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One of the main reasons impeding wound healing is wound infection caused
by bacterial colonization with a continuous stage of inflammation. Traditional
wound treatments like gauze are being replaced by tissue adhesives with
strong wet tissue adhesion and biocompatibility. Herein, a fast-crosslinking
hydrogel is developed to achieve both strong antimicrobial properties and
excellent biocompatibility. In this study, a simple and non-toxic composite
hydrogel was prepared by the Schiff base reaction between the aldehyde group
of 2,3,4-trihydroxybenzaldehyde (TBA) and the amino group of ε-Poly-L-lysine
(EPL). Subsequently, a succession of experiments toward this new hydrogel
including structure characterization, antimicrobial properties, cell experiment
and wound healing were applied. The results of the experiments show that the
EPL-TBA hydrogel not only exhibited excellent contact-active antimicrobial
activities against Gram-negative bacteria Escherichia coli (E. coil) and Gram-
positive Bacteria Staphylococcus aureus (S. aureus), but also inhibited the
biofilm formation. More importantly, the EPL-TBA hydrogel promoted the
wound healing with low cytotoxicity in vivo. These findings indicate that the
EPL-TBA hydrogel has a promising use as a wound dressing in the bacterial
infection prevention and wounds healing acceleration.
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1 Introduction

The skin is located on the surface of the body and has the function of sensing the
outside world and preventing invasion of the body by external bacteria and pathogens
(Hoque and Haldar, 2017). The occurrence of wounds is often incidental, and the usual
healing time will be 8–12 days (Addor et al., 2012). Once the skin is damaged, exposed
tissues will bleed and be colonized by germs, delaying tissue repair (Diegelmann and
Evans, 2004; Addor, et al., 2012). If the wound infection is not treated in a timely
manner, the resulting complications will be life-threatening to the patient’s life. Certain
currently utilized wound dressing materials, such as gauze and tissue adhesives, have
disadvantages such as poor antibacterial properties, poor mechanical performance, and
inability to deliver moisture to accelerate wound healing (Alven and Aderibigbe, 2020).
In contrast, hydrogel is considered an ideal material for wound treatment because of its
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excellent moisturizing properties, water absorption, and
antibacterial property (Asadi et al., 2021; Yu et al., 2022).

Currently, hydrogel, the hydrophilic polymers with three-
dimensional reticular structure come into view, have both liquid
and solid properties (Jeong et al., 2002; Zhang and Khademhosseini,
2017; Caccavo et al., 2018; Zhang et al., 2020). Due to its
degradability and excellent biocompatibility, hydrogels have been
widely used in wound infection, drug control and release, artificial
blood and skin, and flexible electronics (Zhang, et al., 2020). This
category of biomaterials combines multiple advantages for wound
repair, including biocompatibility, degradability, tunable
mechanical properties, high water content, strong tissue adhesion,
outstanding antibacterial activity, and excellent substrates for drug
delivery (Ghobril and Grinstaff, 2015). Therefore, it is now currently
considered the most effective material for solving wound infection
(Zhai et al., 2017; Fan et al., 2019; Nikjoo et al., 2021). So far,
hydrogels have been developed by chemical cross-linking, physical
cross-linking and other methods (Nikjoo, et al., 2021). Special
chemical alterations of synthetic materials and the employment
of special chemical cross-linking agents are frequently required
during the creation of hydrogels, resulting in slow cross-linking
times that greatly limit the application of hydrogels (Yuan et al.,
2021). Therefore, it is essential to produce hydrogel dressings with
simple processes, fast cross-linking time, acceptable physical and
chemical properties, and excellent biocompatibility using natural
polymers.

Antimicrobial peptides (AMPs) are a class of small-molecule
peptides with functions against external pathogens (Jenssen et al.,
2006). AMPs are widely found in a variety of organisms and are
an important part of the nonspecific immune function of
organisms, with various biological functions such as anti-
bacterial, viral, fungal, and tumor activities (Jenssen, et al.,
2006; Caccavo, et al., 2018). Furthermore, the special
bactericidal mechanism of antimicrobial peptides makes
bacteria less susceptible to drug resistance, showing excellent
application prospects in several fields and promising to be a new
type of green antimicrobial molecule or antimicrobial additive
(Yan et al., 2021; Mehta et al., 2022).

ε-Poly-L-lysine (EPL) is a natural-based peptide with
antibacterial properties, and this biological preservative was
first used in food preservation in the 1980s. EPL can be
broken down in the human body to lysine, which is one of the
eight essential amino acids and is allowed to be fortified in food
products worldwide [26]. Moreover, EPL has been approved and
allowed as a food additive in Japan, Korea, and the United States,
and studies have been conducted to confirm that EPL does not
cause mutations in bacteria and other pathogens (Shima et al.,
1984). Due to the amino group-containing chain which could
grafted with other active molecules or polymers, hydrogels can be
designed from EPL with excellent biocompatibility and adhesion
properties (Dong et al., 2021). Previously, Xu et al. reported the
preparation of hydrogels using EPL with catechol (CT) through
Schiff base reaction, and the hydrogel showed promising
antibacterial activities (Xu et al., 2019). reported a hydrogel
formed using methacrylic acid and EPL by chemical cross-
linking that exhibited broad-spectrum antibacterial activity
(Zhou et al., 2011). However, these hydrogels were formed
using complex synthesis process, resulting in a long formation

time. The complex method of synthesis and slow cross-linking
rate greatly limit the commercial applications of hydrogels.

2,3,4-trihydroxybenzaldehyde (TBA) has received some
attention due to its antimicrobial properties (Zhou et al., 2023).
Moreover, TBA can form a series of one-pot physically synthesized
hydrogels with various polymers because of the containing phenolic
hydroxyl and aldehyde groups (He et al., 2021).

Herein, we designed a fast cross-linked hydrogel (EPL-TBA)
by the Schiff base reaction between EPL and TBA at pH equal to
8.5. In our study, the rapid cross-linking hydrogel were formed
within only 5 min. In our study, the physicochemical
characteristics like swelling and moisturizing properties of
EPL-TBA hydrogels were tested. Antibacterial tests were also
conducted on the hydrogel, and showing broad-spectrum
antibacterial ability. For biosafety issues, cytotoxicity and
hemolysis tests were performed to confirm the excellent
biocompatibility of hydrogels. Finally, a wound model using
rats was used to demonstrate that EPL-TBA hydrogel aids in
the healing process of wounds. Our designed hydrogel can be
cross-linked formed in as little as 5 min, and it possesses both
excellent antibacterial properties and good biocompatibility,
providing a new idea and method for solving wound healing
problems in the future.

2 Materials and methods

2.1 Materials

ε-Poly-L-lysine (EPL) (consisting of 25–30 L-lysine residues) was
purchased from Zhengzhou Bainafo Bioengineering Co. Ltd.
(China). 2,3,4-trihydroxybenzaldehyde, sodium hydroxide,
hydrogen peroxide (30%) and Tris-HCl buffer were all purchased
from Shanghai Maclin Reagent Co., LTD. Staphylococcus aureus (S.
aureus), Escherichia coli (E. coli), methicillin-resistant
Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa (P.
aeruginosa) were derived from The Fifth Affiliated Hospital of Zunyi
Medical University. Human skin fibroblast (BNCC337722) were
derived from the cell sharing platform of Zhuhai Campus of Zunyi
Medical University. DMEM culture medium and fetal bovine serum
were derived from Kgi Reagent CD, LTD. NO kit is from Nanjing
Jiancheng Bioengineering Institute. IL-6 and TNF-α kits were
derived from Jiangsu Enzyme Free Industrial Co., LTD.

