L))

Check for
updat

Original Article Page 1 of 14

Preparation and evaluation of chitosan-polyvinyl alcohol/
polyhexamethylene guanidine hydrochloride antibacterial dressing
to accelerate wound healing for infectious skin repair
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Background: Wound infections, especially multidrug-resistant (MDR) bacterial infections, are a major
challenge in clinical medicine.

Methods: In this study, a new type of antibacterial sponge was prepared from a solution containing a
chitosan-polyvinyl alcohol (CTS-PVA) emulsion with added polyhexamethylene guanidine hydrochloride
(PHMG) in a homogeneous medium using lyophilization technology. The antibacterial ability of and CTS-
PVA/PHMG sponge against Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, Candida albicans,
Methicillin-resistant Staphylococcus aureus, multidrug-resistant Pseudomonas aeruginosa, and multidrug-resistant
Acinetobacter baumannii in vitro. The structure and physical properties were characterized. The sponge
dressing was tested in a Pseudomonas aeruginosa-infected full-thickness mouse skin wound defect model. The
effects were evaluated by wound area measurement and histological analysis.

Results: The CTS-PVA/PHMG sponge showed broad-spectrum antibacterial ability, including for MDR
bacterial stains from clinical sources, while maintaining excellent physicochemical properties, including a
high swelling degree and good moisture retention capability. Scanning electron microscopy images displayed
the surface morphology of the CTS-PVA/PHMG sponge dressing. The detection of the wound healing rate
and histological analysis supported that the new dressing can alleviate the inflammation and accelerate the
healing speed of infected wounds and in vivo.

Conclusions: CTS-PVA/PHMG sponge shows broad-spectrum antibacterial activity, which can provide a

new pathway for clinical prevention and treatment of superbug-infected wounds.
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Introduction

Wound infections have high rates of morbidity and
associated mortality (1). Almost 14 million people per
year in the United States are affected by wound infections
(2,3), ranging from minor superficial to life-threatening
infections (4). In recent decades, with the abuse of
antibiotics, more than 70% of wound bacteria have been
resistant to at least 1 of the commonly used antibiotics (5).
Laboratories around the world are committed to developing
antibacterial dressings to prevent wound infections, improve
the healing process, and reduce the mortality rate of mult-
resistant bacterial strains and incurable wound infections.
Different agents, including antibiotics, nanoparticles [e.g.,
silver nanoparticles (AgNP)] and polymers [e.g., chitosan
(CTS)], have been incorporated within wound dressings to
improve antimicrobial activity (6-11).

Guanidine polymers are polycationic antimicrobial polymers
with strong antibacterial properties. Bacteria and fungi are
generally negatively charged on the surface due to the proteins
or liquids in their cell membrane. Polycations are attracted
by electrostatic forces to bacterial or fungal cells and are able
to disrupt the outer membrane as well as the cytoplasmic
membrane and to achieve cell lysis, resulting in cell death (12).
Guanidinium-rich polymers do not produce specific binding
with the bacterial cell membrane but achieve the ultimate
sterilization purpose via electrostatic attraction to the cell
membrane; thus, they do not easily trigger drug resistance. Since
the outer membrane of mammalian cells is electrically neutral,
the positively charged guanidine polymer has strong selectivity
for bacterial or fungal cell membranes (13). Compared with
the amine group, the guanidine group binds more firmly
to the cell membrane and has more powerful antibacterial
properties.

Commercial Prontosan® liquid guanidine dressings
apply small molecular guanidine salts directly to wounds.
Sun grafted polyhexamethylene guanidine hydrochloride
(PHMG) onto the polymer side chain to prevent the
leakage of antibacterial agents and increase the antibacterial
durability of the dressing (14). However, this preparation
process has toxic solvent residues, so it is not suitable for
clinical application in wound repair.

"To overcome the shortcomings of the above antibacterial
dressings, CTS and polyvinyl alcohol (PVA) were used as
polymeric materials to prepare composites incorporating
the polycationic polymer PHMG to obtain a new type of
antibacterial dressing in the present study. The sponges
were characterized by scanning electron microscopy,
swelling rate, and antibacterial analyses iz vivo and in vitro.
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We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-509).

