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Mussel-inspired hydrogel with injectable self-
healing and antibacterial properties promotes
wound healing in burn wound infection
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Abstract

Burn wound infections cause serious problems for public health. More than 180,000 patients die from burns every year
worldwide. In addition, the difficulty of healing wounds and wound infections caused by burns affects the mental
health of patients. Therefore, it is very important to develop a wound dressing that can promote wound repair and
exhibits good antibacterial effects. Here, we used oxidized konjac glucomannan (OKGM), y-poly(glutamic acid)
modified with dopamine and t-cysteine (y-PGA-DA-Cys) and e-polylysine (e-PL) to produce an OKGM/y-PGA-DA-Cys/e-
PL (OKPP) hydrogel. This hydrogel was produced by thiol-aldehyde addition and Schiff-base reactions and has the
ability to be injected and self-heal. The results showed that the hydrogel exhibits good antibacterial effects on
Pseudomonas aeruginosa and Staphylococcus aureus and has antioxidant effects in vitro. Moreover, the hydrogel also
exhibits good adhesion. In a burn wound infection model, the hydrogel promoted wound healing and reduced the
production of inflammation. These results proved that the hydrogel has clinical potential as a wound dressing for burn

wound infection.

Introduction

According to the WHO, more than 11 million people
need treatments for burns every year, and more than
180,000 people die from burns. Burn infections are the
main cause of these serious consequences"”. Skin is an
important barrier for the human body to resist harmful
external pathogens. Burning destroys the integrity of skin,
resulting in microbial invasion and infection®. At the same
time, a large amount of necrotic tissue and protein-rich
exudate in burn wounds are conducive to the reproduc-
tion and invasion of pathogenic microorganisms. It leads
to the aggravation of wound infection, which will further
lead to serious complications such as sepsis and ultimately
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endanger life*”. Therefore, burn wound infections place a
serious burden on the health of patients.

The main methods for treating burn wound infection
are systemic antibiotic treatment, skin transplantation
and wound dressing6_8. However, the frequent use of
antibiotics leads to alterations in infectious flora and the
risk of drug-resistant bacteria. There is a limited supply
of skin for autologous skin transplantation, and allo-
geneic skin transplantation may lead to rejection. All
methods must prevent the risk of infection to avoid
chronic inflammation and delayed healing due to
infection”™*'. Most of the biological dressings currently
used in burn treatments are made of hydrogels. Com-
pared to traditional wound dressings, which stimulate
the skin, are dry and lack effective protection, hydrogels
have a unique three-dimensional network and high
hydrophilicity, providing a moist healing environment,
biocompatibility, and degradability’>'3, At present,
biological wound dressings are usually composed of
natural polymers, such as chitosan and sodium alginate,
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Fig. 1 Schematic representation of OKPP hydrogel synthesis and treatment of burn wound infection. The schematic showed the composition
of OKPP hydrogel and the origin of adhesion properties. The OKPP hydrogel was introduced into the wound with a double-barrel syringe gun.
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as well as antibacterial components, such as silver ions
and antibacterial peptides’*™'®. The dressings have a
local antibacterial effect and reduce the risk of antibiotic
resistance. However, some studies have proven that
severe inflammatory reactions and excessive oxidative
stress caused by burn infection (such as excessive ROS
production leading to tissue damage) may slow wound
healing™'”. Biological wound dressings involve the risk
of rupture; in addition, the wound may be irregular and
difficult to fit?*?!. On this basis, we need to build an
injectable wound dressing that reduces inflammation,
performs self-healing and can be fit long-term.

Konjac glucomannan (KGM), a water-soluble poly-
saccharide, is composed of d-mannose, d-glucose, and
acetyl groups irregularly connected to glycosyl units.
KGM has good biocompatibility and can also stimulate
the proliferation of fibroblasts®*~*. e-polylysine (e-PL), as
a natural antibacterial polypeptide, is often added to food,
has good biosafety, exhibits antibacterial activity against
Gram-negative and Gram-positive bacteria, and makes it
difficult for microorganisms to produce resistance® >°, y-
poly(glutamic acid) (y-PGA) has good water solubility and
biocompatibility, and the structure of y-PGA is similar to
that of ECM. y-PGA can provide a good living environ-
ment and repair environment for cells. In addition, y-
PGA-containing hydrogels exhibit good mechanical
properties and have enough mechanical strength to adapt
to changes in the external environment as a skin barrier
substitute to resist the infection of external microorgan-
isms® ~*°, Therefore, the KGM, y-PGA and &-PL used to
construct wound dressings have good application poten-
tial in the treatment of burn-infected skin. In addition, L-

cysteine exhibits good antioxidant activity>*~>*, Modifying
the y-PGA chain can endow y-PGA with certain anti-
oxidant activity, which can reduce reactive oxygen species
(ROS) at the wound and reduce inflammation. The cate-
chol group dopamine (DA) can be attached to various
surfaces in a moist saline environment by hydrogen
bonding and metal coordination®~*?, DA can be modified
on y-PGA to enhance adhesion strength so that the
wound dressing made of hydrogel can provide a long-
term adhesive barrier for skin.

