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Injectable, self-healing hydrogel adhesives with firm
tissue adhesion and on-demand biodegradation for

sutureless wound closure

Hui Ren'%t, Zhen Zhang't, Xueliang Cheng?, Zheng Zou'?, Xuesi Chen'?, Chaoliang He

Tissue adhesives have garnered extensive interest as alternatives and supplements to sutures, whereas major
challenges still remain, including weak tissue adhesion, inadequate biocompatibility, and uncontrolled biode-
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gradation. Here, injectable and biocompatible hydrogel adhesives are developed via catalyst-free o-phthalalde-
hyde/amine (hydrazide) cross-linking reaction. The hydrogels demonstrate rapid and firm adhesion to various
tissues, and an o-phthalaldehyde-mediated tissue adhesion mechanism is established. The hydrogel adhesives
show controlled degradation profiles of 6 to 22 weeks in vivo through the incorporation of disulfide bonds into
hydrogel network. In liver and blood vessel injury, the hydrogels effectively seal the incisions and rapidly stop
bleeding. In rat and rabbit models of full-thickness skin incision, the hydrogel adhesives quickly close the inci-
sions and accelerate wound healing, which exhibit efficacies superior to those of commercially available fibrin
glue and cyanoacrylate glue. Thus, the hydrogel adhesives show great potential for sutureless wound closure,
hemostasis sealing, and prevention of leakage in surgical applications.

INTRODUCTION

Every year, millions of individuals are inflicted with various types of
wounds, including those attributed to accidental trauma and surgi-
cal incisions. After tissue injury, massive bleeding and wound infec-
tions are major causes of mortality (I, 2). Although sutures and
staples are currently the most common approaches used for
wound closure in clinical treatments, the time-consuming opera-
tions and demanding technical requirements involved render
them unsuitable for many emergency situations, such as sudden
natural disasters and war. Moreover, they are usually associated
with secondary tissue damage and leakage of fluid or air, particular-
ly in the fragile viscera (3-5). In recent years, adhesives have gar-
nered substantial interest as substitutes or complements to sutures
and staples (6, 7).

Tissue adhesives have been used for wound closure, hemostasis,
prevention of anastomotic leakage, and consequent acceleration of
wound healing (8-11). However, commercially available adhesives
still fail to meet clinical requirements owing to drawbacks such as
weak tissue adhesion, toxic components, and uncontrollable biode-
gradation. For instance, fibrin glues have been approved by the U.S.
Food and Drug Administration (FDA) for closure and hemostasis of
various types of wounds. Nevertheless, they show weak adhesion to
tissues (5 to 10 kPa) and pose a risk of diseases with blood-borne
viruses (12). Cyanoacrylate glues demonstrate relatively high adhe-
sion strength and have been approved for the closure of skin
wounds; however, the toxic cyanoacrylate monomers and degrada-
tion products of their polymers limit their internal clinical applica-
tions (13, 14).
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In recent years, various adhesion mechanisms have been inves-
tigated to develop next-generation tissue adhesives with superior
performance. The mechanisms underlying tissue adhesion typically
include the formation of covalent conjugation between adhesives
and the tissue surface (11), as well as physical interactions, such
as hydrogen bonding, electrostatic interactions, and m-m interac-
tions (15—-17). To date, tissue adhesion mechanisms that depend
on covalent conjugation have been examined extensively. Typically,
covalent bonding between tissues and adhesives is realized via reac-
tions between active groups (amine or thiol group) on the tissue
surface and reactive groups, such as N-hydroxysuccinimide
(NHS) esters (18-22), aldehydes (23-25), and polyphenols (26—
31) in adhesives. Nevertheless, these cross-linking approaches still
have considerable drawbacks. For instance, owing to the hydrolytic
instability of NHS ester, the adhesion performance may be compro-
mised after rehydration and long-term storage of the NHS ester
(32). Adhesives whose mechanisms are based on aldehyde/amine
condensation commonly show relatively low adhesion strength
because of the reversible nature of Schiff base bonds (25). In addi-
tion, tissue adhesion has been developed on the basis of biomimetic
polyphenol groups, especially catechol and pyrogallol. However, ox-
idants are typically required for the oxidation of catechol to quinone
to achieve firm adhesion, which may compromise the biocompati-
bility of the materials (10).

In addition, the biodegradation of adhesives also plays a crucial
role in wound healing (33-35). In particular, the controlled degra-
dation of tissue adhesives has advantages in practical applications of
wound closure, such as controlled absorption or on-demand de-
tachment of adhesives during tissue regeneration. Therefore, for
tissue adhesives, ensuring an ideal adhesion mechanism, biocom-
patibility, and biodegradability remains a major challenge for
their practical applications and clinical translation.

In our recent study, we discovered that the condensation reaction
between o-phthalaldehyde (OPA) and N-nucleophiles (amine, hy-
drazide, and aminooxy groups) can be used for the development of
a catalyst-free, fast, and biocompatible cross-linking strategy for

10f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

hydrogel formation (36). During the cross-linking process, the re-
action between OPA and amine (or hydrazide) proceeds spontane-
ously and chemoselectively under physiological conditions,
resulting in the formation of stable phthalimidine (or reversible hy-
drazone) linkages. Nevertheless, the feasibility of using the OPA/N-
nucleophile condensation reaction to develop tissue adhesives and
properties of adhesion between OPA-functionalized materials and
tissues have not yet been elucidated.

In this study, the OPA/N-nucleophile condensation reaction was
used to construct hydrogel adhesives using hydrazide-modified hy-
aluronic acid (HA) and OPA-terminated four-armed poly(ethylene
glycol) (4aPEG-OPA) as building blocks (Fig. 1). The OPA/hydra-
zide cross-linked hydrogels were designed owing to the dynamic
nature of hydrazone linkages, which may impart self-healing prop-
erties to the bulk system. In addition, firm adhesion of the hydrogel
to tissues can be realized through the spontaneous coupling of OPA
with the amine groups present in tissues, typically in the proteins of
the extracellular matrix, via the formation of stable phthalimidine
bonds (37, 38). We studied the physicochemical properties of the
hydrogels, including gelation time, mechanical properties, and in
vitro biocompatibility, and evaluated the ex vivo tissue adhesion
properties of the hydrogels on various tissues. We also investigated
the degradation of the hydrogels by implantation into the subcuta-
neous layer, which can be realized on-demand via the incorporation
of disulfide bonds into the cross-linking network. Moreover, we
demonstrated the potential application of hydrogel adhesives for
in vivo hemostasis in animal models of liver and blood vessel
injury and further systematically evaluated the wound closure per-
formance of the hydrogels in rat and rabbit models of full-thickness
skin incision.

RESULTS
Synthesis and characterization of hydrogel
HA is an essential component of the extracellular matrix and has
been used in clinical applications for decades (39—42). We first syn-
thesized the precursor polymer, adipic acid hydrazide-modified
HA (HA-ADH), according to a previously reported method (fig.
S1) (43). The degree of substitution was 11.8%, as observed by com-
paring the integral of the methylene proton of ADH at 1.53 parts per
million (ppm) to the methyl proton in N-acetylglucosamine of the
HA backbone at 1.89 ppm in 'H nuclear magnetic resonance
(NMR) spectrum (fig. S2). 4aPEG-OPA was prepared by introduc-
ing OPA groups to the terminals of 4aPEG (M, = 10 kDa) as a cross-
linker, according to our previously reported procedure (36). On the
basis of the 'H NMR spectrum, the degree of modification of OPA
on the terminals of 4aPEG was 75% (fig. S3).
HA-ADH/4aPEG-OPA (denoted as HA-PEG) hydrogels were
formed by simply mixing HA-ADH with 4aPEG-OPA at a mass
ratio of 1:1 in phosphate-buffered saline (PBS) under physiological
conditions without the involvement of any catalyst. Time-depen-
dent "H NMR analysis indicated that the reaction between OPA
groups of 4aPEG-OPA and hydrazide groups of HA-ADH resulted
in the formation of isoindole bis(hemiaminal) (IBHA) heterocyclic
intermediate, which further underwent dehydration to form the hy-
drazone (Fig. 2A) (44). As the residual aldehyde group could par-
ticipate in another nucleophilic attack, the resultant hydrazone
formed from OPA and hydrazide could further undergo an intra-
molecular cyclization to yield a cyclic product. To provide insights
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into the cross-linking process, the mechanism of the reaction
between OPA and hydrazide was investigated by density functional
theory (DFT) calculations using model molecules (Fig. 2B). For the
hydrazone formation from benzaldehyde and acethydrazide, the de-
hydration of the hemiaminal intermediate is rate determining, cor-
responding to the highest barrier of 31.98 kcal/mol along the path
(fig. S4). By contrast, OPA reacted with acethydrazide to yield the
IBHA intermediate. The IBHA intermediate further dehydrates to
form the hydrazone, and the energy barrier of this step was 22.66
kcal/mol, which was much lower than that of benzaldehyde coun-
terpart. This result suggested that OPA could be used as a highly
reactive cross-linking group for fast formation of hydrogel.