2.2 Preparation of EPL-TBA hydrogel

The hydrogels were created in a single step using a modified
version of a previously reported method (Xu, et al., 2019). In
short, TBA (247 mM, 371 mM and 494 mM) in Tris-HCl buffer
(pH = 8.5, 1 M) in 25°C dissolves oscillations. Then add 1 M
sodium hydroxide and EPL and shake to dissolve it. Finally, add
50 μL H2O2 (30 wt%) in glass bottles and incubate at room
temperature for 5min to form a hydrogel. The hydrogels with
different concentrations were named EPL-TBA-40, EPL-TBA-
60 and EPL-TBA-80. The 40, 60 and 80 in EPL-TBA-40, EPL-
TBA-60 and EPL-TBA-80 refer to the quality concentration of
TBA (mg/mL), which equal to the molar concentration 247mM,
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371mM and 494 mM of EPL-TBA-40, EPL-TBA-60 and EPL-
TBA-80, respectively.

2.3 Characterization of the EPL-TBA
hydrogel

2.3.1 FT-IR and UV-vis spectrophotometer analysis
To confirm the interaction between EPL and TBA a Fourier

transform infrared spectrometer (FT-IR Shimadzu Company of
Japan) was employed to analyze the EPL-TBA hydrogels. The
FT-IR spectra were captured at 25 °C in the 4,000–400 cm−1

wavenumber range. A UV-vis spectrophotometer (Agilent Cary
3,500) was used to measure the UV-vis spectra of the hydrogels
EPL, EPL-TBA-40, EPL-TBA-60 and EPL-TBA-80.

2.3.2 Swelling and moisture content studies
The swelling capacity of different EPL-TBA hydrogels was

evaluated by measuring the weight changes before and after the
hydrogels in PBS solution (Chen et al., 2021). Briefly, freeze-dried
hydrogels (W0) were placed in PBS solutions at different
temperatures and removed after a period of time. The weight of
the hydrogel (W1) is measured after absorbing the remaining liquid
on the surface of the hydrogel with filter paper. The percentage of
swelling was then calculated using the Eq.

Swelling %( ) � W1 −W0

W0
× 100%

To measure the water retention ratio of EPL-TBA hydrogels,
after formation of the hydrogels, the weights of the hydrogels (W0)
were determined. Then they were separately placed in the incubator
at 37°C. At predetermined time points, the weight of the hydrogel
was measured (W1). The percentage of Water holding ratio was
calculated using the Eq.

Water holding ratio %( ) � W1

W0
× 100%

2.4 Rheological behavior of EPL-TBA
hydrogels

EPL-TBA hydrogels were recorded at 37°C on a rheometer
(MCR302, Anton Paar, Austria). The rheometer is equipped with
parallel plates with a diameter of 25 mm. The frequency scanning
range was 0.1–15 Hz, the temperature was set at 37°C, and the
constant strain was 1% to test the stability of EPL-TBA hydrogel.

2.5 Minimum inhibitory concentration (MIC)
assay

The antibacterial activities of EPL and TBA against S. aureus and
E. coli were determined by MIC method (Chen et al., 2019). Briefly,
the chosen bacteria were able to grow in LB medium until the mid
log phase. Dilute the bacterial working suspension to 106 (CFU/mL).
On a 96-well plate, 50 μL of EPL/TBA in LB (4,000 μg/mL) was 2-
fold diluted and then mixed with 50 μL of a bacterial culture

containing 106 CFU/mL. The final bacterial concentration was
1 × 105 CFU/mL. The OD value of bacteria was determined at
OD600nm. If no bacterial growth is observed, this concentration is
the MIC value of the bacteria.

2.6 Antimicrobial activity of EPL-TBA
hydrogel

The Gram-positive bacteria S. aureus and MRSA and Gram-
negative bacteria E. coli and P. aeruginosa were employed to assess
the antibacterial efficacy of the EPL-TBA hydrogel (Zhou et al., 2022).
Briefly, 1 mL of hydrogel was put into a clean glass bottle, and then
400 μL of bacteria in the mid-log phase in LB medium were diluted to
1 × 105 CFU/mL and added to each bottle, which was then incubated at
37°C for 24 h. At OD600 nm, the absorbance of bacteria at different time
points was measured. Moreover, the bacterial suspension was daubed
onto the agar plate, and the dish was cultured for an additional 24 h.

2.7 Morphological observation of bacteria

Themorphology of bacteria treated with EPL-TBA hydrogel was
observed using SEM. Briefly, The EPL-TBA hydrogel was incubated
with bacteria for 4 h and fixed with 2.5% glutaraldehyde. The
samples were freeze-dried by freeze-drying machine and observed
by SEM after 24 h of freeze-drying.

2.8 Biological film assay

The concentration of Gram-positive bacteriaMRSA was diluted
to 1 × 108 CFU/mL, which was used as the bacterial working
bacterial suspension (Zhi et al., 2017). Incubate the EPL-TBA
hydrogel and quartz plate in a working bacterial suspension for
1 day to allow the biofilm to multiply. The surface of the EPL-TBA
hydrogel and quartz plate was rinsed with PBS buffer to remove
suspended bacteria. The hydrogel and quartz plates were then dyed
with the LIVE/DEAD Backlight kit. The production of biofilm was
observed under confocal microscope. Finally, the software was used
for photography as well as data analysis.

2.9 Cytotoxicity determination

Before being used for 3 days, the EPL-TBA hydrogel was made in a
Petri dish, ground into a powder with a grinder, and disinfected with
PBS. Around 5,000 human skin fibroblasts (BNCC337722) were plated
per well in 96-well plates. In DMEMwith 10% (v/v) fetal bovine serum,
cells were grown (FBS). At 37°C, cells were grown in a humidified
environment with 5% CO2. The cytotoxicity of the EPL-TBA hydrogel
toward human skin fibroblast (BNCC337722) cells was determined by
CCK8. The percentage of cell survival was calculated using the Eq. After
incubation with a hydrogel soak, BNCC337722 cells were stained with a
LIVE/DEAD staining kit to evaluate the cytocompatibility of
BNCC337722 cells. Incubate and stain at room temperature for
30 min, thoroughly clean the samples with PBS, and take photos of
the staining results with an inverted microscope.
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Cell survival %( ) � As − Ab

Ac − Ab
× 100%

Where, As is the absorbance of experimental cells, Ac is the
absorbance of control group cells. And Ab is the absorbance of blank
group cells.

2.10 Cell migration assay

The cells were digested and incubated in 12-well plate. After the
cells are filled with each septal hole, the 1 mL gun head was
perpendicular to the hole plate to make cell scratches, and the
width of each scratch was ensured as far as possible. The cell culture
solution was removed, and the orifice plate was rinsed with PBS
three times to wash away the cell debris generated by scratches. Add
the hydrogel soak solution and culture medium. The culture plates
were cultured in an incubator at 37°C, and photographs were taken
with an inverted microscope after incubation for 0 h, 12 h, 24 h,
and 36 h.

Migration Rate %( ) � S1
S0

× 100%

Where, S0 is the scratch area on 0 h and S1 is the scratch area on
different time.

2.11 In vitro inflammation test

Mouse mononuclear macrophages (RAW264.7) were inoculated
in 96-well plates, LPS (5 μg/mL) was used to induce inflammation in

the model for 24 h, and EPL-TBA-40 hydrogel of different
concentration was added to the 96-well plates, and co-incubated
for 24 h. The levels of NO, IL-6, and TNF-αin the supernatant were
determined by the Griess reaction and ELISA kit.