Methods
Materials

We purchased PHMG from Hipoly Co, Ltd, (Shanghai,
China). The PVA (with a degree of polymerization of
~1,700 and a degree of alcoholysis of ~99%) was purchased
from Guoyao Co, Ltd, (Zhejiang, China). The CTS (with
a degree of deacetylation >95%) was purchased from
Qingdao Haihui Biotechnology Co, Ltd, (Shandong, China).
Staphylococcus aureus (S. aureus, gram-positive bacteria,
ATCC 25923), Pseudomonas aeruginosa (P. aeruginosa, gram-
negative bacteria, ATCC 27853), Escherichia coli (E. coli,
gram-negative bacteria, AT'CC25922), and Candida albicans
(C. albicans, fungus, ATCC 90028) were obtained from
the Fourth Medical Center Affiliated to PLA General
Hospital. Methicillin-resistant Staphylococcus aureus (MRSA),
multidrug-resistant Pseudomonas aeruginosa (MDR-PA),
and multidrug-resistant Acinetobacter baumannii (MDR-
AB) were obtained from the participants with their consent.
One hundred and twenty the specific pathogen-free (SPF)
male BALB/c mice (8 weeks with bodyweight between
20-25 g) were purchased by Beijing Keyu Animal
Aquacluture Center (Beijing, China). The animals were
housed at room temperature (25 °C) in the animal room
(SPF class) of the Fourth Medical Center Affiliated to PLA
General Hospital. This study was performed in accordance
with the Guide for Care and Use of Laboratory Animals
of National Research Council and approved by the Fourth
Medical Center Affiliated to PLA General Hospital, Beijing,
China.

The antibacterial activity of PHMG solution

Antibacterial activity of the PHMG solution was tested via
the microtiter broth dilution method, which determined the
minimum inhibitory concentration (MIC) that led to the
inhibition of microbial growth. The antibacterial efficacies
of PHMG were evaluated for both laboratory antibiotic-
sensitive strains (gram-positive bacteria S. aureus, gram-
negative bacteria E. coli and P. aeruginosa, fungi C. albicans)
and clinical MRSA, MDR-PA, and MDR-AB. First, 1 mL
of bacterial suspension (1x10° CFU/mL) was added to each
sterile colorimetric test tube. Then, 1 mL of the PHMG
solutions of different concentrations with Luria-Bertani
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Figure 1 Preparation process of the CTS-PVA sponge. CTS,
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chitosan; PVA, polyvinyl alcohol.

(LB) medium were added to each test tube so that the final
bacterial concentration in the test tube was 5x10° CFU/mL,
and the PHMG concentration was 0%, 0.05%, 0.1%,
0.2%, 0.4%, 1%, 2%, and 4%. An LB medium without the
addition of bacteria was used as the control group. The test
tube rack was placed in a bacterial incubator for 24 h. The
minimum liquid concentration in the clarified test tube
was the minimum inhibitory concentration (MIC) of the
PHMG solution (15).

Preparation of the CTS-PVA/PHMG dressing

We added 2 g of CTS to 100 mL of 1% acetic acid
and it was magnetically stirred at 1,500 rpm to obtain a
2% CTS solution. A total of 5 g of PVA was dissolved in
ultrapure water (UPW) for 2 h at 80 °C to obtain a 5% PVA
solution. Then, 5 mL of the PVA solution was added to
100 mL of the CTS solution and stirred mechanically for
5 min at 2,000 rpm. The PHMG solution was separately
added to final solution at concentrations of 0.05%, 0.1%,
0.2%, and 0.4% wt. The CTS-PVA/PHMG composite
was poured into a metal container with a bottom surface of
100 mm x 200 mm at 4 °C for 30 min and then placed at
=20 °C for 2 h, followed by -80 °C for 12 h. Finally, the
solution was freeze-dried using a vacuum freezer drier
for 48 h, resulting in CTS-PVA/PHMG dressings with
different PHMG concentrations (denoted CTS-PVA/
PHMGO0.05, CTS-PVA/PHMGO.1 and CTS-PVA/
PHMGO.2, CTS-PVA/PHMGO.4, respectively) (Figure I).