Fast gelation is a basic requirement of hydrogel adhesives. The
gelation time of the HA-PEG hydrogel, which indicates the time re-
quired for the change from liquid to free-standing hydrogel, was
evaluated using the vial inversion method at pH 7.4 and 37°C
(Fig. 2C). Owing to the fast formation of the IBHA intermediate
between OPA and hydrazide (36), the gelation time of the HA-
PEG hydrogel was significantly shorter than that of its widely
used benzaldehyde-based counterparts. As shown in Fig. 2D,
when the HA-ADH/4aPEG-OPA mass ratio was fixed at 1:1, the ge-
lation time of OPA/hydrazide cross-linked HA-PEG hydrogels was
2.0+0.1,1.5+0.2,and 1.3 + 0.1 min for polymer concentrations of
4,7, and 10% (w/v), respectively. In contrast, the gelation time of
HA-ADH/benzaldehyde-terminated 4aPEG (4aPEG-PhCHO)
counterparts were 231 + 6, 89 = 1, and 49 + 1 min under the
same conditions. Cryo—scanning electron microscopy (cryo-SEM)
images showed the formation of a porous structure in HA-PEG hy-
drogels (fig. S5A), which is beneficial for the transportation of active
molecules and cells.

Subsequently, the time-sweep rheological test was performed at
37°C to monitor the evolution of storage modulus (G) and loss
modulus (G”) during the cross-linking process. The G’ values of 4
to 10% (w/v) HA-PEG hydrogels rapidly increased over G” values
within 0.5 min and then reached a plateau within 20 min (Fig. 2E),
suggesting a dominant elastic behavior of the system and rapid hy-
drogel formation (45). Comparatively, the G’ values of the benzal-
dehyde/hydrazide  cross-linked ~ HA-ADH/4aPEG-PhCHO
hydrogels showed no apparent increase until 20 min (fig. S5B).
The G’ value of the HA-PEG hydrogel could be tuned by varying
the polymer concentration. As the polymer concentration increased
from 4 to 10% (w/v), the G’ values of the hydrogel at the plateau
markedly increased from 4.7 to 14.8 kPa, likely attributed to the in-
crease in cross-linking density (46). Besides, the frequency sweep
rheological test showed that the G’ of 7% (w/v) HA-PEG hydrogel
was almost constant in the range of 1 to 100 Hz (fig. S5C). In the
strain sweep rheological test, the hydrogel exhibited linear viscoelas-
ticity with strains ranging from 1 to 100%, whereas the G’ of the
hydrogel dropped rapidly at strains beyond 100% (fig. S5D).
Owing to the reversible nature of hydrazone linkages formed
between OPA and hydrazide (47), the hydrogel exhibited self-
healing properties. By cutting the hydrogel into two pieces and
placing them in contact with each other, the two pieces healed
into a piece of hydrogel after 20 min, which could maintain its in-
tegrity under gravity (Fig. 2F). The self-healing properties of the hy-
drogels at polymer concentrations of 4, 7, and 10% (w/v) were
evaluated by step-strain rheological tests between a strain of 1 and
500% at time intervals of 1, 2, 3, and 5 min. When the HA-PEG
hydrogels were subjected to a strain of 500%, an inversion of G’
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Fig. 1. Schematic illustration of the fabrication, cross-linking/adhesion mechanisms, and applications of hydrogel adhesive. (A) Fabrication of hydrogel adhesives
was performed by mixing HA-ADH or HA-DTPH with 4aPEG-OPA. (B) Mechanisms of dynamic cross-linking in bulk hydrogel and firm hydrogel-tissue adhesion, respec-
tively. (C) Application of hydrogel adhesives in hemostasis sealing and skin wound closure.
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Fig. 2. Characterization of HA-PEG hydrogel. (A) Time-dependent "H NMR analysis of mixture of HA-ADH and 4aPEG-OPA in D,0. (B) Energy profile calculated for
hydrazone formation from OPA and acethydrazide [B3LYP/6-31+G(d,p), kcal/mol]. (C) Images of the formation of 7% (w/v) HA-PEG hydrogel. (D) Gelation time of HA-PEG
hydrogels at different polymer concentrations at 37°C (mean + SD, n = 3). (E) Storage modulus (G') and loss modulus (G”) of HA-PEG hydrogels in the time sweep test. (F)
Images of self-healing behavior of 7% (w/v) HA-PEG hydrogel. The divided hydrogel pieces healed into a piece of hydrogel after contacting at 37°C for 20 min. (G) Step-
strain measurement of 7% (w/v) HA-PEG hydrogel at a time interval of 5 min. (H) Representative tensile stress-strain curves of HA-PEG hydrogels at different polymer
concentrations 6 hours after hydrogel formation at 25°C. (I) Representative compressive stress-strain curves of HA-PEG hydrogels at different polymer concentrations 6
hours after hydrogel formation at 25°C. (J) Quantitative data of tensile stress (mean + SD, n = 5) and compressive stress (mean + SD, n > 4) of different hydrogels. (K)
Degradation profile of 7% (w/v) HA-PEG hydrogels in blank PBS and PBS with hyaluronidase (10 U/ml) at 37°C (mean + SD, n = 3). (L) Viability of NIH 3T3 cells treated with
different polymer solutions for 24 hours; polyethyleneimine 25k (PEI 25k) was used as a positive control (mean + SD, n = 5). (M) Confocal images of NIH 3T3 cells co-
cultured with 7% (w/v) HA-PEG hydrogel. (N) Hemolytic ratio of 7% (w/v) HA-PEG hydrogel extracts at different concentrations (mean + SD, n = 5).
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and G" was observed, indicating that the viscous behavior became
dominant owing to the breakage of cross-links at high strain
(Fig. 2G and figs. S6 to S8) (45). At time intervals of 2, 3, and 5
min, the 4, 7, and 10% (w/v) hydrogels showed an almost complete
recovery of both G’ and G” values after the strain was decreased to
1%. This recovery could be reproduced over three cycles. In con-
trast, at a time interval of 1 min, the step-strain rheological test

Fig. 3. Tissue adhesion properties and A
hemostatic performance of HA-PEG
hydrogel. (A) Adhesion strength of 7%
(w/v) HA-PEG hydrogel or fibrin glues to
porcine skin at 37°C (mean + SD, n =5). (B)
Burst pressure of porcine sausage casings
sealed by 7% (w/v) HA-PEG hydrogel and
fibrin glues recorded at 10 min after
sealing (mean + SD, n = 5). (C) Cryo-SEM
images of the interface between porcine
casing and 7% (w/v) HA-PEG hydrogel. (D)
Energy profile calculated for the reaction
between OPA and ethylamine [B3LYP/6-
31+G(d,p), kcal/moll. (E) Photographs of
7% (w/v) HA-PEG hydrogel adhered to
porcine skin following stretching,
bending, twisting, and flushing with
water. (F) Photographs of ex vivo tissue
adhesion and incision closure perfor-
mance of 7% (w/v) HA-PEG hydrogel in
the liver, heart, and kidney of a rabbit
model. (G) Hemostatic effect of 7% (w/v)
HA-PEG hydrogel on the rat liver in
massive bleeding models. Schematic il-
lustration, photographs, and blood loss
showing liver bleeding of SD rats treated
with fibrin glues or HA-PEG hydrogel
(mean =+ SD, n = 5). (H) Schematic illus-
tration and photographs showing hemo-
static sealing effects of 7% (w/v) HA-PEG
hydrogel in rabbit femoral vein and artery
incision models. Statistical significance
was analyzed by independent sample t
test for (A) and (B) and one-way ANOVA
with the Tukey post hoc test for (G) (**P <
0.01 and ***P < 0.001).
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showed a delay of recovery of G’ values after the strain was decreased
to 1%. The self-healing properties of the hydrogel were ascribed to
the reversible nature of hydrazone linkages formed between OPA
and hydrazide (47). It is beneficial for improving the durability
and reliability of hydrogel adhesives by recovering their mechanical
strength after damage (48).
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We further evaluated the compressive and tensile strengths of
HA-PEG hydrogels using a universal testing machine. As the
polymer concentration increased from 4 to 10% (w/v), the compres-
sive and tensile strengths of the hydrogel increased from 87.9 + 37.3
kPa to 326.4 + 87.8 kPa and 7.1 + 0.7 kPa to 35.2 + 5.5 kPa, respec-
tively (Fig. 2, H to ], and fig. S9). These results collectively demon-
strate that the mechanical properties of the hydrogel could be
adjusted by varying the polymer concentration.

