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Electrospun Carvacrol-Loaded Polyacrylonitrile/Poly(ethylene oxide)
Nanofibrous Films as Wound Dressings
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ABSTRACT: Preventing microbial infections and accelerating wound closure ‘ Iz 7““3‘:?&9/‘
are essential in the process of wound healing. In this study, various £ ,f’\,/é’v,%
concentrations of carvacrol (CA) were loaded into polyacrylonitrile/poly- £ o \
(ethylene oxide) (PAN/PEO) nanofiber membranes to develop potential : /
wound dressing materials via an electrospinning technique. The morphology
and structure of the PAN/PEO/CA nanofiber membrane were analyzed by
scanning electron microscopy (SEM) and Fourier transform infrared
spectroscopy (FTIR), respectively. Subsequently, antimicrobial performance
testing showed that the PAN/PEO/CA nanofiber membrane exhibited
antimicrobial activity in a concentration-dependent manner. Moreover, SEM £
and transmission electron microscopy revealed that the number of Staph-
ylococcus aureus decreased significantly and the microstructure of the biofilm
was seriously damaged. Next, compared with the control and PAN/PEO
groups, the PAN/PEO/5% CA group in a full-thickness skin infection model not only exhibited reduced wound exudate on day 2
after infection but also displayed a greater ability to achieve complete skin regeneration, with faster wound healing. Finally, the Kyoto
Encyclopedia of Genes and Genomes pathway analysis revealed that the downregulated differentially expressed genes between PAN/
PEO- and PAN/PEO/5% CA-treated S. aureus were enriched in the two-component system and S. aureus infection. In conclusion,
the antimicrobial materials of PAN/PEO/CA inhibited microbial growth and promoted wound healing with potential applications in
the clinical management of wounds.
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1. INTRODUCTION structures and encapsulating more kinds of active ingre-
. 11-16 . . .

Clinically, the skin exposed following an injury is susceptible to dients. However, the single-fluid blending process

numerous unknown or challenging microbial infections.' ™ remains mainstream in this field and can avoid the complexity

Wound treatment can be expensive, and most available wound of multiple-fluid processes for robust preparation and potential

dressings have limitations such as poor antimicrobial activity, industrial applications.
toxicity, inability to absorb wound exudate, and inferior Electrospinning nanofibers are highly flexible materials that
mechanical performance.4 Ideal wound dressings should have are used as carriers for therapeutic dressings to accelerate
both healing properties and characteristics, such as absorbency wound healing while reducing inflammation.'” In addition,
of wound exudate, appropriate breathability, controlled release nanofibers of different polymers simulate the structure of the
of medications, and a certain level of mechanical strength and extracellular matrix and provide the best biomimetic
porosity to ease cell attachment, migration, and proliferation.™® physiological environment for cell and tissue regeneration,
Electrospinning is a cutting-edge technology that enables the thereby making them ideal wound repair material. Several
creation of a wide range of nanofibers. By applying an electric practical examples have already demonstrated their effective-
field and utilizing intermolecular interactions within high- ness in preventing wound bacterial colonization and infection

viscosity spinning solutions, polymer solutions can be
elongated to form continuous and tightly packed nanofibers.”
Electrospinning produces a porous interconnected network of
nanofibers. Mesh-like porous structures aid in the absorption - ]
of wound exudate, favor gaseous exchange, and provide Rec_e“'Ed: April 8, 2024
support for cell infiltration and proliferation, good tissue Revised:  August 17, 2024
compatibility, and exceptional mechanical properties.® "’ Accepted: September 2, 2024
Electrospinning is moving from single-fluid electrospinning Published: September 13, 2024
to coaxial electrospinning, side-by-side electrospinning, and

multiple-fluid electrospinning for producing complicated

while creating an optimal environment for healing. For
example, composite nanofibers with poly(vinyl alcohol)
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(PVA) and chitosan were developed for the purpose of dual
drug therapy in wound treatment. ® POSS-reinforced chitosan-
based bilayer sponges loaded with Cissus quadrangularis were
prepared for wound healing applications.'” Therefore, electro-
spinning nanofibers loaded with antibacterial agents have
emerged as a promising therapeutic option. An ideal polymer
for wound dressings should possess properties such as
biodegradability, bacterial impermeability, and the ability to
maintain moisture content over the wound surface. Poly-
acrylonitrile (PAN) possesses outstanding mechanical proper-
ties and chemical stability. It can be easily synthesized into
nanofibers by electrospinning and used as a drug delivery
102021 However, it is unsuitable as a hydrophobic
polymer for preventing fluid removal from the wound surface.
To overcome this problem, which comes from its hydrophobic
nature, PAN can be used in combination with water-soluble
poly(ethylene oxide) (PEO). Hydrophilic PEOs are often
mixed with other polymeric materials to produce composite
nanofibers.””*> PEO could improve the wettability and
swelling of blended fibers of PEO and PAN. The degree of
swelling impacts the effectiveness of a particular system in
removing wound exudate, which would enhance the process of
wound repair.”* In addition, a greater proportion of cells
adhered to the altered hydrophilic surface of the electro-
spinning mats, resulting in an improved environment for cell
proliferation.”> Carvacrol (CA) is a monoterpenoid phenolic
compound extracted from plants, and it possesses biological
and pharmacological characteristics, such as small molecular
size, low polarity, low toxicity, and exhibits different active
properties, including antimicrobial, antioxidant, anticancer, and
anti-inflammatory effects.”®”” The hydrophobic and volatile
nature of CA poses a challenge when it is used as an
encapsulated drug for tissue engineering. Therefore, various
carriers were invented to overcome volatility and prolong the
effectiveness of CA.