In this work, we prepared an OKGM/y-PGA-DA-Cys/e-
PL (OKPP) hydrogel constructed from OKGM, e-PL and
y-PGA modified by dopamine and L-cysteine. As shown in
Fig. 1, the OKPP hydrogel has the ability to inject and self-
heal through thiol-aldehyde addition and Schiff-base
reactions, which can solve the problem of long-term use
and gel breaking. The OKPP hydrogel has antioxidant
properties and can scavenge free radicals. This hydrogel
has good antibacterial effects on Pseudomonas aeruginosa
and Staphylococcus aureus and exhibits strong adhesion.
In the burn wound infection model, the OKPP hydrogel
promoted wound healing and reduced the production of
inflammatory factors. This hydrogel has good clinical
potential as a wound dressing for burn wound infection.

Materials and methods
Materials

y-PGA (Mn: 2000 kDa), e-PL (Mn: 2-5 kDa), dopamine
hydrochloride (DA) (purity >98%), L-cysteine hydro-
chloride (purity = 98%), 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride (EDC) (purity = 98%), 2-
(N-morpholino) ethanesulfonic acid (MES) (purity >
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Fig. 2 Schematic representation of y-PGA-DA-Cys and OKGM synthesis. a Synthesis of y-PGA-DA and y-PGA-DA-Cys. b Synthesis of OKGM.
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99.5%), and N-hydroxysuccinimide (NHS) (purity > 98%)
were purchased from Aladdin Industrial Corporation.
KGM (purity > 98.0%) and sodium periodate (AR, purity
299.5%) were provided by Shanghai Macklin Biochemical
Co., Ltd. (China).

Synthesis of y-PGA-DA-Cys and OKGM

The synthesis method was described in the previous
literature®. y-PGA was dissolved in deionized (DI) water
at a concentration of 5% (wt/vol) at 60 °C. After cooling to
room temperature, EDC was added to the reaction solu-
tion and stirred for 30 min. Subsequently, dopamine
hydrochloride and NHS were successively added to the
mixture. The mixture was stirred under N, for 24 h, and
the pH was subsequently adjusted to 5 (Fig. 2a). The
reaction solution was dialyzed in 8-12 kDa dialysis bags
for 72 h. The solution was lyophilized to obtain purified y-
PGA-DA.

y-PGA-DA-Cys was prepared according to the literature
procedures®®. Briefly, y-PGA-DA was dissolved in MES
buffer (0.1 M MES, 0.1 M NaCl, pH 7.0), EDC was added to
the reaction solution at room temperature and stirred for
30 min. Subsequently, L-cysteine hydrochloride dissolved in
MES buffer and NHS were successively added to the mix-
ture. The mixture was stirred under N, for 24 h, and the pH
was subsequently adjusted to 5 (Fig. 2). The reaction solu-
tion was dialyzed in 8-12kDa dialysis bags for 72 h. The
solution was lyophilized to obtain purified y-PGA-DA-Cys.

OKGM was prepared according to the literature pro-
cedures®>**, Briefly, KGM was dissolved in deionized (DI)
water at a concentration of 1% (wt/vol) at 60 °C. At room
temperature, 0.7 g sodium periodate was added to the
reaction solution and stirred vigorously in the dark for 6 h
(Fig. 2b). Then, ethylene glycol was added to the reaction
mixture to react with excess periodate, and the mixture
was stirred for another 2h. The reaction solution was
dialyzed in 8-12 kDa dialysis bags for 72 h. The reaction
mixture was then centrifuged at 3000 rpm for 10 min.

Finally, the supernatant was freeze-dried to obtain
purified OKGM.

Preparation of the OKPP hydrogel

The OKPP hydrogel was cross-linked through the
aldehyde group of OKGM and the thiol bond of y-PGA-
DA-Cys and the amino group of e-PL to form a thiol-
aldehyde addition and Schiff base. OKGM was dissolved
in PBS (0.01 M, pH 7.4), and then y-PGA-DA-Cys and e-
PL were dissolved in PBS (0.01 Next, the two solutions
were mixed at room temperature for a certain time to
obtain hydrogels. Four OKPP hydrogel systems were
prepared by varying the ratios of the components.

