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ABSTRACT

Wound management is an important issue that places enormous pressure on the physical and mental health of
patients, especially in cases of infection, where the increased inflammatory response could lead to severe hy-
pertrophic scars (HSs). In this study, a hydrogel dressing was developed by combining the high strength and
toughness, swelling resistance, antibacterial and antioxidant capabilities. The hydrogel matrix was composed of a
double network of polyvinyl alcohol (PVA) and agarose with excellent mechanical properties. Hyperbranched
polylysine (HBPL), a highly effective antibacterial cationic polymer, and tannic acid (TA), a strong antioxidant
molecule, were added to the hydrogel as functional components. Examination of antibacterial and antioxidant
properties of the hydrogel confirmed the full play of the efficacy of HBPL and TA. In the in vivo studies of
methicillin-resistant Staphylococcus aureus (MRSA) infection, the hydrogel had shown obvious promotion of
wound healing, and more profoundly, significant suppression of scar formation. Due to the common raw ma-
terials and simple preparation methods, this hydrogel can be mass produced and used for accelerating wound

healing while preventing HSs in infected wounds.

1. Introduction

Skin is an organ directly contacting with the outside world, which is
highly vulnerable to injury. Hypertrophic scars (HSs) often appear after
deep skin injuries such as trauma, burns and surgery. The itching, pain,
and other discomfort caused by HSs as well as appearance issues such as
bulge, flushing, and crispation have resulted in great inconvenience to
about 100 million patients’ lives from both functional and aesthetic
aspects in developed countries [1]. The generation and development of
HSs are closely related to the wound healing process [2], which typically
involves a series of continuous stages: hemostasis, inflammation, pro-
liferation, and remodeling [3,4]. When these stages proceed abnormally,
for example, inflammatory stage persists or wound healing is delayed,
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pathological scars such as HSs will occur [5,6].

Essentially, the HSs are an inflammatory disease of the reticular
dermis, characterized by prolonged inflammatory response, excessive
angiogenesis and accumulation of myofibroblasts and collagen. Various
stimuli may promote inflammation, especially oxidative stress [7].
Another typical reason is bacterial infection, the most common and
unavoidable challenge in wound healing [8]. If not treated promptly, the
wounds are easily colonized by pathogens, ultimately leading to severe
scars [9]. Bacterial resistance is a serious issue that follows [10]. One
prevalent microbial strain in infected wound patients is Methicillin
resistant Staphylococcus aureus (MRSA), which is related to nearly 11000
deaths in the United States each year [11]. Currently the available an-
tibiotics for wound healing include tetracyclines, neomycin, quinolones,
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and the like [12]. However, due to the induction of drug resistance,
safety concerns at large doses and declined development speed and in-
vestment, the antimicrobial strategies for non-antibiotic treatment have
become a topic of great concern [13].

Clinical strategies for HSs can be divided into preventing scar for-
mation and treating formed scars. Correspondingly, there are methods
available in clinic, such as tension reduction therapy and surgical
therapy [14], although they do not work satisfactorily enough. Some
antibacterial or anti-proliferative functional wound dressings exhibited
HSs generation inhibition [15-17]. However, limited to animal models
(rats or mice), these researches on anti-scar effects are not comprehen-
sive and clear enough. Based on rabbit ear hypertrophic scar model,
there are many meaningful researches reported in recent years. Guided
by the idea of preventing of scar formation, the scar could be suppressed
by various ways, such as inhibiting TGF-p or Engrailed-1 [18-20],
reducing inflammatory reactions [21], and regulating vascular prolif-
eration and collagen deposition [22]. Also, mechanical regulation or
mediated iron death through microneedles has achieved promising re-
sults in the treatment of HSs [23,24]. Yet these studies have ignored or
intentionally controlled the potential impacts of bacterial infections.
Considering the multiple and widespread nature of bacterial infections,
it is necessary to clarify the prevention and treatment of scars in infec-
tion situations.

Hyperbranched polylysine (HBPL) is a novel and highly efficient
antibacterial polymer in the post antibiotic era, obtained through the
polymerization of 1-lysine [25]. Its antibacterial principle is similar to
that of antimicrobial peptides: a large number of amino groups in the
hyperbranched structure endow HBPL with the positive electric prop-
erty, which can bind to bacterial cell membranes through electrostatic
action, and then destroy the cell membrane and kill bacteria [26]. The
broad-spectrum, high-efficient antibacterial property and biosecurity of
HBPL, with its application in dental implants and wound dressings, have
already been confirmed [27-29]. Tannic acid (TA) is a natural-source
polyphenol compound with excellent antioxidant function [30].
Recently, TA has set off a wave of enthusiasm in the field of hydrogel
wound dressings [31-33]. Furthermore, hydrogels with mechanical
properties matching with the skin are emphasized as the best choice for
wound dressings [34]. Polyvinyl alcohol (PVA) is one of the most
commonly used hydrogel raw materials with excellent compatibility and
processability, and can be prepared by various methods to obtain strong
and tough hydrogels [35-37]. Building a double network structure is a
universal method of strengthening and toughening [38] with simple
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steps, low equipment requirements, and convenience for expanding
production.