Plant extracts can be effectively encapsulated into electro-
spun nanofibers, and their thermal stability, controlled release,
and shelf life can be enhanced and extended due to the
characteristics of polymer nanofibers.”*™*° In this study, we
successfully fabricated nanofibers using electrospinning tech-
nology by utilizing a blended solution of PAN and PEO. The
novel integration of PAN and PEO composite fibers infused
with CA was initially utilized to improve the antimicrobial
performance and repair of damaged skin. To evaluate the
physical and biological properties of the nanofiber membranes,
we first characterized the PAN/PEO and PAN/PEO/CA
membranes via scanning electron microscopy (SEM), Fourier
transform infrared (FTIR) spectroscopy, and contact angle.
Then, the antimicrobial ability of the membranes was studied
by using Gram-positive bacteria, Gram-negative bacteria, and
fungi. Finally, the ability to repair wounds was verified through
an in vivo model of Staphylococcus aureus infection.

carrier.

2. EXPERIMENTAL SECTION

2.1. Materials. PAN (Changsha Nanoapparatus Co., Ltd,,
molecular weight, 150,000), PEO (Dongguan Zhanyang
Polymer Materials Co., Ltd., molecular weight 10,000), N,N-
dimethylformamide (DMF; 99%, biotechnology grade, Shang-
hai Macklin Biochemical Technology Co., Ltd.), CA
(C1oH140, 99%, Shanghai Aladdin Biochemical Technology
Co., Ltd.), yeast extract (OXOID LP0021), tryptone (Sangon
Biotech), agar (Sangon Biotech), NaCl (Sangon Biotech),
electron microscope fixing solution (Servicebio), S. typhimu-

rium (ATCC 14028), B. subtilis (ATCC 6633), S. aureus
(ATCC 6538), E. coli (ATCC 25922), Cissus albicans (ATCC
10231), and A. fumigatus (AF293) were obtained from the Key
Laboratory of Molecular Biology of Shaoyang University. The
agar plate was prepared as follows: NaCl (2 g), tryptone (2 g),
yeast extract (1 g), and agar (4 g) were added to 200 mL of
ultrapure water to obtain liquid culture medium. After
sterilization, they were poured into culture dishes and cooled
to obtain agar culture plates.

2.2. Preparation of the PAN/PEO/CA Composite
Nanofiber Membranes. 2.2.1. Preparation of the Spinning
Solution. 2 g of PAN and 1 g of PEO were added into 20 mL
of DMF solvent and mixed to obtain PAN/PEO electro-
spinning solution. The mixture was thoroughly stirred using a
heated magnetic stirrer at room temperature for 12 h.
Afterward, CA was added separately to the PAN/PEO mixed
solution to achieve concentrations of 5% CA (w/v) and 10%
CA (w/v). The resulting mixture was placed back into the
magnetic stirrer until it was completely dissolved.

2.2.2. Preparation of the Composite Nanofiber Mem-
branes. 15 mL portion of the prepared spinning solution was
placed into the electrospinning machine (Changsha Nano-
apparatus Co., Ltd.) for spinning. The spinning flow rate was 1
mL/h, spinning voltage was 15.04 kV, and spinning back-and-
forth distance was S0 mm. After spinning, the PAN/PEO,
PAN/PEO/5% CA, and PAN/PEO/10% CA composite
nanofiber membranes were obtained. The composite nanofiber
membranes were sliced into small round pieces with a
consistent thickness of S mm in diameter. Next, the
membranes were placed in a laminated bag and stored in an
ultraclean workbench for UV sterilization for 60 min.

2.3. Fiber Characterization and Detection. 2.3.1. Fiber
Morphology Test. The nanofiber membranes were coated by
using a Cressington 208HR high-resolution sputter coater at
20 mA for 120 s, followed by SEM testing (Thermo Scientific
Apreo 2C).

2.3.2. FTIR Spectroscopy. The nanofiber membranes were
crushed and mixed with potassium bromide powder, followed
by grinding to ensure uniformity. The resulting mixture was
pressed into pellets, and its chemical structure was detected by
using FTIR (Germany Bruker Optic GmbH).