Characterization

"H-nuclear magnetic resonance (*H-NMR) spectra of
OKGM and y-PGA-DA-Cys were measured using a
400 MHz "H-NMR (Bruker Inc., Germany), and D,O was
used as the solvent.

The Fourier transform infrared spectra (FT-IR) of
OKGM and y-PGA-DA-Cys were characterized by an
ALPHA instrument (Bruker Daltonics, Bremen, Ger-
many). The spectral range was 400-4000 cm .

The dopamine content of y-PGA-DA-Cys was deter-
mined by this method*. Briefly, nitrite molybdate reagent
was added to the dopamine solution, and the reaction
mixture was shaken. The pH of the solution was adjusted
to 7.0 with NaOH aqueous solution, and the absorbance
was measured at 520nm with a UV-2600 spectro-
photometer (Shimadzu).

The morphology of freeze-dried OKPP hydrogel was
observed by scanning electron microscopy (SEM; JSM-
7500 F; JEOL, Japan). The surface of the OKPP freeze-dried
hydrogel was coated with gold prior to the observations.

The self-healing property of the OKPP hydrogel was
verified by a macro self-healing experiment. The hydrogel
plates were dyed and cut into two halves. Two alternately
colored hydrogels were combined into a mixed whole
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hydrogel disk and then placed at 25 °C for a few minutes.
Subsequently, the healing hydrogel disk was lifted to
check its self-healing ability.

The swelling ratio of the OKPP hydrogel was deter-
mined according to the literature method**. Each freeze-
dried hydrogel had the same shape and size (n=3). All
freeze-dried hydrogels (weighted: W,) were shaken for a
period of time in PBS buffer at 37 °C. Then, the hydrogel
was dried with filter paper (weighted: Wy).

The swelling ratio was calculated using the following
equation: SR = (Ws—Wq)/Wq x 100%.

Rheology test of the OKPP hydrogels

The rheological properties of the OKPP hydrogel were
measured by a rotational HAAKE Rheostress 6000 rhe-
ometer (Thermo Scientific). The oscillatory rheology of the
OKPP hydrogels was determined under linear viscoelastic
conditions. The strain amplitude scanning was carried out
in the range of 0.1-1000% at 1.0 Hz. At the same time, the
critical strain region was studied by a strain amplitude
scanning test. Next, the alternating strain scanning test was
carried out at a fixed angular frequency (10rad/s). The
amplitude oscillation strain from low strain (y=1.0%)
switched to high strain (y = 300%), and each strain interval
was 100 s. The shear thinning behavior of OKPP hydrogels
(shear rate from 0.01 to 100s ') was measured to measure
the shear viscosity of hydrogels*"*.

In vitro antibacterial properties of the OKPP hydrogels

According to the previous literature, the antibacterial
activity of OKPP hydrogels was evaluated using Pseudo-
monas aeruginosa and Staphylococcus aureus”"**. Briefly,
the bacteria were incubated in LB at 37 °C. The bacteria
were then diluted with PBS to a concentration of 10°
colony forming units (CFU)/mL. Two hundred micro-
liters of OKPP hydrogel with different ratios was added to
the wells of a 48-well microplate. Blank holes were used as
the control group. Then, 100 pL of bacterial culture
medium was inoculated onto the hydrogel surface of the
48-well plate and was incubated at 37°C for 2h. The
bacteria in each well were diluted into different multiples
with PBS, coated with LB agar plate, cultured at 37 °C for
24 h and counted colony forming units (n = 3). Experi-
ments were carried out in triplicate for each preparation.
Data were expressed as reduction as follows:

Log(reduction) = log(cell count of control)

— log(cell count of control survivor count on hydrogels)

Antioxidant efficiency of the OKPP hydrogels

The antioxidant properties of hydrogels were evaluated
by the Gharibi method*®. Briefly, the method was used to
evaluate the efficiency of 1,1-diphenyl-2-picrylhydrazyl
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(DPPH) free radical scavenging by OKPP hydrogels.
OKGM, y-PGA-DA-Cys and OKPP hydrogel samples
(n=3) with different ratios (1 mg) of powder in liquid
nitrogen. The dispersion of DPPH (3.0 mL, 0.1 M), and
the sample (1 mg) in methanol was stirred and incubated
in the dark for 15 min. Then, wavelength scanning was
performed using a UV-2600 spectrophotometer (Shi-
madzu). DPPH degradation was calculated using the fol-
lowing equation:

Ab - A

DPPH scavenging(%) : = i ® % 100%

AD is the absorption of the blank (DPPH + methanol),
and As is the absorption of the sample (DPPH +
methanol + sample).