The biodegradation of adhesives plays a key role in wound
healing and tissue regeneration. To investigate in vitro degradation
of the HA-PEG hydrogel, we incubated 7% (w/v) hydrogels in blank
PBS and PBS with hyaluronidase (10 U/ml). As shown in Fig. 2K,
the hydrogels incubated in blank PBS swelled and then completely
degraded in 40 days owing to a gradual cleavage of hydrazone link-
ages. The degradation rate of the hydrogel could be accelerated by
adding hyaluronidase to the medium, which was attributed to the
breakage of the HA backbone. The hydrogels were degraded within
11 days in the presence of hyaluronidase (10 U/ml). To investigate
the influence of polymer concentration on hydrogel degradation, we
evaluated the degradation behaviors of 4 and 10% (w/v) HA-PEG
hydrogels in PBS containing hyaluronidase (10 U/ml). The hydro-
gels with 4 and 10% (w/v) polymer concentrations were degraded in
8 and 15 days, respectively (fig. S10). Overall, an increase of the
polymer concentration from 4 to 10% (w/v) could prolong the
time required for hydrogel degradation.

Good biocompatibility of both the polymer precursor solution
and the resultant hydrogel is a basic requirement for biomedical ap-
plications, including the development of tissue adhesives. The cyto-
compatibility of the precursor polymers, HA-ADH and 4aPEG-
OPA, against fibroblast NIH 3T3 cells was evaluated using the
Cell Counting Kit-8 (CCK-8) assay at concentrations ranging
from 0.0625 to 1 mg/ml for 24 hours. As shown in Fig. 2L, cell vi-
ability was more than 90%, suggesting no detectable cytotoxic
effects of HA-ADH and 4aPEG-OPA. Subsequently, the HA-PEG
hydrogel formed by mixing the two polymers was cocultured with
NIH 3T3 fibroblasts for 3 days, and the cell viability was equivalent
to that of the PBS group (Fig. 2M and fig. S11). In addition, the cells
were mixed with precursor solutions and encapsulated in the hydro-
gel after cross-linking. Live-dead cell staining demonstrated a high
viability of cells inside the hydrogel (fig. S11). The hemocompatibil-
ity of the hydrogels was further evaluated using hemolysis tests. As
presented in Fig. 2N and fig. S12, the supernatant incubated with
the hydrogel extract showed a light-yellow color, similar to that of
saline. Quantitative analysis showed that the hemolysis rate of the
hydrogel extract was less than 5%, indicating a good hemocompat-
ibility of the hydrogel. These results confirmed that the HA-PEG
hydrogel showed good biocompatibility in vitro.

Tissue adhesion properties and hemostatic performance of
the HA-PEG hydrogel

To determine the tissue adhesion properties of the HA-PEG hydro-
gel, the hydrogel was sandwiched between two pieces of porcine
skin, and the adhesion strength was measured using a lap shear
test (Fig. 3A). The hydrogels with polymer concentrations of 4, 7,
and 10% (w/v) showed adhesion strengths of 18.0 + 1.8 kPa, 27.6
+ 3.9 kPa, and 30.3 + 4.6 kPa, respectively (fig. S13). By increasing
the polymer concentration from 4 to 7% (w/v), the adhesion
strength of hydrogels was obviously increased from 18.0 + 1.8 kPa
to 27.6 + 3.9 kPa. However, a further increase of concentration to
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10% (w/v) only resulted in a slight increase of adhesion strength to
30.3 £ 4.6 kPa. In addition, the adhesion strength of the 7% (w/v)
OPA/hydrazide cross-linked HA-PEG hydrogel (27.6 + 3.9 kPa) was
significantly higher than those of a commercially available fibrin
glue (12.1 + 3.5 kPa) and 7% (w/v) benzaldehyde/hydrazide
cross-linked HA-ADH/4aPEG-PhCHO hydrogel counterpart (0.9
+ 0.8 kPa) (Fig. 3A and fig. S13). Moreover, a burst pressure test
was carried out by applying the hydrogel onto the hole (~1.6
mm) of a casing to evaluate the ability of the HA-PEG hydrogel
to prevent liquid leakage or bleeding when used as a tissue adhesive
(Fig. 3B). It was found that the burst pressures were 67.8 £ 20.5
mmHg, 171.9 + 31.8 mmHg, and 296.4 + 47.0 mmHg for the hy-
drogels with polymer concentrations of 4, 7, and 10% (w/v), respec-
tively (fig. S14). The burst pressures for the 7 and 10% (w/v)
hydrogels were both significantly higher than those of the fibrin
glue (89.1 + 21.6 mmHg) and normal arterial blood pressure in
humans (Fig. 3B) (23, 49). Considering the appropriate adhesion
strength and degradation behavior, a concentration of 7% (w/v)
was selected for the HA-PEG hydrogel in subsequent experiments.

The interface between tissue and material was investigated by
using cryo-SEM. As shown in Fig. 3C, a tight interface was
formed between the porcine casing and the 7% (w/v) HA-PEG hy-
drogel. The robust adhesion of the hydrogel to various tissues can be
attributed to the formation of stable phthalimidine linkages
between the hydrogel and tissues (37, 38). DFT calculation revealed
that OPA reacted with primary amine to yield an IBHA intermedi-
ate, which then underwent dehydration and transformed into a
phthalimidine product by tautomerization (Fig. 3D) (50, 51). This
reaction is strongly exoenergetic with an AE of 43.59 kcal/mol, sug-
gesting the stability of phthalimidine linkage. In addition, the
dynamic cross-linking networks based on hydrazone bonds
provide the bulk hydrogel with the capability of energy dissipation.
When a stress was applied, the cleavage of reversible hydrazone
linkages and resulting dissipation of energy prevented the failure
of adhesion at the adhesive-tissue interface. Cyclic compressive
test was performed to validate the capability of energy dissipation
of the HA-PEG hydrogel (fig. S15). The hysteresis loops of stress-
strain curves suggested energy dissipation of the hydrogel, which
was attributed to the cleavage of reversible hydrazone bonds in
the hydrogel network.

To further demonstrate the tissue adhesion of the hydrogel, 7%
(w/v) HA-PEG hydrogel was applied to various tissues ex vivo. The
hydrogel showed strong adhesion to porcine skin without detach-
ment after stretching, bending, twisting, or flushing with water
(Fig. 3E). Besides, the hydrogel could adhere tightly to various
tissues, including the liver, heart, and kidney, and achieve firm in-
cision closure (Fig. 3F).

Excessive bleeding is a major cause of death during surgery and
after trauma. Therefore, it is important to quickly seal the wounds
and achieve hemostasis (49, 52-55). We performed in vitro blood
clotting experiments to explore the potential effect of 7% (w/v)
HA-PEG hydrogel on promoting blood clotting (56). Blood clotting
was observed at 0.4 + 0.1 min and 1.1 + 0.5 min for HA-PEG hy-
drogel and fibrin glue groups, respectively, much faster than the
control group with a blood clotting time of 6.9 * 1.4 min (fig.
S16). It has been reported that the aggregation of platelets and red
blood cells facilitated the formation of a hemostasis barrier (57, 58).
We further investigated the morphology of hydrogel-treated blood
clot by cryo-SEM. The platelets and red blood cells were observed

6 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

within the mesh of hydrogel (fig. S17). This result suggested that the
rapid blood clotting effect of the hydrogel in vitro may be related to
the encapsulation and aggregation of platelets and red blood cells
within the hydrogel networks.

