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wound healingf
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The development of nanocomposite hydrogel dressings with adhesion and superior mechanical and
wound infection inhibition characteristics for wound repair and skin regeneration is urgently needed
for clinical applications. In this study, the adhesive piezoelectric antibacterial hydrogels with high
expansibility, degradability, and adjustable rheological properties were innovatively prepared by a
simple assembly process with carboxymethyl chitosan (CMCS), tannic acid (TA), carbomer (CBM), and
piezoelectric FeWO, nanorods. As an exogenous mechanical wave, ultrasound can trigger the
piezoelectric effect of FeWO, and then effectively augment the generation of reactive oxygen species,
exhibiting a superior antibacterial efficiency and preventing wound infection. In vitro and in vivo results
have demonstrated that piezoelectric hydrogels can accelerate full-thickness skin wound healing in
bacteria-infected mice by skin regeneration, inhibiting inflammatory response, increasing collagen
deposition, and promoting angiogenesis. Such a discovery provides a representative paradigm for the
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1. Introduction

The skin is the first line of protection between the human body
and the outside that can be easily damaged by the external
environment." The skin can effectively provide a barrier between
the body and the outside environment to protect against infec-
tions and avoid infection, as well as maintain the stability of the
internal environment.”> Wound healing is a complicated process
composed of the three stages of inflammation, proliferation, and
remodeling phase.’ The speed of wound healing is affected by the
age—dependence,4 nutritional status, and bacterial infections.®
As a typical category, bacterial infection, especially wound infec-
tions caused by S. aureus, would lead to delayed healing, tissue
damage, and even the involvement of organs or death.® Therefore,
eliminating microorganisms is a crucial step in promoting wound
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rational design of piezoelectric hydrogel and effectively serves antibacterial and wound dressing fields.

healing. Clinically, antibiotics are mainly administered or injected
for the treatment of wound infections, but such topical drug
concentrations may not reach the effective range of antibacterial
activity, and cause allergic reactions as well as possible develop-
ment of bacterial resistance. Therefore, dressings that are safe to
use and work directly on the wound are garnering more attention.
Antibacterial dressings can effectively destroy bacteria without
harming the surrounding tissues, preventing bacterial infections
from spreading to open wounds and accelerating the healing
process.” Furthermore, due to superior mechanical properties, the
desirable carrier performance and excellent biocompatibility, the
hydrogel is considered to be the ideal dressing material for wound
healing and have received widespread attention.® By employing
antibacterial, and anti-inflammatory properties and encouraging
cell differentiation and proliferation through the mechanism of
sustain-release biological activity substances in the wound, the
hydrogel can aid in the healing of wounds.’

Chitosan is a natural polymer material obtained from the
deacetylation of chitin. As a raw material of hydrogels, chitosan
possesses excellent adhesion, biocompatibility, connecting
regeneration, and antibacterial properties. In the process of
wound healing, chitosan shows excellent hemostatic charac-
teristics and promotes infiltration and migration of neutrophils
and macrophages.'® A variety of chitosan-based hydrogels that
promote wound healing, such as lignin-chitosan—polyvinyl
alcohol (PVA) composite hydrogels, have been developed."

This journal is © The Royal Society of Chemistry 2023
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However, the poor mechanical properties and acidic-activated
antibacterial properties limited the application of chitosan.
Carboxymethyl chitosan (CMCS) is a water-soluble chitosan
derivative that retains the biological activity of chitosan while
having good water absorption and retention capabilities.
In addition, the carboxymethyl group is an active one that
readily reacts with other molecules to provide the substance
with new functionalities. As a high-quality drug carrier and
hydrogel matrix, carbomer (CBM) is a synthetic polymer with
the benefits of high viscosity, superior thermal stability, and
outstanding histocompatibility.">'* A hydrogel based on the
carbomer has been applied to save the zone of stasis in burn
wounds'* and to accelerate wound healing."'® Tannic acid
(TA), a polyhydroxy plant polyphenol with high antioxidant,
antibacterial and anti-tumor properties, is made up of repeat-
ing units such as glucose and gallic acid.'” It is known that
phenolic hydroxyl groups allow TA to interact non-covalently
with other polymers.'® Besides, TA also has antibacterial and
hemostatic properties.’®*° The hemostatic and antibacterial
capabilities of CMCS can be enhanced by the use of TA as a
crosslinking agent. It can also stimulate angiogenesis and
collagen precipitation.”’ Hydrogels formed by TA and CMCS
are a potential option for the advancement of full-thickness
wound healing.