In vitro antibacterial ability test of the CTS-PVA/PHMG
dressing

The antibacterial activities of CTS-PVA/PHMG were
evaluated by determining the optical density (OD) (600 nm)
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of the bacterial suspensions co-incubated with different
PHMG concentrations for 24 h; the untreated bacterial
suspensions were used as a control. Composite CTS-PVA/
PHMG samples (1 cm x 1 cm) with various concentrations
were placed in a 48-well plate. Then, 500 pL of bacterial
solution (5x10°/mL) with LB medium was added to the
48-well plate and placed in a 37 °C incubator for 24 h.

A total of 100 pL bacterial solution was taken from each
well of a 96-well plate, and the absorbance was measured
on a microplate reader at 600 nm. Then, 100 pL of the
bacterial suspension was pipetted onto the surface of a
Mueller Hinton (MH) plate, spread uniformly by a coating
rod, and the bacteria were incubated overnight for 24 h at
37 °C. The bacterial colonies grown on the MH plate were
counted, and the minimal bactericidal concentration [(MBC)
less than 5 colonies] of each sample was obtained after MBC
tests. All samples were repeated in triplicate (16).

Characterization

SEM images of the CTS-PVA/PHMG sponge dressing
The microstructures of the CTS-CTA, CTS-PVA/
PHMGO.05, CTS-PVA/PHMGO.1, CTS-PVA/PHMGO.2,
and CTS-PVA/PHMGO.4 sponge dressings were examined
by scanning electron microscopy (SEM, Hitachi Co, Ltd,
"Tokyo, Japan; operating at 10 kV).

Degree of swelling and moisture-retention capacity
The sponge dressings were immersed in UPW, phosphate-
buffered saline (PBS), simulated body fluid (SBF), and fetal
bovine serum (FBS) for 24 h at room temperature until
swelling equilibrium was reached. The degree of swelling
was calculated as follows:

m2-ml 1 00% (1]

Degree of swelling=

In this equation, m1 and m2 are the weights of the
dressings before and after immersion.

"To measure the moisture retention of the dressing, the
wet dressing fully engorged with UPW was placed in a glass
dryer at room temperature, and the degree of swelling was
measured every 2 h. All samples were tested in triplicate (17).

Infectious wound of full-thickness skin defect in mice

Macroscopic appearances

The BALB/c male mice (n=120) were randomly assigned
to 4 groups (Gauze, Ag, CTS-PVA, CTS-PVA/PHMG),
with 30 mice in each group. The mice were successfully
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anaesthetized by intraperitoneal injection of pentobarbital
(60 mg/kg). A full-thickness wound model (10 mm
diameter) was used on the back after the fur was shaved.
Wounds were inoculated with P. aeruginosa (100 pL,
10° CFU/mL) for 30 min, and infected wound models were
established. The wounds were treated with Gauze, silver
(Ag), CTS-PVA, and CTS-PVA/PHMG dressings (size:
20 mm x 20 mm). Finally, Urgo strapping restraining
bandages (URGO, Paris, France) were used to fix the
wound and dressings. The wound dressings in each group
were changed every 3 days according to the above methods.

Wound healing rate

The wound areas were photographed and measured on the
3rd, 7th, and 14th days after the operation. All wounds areas
were measured using Image-Pro Plus 6.0 software (Media
Cybernetics Corp, Rockville, MD, USA), and the wound

closure rates were then calculated as follows:

Ao= At 100% 2]

Wound closurerate =
o

A0 is the initial wound area, and At is the wound area on
the 3rd, 7th, 10th, and 14th days after the operation.

Histological analysis

The wound skins were collected on the 3rd, 7th, 10th,
and 14th days after the operation and fixed in 4%
polyformaldehyde solution. The histopathological
sections were stained with hematoxylin and eosin (H&E).
Histological images were taken by an inverted microscope.

Statistical analysis

All values were expressed as the mean = standard deviation.
One-way analysis of variance (ANOVA) was applied
to compare the differences between groups. Pairwise
comparisons among the means were conducted by the Least
Significant Difference (LSD) method. A P value less than
0.05 was considered statistically significant.