Encouraged by its robust tissue adhesion and blood clotting
effect, the 7% (w/v) HA-PEG hydrogel was evaluated as a potential
sealant in a rat model of hepatic hemorrhage as well as in rabbit
models of the femoral vein and artery bleeding to realize hemosta-
sis. A rat model of hepatic hemorrhage was established by intraper-
itoneal injection of heparin, followed by partial excision of the left
lobe of the liver. The precursor solution was applied to the wound to
form a hydrogel in situ, when the liver was actively bleeding. To
assess the hemostatic efficacy, the time to hemostasis was recorded.
No hemostasis was observed within 10 min for heparinized rats in
the control group. The hydrogel displayed robust adhesion on liver
wounds and achieved hemostatic sealing of bleeding liver within 10
s, showing a significantly reduced time to hemostasis compared to
the fibrin glue group (134 + 43 s) (fig. S18). Furthermore, the blood
loss within 3 min was recorded for each group. The hydrogel rapidly
sealed off the tissue defect site, leading to a reduction of blood loss
by 92.5% compared to the untreated group (Fig. 3G). To further
evaluate the potential of the hydrogel for rapid hemostasis, incisions
of 3 mm were created in the rabbit femoral artery and vein. Hemo-
static forceps were used to clamp the blood vessels, and hydrogel
was applied to the incisions. After 30 s, the forceps were removed.
The hydrogel effectively sealed the incisions of both the artery and
vein and prevented bleeding within 30 s (Fig. 3H).

Performance of the HA-PEG hydrogel for wound closure in
full-thickness skin incisions

To further investigate the potential of 7% (w/v) HA-PEG hydrogel
for wound closure, a rat full-thickness skin incision model was used
(male, incision length = 2 cm). The precursor solutions were mixed
and applied to the incision, followed by finger clamping for 2 min
(Fig. 4A). Surgical suture, commercially available fibrin glue, and
cyanoacrylate glue (Histoacryl) were used for comparison. The
HA-PEG hydrogel could effectively close the wounds within 2
min and retained wound closure even under the influence of exter-
nal forces of dragging and twisting (fig. S19 and movie S1). More-
over, the HA-PEG hydrogel was able to resist the tensile force of the
skin during the wound healing process for a period of 14 days
(Fig. 4B). In contrast, fibrin glue showed relatively weak tissue ad-
hesion, and cyanoacrylate glue was brittle and easily peeled off from
the skin. Therefore, the groups treated with fibrin glue and cyano-
acrylate glue showed failed wound closure.

Histological analysis of the repaired skin was further performed
using hematoxylin and eosin (H&E) and immunohistochemical
staining. As shown in Fig. 4C and fig. S20, treatment with HA-
PEG hydrogel resulted in a significantly reduced wound area on
day 7 after treatment compared to that observed in the untreated
group and groups treated with fibrin glue and cyanoacrylate glue.
In addition, HA-PEG hydrogel-treated wounds exhibited
minimal inflammation in H&E staining images on days 7 and 14.
In comparison, a scar was observed extending from the dermis to
the subcutaneous muscle layer in the untreated and cyanoacrylate
glue—treated groups. In addition, the dermis layer was damaged
by cyanoacrylate glue on day 7 after the glue film sloughed off
from the skin. The application of fibrin glue showed more efficient
wound closure than that observed in the untreated and
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cyanoacrylate glue—treated groups. Nevertheless, a high number of
stained inflammatory cells were observed at the incision sites on day
7 in the H&E images of the fibrin glue—treated group, suggesting a
severe inflammatory response. Immunohistochemical staining for
CD68 further demonstrated a high level of macrophage recruitment
in the wound area of the fibrin glue—treated group on day 7 (Fig. 5,
A and D). Thus, the results indicated that the HA-PEG hydrogel
accelerated the wound healing process by reducing inflammation
at the wound site.

Collagen fibers play an important role in restoring tissue struc-
ture and function during wound healing. Collagen deposition in
wounds was evaluated by Masson's trichrome staining. An increase
in collagen deposition was observed in all groups from days 7 to 14.
Notably, the collagen level of the untreated group on day 14 was
much lower than that of the HA-PEG and suture-treated groups
(Fig. 5, B and E).

The vessels formed in the wound area were stained by CD31 with
red fluorescence and differentiated myofibroblasts were stained by
a-smooth muscle actin (a-SMA) with green fluorescence. As shown
in Fig. 5C and fig. S20, regular expression of CD31 and a-SMA was
observed after treatment with the HA-PEG hydrogel. Overall, the
histological assessments indicated that rapid wound closure with
HA-PEG hydrogel could reduce the wound area, relieve inflamma-
tion, promote collagen deposition, and consequently facilitate
wound healing.

On-demand biodegradation of hydrogel through the
incorporation of disulfide bonds

On the basis of the results of in vitro biocompatibility, ex vivo tissue
adhesion, and in vivo hemostasis and wound closure, the HA-PEG
hydrogel could achieve rapid wound closure and hemostasis,
promote wound healing, and relieve inflammation at the wound
sites. Because the time for wound healing is tissue specific, the deg-
radation rate of tissue adhesives should match the rate of tissue
repair. Meanwhile, on-demand degradation of adhesives allows
for personalized treatment (19, 59-62). Encouraged by this
concept, we further introduced a stimulus-cleavable linker, 3,3'-di-
thiobis(propionohydrazide) (DTPH) containing a disulfide bond
(SS), into the HA-PEG hydrogel network (Fig. 6A). The disulfide
bond can be easily cleaved by thiol-containing compounds, a ubig-
uitous biological process that is key to the maintenance of protein
structure and intracellular redox potential (63, 64). The synthesis of
DTPH-modified HA (HA-DTPH) was performed according to a
procedure similar to that of HA-ADH (figs. SI1 and S21). The
HA-SS-PEG hydrogel was then formed by mixing HA-DTPH
with 4aPEG-OPA in PBS at a mass ratio of 1:1 using the same
cross-linking mechanism as that of the HA-PEG hydrogel (fig.
§22). The HA-SS-PEG hydrogel demonstrated comparable gelation
time, mechanical properties, and tissue adhesion strength to the
HA-PEG hydrogel and showed good biocompatibility in vitro
(figs. S22 to S26).

To investigate the stimuli-responsive degradation behavior in
vitro, the HA-SS-PEG hydrogel was incubated in different media,
including blank PBS, PBS with hyaluronidase, PBS with glutathione
(GSH), and a cell culture medium. As shown in Fig. 6B, the HA-SS-
PEG hydrogel continuously swelled for up to 30 days in blank PBS,
while it was degraded in 12 days in the presence of hyaluronidase
(10 U/ml) due to the accelerated degradation of HA segments in
the hydrogel. In addition, owing to the disulfide bonds in the
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Fig. 4. Performance of HA-PEG hydrogel for wound closure in a rat full-thickness skin incision model. (A) Schematic illustration of the establishment and treatment
of skin incision wounds by HA-PEG hydrogel or fibrin glue. (B) Representative photographs of wound areas after treatment with suture, fibrin glue, cyanoacrylate glue
(Histoacryl), and 7% (w/v) HA-PEG hydrogel, respectively. (C) H&E staining images of wound tissues on days 7 and 14, respectively (n = 3). The yellow dashed lines indicate

the remaining wound areas.

polymer network, the degradation rate could be adjusted by adding
GSH (65). The HA-SS-PEG hydrogel was degraded within 2 days in
the presence of 1 mM GSH. Increasing the GSH concentration to 5
mM led to a shorter degradation time of 1 day (Fig. 6C). Further-
more, to investigate the degradation behavior under more physio-
logically relevant conditions, we incubated the hydrogels in a cell
culture medium. The HA-SS-PEG hydrogel could be degraded
within 11 days in the cell culture medium, which was faster than
the degradation rate of the HA-PEG hydrogel (19 days). Notably,
the degradation time could be readily regulated by changing the
HA-DTPH content in the hydrogel. By mixing HA-ADH, HA-
DTPH, and 4aPEG-OPA at the mass ratio of 0.5:0.5:1, the resultant
HA-ADH/HA-DTPH/4aPEG-OPA hydrogel, denoted as HA-SS 5-
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PEG, was degraded in 16 days (Fig. 6D and fig. S27). Therefore, the
results demonstrated that the hydrogels exhibited tunable
biodegradability.