Wound healing products that aim to treat bacterial wound
infection are still missing, despite advancements in the creation
of antibacterial materials with broad-spectrum antibacterial
capabilities, such as nanofibers and nano-silver.”> Numerous
types of nanomaterials, including carbon-based nanomaterials
such as carbon nanotubes and graphene oxide®® and semi-
conductor nanoparticles, have been researched for their ability
to fight against bacterial infection and speed up wound
healing. The antibacterial activity of nanomaterials can be attri-
buted to the inhibition of bacterial metabolism>* or oxidative
stress.>® Piezoelectric material is a dielectric material with an
asymmetric crystal structure. When subjected to external
mechanical stress, piezoelectric material can form a dynamic
internal electric field and surface potential, so that e~ and h*
can be continuously separated and attracted to opposite surfaces
for the redox reaction.>® Piezoelectric catalysis can generate
reactive oxygen species (ROS) by generating charge carriers that
react with surrounding H,O and O, molecules under the
activation of ultrasound.”” In this work, the distinct piezo-
electric composite hydrogels with antibacterial function were
innovatively prepared by cross-linking CMCS with carboxymethyl
chitosan, TA, carbomer, and piezoelectric FeWO, antibacterial
agent to accelerate wound healing. FeWO, nanorod with appro-
priate size has unique physicochemical properties, such as a high
specific surface-to-volume ratio and suitable size, allowing for their
greater mobility and passing through the cell biological mem-
branes. Rheological and swelling properties, tissue adhesiveness,
antibacterial behaviors, blood compatibility, and cytocompatibility
were systematically studied. Additionally, collagen metabolism,
histomorphological analysis, immunofluorescence staining, and
wound closure were used to assess the stimulating effects of the
hydrogel on a full-thickness wound repair model in mice.

This journal is © The Royal Society of Chemistry 2023
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2. Experimental
2.1 Synthesis of the CBM-CMCS-TA/FWO hydrogel

(a) Synthesis of FeWO, nanorods. The synthesis of FeWO,
nanorods was based on a hydrothermal process. 3 mmol
(NH,),Fe(SO,),-6H,0  (99.5%, MACKLIN) and 3 mmol
Na,WO0,-2H,0 (99.5%, MACKLIN) were dissolved in deionized
water under magnetic stirring. Afterwards, Na,WO,-2H,O solution
was carefully added dropwise into the (NH,),Fe(SOg),6H,O
solution under mild agitation, and the final volume of the mixture
was 30 mL. The pH was then adjusted to 9.0 with 5 M NaOH. The
final suspension was transferred into a 50 mL Teflon-lined
stainless-steel autoclave and heat-treated at 160 °C for 24 h. After
the system was cooled to room temperature naturally, collecting
the products and washed with absolute ethanol and deionized
water for several times, and then dried at 60 °C for 4 h in an oven
(Fig. S1, ESIY).

(b) Synthesis of the CBM-CMCS-TA/FWO hydrogel. Briefly,
carbomer 940 (Meilun Bio), carboxymethyl chitosan (MACKLIN),
tannic acid (MACKLIN), and FeWO, nanorods were mixed under
magnetic stirring at 50 °C, and then adjusted the pH to 7 with
triethanolamine (MACKLIN) to give a 1% carbomer gel containing
0.1% (w/v) CMCS, 0.1% (w/v) TA and FeWO, nanorods. The final
hydrogel was stored at 4 °C.

2.2 Characterization

Transmission electron microscopic (TEM) photographs were
recorded on a Talos F200x G2 (FEI Company, USA) electron
microscope (200 kV). Scanning electron microscopy (SEM)
photographs were recorded on a field-emission SU8010 micro-
scope (Hitachi, Japan). X-Ray photoelectron spectroscopy (XPS)
spectra were collected on a K-Alpha Nexsa (Thermal Scientific,
USA). The X-ray diffraction (XRD) patterns were determined on
a D8 ADVANCE X-ray powder diffraction (Bruker, Germany)
instrument using Cu Ko radiation (2 = 1.5406 A) at 40 kv and
40 mA. Piezoresponse force microscopy (PFM) measurements
were performed on an atomic force microscope (AFM) (Bruker
Dimension Icon, Germany). The ESR characterization was
performed on an electron paramagnetic resonance spectro-
meter (Bruker EMXplus-6/1, Bruker, Germany). The rheological
properties of the hydrogel at variable frequencies and times
were explored using a rheometer system (HAAKE MARS 40,
Thermal Scientific, USA). The evolution of the storage and loss
moduli was determined at a constant strain of 1% and a
constant angular frequency of 1 rad s~ '. Thermogravimetric
analysis (TGA) was performed on a TGA2 thermogravimetric
analyzer (METTLER TOLEDO, USA) in a nitrogen atmosphere
(nitrogen flow rate of 50 mL min ') with a heating rate of
10 °C min . The scan range was between 30 and 700 °C.

2.3 Effect of FeWO, on the degradation of methylene blue
(MB)

10 mg of FeWO, nanorods were dispersed in 50 mL methylene
blue (MB, 10 mg mL™") aqueous solutions. Before the applica-
tion of ultrasonic vibration, the aqueous dispersion was stirred
for 30 min to establish adsorption-desorption equilibrium
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between the FeWO, nanorods and MB molecules. The whole
experiment was carried out in the dark to eliminate the
influence of photocatalysis. The aqueous dispersion (5 mL)
was collected at intervals and centrifuged to obtain a clear
supernatant after US irradiation (1.0 MHz, 1 W cm ™", 50% duty
cycle). The clear supernatant was analyzed by UV-VIS-NIR
spectroscopy (UV-3600 i Plus, Shimadzu, Japan).