2.3.3. Contact Angle Detection. The static contact angle
was measured by using the sessile drop method. The samples
were placed on a test stage and adjusted to obtain a clear view
and focus. Next, 3 uL of the test liquid was vertically dropped
onto the sample surface. After the images were focused, an
image was acquired to determine the contact angle (OCA 20,
Germany DataPhysics).

2.4. Antimicrobial Properties. 2.4.1. Diffusion Test. The
People’s Republic of China GBT 20944.1—2007 “Evaluation
Standard for Antimicrobial Performance of Textiles (Agar
Plate Diffusion Method) was followed to characterize the
antimicrobial activity of nanofiber surfaces by observing the
size of the inhibition zone. Different nanofiber membranes
(PAN/PEO, PAN/PEO/5% CA, and PAN/PEO/10% CA)
were cut into small circular discs with a diameter of S mm.
These fibers were attached to agar plates coated with different
microorganisms after being sterilized with ultraviolet radiation.
The size of the antimicrobial zone increased after 24 h.

2.4.2. Oscillation Test. Microbial suspension was obtained
by dipping a certain amount of microbes in the inoculation
ring and then dispersing the microbe in the liquid medium.
The OD values of the different microbial suspensions at 560
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nm were as follows: S. aureus (OD = 0.080), E. coli (OD =
0.123), S. typhimurium (OD = 0.270), B. subtilis (OD = 0.250),
C. albicans (OD = 0.069), and A. fumigatus (OD = 0.270). For
each microbial suspension, three different centrifuge tubes
were prepared and 1 mL of suspension was placed into each
tube. Three different types of membranes (PAN/PEO, PAN/
PEO/5% CA, and PAN/PEO/10% CA) were added to each of
the three centrifuge tubes, and the tubes were placed in a
constant-temperature incubator at 37 °C with a rotation speed
of 220 rpm. After agitation for 24 h, 100 uL of the solution
from each of the three tubes was streaked on three different
nutrient agar plates. The plates were placed in a constant-
temperature incubator at 37 °C for 24 h, after which the
number of microbial colonies was counted.

2.4.3. Microbial Morphology Observation. Next, the effects
of nanofiber membranes on the morphology and ultrastructure
of S. aureus were studied using SEM and transmission electron
microscopy (TEM). Different nanofiber membranes (PAN/
PEO, PAN/PEO/5% CA, and PAN/PEO/10% CA) were
placed into three 1 mL S. aureus suspensions, and then were
cultured in a constant-temperature incubator at 37 °C and 220
rpm for 24 h with constant shaking. Afterward, tweezers were
used to extract the three composite nanofiber membranes,
which were then centrifuged at 8000 rpm for 1 min under
these conditions, after which the supernatant was discarded.
The precipitate was fixed using an electron microscope fixing
solution at room temperature for 2 h, followed by SEM and
TEM testing.

2.5. Quantitative Real-Time PCR. Total RNA was
extracted using the TRIzol (Invitrogen) method according to
the manufacturer’s instructions. RNA concentrations were
measured using a Nanodrop spectrophotometer (Thermo
Scientific). Reverse transcription was performed to produce
cDNA using the PrimeScript RT Reagent Kit with a gDNA
Eraser (Perfect Real Time) (Takara). RT-PCR analysis was
performed using SYBR Green (Vazyme Biotech), and primer
sequences of target genes and housekeeping gene are listed in
Table 1. Relative gene expression fold changes were identified
using the 274" method after normalization to the house-

keeping gene.

Table 1. Sequences of Primers Used for RT-PCR

primer name primer sequence (S’ — 3)

icaA-F GATACTGATATGATTACCGAAGAT
icaA-R GAACCAACATCCAACACAT

agrA-F TGAAATTCGTAAGCATGACCC
agrA-R CATCGCTGCAACTTTGTAGAC
sarA-F TGTTTGCTTCAGTGATTCGTTTA
sarA-R AACCACAAGTTGTTAAAGCAGTTA
16s RNA-F CGTGCTACAATGGACAATACAAA

16s RNA-R ATCTACGATTACTAGCGATTCCA

2.6. Animal Experiments. The Ethics Committee of
Shaoyang University approved all animal experiments.
Sprague—Dawley (SD) rats weighing 220 g were used to
establish an S. aureus infection model to study the wound
healing process in vivo. All rats were anesthetized with sodium
pentobarbital at a concentration of 60 to 70 mg/kg. The hairs
on the backs of the rats were shaved, and a diameter of S mm
was created. Next, a syringe was used to extract the bacterial
suspension of S. aureus, and then 20 uL was injected into each
rat wound. According to the different treatment methods used,

the experimental groups were divided into three groups: the
control group (with sterile medical transparent dressings), 1
cm diameter PAN/PEO nanofiber membranes, and PAN/
PEO/5% CA nanofiber membranes.