Next, the hydrogels were subcutaneously implanted into rats for
investigating their in vivo degradation behavior. The hydrogels
demonstrated continuous biodegradation, as observed upon visual
inspection and by noting changes in the weights of the remaining
hydrogels (Fig. 6, E and F). The degradation rate of the HA-SS-PEG
hydrogel (6 weeks) was much faster than that of HA-PEG (22
weeks), which was ascribed to the breakage of disulfide bonds in
response to diverse thiol-containing compounds, for instance,
GSH, found in vivo. The degradation rate of the hydrogels could
also be regulated by adjusting the ratio of HA-DTPH in the
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hydrogel. By mixing HA-ADH with HA-DTPH at equal mass ratio,
the resultant HA-SS, s-PEG hydrogel was mostly degraded in 14
weeks. In addition, H&E staining showed enhanced accumulation
of inflammatory cells at the tissue interfaces directly contacting
the hydrogel 1 week after implantation, indicating mild inflamma-
tion caused by a normal foreign-body reaction (Fig. 6G and fig. $28)
(66). It is notable that the inflammation was mitigated gradually as
the hydrogels were degraded, implying good biocompatibility in
vivo (67).

Performance of hydrogel for wound closure in rabbit full-
thickness skin incisions

To evaluate the in vivo adhesion performance of the HA-PEG and
HA-SS-PEG hydrogel, we established a rabbit full-thickness skin in-
cision model (male, incision length, 3 cm) (Fig. 7A). The precursor
polymer solutions were mixed and applied to the incisions. Suture,
fibrin glue, and cyanoacrylate glue were used for comparison. As
shown in Fig. 7B, both the HA-PEG and HA-SS-PEG hydrogel ef-
ficiently closed the wounds and resisted the tensile force of the skin
for 20 days. The wounds treated with the HA-PEG or HA-SS-PEG
hydrogel showed excellent healing efficiency, with negligible scars
on day 20 after treatment. In contrast, the brittleness of cyanoacry-
late glue and weak tissue adhesion of fibrin glue led to considerable
failure of wound closure. It is worth noting that despite the effective
wound closure observed upon treatment with sutures, scars associ-
ated with sutures were observed after wound healing.

We further histologically assessed the wound sites using H&E
staining and Masson'’s trichrome staining (Fig. 7C and fig. S29).
The wound area was quantified on the basis of the H&E staining
images to evaluate the wound healing effect. Treatment with HA-
PEG or HA-SS-PEG hydrogel resulted in a significantly reduced
wound area on day 10 after treatment compared to that observed
in the untreated group and group treated with fibrin glue or cyano-
acrylate glue (fig. S30A). The HA-PEG or HA-SS-PEG hydrogel-
treated wounds exhibited reduced inflammation in H&E staining
images on days 10 and 20. In addition, based on the Masson's tri-
chrome staining results, the collagen deposition levels at the wound
sites of the HA-PEG and HA-SS-PEG hydrogel groups were signifi-
cantly higher on day 10 after treatment, compared to that of the un-
treated group (fig. S30B). Notably, compared with the HA-PEG
hydrogel, less residual hydrogel was found at the wound sites of
the HA-SS-PEG hydrogel group based on H&E staining images
(fig. S31). This was attributed to faster hydrogel degradation of
the HA-SS-PEG hydrogel through the cleavage of disulfide bonds
by diverse thiol compounds in vivo, for instance, GSH (64, 65). It
is worth mentioning that the timely degradation of hydrogel after
the wound closure may be favorable for tissue regeneration and re-
lieved inflammation (68). Overall, these results suggest that the HA-
SS-PEG hydrogels exhibited excellent tissue adhesion, good bio-
compatibility, and controlled biodegradability and, hence, show
promise as tissue adhesives for sutureless wound closure.

DISCUSSION

Sutures are the primary means to reconnect the injured tissues and
close the wound areas after various injuries. However, suturing is a
time-consuming process and may not be ideal in emergency situa-
tions. Besides, sutures will lead to additional damage to tissues and
induce scarring. Tissue adhesives provide an attractive tool kit to
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rapidly close wounds, stop bleeding, prevent leakage, and ultimately
restore tissue function.

Considerable commercially available and developing tissue ad-
hesives use NHS ester/amine coupling reaction to form the cross-
linking network and realize the tissue adhesion. They need to be
used once upon dissolving in aqueous medium, owing to the hydro-
lytic instability of NHS ester (32). The limited operation time may
compromise the performance of tissue adhesives. Tissue adhesives
based on traditional Schiff base or hydrazone cross-linking strategy
commonly exhibited low adhesion strength (25). In addition, the
adhesives based on biomimetic polyphenol groups usually require
the utilization of oxidants, which would compromise the biocom-
patibility of the system (10). A tissue adhesion mechanism based on
transglutaminase-catalyzed conjugation between the glutamine
groups of hydrogels and the amine groups in tissues was reported.
The adhesion property of the hydrogels could be improved by in-
corporation of a second dynamic covalent cross-linking
network (69).

HA hydrogel tissue adhesives based on traditional hydrazone
bonds have been reported in several studies. However, these HA hy-
drogel adhesives showed weak tissue adhesion strength (1 to 3 kPa
on porcine skin) (70). To improve the tissue adhesion properties of
the HA hydrogel adhesives, polyphenol moieties were incorporated
into the HA hydrogels, which led to additional hydrogel-tissue in-
teractions including hydrogen bonding and covalent conjugation
(71, 72). With the presence of oxidation systems such as hydrogen
peroxide and horseradish peroxidase, the tissue adhesion strengths
of these hydrogels were increased to a certain extent (~13.8 kPa).

In this work, we developed an injectable and self-healing hydro-
gel adhesive with firm tissue adhesion and tunable degradation
profile for wound closure and hemostatic sealing based on the cat-
alyst-free OPA/amine (hydrazide) reaction. By simply mixing hy-
drazide-modified HA with 4aPEG-OPA, HA/PEG hybrid
hydrogels were formed in situ through the formation of hydrazone
linkages. Compared with preformed adhesives, the injectability of
the hydrogel is favorable in certain circumstances, for example,
minimally invasive procedures where access to the operative area
is limited. The cross-linking process of HA/PEG hydrogels involved
no initiator, catalyst, additive, or ultraviolet irradiation and yielded
water as the only by-product. NMR spectroscopy and DFT calcula-
tion revealed that a cyclic IHBA intermediate was formed, arising
from the double nucleophilic attack of a hydrazide group to the
two adjacent aldehyde groups of OPA, which was then dehydrated
to yield the hydrazone bond (44). The results explained the fast ge-
lation process of HA/PEG hydrogels.

Owing to the fast and spontaneous coupling reaction between
the residual OPA in the hydrogels and amine groups present in
tissues, firm surface bonding formed between the HA/PEG hydro-
gels and tissues with the formation of stable phthalimidine linkages.
In addition, the dynamic hydrazone cross-linking networks in the
bulk hydrogels may contribute to the capability of energy dissipa-
tion. Thus, the HA/PEG hydrogel displayed firm adhesion to
various tissues. The 7% (w/v) OPA/hydrazide cross-linked HA-
PEG hydrogels exhibited a markedly enhanced adhesion strength
(27.6 * 3.9 kPa), compared to those of the 7% (w/v) benzalde-
hyde/hydrazide cross-linked hydrogel counterparts (0.9 + 0.8 kPa)
and a commercially available fibrin glue (12.1 + 3.5 kPa).

Quick sealing and hemostasis of the bleeding wounds is crucial
in clinical practice. In the in vitro blooding clotting tests, the HA-
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incision wounds. (B) Photographs of skin incision wounds after treatment with suture, fibrin glue, cyanoacrylate glue, 7% (w/v) HA-PEG hydrogel, and 7% (w/v) HA-SS-PEG
hydrogel, respectively. (C) H&E staining of wound tissues on days 10 and 20, respectively (n = 4). The yellow dashed lines indicate the remaining wound areas.