Results
Antibacterial activity of the PHMG solution

The PHMG 0% group of the mixture became turbid,
suggesting that the strains rapidly proliferated. The control
group was pellucid, which meant that the suspension was free
of pollution. When the PHMG concentration was 0.05%, the
medium was slightly turbid compared with the control group,
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indicating that few strains proliferated. When the PHMG
concentration was 0.1%, 0.2%, 0.4%, 1%, and 4%, the clarity
was the same as that of the control group, which was the
minimum inhibitory concentration. All the above strains were
inhibited by PHMG with an MIC of 0.1%. According to the
inhibitory concentration results, PHMG at 0.05%, 0.1%,
0.2%, and 0.4% was screened out for subsequent preparation
of antibacterial sponge dressings (see Figure 2).

The antibacterial ability of CTS-PVA sponge dressings
loaded with PHMG in vitro

The CTS-PVA group had a certain decrease in the
absorbance of P. aseruginosa and MDR-PA relative to the
untreated bacterial suspensions, but the OD value was still
significantly higher than that of the control group (P<0.01).
The OD values of the CTS-PVA group for E. co/i and C.
albicans were significantly lower than those of the bacterial
suspensions. The OD values of CTS/PVA-PHMGO0.05,
CTS-PVA/PHMGO.1, CTS-PVA/PHMGO.2, and CTS-
PVA/PHMGO0.4 were not significantly different from that
of the control group (P>0.05) (see Figure 3A).

After the seven suspensions were coated on the plate, the
colonies grew over the entire MH plate. Compared with
the control group, the number of colonies in the C. albicans
group treated with CTS-PVA was reduced to a certain
extent, showing scattered colonies, but the number of
colonies was still countless. The number of all the colonies
in the CTS-PVA/PHMG 0.05, CTS-PVA/PHMG 0.1,
CTS-PVA/PHMG 0.2, and CTS-PVA/PHMG 0.4 were
less than 5 (see Figure 3B).

Characterization

SEM images of the CTS-PVA/PHMG sponge dressing

The SEM images showed that the sponge has an
interpenetrating pore structure (see Figure 4). The pore wall
surface appeared smooth. Through SEM observation, it was
found that the surface pores of the CTS-PVA/PHMGO.05
and CTS-PVA/PHMGO.1 sponge dressings are relatively
uniform, with sizes of approximately 50-150 pm. The
CTS-PVA/PHMGO.2 had a large pore size difference, of
approximately 20-200 pm. The CTS-PVA/PHMGO0.4 had

fewer pores and a compact structure.
Degree of swelling and moisture-retention capacity

The CTS-PVA/PHMGO.1 sponge was milky white with a

soft surface and large number of micropores (Figure 5A).
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Figure 2 Antibacterial activity of different concentrations of PHMG solution against S. aureus, E. coli, P. aeruginosa, C. albicans, MRSA,
MDR-PA, and MDR-AB (wt%). PHMG, polyhexamethylene guanidine hydrochloride; MRSA, methicillin-resistant Staphylococcus aureus;

MDR-PA, multidrug-resistant Pseudomonas aeruginosa; MDR-AB, multidrug-resistant Acinetobacter baumannii.

After absorbing water, it appeared as a transparent hydrogel
with no collapse (Figure 5B,C).

We analyzed the degree of swelling of the dressings
under different simulated physiological conditions. In
1 h, the sponge basically absorbed more than 10 times
the weight of UPW, PBS, SBE, and FBS (Figure 5D). The
moisture in CTS-PVA/PHMG evaporated slowly, and after
12 h, it retained water close to 20 times the weight of the
sponge itself (Figure SE).

