).

Dopamine, 3,4—dihydroxyphenylalanine, has a benzene ring with two hydroxyl side
groups. The structural characteristic of dopamine enables diverse intermolecular
interactions (such as hydrogen bonds, hydrophobic association, cation—7 interaction,
Michael addition reaction, and Schiff base reaction). Dopamine—based hydrogels can
adhere to various surfaces in a moist environment (Xie, et al., 2020, Ye, et al., 2011),
and exhibit stretchability (Montazerian, et al., 2021, Yang, et al., 2021) and self—
healablility (Deng, et al., 2021, Wang, et al., 2021). Therefore, dopamine—based
hydrogels have drawn considerable attention as biological adhesives (Pinnaratip, et
al., 2019, Suneetha, et al., 2021, Zhou, et al., 2020). However, the previously
reported dopamine—based hydrogel requires a metal ion or an oxidizating agent that
exhibits biotoxicity and weaker tissue adhesion than commercially available fibrin
glue (~20 kPa) and cyanoacrylate glue (~60 kPa) (Bu, ef al., 2019, Chen, et al., 2021,
Wu, et al, 2021, Zhou, et al, 2021). Considering the moist physiological
environment, ensuring high wet tissue adhesion of hydrogel is critical (Chen, ef al.,
2021). Poor interface adhesion between a hydrogel and a wound increases the risk

of infections and delays tissue regeneration (Hasani-Sadrabadi, et al., 2020).

In this part, to fabricate a highly resilient hydrogel adhesive that can withstand a
dynamic environment and accelerate wound healing, a dual crosslinkable dopamine—
modified crosslinking agent was synthesized and applied to the hydrogel. The
acrylate terminated and dopamine—modified crosslinking agent, tri (ethylene glycol)
diacrylate—dopamine crosslinking agent (TDC), was synthesized through the aza—
Michael reaction between the amine group of dopamine and the acrylate group of

the tri(ethylene glycol) diacrylate monomer. Then, the hydrogel hydrogel was
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synthesized via photopolymerization between acrylic acid (AA) and TDC. The
covalent crosslink is formed through the photopolymerization of acrylates, and the
non—covalent crosslinks are formed via intermolecular dopamine—dopamine and
dopamine—poly(AA) interactions (hydrogen bonding, m— = stacking, and
hydrophobic interaction). Moreover, the dopamine molecules in the acrylic acid—tri
(ethylene glycol) diacrylate—dopamine (ATE) hydrogel can adhere strongly to
tissues through hydrogen bonds, oxidation, and the Schiff-base reaction of dopamine
(Xue, et al., 2021, Yj, et al., 2021). The ATE hydrogel accelerates wound healing by
protecting wound sites and maintains a moist environment through robust tissue
adhesion and absorbing excess exudates through pH-—sensitive AA. This study
provides an straightforward method to develop functional hydrogels using only a
crosslinking agent, which is expected to potentially be applied to electronic skins,

sensors, and tissue scaffolds beyond the wound dressing materials.
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2. Experimental

2.1. Materials

Tri (ethylene glycol) diacrylate (TEGDA, average Mn 250) and 2—hydroxy—4'—(2—
hydroxyethoxy)—2—methylpropiophenone (Irgacure 2959, 98%) were purchased
from Sigma—Aldrich. Dopamine hydrochloride (99%) was purchased from Alfa
Aesar. Acrylic acid (AA, 99.5%), 2,2'-azobisisobutyronitrile (AIBN, 98%),
triethylamine (TEA, 99.0%), dimethyl sulfoxide (DMSO, 99.8%), tert—butyl methyl
ether (MTBE, 98.5%), and sodium azide (99.0%) were purchased from Samchun
Chemicals Co., Ltd. 10x phosphate—buffered saline (PBS) solution was purchased
from Tech & Innovation. Dulbecco’s modified Eagle’s medium (DMEM,
#SH3243.01) was purchased from Hyclone Laboratories, Inc.

2.2. Synthesis of Crosslinking Agent

Tri (ethylene glycol) diacrylate—dopamine crosslinking agent (TDC), was
synthesized via an aza—Michael addition reaction (Figure 16) between diacrylate
and dopamine hydrochloride. The molar ratio of the carbon double bond of diacrylate
and the amine of dopamine hydrochloride was set as 1.1: 0.5 to make an acrylate—
terminated crosslinking agent. Dopamine hydrochloride (1.84 g, 10 mmol) and
TEGDA (2.25 g, 11 mmol) were added to DMSO (10.70 g) under N, purging and
stirred at 25 °C for 20 min until the solution became clear. TEA (0.98 g, 10 mmol)
was added to adjust the pH to 8, and the mixture was stirred at 80 °C for 5 h in the

dark. After the reaction, the mixture was suction—filtered to remove TEA salt. The
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filtered solution was washed with MTBE three times to remove DMSO and the
unreacted monomer. Finally, the residual solvent was removed using a rotary
evaporator at 60 °C for 6 h. The yellow—transparent liquid was then obtained and

stored at —20 °C.
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Figure 16. Reaction mechanism of Aza—Michael reaction.
2.3. Synthesis of Hydrogel

The acrylic acid-tri (ethylene glycol) diacrylate—dopamine (ATE) gels were
synthesized in DMSO, due to the compatibility problem of dopamine—crosslinking
agents. Then the hydrogel was obtained through solvent exchange by immersing the
pre—gel in deionized water (Figure 17). The ATE pre—gel was synthesized in DMSO
through free radical photopolymerization. AA (2.0 g), TDC (0.75 g, 0.8 mole % of
AA), and Irgacure 2959 (0.02 g, 1 wt. % of AA) were dissolved in DMSO (5.2 g,
35% solid content). The mixture was poured into a Teflon mold sized 12 x 75 x 0.5
mm?® (W x L x T). The mixtures were covered with a silicon—coated PET film and
subjected to UV irradiation for 5 min using a UV light—emitting diode lamp (365 nm,
intensity = 17 mW/cm?). After polymerization, the yellow—transparent pre—gel was
obtained. The resulting ATE pre—gel was washed with DMSO and then immersed in
cold DIW for 12 h, changing to fresh DIW every 2 h. After the solvent exchange,
white—transparent ATE hydrogel was obtained and stored at —20 °C. The ATE
hydrogels with different crosslinking agent contents (0.6, 0.7, 0.9, and 1.0 mol% of
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TDC) were prepared following the same procedure. The hydrogel with 0.x mol% of
TDC was denoted as the ATEx hydrogel. For samples without special mention, the
ATES hydrogel was used.

UV LED
(365 nim)

Pre-gel Hydrogel

Poured mixture into Telflon mold Covered with PET & curing Solvent exchange & obtain hydrogel

Figure 17. Schematic of the hydrogel preparation process.

2.4. Characterization of Crosslinking agent

The Aza—Michael reaction was monitored through Fourier transform infrared (FT—
IR) spectroscopy. The IR spectra were recorded using an FT-IR spectrometer
(Nicolet iS20, Thermo Fisher Scientific). All FT-IR samples were measured at 25 °C
through the attenuated total reflection (ATR) mode. The obtained curves were

normalized using the carbonyl ester bond band (1,720 cm™).

The molecular structure of synthesized crosslinking agents, linear polymers, and
the released solvent was verified through a proton and carbon nuclear magnetic
resonance (‘H and *C NMR) spectrometer (400-MHz, INM-ECX400, JEOL). All
NMR samples were measured at 25 °C, and tetramethylsilane (0.03% in DMSO-d6

and D20) was used as an internal standard (6 = 0 ppm).
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2.5. Solvent Exchange

The pre—gel was immersed in DIW to remove the DMSO in the pre—gel. To monitor
the extracted solvent over time, 100 mg of pre—gel was immersed in 2 mL of D,O
for 12 h (fresh D, O every 2 h). The extracted DMSO was confirmed through the 'H
NMR spectra, and the solvent-exchange ratio was calculated using the "H NMR
spectra as well. (D20, = 4.8 ppm peak integral at n h, DMSO, = 2.5 ppm peak
integral at n h)

DMSO,
Solvent extraction (E,) =
DZ On
En
Extraction ratio (%) = x 100
LE,

2.6. Swelling Ratio and Water Contents

The swelling ratio was measured using the pre—gel after immersion in DMSO and
DIW at 25 °C for 24 h. A 12 x 12 (W x L) pre—gel sample was used, and the swelling
ratio was calculated based on its weight and volume change. The weight and volume
of the gel after being immersed in the solvent for n h were denoted weight, and

volume,, respectively.

swelli o (%) = weight, volume , % 100
welling ratio (%) = weight, volume of pre — gel
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The water content of the hydrogel was calculated based on the mass loss after

lyophilization.

wt.of hydrogel — wt.of lyophilized hydrogel % 100

Water Content (%) = WE.of hydrogel

2.7. Small-Angle X-ray Scattering (SAXS)

The SAXS 1D profiles were obtained using an X-ray scattering spectrometer
(Xeuss 2.0, Xenocs) using Cu Ka radiation (1= 1.54056 A). The sample—to—detector
distance was 2500 mm, and the irradiation time was set at 1800 s. The region 0.008

<Q<0.014 A™! was used to determine the slope.

2.8. Tensile Test

The tensile test was conducted using a 30 mm length hydrogel. 10 mm of both ends
of the hydrogel were covered with a corona—treated PET film to be used as a grip.
The tensile test was conducted at a rate of 100 mm/min at 25 °C and 50 £ 10% RH
using a Texture Analyzer (TA.XT plus, Stable Micro Systems).
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2.9. Lap Shear Test

The tissue adhesion of hydrogel was measured through a lap shear test, and the wet
porcine skin was used as a substrate due to its high similarity to human tissues
(Figure 18). The lap shear tests were conducted at a rate of S0mm/min at 25 °C and
50+ 10% RH using a Texture Analyzer (TA.XT plus, Stable Micro Systems). Before
attaching the hydrogel, the porcine skins were immersed in sodium azide solution
(0.01 w/v% in DIW and 1x PBS solution) for hydration and to prevent degradation.
Then, DIW/PBS solutions were sprayed to make a thoroughly wetted porcine skin
surface. The hydrogel was attached through a pressure of 1 kPa for 10 s. The sample
was stored in a covered stainless tray, and DIW/PBS solutions were sprayed to
maintain a moist environment. Unless otherwise specified, the tests were conducted

3 h after adhesion.