Ren et al., Sci. Adv. 9, eadh4327 (2023) 16 August 2023 12 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

PEG hydrogel was found to promote blood clotting, with encapsu-
lation of platelets and red blood cells within the hydrogel. In animal
models of liver and blood vessel bleeding, the hydrogels could effec-
tively seal incisions and prevent bleeding rapidly. In rat and rabbit
models of full-thickness skin incisions, the hydrogel adhesives
could efficiently close the incisions within 2 min, withstand external
forces of dragging and twisting, and ultimately promote wound
healing with reduced inflammation and negligible scar formation.
The hydrogels showed better performance in promoting wound
closure and healing than commercially available fibrin glue and cy-
anoacrylate glue. Our results demonstrate that the OPA/amine (hy-
drazide) reaction can be adopted as a new adhesion chemistry for
the development of tissue adhesives.

The biodegradation of adhesives at the desired rate circumvents
the need for postoperative removal and prevents prolonged inflam-
mation and tissue fibrosis caused by the foreign materials. The
natural abundance of hyaluronidase is beneficial for the biodegrad-
ability of the HA/PEG hydrogel adhesives. The in vivo degradation
profiles of hydrogels could be adjusted on demand by introducing
disulfide bonds into the hydrogel network, which could be cleaved
in response to diverse thiol-containing compounds, for instance,
GSH, found in vivo. By adjusting the content of disulfide bonds
in the hydrogel network, a wide range of degradation period (6 to
22 weeks) were obtained. This appealing property provides an op-
portunity to orchestrate the degradation rate of the adhesives ac-
cording to the rate of tissue regeneration (19, 64).

Biocompatibility is fundamental for clinical application of tissue
adhesives. The two major components, HA and PEG, of the pre-
sented hydrogel adhesives are approved by FDA for clinical use.
Our preliminary investigations demonstrated the good cytocompat-
ibility and histocompatibility of the hydrogel adhesives. Future in-
vestigations are needed to evaluate the long-term degradation and
metabolism in vivo. The studies on rat and rabbit models revealed
the good performance of the hydrogel adhesives for hemostatic
sealing and wound closure. Further evaluation and optimization
of the performance on wound closure and tissue repair with large
animal models are also important for the clinical translation of the
material. Overall, the HA/PEG hydrogels with a biocompatible ad-
hesion mechanism, superior tissue adhesion performance, and
well-controlled biodegradation rate have shown strong potential
for the development of next-generation tissue adhesives.

MATERIALS AND METHODS

Materials

HA (M, = 35.0 kDa, polydispersity index = 2.5) was purchased from
Bloomage Biotech Ltd. (Jinan, China). Hydrazine hydrate (40%)
was purchased from Beijing Chemical Works (Beijing, China). Di-
methyl 3,3'-dithiodipropionate (98%) and 1-hydroxybenzotriazole
monohydrate (HOBt-H,O) were obtained from Tokyo Chemical
Industry Ltd. (Shanghai, China). Adipic acid dihydrazide, 1-(3-di-
methylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC-HCI), and 4-formyl benzoic acid were purchased from J&K
Scientific Ltd. (Beijing, China). Other reagents were purchased
from the manufacturer and used without further purification. The
4aPEG (M, = 10 kDa) was purchased from Pharmicell Co. Inc.
(Seoul, Republic of Korea). Amino-terminated 4aPEG (M,, = 10
kDa) was obtained from JenKem Technology Co. Ltd. (Beijing,
China). Cyanoacrylate glue (n-butyl-2-cyanoacrylate, Histoacryl)
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was obtained from B. Braun Surgical SA (Rubi, Spain). Fibrin
glue derived from porcine plasma (Bioseal) was purchased from
Bioseal Biotech Co. Ltd. (Guangzhou, China), a subsidiary
company of Johnson & Johnson (New Jersey, USA).

Characterization

NMR spectra were recorded with a Bruker Avance III 500 MHz
NMR spectrometer (Bruker, Germany) at 23°C using deuterium
oxide (D,0) or deuterated chloroform (CDCl;) as the solvent. An
MCR 301 rheometer (Anton Paar GmbH, Austria) with a flat upper
plate (diameter, 25 mm) was used to determine the rheological be-
havior. Microstructures of hydrogels were investigated using a scan-
ning electron microscope (Sigma 300, Zeiss, Germany). The tensile,
compressive, and lap shear strengths of hydrogels were analyzed
using a universal testing machine (AGS-X 50 N, SHIMAD-
ZU, Japan).

Synthesis of HA-ADH

HA-ADH was synthesized according to a previously reported pro-
cedure (43). First, HA (1.22 g, 3 mmol of disaccharide units) was
dissolved in 200 ml of deionized water, and then, adipic acid dihy-
drazide (5.22 g, 30 mmol), HOBt-H,O (405 mg, 3 mmol), and
EDC-HCI (148 mg, 0.75 mmol) were successively added to the sol-
ution. Subsequently, the pH was adjusted to 4.7 using 1 M HCl and
1 M NaOH. The reaction was stirred for 48 hours at room temper-
ature. The mixture was placed into a dialysis bag [molecular weight
cutoff (MWCO): 7000 Da] and dialyzed against deionized water
containing 0.9% (w/v) NaCl (6 x 2 liters) for 48 hours, followed
by further dialysis against deionized water (3 x 2 liters) for 24
hours. HA-ADH was obtained after freeze drying, and the grafting
rate was determined as 11.8% by "H NMR.

Synthesis of HA-DTPH

3,3’-Dithiobis(propanoic dihydrazide) was synthesized according
to a previously reported procedure (73). Briefly, 3,3'-dithiopro-
pionic acid dimethyl ester (10 g, 37.5 mmol) and hydrazine
hydrate (12 g, 240 mmol) were dissolved in ethanol (20 ml).
Then, the reaction was stirred and refluxed for 5 hours under a ni-
trogen atmosphere at 85°C. Subsequently, the mixture was washed
with ice methanol (5 x 30 ml) and dried in vacuum. The product
was recrystallized with ethanol-water at 60°C to obtain 3,3'-dithio-
bis(propanoic dihydrazide) (yield: 70.5%).

The synthesis method of HA-DTPH was similar to that of HA-
ADH. HA (1.22 g, 3 mmol of disaccharide units) and 3,3’-dithio-
bis(propanoic dihydrazide) (6.24 g 30 mmol) were dissolved in
200 ml of deionized water. Subsequently, HOBt-H,O (405 mg, 3
mmol) and EDC-HCI (178 mg 0.9 mmol) were added to the solu-
tion. The pH was adjusted to 4.7 using 1 M HCl and 1 M NaOH.
The reaction was stirred at room temperature for 48 hours. The sol-
ution was placed into a dialysis bag (MWCO: 7000 Da) and dialyzed
against deionized water containing 0.9% (w/v) NaCl (6 x 2 liters) for
48 hours, followed by further dialysis against deionized water (3 x 2
liters) for 24 hours. HA-DTPH was obtained after freeze drying,
and the grafting rate was determined as 14.1% by '"H NMR.

Synthesis of 4aPEG-OPA

1,3-Dimethoxy-1,3-dihydroisobenzofuran-5-carboxylic acid N-
succinimidyl ester was synthesized according to our previously re-
ported method (36). 4aPEG-OPA was synthesized as follows:
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amino-terminated 4aPEG and 1,3-dimethoxy-1,3-dihydroisoben-
zofuran-5-carboxylic acid N-succinimidyl ester were dissolved in
20 ml of ultradry CH,Cl,, followed by the addition of 1 ml of pyr-
idine. The yellow solid was precipitated with diethyl ether. Subse-
quently, the yellow solid was dissolved in deionized water, and
trifluoroacetic acid was added. The mixture was stirred for 1 hour
at room temperature and then dialyzed for 2 days to obtain 4aPEG-
OPA. The degree of substitution of OPA was 75%, as determined by
'H NMR.