Herein, aiming at controlling the inflammation by reducing bacterial
infection and oxidative stress, we propose a tough hydrogel dressing to
promote healing of infected wounds and control scar formation. The
double network of PVA and agarose can provide the main support for the
excellent mechanical properties of the hydrogel, and the loading of
HBPL and TA would endow the hydrogel with anti-bacterial and anti-
oxidation abilities (Scheme 1). The hydrogel’s mechanical property,
antioxidant and antibacterial capacities as well as its biocompatibility
will be verified. Importantly, the in vivo anti-scar effect of the hydrogel
will be explored through wound healing and hypertrophic scar models
under MRSA infection in vivo.

2. Materials and methods
2.1. Materials

PVA1799, agarose, 5(6)-tetramethyl rhodamine isothiocyanate
(TRITC), 2,2-di(4-tert-octylphenyl)-1-picryl-hydrazyl (DPPH) and
3,3,5,5-tetramethylbenzidine (TMB) were purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Tannic acid (TA),
ammonium iron citrate, FeSO4 and KI were purchased form Macklin
Chemical Co., Ltd. (Shanghai, China). Hydrogen peroxide (30 %) and
ammonium hydroxide were purchased from Sinopharm chemical re-
agent Co., Ltd. (Beijing, China). Cell Counting Kit-8 (CCK-8) was pur-
chased from Beyotime Biotech Inc. (Shanghai, China). Dulbecco’s
modified Eagle’s medium (DMEM) (containing 100 pg/mL streptomycin
and 100 U/mL penicillin) and fetal bovine serum (FBS) were purchased
from Thermo Fisher Scientific Inc. (Massachusetts, USA). Superoxide
anion scavenging capacity assay kit and anticoagulated sheep blood
were purchased from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). All enzyme-linked immunosorbent assay (ELISA) kits
were purchased from Boster Biological Technology Co. Ltd. (California,
USA). The antibody (ab7817) of a-smooth muscle actin (a-SMA) was
purchased from Abcam plc. (Cambridge, UK).

2.2. Preparation and properties of hydrogels
2.2.1. Hydrogel preparation

Five types of hydrogel dressings were prepared (Table 1). The HBPL
synthesized according to our previous work [39] was used directly.
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Scheme 1. Schematic illustration of the antibacterial and antioxidant hydrogel dressing for accelerating the infected wounds healing and reducing the hypertrophic

scar formation.
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Table 1

Abbreviations and components of hydrogels prepared in this study.
Abbreviations ~ PVA1799 Agarose HBPL Tannic Water

(Wt%) (Wt%) (Wt%) acid (wt%) (Wt%)

P 20 0 0 0 80
PA 20 2 0 0 78
PAT 20 2 0 0.8 77.2
PAH 20 2 1 0 77
PAHT 20 2 1 0.8 76.2

Taking the PAHT hydrogel as an example for the hydrogel preparation,
20 wt% PVA1799 and 2 wt% agarose were dissolved in 76.2 wt% water
under mechanical agitation at 110 °C. After the solution was cooled to
90 °C, 1 wt% HBPL and 0.8 wt% TA were added, whose pH value was
adjusted to 6. After complete dissolution, the solution was casted into a
mold, and cooled to room temperature. It was then frozen at —20 °C for
4 h and thawed at room temperature for 1 h. This process was repeated
for 3 times. The other hydrogels were prepared with different compo-
nents following the similar processes.

2.2.2. Mechanical test

The mechanical properties of hydrogels were tested by tensile and
compression experiments via a universal material testing machine
(5543A, Instron, USA). For the tensile experiments, the rectangular
samples with a dimension of 10 mm in width, 60 mm in length and 1.5
mm in thickness were prepared. The stretching rate was set as 20 mm/
min. For the compression experiments, the hydrogels were prepared as
cylinders with 5 mm in height and 7 mm in diameter. The compression
rate was set as 2 mm/min with a strain range of 0-70 %. The slopes of
the lines in the strain range of 10-30 % and 10-20 % in the stress-strain
curves were respectively used to calculate the tensile and compression
elastic moduli. Additionally, in the strain ranges of 0-100 % and 0-50 %,
the tensile and compression tests were carried out on the PAHT hydrogel
for 20 cycles, respectively.

2.2.3. Measurement of moisturizing properties and swelling ratio

0.2 g hydrogel was placed in an open Petri dish in direct contact with
air at 70 % relative humidity and room temperature. The hydrogel mass
was weighed at selected time points. The residual mass was calculated as
follows:
Residual mass (%) :% x 100% (€Y

0

50 mg hydrogel was soaked in 5 mL water at 37 °C, which was taken
out at selected time points. The surface water was wiped off before
weighing. The swelling ratio was calculated by the following formula:

Swelling ratio (%) = "% x 100%

moy

(2)

In formula (1) and (2), mp and m, represent the initial weight and the
weight at t time, respectively.