Infectious wound of full-thickness skin defect in mice

Macroscopic appearances

On the 3rd day after operation, the wounds treated with the
CTS-PVA and Gauze groups showed many inflammatory
necrotic and exudate regions. There were no obvious red
edges and less exudate observed in the CTS-PVA/PHMG
and Ag groups. On the 7th day after the operation, the
wound in the Gauze group showed a large inflammatory

© Annals of Translational Medicine. All rights reserved.

exudate and wound edge swelling with serious wound
dressing adhesion. In contrast, the scabs began to fall off,
a thin layer of new epithelium grew from the edge of the
wound in the CTS-PVA/PHMG groups. On the 10th day
after the operation, there were still many inflammatory
exudates in the Gauze group. The wound shrinkage of
the Ag group was obvious, but the residual wound surface
was deeper than that of the CTS-PVA group. In contrast,
there was a thin epithelial covering wound in the CTS-
PVA/PHMG group. On day 14 after the operation, the
wound surface of the Gauze group was generally covered
by epithelium, and the Ag group was still covered with
black scabs. The wounds in the CTS-PVA/PHMG group
revealed wound repair within the new epithelium that was
significantly superior to that in the other groups (Figure 6).

Wound healing rate

The wound healing rate of CTS-PVA/PHMG at different
healing time points was quantitatively evaluated (see
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Figure 3 Antibacterial activity of different concentrations of CTS-PVA/PHMG sponges against S. aureus, E. coli, P. aeruginosa, C. albicans,
MRSA, MDR-PA, and MDR-AB. (A) OD600 nm of bacterial suspension treated with different concentrations of CTS-PVA/PHMG; *,
P<0.05; **, P<0.01. OD, optical density. (B) The bacterial suspensions were plated on MH plates. The bacterial colonies present on the

plates were imaged and counted. CTS, chitosan; PVA, polyvinyl alcohol; PHMG, polyhexamethylene guanidine hydrochloride; MRSA,

methicillin-resistant Staphylococcus aureus; MDR-PA, multidrug-resistant Pseudomonas aeruginosa; MDR-AB, multidrug-resistant Acinetobacter

baumannii.

Figure 7). On the 3rd day after operation, the wound
healing rate of mice treated with CTS-PVA/PHMG group
reached 27.60%=+0.94%, and the Gauze, CTS-PVA, and
Ag groups were 21.05%+2.28%, 22.475%=+3.033%, and

© Annals of Translational Medicine. All rights reserved.

24.40%+1.56%, respectively. The healing rates of the
Gauze, CTS-PVA, Ag, and CTS-PVA/PHMG groups
reached 32.68%=+2.20%, 39.93%+1.66%, 43.90%+1.24%,
and 51.25%+4.82%, respectively, on the 7th day after the
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6000 X

Figure 4 SEM images of CTS-PVA/PHMG surface. (A) CTS-PVA/PHMG 0.05 (B) CTS-PVA/PHMG 0.1 (C) CTS-PVA/PHMG 0.2
(D) CTS-PVA/PHMG 0.4. SE, standard error of the mean; CTS-PVA/PHMG, chitosan-polyvinyl alcohol/ polyhexamethylene guanidine

hydrochloride.

operation. On the 10th day after surgery, the healing rate
of the CTS-PVA/PHMG group was faster than that of the
Gauze group, and the difference was statistically significant
(P<0.01). On the 14th day after surgery, the healing rate of
CTS-PVA/PHMG was faster than that of the other groups,
and the difference was statistically significant (P<0.01).

Histological analysis

On day 3 of H&E staining, the epidermal skin layer in
the various groups was completely defective. Dermal
layer inflammatory cell aggregation and tissue necrosis

© Annals of Translational Medicine. All rights reserved.

were obvious in the Gauze and CTS-PVA groups. The
inflammatory cell infiltrations in the CTS-PVA/PHMG and
Ag groups were significantly less than those in the Gauze
group. No obvious tissue necrosis was observed in the
CTS-PVA/PHMG group. On day 7, many small abscesses
were observed in the Gauze group, accompanied by a large
numbers of inflammatory cells clustered in the dermis and
partial epidermal necrosis. The infection in the CTS-PVA
group was less severe than that in the Gauze group, but
large numbers of inflammatory cells aggregated together
in the dermis. Comparatively speaking, the manifestations
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Figure 5 Degree of swelling and moisture-retention capacity. (A) Morphology of dry CTS-PVA/PHMEGO.1 sponge; (B) morphology of
the CTS-PVA/PHMGO.1 sponge after UPW absorption; (C) morphology of the CTS-PVA/PHMGO.1 sponge cross section after UPW
absorption; (D) swelling degree of CTS-PVA/PHMGO.1 sponges in different media over 24 hours; (E) moisture retention capacity of the
CTS-PVA/PHMGO.1 sponge. CTS-PVA/PHMG, chitosan-polyvinyl alcohol/ polyhexamethylene guanidine hydrochloride.