Adhesive strength tests

The wet adhesive strength of hydrogels was evaluated by
the lap shear strength test, which was carried out by a
universal testing machine (Instron Model 4466, 50N)
according to the literature®®*°, The tensile rate of the test at
room temperature was set to 10 mm/min ", Briefly, 100 pL
of hydrogel precursor solution was applied to two fresh
pigskin surfaces (10 mm x 30 mm), and the adhesive area
was also maintained at 10 mm x 10 mm after the gel was
formed. The adherent pigskin was immediately put into the
moist chamber (37 °C, 30 min). Subsequently, the adhesion
strength of the hydrogel was tested. Each sample was at
least fivefold, and the results were reported as averages.

Cytocompatibility evaluation of the hydrogel

The in vitro cytotoxicity of OKPP hydrogels was deter-
mined using MTT (3-(4,5-dimethyl-thiazol-2-yl)—2,5-
diphenyl tetrazolium bromide) assays. The MTT test was
used to quantitatively evaluate the cytotoxicity of the
hydrogel on NIH 3T3 cells. Briefly, the OKPP hydrogels
were immersed in Dulbecco’s modified Eagle’s medium
containing 10% (v/v) fetal bovine serum for 8 h. Then, the
hydrogel was removed, and the extract was obtained. NIH
3T3 cells at a concentration of 3 x 10° cells per well were
added to 96-well culture plates and incubated overnight.
Except for the control well, each well was treated with
hydrogel extract. The cells were cultured for 24, 48, and
72 h. Cell viability was evaluated by MTT assay, and the OD
(optical density) was measured at 490 nm by a microplate
reader (iMark; Bio-Rad, Hercules, CA, USA).

Fluorescence microscopy was used to observe the live/
dead NIH 3T3 cells that were retained after exposure to
hydrogel. Briefly, NIH 3T3 cells were seeded in 48-well
culture plates and incubated for 5h, and then the hydrogel
plates were placed in the wells. After culturing for 72 h, cell
proliferation was detected by Calcein-AM/PI Double
Staining Kits. The morphology of cells on the plate was
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observed by fluorescence microscopy (SP 8, Leica). Control
cells were implanted in pores without a hydrogel.

In vitro ROS scavenging effect of the OKPP hydrogel

The ROS scavenging ability of OKPP hydrogels in cells
was studied based on previous literature®”. Briefly, NIH
3T3 cells at a concentration of 3 x 10° cells per well were
added to a 96-well culture plate and incubated overnight.
Next, the hydrogel plates were placed in the well and
incubated. After 30 min, the cells were treated with
250 pM H»O, and incubated for 24-h. Cell viability was
evaluated by MTT assay, and the OD was measured at
490 nm by a microplate reader (iMark; Bio-Rad, Hercules,
CA, USA). Wells without H,O, were negative controls.

In vivo wound healing

The burn-infection model was established in female
BALB/c mice using reported methods**. Each mouse was
anesthetized with isoflurane, and their back hair was shaved.
The backs of the mice were burned with hot round copper
(diameter 10mm, 90°C, 15s) to induce deep partial
thickness burns. After 1 day, the skin tissue at the burn site
was cut off. A total of 100 pL of inoculum containing 10°
CFU/mL S. aureus was applied evenly to the wound. After
12h, the wound contained pus. Then, the wound was
treated with 3M Tegaderm™ commercial dressing or
200 uL. OKPP hydrogel. In the OKPP hydrogel treatment,
the mixed hydrogel precursor solution was introduced into
the wound with a double-barrel syringe gun and then
subjected to in situ gel electrophoresis. Untreated mice
were used as a blank control (n =5 for each group). The
changes in mouse wounds were imaged with a digital
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camera on days 3, 7, 14, and 21. The exposed area of the
wound was obtained using Image] software (NIH, Bethesda,
MD, USA). Wound closure was calculated using the fol-
lowing formula: (area of original wound — area of actual
wound)/area of original wound x 100%.

According to the literature, three groups of skin samples
were collected on day 14*. The skin tissue around the
wound was taken from each group and homogenized,
diluted with PBS and then spread on LB plates (n = 3). The
bacterial burden was evaluated at the wound in each group.