2.4 Adhesive strength of the hydrogels

The adhesive ability of the hydrogels to the host tissue was
studied using fresh porcine skin. The fresh porcine skin tissue
was cut into 10 mm x 10 mm rectangles and immersed into
phosphate buffer saline (PBS) before use. 100 pL of hydrogel
was applied on the surface of the skin tissue and another skin
tissue was put onto the hydrogel. The adhesion properties were
tested using the lap-shear test on a dynamic and static testing
machine (ETM 5001, GUOLIANG, China) equipped with a 50 N

load cell at a rate of 2 mm min .

2.5 In vitro antibacterial activity test

In this experiment, 100 pL of bacterial suspension (10° CFU mL ™)
was inoculated on 6 well cell culture plates. The samples were
treated with the untreated control, US irradiation (1.0 MHz, 50%
duty cycle, 5 min), CBM-CMCS-TA/FWO2 hydrogel, and CBM-
CMCS-TA/FWO?2 hydrogel + US irradiation (1.0 MHz, 50% duty
cycle, 5 min), respectively. Then, the samples were exposed to a
solid medium and the total number of colonies was calculated to
evaluate the bacteriostatic effect after the bacteria continued to
grow for 0.5 h and 4 h, respectively.

A live/dead bacteria staining kit was used to carry out the
live/dead staining assay. Two fluorescent dyes were included in
the kit. Only intact bacteria were detected by the green dye,
while only bacteria with a compromised cell membrane or wall
were detected by the red dye. In a nutshell, 1 mL of 0.85% NacCl
was added to 2 mL of S. aureus strain after it had been
cultivated to the post-log phase. Then, the samples were treated
with the untreated control, US irradiation (1.0 MHz, 50% duty
cycle, 5 min), CBM-CMCS-TA/FWO2 hydrogel, and CBM-CMCS-
TA/FWO2 hydrogel + US irradiation (1.0 MHz, 50% duty cycle,
5 min), respectively. The mixture was, accordingly, suspended
in 0.85% NaCl and centrifuged at 5000g for 5 min after 4 h
of culture. The suspensions were then concurrently dyed for
15 minutes in the dark with a live/dead dye solution. Following
two rounds of 0.85% NaCl washing, the stained bacteria were
examined under a fluorescence microscope.

The combination of CBM-CMCS-TA/FWO2 hydrogel and
US-induced bacterial membrane damage against S. aureus
was determined by scanning electron microscopy (SEM) analy-
sis. The samples were treated with the untreated control, US
irradiation (1.0 MHz, 50% duty cycle, 5 min), CBM-CMCS-TA/
FWO?2 hydrogel, and CBM-CMCS-TA/FWO2 hydrogel + US irra-
diation (1.0 MHz, 50% duty cycle, 5 min), respectively. Once the
absorbance at 600 nm reached 0.3, S. aureus was statically
grown in polylysine-coated slides in 24-well plates at 37 °C. The
slides were given a gentle PBS wash before being exposed to
2.5% glutaraldehyde at 4 °C for 12 hours. Each sample was
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dehydrated in ethanol after being postfixed with 1% osmium
tetroxide. The samples were coated with gold after vacuum
freeze-drying and examined under a scanning electron micro-
scope (SEM).

2.6 Swelling test

The hydrogel and 20 mL PBS (pH = 7.2) were added to sealed
vials at 37 °C. After a certain period, the hydrogel was taken out
of the solution for weighing. Then, the weight was compared
with the initial weight to calculate the swelling rate.

2.7 Cell culture and in vivo cytotoxicity assay

The direct contact test of the hydrogel and L929 cells was used
to determine the cytotoxicity of the hydrogel. L929 cells, pur-
chased from SUNNCELL Biotechnology (Wuhan, China), were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) containing 10% fetal bovine serum (FBS, Gibco) and
1% penicillin-streptomycin (Gibco) at 37 °C in a CO, incubator.
The disinfected hydrogel was co-incubated with L929 cells pre-
seeded in 96-well plates for 24 h. After 24 h, the medium was
replaced with a new 100 uL. DMEM medium, and then 10 pL
Cell Counting Kit-8 (CCK-8) (Beyotime, China) was added to
each hole and continued to incubate for 1 h at 37 °C in a CO,
incubator. Afterwards, the microplate reader (Infinite E Plex,
Tecan, Switzerland) was used to determine the absorbance of
the solution at 450 nm. Similarly, the Calcein-AM/PI kit (Beyo-
time, China) was used in the 6-well plates to stain L929 cells,
and then the inverted fluorescent microscope (TS2R-FL, Nikon,
Japan) was used to take a photograph.