Spraying DIW/PBS

y Press 1 kPa
solution

w o IR S

hydrogel

Porcine skin Wet poreine skin

Figure 18 Schematic of lap shear test using wet porcine skin (Han, ef al., 2024).
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2.10. Cyclic Tensile Test

Cyclic tensile tests were conducted using a Texture Analyzer (TA.XT plus, Stable
Micro Systems) at 25 °C and 50 = 10% RH. The tensile tests were conducted at a
rate of 100 mm/min and repeated without rest. The residual strain, hysteresis energy
loss (AU), and resilience values were calculated using the initial loading—unloading

curve (Figure 19).

E unloading

E loading

Residual
strain

Tensile Stress

Tensile Strain

Figure 19. Schematic of tensile hysteresis curve (Han, ef al., 2024).

AU = f ode — J- ode
loading unloading

funloading ode

x 100
ode

Resilience (%) = T
loading
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2.11. Biodegradability Test

The lyophilized hydrogel (50 mg) was immersed in 1 x PBS solution (5 mL, pH
7.4) at 36 °C. After a specific time, the degraded hydrogel was washed with DIW
and lyophilization. The degradation rate of the hydrogel was calculated using the

mass loss of the gel.

2.12. Cell culture and In vitro Biocompatibility Tests

Cell Culture: To prepare hydrogel—treated DMEM media, the lyophilized hydrogel
was immersed in DMEM at 37 ° C until hydrogel was degraded entirely (0.5 mg/ 1
mL) (Figure 20). STO cells were cultured in DMEM (10% FBS, 1% antibiotics) at
37 °C with 5 % CO,. When the STO cells reached 80% confluence, the medium was
replaced with hydrogel-treated DMEM and incubated. Pristine DMEM was used as

the control.

hydrogel STO cell

DMEM Hydrogel-treated DMEM
(containing hydrogel degradation products)

Figure 20. Schematic of in vitro biocompatibility process (Han, et al., 2024).
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Cell Viability: STO cells, with a seeding density of 1 x 10° cells, were seeded into
96—well cell culture plates and cultured for 72 h. STO cells were rinsed with PBS
and incubated in 100 pL of 10% of the EZ-Cytox (DoGenBio) medium at 37 °C for
30 min. The cell viability was analyzed using a microplate spectrophotometer

(Epoch 2, BioTek), and the absorbance at 450 nm was measured.

Cell Cytotoxicity: Cell cytotoxicity was evaluated by measuring the enzymatic
activity of lactate dehydrogenase (LDH). The LDH release was evaluated using the
EZ-LDH kit following the manufacturer’s instruction. The supernatant was used to
measure the released LDH. Cell cytotoxicity was analyzed using a microplate
spectrophotometer (Epoch 2™, BioTek), and the absorbance at 450 nm was

measured.

Cell Apoptosis: STO cells, with a seeding density of 1 x 10° cells were seeded in
to 6—well cell culture plates and cultured for 48 h. The cultured STO cells were
detached from the plates. After suspending the STO cells in a binding buffer,
Annexin V-FITC/PI (BD Bioscience, #556547) was added and incubated for 15 min
at 25 °C. Apoptotic cells were analyzed through cytometry (CytoFlex, Beckman
Coulter).

Cell Live/Dead: The viability of STO cells was assessed using a Live/Dead™ Cell
Imaging Kit (Thermo Fisher Scientific, #R37601) following the manufacturer’s
instruction. STO cells were seeded in p-slide Chemotaxis 3D (IBIDI, Martinsried,
Germany) and cultured for 72 h. Then, the Live Green and Dead Red reagents were

added to the medium and incubated for 15 min at 25 °C. The live and dead cells were
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analyzed using a confocal microscope system (LSM 710, Carl Zeiss, Oberkochen,

Germany).

2.13. In vivo Biocompatibility Tests

Wound Healing Test: Six—week—old male Sprague Dawley rats were used for in
vivo biocompatibility tests. The rats were anesthetized with a mixture of Alfaxan (80
mg/ kg) and xylazine HCI (10 mg/ kg). A 6 mm diameter circular wound was created
on the rats’ backs using a biopsy punch and wound sites were immobilized by
suturing with a silicon wound splint. In the hydrogel—treated group, the hydrogel was
implanted and dressed with a Tegaderm film. In the control group, only the
Tegaderm film was implanted. Tissue regeneration and vasculogenesis were
observed at different time points (0, 4, 8, and 11 d after implantation). The wounded
skin was harvested 11 d after implantation for the histological analysis. All animal
experiments were approved by the Institutional Animal Care and Use Committee of

Seoul National University (SNU-210616—1-2).

Immunohistochemistry: The skin slides were fixed in 80% acetone solution for
20 min. The slides were rinsed with PBS and incubated in 5% normal goat serum for
30 min. The samples were incubated with the vascular endothelial growth factor
(VEGF) antibody (sc—7269, Santa Cruz, 1:100 dilution) containing PBST (PBS with
0.1% Triton—X) medium for 2 h, followed by incubation in a VEGF antibody (1:100
dilution) containing the PBST medium for 1h. Images were acquired using a

confocal microscope (LSM 710, Carl Zeiss, Oberkochen, Germany).
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Hematoxylin and Eosin (H&E) Staining: The skin samples were fixed in 4%
paraformaldehyde (PFA) for 2 h and dehydrated in 30% sucrose for 24 h. The tissues
with a 20 pm thick longitudinal section were obtained and fixed with 4% PFA for 5
min. The fixed samples were stained with H&E for 5 min. The stained samples were
washed with ethanol three times and incubated in xylene for 5 min. All images were

acquired using the SlideViewer software (3DHISTECH, Budapest, Hungary).

Masson’s Trichrome Staining: Masson’s trichrome staining was performed using
VitroView™ Masson’s Trichrome Stain Kit (Rockville, USA) following the
manufacturer’s instruction. All images were acquired using the Eclipse Ts2™
fluorescence microscope (Nikon, Tokyo, Japan). Red represented keratin, muscle
fibers, and the cytoplasm; blue represented collagen; and black represented the cell

nuclei.
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3. Results and Discussion

3.1. Preparation of Crosslinking Agent

The linear dopamine-modified crosslinking agent was synthesized using tri

(ethylene glycol) diacrylate and dopamine hydrochloride via the aza—Michael

reaction (Figure 21a). The molar ratio of the C=C of acrylate to NH, of dopamine

was set as 1.1: 0.5 to make the acrylate—terminated crosslinking agent. This

crosslinking agent, the tri (ethylene glycol) diacrylate — dopamine crosslinking agent,

was denoted as TDC. A reduction in the 810 cm™ band (acrylate C=C bond) in the

FT-IR spectra showed that the amine group dopamine fully reacted after 5 h (Figure

21b).
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Figure 21. a) Chemical synthesis process of TDC. b) FT-IR spectra of TDC at
different time points during the reaction (Han, ef al., 2022).

The end—group fidelity of the TDC was confirmed by the acrylate C=C bond proton
peaks (5.9-6.4 ppm) in the '"H NMR spectrum (Figure 22). The molecular weight of
TDC was calculated using the proton peak integral values between 5.9-6.0 ppm
(acrylate C=C) and 6.55-6.75 ppm (benzene CH, adjacent to OH). The peak integral
ratio of the 5.9—6.0 ppm peaks to 6.55-6.75 ppm peaks is 1 : 8.5, indicating the
incorporation of approximately 8.5 dopamine molecules in each TDC. Hence, the

average molecular weight of TDC was estimated to be 3,700.
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Figure 22. The '"H NMR spectrum of TDC (Han, ef al., 2022).
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3.2. Preparation of Hydrogels

The ATE hydrogel was prepared following two steps: 1) radical polymerization
between the acrylate monomer AA and the crosslinking agent TDC, and 2) solvent
exchange. First, the synthesized TDC was copolymerized with AA using DMSO as
a solvent (Figure 23). Next, the prepared organogel was immersed in cold DIW for
12 h to remove any unreacted monomers and DMSO. The unreacted monomers and
DMSO were fully extracted after 3 h (Figure 24). The ATE hydrogel was obtained
after immersing the pre—gel in DIW for 12 h. The hydrogel with 0.x mol% of TDC
was denoted as the ATEx hydrogel.
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Figure 23. Chemical synthesis process of ATE gel. b) Schematic of the dual-
crosslinked structure of ATE gel (Han, et al., 2022).
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DMSO was used as a solvent for ATE gel synthesis. By using DMSO as a solvent,
the radical scavenging effect caused by dopamine was reduced and the gel was
successfully polymerized without protecting the hydroxyl group of dopamine. Polar
aprotic solvents such as DMSO or DMF can form a hydrogen bond with the hydroxyl
group of dopamine, thereby reducing the interaction between the propagating radical
and the dopamine molecule during polymerization. Meanwhile, when a polar protic
solvent such as methanol is used, hydrogen bonds are formed between the solvents,
so the scavenging effect of dopamine cannot be reduced (Yang, et al., 2015). The
model test verified that using DMSO in our system successfully polymerized, i.e.,
gelation, was successful through free radical reaction without protecting the
hydroxyl group of dopamine. In the model test, a linear polymer was synthesized
through a precursor containing the same dopamine content as the ATES gel, and
polymerization was confirmed through 'H NMR measurement. As a result of the
model test, the conversion of the precursor was approximately 98% (Table 1 and
Figure 25). Moreover, there was no acrylic acid release during the solvent exchange
process (Figure 24b). These results verify that the polymerization was successful

without the radical scavenging effect of dopamine.

Table 1. Polymerization model test results.

Model Test
Formulation
Mole % Acrylic acid Dopamine
100 8
'"H NMR integral ratio (%)
Before polymerization 100 8
After polymerization 2.09 8

Conversion: 98%
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3.3. Characterization

The prepared ATE hydrogel comprises a dual crosslinked network. The covalent
crosslinks formed due to the acrylates, and the non—covalent crosslinks formed
through the association of TDC by physical intermolecular dopamine—dopamine and
dopamine—poly(AA) interactions (hydrogen bonding, m—m stacking, and
hydrophobic interactions) (Figure 26). To evaluate the effect of the non—covalent
crosslinking of the ATE hydrogel, the ATE8 pre—gel (0.8 mole% TDC) was
immersed in DIW and DMSO for 24 h, and volume change was observed. DMSO,
an organic solvent composed of polar sulfoxide and nonpolar methyl groups,
weakens physical intermolecular interactions through its amphiphilic nature (Mathis,
et al., 2018, Noack, et al., 2010). Therefore, the effect of physical intermolecular
interactions on the formation of non—covalent crosslinks can be verified based on the
change in the volume when ATE pre—gel is immersed in each solvent. The ATES
pre—gel contracted approximately up to 35% of its original volume when immersed
in DIW. In contrast, the ATE8 pre—gel expanded by approximately 1100% of its

original volume when immersed in DMSO (Figure 27).
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Furthermore, the change in the network structure of the ATE hydrogel was verified
using SAXS spectrum at the low Q region. The ATE8 organogel (immersed in
DMSO) exhibited a steeper slope (slope: — 4.0) than the ATE hydrogel (immersed
in DIW) (slope: — 2.5) (Figure 28). This result suggests an increase the domain size
of the ATE gel upon immersion in DMSO. The swelling test and SAXS results
verified the effect of intermolecular interactions on the formation of the hydrogel

structure.
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Figure 28. SAXS 1D profile of the ATES8 organogel and hydrogel (Han, et al.,
2022).