After 2 days, the nanofiber membranes were removed, and
changes in wound areas were measured at 2, 4, 6, 8, and 10
days. On day 10 postinfection, tissue samples from the wound
sites were collected for hematoxylin and eosin (H&E) staining
and Masson’s trichrome staining to evaluate skin repair. The
wound dimension was measured using Image] software, and
the percentage of wound closure was calculated using the
following equation:

Wound healing rate = [(original wound area — unhealed
wound area)/original wound area] X 100%.

2.7. RNA Sequencing and Data Analyses. We prepared
and cultured 200 mL of S. aureus suspensions by oscillation for
S h to reach the logarithmic growth stage. The PAN/PEO
nanofiber membrane was added as the control group, and the
PAN/PEO/5% CA nanofiber membrane was added as the
treatment group. Each group of samples was repeated three
times and centrifuged after oscillation for 19 h. Finally, the
supernatant was removed, frozen in liquid nitrogen for 20 min,
frozen in an ultralow temperature freezer at —80 °C, and finally
sent to Gene Pioneer Biotechnologies (Nanjing, China) for
RNA sequencing. Differential expression analysis of samples
was conducted using DESeq2 software to screen differentially
expressed genes (DEGs). The screening criteria were llog,
(fold change)l > 1 and false discovery rate (FDR) < 0.0S.

The statistical significance of DEGs and differences between
the PAN/PEO and PAN/PEO/5% CA nanofiber membranes
were studied using volcano plots. A heatmap was utilized to
cluster genes based on their similar or identical expression
patterns following the hierarchical cluster analysis of selected
DEGs. The gene ontology (GO) terms were categorized into
three subgroups: biological process (BP), cellular component
(CC), and molecular function (MF). Additionally, the
significantly enriched pathways were identified by using the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. Cytoscape plugins were utilized to analyze the
interactive relationships among the top 10 hub DEGs.

2.8. Statistical Analysis. The results are presented as the
mean =+ standard deviation. The significant differences
between the two groups were evaluated by using the t-test. A
p-value less than 0.05 was considered significant (*).

3. RESULTS AND ANALYSIS

3.1. Characterization of the Nanofiber Membrane.
The morphological characteristics of the PAN, PAN/PEO,
PAN/PEO/5% CA, and PAN/PEO/10% CA nanofiber
membranes were examined. SEM micrographs of electro-
spinning nanofibers demonstrated that these nanofibers were
randomly aligned throughout the scaffolds. All nanofibers
exhibited continuous, porous, and bead-free morphologies
(Figure 1). We fabricated CA-incorporated nanofibers and
demonstrated that CA integration did not change the
orientation or morphology of the nanofibers, and these
nanofibers maintained a porous structure. We randomly
selected SO nanofibers for statistical analysis of diameter and
found that the average fiber diameter of the pure PAN
nanofiber membrane was 0.21 #+ 0.05 pm, that of the PAN/
PEO membrane was 0.29 + 0.06 um, and that of the PAN/
PEO/5% CA membrane was 0.38 + 0.07 pm, whereas the
average fiber diameter of the PAN/PEO/10% CA membrane

https://doi.org/10.1021/acsomega.4c03140
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Figure 1. SEM images of the PAN, PAN/PEO, PAN/PEO/5% CA, and PAN/PEO/10% CA nanofiber membranes.
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Figure 2. Characterization of PAN, PAN/PEO, PAN/PEO/5% CA, and PAN/PEO/10% CA. (A) FTIR analysis. (B) Contact angle testing.

was 0.54 + 0.15 pm. After adding PEO and CA, the diameter
of the nanofibers became thicker and the surface became
rougher. The diameter of the fibers became larger with
increasing CA concentration. SEM micrographs demonstrated
that CA had an incremental effect on the fiber diameter.

3.2. FTIR Analysis and Contact Angle Analysis. Figure
2A displays the FTIR analysis results for the electrospinning
nanofiber membranes composed of PAN, PAN/PEO, PAN/
PEO/5% CA, and PAN/PEO/10% CA. The characteristic
absorption peak of PAN can be observed from the following
curves: the stretching vibration peak of C=N at 2241 cm™'
and the bending vibration peak of —CH,— at 2934 cm~'*'
The C—O—C stretching vibration peak and —CH, stretching
vibration peak of PEO can be found in the composite fibers of
PAN/PEO, located at 1142 and 2881 cm™!, respectively.”*
PAN/PEO/5% CA and PAN/PEO/10% CA exhibit character-
istic functional group infrared absorption peaks with the
addition of 10% CA resulting in more significant infrared
results. The characteristic peaks located at 1622 and 1588
cm™" belong to the C=C skeleton vibration peak on the
benzene ring. The broad peak at 3379 cm™" is attributed to the

39475

stretching vibration of —OH.?” These results indicate that CA
was successfully loaded into the PAN/PEO nanofiber
membrane.