2.2.4. Release of HBPL and TA

The release of HBPL from the hydrogels was measured through a
fluorescent method. HBPL was fluorescently labeled as follows. After
0.5 g HBPL was dissolved in 20 mL water with pH adjusted to 8.5, 1 mg
TRITC dissolved in 2 mL DMSO was slowly added under stirring. The
reaction was carried out in dark for 24 h. A dialysis bag with a cut off
molecular weight of 500 Da was used to dialyze the product in dark until
there was no fluorescence in the buffer. The TRITC-labeled HBPL was
obtained after lyophilization. The labeled HBPL was used to prepare the
hydrogel in dark as described in Section 2.2.1. Subsequently, 0.5 g
hydrogel containing the fluorescently labeled HBPL was immersed in 5
mL water. 200 pL solution was taken out at selected time points, whose
fluorescence intensity was measured by a microplate reader (Infinite
200 Pro, Tecan, Switzerland) with excitation and emission wavelengths
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of 550 nm and 600 nm, respectively. A standard curve was constructed
to calculate the HBPL concentration at the same conditions. After each
sampling, 200 pL water was added to the solution to maintain the vol-
ume constant. Attention should be paid to avoid light throughout the
whole process.

The TA release from the hydrogels was similarly studied. After 0.5 g
hydrogel was incubated in 5 mL water containing 0.5 mg/mL NaHSOs,
100 pL supernatant was taken out at selected time points, which was
mixed with 500 pL water and 100 pL 3.5 mg/mL ferric ammonium cit-
rate solution. It was further mixed with 100 pL 8 mg/mL ammonia so-
lution. After incubation for 10 min, the absorbance at 525 nm was
measured by a microplate reader. The TA concentration was calculated
by referring to a standard curve constructed at the same conditions.
After each sampling, 100 pL water was added to the hydrogel-containing
solution.

The cumulative release ratio of HBPL and TA was calculated by the
following formula:

=1
Sev+cevo

Cumulative release ratio (%) = ="
Mo

x 100% 3

Where c; and c; represent the concentrations of HBPL or TA in the so-
lution measured at i and t time, v and vy represent the volumes of so-
lution taken out for each time and the initial volume of solution,
respectively, and my is the total mass of HBPL or TA contained in the
hydrogel sample.

2.3. Measurement of antioxidant ability

The antioxidant capacity of hydrogels was characterized by testing
their ability to scavenge DPPH, -OH, -O3, and Hy05 [29]. For the DPPH
experiment, 50 mg hydrogel was immersed in 1 mL of 200 uL. DPPH
ethanol solution and reacted at 37 °C for 1 h. The supernatant was taken
to measure the absorbance at 517 nm. For the -OH experiment, 25 mg
hydrogel was immersed in 1 mL 1 mM -OH solution (500 pL 2 mM Hy0,
+ 500 pL 2 mM FeSOj4) and reacted at 37 °C for 30 min, and then 100 pL
supernatant was taken out and mixed with 100 pL 10 mM TMB DMSO
solution. The mixed solution was allowed to stand for 10 min before the
absorbance at 650 nm was measured. The -O; experiment was con-
ducted according to the kit instructions. Briefly, after -O; was generated
by AP-TEMED system, 150 mg hydrogel was added to react with -O3 for
40 min, then hydroxylamine hydrochloride, 4-aminobenzesulfonic acid
and a-naphthylamine were added to react with the rest -O3 and subse-
quently the absorbance at 530 nm was measured. For the HyO» experi-
ment, 200 mg hydrogel was immersed in 1 mL 0.8 mM H»0, solution in
37 °Cfor 1.5 h, and then 150 pL supernatant was mixed with 150 pL. 1 M
KI. The absorbance at 350 nm was measured after incubation for 5 min.
The solvents were used as blank groups.

The scavenging ratio of DPPH, -OH, -O3 and Hy0, was calculated as
follows:

ODgel - ODblank

Ll T bk @
OD(‘OIIZ)‘OI - ODbIank

Scavenging ratio (%) = (1 ) x 100%

2.4. Antibacterial activity test in vitro

The antibacterial activity of hydrogels was tested by a surface con-
tact method [27]. A circular hydrogel sample with a diameter of 8 mm
was prepared, which was irradiated by ultraviolet light for 0.5 h on both
sides, and then placed in a 48-well plate. After 5 pL 10’ CFU/mL bac-
terial solution was added on the hydrogel surface, the plate was placed
in an incubator at 37 °C. After 12 h, the hydrogel was removed, and
placed in 1 mL phosphate buffered saline (PBS). The bacteria attached to
the surface were washed off by ultrasonication for 5 min. After the
bacterial suspension was diluted 100 times, 50 pL solution was coated on
LB solid medium, which was then cultured in an incubator at 37 °C for



X. Liu et al.

12-24 h. The plate was photographed to calculate the number of col-
onies. With the PA group as the control, the antibacterial rate was
calculated as follows:

Colony county,

Antibacterial rate (%) = (1 - ) x 100% 5)

Colony countpy
2.5. Cytotoxicity and hemolysis tests

The toxicity of the hydrogels to 1L.929 cells was tested by CCK-8 assay.
90 % DMEM high-sugar medium and 10 % FBS were used. The hydrogel
was placed in a serum-free medium at the concentration of 20 mg/mlL,
and incubated in carbon dioxide incubator at 37 °C for 24 h. After
removing the hydrogel, the bacteria, if any, were filtered out, and FBS
was added. In 96-well plates, 8000 cells per well were incubated in a
carbon dioxide incubator at 37 °C for 24 h. Then the medium was
replaced with the hydrogel extract, followed by additional culture me-
dium for another 24 h. The medium was then replaced with the com-
plete medium containing 10 % CCK-8, and the supernatant was taken to
test the absorbance at 450 nm after culture for 2 h. The complete me-
dium and cells treated with the complete medium were used as blank
group and control group, respectively.

