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ABSTRACT: Hydrogels are promising material for wound dressing and
tissue engineering. However, owing to their low tissue adhesion in a
moist environment and lack of flexibility, hydrogels are still not widely
applied in movable parts, such as joints. Herein, we report a dual-
crosslinked hydrogel adhesive using a dopamine-modified and acrylate-
terminated crosslinker, tri(ethylene glycol) diacrylate-dopamine cross-
linker (TDC). The covalent crosslinking was formed by photo-
polymerization between acrylic acid (AA) and TDC, and the non-
covalent crosslinking was formed by intermolecular dopamine—
dopamine and dopamine—AA interactions. Our resultant hydrogel
demonstrated strong tissue adhesion in a moist environment
(approximately 71 kPa) and high mechanical resilience (approximately
94%) with immediate recovery at a 200% strain rate. Moreover, it
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accelerated wound healing upon dressing the wound site properly. Our study provides the potential for advanced polymer synthesis

by introducing a functional crosslinking agent.
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B INTRODUCTION

Hydrogels are three-dimensional hydrophilic polymer net-
works infiltrated with water." Owing to their easily controllable
network structure and variable functional components, hydro-
gels are used in various fields.”™® In recent years, hydrogel
wound dressings have received great attention due to their
high water content, similarity to biological tissues,” and various
functionalities, such as hemostasis,® cell adhesion,” antimicro-
bial,'’ and anti-inflammatory'’ properties. Compared to
traditional suturing and stapling, hydrogels do not need to
be removed after use, thereby preventing secondary tissue
damage.'”

However, the low mechanical resilience of hydrogels limits
wound dressing in movable parts, such as joints, where
frequent and a large range of motion occur. To overcome this
issue, a dual-crosslinked network has been proposed. Dual-
crosslinked network hydrogels comprise a strong crosslink that
maintains the hydrogel structure and a weak crosslink that
dissipates energy.'> The weak crosslink is composed of
reversible sacrificial bonds, such as host—guest interactions,"*
hydrophobic associations,'”'® polyampholytes,'”'® metal—
ligand coordinations,'”*° and hydrogen bonding.”' By
introducing reversible sacrificial bonds, the hydrogel can
accommodate mechanical loading and prevent crack develop-
ment.””

Dopamine-based hydrogels have drawn considerable atten-
tion as biological adhesives.””~** These hydrogels can adhere
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to various surfaces in a moist environment”*>” and have good
cell affinity.”® In particular, dopamine-based stretchable*”*°
and self-healable’** hydrogel adhesives have been engineered
based on reversible physical bonding of dopamine. However,
previously reported dopamine-based hydrogel adhesives
exhibit lower tissue adhesion than commercially available
fibrin glue (~20 kPa) and cyanoacrylate glue (~60 kPa).®337%
Considering the moist physiological environment, ensuring
high wet tissue adhesion of hydrogel is critical.** Poor interface
adhesion between a hydrogel and wound increases the risk of
infections and delays tissue regeneration.*®

Herein, we report a highly resilient hydrogel adhesive that
can withstand a dynamic environment and accelerate wound
healing. Inspired by the intermolecular interactions of
dopamine, we synthesized a dopamine-modified and acrylate-
terminated crosslinker, tri(ethylene glycol) diacrylate-dopa-
mine crosslinker (TDC). We then synthesized an acrylic acid
(AA)-TDC hydrogel adhesive (AA-TD hydrogel) via photo-
polymerization between AA and TDC. The TDC forms
multiple crosslinks simultaneously without any additives. The
covalent crosslink is formed through the photopolymerization
of acrylates, and the noncovalent crosslinks are formed via
intermolecular dopamine—dopamine and dopamine—AA in-
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Figure 1. Schematic illustration of the AA-TD hydrogel network structure. (a) Dissociation of TDC (without intermolecular interactions) and (b)
association of TDC (with intermolecular interactions). Chemical synthesis process of (c) TDC and (d) AA-TD gels.

teractions (hydrogen-bonding, 7—x stacking, and hydrophobic
interactions) (Figure 1a,b). The AA-TD hydrogel can adhere
strongly to tissues through hydrogen bonds, oxidation, and
Schiff-base reaction of dopamine.””*® Moreover, the pH-
sensitive AA backbone absorbs excess exudates and maintains a
moist environment at the wound site. Our study provides an
easy method to develop functional hydrogels using only a
crosslinker, which can be potentially applied to electronic
skins, sensors, and tissue scaffolds beyond the wound dressing
materials.