At a contact angle of § < 90 deg, the solid surface exhibits
hydrophilicity, and liquids were more susceptible to wetting
the solid. At € > 90 deg, the solid surface exhibits
hydrophobicity. Figure 2B shows that different nanofiber
membranes were subjected to contact angle experiments. Pure
PAN nanofibers demonstrated strong hydrophobicity when the
average contact angle was 129.45°. The addition of the
hydrophilic material PEO significantly improved the hydro-
philicity of the mixed nanofiber membrane when the average
contact angle was 53.45° for the PAN/PEO nanofibers, which
was particularly important for materials used as dressings to
adsorb exudate.”® The contact angles of PAN/PEO/5% CA
and PAN/PEO/10% CA were 63.8 and 86.25° respectively.
The contact angle of PAN/PEO/CA was larger than that of
PAN/PEO, which may be because CA is a lipid-soluble drug.
Compared with PAN/PEO, PAN/PEO/CA exhibited de-
creased hydrophilicity, and its hydrophilicity decreased with
the addition of CA in a concentration-dependent manner.

https://doi.org/10.1021/acsomega.4c03140
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Figure 3. Antimicrobial effects of different nanofiber membranes [(a) pure PAN, (b) PAN/PEO, (c) PAN/PEO/5% CA, and (d) PAN/PEO/10%

CAJ.

PAN/PEO  PAN/PEO/5%CA  PAN/PEO/10%CA

PAN/PEO

PAN/PEO/5%CA  PAN/PEO/10%CA

C. T

Figure 4. Microbial count observation following treatment with the PAN/PEO, PAN/PEO/5% CA, and PAN/PEO/10% CA nanofiber

membranes.

3.3. Antimicrobial Performance Testing with the
Diffusion Method. The antimicrobial efficiency of the CA-
loaded PAN/PEO nanofibers was analyzed against Gram-
negative bacteria (E. coli and S. typhimurium), Gram-positive
bacteria (S. aureus and B. subtilis), and fungi (C. albicans and A.
fumigatus). Diffusion experiments demonstrated that the PAN
and PAN/PEO nanofiber membranes had nearly no
antimicrobial effect. However, the PAN/PEO/5% CA and
PAN/PEO/10% CA nanofiber membranes effectively inhibited
the bacteria and fungi mentioned above (Figure 3). Compared
with the PAN/PEO/5% CA nanofiber membrane, the PAN/
PEO/10% CA nanofiber membrane exhibited significantly
better antimicrobial effects.

3.4. Antimicrobial Performance Testing with the
Oscillation Method. The different bacterial and fungal

39476

suspensions with the PAN/PEO, PAN/PEO/5% CA, and
PAN/PEO/10% CA nanofiber membranes were incubated for
24 h, after which 100 yL of the bacterial suspension was evenly
coated on the agar plate and incubated for another 24 h to
obtain the results shown in Figure 4. The difference in microbe
count reflected the antimicrobial effect of nanofiber mem-
branes with different concentrations of CA. The number of
colonies decreased with an increasing CA concentration, which
suggested that the nanofiber membrane with CA exerted an
antimicrobial effect, and the effect of PAN/PEO/CA with a
relatively high concentration of CA was more pronounced.
This result was consistent with the results of the drug
sensitivity experiments shown in Figure 3, which further
demonstrated the antimicrobial ability of the PAN/PEO/CA
nanofiber membranes.

https://doi.org/10.1021/acsomega.4c03140
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3.5. Effect of PAN/PEO/CA on S. aureus Morphology.
SEM and TEM analyses were further conducted to confirm the
impact of the PAN/PEO, PAN/PEO/5% CA, and PAN/PEO/
10% CA nanofiber membranes on the number and
morphology of S. aureus. The destructive effect of PAN/
PEO/CA on S. aureus was intuitively illustrated in Figure SA. S.
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Figure 5. PAN/PEO/CA nanofiber membrane inhibits the formation
of biofilms. SEM (A) and TEM (B) results of the PAN/PEO, PAN/
PEO/5% CA, and PAN/PEO/10% CA nanofiber membranes. (C)
Comparison of gene expression related to biofilm genes in S. aureus
obtained by treatment with the PAN/PEO and PAN/PEO/5% CA
nanofiber membranes. *p < 0.0S.

aureus was aggregated and connected three-dimensionally in
the PAN/PEO group, while the number of S. aureus decreased
and S. aureus was scattered in the PAN/PEO/CA groups,
which was in accordance with the results depicted in Figure 4.

The ultrastructure of S. aureus was observed by TEM
(Figure SB). The S. aureus in the PAN/PEO group had a
complete and clear bacterial cell structure with normal
morphological characteristics and a uniform cytoplasmic region
without the release of intracellular components. However, the
edges of the cell wall and membrane become blurred, and the
uniformity of the cytoplasm region was disturbed in the PAN/
PEO/5% CA group. The cells in the PAN/PEO/10% CA
group were seriously damaged. In addition to the loss of

cellular integrity, some of the cytoplasmic contents leaked out
of S. aureus. It can be seen that S. aureus underwent shrinkage
and deformation with compromised integrity of the cell
structure in the PAN/PEO/CA group, this phenomenon was
more evident in the group treated with a high concentration of
CA.