Then, the effect of the TDC contents on network structure formation was evaluated
by the contraction ratio and water content of the ATE hydrogel in the equilibrium
state with different TDC contents. As the TDC contents increased from 0.6% to 1.0%,
the contraction ratio of the ATE hydrogel gradually increased from 25% (ATEG6
hydrogel) to 43% (ATE10 hydrogel). The water content decreased from 58.4%
(ATEG6 hydrogel) to 42.9% (ATE10 hydrogel) (Table 2). These results demonstrate

that the increase of TDC content causes a greater association of TDC by increasing
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the extent of physical intermolecular interactions, resulting in a denser hydrogel

network structure.

Table 2. Contraction ratio and water content of ATE hydrogel with different
TDC contents.

ATEXx hydrogel TDC contents (mole%)
0.6 0.7 0.8 0.9 1.0
Contraction ratio (%) 25.7 29.7 354 40.3 43.6
Water content (%) 58.4 54.8 49.0 46.9 42.9
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3.4. Mechanical Performances

3.4.1. Tensile Property

The crosslinking density of the hydrogel greatly affects its mechanical properties;
therefore, the changes in the mechanical properties of the hydrogel according to its
TDC content were evaluated using a tensile test (Figure 29a). As the TDC content
increased from 0.6 to 1.0%, the tensile strength increased by approximately 50 kPa,
from 71.3 kPa (ATEG6 hydrogel) to 123.2 kPa (ATE10 hydrogel). Fracture elongation
decreased by approximately 200%, from 422% (ATE6 hydrogel) to 224% (ATE10
hydrogel) (Figure 29b and Table 3). The associated TDC in the ATE hydrogel
network stretches and dissipates energy when mechanical loading is applied. The
ATE hydrogel with a higher TDC content is expected to be more elongated owing
to relatively more moieties that could be stretched. However, as the crosslinking
density increases, increased chain entanglement restricts the movement of the

polymer chain, resulting in a decrease in elongation.
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Figure 29. a) Schematic of tensile test. b) The strain—stress curve of ATE hydrogel

with different TDC contents (Han, ef al., 2022).

Table 3. Tensile strength and fracture elongation of ATE hydrogel with different
TDC contents.

ATEx hydrogel TDC contents (mole%)
0.6 0.7 0.8 0.9 1.0
Tensile strength (kPa) 71.3 78.5 103.5 102.9 123.2
Fracture elongation (%) 422 350 328 252 224
62



3.4.2. Adhesion Property

The adhesion strength of the ATE hydrogel was measured through the lap shear test
using porcine skin (Figure 30a). The porcine skin was used as the model tissue
because of its high similarity to human skin (Li, et al., 2017). As the TDC content
increased, the adhesion strength increased from 59.4 kPa (ATE6 hydrogel) to 82.9
kPa (ATE10 hydrogel) (Table 4). When the associated structure of TDC was formed
by physical interactions, the hydrophilic hydroxyl groups of dopamine were exposed
to the surface of the hydrogel (Cui, et al., 2019). These hydroxyl groups robustly
adhered to biological tissues via hydrogen bonding, oxidation, and Schiff-base
reaction between dopamine and the functional group of skins (amine, carboxylic acid,
and hydroxyl groups) (Figure 30b) (Ma, et al., 2021, Xu, et al., 2021). In the case
of the ATE hydrogel, dopamine molecules are incorporated in a crosslinking agent;

therefore, the adhesion strength increases as the TDC content increases.

Table 4. Adhesion strength of ATE hydrogel with different TDC contents.

ATEx hydrogel TDC contents (mole%)
0.6 0.7 0.8 0.9 1.0
Lap shear strength (kPa) 59.4 64.9 71.4 75.4 82.9
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Figure 30. Schematic of lap shear test and b) the adhesion mechanism of ATE
hydrogel (Han, et al., 2022).

In our system, the mechanical properties of the ATE hydrogel varied depending on
the TDC content used as a crosslinking agent. As the TDC content increased, the
tensile strength, tissue adhesion, and contraction ratio increased, whereas the water
content and fracture elongation decreased. Hydrogels with 0.8 mole% TDC
exhibited optimal mechanical strength (103.5 kPa tensile strength, 328% fracture
elongation), tissue adhesion (71.4 kPa), and water content (48.8%). Consequently,

the ATES hydrogel was chosen for subsequent experiments.
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3.4.3. Change in Adhesion Over Time

The adhesion strength of the hydrogel must be maintained in a moist environment
because the wound environment is moist due to exudate produced by damaged skin,
as well as a moist physiological environment (Zhang, et al., 2020). The tissue
adhesion performance of hydrogel in a moist environment is a vital factor for wound
dressing and greatly affects its durability. Therefore, we observed the change in
tissue adhesion over time (0, 1, 3, 6, 10, 24, and 48 h) under DIW and PBS solution
(pH 7.4) treated conditions (Figure 31). The DIW—treated condition simulated a
generally moist environment, and the PBS—treated condition simulated a
physiological condition in which body secretions were released. Both conditions
were maintained by spraying DIW and PBS solutions every 12 h. For the DIW—
treated condition, the maximum adhesion strength (71.4 kPa) was observed after 3
h, and for the PBS—treated condition, the maximum adhesion strength (59.6 kPa) was
observed after 6 h. Over time, the adhesion strength under both conditions decreased,

but the ATE hydrogel still exhibited excellent adhesion strength of over 30 and 10
kPa after 24 and 48 h, respectively, under both conditions.

The decrease in adhesion strength of the ATE hydrogel over time is attributed to
the destruction of the associated TDC structure. Due to the ATE hydrogel containing
the hydrolyzable TDC, the structure of the associated TDC was destroyed, and the
ATE hydrogel was degraded over time. As the structure of the associated TDC is
destroyed, the number of reactive sites on the hydrogel surface that interact with skin
tissues decreases. Moreover, as the hydrogel degrades, the cohesion of the hydrogel

decreases, thereby decreasing the adhesion strength. This phenomenon can be
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indirectly confirmed through changes in the fracture state of the ATE hydrogel on
the adhesion time (Figure 32).
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Figure 31. Tissue adhesion of the ATES hydrogel at different time points after
adhesion under DIW and PBS—treated conditions (Han, ef al., 2022).

The overall adhesion strength under the PBS—treated condition was lower than that
under the DIW—treated condition. This is pH—sensitive acrylic acid is used as the
backbone, so the ATE hydrogel absorbs more water and degrades rapidly at higher
pH conditions (Karnal, et al., 2019). However, unlike the DIW—treated condition,
the maximum adhesion strength under the PBS—treated condition was measured 6 h

after adhesion and exhibited a higher adhesion strength. This result is caused by an
additional interaction with porcine skin due to dopamine oxidation (Zhang, et al.,

2014).
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Figure 32. Failure mode after lap shear test and degradation profile of a) DIW— and
b) PBS—treated samples at different time points after adhesion (Han, et al., 2022).
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3.4.4. Recovery Property

Movable parts, such as joints (knee, wrist, and ankle), have a frequent and large
range of motion. Hence, the application of hydrogel on movable parts requires
appropriate recovery properties against mechanical loading. A cyclic tensile test was
conducted to evaluate the recovery properties of the ATE hydrogel. The residual
strain, resilience, and hysteresis energy loss (AU) of the ATE hydrogel were
calculated using the initial loading—unloading curves at different strain rates. No
residual strain was observed at the 100 and 150% strain rates (Figure 33a, b). At the
200 and 250% strain rates, the residual strain was observed to be approximately 3
and 8%, respectively (Figure 33c, d). Below 200% strain, negligible hysteresis loop
changes and high resilience (approximately 94 %) were observed. However, at 250%
strain, the residual strain increased sharply, and the mechanical resilience decreased

by approximately 90% (Table 5).

Table 5. Residual strain and resilience of ATES hydrogel with different strain

rates.
ATES hydrogel Strain rate (%)
100 150 200 250
Residual strain (%) — 4.4 4.8 7.6
Resilience (%) 93.7 943 94.1 90.9
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Figure 33. a) Cyclic tensile test of the ATES hydrogel at a) 100%, b) 15 %, c)
200%, and d) 250% strain (Han, et al., 2022).

The ATE hydrogel demonstrated excellent recovery properties with high resilience
and immediate recovery under 200% strain (Figure 34a); these recovery properties
are mainly attributed to the non—covalent crosslinked and associated TDC. When
mechanical loading was applied to the ATE hydrogel, the associated TDC dissipated
energy by dissociation (Figure 34b). Therefore, the ATE hydrogel can withstand
large mechanical deformations (Ducrot, ef al., 2014). Moreover, a reversible, non—
covalent association of TDC enables the ATE hydrogel to return to its original state.
However, the residual strain was observed at over 200% strain, suggesting that the
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fully stretched TDC could no longer dissipate energy over 200% strain rates, and the

covalent crosslinked site was destroyed.
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Figure 34. a) Image of the 200% strain rate cyclic tensile test for the ATES
hydrogel. b) Mechanism of recovery property of ATE hydrogel (Han, et al., 2022).
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3.5. Biocompatibility of Hydrogel Adhesive
3.5.1. Biodegradation

The biodegradability of the ATE hydrogel was evaluated under physiological
conditions by immersing the ATE hydrogel in a PBS solution (pH 7.4) at 37°C. The
ATE hydrogel is degraded under physiological conditions due to the hydrolyzable
ester bond in TDC (Figure 35a) (Browning, et al., 2014). The ATE hydrogel was
degraded by 51% after 36 h and completely degraded after 72 h (Figure 35b, c).
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Figure 35. a) Degradation mechanism of TDC. b) In vitro biodegradation of the
ATE hydrogel in PBS solution (pH 7.4) for 96 h. ¢) Image of ATE hydrogel at
different time points (Han, et al., 2022).
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3.5.2. In vitro Biocompatibility Tests