B RESULTS AND DISCUSSION

Preparation of Crosslinker and Hydrogel. We synthe-
sized TDC using tri(ethylene glycol) diacrylate and dopamine
hydrochloride via the aza-Michael reaction. The molar ratio of
C=C of acrylate to NH, of dopamine was set at 1.1: 0.5 to
make the acrylate-terminated crosslinker (Figure 1c). The

Fourier transform infrared spectroscopy (FT-IR) spectrum
results showed a reduction in the 810 cm™" band (acrylate C=
C bond), confirming that the amine group of dopamine fully
reacted after 5 h (Figure S1). The molecular structure and
weight of TDC were verified by 'H NMR spectroscopy.
Through 5.9—6.4 ppm proton peaks (acrylate C=C bond), we
confirmed that the crosslinker was functionalized by acrylate.
The molecular weight of TDC was predicted by comparing the
proton peak integral values between the 5.9—6.0 ppm (acrylate
C=C) and 6.55—6.75 ppm (benzene CH, next to OH). The
peak integral ratio of 5.9—6.0 ppm peaks to 6.55—6.75 ppm
peaks is 1—8.53, indicating that approximately 8.5 dopamine
molecules are included in TDC. Hence, the average molecular
weight of TDC was predicted to be approximately 3700
(Figure S2).

The hydrogel was synthesized via photopolymerization using
AA as the base monomer and TDC as the crosslinker in
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Figure 2. (a) Swelling and contraction ratio of AA-TD 0.8 gel when immersed in DMSO and DIW for 24 h, and an image of AA-TD gel at
equilibrium state in each solvent. (b) Contraction ratio of AA-TD gel at equilibrium state with different TDC contents when immersed in DIW. (c)
Water content of AA-TD hydrogel at equilibrium state with different TDC contents. (d) Schematic illustration of tensile test. (e) Strain—stress
curve of AA-TD hydrogel with different TDC contents. The error bars represent standard deviation.

dimethyl sulfoxide (DMSO) (Figure 1d). DMSO was then
removed by immersing the AA-TD gel in cold deionized water
(DIW) for 10 h. The release of DMSO was monitored using
"H NMR spectroscopy. 98% of DMSO was released after 1 h
and DMSO was completely released after 4 h (Figure S3).
Swelling and Contraction Properties. We hypothesized
that the noncovalent crosslinks would be formed by the
association of TDC by intermolecular dopamine—dopamine
and dopamine—AA interactions (hydrogen-bonding, 7—x
stacking, and hydrophobic interactions). To verify our
hypothesis, we compared the change in the volume of the
AA-TD 0.8 gel (0.8 mol % TDC) when immersed in DIW and
DMSO for 24 h. DMSO is an organic solvent composed of
polar sulfoxide and nonpolar methyl groups. Due to its
amphiphilic nature, DMSO weakens intermolecular inter-
actions.>”*° Therefore, the effect of intermolecular interactions
on the formation of noncovalent crosslinks can be verified
based on the change in the volume of the AA-TD gel when
immersed in each solvent. Figure 2a shows that the AA-TD gel
contracted approximately up to 35% of its original volume
when it was immersed in DIW. In contrast, the AA-TD gel
expanded by approximately 1100% of its original volume when
immersed in DMSO. In addition, the structure of the AA-TD
gel was characterized using small-angle X-ray scattering
(SAXS). Compared to the scattering patterns in the low-Q
region (Figure S4), the AA-TD organogel (immersed in

DMSO) shows a steeper slope (slope: —4.0) than the AA-TD
hydrogel (immersed in DIW) (slope: —2.5). This result
suggests that the domain size of AA-TD gel increased when
immersed in DMSO. Through these results, we can verify the
effect of intermolecular interactions on the formation of
hydrogel structure. Then, to evaluate the effect of TDC
contents, we measured the contraction ratio and water content
of the AA-TD 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 AA-TD hydrogel gradually
increased from 25.7% (AA-TD 0.6 hydrogel) to 43.6% (AA-
TD 1.0 hydrogel) (Figure 2b) and the water content decreased
from 58.4% (AA-TD 0.6 hydrogel) to 42.9% (AA-TD 1.0
hydrogel) (Figure 2c). These results show that the extent of
intermolecular interactions increases with the increase in TDC
content, causing TDC to become more associated and the
hydrogel network to become denser.