Synthesis of 4aPEG-PhCHO

4aPEG (5 g, 2 mmol of hydroxyl groups) and 4-formyl benzoic acid
(1.5 g, 10 mmol) were dissolved in 100 ml of CH,Cl,. Subsequently,
EDC-HCI (3.8 g, 20 mmol) and 4-dimethylaminopyridine (0.24 g, 2
mmol) were added. The mixture was stirred at room temperature
for 3 days. The solvent was evaporated in vacuum. The white
solid was dissolved in deionized water, dialyzed against deionized
water for 3 days, and eventually collected via lyophilization.

DFT calculations

All the geometry structures of reactants, intermediates, transition
states, and products were optimized with the B3LYP method (74,
75) and 6-31+G(d,p) basis set (76). The frequency analyses were
performed at the same theoretical level. Frequencies of reactants,
intermediates, and products are all positive values, while frequen-
cies of transition states are only one negative value. Intrinsic reac-
tion coordinate computation was carried out to check the reactant
and product of each transition state (77). Solvent effect was also
considered by computing single point energy with the M062x/6-
311++G(d,p) method (78, 79) and the SMD solvation model (80)
on each optimized structure. All the computations were carried
out with Gaussian 16 software. The three-dimensional molecule
structures were drawn with CYLview.

Gelation time

The gelation time of hydrogel was determined by the tube inversion
method. The precursor solutions in PBS with equivalent polymer
concentrations were mixed at equal volume ratio, vortexed for 3 s,
and then placed in a 37°C water bath. The formation of hydrogel
was determined if no flow was observed after inverting the vial.
The gelation time was recorded with three parallel tests.

Rheological test

Rheological tests were performed with a rheometer (MCR 301,
Anton Paar GmbH, Austria) using parallel plates of 25 mm diam-
eter with the gap fixed at 0.5 mm. The temperature of the lower plate
was set at 37°C. Two precursor solutions with equivalent polymer
concentrations were mixed at equal volume ratio, and the mixture
was vortexed for 3 s, followed by immediately pipetting onto the
bottom plate of the rheometer. For gelation kinetics measurements,
the storage modulus (G') and loss modulus (G”) were recorded as a
function of time at a frequency of 1 Hz and strain of 1%. A frequency
sweep test was performed with frequencies ranging from 1 to 100
Hz with a constant strain of 1%. A strain sweep test was performed
with strains ranging from 1 to 500% with a constant frequency of 1
Hz. The outer edge of the gap was sealed by a thin layer of silicone
oil to prevent the evaporation of water. The self-healing properties
of the hydrogels were measured by step-strain tests between a strain
of 1 and 500% at 37°C with a constant frequency of 1 Hz.
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Tensile and compression tests

Tensile and compressive tests were performed using a universal
testing machine (AGS-X 50 N, SHIMADZU, Japan). For tensile
tests, hydrogels were prepared in rectangular molds (5 mm by 2
mm by 12 mm) and incubated at 25°C for 6 hours before testing.
The tensile rate was 2 mm/min. The tensile stress was calculated
via dividing the load by the initial cross-sectional area. For compres-
sive tests, hydrogels were prepared in cylindrical molds (diameter of
10 mm, height of 5 mm). The compressive rate was 1 mm/min. The
compressive stress was obtained by dividing the load by the initial
cross-sectional area. Each test was repeated at least three times. For
cyclic compressive tests, cylindrical hydrogels (diameter of 10 mm,
height of 5 mm) were cyclically compressed to a strain of 50% and
returned to the initial height.

In vitro degradation behavior of hydrogels

Hydrogels (100 pl) were prepared in a small dish at room temper-
ature. After 4 hours, 3 ml of the degradation medium [blank PBS,
PBS with hyaluronidase (10 U/ml), Dulbecco’s modified Eagle
medium (DMEM) with 0.02% (w/v) NaN3, PBS with 1 mM GSH,
or PBS with 5 mM GSH] was added. At different time points, the
medium was removed, and the weight of the hydrogel was mea-
sured. Three parallel samples were analyzed in each group.

In vitro cytocompatibility of materials

Mouse embryonic fibroblast cells (NIH 3T3) were cultured in
DMEM containing 10% fetal bovine serum (Hyclone, Perbio Scien-
tific, Sweden), penicillin (50 U/ml), and streptomycin (50 pg/ml)
(Sigma-Aldrich). To evaluate the cytotoxicity of the polymers,
NIH 3T3 cells were seeded in 96-well plates with 6000 cells per
well. After incubation at 37°C for 24 hours, the medium was re-
placed with 200 pl of culture medium containing different concen-
trations of HA-ADH, HA-DTPH, 4aPEG-OPA, or
polyethyleneimine (PEI). After 24 hours of incubation, the
medium was removed, and the cells were washed twice with PBS.
Then, 200 pl of culture medium containing 20 pl of CCK-8 solution
was added to each well, followed by incubation for 2 hours at 37°C.
A microplate reader (Tecan Group Ltd., Switzerland) was used to
measure the absorbance at 450 nm. The cells cultured in the
medium with PBS were used as the control. Cell viability is calcu-
lated as a percentage relative to the absorbance of the control group.
Five parallel samples were analyzed in each group.

To evaluate the cytocompatibility of hydrogels, 25 ul of the 7%
(w/v) HA-PEG or HA-SS-PEG hydrogel or PBS was added into a
48-well plate. Then, 1 ml of culture medium with 2 x 10* cells
was added. After 24, 48, or 72 hours, the culture medium was re-
placed with 1 ml of fresh culture medium containing 100 pl of
CCK-8 solution. After incubation for 2 hours at 37°C, the absor-
bance value was recorded at 450 nm using a microplate reader.
Meanwhile, the cells were stained with Alexa Fluor 488 phalloidin
and 4',6-diamidino-2-phenylindole according to the manufactur-
er's protocol and observed with a confocal laser scanning micro-
scope (CLSM) (CLSM 700, Carl Zeiss AG, Germany).

The survival of cells encapsulated within the hydrogel was as-
sessed by live-dead staining. A mixture of 7% (w/v) precursor sol-
ution and cell suspension (2 x 10* cells/ml) was added to the glass-
bottom plate. After cross-linking, 2 ml of culture medium was
added to each dish. After 12 hours of culture, the cells were
gently washed twice and incubated in PBS containing 2 uM
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calcein acetoxymethyl ester and 4.5 uM propidium iodide for 2.5
hours. The cells were then imaged using CLSM.

In vitro hemolytic tests of materials

In vitro blood compatibility of hydrogel was performed according
to previously reported protocols. Briefly, red blood cells were col-
lected from the whole-blood samples of the rabbit by repeating cen-
trifugation and washing (five times) and then diluted to 2% (v/v)
with normal saline. The hydrogel extract was obtained by soaking
the 7% (w/v) HA-PEG hydrogel in normal saline (200 mg/ml) for
24 hours. The extract (100%) and a series of twofold dilutions of the
extract (50, 25, and 12.5%) were mixed with the erythrocyte suspen-
sion at the volume ratio of 1:1 and incubated for 2 hours at 37°C.
Normal saline and deionized water were added instead of hydrogel
extract as negative and positive controls, respectively. The mixture
was centrifuged at 1500 rpm for 15 min, and the supernatant (200
pl) was transferred to a 96-well plate. The absorbance of the super-
natant was measured at 540 nm using a microplate reader. Hemo-
lysis ratio (%) was calculated as hemolysis ratio (%) = (Asampte —
Anpegative)/ (Apositive = Anegative) X 100%, where A represents the ab-
sorbance at 540 nm. Five parallel samples were used for each group.

In vitro adhesion properties

The lap shear test was performed using a universal testing machine
(AGS-X 50 N, SHIMADZU, Japan) to evaluate the adhesion prop-
erties of HA-PEG and HA-SS-PEG hydrogels. Porcine skin was
used as the adhesive matrix, and commercially available fibrin
glue was used as the control. The porcine skin was first fixed on
the glass using an industrial adhesive (ethyl cyanoacrylate,
Tonglin Adhesives, Harbin, China), and the moisture was retained
by placing it in a water bath at 37°C. Then, the HA-PEG hydrogel,
HA-SS-PEG hydrogel, or fibrin glue was applied to the overlapping
area of the two pieces of porcine skin (25 mm by 20 mm), after
which a force of 2 N was applied for 2 hours at 37°C under
humid conditions. The adhesion strengths were evaluated using
the universal testing machine at the speed of 2 mm/min.