of the Ag group were mild inflammation, with less
inflammatory cells scattered infiltration in the granulation
tissue, and partial epidermal erosion were still observed.
Simultaneously, the wounds in the CTS-PVA/PHMG
group displayed scattered infiltration of neutrophils and
lymphocytes and a thin re-epithelialized epithelium. On day
14, the wounds in the Gauze group were covered by a new
thin layer of epithelium. The Ag group exhibited scattered
hemorrhage between the epithelium and dense granulation
tissue. Compared with other groups, the wounds in the
CTS-PVA/PHMG group showed basic skin repair and
reconstruction (Figure §).

Discussion

The skin is the largest and most superficial organ in the
entire body (18). The structure and functions of skin are
vulnerable to being affected by cuts, burns, and illnesses.
An open wound offers a favorable breeding ground for the
colonization of microbes (19). An ideal dressing should be
capable of protecting the wound surface, maintaining a moist
environment, promoting burn wound healing, preventing

© Annals of Translational Medicine. All rights reserved.

microbial proliferation, and limiting burn wound progression
while minimizing discomfort for patients (20,21).

The main obstacle of antibacterial dressings is the
antimicrobial resistance of microorganisms and the toxicity of
antibacterial agents to wounds (1). The predominant gram-
positive organism found in wound infections is Staphylococcus
aureus in the initial stage of wound formation (22). Gram-
negative pathogens dominate in the initial stage of the
infectious process. The most common gram-negative
microorganism isolated from wounds is P. aeruginosa,
followed by E. coli. Candida albicans is the fourth most
common cause of burn wound infections overall (23).
Emerging multidrug-resistant microorganisms have become
more frequent and have caused an unanticipated rise in
wound infections, associated sepsis, or death (22,24). In
burns and intensive care units, MDR-AB is becoming the
main nosocomial infectious bacteria. It is widely resistant
to a variety of antibiotics, increasing great difficulties in
clinical treatment (25).

We selected PHMG as an antibacterial agent, on
account of it being a polycationic bactericidal polymer
with broad-spectrum bactericidal properties against

Ann Transl Med 2021;9(6):482 | http://dx.doi.org/10.21037/atm-21-509
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Figure 6 Representative macroscopic images of full-thickness skin defects in diabetic rats infected with full-thickness skin injury in BALB/
¢ mice on the 3rd, 7th, 10th, and 14th post-surgical days of the Gauze group, CTS-PVA group, Ag group, and CTS-PVA/PHMG group.
CTS-PVA/PHMG, chitosan-polyvinyl alcohol/ polyhexamethylene guanidine hydrochloride.

gram-positive bacteria, gram-negative bacteria, fungi,
yeasts, and viruses (26). The PHMG solution displayed
high antimicrobial activity against gram-positive bacteria
S. aureus, gram-negative bacteria E. coli and P. aeruginosa,
and fungi C. albicans and clinical MDR isolates at a low
solution concentration of 0.1 wt. We chose another
cationic antibacterial polymer, CTS, as the scaffold

© Annals of Translational Medicine. All rights reserved.

material loading the antibacterial agent. Due to its strong
biocompatibility and antibacterial properties, CTS is widely
used in the preparation of dressings; however, pure CTS
sponge is brittle (27). Therefore, we choose another kind
of polymer, PVA, as the flexible stent of the dressing. A
hydrophilic polymer, PVA has excellent biocompatibility

and has been applied in various biomedical areas (28). In
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the homogeneous state, PHMG was blended into a CTS-
PVA sponge scaffold sponge by molecular winding. The
antibacterial agent was anchored in the dressing to prevent
the antibacterial agent from entering the circulatory system
with body fluids, thus avoiding the toxicity and side effects
of the antibacterial agent on the human body. The CTS-
PVA/PHMG sponge prepared by freeze drying avoided