The potential toxicity of the ATE hydrogel was evaluated using cell viability, cell
cytotoxicity, apoptosis, and live/dead assays in a hydrogel-treated medium. The
hydrogel-treated medium contained a degradation product of the ATE hydrogel.
First, cell viability and cytotoxicity were measured using the WST—1 and LDH
release assays over time. The effect of the hydrogel on apoptosis in STO cells was
measured through Annexin V/PI staining and live/dead cell staining. Compared with
the control group, the viability (Figure 36a), cytotoxicity (Figure 36b), apoptosis
(Figure 36c¢), and Live/Dead staining (Figure 36d) of STO cells in the hydrogel—
treated medium exhibited a non—significant difference. These results indicate that

the ATE degradation product is non—toxic and biocompatible.
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3.5.3. In vivo Wound Healing Tests

To evaluate the wound healing performance of the ATE hydrogel, quantitative
(wound closure assay and vessel density) and histological analyses H&E and
Masson’s trichrome staining) were performed using rat models of skin wound
healing. First, the change in wound size over time (0, 4, 8, and 10 days post—
implantation) and vessel density (10 days post—implantation) in each group (control
and hydrogel—treated groups) were observed. Compared to the control group
(Tegaderm film—treated group) the ATE hydrogel-treated group exhibited faster
healing (Figure 37a, b) and increased blood vessel formation around the wound site
(Figure 37¢). Then to evaluate tissue regeneration, we compared the tissue thickness
between the non—wounded (normal) and wounded (control and hydrogel—treated)
groups (Figure 38a). Compared to the normal group, we observed a significant
thickening of the epidermal layer in the control group, which was twice as thick as
that observed in the hydrogel-treated group (Figure 38b). A thickening of the
dermal layer around the wound sites was also observed, and it was thicker in the
control group than in the hydrogel—treated group (Figure 38c). Moreover, the
hydrogel—-treated group exhibited significantly higher collagen deposition (Figure
38d). Collectively, these results suggest that the ATE hydrogel promotes tissue
regeneration and accelerates wound healing (Loh, et al., 2018) due to its pH—
sensitive AA and high tissue adhesion in a moist environment. Excess exudates
produced by wounds can be absorbed by AA, and the wound site can be protected
by high tissue adhesion in a moist environment (Korting, et al., 2011). Therefore,
the ATE hydrogel maintains a moist environment at the wound site, accelerating

wound healing.
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4. Conclusion

In this part, the dopamine—modified crosslinking agent was designed, and a highly
resilient hydrogel adhesive was manufactured using the dopamine-modified
crosslinking agent. The linear and acrylate—terminated dopamine—modified
crosslinking agent was successfully synthesized through the aza—Michael reaction
between tri(ethylene glycol) diacrylate and dopamine, and approximately 8.5
dopamine molecules were incorporated in the crosslinking agent. The designed
crosslinking agent forms a dual-crosslinked structure in the hydrogel network.
Through this structure, the dopamine—modified crosslinking agent can be associated
in the hydrogel network. The associated network structure and its reversibility enable
hydrogel to withstand mechanical loading by dissociation of the crosslinking agent
and recover (i.e., reassociation) its original shape without external stimuli. The
resultant hydrogel adhesive exhibits high mechanical resilience with instant recovery,

approximately 94% at a 200% strain rate.

Moreover, the association of crosslinking agents makes dopamine molecules in
crosslinking agents exposed to the hydrogel surface, and they form robust tissue
adhesion. The resultant hydrogel demonstrates 71.4 kPa maximum wet tissue
adhesion and excellent adhesion maintenance in a moist environment (over 10 kPa
after 48 h). Finally, the pH-sensitive AA backbone absorbs excess exudates and
maintains a moist environment when applied at the wound site, and the ester bond
incorporated in a dopamine—modified crosslinking agent enables hydrogel to

hydrolyze under physiological conditions.
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The dopamine-modified crosslinking agent makes hydrogel exhibit excellent
elasticity with tissue adhesion. However, the resultant hydrogel is limited in
stretchability compared to reported hydrogels. Therefore, further investigation is
needed to enhance tensile elongation without a decrease in other mechanical

properties.
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Chapter 2

Toughness Enhanced Hydrogel Adhesives
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1. Introduction

Hydrogel adhesives are widely used as wound closure patches due to their high
similarity to living tissues (Yuk, et al., 2022). Compared with surgical stitching,
hydrogel adhesives can prevent secondary tissue damage and reduce time
consumption (Deng, ef al., 2019, Han, ef al., 2023). However, hydrogel adhesives
typically lack the adhesiveness and toughness required for securely holding and
sealing wounds (Chen, ef al., 2022). In recent years, hydrogel adhesives with diverse
functionalities, such as high toughness (Deng, ef al., 2021), stretchability (Mo, et al.,
2021, Yang, et al., 2021), and self-healability (Chen, et al., 2018, Hao, et al., 2022)
have been reported. However, most existing studies focus only on one specific
property. Notably, to ensure the practical use of hydrogel adhesives as wound—
sealing patches, a well-balanced combination of tissue adhesion, toughness, and
mechanical resilience is required, posing a challenge due to the negative correlation

among these characteristics (Yu, et al., 2023).

The primary challenge in developing hydrogel adhesives is the simultaneous
realization of strong wet tissue adhesion and high mechanical resilience. Wounded
tissues produce large amounts of exudate, and joint areas and organs are frequently
subjected to a wide range of motion (Hong, et al., 2019, Xu, et al., 2021, Zhao, et
al., 2023). For hydrogel adhesives to be used as wound-sealing patches, they must
strongly adhere to wet tissues and adapt to dynamic movements without deformation
(Chen, et al., 2021, Wang, et al., 2022). Insufficient adhesion and mechanical
resilience of hydrogel adhesives can lead to poor contact with dynamic wound sites,
which increases the risk of secondary infection (Xu, ef al., 2021) and limits their

long—term use (Han, ef al., 2018).
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Double network (DN) hydrogels can simultaneously achieve high toughness and
mechanical resilience through their heterogeneous network structures (Chen, et al.,
2015). Specifically, DN hydrogels consist of a highly crosslinked first network that
maintains a hydrogel shape and a slightly crosslinked/entangled second network that
dissipates energy. When mechanical stress is applied, the second network
redistributes energy, while the first network maintains the elasticity of the hydrogel
(Slootman, et al., 2022, Sun, et al., 2013). Furthermore, if the applied stress exceeds
the capacity of the first network, the fragments of the disrupted first network can act
as crosslinking agents for the second network (Gong, 2010). As a result, DN
hydrogels exhibit significantly increased toughness compared to single—network
hydrogels. In recent years, the introduction of reversible bonds such as host—guest
interactions (Dai, et al., 2022), hydrophobic associations (Li, ef al., 2022), Schiff—
base reactions (Zhou, ef al., 2021), interpenetrating structures (Li, et al., 2015), and
crystalline structures (Varshney, et al., 2022) has enabled DN hydrogels to achieve

high toughness with excellent elasticity.

Notably, toughness and adhesiveness are typically negatively correlated. As the
toughness of an adhesive increases, its ability to wet the interface between substrates
and adhesives decreases (Han, et al., 2017). To address this trade—off relationship
(Liu, et al., 2022, Tobing, et al., 2001), dopamine—modified crosslinking agents were
introduced (Han, ef al, 2022). In this framework, acrylate-terminated and
dopamine—-modified crosslinking agents underwent covalent crosslinking with
acrylate, and the dopamine molecules in the crosslinking agents generated reversible
physical crosslinking and hydrogen bond with tissues. Although the hydrogel

adhesives prepared using dopamine—modified crosslinking agents achieved high
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mechanical resilience and strong tissue adhesion, their elongation was limited due to

the hydrogel network being formed only by covalent bonds.

This part aimed to develop highly resilient DN hydrogel adhesives characterized
by high wet tissue adhesion and toughness, enabling their application in dynamic
environments. The DN structure was formed using a dopamine—modified
crosslinking agent, tri(propylene glycol) diacrylate—dopamine crosslinking agent
(TPDC), and linear poly(1-vinyl imidazole) (PVI). The first network was formed
through the multiple crosslinking of TPDC, involving covalent bonds, hydrophobic
associations, m—m stacking, and hydrogen bonds. The second network was
established through additional intermolecular interactions induced by PVI addition,
such as chain entanglement, cation—x interactions, and hydrogen bonds. The network
structures were noncovalently associated by reversible physical interactions between
poly(AA), TPDC, and PVI. The resulting acrylic acid-tri(propylene glycol)
diacrylate-dopamine (ATP) hydrogel exhibited excellent stretchability and instant
recovery properties through the noncovalently associated network structure. The
hydroxyl group of dopamine and the amine group of PVI, exposed on the hydrogel
surface, formed hydrogen bonds and participated in Schiff-base reactions with the
wet tissue surface, ensuring the strong wet tissue adhesion of the ATP hydrogel.
Moreover, the pH-sensitive AA allowed the hydrogel to maintain a moist
environment by absorbing excess exudates from the wound site, promoting wound
healing. Through these well-balanced mechanical characteristics, the ATP hydrogel
can withstand successive cyclic loading and effectively seal damaged tissues.
Consequently, ATP hydrogel has the potential to be utilized as a wound—sealing

patch in dynamic tissues of the human body.
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2. Experimental

2.1. Materials

l1-vinyl imidazole (VI, 99%), and 2-hydroxy—4'—(2—hydroxyethoxy)-2—
methylpropiophenone (Irgacure 2959, 98%) were purchased from Sigma—Aldrich.
Tri (propylene glycol) diacrylate (TPGDA, average Mn 300) and tetraethyl thiuram
disulfide (TETD, 97%) were purchased from Tokyo Chemical Industry Co., Ltd.
Dopamine hydrochloride (99%) was purchased from Alfa Aesar. Acrylic acid (AA,
99.5%), 2,2'-azobisisobutyronitrile (AIBN, 98%), triethylamine (TEA, 99.0%),
dimethyl sulfoxide (DMSO, 99.8%), N, N—dimethyl formamide (DMF, 99.5%), tert—
butyl methyl ether (MTBE, 98.5%), ether (99.0%), and sodium azide (99.0%) were
purchased from Samchun Chemicals Co., Ltd. 10x phosphate—buffered saline (PBS)
solution was purchased from Tech & Innovation. Dulbecco’s modified Eagle’s

medium (DMEM, #SH3243.01) was purchased from Hyclone Laboratories, Inc.