2.12 EPL-TBA hydrogel hemolysis rate test

The hemocompatibility test was based on a method published by
(Zou et al., 2022). Briefly, the hemolytic activity of hydrogels was
measured as follows. First, EPL-TBA hydrogel was added to a glass
bottle and 4% of human red blood cells were added to the surface of
the hydrogel. After incubating with the hydrogel for 1 hour, the
suspension was centrifuged at 2,500 r/min for 3 min. After
photographing the tubes, the supernatant was collected.
Microplate reader was used to determine the optical density at
490 nm (OD490nm) of the supernatant. The percentage of hemolysis
was calculated using the Eq.

Hemolysis %( ) � A0 − A1

A2 − A1
× 100%

Where, A0 is the absorbance of experimental, A1 is the
absorbance of negative control and A2 is the absorbance of
positive control.

2.13 Normal wound healing study

The wound healing assay was modified from (Xu, et al. 2019).
Female Sprague-Dawley (SD) rats (weighing 200–250 g each) were
used for constructing the model for a full-thickness skin wound that

FIGURE 1
(A) EPL-TBA hydrogel vial inverted test. (B) Schiff base reaction between amino groups in EPL and aldehyde groups in TBA. (C) Schematic diagram of
EPL-TBA hydrogel structure. (D) EPL-TBA hydrogel for wound treatment.
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was performed on rats. The rats were divided into control group and
EPL-TBA-40 group with four in each group. The Ethics Council at
Zunyi Medical University authorized all animal testing (ZMU23-
2,302-009). After anesthetizing healthy mice, full-layer skin wounds
(1.0 cm × 1.0 cm) were made on the back of each rat. To keep the
hydrogel samples in place, the lesion was treated with EPL-TBA-
40 hydrogel before being bandaged with PU film. Using a smart
phone, photograph wound healing on days 1, 3, 7, and 10. Image J
software was used to measure the trauma area of each group. The
percentage of wound area closure was calculated using the Eq.

Wound area closure %( ) � S1
S0

Where, S0 is the wound area on day 0, and S1 is the wound area
on different days.

2.14 Histological analysis

Wound site tissues were collected at days 3, 7, and 10, fixed with
10% paraformaldehyde solution and embedded in paraffin wax. Tissue
sections were stained using hematoxylin and eosin (H&E) staining.

2.15 Statistical analysis

All data are expressed as mean ± standard deviation. Two-way
analysis of variance (ANOVA) with the Geisser-Greenhouse
correction and Tukey’s multiple comparisons test, one-way

ANOVA and Holm-Sidak’s multiple comparisons test were used
to calculate the significance of differences between groups under test
conditions (GraphPad Prism 8.4.0 software, United States).

3 Results

3.1 Synthesis and characterization of
EPL-TBA hydrogel

The vial inversion experiment demonstrated that the EPL-TBA
based visible hydrogel was formed with reaching steady state within
5 min (Figure 1A). EPL-TBA hydrogel is formed by cross-linking
the amino group on EPL with the aldehyde group on TBA by the
Schiff base reaction (Figure 1B). The schematic structure of the EPL-
TBA hydrogel is shown in Figure 1C EPL’s concentration was set at
95 mM, and the levels of TBA (247 mM, 371 mM and 494 mM) were
changed to control the amount of cross-linking. The chemical
ingredients of EPL-TBA hydrogels, which were determined by
FT-IR (Figure 2A). The amide I and II bands, which fell within
the β-sheet conformation region (Maeda et al., 2003), were assigned
the evident characteristic peaks of 1,654 and 1,532 cm−1 in EPL,
indicating that EPL backbones were already present in EPL-TBA
hydrogels. EPL-TBA hydrogels show a peak at 2,452 cm−1 due to the
typical absorption of freshly synthesized Schiff bases by the amine
groups of EPL and TBA, demonstrating that the hydrogel network
was formed successfully (Khan et al., 2022). Moreover, compared to
EPL, EPL-TBA hydrogels displayed a distinct absorption peak at
350 nm in the UV-vis spectroscopic analysis, demonstrating that the

FIGURE 2
(A) FTIR characterization of EPL-TBA hydrogel. (B) UV−vis spectra of EPL, EPL-TBA-40, EPL-TBA-60 and EPL-TBA-80. (C) EPL-TBA hydrogel
frequency scanning test. (D–F) Swelling behavior of EPL-TBA hydrogel at different temperature.

Frontiers in Physiology frontiersin.org05

Zhang et al. 10.3389/fphys.2023.1206211

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1206211


new structure was generated (Figure 2B). Rheological tests were
performed to demonstrate the structural stability of EPL-TBA
hydrogels (Figure 2C). The reserve modulus (G′) of the EPL-
TBA hydrogel remained higher than its loss modulus (G″) over
the entire strain range, indicating the gel-like behavior of the sample
(Zhang F. et al., 2018). As shown in Supplementary Figure S1A–C,
with the increase of shear frequency, the curves of G′ and G″ do not
intersect in the strain range, indicating that the structure of hydrogel
network will not be destroyed under high frequency shear
conditions (Ren et al., 2019). Rheological tests demonstrated that
the EPL-TBA gels have excellent structural stability even under high
frequency shear conditions.

3.2 Analysis of physical properties of
hydrogel

The liquid absorption ability of the hydrogels was tested by
placing the EPL-TBA hydrogels into PBS solutions at 25°C, 37°C and
45°C. As shown in Figures 2D–F, within 1 h of soaking in PBS, all
three EPL-TBA hydrogels exhibited rapid liquid absorption and
swelling, with the EPL-TBA-40 hydrogel exhibiting more
pronounced liquid absorption than the other two EPL-TBA
hydrogels. At 25°C, the EPL-TBA-40 hydrogel reached a high
swelling rate of 313.95%. The expansion rates of the other two
hydrogels were 295.56% and 285.10%, respectively. The swelling
rates of the three hydrogels at 25°C, 37°C and 45°C were not
significantly different. EPL contains abundant hydrophilic amino
groups, which is the main reason for the superior swelling properties
of EPL-TBA hydrogels (Xu, et al., 2019). Since EPL-TBA-
40 hydrogel has the highest content of unreacted EPL, it has the
highest swelling rates. In addition to the swelling behavior of the
hydrogel from the test, themoisturizing properties were also studied.
The excellent moisturizing property of the hydrogel could maintain
a moist microenvironment at the wound site for more time, which
contributes to the formation of wound epithelialization (Santhini
et al., 2022). As shown in Supplementary Figure S2, the three EPL-
TBA hydrogels were still able to ensure more than 90% of the liquid,
which was not lost after being placed at 37°C for 48 h. The EPL-TBA
hydrogel can effectively prevent water evaporation and can always
keep the EPL-TBA hydrogels in a moist state, therefore accelerating
wound healing.

3.3 Antimicrobial assay

The antimicrobial activity is one of the most important
properties of hydrogels used in wound dressings (Ghobril and
Grinstaff, 2015). In addition to the ability of a wound dressing to
resist external bacteria from entering its own wound tissue, an ideal
wound healing dressing with effective antimicrobial properties
would be more attractive (Zhao et al., 2017; Alves et al., 2020).
Firstly, we tested the minimum inhibitory concentrations (MIC) of
EPL and TBA, and the results showed that MIC of EPL for both S.
aureus and E. coli was 4 μg/mL, and MIC of TBA for both S. aureus
and E. coli was 30 μg/mL (Supplementary Table S1). In order to
characterize the antibacterial ability of hydrogels, the Gram-positive
bacteria S. aureus and MRSA, Gram-negative bacteria E. coli and P.

aeruginosa were selected as experimental strains in our study. After
24 h incubation demonstrated that the EPL-TBA hydrogel
experiment group had nearly no change in OD600nm, while the
control group S. aureus and E. coli gradually increase (Figure 3A).
Meanwhile, S. aureus and E. coli treated with EPL-TBA hydrogel did
not form bacterial colonies on the agar plates, while the control agar
plates were filled with colonies, as shown in Figure 3B. Furthermore,
the EPL-TBA hydrogel also inhibitedMRSA and P. aeruginosa, and
the absorbance of the bacteria in the experimental group remained
basically unchanged, while that of the blank group gradually
increased (Supplementary Figure S3A). After verification by agar
plate coating, no colonies were formed on the experimental group,
while the blank group was filled with colonies (Supplementary
Figure S3B). These findings demonstrate that EPL-TBA hydrogel
can inhibit various kinds of bacteria.