Subsequently, the differential expression levels of biofilm-
associated genes were further determined by RT-PCR (Figure
SC). The expression of the biofilm-forming gene icaA was
downregulated in PAN/PEO/5% CA-treated S. aureus
compared to PAN/PEO-treated S. aureus. Compared with
those in PAN/PEO-treated S. aureus, the expression of biofilm-
forming regulators such as agrA and sarA in PAN/PEO/5%
CA-treated S. aureus was downregulated. Based on the SEM
and TEM results mentioned above, it can be inferred that the
PAN/PEO/5% CA nanofiber membrane has an antibiofilm
effect.

3.6. In Vivo S. aureus-Infected Wound Healing. The
antibacterial and healing activity of the nanofiber membranes
containing CA was evaluated in vivo, for which we created full-
thickness skin wounds on the backs of rats infected with S.
aureus. Wounds in the treatment group were covered with the
synthesized PAN/PEO or PAN/PEO/5% CA nanofiber
membranes, and medical sterile transparent dressings were
used as the control group. As shown in Figure 6A, all groups of
wounds exhibited varying degrees of purulent infection on day
2. The control group exhibited evident bacterial infection and
purulence in wounds, whereas the PAN/PEO and PAN/PEO/
5% CA groups displayed less degree of purulence. These
results corresponded to the antibacterial effects of the PAN/
PEO/CA nanofiber membranes shown in Figures 3 and 4. At
10 days postsurgery, the PAN/PEO and PAN/PEO/5% CA
groups demonstrated better healing effects than control
groups, in particular, those in the PAN/PEO/5% CA group
almost completely healed. Wound healing was significantly
promoted in the PAN/PEO/5% CA group from 4 to 10 days
after surgery compared with the control and PAN/PEO groups
(Figure 6B). These results implied that the PAN/PEO/5% CA
nanofiber membrane exerts a beneficial effect by positively
regulating the healing of wounds infected with S. aureus.

3.7. In Vivo S. aureus-Infected Wound Healing, H&E
Staining, and Collagen Deposition. Wound healing is a
comprehensive process encompassing four overlapping phases,
namely, hemostasis, inflammation, proliferation, and wound
remodeling with scar tissue formation.””** To histologically
assess the wound healing effect, H&E staining was performed.
On day 10, re-epithelialization was complete in all three
groups, and the skin tissues in all three groups were
regenerated in the form of the basic structure of the epithelial
and dermal layers (Figure 7A). The skin appendages were
noted in the PAN/PEO/5% CA and PAN/PEO groups, while
no obvious skin appendages were detected in the center of the
wound tissue in the control group, indicating less complete
healing. Compared with the PAN/PEO group, the PAN/PEO/
5% CA group had a thicker epidermal layer. In addition, the
dermal reticular layer in the PAN/PEO/5% CA group
displayed a darker color than that in the other two groups,
indicating that the healed tissue was closer to the surrounding
undamaged tissue. These results demonstrated that the PAN/
PEO/5% CA nanofiber could be an excellent candidate for
antibacterial wound dressing.

During wound repair, collagen is synthesized by fibroblasts,
which constitute the primary component of the extracellular
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Figure 6. Wound healing process after infection. (A) Images of wound areas in the control, PAN/PEO, and PAN/PEO/5% CA groups at various
time intervals. (B) Wound healing curves of control, PAN/PEO, and PAN/PEO/5% CA groups from days 4 to 10.
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Figure 7. Histological images of S. aureus-infection wound tissue on day 10. (A) H&E staining. (B) Masson’s trichrome staining.

matrix. The synthesis of collagen can effectively facilitate
wound healing, and the degree of wound healing can be
assessed by the amount of collagen deposited at the wound

93¢ Collagen deposition was evaluated through Masson’s

site.
trichrome staining: blue indicates collagenous fiber, and red

indicates muscle fibers. As shown in Figure 7B, the skin tissues

displayed collagen deposition after healing for 10 days, and the
color of the damaged healing area in the PAN/PEO/5% CA
group was the darkest, whereas the color of the control group
was the lightest, indicating that the group treated with PAN/
PEO/5% CA had the greatest amount of collagen deposition.
These results indicated that the S. aureus-infected skin wounds
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Figure 8. Transcriptomic analysis of S. aureus after PAN/PEO/5% CA and PAN/PEO treatment. (A) Differential expression was identified by llog,
(fold change)l > 1 and FDR < 0.05. Downregulated DEGs are labeled with a green circle, upregulated DEGs with a red circle, and unchanged genes
with a gray circle. (B) Heatmap of the hierarchical clustering based on 391 DEGs. Al, A2, and A3 represent the three replicates of the PAN/PEO
treatment group, while B1, B2, and B3 represent the three replicates of the PAN/PEO/5% CA treatment group. Red and blue indicate up- and

downregulated DEGs, respectively.

in the PAN/PEO/5% CA group healed better than those in
the other groups.