2.2. Synthesis of Crosslinking Agent

Tri(propylene glycol) diacrylate—dopamine crosslinking agent (TPDC), was
synthesized via an aza—Michael addition reaction. The molar ratio of the carbon
double bond of diacrylate and amine of dopamine hydrochloride was set as 1.1: 0.5
to make an acrylate—terminated crosslinking agent. Dopamine hydrochloride (1.89
g, 10 mmol) and TPGDA (3.30 g, 11 mmol) were added to DMSO (12.12 g) under
N2 purging and stirred at 25 °C for 20 min until the solution became clear. TEA
(1.01 g, 10 mmol) was then added to adjust pH to 8, and the mixture was stirred at
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80 °C for 12 h in the dark. After the reaction, TEA salt was removed through suction
filtration. The filtered solution was washed with MTBE three times to remove
DMSO and the unreacted monomer. Finally, the residual solvent was removed using
a rotary evaporator at 60 °C for 6 h. A yellow—transparent liquid was obtained and

stored at —20 °C.

2.3. Synthesis of Linear Cationic Polymer

Poly(1—vinyl imidazole) was synthesized via reversible addition—fragmentation
chain-transfer polymerization. VI (4.7 g, 50 mmol), TETD (0.3 g, 1.0 mmol), and
AIBN (0.32 g, 2 mmol) were added to DMF (20.0 g) under N, purging for 20 min.
The solution reacted at 70 °C for 12 h. The reactants were washed by repeating the
process of precipitating in ether and redissolving in DMF. Finally, the residual

solvent was removed by vacuum evaporation at 25 °C.

2.4. Preparation of Hydrogels

The acrylic acid—tri(propylene glycol) diacrylate—dopamine (ATP) pre—gel was
synthesized in DMSO by free radical photopolymerization. AA (2.0 g), TPDC (0.9
g, 0.7 mole% of AA), PVI(0.04 g, 2 wt.% of AA), and Irgacure 2959 (0.02 g, 1 wt.%
of AA) were dissolved in DMSO (6.8 g, 30% solid content). The mixture was poured
into a Teflon mold with dimensions of 12 x 75 x 0.5 mm?® (W x L x T). The mixtures
were covered with a silicon—coated PET film and subjected to UV irradiation for 5
min using a UV light-emitting diode lamp (365 nm, intensity = 17mW/cm?). After

polymerization, a yellow—transparent pre—gel was obtained. The resulting ATP pre—
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gel was washed with DMSO and then immersed in cold DIW for 12 h, changing to
fresh DIW every 2 h. After the solvent exchange, a white—opaque ATP hydrogel was
obtained and stored at —20 °C. The ATP hydrogels with different PVI contents (0, 1,
3, and 4 wt.%) were prepared following the same procedure. The hydrogel with x
wt.% of PVI was denoted as the ATPx hydrogel. For samples without special
mention, the ATP2 hydrogel was used.

2.5. Characterization

The Aza—Michael reaction was monitored through Fourier transform infrared (FT—
IR) spectroscopy. The IR spectra were recorded using an FT-IR spectrometer
(Nicolet iS20, Thermo Fisher Scientific). All FT-IR samples were measured at 25 °C
using the attenuated total reflection (ATR) mode. The obtained curves were

normalized using the carbonyl ester bond band (1,720 cm™).

The molecular structure of synthesized crosslinking agents, the linear polymer, and
the released solvent was verified using a proton and carbon nuclear magnetic
resonance (‘H and *C NMR) spectrometer (400-MHz, INM-ECX400, JEOL). All
NMR samples were measured at 25 °C, and tetramethylsilane (0.03% in DMSO-d6

and D20) was used as an internal standard (& = 0 ppm).
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2.6. Solvent Exchange

The pre—gel was immersed in DIW to remove the DMSO in the pre—gel. To monitor
the extracted solvent over time, 100 mg of pre—gel was immersed in 2 mL of D,O
for 12 h (fresh D,O every 2 h). The extracted DMSO was confirmed using the 'H
NMR spectra, and the solvent—exchange ratio was calculated using the spectra as

well. (D20, = 4.8 ppm peak integral at n h, DMSO, = 2.5 ppm peak integral at n h)

DMSO0,,
DZ On

Solvent extraction (E,) =

Extraction ratio (%) En
Xtraction ratio 0) =
YE,

x 100

2.7. Swelling Ratio and Water Content

The swelling ratio was measured using the pre—gel after immersion in DMSO and
DIW at 25 °C for 24 h. A 12 x 12 (W x L) pre—gel sample was used, and the swelling
ratio was calculated based on its weight and volume change. The weight and volume
of the gel after being immersed in the solvent for n h were denoted weight, and

volume,, respectively.

swelli o (%) = weight, volume , % 100
welling ratio (%) = weight, volume of pre — gel
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The water content of the hydrogel was calculated based on the mass loss after

lyophilization.

wt.of hydrogel — wt.of lyophilized hydrogel »
wt.of hydrogel

100

Water Content (%) =

2.8. X-ray Photoelectron Spectroscopy (XPS)

The surface chemical composition of the hydrogel was obtained using an XPS
spectrometer (K—Alpha, Thermo Scientific) by recording X-ray photoelectron
spectra. The lyophilized hydrogel was used for XPS analysis. A monochromatic Al
Ka X-ray (hv = 1,486.6 eV) source was used, operating at 12 kV and 72 W. The

neutral Cls peak was used as a reference (set at 284.6 eV).

2.9. Tensile Test

The tensile test was conducted using 30 mm length hydrogel. 10 mm of both ends
of the hydrogel were covered with a corona—treated PET film to be used as a grip.
For the crack tip tensile test, 1| mm of crack was generated at the center of the
hydrogel (Figure 39). A tensile test was conducted at a rate of 100 mm/min at 25 °C
and 50 + 10% RH using a Texture Analyzer (TA.XT plus, Stable Micro Systems).
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Figure 39. Schematic of tensile test and crack tip tensile test process.
2.10. Lap Shear Test

The tissue adhesion of hydrogel was measured through a lap shear test, and the wet
porcine skin was used as a substrate due to its high similarity to human tissues. The
lap shear tests were conducted at a rate of 50mm/min at 25 °C and 50 £ 10% RH
using a Texture Analyzer (TA.XT plus, Stable Micro Systems). Before attaching the
hydrogel, the porcine skins were immersed in sodium azide solution (0.01 w/v% in
DIW and 1x PBS solution) for hydration and to prevent degradation. Then,
DIW/PBS solutions were sprayed to make a thoroughly wetted porcine skin surface.
The hydrogel was attached with 1 kPa pressure for 10 s. The sample was stored in a
covered stainless tray, and DIW/PBS solutions were sprayed to maintain a moist

environment. Unless otherwise specified, the tests were conducted 3 h after adhesion.
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2.11. Cyclic Tensile Test

Cyclic tensile tests were conducted using a Texture Analyzer (TA.XT plus, Stable
Micro Systems) at 25 °C and 50 = 10% RH. The tensile tests were conducted at a
rate of 100 mm/min and repeated without rest. The residual strain, hysteresis energy
loss (AU), and resilience values were calculated using the initial loading—unloading

curve.

AU = f ode — f ode
loading unloading

unloading o

Resilience (%) = 7
ode

X 100
floading

2.12. Burst Pressure Test

A 4 mm hole was introduced in the porcine skin using a biopsy punch. Before
attaching the hydrogel, the porcine skin was sprayed with DIW. Then, a 1 x 1 mm?
(W x L) hydrogel was adhered to the hole. The porcine skin was then placed in a
customized apparatus with an airflow of 50 cc/min. The pressure was measured using

a manometer (Figure 40).
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Figure 40. Schematic of the burst pressure test process (Han, et al., 2024).

2.13. Biodegradability Test

The lyophilized hydrogel (50 mg) was immersed in 1 x PBS solution (5 mL, pH
7.4) at 36 °C. After a specific time, the degraded hydrogel was washed with DIW
and lyophilization. The degradation rate of the hydrogel was calculated using the

mass loss of the gel.
2.14. Cell culture and In vitro Biocompatibility Tests

Cell Culture: To prepare hydrogel-treated DMEM media, the lyophilized hydrogel
was immersed in DMEM at 37 © C until hydrogel was degraded entirely (0.5 mg/ 1
mL). STO cells were cultured in DMEM (10% FBS, 1% antibiotics) at 37 °C with
5 % CO,. When the STO cells reached 80% confluence, the medium was replaced
with hydrogel-treated DMEM and incubated. Pristine DMEM was used as the

control.
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Cell Viability: STO cells, with a seeding density of 1 x 10° cells, were seeded into
96—well cell culture plates and cultured for 72 h. STO cells were rinsed with PBS
and incubated in 100 pL of the 10% EZ—Cytox (DoGenBio) medium at 37 °C for 30
min. Cell viability was analyzed using a microplate spectrophotometer (Epoch 2,

BioTek), and the absorbance at 450 nm was measured.

Cell Cytotoxicity: Cell cytotoxicity was evaluated by measuring the enzymatic
activity of lactate dehydrogenase (LDH). The LDH release was evaluated using the
EZ-LDH kit following the manufacturer’s instructions. The supernatant was used to
measure the released LDH. Cell cytotoxicity was analyzed using a microplate

2TM

spectrophotometer (Epoch , BioTek), and the absorbance at 450 nm was

measured.

Cell Live/Death: The viability of STO cells was assessed using a Live/Dead™ Cell
Imaging Kit (Thermo Fisher Scientific, #R37601) following the manufacturer’s
instructions. STO cells were seeded in p-slide Chemotaxis 3D (IBIDI, Martinsried,
Germany) and cultured for 72 h. Then, the Live Green and Dead Red reagents were
added to the medium and incubated for 15 min at 25 °C. The live and dead cells were
analyzed using a confocal microscope system (LSM 710, Carl Zeiss, Oberkochen,

Germany).
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2.15. In vivo Biocompatibility Tests

Wound Healing Test: Six—week—old male Sprague Dawley rats were used for in
vivo biocompatibility tests. Rats were anesthetized with a mixture of Alfaxan (80
mg/ kg) and xylazine HCI1 (10 mg/ kg). A 6 mm diameter circular wound was created
on the rats’ backs using a biopsy punch and wound sites were immobilized by
suturing with a silicon wound splint. In the hydrogel-treated group, the hydrogel was
implanted and dressed with a Tegaderm film. In the control group, only the
Tegaderm film was implanted. Tissue regeneration and vasculogenesis were
observed at different time points (0, 4, 8, and 11 d after implantation). The wounded
skin was harvested 11 d after implantation for the histological analysis. All animal
experiments were approved by the Institutional Animal Care and Use Committee of

Seoul National University (SNU-230127-1)

Immunohistochemistry: The skin slides were fixed in 80% acetone solution for
20 min. The slides were rinsed with PBS and incubated in 5% normal goat serum for
30 min. The samples were incubated with the VEGF antibody (sc—7269, Santa Cruz,
1:100 dilution) containing the PBST (PBS with 0.1% Triton—X) medium for 2 h,
followed by incubation in a VEGF antibody (1:100 dilution) containing the PBST
medium for 1 h. Images were acquired using a confocal microscope (LSM 710, Carl

Zeiss, Oberkochen, Germany).