Anticoagulant sheep blood was used to test the hemolysis of hydro-
gels. The sheep blood was diluted with PBS according to the volume
ratio of 1:6. 50 mg hydrogel was placed in 500 pL diluted sheep blood,
incubated at 37 °C for 1 h, and then centrifuged at 1000 rpm for 5 min.
The supernatant was taken to measure the absorbance at 540 nm. PBS
and sheep blood diluted with water were used as blank group and
control group, respectively.

The cell viability or hemolysis ratio was calculated as follows:

ODge; — ODpigpi

— & — = % 100%
ODcomml - ODblank

(6)

Scavenging ratio (%) =

2.6. MRSA-infected rat full skin defect model in vivo

The rat experiments were approved by the Experimental Animal
Ethics Committee of Hangzhou Medical College following the Institu-
tional Guidelines (ZJCLA-IACUC-20010294). Four-week-old female SD
rats (Sprague—Dawley rats) weighing about 200 g were used in the
infected wound healing experiment. After the rats were anesthetized by
inhalation of 3 % isoflurane, their back hair was removed with a shaver
and hair removal cream. Four round full-layer defect wounds with a
diameter of 10 mm in each were made with a skin biopsy device. 40 pL
108 CFU/mL MRSA bacterial solution was injected into each wound. The
hydrogel dressing was applied to the wound and fixed with 3 M Tega-
derm Film (3 M Health Care, USA). Five groups were set: Ctrl, PA, PAT,
PAH, and PAHT. The Ctrl group was not received any therapeutic
measure. The hydrogel dressings were changed every 3 d, and the
wounds were photographed. The area of wound was measured using
Image J, and the wound closure was calculated by the following
formula:

Wound area,

Wound closure (%) = (1 ) x 100% 7)

Wound areay

where the Wound area; and Wound areay represent the data on day t and
day 0, respectively.

The wound tissues were collected on day 3 and day 6, then ground
for Elisa test and in vivo antibacterial performance test, respectively. The
harvested wound tissues on day 6 and day 12 were fixed with para-
formaldehyde for H&E staining, Masson staining and CD31 immuno-
histochemical staining, following the standard protocols [25]. The blood
vessel density in CD31 staining was calculated [25].
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2.7. MRSA-infected rabbit ear hyperplastic scar model in vivo

2.7.1. Scar formation analysis

The rabbit experiments were approved by the Experimental Animal
Ethics Committee of Hangzhou Medical College following the Institu-
tional Guidelines (ZJCLA-IACUC-20010315). Adult male New Zealand
white rabbits (2.5-3 kg) were used for the hyperplastic scar model with
MRSA infection. After the rabbits were anesthetized by intravenous in-
jection of dexmedetomidine (0.05 mg/kg), chlorpromazine (2.5 mg/kg)
and lidocaine (1 mg/kg), four circular wounds with a diameter of 10 mm
and an interval of more than 10 mm were made on the ventral side of
each ear using a corneal trephine. The perichondrium was carefully
removed with a periosteal separator while avoiding cartilage damage.
The injection of bacterial solution and material grouping were the same
as those in the rat model. The dressings were changed every 3 d until the
wound healed completely (4 w). Photographs were taken every week.
The scar tissues were collected after 8 w, and fixed with para-
formaldehyde or preserved at —80 °C.

H&E staining, Masson staining, Sirius red staining (polarized light
observation), and a-SMA immunofluorescence staining were used for
histological observation and examination [20]. The H&E and Masson
staining photos were processed with Image J to calculate the thickness
and scar elevation index (SEI), and collagen volume fraction (CVF),
respectively. The SEI calculation is shown in Fig. 5A, where a+f rep-
resents the scar tissue area and f represents the normal skin area. CVF
was calculated as follows:

Bule area

CVF (%) x 100% ©)

Tissue area

2.7.2. RNA sequencing analysis

The scar tissues of rabbit ears at the 8th w were collected and washed
with saline, and stored at —80 °C before sequencing. Eukaryotic mRNA
sequencing was based on Illumina Novaseq 6000 sequencing platform.
[lumina TruseqTM RNA sample prep Kit was used to construct the li-
brary. The operation process was as follows: total RNA extraction,
mRNA enrichment, mRNA fragmentation, cDNA inversion synthesis,
adaptor connection, and Illumina sequencing.