3.8. Transcriptomic Analysis Reveals Potential PAN/
PEO/CA Nanofiber Membrane Regulation in S. aureus.
3.8.1. Identification of DEGs. The objective was to study
specific genes related to S. aureus infection and better
understand the molecular mechanism of PAN/PEO/CA in
the process of S. aureus-induced wound infection. The effect of
PAN/PEO/CA on the gene expression of S. aureus was
assessed at the transcriptome-wide scale. Total cellular RNA
samples were extracted from the PAN/PEO/5% CA and
PAN/PEO groups for RNA sequencing. According to the
criteria of a llog, (fold change)l value > 1 and FDR < 0.05, 391
genes were identified as DEGs. Between the PAN/PEO/5%
CA and PAN/PEO groups, 161 genes were upregulated, and
230 genes were downregulated (Figure 8A). Of the DEGs, 2
upregulated genes and 1S significantly downregulated genes
displayed a llog, (fold change)l > 3. According to the gene ID
and gene name of the NCBI database, 2 upregulated genes
encoded hypothetical proteins and YhgE/Pip domain-contain-
ing proteins, whereas 15 downregulated genes encoded phage
holin, 2 phage tail proteins, bicomponent gamma-hemolysin
HIgAB subunit A, complement convertase inhibitor Ecb,
alcohol dehydrogenase AdhP, TDT family transporters,
glutamate synthase large subunits, CHAP domain-containing
proteins, bicomponent gamma-hemolysin HlgCB subunit C, 2
hypothetical proteins, DoxX family proteins, complement
convertase inhibitor Efb, and immunoglobulin-binding protein
Sbi.

The DEG profile was examined under PAN/PEO/5% CA
treatment conditions, for which DEGs with similar metabolic
functions were clustered by hierarchical clustering analysis
using FPKM values. Clustering analysis demonstrated that the
DEG expression patterns of S. aureus were distinctly altered by
PAN/PEO/5% CA treatment (Figure 8B).

3.8.2. GO Analysis, KEGG Analysis, and Hub Gene
Screening. GO analyses were conducted to classify the
functions of the DEGs identified by RNA sequencing. As
shown in Figure 9A, metabolic process, cell, and catalytic
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activities were the largest subgroups enriched for upregulated
DEGs in the BP, CC, and MF categories. Moreover, cellular
process, cell, and catalytic activity were the largest subgroups
enriched for the downregulated DEGs in terms of biological
processes, cellular components, and molecular functions.

We further elucidated the functions of these DEGs and
explored their enriched metabolic or signal transduction
pathways. In addition, the DEGs were mapped to terms
from the KEGG pathway database. Among the top 20
downregulated enriched KEGG pathways, the DEGs were
significantly enriched for S. aureus infection, ABC transporters,
and the two-component system (Figure 9B). Cytoscape was
applied to calculate the 10 nodes of DEGs, which were the
most highly expressed when the MCC method was used, as
shown in Figure 9C. rplA, rplS, rpsN, rpIL, rpsT, rpmH, rpsU,
BTN44-RS12950, adhE, and gltB were identified as hub genes.

4. DISCUSSION

S. aureus is a widely distributed Gram-positive bacterium that
usually colonizes skin tissue and nasal mucosa. It is the main
pathogen of hospital infections and can easily lead to local
purulent infections of the skin and soft tissue. Therefore, it is
essential to investigate antimicrobial materials to treat S. aureus
infection. We developed and successfully evaluated a new
PAN/PEO-based nanofiber scaffold loaded with CA (PAN/
PEO/CA). Fabrication of CA-incorporated nanofibers did not
change the orientation or morphology of the nanofiber
membranes. The successful embedding of CA into the
electrospinning nanofiber membrane was also confirmed
through FTIR analysis. Compared with those with pure
PAN, PAN/PEO exhibited significant hydrophilicity, which
gradually decreased with increasing CA concentration. The
hydrophilicity of the material enables the dressing to effectively
remove the fluid from the wound, which is crucial in the design
and development of a dressing. Hesperidin-loaded PAN/PEO
nanofibers were fabricated and evaluated for wound dressing
application and were found to promote skin regeneration more
effectively than hesperidin-free nanofibers.”* Therefore, PAN/
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PEO nanofiber mats can be used as potential drug carriers to
serve as wound dressings.