The mice were euthanized on days 4, 8, 12, and 16 after
the operation. Skin tissue was fixed with 4% phosphate
buffered paraformaldehyde and embedded in paraffin.
The sections were stained with hematoxylin and eosin
(H&E) and Masson’s stain. Dyed stained sections were
observed using an optical microscope (Leica, Wetzlar).

Immunohistochemical staining

To evaluate the inflammation and angiogenesis of
wounds, immunohistochemistry was used to detect the
expression of CD31 and TGF-f in wound tissue. The skin
tissue was fixed with 4% phosphate buffered paraf-
ormaldehyde and embedded in paraffin. The sections
were stained with CD31 and TGF-f immunostaining.
Dyed stained sections were observed using an optical
microscope (Leica, Wetzlar).

Results
Synthesis and characterization

The dopamine and L-cysteine modification of y-PGA is
carried out by amidation."H-NMR has demonstrated that
dopamine and L-cysteine modify y-PGA (Fig. 3a). Compared
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Table 1 The gelation times of the OKPP hydrogels with
different concentrations.
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Table 2 The components and gelation times of the OKPP
hydrogels.

Hydrogels OKGM (wt%) y-PGA-DA-SH (wt Gelation time (s) Hydrogels OKGM (wt%) y-PGA-DA- e-PL (wt Gelation
%) SH (wt%) %) time (s)
OKPP 5wt% 2.5 2.5 134+£10 OKPP1 7.5 75 0 56+6
OKPP 10wt% 5 5 89+12 OKPP2 7.5 6.25 1.25 47 +£5
OKPP 15wt% 7.5 7.5 56+6 OKPP3 7.5 5 25 38+7
OKPP 20wt% 10 10 31+£2 OKPP4 7.5 375 375 24+3

with y-PGA, y-PGA-DA and y-PGA-DA-Cys have addi-
tional signals at 6.8—7.0 ppm. This result indicated the suc-
cessful conjugation of DA with the polymer backbone. In
addition, we used a UV spectrophotometer to scan the
wavelengths of y-PGA-DA and y-PGA-DA-Cys (Fig. 3d).
They both have absorption peaks at 280 nm, confirming the
successful introduction of DA moieties. The dopamine
content of y-PGA-DA-Cys was determined by Arnow’s
method to be 1.04 mmol/g, and the degree of substitution
(DS) of dopamine was 15.38%. y-PGA-Cys and y-PGA-DA-
Cys have additional signals at 2.8 ppm and 34 ppm,
respectively. The signals belong to terminal methylene and
methylene on L-cysteine, respectively****, This proved that 1.-
cysteine was successfully modified on y-PGA. Through "H-
NMR, the DS of L-cysteine on y-PGA-DA-Cys was deter-
mined to be 23.02%.

"H-NMR showed that KGM was successfully oxidized
to OKGM (Fig. 3b). Compared with KGM, OKGM has an
additional signal at 9.2 ppm, corresponding to the alde-
hyde group in OKGM™. In addition, the FTIR spectrum
of OKGM shows two characteristic bands at ~1720 cm ™"
and 882cm ! (Fig. 3c). The band near 1720 cm ' was
attributed to carbonyl. The band near 890cm ' was
attributed to the semiacetal structure between the alde-
hyde group and adjacent hydroxyl group. The oxidation
degree of OKGM determined by the hydroxylamine
hydrochloride method was 43.7%.

Gelation time, morphology, self-healing property and
swelling ratio of the OKPP hydrogels

OKPP hydrogels were obtained by the addition of
thiol-aldehyde and a Schiff-base reaction. Controlling
the gelation time is crucial for designing injectable
adhesive hydrogels. First, the gelation time was studied
by the influence of the concentration of hydrogel. The
gelation time was evaluated by tube inversion. The
gelation time decreased as the solid content of polymer
in the gel increased (Table 1). This is because the
crosslinking rate between functional groups increases
with increasing polymer content. In this case, a gelation
time that is too long or too short is unfavorable for
practical use. We selected a solid content of 15% for the
subsequent concentration of hydrogels. Then, we studied

the effect of different ratios of y-PGA-Cys and &-PL on
gelation time. With the increase in the e-PL ratio, the
gelation time was shortened from ~56+6 to ~24+3s
(Table 2). The reason is that e-PL has a smaller mole-
cular weight than that of y-PGA-Cys and can increase
the chain entanglement between OKGM and e-PL
molecules in the solution, which increases the cross-
linking rate between the functional groups. As shown,
the OKPP hydrogel precursor can easily form a stable
hydrogel (Fig. 3e).