Mechanical Performances. The crosslinking density of
the hydrogel greatly affects the mechanical properties of the
hydrogels; therefore, we measured the changes in the
mechanical properties of the hydrogel according to its TDC
content using a tensile test (Figure 2d). Figure 2e shows that
as the TDC content increased from 0.6 to 1.0%, the tensile
strength increased by approximately SO kPa, from 71.3 kPa
(AA-TD 0.6 hydrogel) to 123.2 kPa (AA-TD 1.0 hydrogel),
and fracture elongation decreased by approximately 200%,
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Figure 3. (a) Schematic illustration of the lap shear test. (b) Tissue adhesion strength of the AA-TD hydrogel with different TDC contents. (c)
Adhesion mechanism between the skin and AA-TD hydrogel. (d) Tissue adhesion of the AA-TD 0.8 hydrogel at different time points after
adhesion under DIW and phosphate-buffered saline (PBS)-treated conditions. (e) Failure mode after lap shear test and degradation profile at
different time points after adhesion. The error bars represent the standard deviation.

from 422% (AA-TD 0.6 hydrogel) to 224% (AA-TD 1.0
hydrogel). A more contracted hydrogel is expected to be more
elongated owing to a relatively denser network with more
moieties that could be stretched more than a less dense
network. However, as the crosslinking density increases,
increased chain entanglement restricts the movement of the
polymer chain, resulting in a decrease in elongation.

Additionally, the adhesion strength of the AA-TD hydrogel
was measured with the lap shear test using porcine skin (Figure
3a and Movie S1). We selected porcine skin as the model
tissue because of its high similarity to human skin.*" Figure 3b
shows that as the TDC content increases, the adhesion
strength increases from 59.4 kPa (AA-TD 0.6 hydrogel) to
82.9 kPa (AA-TD 1.0 hydrogel). The AA-TD hydrogel adheres
to the skin via hydrogen bonding, oxidation, and Schift-base
reaction between dopamine and the functional group of skins
(amine, carboxylic acid, and hydroxyl groups)**** (Figure 3c);
therefore, as the TDC content increased, the adhesion strength
increased.

In our system, the mechanical properties of the AA-TD
hydrogel varied depending on the TDC content used as a
crosslinker. As the TDC content increased, the tensile strength,
tissue adhesion, and contraction ratio increased, whereas the
fracture elongation and water content decreased. Hydrogels
with 0.8 mol % TDC exhibited optimal mechanical strength
(103.5 kPa tensile strength, 328% fracture elongation), tissue
adhesion (71.4 kPa), and water content (48.8%). Con-
sequently, the AA-TD 0.8 hydrogel was chosen for subsequent
experiments.

Change in Hydrogel Tissue 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.”* The tissue adhesion performance
of hydrogel in a moist environment is a vital factor for wound
dressing and greatly affects the durability of the hydrogel
Therefore, we observed the change in tissue adhesion over
time (0, 1, 3, 6, 10, 24, and 48 h) under DIW- and phosphate-
buffered saline (PBS) solution (pH 7.4)-treated condition
(Figure 3d). The DIW-treated condition simulated a general
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
AA-TD hydrogel still exhibited excellent adhesion strength of
over 30 kPa and 10 kPa after 24 and 48 h, respectively, under
both conditions. When TDC is associated, the hydrophilic
hydroxyl group of dopamine is exposed to the AA-TD
hydrogel surface® and can sufficiently interact with the skin.
However, as the AA-TD hydrogel absorbs water or degrades,
the structure of the associated TDC is destroyed and the
number of reactive sites on the hydrogel surface that interact
with skin tissues decreases. In addition, the cohesion of the
hydrogel decreases with its degradation, thereby decreasing the
adhesion strength. The overall adhesion strength under the
PBS-treated condition was lower than that under the DIW-
treated condition. This is because pH-sensitive acrylic acid is
used as the backbone, so the AA-TD hydrogel absorbs more
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Figure 4. (a) Stress—strain curve of the AA-TD 0.8 hydrogel. (b) Image of the cyclic tensile test for the AA-TD hydrogel (strain rate: 200%).
Cyclic tensile test of the AA-TD 0.8 hydrogel at (c) 100%, (d) 150%, (e) 200%, and (f) 250% strain. (g) Hysteresis energy and (h) hysteresis