Hematoxylin and Eosin (H&E) Staining: The skin samples were fixed in 4%
paraformaldehyde (PFA) for 2 h and dehydrated in 30% sucrose for 24 h. The tissues
with a 20 pm thick longitudinal section were obtained and fixed with 4% PFA for 5

min. The fixed samples were stained with H&E for 5 min. The stained samples were
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washed with ethanol three times and incubated in xylene for 5 min. All images were

acquired using the SlideViewer software (3DHISTECH, Budapest, Hungary).

Masson’s Trichrome Staining: Masson’s trichrome staining (VitroView™
Masson’s Trichrome Stain Kit, Rockville, USA) was conducted following the
manufacturer’s instructions. All images were acquired using the Eclipse Ts2™
fluorescence microscope (Nikon, Tokyo, Japan). Red represented keratin, muscle
fibers, and the cytoplasm; blue represented collagen; and black represented the cell

nuclei.

93



3. Results and Discussion

3.1. Preparation of Crosslinking Agent

The linear dopamine-modified crosslinking agent was synthesized using tri
(propylene glycol) diacrylate and dopamine hydrochloride via the aza—Michael
reaction (Figure 41a). The molar ratio of the C=C of acrylate to the NH» of
dopamine was set as 1.1: 0.5 to make the acrylate—terminated crosslinking agent.
This crosslinking agent, tri (propylene glycol) diacrylate — dopamine crosslinking
agent, was denoted as TPDC. A reduction in the 810 cm™ band (acrylate C=C bond)
in the FT—IR spectra showed that the amine group dopamine fully reacted after 9 h
(Figure 41b).
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Figure 41. a) Chemical synthesis process of TPDC. b) FT—IR spectra of TPDC at

different time points during the reaction (Han, ef al., 2024).
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The end-group fidelity of the TPDC was confirmed by the acrylate C=C bond
proton peaks (5.9-6.4 ppm) in the '"H NMR spectrum (Figure 42). The molecular
weight of TPDC was calculated using the proton peak integral values between 5.9—
6.0 ppm (acrylate C=C) and 6.55-6.75 ppm (benzene CH, adjacent to OH). The peak
integral ratio of the 5.9—6.0 ppm peaks to 6.55-6.75 ppm peaks is 1 : 9.5, indicating
the incorporation of approximately 9.5 dopamine molecules in each TPDC. Hence,

the average molecular weight of TPDC was estimated to be 4,600.

5 CH,

Ho, on
TPDC Propylene glycol

-
| omso

j I
2 OVL }'(J\/U i N 0. C _o. b 4 ‘ /-
b/ﬂj/ A fT”\F’\t?W’%T/\%{\r‘hf@“” 7 - At
=) o =} iy = 3'( o ‘

Benzene CH
(adjacent to OH)
fq
a | '
, | |
a I h
a | \ |
d 1N
[ o
\ c | ol A
I b Acrylate C=C Il ‘ “| L] I r‘\j |
[ |5 e | (Y FATA
I 1 b i oy R f v
Y L N 1. 0 Y A NENEPUrL. Y Al Vo |
—— [ : ; I . ;
a5 90 85 80 75 70 B85 60 55 45 40 35 30 25 20 15 10

5.0
1 (opm)

Figure 42. The 'H NMR spectrum of TPDC (Han, et al., 2024).
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3.2. Preparation of Linear Polymer

Linear PVI to form a second network through physical interactions was synthesized
through reversible addition—fragmentation chain—transfer polymerization (Figure
43a). The target number average molecular weight of PVI was set at 38.6 kDa. The
reaction was confirmed by the disappearance of the vinyl C=C bond proton peaks

(4.8-5.6 ppm) of '"H NMR spectroscopy (Figure 43b).

a)
ey
TEDE, AIBN n
" e N
(_7 In DMF 7
N 70°C, 12h N
1=vinyl imidazole Poly{1-vinyl imidazole)
(PVI)
b)
1-vinyl imidazole Poly (vinyl imidazole)

Figure 43. a) Chemical synthesis process of PVI and b) the '"H NMR spectrum of
VIand PVI (Han, et al., 2024).
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3.3. Preparation of Hydrogel Adhesives

The ATP double network hydrogel was prepared by following two steps: 1) radical
polymerization between the acrylate monomer AA and the crosslinking agent TPDC,
and 2) solvent exchange. First, the synthesized TPDC was copolymerized with AA
using DMSO as a solvent. In this step, PVI was used to form the second network by
physical intermolecular interactions in the prepared hydrogel network (Figure 44).
Next, the prepared organogel was immersed in cold DIW for 12 h to remove any
unreacted monomers and DMSO. The release of unreacted monomers and DMSO
was monitored using "H NMR spectroscopy, and the monomers were fully extracted
after 7 h (Figure 45). The ATP hydrogel was obtained after immersing the pre—gel
in DIW for 12 h. The hydrogel with x wt.% of PVI was denoted as the ATPx hydrogel.
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Figure 44. Chemical synthesis process of ATP gel (Han, ef al., 2024).
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Figure 45. Solvent extraction ratio of ATP2 pre—gel and b) '"H NMR spectrum of
released DMSO when the ATP2 gel is immersed in D,O at different time points
(Han, et al., 2024).
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3.4. Characterization of Hydrogel Adhesives

The ATP hydrogel comprises two networks. The first network involves the covalent

crosslinking between AA and TPDC, along with noncovalent bonds, such as

hydrophobic associations (propylene glycol and dopamine) and hydrogen bonds

[poly(AA) and dopamine] (Figure 46a). The second network involves the non—
covalent crosslinking induced by the PVI (Figure 46b). Linear PVI forms physical

crosslink through chain entanglement and intermolecular interactions such as

hydrogen bonding, hydrophobic interactions, n—x stacking, and cation—r interactions.
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Figure 46. a) Scheme of the ATP hydrogel network structure. b) The physical

intermolecular interactions formed in ATP hydrogel (Han, ef al., 2024).
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The effect of PVI on the formation of the second network was confirmed by
variations in the swelling ratio and surface atomic ratio of the ATP hydrogel with
changes in the PVI content (Table 6). The ATPO hydrogel (without PVI) swelled by
approximately 30%, whereas the other hydrogels (with various PVI contents)
contracted. As the PVI content increased, the hydrogel contraction ratio gradually
increased from approximately 20% (ATP1 hydrogel) to 50% (ATP4 hydrogel), and
the water content correspondingly decreased from approximately 76% (ATPO
hydrogel) to 38% (ATP4 hydrogel). The surface atomic ratios of the ATP hydrogels
were determined through X-ray photoelectron spectroscopy (XPS) (Figure 47). As
the PVI content increased, the proportion of C—O bonds increased from 17.0%
(ATPO hydrogel) to 26.2% (ATP4 hydrogel). Specifically, as intermolecular
interactions such as hydrogen bonds, hydrophobic associations, cation—r interactions,
and chain entanglements increased, the hydrophilic moieties (hydroxyl group of
dopamine and amine group of imidazole) became more exposed to the hydrogel
surface as the hydrophobic moieties (propylene glycol and benzene ring of dopamine)
became more associated within the hydrogel network. In other words, the addition
of PVI enhanced the intermolecular interactions in the bulk layer, resulting in the

formation of a denser network structure of the ATP hydrogel.
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Table 6. Swelling and contraction properties of ATP hydrogel with different PVI

contents.
ATPx hydrogel PVI contents (wt. %)
0 1 2 3 4
Weight change (%) 121.2 79.6 543 53.0 50.5
Volume change (%) 132.7 83.1 62.5 57.4 523
Water content (%) 76.3 65.3 46.4 41.0 38.1
Atomic ratio 17.0 19.9 229 243 262
(C-0 %)

—c-0 —co

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)
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Figure 47. Peak—fitting XPS spectra of a) ATPO, b) ATP1, c) ATP2, d) ATP3, and
e) ATP4 hydrogels (Han, et al., 2024).
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The ATP hydrogel network consisted of two main types of bonds: covalent bonds
formed between AA and TPDC, and noncovalent bonds formed between poly(AA),
TPDC, and PVI. To evaluate the effect of these noncovalent intermolecular
interactions such as hydrogen bonds, hydrophobic associations, cation—r interactions,
7 —7 interactions, and chain entanglements on the formation of the hydrogel network,
the ATP2 pre—gel was immersed in DMSO and DIW for 24 h, and the weight change
of the pre—gel was observed. The weight of the ATP2 pre—gel increased and
decreased by approximately 2,100 and 55% with respect to its original weight when
immersed in DMSO and DIW, respectively (Figure 48a). Moreover, comparing the
gels immersed in each solvent,the ATP hydrogel is opaque, and the ATP organogel
is transparent (Figure 48b). This difference in light transmittance is caused by the
association of polymer network structures forming light scattering centers. These
results demonstrate that noncovalent intermolecular interactions between poly(AA),
TPDC, and PVI influence the formation of the hydrogel network, making it denser
(Eklund, et al., 2020, Zhou, et al., 2018).
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Figure 48. a) Swelling and contraction ratio of ATP2 pre—gel when immersed in

DMSO and DIW for 24 h. b) Images of ATP2 organogel, pre—gel, and hydrogel

(Han, et al., 2024).
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3.5. Tensile Property

Because the mechanical properties of hydrogels are affected by the corresponding
hydrogel network structure, tensile tests were conducted to examine the change in
the mechanical properties with varying PVI contents (0 wt.% to 5 wt.%). The
addition of PVI, which formed the second network through physical crosslinking,
increased the fracture elongation and tensile strength of the ATP hydrogels. The
fracture elongation and tensile strength of the ATPO hydrogel were 510% and 80 kPa,
respectively, whereas the corresponding values for the ATP4 hydrogel dramatically
increased to 910% and 310 kPa, respectively (Figure 49a and Table 7). The
physically crosslinked networks of the hydrogel dissociated under mechanical stress,
resulting in energy dissipation and redistribution energy, therefore, the fracture

elongation and tensile strength increased with the increase in PVI content.

Table 7. Tensile strength and fracture elongation of ATP hydrogel with different
PVI contents.