The bacteriostatic effect of cationic peptide hydrogels is achieved
by disrupting the cell membranes of anionic bacteria through
electrostatic action (Li et al., 2011; Yan, et al., 2021). Scanning
Electron Microscope (SEM) was used to observe the morphology
characteristics of bacteria in contact with the EPL-TBA hydrogel in
order to further investigate the mechanism of killing bacteria. The
morphology characteristics of bacteria changed significantly after
contact with the EPL-TBA-40 hydrogel, when compared to control
bacteria with intact cells (Figure 4A). The cell membranes of bacteria
that had been incubated with hydrogels differed from the smooth
cell membranes of intact bacteria (Figure 4A), and the cell
membrane surfaces of E. coli and MRSA were collapsed or even
broken (Figure 4A). These results demonstrated that the cell
membrane of EPL-TBA incubated bacteria underwent collapse
and breakage, which in turn led to the death of the bacteria.

3.4 Biological film assay

The bacterial biofilms encapsulate the bacterial body in layers,
delaying or inhibiting the penetration of antimicrobial drugs and
compromising the antimicrobial effect, leading to further difficulties
in wound healing (Sharma et al., 2016; Johani et al., 2017). Inhibiting
the biofilm formation remains a key strategy to prevent wound
infection. In our study, MRSA was cultured using EPL-TBA-
40 hydrogel and control quartz slides to form biofilms. Bacterial
biofilm formation was observed using confocal microscopy and
LIVE/DEAD staining. Biofilm formation diagram using quartz slide
incubation (Figure 4B). A biofilm formed when a lot of living
bacteria and several dead bacteria adhered to the quartz plate.
Nevertheless, on the surface of the EPL-TBA-40 hydrogel, no
bacterial biofilms were observed. (Figure 4B). This occurrence is
explained by the fact that when bacteria come into contact with EPL-
TBA hydrogel, they are already killed by the EPL-TBA hydrogel and
cannot form a biofilm, thus preventing the formation of a biofilm.
EPL-TBA hydrogel can remove the biofilm and prevent the
production of drug-resistant bacteria.

3.5 Biocompatibility of EPL-TBA hydrogel

The hemolytic activity of EPL-TBA hydrogels on human
erythrocytes and their cytotoxicity to BNCC337722 cells were
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determined. Hemolysis may occur when erythrocytes rupture after
direct contact with different hydrogels in blood. The hemolysis assay
evaluates the degree of in vitro hemolysis of the material by
measuring the amount of hemoglobin. The average hemolysis
rates of EPL-TBA-40, EPL-TBA-60, and EPL-TBA-80 for red
blood cells are 2.61%, 3.73%, and 12.93%. Respectively, as shown
in Figure 5A, indicating that EPL-TBA-40 and EPL-TBA-60 have
excellent biocompatibility for red blood cells. The toxicity of EPL-
TBA hydrogel to cells is one of the key factors in determining
whether the hydrogel can be used as a wound dressing. Furthermore,
we carefully investigated the toxicity of different concentrations of
EPL-TBA hydrogels on BNCC337722 cells by CCK-8 assay (Figures
5B–D). These findings indicated that different concentrations of
EPL-TBA hydrogels did not exhibit toxicity to BNCC337722 cells
below the concentration of 25 μg/mL. Different concentrations of
EPL-TBA hydrogels at 50–100 μg/mL showed slight cytotoxicity,
but the cell survival rate was still higher than 80%.

BNCC337722 cells were co-cultured with EPL-TBA hydrogel for
0 h, 12 h, and 24 h and stained with LIVE/DEAD Backlight Cell
Viability Kit. BNCC337722 cells incubated with EPL-TBA hydrogel
had complete morphology and a clear structure. After 36 h of
incubation, the number of BNCC337722 cells increased,
indicating that EPL-TBA hydrogel has excellent biocompatibility
and can promote cell proliferation (Figure 5E). These findings
indicated that EPL-TBA hydrogel has excellent biocompatibility
and is likely to be a wound dressing.

3.6 Cell migration and anti-inflammatory
tests

In the cell migration experiment (Figures 6A, B),
BNCC337722 cells gradually migrated to the blank area after
36 h of incubation. Compared with the control group, EPL-TBA-

FIGURE 3
(A) Antimicrobial activity of EPL-TBA hydrogel against S. aureus and E. coli after 0, 6, 12, and 24 h incubation. (B) Colony development of S. aureus
and E. coli from bacteria suspensions after 24 h incubation with EPL-TBA hydrogel. As a control, solutions containing neither EPL-TBA hydrogel were
applied.
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40 hydrogel can significantly promote cell migration. The cell
mobility of EPL-TBA-40 (98.9%) was higher than that of cells
completely culture-induced (80.02%). Furthermore, the anti-
inflammatory effect of EPL-TBA-40 hydrogel was investigated by
inducing inflammation in RAW264.7 cells by LPS. Compared with
the blank group, different concentrations of EPL-TBA-40 hydrogel
could significantly reduce the concentrations of NO, IL-6, and TNF-
α in a concentration dependent manner (Figures 6C–E). These
findings demonstrate that EPL-TBA hydrogels promote cell
migration while also inhibiting the production of inflammatory
cytokines, which would be benefit for wound healing.

3.7 Normal wound healing effect

To assess the therapeutic effect of EPL-TBA hydrogel on the
entire skin normal wound, rats were divided into two groups, a
blank control group and EPL-TBA-40 hydrogel as an
experimental group, and the hydrogel was changed at 1st, 3rd,
7th, and 10th days after surgery. We tracked and statistically
analyzed wound closure markers using smart photographs of the
wound and quantitative displays of closure rate (Figures 7A, B).
As shown in Figure 7A, depicts the physical map of wound
healing at various time periods, and it is obvious that the
wound healing rate of the EPL-TBA hydrogel group was much
faster than the other groups throughout the treatment period.
The initial wound size for both groups was about the same at day
0. On day 3, the blank control wounds did not reduce appreciably,
whereas the wounds in the EPL-TBA-40 hydrogel group all
crusted and shrank. On day 7, the blank group began to show
significant wound contraction, and the hydrogel group basically
healed, with better wound healing in the EPL-TBA-40 hydrogel
group and wound closure rates 58.64% and 86.21%, respectively.
On day 10, the wound closure area of the blank control group
increased, a small amount of hair appeared around the wound,
and the wound closure rate was only 83.47%, respectively
(Figure 7C). In contrast, in the EPL-TBA-40 hydrogel group,

wound healing was nearly complete, and new hairs began to cover
the wound surface.