energy loss and resilience of the initial loading—unloading curve.

water and decomposes rapidly at higher-pH conditions.*

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.*’

Recovery Performance. 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 AA-TD hydrogel. The residual
strain, resilience, and hysteresis energy loss (AU) of the AA-
TD hydrogel were calculated using the initial loading—
unloading curves at different strain rates. At 100 and 150%
strains, no residual strain was observed (Figure 4c,d), and at
200 and 250% strains, the residual strain was observed at
approximately 3 and 8%, respectively (Figure 4e,f). Below
200% strain, negligible hysteresis loop changes and high
resilience (approximately 94%) were observed (Movie S2).
However, at 250% strain, the hysteresis energy loss increased

sharply, and the resilience decreased by approximately 90%
(Figure 4gh). The AA-TD hydrogel demonstrated excellent
recovery properties with high resilience and immediate
recovery under 200% strain, which are mainly attributed to
the reversible noncovalent crosslink. By dissipating energy
through TDC dissociation, the AA-TD hydrogel can withstand
large mechanical deformations” and returns to its original
shape through TDC reassociation. However, the residual strain
was observed at over 200% strain, suggesting that the fully
stretched TDC can no longer dissipate energy over 200%
strain. Thus, the covalent crosslinked site was destroyed.

The AA-TD hydrogel demonstrated superior mechanical
performance compared to that of previously reported hydrogel
adhesives for skin wound healing around joints. The AA-TD
exhibit hydrogel exhibits more than 3-fold tissue adhesion
(71.4 kPa) and excellent maintenance of tissue adhesion in a
moist environment (over 10 kPa after 48 h),””*® and negligible
hysteresis loop changes under a large strain rate (below 200%
strain).””*” Moreover, the AA-TD hydrogel exhibits higher
tissue adhesion than commercially available fibrin and
cyanoacrylate glues.”**™*
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In Vitro Biocompatibility. We evaluated the in vitro
biodegradability and the potential toxicity of the AA-TD
hydrogel. The AA-TD hydrogel is degraded under physio-
logical conditions due to the hydrolyzable ester bond in
TDC;° therefore, we assessed the biodegradability under
physiological conditions by immersing the AA-TD hydrogel in
PBS solution (pH 7.4) at 37°C. Figure S shows that the AA-

100 —— In PBS solution (pH 7.4)

Hydrogel Weight (%)

40 60
Time (h)

Figure S. In vitro biodegradation of the AA-TD hydrogel in PBS
solution (pH 7.4) for 96 h. The error bars represent the standard
deviation.

TD hydrogel was degraded by 51% after 36 h and completely
degraded after 72 h. Additionally, we evaluated the toxicity of
the AA-TD hydrogel by cell viability, cell cytotoxicity,
apoptosis, and live/dead assay in a hydrogel-conditioned
medium. First, cell viability and cytotoxicity were measured
using the WST-1 and lactate dehydrogenase (LDH) release
assays over time. The effect of the hydrogel on apoptosis in
STO cells was measured by Annexin V/PI staining and live/
dead cell staining. Compared with the control group, the
viability (Figure 6a), cytotoxicity (Figure 6b), and apoptosis
(Figure 6c,d) of STO cells in the hydrogel-conditioned
medium showed a nonsignificant difference, indicating that
the AA-TD hydrogel is nontoxic and biocompatible.