2.8 Hemolytic activity test of the hydrogels

Erythrocytes were diluted by PBS to a final concentration of 5%
(v/v). 500 pL hydrogel and 500 pL erythrocytes were added to the
1.5 mL centrifugal tube, and it was then incubated in an
incubator for 1 h at 37 °C with a shaking speed of 100 rpm.
PBS buffer was used as a negative control, and 0.1% Triton
X-100 was used as a positive control. The absorbance of the
solution was read by a microplate reader (Infinite E Plex, Tecan,
Switzerland) at 540 nm. The hemolysis percentage was calcu-
lated from the relation: Hemolysis (%) = [(Ae — Ap)/(4p — 4p)] X
100%, where A. was the absorbance value for the experiment
group. A, was the absorbance value for the Triton X-100 positive
control and Ay, was the absorbance value for the PBS-negative
control.

2.9 In vivo wound-healing assay

Male Kunming mice, obtained from China, weighing 22-25 g
and 5-6 week age were used for studies. The animal experi-
ments were conducted with the approval of ethics by the Ethics
Committee of Shanghai University. All mice were anesthetized
with isoflurane and full-skin round wounds (diameter of 8 mm)
were created on the backbones of the mice with an 8 mm
punch. 50 uL of S. aureus (1 x 10 CFU mL ™) was smeared on
the surface of the wounds to establish the bacteria-infected
mouse model. All mice were randomly divided into 5 groups,
including Tegaderm™ film (Control), US, CBM-CMCS-TA,

This journal is © The Royal Society of Chemistry 2023
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CBM-CMCS-TA/FWO, and CBM-CMCS-TA/FWO + US. Each
group contained five mice. A control and US group were added
with 50 pL of PBS, then dressed with Tegaderm™ film (3M
Health Care, USA), and another group was added with 50 pL of
the hydrogel. The mice in these different groups were photo-
graphed to evaluate their healing efficacy. After treatment for
14 days, the tissues of the infected wound areas (diameter of
10 mm) were harvested for pathological histology analysis.

2.10 Histology and immunohistochemistry

To assess epidermal regeneration and inflammation in the
wound area, skin samples were fixed in 4% paraformaldehyde
for 1 hour, embedded in paraffin, and cross-sectioned into
4 um thickness slices. After the slices had been obtained, they
were stained with Haematoxylin-Eosin and Masson trichrome
dye. Every slice was examined and captured on a camera under
a microscope (IX53, Olympus, Japan).

The tissue sections were initially fixed and washed. Follow-
ing rinsing, they were permeabilized for 10 minutes at room
temperature with 0.03% Triton-X100 and then blocked for
30 minutes at 37 °C with 3% bovine serum albumin (BSA).
The primary antibodies for TNF-o. and CD31 (1:200, Abcam,
USA) were each incubated on the sections overnight (at least

View Article Online
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8 hours) at 4 °C. The fluorescent secondary antibody (Abcam,
USA) was applied to the sections after rinsing, and they were
then allowed to sit at room temperature for 1 hour. Hoechst
33342 (Sigma-Aldrich, USA) was used as a counterstain on the
nuclei for 10 minutes at room temperature. The outcomes were
looked at using a confocal microscope (Olympus, Japan). Three
randomly chosen views of each specimen were used to evaluate
the photos using Image-Pro Plus 6.0 (Media Cybernetics, USA)
for microvessel density.

2.11 Statistical analysis

All the data in this study were statistically analyzed by Student’s
t-test (unpaired, two-tailed). The values were expressed as mean
+ standard mean error (SEM), and P < 0.05 was considered
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).

3. Results and discussion
3.1 Synthesis and characterization of FeWO, nanorods

The transmission electron microscopy (TEM) image exhibits
the rod morphology of FeWO, nanocrystals with a length
of hundreds of nanometers (Fig. 1a). The lattice fringe of
0.238 nm in the high-resolution TEM (HRTEM) image was
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Fig. 1 Characterization of FeWO,4 nanorods. (a) TEM image, (b) HRTEM image, and (c) XRD pattern of FeWO,. (d) Scanning transmission electron
microscopy (STEM) images and the corresponding elemental mapping images. (e) Survey XPS spectrum and high-resolution Fe 2p and O 1s spectra

of FeWO,.
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assigned to the (020) diffraction plane of FeWO, nanorods
(Fig. 1b). The corresponding crystal structure was confirmed
by X-ray diffraction analysis. The characteristic diffraction
peaks can be indexed to monoclinic FeWO, (JCPDS no. 74-1130),
with lattice parameters of a = 4.73 A, b=5703 A, and ¢ = 4.952 A
(Fig. 1c). The homogeneous distributions of O, Fe, and W were
detected in the elemental mapping, confirming the successful
synthesis of the products (Fig. 1d). The chemical composition
and surface chemical state of the FeWO, nanorods were deter-
mined by X-ray photoelectron spectroscopy (XPS) (Fig. 1e).
The survey spectrum revealed the presence of O, Fe, and W.
In the high-resolution spectrum of Fe 2p, two sub-peaks at
713.88 and 709.88 eV are assigned to Fe*" and Fe**, respectively.
O 1s spectrum with the asymmetric feature can be divided into two
peaks (530.18 eV and 531.28 eV), which are attributed to lattice
oxygen and surface-adsorbed oxygen, respectively.