3.8 Skin histological analysis

Wound healing was assessed by histological study of wound
tissue on days 3, 7, and 10. (Figure 7D). H&E staining of the
surrounding wound tissue helps better understand the effects of
EPL-TBA hydrogel treatment. The wound tissue was infiltrated by
abundant of inflammatory cells such as neutrophils, which can be
seen in blue in H&E staining. On the third day, both the blank group
and the EPL-TBA-40 hydrogel group had some areas of scab, but the
EPL-TBA-40 hydrogel group had significantly more scab than the
blank group. Additionally, a small amount of capillary regeneration
could be seen microscopically in the EPL-TBA-40 hydrogel
group. The fact that there were relatively fewer inflammatory
cells in the wounds that were coated by EPL-TBA-40 hydrogel,
in comparison to the wounds in the blank group, indicating EPL-
TBA-40 hydrogel may be able to reduce the inflammation that is
present around the wounds. After 7 days, the skin of the blank group
did not entirely return and showed signs of perhaps still being
necrotic tissue with a small amount of fluid collection, more
inflammatory cells and fibroblasts were evident, and hair follicles,
glands, and capillaries were apparent. Compared with the blank
group, the epidermal layer of the wound covered by EPL-TBA-
40 hydrogel had recovered, the epidermal layer was thickened, and
inflammatory cells and fibroblasts were visible microscopically,
while hair follicles, glands, and capillaries could be observed.
After 10 days, the local epidermal layer of the blank group did
not recover; crusting and bleeding were visible; the epidermal layer
was slightly thickened; and more inflammatory cell infiltration was
visible in the dermis. Compared with the blank group, the wound
recovered to nearly normal skin; the epidermis was slightly thicker;
granules were discharged from the epidermis layer; a small amount
of inflammatory cells and fibroblasts were visible in the dermis layer;
and hair follicles and glands were visible. On days 7 and 10, the

FIGURE 4
(A) SEM images of E. coli and MRSA cells on the surfaces of control (left) and EPL-TBA-40 hydrogel (right). (B) After 24 h of incubation, confocal
microscopy images indicate the growth of bacteria on the surface of the blank control (left) and the EPL-TBA-40 hydrogel surface (right). The LIVE/DEAD
Backlight bacterial viability kit was used to stain bacteria.
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epidermal layer of the EPL-TBA-40 hydrogel group was seen to have
recovered or recovered to near-normal skin, with granular discharge
visible in the spiny cell layer (consolidation of the epidermal layer)
and new hair follicles, glands, and capillaries visible. The recovery
effect was significant compared to the blank group. Those findings
demonstrate that EPL-TBA hydrogel can promote wound healing.

4 Discussion

Here a fast cross-linking hydrogel was reported within only
5 min under mild reaction conditions (Figure 1), and the hydrogels
were formed via Schiff base reaction between the amino groups in
EPL and the aldehyde groups in TBA (EPL-TBA). The rich catechol
groups on the surface of EPL-TBA hydrogel can interact with the
surface of various materials through strong hydrogen bonding,
hydrophobic, electrostatic, coordination and so on. Since the EPL

consists of hydrophilic lysine, which is enriched in amino groups, it
can absorb liquid through the interaction between ions to form a
hydration layer (Xu, et al., 2019). Therefore, EPL-TBA hydrogel can
absorb substantial quantities of liquid (Figure 2). EPL-TBA hydrogel
possesses excellent swelling properties that keep wound moist,
absorb wound exudate, and promote wound healing (Figure 2).
Furthermore, EPL-TBA hydrogel can retain a large amount of liquid
within 48 h (Supplementary Figure S2), which can reduce
mechanical damage caused by wound dryness and promote
wound tissue growth.

ε-Poly-L-lysine (EPL) and 2,3,4-trihydroxybenzaldehyde (TBA)
were picked the main as the main components of hydrogel due to
their antibacterial effects on Gram-positive and Gram-negative
bacteria. Their excellent antimicrobial ability was demonstrated
by MIC assay (Supplementary Table S1). Despite the fact that no
antimicrobial were biocides released from the EPL-TBA hydrogel,
they were still able to kill bacteria through contact with them. All

FIGURE 5
(A) Hemolysis assay of EPL-TBA hydrogel using human erythrocyte. (B–D) The effect of EPL-TBA-40, EPL-TBA-60 and EPL-TBA-80 on
BNCC337722 cells via CCK-8 assay. (E) The LIVE/DEAD Backlight cell viability kit was used to stain BNCC337722 cells. Scale bar = 100 μm.
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three EPL-TBA hydrogels showed strong antibacterial activity
against S. aureus, E. coli, MRSA, and P. aeruginosa, indicating
that EPL-TBA hydrogels were proven to have broad spectrum
antibacterial property (Figure 3). The contact active cationic
hydrogels can interact with anionic components of bacteria, such
as lipopolysaccharide and wall/lipophosphate, resulting in damage
to the integrity of bacterial cell membranes (Li, et al., 2011). Thus,
the positive charge density of contact cationic hydrogels is closely
related to its bacteriostatic effect. The EPL-TBA hydrogel contains a
large amount of EPL, resulting in a large positive charge in the
hydrogel, which is highly effective in killing negatively charged
bacteria. Bacteria incubated with EPL-TBA-40 hydrogel were
observed by SEM. MRSA and E. coli cells collapsed and ruptured
after contact with EPL-TBA-40 hydrogel (Figure 4A). EPL-TBA
hydrogel can remove bacterial biofilm and prevent the formation of
drug-resistant bacteria and chronic wounds (Zhang C. et al., 2018).
This is due to the fact that EPL-TBA hydrogel contains abundant
EPL, which can interact with negatively charged bacteria
electrostatically and destroy their cell walls and cell membranes,
resulting in the death of bacteria and thus achieving effective
removal of bacterial biofilms (Figure 4B).

In this study, EPL-TBA hydrogel not only had strong
antibacterial activity, but also showed excellent biocompatibility
(Figure 5). It has been demonstrated that EPL is compatible with

mammalian cells (Zhou et al., 2011; Zou et al., 2018; Xu, et al., 2019).
Although the phenol and aldehyde in the TBA molecule are slightly
toxic to mammalian cells (Su et al., 2010). TBA cytotoxicity will be
greatly reduced by the Schiff base reaction between EPL and TBA.
Our results showed that EPL-TBA hydrogel has excellent
biocompatibility and is expected to be a new dressing to solve
the problem of wound healing. The EPL-TBA-40 hydrogel
performed better than the other two groups on the swelling
behavior test. Meanwhile, in the hemolysis test, the hemolysis
rate of EPL-TBA-40 was lower than 5%, while the hemolysis rate
of the other two groups of hydrogels was higher than 5%. Although
the three groups of hydrogels all showed excellent antibacterial
properties, we chose EPL-TBA-40 as the experimental group instead
of the other two groups based on the experimental results of swelling
behavior test and hemolysis rate.

The researchers found that quinone-rich biomaterials induce
endothelial cells to release biogenic factors that promote cell
migration (Yang et al., 2012). EPL-TBA-40 hydrogel promoted the
migration of BNCC337722 cells (Figure 6A), which might be attributed
to the fact that EPL-TBA-40 hydrogel promoted the release of growth
factors in BNCC337722 cells and accelerated the migration of cells.
Almost all injuries that occur in tissues are accompanied by
inflammation. In addition, inflammatory cells produce a large
number of cytokines, and the type and concentration of cytokines

FIGURE 6
(A,B)Mobility of BNCC337722 cells treated with EPL-TBA-40 hydrogel. Scale bar = 100 μm (*p < 0.05, **p < 0.01, ***p < 0.001) (C–E) Effects of EPL-TBA-
40 hydrogel on NO, IL-6 and TNF-α secreted by LPS-stimulated RAW264.7 cells.
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greatly affect the repair of damaged tissues (Kotas andMedzhitov, 2015;
Forrester et al., 2018; van Horssen et al., 2019). EPL-TBA-40 hydrogel
can significantly reduce the production of NO, IL-6 and TNF-α by
inflammatory cells (Figures 6C–E). These findings confirm that EPL-
TBA hydrogels can promote cell migration while reducing the
inflammatory cytokines produced by inflammatory cells, thus
accelerating wound healing.

Finally, a rat wound model was used to validate the influence of
EPL-TBA-40 hydrogel on healing process. Those findings clearly
proved that normal wounds treated with EPL-TBA-40 hydrogel
healed faster (Figures 7A–C). Histological analysis discovered that
EPL-TBA hydrogel-treated wounds had fewer inflammatory cells,
causing faster wound healing (Figure 7D).