Wound Healing Performance. To evaluate the wound
healing performance of the AA-TD hydrogel in vivo, we
performed quantitative (wound closure assay and vessel
density) and histological analyses [hematoxylin—eosin
(H&E) and Masson’s trichrome staining] using a rat skin
wound healing model. First, we monitored the wound size over
time (0, 4, 8, and 10 days post-implantation) and observed
vessel density (10 days post-implantation) in each group
(control and hydrogel-treated groups). Compared to those of
the control group, the AA-TD hydrogel-treated group showed
a faster healing speed (Figure 7a) and increased blood vessel
formation around the wound site (Figure 7b). To evaluate
tissue regeneration, we compared the tissue thickness between
the nonwounded (normal) and wounded (control and
hydrogel-treated) groups (Figure 7c). 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 7d). 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 7e). Moreover, the
hydrogel-treated group showed a significantly higher collagen
deposition (Figure 7f). Collectively, these results suggest that
the AA-TD hydrogel promotes tissue regeneration”" 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.’> Therefore, the AA-
TD hydrogel maintains a moist environment at the wound site,
thereby accelerating wound healing.

Bl CONCLUSIONS

In this study, we report a dual-crosslinked hydrogel adhesive
using a dopamine-modified crosslinker. Dopamine in TDC
forms a reversible noncovalent crosslink and simultaneously
forms tissue adhesion. The pH-sensitive AA backbone absorbs
excess exudates and maintains a moist environment at the
wound site. Therefore, the AA-TD hydrogel can accelerate
wound healing by protecting the wound due to high tissue
adhesion and maintaining a moist environment. Our results
demonstrate that the AA-TD hydrogel can be used as wound
dressings in movable parts, suggesting that various functional
polymers can be synthesized easily by introducing a functional
crosslinker.

B EXPERIMENTAL SECTION

Materials. Tri(ethylene glycol) diacrylate (TEGDA, average M,
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%), 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.

Preparation of Tri(ethylene glycol)diacrylate-Dopamine
Crosslinker (TDC). TDC was synthesized via an aza-Michael
addition reaction, as described in a previous report.43 Dopamine
hydrochloride (3.67 g 20 mmol) and TEGDA (5.50 g, 22 mmol)
were added to DMSO (21.40 g) and stirred at 25 °C until the
solution became clear. TEA (1.96 g, 20 mmol) was added to adjust
the pH to 8. Then, the solution was stirred at 80 °C for S h in the
dark. After the reaction, the mixture was suction-filtered to remove
TEA salt. The solution was then washed three times with MTBE 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 clear liquid was then obtained and stored at —20 °C.

Characterization of TDC (FT-IR, NMR). The reaction ratio of
TDC was monitored using FT-IR spectroscopy, and the molecular
structure and weight were determined using '"H NMR. The IR spectra
were recorded using an FT-IR spectrometer (Nicolet iS20, Thermo
Fisher Scientific). "H NMR spectra were recorded using a 400-MHz
NMR spectrometer (JNM-ECX400, JEOL). All 'H NMR samples
were measured at 25 °C in DMSO-D6, and D,0O (0.03%
tetramethylsilane (§ = 0 ppm)) was used as a reference.

Preparation of Acrylic Acid-TDC (AA-TD) Hydrogel. AA-TD
gel was synthesized by free-radical photopolymerization. AA (0.2 g),
TDC (0.07S g, 0.8 mol % of AA), and Irgacure 2959 (0.002 g, 1 wt %
of AA) were dissolved in DMSO (0.52 g, solid content was set at
35%). The mixture was then poured into a Teflon mold [12 X 75 X
0.5 mm (W X L X T)] and covered with silicon-coated PET film. The
mixture was polymerized using a UV light-emitting diode lamp
(intensity = 17 mW/cm?) for S min. After polymerization, a yellow-
transparent AA-TD gel was obtained. The AA-TD gel was immersed
in DMSO for 30 min and then immersed in cold deionized water
(DIW) for 10 h (fresh DIW every 1 h). White opaque AA-TD
hydrogels were obtained and stored at —20 °C. Hydrogels with
different crosslinker contents (0.6, 0.7, 0.9, and 1.0 mol % of TDC)
were also prepared in the same way. A hydrogel with x mol % of TDC
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Figure 6. In vitro biocompatibility test of STO cells exposed to the hydrogel-conditioned medium. (a) Effect of the AA-TD hydrogel on cell
viability and (b) potential toxicity of the AA-TD hydrogel over time. Effect of the AA-TD hydrogel on cell apoptosis. (c) Annexin V-FITC/PI
Staining and (d) live/dead cell staining 48 h after incubation. The error bars represent the standard deviation.