2.8. Statistical analysis

All results are expressed as the mean + standard deviation (SD). The
statistical significance between the samples was analyzed by the t-test
(two groups) or one-way analysis of variance (ANOVA, multiple groups).
GraphPad Prism software was utilized for data analyses. The statistically
significant difference between groups was expressed as * P < 0.05, **P
< 0.01 and ***P < 0.001.

3. Results and discussion
3.1. Preparation and characterization of hydrogel

To prepare the hydrogel with robust mechanical strength, a double
network hydrogel was prepared from PVA and agarose [25]. The PVA
was crystallized by freeze-thawing cycles to form the primary physical
crosslinking network, and the agarose formed the second physical
crosslinking network through hydrogen bonding. The antibacterial and
antioxidant functions were achieved by directly mixing HBPL and TA
into the bulk hydrogel solution before gelation.

In order to maintain the well contact with human skin and facilitate
daily operation, a qualified hydrogel dressing should possess robust
enough mechanical properties [40]. Fig. 1A and B shows that the tensile
resistance of all double network hydrogels including PA was signifi-
cantly improved, compared with that of the PVA hydrogel (P). The
addition of HBPL (PAH) achieved a larger degree of enhancement, while
TA (PAT) had less effect. When both HBPL and TA were present (PAHT),
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Fig. 1. Mechanical properties of hydrogels. (A) Tensile stress-strain curve of hydrogels with different components. (B) Photos of tensile test of PAHT hydrogel. (C)
Tensile modulus, (D) elongation at break, and (E) breaking strength of different hydrogels. (F) Compression stress-strain curves of hydrogels with different com-
ponents. (G) Photos of compression test of PAHT hydrogel. (H) Compression modulus of different hydrogels. Cyclic tensile (I) and compression (J) curves of PAHT

hydrogel. n = 6, *P < 0.05, **P < 0.01 and ***P < 0.001.

the tensile modulus was largest, whereas the elongation at break and
breaking strength were decreased slightly (Fig. 1C-E), indicating that
their enhancement effect seems to have an antagonistic effect. Never-
theless, the mechanical properties of PAHT (elastic modulus of 119 kPa,
elongation at break of 451 % and breaking strength of 0.9 MPa) were
sufficiently robust for practical operation.

In the compression test, all the hydrogels withstood 70 % compres-
sion deformation without breaking, with only a small amount of plastic
deformation generated (Fig. 1F and G). All the double network hydro-
gels showed a compressive stress of about 0.9 MPa and a compression
elastic modulus of about 130 kPa (Fig. 1F), which was 2 folds of that of
the single network hydrogel (Fig. 1H). In addition, to test the fatigue
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resistance of hydrogels, the PAHT hydrogel was subjected to 20 cycles of
tensile and compression tests (Fig. 1I and J) within the strain range of
0-100 % and 0-50 %, respectively. No obvious plastic deformation was
observed, and the hysteresis loop was small. These results prove that, as
expected [41], the double network hydrogel PAHT presented robust
mechanical properties and will not break or fail in daily activities.

The hydrogel dressings are often designed to absorb the exudates in
the wound environment [42]. However, excessive swelling will lead to
the extreme expansion of the hydrogel volume and a sharp decline in its
mechanical properties, which is not conducive to its continued protec-
tion of the wound [43]. In PBS at pH 7.4, the PAHT hydrogel rapidly
absorbed medium, and then gradually achieved balance in the first 6 h.



X. Liu et al.

The final swelling ratio was only 61.1 % (Fig. 2A). With this good
swelling resistance, the fracture strength of PAHT hydrogel after
swelling balance (0.57 MPa) was still larger than that of the PVA
hydrogel (0.38 MPa) (Fig. 2B). On the other hand, the hydrogel dress-
ings with maintained water content can offer a wet environment for
wound healing [42]. Fig. 2C shows that the moisture contained in the
PAHT hydrogel was gradually lost within 8 h, when no covering film was
applied. However, in practical applications, the wound dressings are
often covered with a protective film that resists contamination and re-
tains moisture [44]. Therefore, the water loss rate would be significantly
reduced, and is not a concern for our hydrogels to apply.

The functional components HBPL and TA in the hydrogel were
physically loaded and could be released in the wound environment.
When HBPL and TA existed alone, they achieved rapid release (Fig. 2D
and E) with eventual releasing percentages of 88.1 % and 51.7 %,
respectively. When HBPL and TA coexisted, the release of both HBPL
and TA was slowed down with smaller percentages at the equilibrium
state. The HBPL and TA are rich in positive charge and negative charge,
respectively, and thereby the electrostatic interaction between HBPL
and TA with the additional hydrogen bonding with the bulk molecules
will then result in the slower release. It has to mention that in the in vivo
application, the release of HBPL and TA would be much slower due to
the less amount of medium compared with the in vitro experiments, thus
much longer functioning is expected.