To sum up, EPL-TBA hydrogels have the following advantages.
First, the EPL-TBA hydrogel is easy to synthesize compared to most
of the current hydrogel synthesis methods, and the hydrogel can be
formed by a simple chemical reaction. Second, the EPL-TBA
hydrogel can be prepared within 5 min, and the chemical
reagents used are common and cost-effective, which lays the
foundation for future commercialization. Third, the EPL-TBA
hydrogel exhibits excellent in vitro antibacterial properties and
also prevent bacterial biofilm production. The biocompatibility of
the EPL-TBA hydrogel was further verified, and good
biocompatibility was demonstrated for both hemoglobin and
human epithelial cells. Finally, by constructing a rat full-thickness
wound model, EPL-TBA hydrogel could substantially promote

FIGURE 7
(A)Wounds of untreatedwound group and EPL-TBA-40 hydrogel treatment group on day 1, 3, 7, and 10. (scale bar: 1 cm). (B) Schematic diagrams of
contraction changes on days 1, 3, 7 and 10 during wound healing. (C) Schematic diagram of the wound area (n = 4, **p < 0.01, ***p < 0.001). (D)
Histological analysis was performed on blank group and EPL-TBA hydrogel group on day 3, day 7 and day 10 (n = 3).
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wound healing. In conclusion, EPL-TBA hydrogel is expected to be a
commercially available wound dressing because of its significant
advantages and its ability to promote wound healing while
preventing bacterial infection.

5 Conclusion

In this study, we prepared a rapidly formed antimicrobial peptide
hydrogel (EPL-TBA) by a simple chemical reaction. The Schiff base
reaction between the amino groups in EPL and the aldehyde groups in
TBA makes the hydrogel fast cross-link in 5min. The EPL-TBA
hydrogels exhibit excellent physicochemical properties. Meanwhile, a
series of antibacterial experiments indicated that EPL-TBA hydrogel
possesses broad-spectrum antibacterial capabilities and can remove
biofilms. Furthermore, EPL-TBA hydrogel has excellent
biocompatibility. EPL-TBA-40 hydrogel promoted cell migration
while suppressing levels of inflammatory cytokines. More importantly,
the full-thickness wound model showed that EPL-TBA-40 hydrogel not
only promotes wound healing but also reduces the production of
inflammatory cells to promote wound healing. These studies
demonstrate that EPL-TBA hydrogel is expected to be a kind of
wound dressing, providing a new idea and method for solving wound
healing problems in the future.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by the
Experimental Animal Welfare Ethics Committee of Zunyi
Medical University.

Author contributions

XZ, XQ, and DC conceived the project and designed most of the
experiments. Experiments were carried out by XZ, GW, WL, YY,
and RH in addition, XZ, WL, YY, GW, RH, and YW assisted in data

analysis and discussion. XZ wrote manuscripts. XQ and DC revised
manuscripts. All authors contributed to the article and approved the
submitted version.

Funding

This study was financially supported by the National
Innovative Training Program for College Students
(202210661015), the National Natural Science Foundation of
China (32060227), Guizhou Provincial Natural Science
Foundation [QKH-ZK (2021)Y114], Science and Technology
Project of Guizhou Provincial Health Commission (gzwjkj2020-
1-237), Science and Technology Project of Guizhou Provincial
Health Commission (gzwjkj2020-1-207). Zunyi Medical
University 2018 Academic New Seedling Cultivation and
Innovative Exploration Special Project [QKH (2018)5772-028],
the future “science and technology elite” project of Zunyi Medical
University (ZYSE-2021-02), as well as the Innovative Training
Program for College Students of Zunyi Medical University
(ZHCX202115).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1206211/
full#supplementary-material

References

Addor, F. A., Takaoka, R., Rivitti, E. A., and Aoki, V. (2012). Atopic dermatitis:
Correlation between non-damaged skin barrier function and disease activity. Int.
J. Dermatol 51, 672–676. doi:10.1111/j.1365-4632.2011.05176.x

Alven, S., and Aderibigbe, B. A. (2020). Chitosan and cellulose-based hydrogels for
wound management. Int. J. Mol. Sci. 21, 9656. doi:10.3390/ijms21249656

Alves, A., Miguel, S. P., Araujo, A., de Jesus Valle, M. J., Sanchez Navarro, A., Correia,
I. J., et al. (2020). Xanthan gum-konjac glucomannan blend hydrogel for wound healing.
Polym. (Basel) 4, 12. Epub 2020/01/18. doi:10.3390/polym12010099

Asadi, N., Pazoki-Toroudi, H., Del Bakhshayesh, A. R., Akbarzadeh, A., Davaran, S.,
and Annabi, N. (2021). Multifunctional hydrogels for wound healing: Special focus on
biomacromolecular based hydrogels. Int. J. Biol. Macromol. 15, 728–750. Epub 2021/01/
03. doi:10.1016/j.ijbiomac.2020.12.202

Caccavo, D., Cascone, S., Lamberti, G., and Barba, A. A. (2018). Hydrogels: Experimental
characterization and mathematical modelling of their mechanical and diffusive behaviour.
Chem. Soc. Rev. 3 (47), 2357–2373. Epub 2018/03/06. doi:10.1039/c7cs00638a

Chen, C., Yang, X., Li, S., Zhang, C., Ma, Y., Ma, Y., et al. (2021). Tannic acid–thioctic
acid hydrogel: A novel injectable supramolecular adhesive gel for wound healing. Green
Chem. 23, 1794–1804. doi:10.1039/d0gc02909b

Chen, Y., Yu, L., Zhang, B., Feng, W., Xu, M., Gao, L., et al. (2019). Design and
synthesis of biocompatible, hemocompatible, and highly selective antimicrobial cationic
peptidopolysaccharides via click chemistry. Biomacromolecules 20, 2230–2240. Epub
2019/05/10. doi:10.1021/acs.biomac.9b00179

Diegelmann, R. F., and Evans, M. C. (2004).Wound healing: An overview of acute, fibrotic
and delayed healing. Front. Biosci. 9 (9), 283–289. Epub 2004/02/10. doi:10.2741/1184

Frontiers in Physiology frontiersin.org12

Zhang et al. 10.3389/fphys.2023.1206211

https://www.frontiersin.org/articles/10.3389/fphys.2023.1206211/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2023.1206211/full#supplementary-material
https://doi.org/10.1111/j.1365-4632.2011.05176.x
https://doi.org/10.3390/ijms21249656
https://doi.org/10.3390/polym12010099
https://doi.org/10.1016/j.ijbiomac.2020.12.202
https://doi.org/10.1039/c7cs00638a
https://doi.org/10.1039/d0gc02909b
https://doi.org/10.1021/acs.biomac.9b00179
https://doi.org/10.2741/1184
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1206211


Dong, C., Fan, H., Tang, F., Gao, X., Feng, K., Wang, J., et al. (2021). Mussel byssus
cuticle-inspired ultrastiff and stretchable triple-crosslinked hydrogels. J. Mater Chem. B
21 (9), 373–380. Epub 2020/12/08. doi:10.1039/d0tb01993c

Fan, Z., Deng, J., Li, P. Y., Chery, D. R., Su, Y., Zhu, P., et al. (2019). A new class of
biological materials: Cell membrane-derived hydrogel scaffolds. Biomaterials 197,
244–254. Epub 2019/01/23. doi:10.1016/j.biomaterials.2019.01.020

Forrester, S. J., Kikuchi, D. S., Hernandes, M. S., Xu, Q., and Griendling, K. K. (2018).
Reactive oxygen species in metabolic and inflammatory signaling. Circ. Res. 16 (122),
877–902. Epub 2018/04/28. doi:10.1161/CIRCRESAHA.117.311401

Ghobril, C., and Grinstaff, M. W. (2015). The chemistry and engineering of polymeric
hydrogel adhesives for wound closure: A tutorial. Chem. Soc. Rev. 7 (44), 1820–1835.
Epub 2015/02/05. doi:10.1039/c4cs00332b

He, X., Liu, R., Liu, H., Wang, R., Xi, Z., Lin, Y., et al. (2021). Facile preparation of
tunicate-inspired chitosan hydrogel adhesive with self-healing and antibacterial
properties. Polym. (Basel) 13, 4322. Epub 2021/12/29.

