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Antimicrobial peptides (AMPs) are a new class of promising antibacterial agents. We
prepared electrospinning chitosan (CS)-polyethylene oxide (PEO) nanofiber membranes
containing different concentrations of an antibacterial peptide NP10. The average
diameter of nanofibers increased with the total concentration of NP10. The FTIR shows
that all the peaks of CS-PEO nanofiber membranes with different concentrations of
NP10 were almost the same as those of pure CS-PEO nanofiber membranes, and
only the peak intensity changes. Adding NP10 can improve the thermal stability of
CS-PEO nanofiber membranes. In the in vitro release experiment, NP10 was released
from the CS-PEO-0.5%NP10 nanofiber membrane in a burst first and then slowly
and continuously. Simultaneously, the CS-PEO-NP10 nanofiber membrane had good
antibacterial activity against Escherichia coli and Staphylococcus aureus and good
biocompatibility. In animal wound healing experiments, CS-PEO-0.5%NP10 nanofiber
membrane had advantages over gauze and CS-PEO nanofiber membrane in wound
healing. These properties may provide a choice for the clinical application of AMPs and
treatment of wound infections.

Keywords: chitosan, antibacterial peptide, electrostatic spinning, antibacterial agent, wound infection

INTRODUCTION

Worldwide, armed conflict is a significant contributor to the global burden of disease (Murray
et al., 2002). Conflict-related injuries often result in contaminated soft tissue and bone, leading
to severe infection and death (Fares et al.,, 2013; Blyth et al., 2015). The cornerstones of war
wound management are surgical intervention and antibiotic therapy. Surgical interventions,
mainly debridement of devitalized or infected tissue, are performed according to treatment
principles for traumatic wounds (Giannou and Baldan, 2010). In war environments, wound care
may not only be delayed but may also need to be self-administered or facilitated by untrained
personnel (Champion et al., 2003). In this case, antibiotic therapy is critical. Antibiotic treatment
is utilized both as perioperative prophylaxis and as part of the treatment of wound infections
(Giannou and Baldan, 2010; Sahli et al., 2016). However, the over and misuse of antibiotics
increase the rate of antibiotic resistance globally (World Health Organization, 2014; Sahli et al,,
2016), threatening the effectiveness of available antibiotics. With the rise in antibiotic-resistant
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superbugs such as methicillin-resistant Staphylococcus aureus
(MRSA), the infections caused by drug-resistant pathogens
prolong the treatment duration and increase the nursing costs
(Rice, 2008; Infectious Diseases Society of America (IDSA) et al,,
2011). Therefore, there is an imperious need for new alternative
antibacterial materials and approaches to treat and prevent
multidrug-resistant infections.

Several new antibacterial methods have merged in recent
years, including metal ions/oxides, quaternary ammonium
compounds, and antimicrobial peptides (AMPs) (Marti et al.,
2018). AMPs are a new and promising class of antimicrobial
agents with a low tendency to induce resistance in vitro
(Hancock, 1997; Zasloff, 2002; Gordon et al., 2005). AMPs
exhibit little drug resistance and other significant advantages,
involving high efficiency, rapid sterilization, small molecular
weight, appropriate thermal stability, no immunogenicity, and
low sensitivity to enzymatic hydrolysis (Dewangan et al., 2018;
Zhao et al., 2018). To date, hundreds of AMPs have been
discovered, which generally cationic peptides with 10-50 amino
acids in length. However, AMPs need to overcome several vital
problems before clinical application. These AMPs are cationic
and amphiphilic. It can also bind host components, such as
extracellular proteins, lipoproteins, etc. This characteristic leads
to a decrease in the bioavailability of AMPs. Some of these
peptides have shown harmful side effects at active antimicrobial
concentrations, such as lysis of red blood cells (Johansson
et al., 1998; Pacor et al.,, 2002). When the chemotactic activities
of cathelicidin, defensin, and chemokine overlap, the innate
immunity will be affected. And its wound-healing ability may be
impaired (Andersson et al., 2016). Besides, there are reports in
the literature that AMPs have nephrotoxicity and neurotoxicity
when administered intravenously. Thus, local delivery of drugs or
AMPs in a spaced and sustainable way has a significant advantage
over a systemic administration. It improves the effectiveness of
antimicrobial treatment and selective targeting and reduces side
effects on tissues.