3.2. Antioxidant ability, antibacterial capacity and biocompatibility

Modulating the inflammatory response of the wound is essential to
reduce the subsequent scar formation [7]. The presence of inflammation
will lead to the increase of ROS along with the enhancement of oxidative
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stress, which further aggravates the inflammatory response [45]. DPPH
is a kind of free radicals commonly used for antioxidant assay [46]. Due
to the excellent antioxidant ability of TA, the PAT and PAHT hydrogels
containing TA completely eliminated DPPH within 1 h (Fig. 2F). The
PAH hydrogel containing only HBPL also had cleared 42.1 % radicals
due to the reducibility of amino groups in HBPL. By contrast, the
hydrogel matrix had no scavenging effect on DPPH. ROS in vivo mainly
included -OH, -O3 and H30», etc. For -OH with the highest activity, even
the hydrogel matrix exhibited a 63.3 % clearance, which was slightly
smaller than the PAH hydrogel (65.4 %). The PAT and PATH had most
efficiency with a value over 90 % (Fig. 2G). For the less active -Oz and
H20,, the hydrogel matrix and HBPL were not reactive, whereas the PAT
and PATH showed efficient clearance as expected (Fig. 2H and I). In
summary, the excellent antioxidant capacity of hydrogels was mainly
attributed to the TA component, whereas was partially contributed by
the HBPL when radicals exist.

Bacterial infection is an important cause of wound inflammation,
hindering the wound healing and aggravating scar formation [9].
Considering the widespread emergence and spread of drug-resistant
bacteria in recent years, MRSA and E.coli were used as the representa-
tives of gram-positive and gram-negative bacteria respectively to test the
antibacterial ability of hydrogels [47]. The surface contact method was
used. Because the bacteria in the agar plate group multiplied to more
than 100 times of the original number, the PA hydrogel without anti-
bacterial ability (the number of bacteria should remain unchanged
before and after contact) was used as the control group. As shown in
Fig. 2J-L, the bacteria still survived after contacted with the PA hydro-
gel. After contacted with the PAT hydrogel, 50-80 % of bacteria were
killed, which is consistent with the antibacterial ability of TA [31].
Almost all the bacteria were killed after contacted with the hydrogels
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containing HBPL, due to the destruction of bacterial cell membrane by a
large number of positive amino groups in the cationic polymer HBPL
[27]. Additionally, the molar ratio of TA in PAT to HBPL in PAH and
PAHT was 2.35:1, indicating the relatively high antibacterial capacity of
HBPL.

Wound dressings must be safe and harmless [48]. Therefore, the
cytocompatibility and blood compatibility of hydrogels were analyzed
[49]. The toxicity of different hydrogels to L929 cells was tested by the
CCK-8 method. After 1 d of culture with the hydrogel extracts, all groups
maintained more than 90 % cell viability compared with the Ctrl group
(Fig. 2M). In the hemolysis analysis, the hemolysis ratios of all groups
were below 1 % (Fig. 2N). These results demonstrate that our hydrogels
possess good cellular and blood compatibility, and can be further stud-
ied in vivo without safety concern.

3.3. Healing of MRSA-infected wound in rats

To evaluate the efficacy of PAHT hydrogel dressing for the treatment
of wounds in vivo, a rat model of full-thickness skin defect with MRSA
infection was established (Fig. 3A). Fig. 3B and C shows that on day 3 the
anti-infection ability of HBPL-containing hydrogels was obvious. The
yellow pus caused by bacterial infection was observed in the Ctrl and PA
groups without antibacterial ability. The suppuration of PAT group was
reduced, representing decreased infection. The PAH and PAHT groups
with HBPL had the best anti-infection effect and the cleanest wound
surface. On day 12, the healing of PAHT group was the best, with almost
complete closure of the wound. The quantitative statistics of wound
healing (Fig. 3D) also shows the same conclusion. The healing speed of
PAHT group was the fastest among 12 d, reaching a final wound closure
of 98.0 %.

To further quantitatively analyze the in vivo anti-infection ability, the

Day0 Day3
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bacteria were isolated from the collected wound tissue, and cultured on
an agar plate. Consistent with the macroscopic observation, a large
number of bacteria were present in the wounds of Ctrl and PA groups,
while the number of bacteria in the PAT group decreased. Most notably,
the bacterial contents of PAH and PAHT groups with better antibacterial
function were reduced by more than one order of magnitude (Fig. 3 E
and F).

Elisa results reveal that the expressions of pro-inflammatory factors
tumor necrosis factor-a (TNF-a), Interleukin-1f (IL-1p) and IL-6 were
down-regulated in all the treatment groups, and the down-regulation
was most obvious in the PAHT group with the strongest antibacterial
and antioxidant function (Fig. 4A-C). Correspondingly, the anti-
inflammatory factors IL-4 and IL-10 were upregulated in all the treat-
ment groups, especially in the PAHT group (Fig. 4D and E). These results
suggest that our hydrogel dressings, especially the PAHT hydrogel, laid
significant efficacy on anti-infection, anti-inflammatory and pro-healing
in vivo.