Hoque, J., and Haldar, J. (2017). Direct synthesis of dextran-based antibacterial
hydrogels for extended release of biocides and eradication of topical biofilms. Acs Appl.
Mater Interfaces 9, 15975–15985. doi:10.1021/acsami.7b03208

Jenssen, H., Hamill, P., and Hancock, R. E. (2006). Peptide antimicrobial agents. Clin.
Microbiol. Rev. 19, 491–511. Epub 2006/07/19. doi:10.1128/CMR.00056-05

Jeong, B., Kim, S. W., and Bae, Y. H. (2002). Thermosensitive sol-gel reversible
hydrogels. Adv. Drug Deliv. Rev. 54, 37–51. Epub 2002/01/05. doi:10.1016/s0169-
409x(01)00242-3

Johani, K., Malone, M., Jensen, S., Gosbell, I., Dickson, H., Hu, H., et al. (2017).
Microscopy visualisation confirms multi-species biofilms are ubiquitous in diabetic foot
ulcers. Int. Wound J. 14, 1160–1169. Epub 2017/06/24. doi:10.1111/iwj.12777

Khan, I. M., Islam, M., Shakya, S., Alam, N., Imtiaz, S., and Islam, M. R. (2022).
Synthesis, spectroscopic characterization, antimicrobial activity, molecular docking and
DFT studies of proton transfer (H-bonded) complex of 8-aminoquinoline (donor) with
chloranilic acid (acceptor). J. Biomol. Struct. Dyn. 40, 12194–12208. Epub 2021/09/03.
doi:10.1080/07391102.2021.1969280

Kotas, M. E., and Medzhitov, R. (2015). Homeostasis, inflammation, and disease
susceptibility. Cell 160, 816–827. Epub 2015/02/28.

Li, P., Poon, Y. F., Li, W., Zhu, H. Y., Yeap, S. H., Cao, Y., et al. (2011). A polycationic
antimicrobial and biocompatible hydrogel with microbe membrane suctioning ability.
Nat. Mat. 10, 149–156. Epub 2010/12/15. doi:10.1038/nmat2915

Maeda, S., Kunimoto, K-K., Sasaki, C., Kuwae, A., and Hanai, K. (2003).
Characterization of microbial poly (ε-l-lysine) by FT-IR, Raman and solid state 13C
NMR spectroscopies. J. Mol. Struct. 655, 149–155. doi:10.1016/s0022-2860(03)00218-7

Mehta, K., Sharma, P., Mujawar, S., and Vyas, A. (2022). Role of antimicrobial
peptides in treatment and prevention of Mycobacterium tuberculosis: A review. Int.
J. Pept. Res. Ther. 28, 132. Epub 2022/07/28. doi:10.1007/s10989-022-10435-9

Nikjoo, D., van der Zwaan, I., Brulls, M., Tehler, U., and Frenning, G. (2021).
Hyaluronic acid hydrogels for controlled pulmonary drug delivery-A particle
engineering approach. Pharmaceutics. 5, 1878. Epub 2021/11/28. doi:10.3390/
pharmaceutics13111878

Ren, K., Cheng, Y., Huang, C., Chen, R., Wang, Z., and Wei, J. (2019). Self-healing
conductive hydrogels based on alginate, gelatin and polypyrrole serve as a repairable
circuit and a mechanical sensor. J. Mater Chem. B 25 (7), 5704–5712. Epub 2019/09/05.
doi:10.1039/c9tb01214a

Santhini, E., Parthasarathy, R., Shalini, M., Dhivya, S., Mary, L. A., and Padma, V. V.
(2022). Bio inspired growth factor loaded self assembling peptide nano hydrogel for
chronic wound healing. Int. J. Biol. Macromol. 197, 77–87. Epub 2021/12/18. doi:10.
1016/j.ijbiomac.2021.12.026

Sharma, G., Sharma, S., Sharma, P., Chandola, D., Dang, S., Gupta, S., et al. (2016).
Escherichia coli biofilm: Development and therapeutic strategies. J. Appl. Microbiol. 121,
309–319. Epub 2016/01/27. doi:10.1111/jam.13078

Shima, S., Matsuoka, H., Iwamoto, T., and Sakai, H. (1984). Antimicrobial action of
epsilon-poly-L-lysine. J. Antibiot. (Tokyo). 37, 1449–1455. Epub 1984/11/01. doi:10.
7164/antibiotics.37.1449

Su, W. Y., Chen, Y. C., and Lin, F. H. (2010). Injectable oxidized hyaluronic acid/
adipic acid dihydrazide hydrogel for nucleus pulposus regeneration. Acta Biomater. 6,
3044–3055. Epub 2010/03/03. doi:10.1016/j.actbio.2010.02.037

van Horssen, J., van Schaik, P., and Witte, M. (2019). Inflammation and
mitochondrial dysfunction: A vicious circle in neurodegenerative disorders?
Neurosci. Lett. 25, 132931. doi:10.1016/j.neulet.2017.06.050

Xu, M., Khan, A., Wang, T., Song, Q., Han, C., Wang, Q., et al. (2019). Mussel-
Inspired hydrogel with potent in vivo contact-active antimicrobial and wound healing
promoting activities. ACS Appl. Bio Mater 2 (2), 3329–3340. Epub 2019/08/19. doi:10.
1021/acsabm.9b00353

Yan, Y., Li, Y., Zhang, Z., Wang, X., Niu, Y., Zhang, S., et al. (2021). Advances of
peptides for antibacterial applications. Colloids Surf. B Biointerfaces 202, 111682. Epub
2021/03/14. doi:10.1016/j.colsurfb.2021.111682

Yang, Z., Tu, Q., Zhu, Y., Luo, R., Li, X., Xie, Y., et al. (2012). Mussel-inspired coating
of polydopamine directs endothelial and smooth muscle cell fate for re-
endothelialization of vascular devices. Adv. Healthc. Mat. 1, 548–559. Epub 2012/
11/28. doi:10.1002/adhm.201200073

Yu, R., Li, M., Li, Z., Pan, G., Liang, Y., and Guo, B. (2022). Supramolecular thermo-
contracting adhesive hydrogel with self-removability simultaneously enhancing
noninvasive wound closure and MRSA-infected wound healing. Adv. Healthc. Mater
11, e2102749. Epub 2022/04/16. doi:10.1002/adhm.202102749

Yuan, Y., Shen, S., and Fan, D. (2021). A physicochemical double cross-linked
multifunctional hydrogel for dynamic burn wound healing: Shape adaptability,
injectable self-healing property and enhanced adhesion. Biomaterials 276, 120838.
Epub 2021/07/19. doi:10.1016/j.biomaterials.2021.120838

Zhai, X., Ma, Y., Hou, C., Gao, F., Zhang, Y., Ruan, C., et al. (2017). 3D-Printed high
strength bioactive supramolecular polymer/clay nanocomposite hydrogel scaffold for
bone regeneration. ACS Biomater. Sci. Eng. 12 (3), 1109–1118. Epub 2017/06/12. doi:10.
1021/acsbiomaterials.7b00224