The piezoelectric properties of the FeWO, nanorods were
confirmed by piezo-response force microscopy. The phase and
amplitude curves are shown in Fig. 2a. A hysteretic amplitude-
voltage curve with a butterfly loop shape was captured, which is
a property of ferroelectric materials. Furthermore, the average
phase contrast (~180°) confirmed the piezoelectricity of FeWO,
nanorods. The absorbance intensities of methylene blue (MB)
treated with the FeWO, + US group showed a significant decrease,
demonstrating the generation of ROS (Fig. 2b). The ROS species
produced by FeWO, nanorods with US irradiation were quan-
titatively verified using typical electron spin resonance (ESR)
technique (Fig. 2c and d). Typically, *OH and *O,  were detected
using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the capture
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agent. Compared with the US alone group, the intense
peak intensities of *OH and *O,  are directly reflected in the
FeWO, + US group, demonstrating the piezoelectric effect of
FeWO, nanorods.

3.2 Characterization of CBM-CMCS-TA/FWO hydrogels

Considering the outstanding stability, excellent bio-adhesion,
and high patient acceptance characteristics, CBM was chosen
as the excipient of the hydrogel.?® Moreover, due to the limited
hemostatic and antibacterial properties of CMCS, TA was
introduced to cross-link with CMCS by hydrogen bond.*!
At the same time, CBM molecules can not only form hydrogen
bonds with hydroxyl groups as carboxyl donors but also link
with CMCS in the form of hydrogen bonds.'® To form the
hydrogel with a three-dimensional network structure (Fig. S3,
ESIT), CBM, CMCS, and TA should be first mixed uniformly,
and then the coiled molecules are expanded by the addition of
triethanolamine due to the mutual repulsive force of negative
charges. Based on changing the amount of CMCS, a series
of CBM-CMCS-TA/FWO hydrogels with excellent mechanical
properties, biocompatibility, and antibacterial properties were
prepared by introducing FeWO, nanorods as antibacterial
agents. The surface of the hydrogels at the microscale was
characterized by scanning electron microscopy (Fig. 3a), which
demonstrated that CBM-CMCS-TA/FWO hydrogels have obvious
macropores and three-dimensional interconnected network
structure, indicating the exceptional structural stability. This
structure can promote the flow of oxygen and nutrients.*
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Fig. 2 Piezocatalytic performance under US irradiation. (a) Piezo-response of phase curve and amplitude curve of FeWO,4 nanorods. (b) Degradation of
MB with different US irradiation time in the presence of FeWO,. ESR spectra of *OH (c) and *O,~ (d) under US irradiation.
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Fig. 3 Characterization and antibacterial performance of piezoelectric hydrogels. (a) SEM image of hydrogels with various CMCS ratios. The amounts of
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(pH 7.4) at 37 °C. (e) Photographs of adhesive strength test. (f) Adhesive strength of hydrogels. (g) Photographs of in vitro antibacterial performance of
hydrogels on LB agar plates after the bacteria continued to grow for 0.5 h and 4 h after various treatments, respectively. (h) Antibacterial properties of
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no significant difference. A significant difference at *P < 0.05, **P < 0.01,

The thermogravimetric analysis result in Fig. S2 (ESIf) also
revealed the prominent thermal stability of the hydrogel.

The water uptake of the hydrogel accelerates the wound-
healing process by absorbing wound effluence. The swelling
performance of the hydrogel indicates that all the hydrogels
reached the absorption maximum after 24 h (Fig. 3d). Meanwhile,
the water absorption rate increased with the increase in the
addition of CMCS. The curves of storage modulus (G’) and loss
modulus (G”) were recorded to analyze the effect of CMCS
addition on the rheological properties of the hydrogels (Fig. 3b
and c). In the time sweep test, the G’ of hydrogels were all higher

This journal is © The Royal Society of Chemistry 2023

***p < 0.001 level was compared with the control group.

than G’, indicating the formation of a relatively stable hydrogel. At
the same time, G’ showed a trend of first increasing and then
decreasing with the increase in the amount of CMCS, indicating
that increasing a certain amount of CMCS can improve the
crosslink density of hydrogels, but excessive CMCS will lead to
the entanglement of uncrosslinked CMCS molecules and reduce
the hydrogel stability. Similarly, in the frequency sweep test, the
value of G’ was greater than its corresponding value of G’ at
frequencies between 0.1 and 10 Hz. Moreover, the addition of a
certain amount of CMCS leads to a strong interaction between
polymers and the increased cross-linking density of hydrogels.*
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Aside from the components’ positive effects on the wound-
healing process, adhesion performance was also crucial.** The
lap-shear test was used to evaluate the adhesion of hydrogels to
skin the tissue (Fig. 3e). The adhesive strength of the prepared
hydrogel was between 5.8 £+ 0.49 and 7.4 £+ 0.61 kPa, indicating
that CBM-CMCS-TA/FWO hydrogel has superior adhesion per-
formance (Fig. 3f), which can be attributed to the high viscosity
of the polymers caused by the ionization of the carboxyl group
of CBM.