The pathological staining was performed to facilitate a more detailed
analysis of wound healing. Fig. 4F reveals the tissue regeneration, in-
flammatory infiltration, and collagen deposition throughout the healing
process. In the H&E staining, on day 6, consistent with the Elisa results, a
massive infiltration of inflammatory cells was observed in the Ctrl and
PA groups, whereas their number was reduced in the PAT hydrogel
group. The level of inflammation in the PAH and PAHT groups was the
lowest, suggesting the antibacterial property takes more important role
in reducing the inflammation of infected wounds. The wound width was
significantly reduced on day 12. Notably, the wounds in the PAHT group
were basically completely healed, which was consistent with the
macroscopic photographic results. In addition, on day 12, the new
epithelium in the PAH and PAHT groups was obviously thicker and more
complete than in the other groups, and the appendages such as hair
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Fig. 3. Hydrogels accelerated wound closure and killed bacteria in MRSA-infected full-thickness skin defects in rats. (A) Scheme of the wound healing experiment.
(B) Representative images of infected wounds treated with different hydrogels at different periods. (C) Diagram of the dynamic wound healing process, and (D)
quantitative analysis of wound area (n = 3) within 12 d for each treatment. (E) Quantitative calculation of MRSA colonies in wounds after treatment with different
hydrogels, and (F) corresponding photos. n = 3, *P < 0.05, **P < 0.01 and ***P < 0.001.
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follicles began to appear. Meanwhile, the Masson staining manifests that
the PAT, and especially the PAH and PAHT groups exhibited denser and
more abundant collagen deposition. It is known that angiogenesis plays
an important role in wound healing, while CD31 can represent forma-
tion of new blood vessels [50]. Immunohistochemical staining of CD31
and corresponding quantitative analysis results indicate that the PAHT
hydrogel treatment significantly increased the expression of CD31
(Fig. 4G and H). These results reveal that our antibacterial and antiox-
idant dressing held a strong positive effect in accelerating wound closure
and epidermal regeneration, promoting collagen deposition and angio-
genesis, thus providing powerful support for skin wound recovery.

3.4. Suppression of MRSA-infected hypertrophic scars in rabbits

Because the rat model could not form excessive scar hyperplasia, we
built a rabbit ear hypertrophic scar model that is similar to human [51].
The MRSA infection was further implemented to simulate the infection
prone to occur in life. We used this model to study the ability of our
hydrogel dressings to inhibit scar formation. After the wounds were
made, the hydrogel dressings were applied for treatment until the
wounds healed completely 4 w later (Fig. 5A), and then another 4 w
culture was maintained to stabilize the scar development. The imaging
tracking of wound healing and scar development stages was performed
in this model (Fig. 5B). The wound healing stage in the first 4 w was
basically consistent with the results of the rat model. At the end of week
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4, prominent red scars were clearly observed in the Ctrl, PA, and PAT
groups. Afterwards, the scars were gradually stabilized, and their color
faded along with time prolongation. Among all the groups, the scars in
the PAH and PAHT groups had the closest appearance to normal skin.

Similarly, histological analyses were used to monitor the scar for-
mation process (Fig. 6A). On the one hand, the H&E staining visually
displayed the thickness of scars. The average thickness of Ctrl group
without hydrogel treatment was 936.0 pm, exceedingly twice the
thickness of normal skin (357.2 pm). The non-functional hydrogel PA
had no obvious inhibitory effect on the scar thickness. Along with the
enrichment of the hydrogel function from PAT, PAH to PAHT, the scar
thickness gradually decreased. The average scar thickness in the PAHT
group was 592.5 pm. Compared with the Ctrl group, it decreased by
36.7 % (Fig. 6B). However, due to individual difference, the healthy skin
thickness varies among rabbits, and thus the simple comparison of scar
thickness was not rigorous enough [52]. Therefore, SEI, the ratio of scar
area to normal area was calculated [53], which shared the same trend as
that of the thickness. The PAHT group possessed the lowest SEI value
(1.45), representing the lowest degree of scar bulge (Fig. 6C). On the
other hand, the formation of hypertrophic scars is closely related to the
excessive deposition of collagen fibers [2]. The CVF calculated from the
Masson staining (Fig. 6D) embodies that the untreated Ctrl group
showed the maximum value of 63.1 %, while the PAHT group (45.4 %)
was closest to the normal level (38.7 %), indicating that the excessive
deposition of collagen was significantly inhibited [21].
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sentative images of wound closure and subsequent scar formation and stabilization being treated with different hydrogels at different periods.

Moreover, the type of collagen fibers affects skin morphology
crucially. The thick and hard type I collagen is the framework, which is
usually highly expressed in the hypertrophic scars, causing skin stiff. By
contrast, the smaller type III collagen renders softness and elasticity to
skin, with low expression in the hypertrophic scars [54]. The type I
(orange) and type III (green) collagen were distinguished using polar-
ized light to observe the Sirius red staining (Fig. 6A). There was almost
no type III collagen in the Ctrl group. After treatment with the functional
hydrogels, the proportion of type III collagen increased. In addition, the
excessive activity of myofibroblasts will lead to scar formation and
further contracture. a-Smooth muscle actin (a-SMA), as the marker for
the transformation of fibroblasts into myofibroblasts, is specifically
overexpressed in hypertrophic scars [55]. Therefore, the content of
a-SMA of different groups was observed by immunofluorescence stain-
ing (Fig. 6A). In the Ctrl group, the a-SMA expression was particularly
obvious. With the enrichment of hydrogel functions, the expression of
a-SMA gradually decreased, and the status of the PAHT group was
closest to that of the normal skin. In summary, the PAHT, an antibac-
terial and antioxidant hydrogel dressing, fulfilled a vital inhibitory role
in the formation of hypertrophic scars.