ATPx hydrogel PVI contents (wt.%)
0 1 2 3 4
Tensile strength (kPa) 79.4 121.4 213.7 240.1 318.9
Fracture elongation (%) 518 678 883 854 919

The fracture elongation limit of the PVI-containing hydrogels (ATP2—4 hydrogels)
was observed to be 900%, beyond which the network structure could no longer
withstand mechanical loading. At elongations exceeding 600%, fluctuations in the
strain—stress curve were observed in the PVI-containing ATP hydrogels (ATP1-4
hydrogels). These fluctuations were attributable to the occurrence of necking and
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crack generation in the hydrogel as the first network was destroyed, which intensified
with further stretching of the hydrogel (Figure 49¢) (Gong, 2010).
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Figure 49. a) Strain—stress curves of the ATP hydrogels with different PVI

contents. b) Photographs of the stretched ATP2 and ¢) ATP4 hydrogel (Han, et
al., 2024).
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The effect of the DN structure on the mechanical properties of the ATP hydrogels
was evaluated through crack tip tests. The PVI-containing DN hydrogel (ATP2
hydrogel) was approximately 150% more elongated than the single—network
hydrogel (ATPO hydrogel). The higher crack propagation resistance of the ATP2
hydrogel was attributable to the effective redistribution of stress around the crack tip

by the DN network (Figure 50a, b) (Slootman, et al., 2022).
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Figure 50. Stress—strain curve of notched ATPO and ATP2 hydrogels and e)
photographs of notched and stretched ATP2 hydrogels (Han, ef al., 2024).
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3.6. Adhesion Property

The adhesion strength of the ATP hydrogels was evaluated by conducting a lap
shear test and observing the failure mode of the ATP hydrogels. The failure mode of
an adhesive is determined by the balance between its adhesion and cohesion forces.
Analyzing the adhesion strength and failure modes reveals the mechanical

performance of the adhesive (Figure 51).

Interfacial failure /- Y
Interfacial failure:

adhesion < cohesion

ATP hydrogel

Cohesive, Mixed failure:

Porcine Skin adhesion > cohesion

- ~

[

Cohesive failure Mixed failure

Porcine Skin Porcine Skin

Figure 51. The failure mode of adhesive (Han, et al., 2024).

Porcine skin was selected as the model tissue owing to its similarity to human skin
(Sullivan, et al., 2001). To simulate a wet physiological environment, the ATP
hydrogels were attached to fully wetted porcine skin and stored in wet conditions.
The addition of PVI significantly increased the adhesion strength from 16.2 kPa
(ATPO hydrogel) to 42.1 kPa (ATP1 hydrogel) with a linear progression to 45.5 kPa
(ATP2 hydrogel) up to an added content of 2 wt.% (Figure 52a). Specifically, the
addition of PVI increased the amount of the amine group of imidazole and promoted

the exposure of the hydroxyl group of dopamine to the hydrogel surface (Figure 53).
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Therefore, the adhesion strength was expected to increase with the PVI content.
However, when the PVI addition content exceeded 3 wt.%, the adhesion strength of
the hydrogel decreased to 31.7 kPa (ATP4 hydrogel). This phenomenon occurred
because the hydrogen bonds, hydrophobic associations, cation—7 interactions, and
chain entanglements were intensified by the addition of PVI, which increased the
modulus of the hydrogel. The elevated modulus led to reduced wettability, resulting
in the decreased adhesion strength of the hydrogel (Tobing and Klein, 2001). The
increase in the modulus was confirmed by the strain—stress curve of the ATP
hydrogels and the failure modes. As the PVI content increased, the failure modes of
the hydrogel changed from a mixed failure mode (ATP0-2 hydrogels) to interfacial
failure (ATP3 and ATP4 hydrogels) (Figure 52b). These results demonstrate that
ATP hydrogels robustly adhere to biological tissues, and adhesion strength varies

with the PVI content as the modulus of the hydrogel changes.
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Figure 52. a) Tissue adhesion strength of ATP hydrogels with different PVI
contents. b) Failure mode of the ATP hydrogels after lap shear tests with
different PVI contents. Grey dashed lines represent the residual ATP hydrogels
on the porcine skin after lap shear test (Han, et al., 2024).

109



ATP hydrogel

HO OH © H
H E NH =
= : OH O OH , ©
NH, 0. OH | /
N\ c |
| g | |
Skin

11000 Hydrogen Bond

:> N HO

Acrylic acid N Vinyl imidazole
0] AA Y @v\
oy Y Q—Z V) HO

Dopamine

Figure 53. The adhesion mechanism of ATP hydrogel (Han, et al., 2024).

110



3.7. Change in Adhesion Strength Over Time

When a hydrogel is implanted in the human body, it is exposed to wet conditions
induced by the exudate produced by damaged skin and sweat from everyday
activities. Therefore, hydrogel adhesives must maintain adhesion in wet
environments to ensure durability. To evaluate the adhesion maintenance of the ATP
hydrogel, the change in the tissue adhesion over time (0, 1, 3, 6, 10, and 24 h) under
wet conditions was observed using the ATP2 hydrogel, which exhibited the highest
adhesion strength among the prepared hydrogels. The initial adhesion strength was
24.8 kPa, and gradually increased to a peak value of 45.5 kPa 3 h after adhesion
(Figure 54a). The exposed hydroxyl group of dopamine and the amine group of PVI
formed hydrogen bonds with the functional groups present in the skin, such as the
amine, carboxylic acid, and hydroxyl groups. Therefore, the ATP hydrogel exhibited
high tissue adhesion in the initial stages. Over time, oxidation and Schiff-base
reactions of dopamine occurred, resulting in the formation of strong bonds between
the skin and increased adhesion strength (Figure 53) (Saiz-Poseu, et al., 2019).
Within 1 h post—adhesion, insufficient interactions occurred between the ATP
hydrogel and skin, leading to interfacial failure of the hydrogel (Figure 54b).
However, as the interactions between the ATP hydrogel and skin intensified up to 3
h after adhesion, the failure mode of the ATP hydrogel transitioned to a mixed failure
mode. As the attachment duration exceeded 3 h, the adhesion strength decreased (e.g.,
27.6 kPa after 10 h). Nevertheless, the ATP hydrogel exhibited adhesion strengths
of over 20 kPa even after 24 h of adhesion. The decrease in adhesion strength is
attributable to the decrease in the cohesion of the ATP hydrogel owing to water
absorption and hydrogel degradation. As the adhesion time increases, additional
interactions between the ATP hydrogel and substrate are formed, but these
interactions also weaken the existing interactions within the ATP hydrogel network
(Zhang, et al., 2022). Therefore, the dissociation of the network structure occurred
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as adhesion duration increased, resulting in the cohesion of the ATP hydrogel, which
is the strength itself, decreasing. As the adhesion strength is determined by a
combination of cohesive and adhesive forces, a decrease in cohesion results in a
decrease in adhesion strength (Han, et al., 2024). This phenomenon (dissociation of
the ATP hydrogel network structure) can be indirectly observed by the change in
transparency of the ATP hydrogel according to adhesion time. The ATP hydrogel
changes from opaque to transparent due to the disappearance of the light scattering

center caused by the dissociation of the ATP hydrogel network structure.
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Figure 54. a) Change in tissue adhesion strength of ATP2 hydrogel over time. b)
Failure mode of the ATP2 hydrogel at different time points after adhesion. Grey
dashed lines represent the residual ATP hydrogels on the porcine skin after lap
shear test (Han, et al., 2024).
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3.8. Recovery Property

The human body contains numerous mobile components: joints such as the knee,
wrist, and ankle exhibit a wide range of motion, and organs such as the lungs, heart,
and tendons repeatedly contract and relax. Hence, hydrogels must exhibit high
mechanical resilience to withstand dynamic mechanical loadings (Jeong, et al., 2023,
Mengiig, et al., 2014). To evaluate the recovery property of the ATP2 hydrogel in
dynamic environments, a cyclic tensile test was conducted without rest. The residual
strain and resilience were calculated using the initial loading—unloading curves at
different strain rates. The ATP2 hydrogel exhibited a low residual strain
(approximately 35%) and high mechanical resilience (approximately 63%) at strain
rates of 200 and 400% (Figure 55a, b). At strain rates exceeding 600%, i.e., 700%,
the mechanical resilience decreased to 53%, and the residual strain increased to 85%
(Figure 55c, d). The recovery performance of the ATP hydrogel was attributable to
the associated TPDC and entangled PVI: the associated TPDC can reversibly
reassociate when mechanical stress is removed, and entangled PVI can enhance the
elasticity of the hydrogel (Kim, ef al., 2021). Owing to its noncovalently associated
DN structure, the ATP hydrogel demonstrated excellent recovery properties even
without external stimuli. Notably, at strain rates exceeding 600%, the resilience
significantly decreased, and the residual strain increased owing to the irreversible
destruction of the covalently crosslinked network structure (Table 8). However,
even after the destruction of the first network (covalent crosslinking), its fragments
functioned as crosslinking agents of the second network (Gong, 2010), and hydrogen
bonds, hydrophobic associations, cation—m interactions, and chain entanglements
induced by PVI contributed to the elasticity of the ATP hydrogel to a certain extent.
Therefore, the ATP hydrogel exhibited excellent recovery properties even at high

strain rates.
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Figure 55. a) Cyclic tensile test of the ATP2 hydrogel at a) 200%, b) 400%, c)
600%, and d) 700% strain (Han, et al., 2024).
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Table 8. Residual strain and resilience of ATP2 hydrogel with different strain

rates.
ATP2 hydrogel Strain rate (%)
200 400 600 700
Residual strain (%) 27.2 41.2 71.3 91.3
Resilience (%) 35.0 63.4 57.1 53.0

Finally, a successive cycle tensile test was conducted to demonstrate the
applicability of the ATP hydrogel in joint areas. The strain rate was set at 100%,
considering the maximum strain rates of human motions (Jeong and Wang, 2023,
Ying, et al., 2020), and the test was conducted for 200—cycles. The ATP2 hydrogel
could withstand 200—cycles at a strain rate of 100% (Figure 56a) and exhibited high
mechanical resilience even after 200—cycles (Figure 56b). These results demonstrate

the stability of the ATP2 hydrogel in dynamic environments.
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3.9. Burst Pressure Test