Zhang, C., Hu, D. F., Xu, J. W., Ma, M. Q., Xing, H., Yao, K., et al. (2018a).
Polyphenol-assisted exfoliation of transition metal dichalcogenides into nanosheets as
photothermal nanocarriers for enhanced antibiofilm activity. ACS Nano 12 (12),
12347–12356. Epub 2018/12/05. doi:10.1021/acsnano.8b06321

Zhang, F., Xiong, L., Ai, Y., Liang, Z., and Liang, Q. (2018b). Stretchable
multiresponsive hydrogel with actuatable, shape memory, and self-healing
properties.Adv. Sci. (Weinh) 5, 1800450. Epub 2018/08/22. doi:10.1002/advs.201800450

Zhang, W., Wang, R., Sun, Z., Zhu, X., Zhao, Q., Zhang, T., et al. (2020). Catechol-
functionalized hydrogels: Biomimetic design, adhesion mechanism, and biomedical
applications. Chem. Soc. Rev. 49, 433–464. Epub 2020/01/16. doi:10.1039/c9cs00285e

Zhang, Y. S., and Khademhosseini, A. (2017). Advances in engineering hydrogels.
Science 356, eaaf3627. Epub 2017/05/06.

Zhao, X., Wu, H., Guo, B., Dong, R., Qiu, Y., and Ma, P. X. (2017). Antibacterial anti-
oxidant electroactive injectable hydrogel as self-healing wound dressing with hemostasis
and adhesiveness for cutaneous wound healing. Biomaterials 122, 34–47. Epub 2017/01/
21. doi:10.1016/j.biomaterials.2017.01.011

Zhi, Z., Su, Y., Xi, Y., Tian, L., Xu, M., Wang, Q., et al. (2017). Dual-functional
polyethylene glycol-b-polyhexanide surface coating with in vitro and in vivo
antimicrobial and antifouling activities. ACS Appl. Mater Interfaces 9 (9),
10383–10397. Epub 2017/03/07. doi:10.1021/acsami.6b12979

Zhou, C., Li, P., Qi, X., Sharif, A. R., Poon, Y. F., Cao, Y., et al. (2011). A photopolymerized
antimicrobial hydrogel coating derived from epsilon-poly-L-lysine. Biomaterials 32,
2704–2712. Epub 2011/01/25. doi:10.1016/j.biomaterials.2010.12.040

Zhou, J., Zhang, H., Fareed, M. S., He, Y., Lu, Y., Yang, C., et al. (2022). An injectable
peptide hydrogel constructed of natural antimicrobial peptide J-1 and ADP shows anti-
infection, hemostasis, and antiadhesion efficacy. ACS Nano 24 (16), 7636–7650. Epub
2022/05/10. doi:10.1021/acsnano.1c11206

Zhou, Q., Zhou, X., Mo, Z., Zeng, Z., Wang, Z., Cai, Z., et al. (2023). A PEG-CMC-
THB-PRTM hydrogel with antibacterial and hemostatic properties for promoting
wound healing. Int. J. Biol. Macromol. 224, 370–379. Epub 2022/10/21. doi:10.1016/
j.ijbiomac.2022.10.130

Zou, C. Y., Lei, X. X., Hu, J. J., Jiang, Y. L., Li, Q. J., Song, Y. T., et al. (2022). Multi-
crosslinking hydrogels with robust bio-adhesion and pro-coagulant activity for first-aid
hemostasis and infected wound healing. Bioact. Mater 16, 388–402. Epub 2022/04/14.
doi:10.1016/j.bioactmat.2022.02.034

Zou, Y-J., He, S-S., and Du, J-Z. (2018). ε-Poly(L-lysine)-based hydrogels with fast-
acting and prolonged antibacterial activities. Chin. J. Polym. Sci. 36, 1239–1250. doi:10.
1007/s10118-018-2156-1

Frontiers in Physiology frontiersin.org13

Zhang et al. 10.3389/fphys.2023.1206211

https://doi.org/10.1039/d0tb01993c
https://doi.org/10.1016/j.biomaterials.2019.01.020
https://doi.org/10.1161/CIRCRESAHA.117.311401
https://doi.org/10.1039/c4cs00332b
https://doi.org/10.1021/acsami.7b03208
https://doi.org/10.1128/CMR.00056-05
https://doi.org/10.1016/s0169-409x(01)00242-3
https://doi.org/10.1016/s0169-409x(01)00242-3
https://doi.org/10.1111/iwj.12777
https://doi.org/10.1080/07391102.2021.1969280
https://doi.org/10.1038/nmat2915
https://doi.org/10.1016/s0022-2860(03)00218-7
https://doi.org/10.1007/s10989-022-10435-9
https://doi.org/10.3390/pharmaceutics13111878
https://doi.org/10.3390/pharmaceutics13111878
https://doi.org/10.1039/c9tb01214a
https://doi.org/10.1016/j.ijbiomac.2021.12.026
https://doi.org/10.1016/j.ijbiomac.2021.12.026
https://doi.org/10.1111/jam.13078
https://doi.org/10.7164/antibiotics.37.1449
https://doi.org/10.7164/antibiotics.37.1449
https://doi.org/10.1016/j.actbio.2010.02.037
https://doi.org/10.1016/j.neulet.2017.06.050
https://doi.org/10.1021/acsabm.9b00353
https://doi.org/10.1021/acsabm.9b00353
https://doi.org/10.1016/j.colsurfb.2021.111682
https://doi.org/10.1002/adhm.201200073
https://doi.org/10.1002/adhm.202102749
https://doi.org/10.1016/j.biomaterials.2021.120838
https://doi.org/10.1021/acsbiomaterials.7b00224
https://doi.org/10.1021/acsbiomaterials.7b00224
https://doi.org/10.1021/acsnano.8b06321
https://doi.org/10.1002/advs.201800450
https://doi.org/10.1039/c9cs00285e
https://doi.org/10.1016/j.biomaterials.2017.01.011
https://doi.org/10.1021/acsami.6b12979
https://doi.org/10.1016/j.biomaterials.2010.12.040
https://doi.org/10.1021/acsnano.1c11206
https://doi.org/10.1016/j.ijbiomac.2022.10.130
https://doi.org/10.1016/j.ijbiomac.2022.10.130
https://doi.org/10.1016/j.bioactmat.2022.02.034
https://doi.org/10.1007/s10118-018-2156-1
https://doi.org/10.1007/s10118-018-2156-1
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1206211

	A rapid-crosslinking antimicrobial hydrogel with enhanced antibacterial capabilities for improving wound healing
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of EPL-TBA hydrogel
	2.3 Characterization of the EPL-TBA hydrogel
	2.3.1 FT-IR and UV-vis spectrophotometer analysis
	2.3.2 Swelling and moisture content studies

	2.4 Rheological behavior of EPL-TBA hydrogels
	2.5 Minimum inhibitory concentration (MIC) assay
	2.6 Antimicrobial activity of EPL-TBA hydrogel
	2.7 Morphological observation of bacteria
	2.8 Biological film assay
	2.9 Cytotoxicity determination
	2.10 Cell migration assay
	2.11 In vitro inflammation test
	2.12 EPL-TBA hydrogel hemolysis rate test
	2.13 Normal wound healing study
	2.14 Histological analysis
	2.15 Statistical analysis

	3 Results
	3.1 Synthesis and characterization of EPL-TBA hydrogel
	3.2 Analysis of physical properties of hydrogel
	3.3 Antimicrobial assay
	3.4 Biological film assay
	3.5 Biocompatibility of EPL-TBA hydrogel
	3.6 Cell migration and anti-inflammatory tests
	3.7 Normal wound healing effect
	3.8 Skin histological analysis

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