3.3 Antibacterial activity

Due to the excellent ROS generation ability of FeWO, piezo-
electric nanorods under US exposure, the antibacterial proper-
ties of the combination of hydrogels and antibacterial agent
FeWO, were further studied. In this study, in vitro and in vivo
antibacterial activity tests were used to evaluate its antibacterial
properties. Counting of colony-forming units (CFU) was used to
determine the bacterial survival rate of the killing effect of the
hydrogel under US irradiation. After 5 min of US irradiation,
the total number of S. aureus colonies in each hydrogel +
FeWO, group was significantly reduced. Compared with the
control group, the bacterial survival rate in the CBM-CMCS-TA/
FWO2 hydrogel + US group was reduced to 32.77 + 2.39%
(Fig. 3g). In addition, there was no significant difference in
bacterial survival between the US, CBM-CMCS-TA/FWO2 hydro-
gel and control groups (P > 0.05), suggesting that the bacterial
lethality of hydrogels was due to the piezoelectric effect of
FeWO,. ROS generated by the piezoelectric effect can break
through the threshold of cell survival and induce destructive
cell damage, including loss of cell membrane integrity and
intracellular protein leakage, and finally inducing irreversibly
damage to bacteria.*” Furthermore, the antibacterial activity of
hydrogels against S. aureus was also tested at 4 h. As shown in
Fig. 3h and i, the bacterial survival rate of the control group, US
group, and CBM-CMCS-TA/FWO2 group was higher than the
CBM-CMCS-TA/FWO2 + US group. These results confirmed that
piezoelectric hydrogels with US have excellent antibacterial
activity in vitro. In order to investigate the damage inflicted
by the combination of CMCS-TA/FWO2 gel and US against
S. aureus, live/dead staining assays were performed. In theory,
living cells with intact cell membranes fluoresce bright green,
while damaged cell membranes in dead cells fluoresce red.
S. aureus treated with US were dyed green (live), which was
comparable to the sample without any treatment and was
consistent with the antibacterial activity analysis (Fig. S4, ESIT).
As anticipated, there were significantly more bacteria dyed red
(dead) in the samples treated with the CMCS-TA/FWO2 gel
combined with US than in samples treated with other treat-
ments, indicating that the CMCS-TA/FWO2 gel combined with
US caused S. aureus cell wall injury and had a significant
bactericidal effect on S. aureus.

SEM was used to further examine S. aureus’ morphology and
determine whether the CMCS-TA/FWO2 gel in conjunction with
the US might have bactericidal activity. The untreated S. aureus
was well-circumscribed with flat membrane surfaces that did
not swell, as demonstrated in Fig. S5 (ESIt). The morphology of
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S. aureus in samples treated with US or the CMCS-TA/FWO2 gel
was comparable to that of untreated bacteria. Furthermore,
a damaged membrane with a deformed morphology appeared
in S. aureus treated with the CMCS-TA/FWO2 gel in conjunction
with US, which are signs of bacterial death. In contrast to
bacteria treated with US or the CMCS-TA/FWO?2 gel alone, as
shown in Fig. S5 (ESIt), bacteria treated with the CMCS-TA/
FWO?2 gel and US together resulted in considerable bacteria
death without maintaining the bacterial morphology. Our
findings indicate that the use of the CMCS-TA/FWO2 gel in
combination with US produced antibacterial properties that
damaged bacterial membranes and caused bacterial death.

3.4 Biocompatibility evaluation of piezoelectric hydrogels

Excellent biocompatibility is an essential factor for the applica-
tion of biomaterials. In vitro hemolysis test was performed to
estimate the hemocompatibility of CBM-CMCS-TA/FWO hydro-
gel. Different from the positive control group with a bright red
feature, the colors of the four hydrogel groups were similar to
the PBS group, indicating no obvious hemolysis (Fig. 4b and
Fig. S6, ESIt). The quantitative data are presented in Fig. 4a.
All the hydrogel groups exhibited a very low hemolysis ratio
(<5%), indicating good hemocompatibility.>* In order to eval-
uate the cytocompatibility of these hydrogels, a direct contact
test between the L929 cells and hydrogels was carried out.
There was no significant difference in cell viability between the
hydrogel groups and the control group (Fig. 4c). Meanwhile, the
live/dead cell staining assay also showed that no obvious dead
cells were found in the four hydrogel groups (Fig. 4d). Accord-
ing to the results of Fig. 4c and d, the number of dead cells in
the CBM-CMCS-TA/FWO3 group was higher than the other
three groups. The above tests proved that these hydrogels
have good biocompatibility. Ultimately, CBM-CMCS-TA/FWO2
with outstanding mechanical properties, rheological proper-
ties, and biocompatibility were selected for wound healing
ability assessment.