The RNA sequencing (RNA seq) experiment was then conducted to
explore the underlying mechanism of PAHT hydrogel in accelerating the
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healing of infected wounds and inhibiting the generation of hypertro-
phic scars. Principal component analysis (PCA) of Norm, Ctrl, and PAHT
groups showed significant differences in transcriptome profiles.
Compared with the Ctrl group, the PAHT group was closer to the Norm
group (Fig. 7A). In the volcanic map, the Ctrl vs Norm displayed 1286
upregulated genes and 1061 downregulated genes (Fig. 7B), while the
PAHT vs Ctrl showed 713 upregulated genes and 876 downregulated
genes (Fig. 7C). The gene heatmap manifests that compared to the Norm
group, the genes related to immune and inflammatory responses such as
C-C motif chemotherapy light 19 (CCL19), defensin beta 1 (DEFB1),
CD4 molecule (CD4), interleukin 1 alpha (IL1A), and lymphotoxin beta
(LTB) were significantly upregulated in the Ctrl group (Fig. 7D). After
the PAHT hydrogel treatment, the expression of these genes returned to
the levels close to those of the Norm group. The genes upregulated in the
Ctrl vs Norm and downregulated in the PAHT vs Ctrl were collected, and
the potential signaling pathways were analyzed by Kyoto Encyclopedia
of Genes and Genomes (KEGG). It turned out that differentially
expressed genes were significantly involved in the Staphylococcus aureus
infection, Th1 and Th2 cell differentiation, Th17 cell differentiation, and
NF kappa B signaling pathway related to host defense, immune regula-
tion, and inflammatory pathways (Fig. 7E). In conclusion, the PAHT
hydrogel promoted tissue repair and reduced scar formation via
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reducing infection and controlling inflammation.

To prevent scar formation, corresponding measures can be taken
according to the different stages of wound healing. During the inflam-
matory phase, therapies alleviating inflammation should be used [21],
which is the fundamental basis of our design. HBPL and TA loaded in the
PAHT hydrogel could kill bacteria as well as reduce oxidative stress, thus
the inflammation was best controlled and HSs were least produced. The
PAH and PAT hydrogels also had good anti-scar ability. Our study
demonstrated that in the infected wounds, controlling the bacterial
infection had a better anti-scar effect than reducing the oxidative stress.
By contrast, the PA hydrogel had limited effect on inhibiting scar for-
mation because it could only provide physical protection and retain
water. Since few other anti-scar materials have been reported to target
bacterial infections, our PAHT hydrogel dressing is highly competitive.

So far most of the antibacterial dressings contain the bactericidal
components that are toxic to cells and tissues. For example, the tannic
acid-Fe complex was used to achieve antibacterial function through
photothermal effect and photodynamic effect [56,57]. The high

278

temperature, overaccumulation of ferric ions, and generated free radi-
cals may cause uncontrolled toxicity. The use of near-infrared laser
causes high cost too. Moreover, very few dressings have been investi-
gated with respect to the inhibition of scar formation. Indeed, it is still a
big change to prepare wound dressings with superior antibacterial and
scar-inhibiting performance, non-toxicity to cells and tissues, and lower
cost. Compared with those previous studies, our hydrogel could be
facilely fabricated with low cost and mass producibility, while they were
very effective in bactericidal and scar inhibition. Due to their nontoxic
components, the hydrogel had excellent biocompatibility without
noticeable toxicity.

4. Conclusion

A double networking hydrogel PAHT was obtained by using PVA and
agarose, which was further loaded with HBPL and TA to achieve anti-
bacterial and antioxidant functions for promoting wound healing, and
more importantly inhibiting scar developing. The preparation process of
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hydrogel was simple and easy to repeat, and the raw materials related
were safe, inexpensive and widely used. Besides, the excellent strength,
toughness and fatigue resistance had been verified through mechanical
experiments, proving the validity of double network structure. The
hydrogel demonstrated an efficient killing ability against Gram-negative
and Gram-positive bacteria, and was able to quickly remove ROS such as
-OH, -O3, and H305. In the rat model, the PAHT hydrogel displayed the
ability to promote wound healing, kill bacteria in vivo, reduce inflam-
mation, and promote tissue regeneration. In the rabbit model, the PAHT
dressing showed a significant effect on suppressing HSs formation.
Specifically, the PAHT hydrogel was able to reduce scar thickness,
reduce collagen deposition, regulate collagen type and down-regulate
a-SMA production. RNA-seq analysis demonstrates that the promising
effect of PAHT hydrogel mainly caused by its ability to efficiently resist
MRSA and thus alleviate inflammatory reactions. In summary, the PAHT
hydrogel presents a broad translational prospect, and will play a key role
in the field of anti-scarring of infected wounds.
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