Diftusion and oscillation methods were used to evaluate the
antimicrobial activity of the nanofiber membrane. Our results
indicated that PAN/PEO/CA displayed antibacterial and
antifungal activity against S. aureus, E. coli, S. typhimurium, B.
subtilis, C. albicans, and A. fumigatus, and antimicrobial activity
became stronger with increasing concentrations of CA when
pure PAN nanofiber membranes and PAN/PEO nanofiber
membranes displayed nearly no antimicrobial effect. The
antimicrobial effects against Gram-negative and -positive
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bacteria and fungi were consistent with the literature.””** CA
has been extensively studied and shown to possess strong
antibacterial properties against both Gram-positive and Gram-
negative bacteria. Its mechanism of action involves several key
pathways, including disruption of the bacterial membrane,
inhibition of efflux pumps, and inhibition of membrane
ATPases.” Studies investigating the antifungal effects of CA
have demonstrated that its phenolic —OH group is essential for
its activity. The hydrophobicity conferred by the aromatic ring
enables CA to penetrate and damage membranes, resulting in
high antifungal activity.*’
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The anti-S. aureus mechanism was studied by SEM, TEM,
and RT-PCR. SEM and TEM micrographs revealed that CA
disrupted the structural integrity of the cell wall. TEM revealed
that S. aureus treated with the CA extract exhibited a shrunken
cytoplasm and leakage of cell contents. Intercellular poly-
saccharide adhesins (polysaccharide intercellular adhesin, PIA)
play a crucial role in the formation of biofilms. PIA is encoded
by the icaA gene. Research has shown that the icaA gene is
regulated by the agrA gene and sarA gene, and the expression
levels of these genes are reduced to suppress biofilm formation
in S. aureus."""> The RT-PCR results demonstrated that the
expression of biofilm-related genes (icaA, agrA, and sarA)
decreased in the PAN/PEO/5% CA group compared to that in
the PAN/PEO group. These findings suggest that PAN/PEO/
CA has the potential for application as an antibacterial
nanofiber membrane against S. aureus and inhibits the
formation of S. aureus biofilms in vitro.

The antibacterial and prohealing effects of the PAN/PEO/
5% CA nanofiber membranes were evaluated in a rat model of
S. aureus-induced wound infection, and the PAN/PEO/5% CA
group displayed less purulent infection on day 2, indicating
that the PAN/PEO nanofibers loaded with CA can effectively
inhibit the growth of S. aureus. On the other hand, the PAN/
PEO nanofiber membrane also has the effect of adsorbing
exudate. Comparing the time required for complete wound
repair between the different groups, it was evident that the
PAN/PEO/5% CA group exhibited the fastest and best repair
results. To further confirm the repair effect of PAN/PEO/5%
CA, H&E staining and Masson’s trichrome staining were used
to observe the generation of skin appendages and collagen,
respectively. These findings explain the good repair effect of
PAN/PEO/5% CA from a pathological perspective.

Infection was negatively associated with the healing status of
wounds,” and skin infections in mice delayed the wound
healing process compared to that in uninfected wounds.**
Lactobacillus johnsonii and vitamin D supplementation could
provide a valuable strategy for attenuating S. aureus-induced
pathogenesis and promoting wound healing.** Similarly, we
used a PAN/PEO nanofiber membrane with CA to reduce S.
aureus infection and facilitate healing. Our RNA sequencing
results revealed that compared with PAN/PEO, the PAN/
PEO/5% CA nanofiber membrane downregulated the KEGG
pathway enriched in the two-component system and S. aureus
infection. These findings further indicate that the PAN/PEO/
CA nanofiber membrane could promote the healing of skin
wounds infected with S. aureus, providing a new strategy for
the treatment of infected wounds.

5. CONCLUSIONS

In this research, a novel PAN/PEO/CA nanofiber membrane
with antibacterial ability was successfully synthesized for
promoting the wound healing of full-thickness skin infection
with S. aureus via an electrospinning technique. It was
demonstrated that the PAN/PEO/CA nanofiber membrane
possessed a larger diameter and rougher surface. More serious
damage to the biofilm structure was accompanied by a rise in
antimicrobial activity with an increasing CA concentration in
vitro. In an S. aureus-infected full-thickness skin wound healing
model, the PAN/PEO/CA nanofiber membrane helped to kill
bacteria and reduce purulent infection, promote re-epithelial-
ization and subsequent deposition of collagen, and forming the
structure of skin appendages such as hair follicle to accelerate
the healing rate of wounds. The downregulated KEGG

pathway analysis further revealed that the DEGs were
significantly enriched in the two-component system and S.
aureus infection. The PAN/PEQO/CA nanofiber membrane
showed effective antibacterial and wound-healing activity and
can be used as a potential candidate material for wound
healing. In future research, the ratio of PAN to PEO can be
adjusted to detect their fiber morphology, porosity, and
hydrophilicity, laying a foundation for better materials for
dressings. Moreover, the antibacterial and skin wound recovery
effects of using PAN/PEO as a carrier and loading other
antibacterial components will be studied.
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