3.5 In vivo wound healing in a full-thickness skin defect
model and antibacterial effects

Motivated by the positive in vitro results, we looked more
closely at the in vivo effects of CBM-CMCS-TA/FWO2 gel-
mediated synergistic therapy on wound healing. To assess the
effectiveness in vivo, a mouse full-thickness skin defect was
performed (Fig. S7, ESIt). Fig. 5a-c illustrates that the wound
areas became smaller in all four groups as postoperative time
increased. As shown in Fig. 5a, mice in the CBM-CMCS-TA/
FWO2 gel + US group had their wounds healed with the
development of hair on the back after three sessions of the
topical treatment. The wound closure rate was significantly
improved with the CBM-CMCS-TA/FWO2 gel + US treatment,
reaching 92.8% on day 14, compared to just 76.9% in the
control group (Fig. 5a-c), demonstrating the superior ability
of the CBM-CMCS-TA/FWO2 gel + US group to speed up the
healing of wounds. The wound areas treated with CBM-CMCS-
TA gel, CBM-CMCS-TA/FWO2 gel, and CBM-CMCS-TA/FWO2
gel + US were smaller than the Control and US groups after
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being treated for 3 days. In comparison to the CBM-CBM-
CMCS-TA gel and CMCS-TA/FWO2 hydrogel, CBM-CMCS-TA/
FWO2 gel + US displayed significant differences (P 0.05).
However, no significant difference was found between the
CBM-CMCS-TA gel and CMCS-TA/FWO?2 hydrogel groups (P >
0.05). After 7 days of treatment, all three hydrogel groups had a
significantly higher wound repair rate than the Control and US
groups (P < 0.05). The wounds in the Control and US groups
were largely healed by the 14th day, while the hydrogel group’s
wounds had entirely healed, and even some of the mice had
hair covering them. Additionally, the CBM-CMCS-TA/FWO2 gel +
US group’s healing rate revealed a significant change from the
CBM-CMCS-TA/FWO2 gel group (P < 0.05), suggesting that it
was inherently advantageous to wound healing. These results
were in line with earlier studies showing that CS-based wound
dressings combined with US could speed up wound healing.
The CBM-CMCS-TA/FWO2 gel + US group displayed the fewest
colonies on day 7 following treatment, compared to the other
groups (Fig. 5d). This finding suggests that the CBM-CMCS-
TA/FWO2 gel + US treatment was effective in killing the bacteria
quickly and preventing their growth and further infection of
the wound.

3.6 Molecular mechanism of CMCS-TA/FWO2 gel + US
promoting wound healing in mice

Inflammation is a normal process of wound healing. Early inflam-
mation is the key to wound healing, but long-term inflammation

This journal is © The Royal Society of Chemistry 2023

will prevent the wound from developing into the proliferative
stage, resulting in chronic wounds or scars after healing.
Hematoxylin and Eosin (H&E) staining was used to observe
the skin tissue of the wound on days 7 and 14 after adminis-
tration, and the morphological changes of the skin layer during
the wound healing process were analyzed. On day 3, inflam-
matory cell infiltration was enhanced in each group. The
epidermal growth of the CMCS-TA/FWO2 gel + US group was
obvious. On day 7, the wound treated with the CMCS-TA/FWO2
gel + US was covered by epidermal tissue, and the scab began
to separate from the epidermis. In contrast, the control and
ultrasound groups showed only epidermal tissue (Fig. 6a). It is
worth noting that a cuticle appeared in the CMCS-TA/FWO?2 gel +
US group, indicating that the wound had been completely
repaired. For the CMCS-TA gel and CMCS-TA/FWO2 gel, the
epidermis almost completely covered the wound and the scab
had begun to separate from the epidermis. In contrast, in the
control group, the epidermis still extended into the subcuta-
neous tissue. Finally, on day 14, the stratum corneum contin-
ued to form in the CMCS-TA/FWO2 gel + US group, and the
stratum corneum in the CMCS-TA and CMCS-TA/FWO?2 groups
was partially formed but still crusted. In both the control and
ultrasound groups, the epidermis had just completely covered
the wound area and the vessels were still being repaired
(Fig. 6a). These results indicate that CMCS-TA/FWO2 gel + US
accelerates the repair of the damaged tissue and promotes
epidermalization. The CMCS-TA/FWO2 gel’s three-dimensional
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Fig. 6 Wound closure performance and in vivo host response evaluation of the piezoelectric hydrogel. (a) Representative images of H&E staining and (b)
Masson trichrome staining of harvested healing skins at day 7 and day 14 post-surgery. Scale bar: 100 um.