We studied the self-healing ability of OKPP hydrogels.
Two pieces of hydrogel with different colors were con-
nected to form a gel (Fig. 3f). After a 60 minutes, the crack
disappeared, forming a stable hydrogel. With increasing
incubation time, the boundaries between the two different
colored hydrogels become blurred. These results indicate
the dynamic network and self-healing ability of hydrogels.
Thiol-aldehyde addition and Schiff-base reactions are
reversible dynamic reactions that are considered to be
quasi-covalent. Therefore, hydrogels can automatically
repair themselves after rupture. The self-repair function
can reduce the risk of wound infection due to accidental
rupture of hydrogels.

The OKPP1 hydrogel has the highest swelling rate
because the crosslinking rate of the OKPP hydrogel is
the lowest (Fig. 3g). The molecular weight of e-PL is less
than that of y- PGA-Cys, which can increase the chain
entanglement between OKGM and e-PL molecules in
solution. With the increase in the e-PL molar ratio, the
crosslinking rate of OKPP increases. The network
structure of hydrogels was enhanced by increasing the
crosslinking rate. This leads to the water
absorption loss.

The multiporous framework of the OKPP hydrogels was
investigated by SEM (Fig. 4). The pore sizes of OKPP1,
OKPP2, OKPP3, and OKPP4 were between 90 and
150 pm. With the increase in the e-PL molar ratio, the
crosslinking rate of OKPP increases, and the pore size
decreases. All OKPP hydrogels were observed to have
porous inner structures. The large pore size of the OKPP
hydrogel helps cells exchange nutrients, reproduce and
migrate.
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Fig. 4 Morphologies of the OKPP hydrogels. a OKPP1. b OKPP2. ¢ OKPP3. d OKPP4. The scale bar is 150 um.

Determination of the dynamic network of the OKPP
hydrogels

We obtained the strain amplitude scanning curve of the
OKPP hydrogels and determined the linear viscoelastic
domain of the OKPP hydrogels. The results showed
that all OKPP hydrogels had stable G’ and G” in the linear
viscoelastic region, indicating that a stable hydrogel
structure was formed (Fig. 5a). In addition, we
also detected the critical point of hydrogel destruction.
With increasing strain, the G’ value sharply dropped to
below G”, indicating that the OKPP hydrogel network was
destroyed. According to the critical point of the hydrogel
strain, the continuous ladder strain method was used to
measure the recovery behavior of OKPP hydrogels
(Fig. 5b). When the OKPP hydrogels exert 300% strain,
the value of G’ decreases rapidly. However, when the
hydrogel exerts 0.1% strain, the G’ value can be returned
to the original value. The fracture and recovery behaviors
of hydrogels were checked several times, indicating that
all OKPP hydrogels showed rapid and efficient self-
healing ability. Continuous flow experiments show that
the OKPP hydrogels exhibit shear thinning behavior
under continuous flow conditions, which can be explained
by the general reduction in viscosity with increasing shear
rate (Fig. 5¢). It was proven that the OKPP hydrogel is
injectable. As shown, the OKPP hydrogel precursor can
be easily injected into the dual channel syringe to form a
stable hydrogel (Fig. 5d). In addition, the OKPP hydrogel
is transparent at the beginning and becomes darker after
exposure to air for 12h (Fig. S1). This is because

L-cysteine in the hydrogel has antioxidant properties,
which can slow the oxidation of dopamine.

In vitro antibacterial properties of the OKPP hydrogels

Bacterial infection is a main factor that hinders the
healing of burn wounds. Serious infection has a negative
impact on the rehabilitation of patients. Antibacterial
effects are very important for the development of biolo-
gical dressings"’. Therefore, two common burn-infected
bacteria were used to evaluate the antibacterial activity of
OKPP hydrogels (Fig. 6a, b). Compared with the control
group, the OKPP hydrogel with added e-PL exhibits
antibacterial activity (OKPP2, OKPP3 and OKPP4). This
is because the added e-PL is a natural antibacterial poly-
peptide. With the increase in the e-PL molar ratio, the
antibacterial activity of the OKPP hydrogels also
increased. The results showed that the OKPP3 and
OKPP4 hydrogels could reduce the bacterial level by 10>
times, and >99% of S. aureus and Pseudomonas aerugi-
nosa were killed. These results showed that the OKPP
hydrogels showed high levels of antibacterial activity.