The burst pressure test is an effective method for evaluating the robustness of
hydrogel adhesives against dynamic pressure and their adhesiveness at wound sites
(Wang, et al., 2023). As the PVI content increased, the burst pressure of the ATP
hydrogel increased from 114 mmHg (ATPO hydrogel) to 236 mmHg (ATP4
hydrogel) (Figure 57). A higher PVI content increases the toughness of the ATP
hydrogel, leading to enhanced burst pressure strength. The burst pressure of the ATP
hydrogel was higher than that of commercial sealing adhesives (under 50 mmHg)
(Chen, et al., 2022, Hong, et al., 2019). Considering normal human arterial blood
pressure (typically 120 mmHg), PVI-containing ATP hydrogels (ATP1—4 hydrogels)

exhibited excellent pressure resistance, exceeding 160 mmHg.
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Figure 57. Burst pressure of ATP hydrogel with different PVI contents (Han, et
al., 2024).
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A water/air sealing test using an ex vivo porcine model was conducted to evaluate
the potential applications of the hydrogel. Perforations were created in the porcine
small intestine and lung, and water and air flow were introduced, respectively. The
damaged areas were then sealed using the ATP2 hydrogel. The ATP2 hydrogel
effectively sealed the damaged spots even when water and air were still flowing,
owing to its strong tissue adhesion and high toughness (Figure 58a, b). Furthermore,
the sealing performance of the ATP2 hydrogel under physiological conditions was
evaluated using a porcine small intestine. The perforated porcine small intestine
sealed with the ATP2 hydrogel was immersed in a PBS solution (pH 7.4) for 48 h.
The inside of the small intestine was filled with red PBS solution stained with Direct
Red 80 dye for visual effect. The high wet tissue adhesion of the ATP hydrogel
sealed the perforation effectively in a moist environment. Over time, due to the pH—
sensitive AA and the hydrolyzable ester bond in TPDC, the ATP2 hydrogel swelled
and was degraded. However, no liquid leakage was observed over 36 h due to the
ATP2 hydrogel robustly adhering at the interface of the hydrogel and biological
tissues (Figure 58c). These results demonstrate the sealing performance and stability

in a physiological environment of the ATP2 hydrogel.
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3.10. Biodegradation

The biodegradability was assessed by immersing the ATP hydrogel in a PBS
solution at 36 °C. The ATE hydrogel was degraded under physiological conditions
due to the hydrolyzable ester bond in TPDC (Figure 59a). The ATP2 hydrogel
exhibited 49% degradation after 36 h and completely degraded after 72 h (Figure
59b).
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Figure 59. Degradation mechanism of TPDC. b) In vitro biodegradation of the
ATP hydrogel in PBS solution (pH 7.4) for 96 h (Han, et al., 2024).

121



3.11. In vitro Biocompatibility Tests

To assess the potential toxicity of the ATP hydrogel, the impact of the degradation
products of ATP hydrogel on STO cells was observed. Compared to the control
group, the hydrogel-treated group exhibited no significant difference in cell viability
(Figure 60a, c¢) and cytotoxicity (Figure 60b). In summary, the ATP hydrogel

degrades under physiological conditions, and its degradation products do not harm

the cells.
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Figure 60. In vitro biocompatibility test of STO cells exposed to the hydrogel—
treated medium. a) Effect of the ATP2 hydrogel degradation product on cell
viability and b) potential toxicity. ¢) Live/Dead cell staining 72 h after incubation
(Han, et al., 2024).
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3.12. In vivo Wound Healing Tests

The wound healing performance of the ATP hydrogel was assessed using a rat
wound model, monitoring changes in wound size over time (0, 4, 8, and 11 d post—
implantation). Subsequently, histological analyses (immunohisto-chemistry (IHC),
hematoxylin—eosin (H&E), and Masson’s trichrome staining) were conducted 11 d
post—implantation to evaluate tissue regeneration. Compared to the control group,
the hydrogel-treated group exhibited accelerated healing (Figure 61a, b) and a
significantly higher level of the angiogenesis marker, vascular endothelial growth

factor (VEGF) (Figure 61c).
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In H&E staining tests, the hydrogel—treated group demonstrated tissue (epidermis
and dermis) thickness similar to that of the normal (non—wounded) group, while the
control group exhibited significant tissue thickening (Figure 62a, c¢). Masson’s
staining analysis revealed a significantly higher collagen deposition in the hydrogel—
treated group than in the control group (Figure 62b, d). Collectively, these results
demonstrate that the ATP hydrogel promotes tissue regeneration at the wound site
(Loh, et al., 2018). The pH—sensitive AA can absorb excess exudates produced by
the wounds. Furthermore, due to its robust tissue adhesion, the ATP hydrogel can
securely adhere to the wound and stabilize the wound site. This capability enables
the ATP hydrogel to protect the wound site, maintaining a moist environment and

thereby accelerating wound healing (Korting, ef al., 2011).
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Figure 62. a) H&E staining images. Black and green dashed lines represent the
boundary of the epidermis and wound site, respectively. Red arrows represent
the dermis. b) Masson’s trichrome staining images. Comparison of ¢) epidermis
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and hydrogel-treated) groups. Comparison of d) collagen deposition in non—
wounded (normal) and wounded (control and hydrogel-treated) groups (Han, et

al., 2024).
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4. Conclusion

In this part, the double network hydrogel adhesive was designed using an acrylate—
terminated dopamine—modified crosslinking agent and linear polymer. To enhance
the stretchability and toughness of hydrogel, the propylene glycol backbone
dopamine—-modified crosslinking agent, which has more free volume than ethylene
glycol, and the physical interactable linear PVI were introduced, respectively. The
first network was formed through covalent bonding between acrylates, and the
second network was generated through noncovalent intermolecular interactions such
as hydrogen bonds, hydrophobic associations, cation—m interactions, m —=
interactions, and chain entanglement. These covalent and noncovalent
intermolecular interactions led to associated network structures, resulting in a
hydrogel with remarkable toughness and mechanical resilience. The polar groups of
dopamine and imidazole within the ATP hydrogel formed strong bonds with tissues,

ensuring robust adhesion even in wet conditions.

By introducing a noncovalently associated double network structure, the resultant
hydrogel adhesive exhibited robust wet tissue adhesion (45.5 kPa) and significant
tensile properties (883.5% fracture elongation and 213.8 kPa tensile strength) along
with high mechanical resilience (53% resilience at 700% strain rate). Through these
well-balanced and exceptional mechanical performances, the ATP hydrogel
exhibited high burst pressure resistance (174.7 kPa), thereby exhibiting perforation
sealing performances. Furthermore, the pH—sensitive AA promoted wound healing

by maintaining a moist environment.
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Summary
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1. Overall Conclusion

This study aimed to develop a wound-sealing patch that can be applied in movable
parts where frequent and a large range of motion occur. Therefore, this study aimed
to enhance the three physical properties of hydrogel: weak wet tissue adhesion, low
mechanical resilience, and low elongation. These properties were achieved through
the dopamine-containing and acrylate-terminated linear oligomer, which can act as
the crosslinking agent of the hydrogel. The designed dopamine—modified
crosslinking agents in this study have three structural characteristics: the presence of
1) acrylate end groups, 2) multiple dopamine molecules with a short interval, and 3)
hydrolyzable ester bonds. These structural properties of dopamine-modified
crosslinking agents enable the fabrication of hydrogels that can be degraded under
physiological conditions. Furthermore, dopamine-modified crosslinking agents form
an associated structure through intermolecular interactions, allowing the hydrogel to
exhibit high tissue adhesion and mechanical elasticity. Then, by adding a physically
interactable cationic linear polymer, the stretchability of the hydrogel dramatically

increased.

This study presents a straightforward method for fabricating highly resilient
hydrogel adhesives with adjustable mechanical properties using a functional
crosslinking agent. Manufactured hydrogel adhesives in this study demonstrate
strong tissue adhesion, enhanced toughness, and high mechanical resilience. The
hydrogels in this study demonstrate well-balanced mechanical properties compared
to commercially available fibrin, poly(ethylene glycol), cyanoacrylate glues, and
previously reported hydrogel adhesives (Figure 63). Moreover, their applicability to
living organisms was corroborated through biocompatibility tests and porcine organ
model tests. Collectively, this study successfully manufactured a wound-sealing
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patch that can be applied in movable parts, and these results provide the possibility

of developing functional materials that could be used in the biomedical industry.

1.1 Dopamine—Modified Crosslinking Agent for Highly Resilient
Hydrogel Adhesives

The linear acrylate-terminated and dopamine-contained crosslinking agent was
successfully synthesized. Then, the hydrogels were fabricated following two steps.
1) Photopolymerization between acrylic acid and the dopamine-modified
crosslinking agent in DMSO. 2) Solvent exchange to DIW. During the solvent
exchange, intermolecular interactions between dopamine-dopamine and dopamine-
poly(AA) (hydrogen bond, hydrophobic interaction, and n— m stacking) were formed,
and a hydrogel adhesive having an associated network structure was obtained. The
formation of the associated network structure was corroborated by the swelling test
and SAXS analyses. Through this associated network structure and high dopamine
content, the resultant hydrogel adhesive exhibited high mechanical resilience with
instant recovery under cyclic loading (94% at a 200% strain rate) and high wet tissue
adhesion (71.4 kPa), respectively. Moreover, the pH—sensitive acrylic acid backbone
and ester bond in the crosslinking agent enabled the hydrogel adhesive to maintain
moist environments and degrade under physiological conditions, respectively. Based
on these results, the applicability of the resultant hydrogel to living organisms was

evaluated, and it demonstrated that it could be utilized as a wound healing patch.
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1.2. Double Network Structure for Toughness Enhanced Hydrogel
Adhesives

The double-network hydrogel adhesive was fabricated using a dopamine-modified
crosslinking agent and linear cationic polymer. By modifying the backbone of the
dopamine-modified crosslinking agent from ethylene glycol to propylene glycol, the
elongation of hydrogel dramatically increased. Moreover, by adding a physically
interactable cationic polymer, PVI, a toughness enhanced double network hydrogel
adhesive was obtained. Using PVI resulted in additional intermolecular interactions,
such as chain entanglement and cation—n interaction, which led to the formation of
a non-covalently associated double network structure. The formation of the
associated network structure was corroborated by the swelling test and XPS analyses.
Through this non-covalently associated double network structure, the resultant
hydrogel adhesive exhibited dramatically enhanced toughness (883.5% fracture
elongation and 213.8 kPa tensile strength), maintaining wet tissue adhesion (45.5
kPa) and mechanical resilience 53% resilience at 700% strain rate). Through these
well-balanced mechanical performances, the resultant hydrogel adhesive
demonstrated wound sealing performances with high burst pressure resistance (174.7

kPa).
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Figure 63. Comparison of adhesion strength, elongation, and tensile strength
of ATP2 hydrogel adhesive with existing hydrogel adhesives (Han, et al.,
2024).
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