Next, a piece of 2.5 cm by 7.5 cm porcine skin was cut and
cleaned with PBS. Then, 200 pl of 7% (w/v) HA-PEG hydrogel
was injected onto the porcine skin at 25°C. After 30 min, stresses
induced by stretch, bend, twist, and water flushing were applied
on the HA-PEG hydrogel to examine the adhesion properties on
the skin. Rhodamine B was added to the hydrogel for visualization.

In vitro adhesion of HA-PEG hydrogel to biological tissues, in-
cluding the liver, kidney, and heart ex vivo, was also tested. They
were soaked in PBS to retain moisture before use. After making
an incision with a scalpel, an appropriate amount of 7% (w/v)
HA-PEG hydrogel was injected into the incision, followed by
clamping using fingers for 2 min. Photographs were captured
after 20 min.

In vitro burst pressure

A burst pressure test was carried out to evaluate the sealing effect of
the hydrogels. The porcine casings were soaked in PBS to retain
moisture and cut into sheets of 3 cm by 3 cm. The casings were
fixed on a home-designed burst pressure test device, and a 1.6
mm-—diameter hole was created with a syringe. Then, 70 pl of
HA-PEG hydrogel or fibrin glue was added to seal the hole. Ten
minutes after sealing, the burst pressure was measured by
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pumping PBS (0.8 ml/min). Five parallel samples were used for
each group.

In vivo degradation and biocompatibility

Animal experiments with rat models were performed according to
the guidelines for the ethical review of laboratory animal welfare
China National Standard (GB/T 35892-2018) and regulations on
the administration of laboratory animals of China and approved
by the Animal Ethics Committee of Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences (no. 2020-010).
Male Sprague-Dawley rats (~7 weeks old, average body weight ~200
g) were purchased from Liaoning Changsheng Biotechnology Co.
Ltd. (Benxi, Liaoning) and used for in vivo degradation. The rats
were anesthetized by intraperitoneal injection of pentobarbital
sodium (40 mg/kg). Incisions in the mediodorsal skin of rats were
made, and lateral subcutaneous pockets were prepared. Hydrogel
disks [7% (w/v), 150 ul] were prepared by mixing the hydrazide-
modified HA and 4aPEG-OPA at a mass ratio of 1:1, followed by
incubation at 37°C for 30 min. The hydrogel disks were then im-
planted into the rats under sterile conditions. At designated time
points, the rats were euthanized. The remaining hydrogels were
weighed, and the skins were processed for H&E staining.

In vitro blood clotting assay

The citrated whole blood was collected from healthy rabbits and
mixed with 0.2 M calcium chloride solution at a 5:1 volume ratio
by vortex for 3 s before use. Fifty microliters of hydrogel was
placed in the bottom of 96-well plates, and 50 pl of blood sample
was added. Fifty microliters of PBS and fibrin glue was used for
comparison. At predetermined time points, the uncoagulated
blood was gently removed by washing with PBS. The time to
form a blood clot was recorded as the blood clotting time. The mor-
phology of hydrogel-treated blood clot was investigated by using
cryo-SEM.

Liver hemostasis

For the rat liver incision model, male Sprague-Dawley rats (6 to 8
weeks old, 180 to 200 g) were purchased from Liaoning Changsheng
Biotechnology Co. Ltd. (Benxi, Liaoning) and randomly divided
into three groups (n = 5 for each group). First, the rats were anti-
coagulated by intraperitoneal injection of heparin (3000 U/kg) 30
min before the operation. The animals were anesthetized with pen-
tobarbital sodium and fixed on the operating board. The livers of
the rats were exposed via an abdominal incision. The livers were
partially excised at a point located 1 cm distally to the liver
border. The fibrin glue or 7% (w/v) HA-PEG hydrogel was
applied when the liver was actively bleeding. No treatment was per-
formed in the control group. The time to hemostasis was recorded.
The rats were euthanized to reduce animal pain if no hemostasis was
observed within 10 min. In a separate experiment, the blood was
collected with filter paper within 3 min after operation. Then, the
filter paper was weighed, and the blood loss was calculated.

Vascular hemostasis

The femoral vein and femoral artery of male Japanese white rabbits
(15 to 17 weeks old, ~2.5 kg) were used as vascular bleeding models.
For femoral vein hemostasis, an incision (3 mm) was made with a
scalpel. Hemostatic forceps were used to clamp the vein, and the 7%
(w/v) HA-PEG hydrogel was applied at the incision site. After 30 s,
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the forceps were withdrawn to examine whether the bleeding was
stopped or not. The arterial hemostasis was performed using a
similar method. An incision (3 mm) was made with a scalpel, and
the hemostatic effect was observed 30 s after the application of the
hydrogel.

Skin wound closure in the rat model

Male Sprague-Dawley rats (6 to 8 weeks old, ~210 g) were purchased
from Liaoning Changsheng Biotechnology Co. Ltd. (Benxi, Liao-
ning) and used to demonstrate the application of HA-PEG hydro-
gels for wound closure. After anesthetization with pentobarbital
sodium, the back of the rats was shaved and disinfected with povi-
done-iodine. A full-thickness skin incision of 2 cm was made on the
dorsal midline of each rat with a scalpel. The 7% (w/v) HA-PEG
hydrogel was administrated into the incisions, followed by finger
clamping for 2 min. For comparison, fibrin glue was applied to
the incisions, followed by finger clamping for 2 min. Cyanoacrylate
glue (n-butyl-2-cyanoacrylate, Histoacryl) was applied on the
surface of wounds to form a polymer film according to the manu-
facturer’s protocol. A conventional suture was also applied for com-
parison. The rats were euthanized 7 and 14 days after the operation.
The skin around the wounds was collected for histological assess-
ments and immunohistochemical staining. Three animals were
used for each treatment at each time point. Histological images
were obtained with an inverted fluorescent microscope or CLSM.
The wound area and collagen deposition level were analyzed on
the basis of H&E and Masson's trichrome staining images, respec-
tively, using the Image] software. The intensity of CD68 (marker of
macrophages) and the immunofluorescence intensity of CD31 and
a-SMA (marker of blood vessels) were quantified using the Image]
software.

Skin wound closure in the rabbit model

Animal experiments with rabbit models were performed according
to the Guidelines for the ethical review of laboratory animal welfare
China National Standard (GB/T 35892-2018) and regulations on
the administration of laboratory animals of China and approved
by the Animal Ethics Committee of College of Basic Medical Sci-
ences, Jilin University (nos. 2022-160 and 2023-218). Male Japanese
white rabbits (15 to 17 weeks old, 2 to 2.5 kg) were purchased from
Changchun Yisi Experimental Animals Technology Ltd. (Chang-
chun, China) and used to evaluate the wound closure capacity of
the HA-PEG or HA-SS-PEG hydrogel. After anesthetization with
pentobarbital sodium, the back of the rabbits was shaved and ster-
ilized with povidone-iodine. Four wounds (3 cm) were made on the
back of each rabbit with a scalpel. The 7% (w/v) HA-PEG hydrogel,
7% (w/v) HA-SS-PEG hydrogel, or fibrin glue was applied to the
incisions, followed by finger clamping for 2 min. Cyanoacrylate
glue (n-butyl-2-cyanoacrylate, Histoacryl) was applied on the
surface of wounds to form a polymer film according to the manu-
facturer's protocol. A conventional suture was also used for com-
parison. The rabbits were euthanized 10 and 20 days after the
operation, and the skin around the wounds was collected for
H&E and Masson's trichrome staining. The wound area and colla-
gen deposition level were analyzed on the basis of H&E and
Masson's trichrome staining images, respectively, using the
Image] software. Four parallel samples were used for each group
at each time point.

Ren et al., Sci. Adv. 9, eadh4327 (2023) 16 August 2023

Statistical analysis

Experimental data are presented as means + SD, and all experiments
were conducted with at least three parallel samples. Statistical sig-
nificance of all comparison results obtained in this study was deter-
mined using IBM SPSS statistics version 25 by performing an
independent sample ¢ test for two-group comparisons and one-
way or two-way analysis of variance (ANOVA) for multiple-group
comparisons, with Tukey’s post hoc test (*P < 0.05, **P < 0.01, and
P < 0.001).
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