In addition, the morphology of S. aureus and Pseudo-
monas aeruginosa after OKPP hydrogel treatment was
observed by scanning electron microscopy (SEM). S.
aureus and Pseudomonas aeruginosa were seeded onto
the OKPP1 hydrogel as control groups. In the control
group, S. aureus and Pseudomonas aeruginosa all had
complete and smooth cell membranes. In contrast, the
shape of bacteria in the OKPP3 hydrogel group was both
shrunken and deformed (Fig. 6¢). This indicates that the
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bacteria were damaged. These results suggest that OKPP
hydrogels have antibacterial activity by destroying the cell
membrane of S. aureus and Pseudomonas aeruginosa. Its
mechanism of action is similar to that of antimicrobial
peptides on microorganisms.

Antioxidant efficiency of the OKPP hydrogels

In infections, excessive production of ROS can lead to cell
damage. ROS aggravate the coexpression of inflammatory
mediators, leading to the stimulation of tissue necrosis***.
Therefore, increasing antioxidant activity in wound dres-
sings has a positive effect on the process of wound healing.
The modified L-cysteine in OKPP hydrogels is a component
of glutathione, an important antioxidant in the body. The
molecule contains active sulfhydryl (-SH), which can elim-
inate free radicals in the human body***’. We monitored
the ability of OKPP hydrogels to scavenge DPPH free
radicals by monitoring the intensity of the DPPH free
radical absorption peak at 516 nm (Fig. 7c). All OKPP
hydrogels containing y-PGA-DA-Cys showed an obvious
decrease in the intensity of DPPH (Fig. 7a, b). This is due to
electron transfer or hydrogen atoms supplied from r-
cysteine to DPPH radicals. All OKKP hydrogels have

antioxidant activity from y-PGA-DA-Cys, which can reduce
the overdose of ROS.

Adhesive strength tests

Compared with the traditional suture and stapler, the
adhesive wound dressing can close the wound by bonding
the tissue around the wound, which has advantages in
reducing pain and scarring. The dressing can also reduce
the risk of wound infection and delayed healing®. The
thiols of y-PGA-DA-Cys in hydrogels can react with
cysteine residues in tissues to form two sulfur bonds, and
dopamine of y-PGA-DA-Cys can provide hydrogen
bonds, thereby enhancing the bonding strength of
hydrogels and tissues.

Pig tissue was used as a substrate for the lap shear bond
strength test. The bonding strengths of OKPP1, OKPP2,
OKPP3, and OKPP4 are approximately 20.9 kPa, 19.2 kPa,
18.3 kPa, and 15.2 kPa, respectively (Fig. 8a, b). The mole
ratio of y-PGA-DA-Cys in the hydrogel increased, and the
bond strength of the hydrogel increased. In addition, due
to better adhesion, we used OKPP hydrogels (OKPP3
hydrogel as an example) to adhere to two pig skins, and
the gels could lift two 100g weights (Fig. 8c). These
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results indicate that the OKPP hydrogel has good adhe-
sion strength and can adhere to the skin surface as a
wound dressing.

Cytocompatibility evaluation of the hydrogel

As a wound dressing for wound healing, the bio-
compatibility of OKPP hydrogels is also important. Due to
the high antibacterial activity, good antioxidant activity
and adhesive strength of the OKPP3 hydrogel, we mea-
sured its cytotoxicity. NIH 3T3 cells were used to evaluate
the cytotoxicity of OKPP3 hydrogel extracts. After incu-
bation for 24, 48 and 72 h in the presence of 15, 1.5, 0.5,
and 0.15mg/mL extracts. Compared with the control
groups, the hydrogels showed no obvious cytotoxicity,
with over 90% of the cells remaining viable (Fig. 9a). The
results of live/dead fluorescence staining showed that
compared with the control group, the spindle shape and
proliferation of NIH 3T3 cells in the OKPP3 group were
normal (Fig. 9b). This indicates that the OKPP3 hydrogel
exibits no obvious cytotoxicity.

In vitro ROS scavenging effect of the OKPP hydrogel

When the wound is infected and produces oxidative
stress, the absorption of oxygen (O,) by phagocytes
increases. Then, a considerable amount of ROS is pro-
duced by the conversion of O, to superoxide followed by
the conversion of superoxide into hydrogen per-
oxide!%®! Excessive H,0, can cause oxidative damage
to cells. We used NIH 3T3 cells to evaluate the ROS
scavenging capacity of the OKPP3 hydrogel in vitro (Fig.
10). Compared with the H,O, treatment group, the sur-
vival rate of NIH 3T3 cells was improved after pretreat-
ment with the OKPP3 hydrogel. It was proven that the
OKPP hydrogel effectively protected H,O,.