was designated as the AA-TD X hydrogel. For samples without special
mention, the AA-TD 0.8 hydrogel was used. The water content of the
AA-TD hydrogel was calculated based on the mass loss after
lyophilization.

water content (%)

_ weight of hydrogel — weight of lyophilized hydrogel % 100

(1)

Solvent Extraction Ratio. The release of DMSO in the AA-TD
gel was measured by "H NMR. The AA-TD gel (0.1 g) was immersed
in 2 mL of D,O for 8 h (fresh D,O every 1 h). The solvent-exchange
ratio was calculated using the '"H NMR integral. (D,0, = 4.8 ppm
peak integral at n h, DMSO, = 2.5 ppm peak integral at n h)

weight of hydrogel

DMSO,
solvent extraction (E,) =
DZOn (2)
EYI
extraction ratio (%) = X 100
E, (3)

Swelling Ratio and Contraction Ratio. The 12 X 12 X 0.5 mm
(WX L X T) AA-TD gel was immersed in DMSO and DIW at 25 °C
for 24 h. The swelling and contraction ratios were calculated based on
the volume change of the AA-TD gel. The initial volume of the AA-
TD gel is V.. The volume of the AA-TD gel when immersed in
DMSO and DIW after n h are Vo5 and Vppy, respectively.

Vomson Vorwn
volume change = ———————+
Y% (4)

Small-Angle X-ray Scattering (SAXS). The SAXS 1D profiles
were recorded using an X-ray scattering spectrometer (Xeuss 2.0,
Xenocs), and Cu Ka radiation (I = 1.54056 A) was used. The distance
between the sample and the detector was 2500 mm, and the
irradiation time was 1800 s. The region 0.008 < Q < 0.014 A™" was
selected to decide the slope.

Tensile and Cyclic Tensile Tests. The AA-TD hydrogel was
prepared with a length of 30 mm and 10 mm grips on both ends of
the hydrogel using corona-treated PET film. The tensile and cyclic
tensile tests were conducted at a speed of 100 mm/min using a
Texture Analyzer (TA.XT plus, Stable Micro Systems) at 25 °C and
S0 + 10% RH. The cyclic tensile test was repeated 10 times without
rest. The strain rate was set at 100, 150, 200, and 250%. Residual

https://doi.org/10.1021/acsami.2c04791
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsami.2c04791?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c04791?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c04791?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c04791?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c04791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a
Day= 0 4 8 10 Schematic Diagram

g
€
[o]
o
°
o)
2
°
)
I

C

Normal

Masson’s

2000

—=— Control 20
,?1 00+ —— Hydrogel o **
S 2 200
g 501 £ g
»
© o '%' 150
€ 601 e
: §
o 3 < 100
g = a2
= o 2
K = >
g 20 w| S 50
I
[ T 0-

0 2 4 6 8 10 Control Hydrogel
Time (day)

Hydrogel

150 4 1500 4

100 4 1000

50+ 500

Epidermis Thickness (um)
Dermis Thickness (um)

Normal

Control

Normal Hydrogel

80

60

40

20

Collagen Deposition (%)

Control

Hydrogel Normal Control Hydrogel
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strain, hysteresis energy loss (AU), and resilience were calculated
using the initial cycle of the loading—unloading curve.

AU = ode — / ode
loading unloading

/ - ode
unloading
-/loading ode (6)

Lap Shear Test. The AA-TD hydrogel with 25 mm (L) and
porcine skin with 25 X S0 mm (W X L) was used. Sodium azide
solution (0.01 w/v % in DIW and 1X PBS solution) was sprayed 20
min before attaching the hydrogel to prevent degradation and
dehydration of porcine skin. The AA-TD hydrogel was attached to
porcine skin by applying 1 kPa pressure for 10 s and stored in a
stainless tray (with cover) at 25 °C until the desired time. To
maintain a moist environment, along with DIW- and PBS-treated
conditions, DIW and PBS solutions were sprayed every 12 h. A lap

©)

resilience (%) = X 100

shear test was conducted at a speed of 50 mm/min using a Texture
Analyzer (TAXT plus, Stable Micro Systems) at 25 °C and 50 + 10%
RH. The lap shear test was conducted 3 h after adhesion for samples
without special mention.