residual solvents and toxic molecules during chemical
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Figure 7 Quantitative analysis of the wound closure rates in each
group at the 3rd, 7th, 10th, and 14th days post-surgery (n=4 in
each group). *, P<0.05; **, P<0.01.
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grafting. Both MIC and MBC iz vitro showed that the CTS-
PVA sponge dressing could suppress the proliferation of
strains of E. coli, C. albicans, and S. aureus but did not kill the
microorganisms. Therefore, after removing the CTS-PVA
dressing, the bacteria still had the ability to multiply. The
CTS-PVA/PHMG sponge dressings displayed bactericidal
function on laboratory-sensitive strains and a variety of
MDR strains at concentrations as low as 0.05% wt. Both
CTS and PHMG are polycationic polymers that kill
bacteria due to interactions with the bacterial cell wall (29).
The MBC of the PHMG sponge dressing was less than
the MIC of the PHMG solution, which indicated that
CTS enhanced the electrostatic adsorption of PHMG to
strains. The combination of PHMG and CTS displayed a
synergistic antibacterial function of polycationic polymers.
The prepared CTS-PVA/PHMG sponge dressing was
soft and delicate, which can provide excellent mechanical
protection for the wound surface. After absorption of
exudate, the CTS-PVA/PHMG sponge dressings became
transparent soft gels. Dressing can prevent further injuries
and reduce pain. The color change was convenient for
observing wound exudation and providing elastic time for

CTS-PVA/PHMG

Figure 8 Representative images of H&E staining of the wound sections in each group on the 3rd, 7th, and 14th days post-surgery. H&E,

hematoxylin and eosin.
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dressing changes. The SEM showed that the CTS-PVA/
PHMG 0.05 and CTS-PVA/PHMG 0.1 sponge dressings
were porous spongy with uniform pores. The porous
structure of the dressing was conducive to the penetration
of wound exudate, facilitating the transfer of nutrients,
and providing the basis for loading biomacromolecule
proteins and cells to promote healing. The antibacterial
concentration varied against different strains (30,31).
Therefore, to enable a wider range of clinical applications of
sponge dressings, combined with the results of antibacterial
tests and SEM, we finally selected CTS-PVA/PHMG
0.1 as the final concentration of the dressing. The CTS-
PVA/PHMGO0.01 sponge dressing also had high water
uptake ability and moisturizing properties. Maintaining a
moderately moist environment can promote wound healing
and relieve pain during dressings change.

The prepared new CTS-PVA/PHMG sponge dressing
was applied to the model of P. zeruginosa infectious wounds
on the backs of mice. The Ag group and CTS-PVA/PHMG
group were both effective in the early healing of infected
wounds in mice, indicating that CTS-PVA/PHMG can
significantly control wound infection. In the late stage of
healing, the general situation of the wounds indicated that
the CTS-PVA/PHMG sponge dressing had a better healing
effect on skin tissue than the Ag group. This may be because
a relative release of silver nanoparticles (AgNPs) stimulated
the wound and affected wound healing. The healing speed
and quality of CTS-PVA/PHMG sponges were significantly
superior to those of common dressings, indicating that the
dressing not only provided mechanical protection for the
wound but also avoided secondary injury to the wound.
A dressing with a strong water uptake ability can reduce
bacterial growth. The H&E staining showed that CTS-
PVA/PHMG significantly reduced wound inflammation.
After absorbing wound exudate, the moist environment
provided by the sponge was also more conducive to the
formation of wound skin without epithelial avulsion and
destruction of granulation tissue during dressing changes,
thereby increasing the speed of epithelialization and
promoting healing. Further, we will continue to explore the
potential of CTS-PVA/PHMG loading biomacromolecule
proteins and cells to have an even greater impact on
emerging wound applications.

Conclusions

In conclusion, we successfully prepared and characterized
a new CTS-PVA/PHMG broad-spectrum antibacterial

© Annals of Translational Medicine. All rights reserved.
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dressing using the freeze-drying method that can be
beneficial for wound healing. These findings provide a
novel application method for infectious wound skin repair.
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