Wound closure

We used the OKPP3 hydrogel and 3 M Tegaderm™
commercial dressing to treat mouse full-thickness burn
infection models. As shown in Fig. 1la, the OKPP
hydrogel was used to cover the wound in the OKPP3
group, and the wound was exposed in the untreated
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group. On day 3, the wound in the OKPP3 group was
still covered by the OKPP hydrogel, and the wound was
more contracted than that in the other two groups.
Compared with the untreated group, the Tegaderm™
film group had no obvious suppuration. In addition, the
untreated group contained edema and suppurative
infection. On day 7, the wound surface of the OKPP3
group was still covered by some OKKP hydrogel, and
the degree of wound healing was larger than that of the
other two groups. The degree of wound healing in the
Tegaderm™ film group was greater than that of the
untreated group. The wounds in the untreated group
began to scab and healed. On day 14, more than half of
the wounds healed in the OKPP3 group. The wounds of
each group began to shrink and darken. The scab on the
surface of each group contracted. On day 21, the OKPP3
group showed the best healing effect and was almost
completely healed (Fig. 11b). Following the Tega-
derm™ film group, a small number of wounds
remained that did not heal. The untreated group also
contained some exposed wounds.

The antibacterial effect was evaluated by calculating the
number of bacteria in the skin tissue homogenate of dif-
ferent groups on day 14. Compared with the control
group and Tegaderm™ film group, the OKPP group had
the lowest bacterial burden and showed a good anti-
bacterial effect (Fig. 11c). It was proven that the OKPP
hydrogel has certain antibacterial properties in vivo.

The wound tissue was stained with H&E and Masson’s
trichrome on days 7, 14, and 21 (Fig. 12). Various tissue
structures, such as inflammation, fibroblasts, capillaries
and epithelial cell proliferation, were observed under an
optical microscope. On day 7, the number of inflam-
matory cells decreased in the OKPP3 group and com-
mercial dressing group. The commercial dressing group
and the untreated group had thicker scabs, while the
untreated group contained more inflammation. On day
14, some new epithelial tissues were observed in the
OKPP group and commercial dressing group, and the
inflammation was also reduced. The untreated group
still contained thick scabs, and the inflammation was
also reduced compared with that on day 7. On day 21,
the wounds treated in the OKPP group were covered by
epithelial tissue, and new hair follicles were produced. In
addition, more collagen tissue was observed in the
OKPP group (Fig. S2). These results indicate that the
OKPP hydrogel can help epithelial tissue form. The
OKPP hydrogel exhibits a therapeutic effect on wound
healing.

Immunohistochemical staining

TGE-P is involved in processes of wound healing, such
as fibroblast proliferation and collagen synthesis. TGF-
also plays a crucial role in promoting further inflamma-
tion®””!, On day 7, all groups exhibited strong TGE-B
expression (Fig. 13a). On day 14, TGF-B expression
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decreased in all groups. This shows that in the whole
repair process, the expression of TGF-f3 showed a general
trend of decreasing with time. In addition, the expression
of TGF-p in the OKPP3 group was lower than that in the
Tegaderm™ film group and the control group. This
shows that the OKPP3 group can effectively control
inflammation and plays a positive role in the whole repair

process. CD31 is used to evaluate angiogenesis in wound
repair’”*°, Compared with the control group and com-
mercial dressing group, higher CD31 expression and more
angiogenesis were observed (Fig. 13b). These results
indicate that the OKPP hydrogel can promote wound
healing, reduce wound inflammation and promote
angiogenesis.
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Conclusions hydrogel is gelled by the addition of thiol-aldehyde and

In this study, we designed an injectable hydrogel with  the Schiff-base reaction. This hydrogel performs quick
antibacterial activity and antioxidant activity. The and controllable gelation and exhibits good self-healing
ability. Importantly, the hydrogel has good antibacterial
activity against Staphylococcus aureus and Pseudomonas
- aeruginosa and has certain antioxidant and adhesion
properties. In in vivo full-thickness burn infection models,
this hydrogel has the ability to reduce inflammation,
T exhibits effective antibacterial activity and promotes
wound regeneration. These results show that this hydro-
50+ gel has certain potential in wound dressings. We will
further evaluate and optimize the antibacterial, adhesion
and antioxidant effects of this hydrogel. We will develop
other potential biomedical applications of this hydrogel,
0- such as the transportation of drugs or bioactive sub-
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were 15, 10 and 5 mg/mL respectively. **P < 0.01.
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