In Vitro Biodegradation. The lyophilized AA-TD hydrogel (40
mg) was immersed in 10 mL of 1X PBS solution (pH 7.4) at 37 °C
for 4 days. At each time point, the AA-TD hydrogel was washed with
DIW and lyophilized. The hydrogel weight (%) was calculated based
on the mass loss of the AA-TD hydrogel.

Cell Culture. To prepare a hydrogel-conditioned medium, the
lyophilized AA-TD hydrogel (0.5 mg) was immersed in 1 mL of
DMEM at 37 °C for 4 days. STO cells were cultured in DMEM (10%
FBS, 1% antibiotics) at 37 °C with 5% CO,. When cells were grown
to 80% confluence, the medium was then replaced with hydrogel-
conditioned DMEM and incubated. Pristine DMEM was used as the
control.

Cell Viability. STO cells (1 X 10° cells) were seeded into 96-well
cell culture plates and cultured for 12, 24, 48, and 72 h. STO cells
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were washed with PBS and incubated in 10% EZ-Cytox (DoGenBio)
solution in 100 #L of the 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) in the media.
STO cells were cultured (12, 24, 48, and 72 h) and centrifuged at
600g for S min at 25 °C. The supernatant was collected, and the assay
was conducted using the EZ-LDH kit according to the manufacturer’s
protocol. Cell cytotoxicity was analyzed using a microplate
spectrophotometer (Epoch 2, BioTek), and the absorbance at 450
nm was measured.

Cell Apoptosis. STO cells (1 X 10° cells) were seeded into six-
well cell culture plates and cultured for 48 h. STO cells were detached
from the cell culture plates and suspended 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 using
flow cytometry (CytoFlex, Beckman Coulter).

Cell Live/Death. The cell viability of STO cells was assessed using
a Live/Dead Cell Imaging Kit (Thermo Fisher Scientific, #R37601)
according to the manufacturer’s protocol. STO cells were seeded in -
slide Chemotaxis 3D (IBIDI) and incubated for 48 h. After
incubation, the Live Green and Dead Red reagents were mixed and
added to the medium at 25 °C for 15 min. The cells were then
observed using a confocal microscope system (LSM 710, Carl Zeiss).

In Vivo Wound Healing. All experiments on animals were
approved by the Institutional Animal Care and Use Committee of
Seoul National University (SNU-210616-1-2). Six-week-old male
Sprague Dawley rats were randomly divided into two groups (n = 5):
control and hydrogel-treated groups. All rats were anesthetized with a
mixture of Alfaxan (80 mg/kg) and xylazine HCI (10 mg/kg). After
anesthetization, the backs of the rats were shaved and scrubbed with
an organic iodine solution. A wound was made on the back skin using
a 6-mm-diameter circular biopsy punch. Then, the AA-TD hydrogel
was implanted in each wound and dressed with a Tegaderm film. In
the control group, only the Tegaderm film was implanted. Tissue
regeneration and vasculogenesis at the wound site were monitored
over time (0, 4, 8, and 10 days). The wounded skin was harvested 10
days post-implantation.

Hematoxylin and Eosin (H&E) and Masson’s Trichrome
Staining. Tissue samples were fixed with 4% paraformaldehyde for 5
min and stained with H&E for 5 min. Samples were washed with
ethanol (70, 95, and 100%) three times and then incubated in xylene
for 5 min. All images were acquired using a fluorescence microscope
(Eclipse Ts2, Nikon), and histological evaluations were performed
blindly.

Masson’s trichrome (VitroView Masson’s Trichrome Stain Kit)
staining was performed according to the manufacturer’s protocol. All
images were acquired using a fluorescence microscope (Eclipse Ts2,
Nikon), and histological evaluations were performed blindly.
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