network structure facilitates gas exchange while maintaining fluid + US group encourages skin epidermalization, and the develop-
balance at the wound site. In addition, the porous structure ment of the stratum corneum, and is favorable to scab formation.
accurately mimics the composition and functionality of the The CMCS-TA/FWO?2 gel + US group can also effectively promote
extracellular matrix (ECM), which can aid in cell migration, the transformation from the inflammatory phase to the prolif-
maturation, and growth. It is clear that the CMCS-TA/FWO2 gel erative phase and promote the process of wound healing.
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The final stage of wound healing determines whether scarring
will occur or whether the wound will recur. The remodeling phase
involves regression of neovascularization, as well as periodic
deposition into the extracellular matrix, followed by the reconsti-
tution of granulation tissue into the collagenous tissue. Granula-
tion tissue first forms Collagen III, which is partially replaced by
stronger Collagen I as wound remodeling proceeds. Collagen
production can promote re-epithelialization and thus wound
healing. The repair of the skin tissue structure at the wound
was further explored by Masson staining. The results of Masson
staining at the wound on the 7th and 14th days after administra-
tion are shown in Fig. 6b. On the 7th day after drug administra-
tion, a certain amount of collagen was produced in the wound
sites of each group, and there was no significant difference in the
amount of collagen. The amount of collagen in the CMCS-TA/
FWO2 gel + US group and positive drug (DECB hydrogel) group
was slightly higher than that in the control (PBS) group. On day
14, Masson staining exhibited more collagen deposition in the
CMCS-TA/FWO2 gel + US group (95.37%), compared with 76.12%
in the US group and 76.12% in the control (PBS) group (Fig. 6b).
At the same time, the collagen in the CMCS-TA/FWO2 gel + US
group was evenly distributed and more complete, indicating that
the CMCS-TA/FWO2 gel + US hydrogel could promote wound
healing by promoting the production and deposition of collagen.

3.7 Invivo anti-inflammatory and antibacterial effects

By utilizing immunofluorescent staining, it is possible to
further determine the inflammation, angiogenesis, and re-
epithelialization reactions in wound beds. It is believed that
persistent inflammation plays a significant role in the slow
healing process. TNF-o (tumor necrosis factor) was chosen to
assess the effectiveness of these hydrogel dressings in warding

This journal is © The Royal Society of Chemistry 2023

off infection. To further reveal the inflammatory response,
immunofluorescent staining for TNF-o. was carried out. Addi-
tionally, the immunofluorescent TNF-o staining sections exhib-
ited that the CBM-CMCS-TA/FWO?2 gel + US did not cause as
much of an inflammatory reaction. On both the 7th day and the
14th day, the CBM-CMCS-TA/FWO2 gel + US that was loaded
with the FeWO, nanorods demonstrated the decreased expres-
sion of TNF-o. compared to other groups (Fig. 7a). Both the
CBM-CMCS-TA and CBM-CMCS-TA/FWO?2 groups significantly
differed from the Tegaderm films group, demonstrating that
these hydrogels have more beneficial effects than the control
group. The development of a vascular network is a crucial sign
that a wound is healing. When comparing the CBM-CMCS-TA/
FWO2 gel + US group to the PBS-treated group at day 21,
immunohistochemical staining of CD31 revealed that there is
unmistakably more vasculature produced at the wounds treated
with the CMCS-TA/FWO2 gel + US. Furthermore, the CMCS-TA/
FWO2 gel + US treated group has larger, more developed
microvessels at day 21 (Fig. 7b and c). Therefore, in particular,
the CMCS-TA/FWO2 gel + US treated group significantly
enhanced wound closure and caused a better healing efficiency
than the Tegaderm films by downregulating proinflammatory
factor (TNF-o) expression and upregulating production of CD31
concurrently.

4. Conclusion

In summary, the distinct piezoelectric composite hydrogels with
high adhesion ability, favorable biocompatibility, and desirable
antibacterial function were rationally designed and engineered by
cross-linking CMCS with carboxymethyl chitosan, TA, carbomer,
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and piezoelectric FeWO, antibacterial nanoagent. The hydrogels
exhibited rheological stability, proper swelling, degradability as
well as antibacterial activity induced by US. The synergistic
coupling of the US acoustic cavitation effect with the electric field
built into the piezoelectric FeWO, generates an abundance of ROS
through increased carrier generation, separation, and transfer.
The prepared hydrogels achieved high bactericidal and antitoxic
activities due to the produced cytotoxic ROS. In addition, in vivo
experiments have proved that the piezoelectric hydrogel in colla-
boration with US can significantly promote the healing of full-
thickness skin wounds in mice infected by bacteria regulating
inflammation, accelerating collagen deposition, and promoting
vascularization. In particular, the histomorphological evaluation
and expressions of TNF-o. and CD31 revealed that piezoelectric
hydrogel induced a better-promoting effect on wound healing.
These results indicate that piezoelectric hydrogels with multiple
functions are desirable candidates for wound healing dressing.
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