An optimal dressing for local delivery is defined as
maintaining high humidity at the wounded site while removing
excess exudate. Simultaneously, it is non-toxic or non-allergenic,
prevents microbial invasion, allows oxygen exchange, comfort,
and low cost (Jones et al, 2006; Abrigo et al, 2014).
Electrospinning is a mature technology that can stably produce
fibers in the sub-micron range. It also has a too high surface-
to-volume ratio, adjustable porosity, and ductility to adapt
to various sizes and shapes. The ability to control the fiber’s
composition to achieve desired properties and functionality
could contribute significantly to our work (Huang and Chang,
2003; Lannutti et al., 2007; Liang et al., 2007; Hunley and
Long, 2008; Abrigo et al., 2014). It also avoids wound healing
interference, reducing bacterias resistance and the frequency
of dressing changes (Jannesari et al., 2011). Electrospinning
has recently been recognized as the latest method that can
be effectively combined with AMPs (Mangoni et al, 2016;
Felgueiras and Amorim, 2017). At present, there are few
reports of combining antimicrobial peptides with electrospinning
(Dart et al, 2019). In the process of electrospinning, the
choice of carrier polymer is also crucial. The wrong choice

may result in low burst release or no release at all, and
AMP inactivation reduces drug absorption. For example,
polycaprolactone nanofiber membrane loaded with AMP loses
antibacterial properties (Dart et al., 2019). Chitosan (CS) and
polyethylene oxide (PEO) have excellent properties, such as
non-toxic, biodegradable, and biocompatible. Besides, CS has
hemostatic activity and anti-infective ability (Jin et al., 2002; Fan
et al., 2016; Guan et al.,, 2016; Li et al., 2016). So far, there have
been many reports on the successful preparation of CS-PEO
nanofiber membranes, such as the addition of lauric arginate
(Deng et al., 2018) and ZIF-8 nanoparticles (Kohsari et al., 2016a)
for antibacterial and food safety CS-PEO nanofiber membranes.
However, there is no report on AMPs and CS/PEO’s effective
combination to prepare nanofiber membranes (Dart et al., 2019).
In this study, CS and PEO were selected as the materials for
preparing wound dressings loaded with AMP NP10.

According to statistics by Dar et al., among the 18 studies
that have been reported to combine AMPs with electrospinning
technology effectively, only nine have conducted in vitro
biocompatibility experiments. And there are fewer in vivo
experiments, with only three studies. In our research, we
prepared electrospun CS-PEO nanofiber membranes containing
different concentrations of antimicrobial peptide NPI0.
We will systematically study its characterization, in vitro
biocompatibility, antibacterial ability, and wound healing ability
in animals. It can provide a new possibility of an effective
combination with CS-PEO nanofiber membrane for the clinical
application of AMPs. And add evidence for the nanofiber
membrane loaded with AMPs to treat wound infections and
promote wound healing.

MATERIALS AND METHODS

Materials

Antibacterial peptides NP10 synthesized by the NANOPEPTIDE
Bio-Technology Co., Ltd. (Qingdao, China). Chitosan (Mw =
1.2 x 10°~1.5 x 10°) was purchased from the Haili Biological
Products Co., Ltd. (Laizhou, China). Polyethylene oxide (Mw =
4 x 10°) was purchased from the West Asia Chemical Co., Ltd.
(Jinan, China). Acetic acid was purchased from the Far East Fine
Chemical Co., Ltd. 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were from Aladdin Industrial Co.,
Ltd. (China). Hacat cells were purchased from the Procell Life
Science&Technology Co., Ltd. (Wuhan, China) and cultured in
RPMI 1640 medium (Solarbio, China) supplemented with 10%
fetal bovine serum (Hyclone, USA), 100 U/mL penicillin and 100
mg/mL streptomycin. Cells were maintained at 37°C with 5%
CO; in a humidified incubator. Staphylococcus aureus (S. aureus)
and Escherichia coli (E. coli) were obtained from Weifang Medical
University. All other chemicals used were of analytical grade and
were obtained from Chemical Reagent Co., Ltd. (Beijing, China).

Fabrication of the Nanofiber Membranes

Chitosan and polyethylene oxide were mixed and dissolved in
a 1% acetic acid solution at a ratio of 50:50 to prepare a 30
mg/mL solution. Then put it on a magnetic stirrer overnight
to form a homogeneous solution. In the same way, we added
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1, 3, and 5 mg/mL antibacterial peptides NP10 on this basis
so that they form a uniform solution under magnetic stirring.
The electrostatic spinning machine (Ucalery) was purchased
from Beijing Yongkang Leye Technology Development Co.,
Ltd. A constant electric field of 10 kV was applied to the
polymer solution. The collector was placed 18cm from the
polymer solution. We used a 10 mL syringe to load the polymer
solution and prepared the nanofiber membrane at a speed of
0.04 mm/min. The relative humidity was kept constant, 25 =+
5%, and the temperature was 25 + 5°C. We prepared four
groups of CS-PEO, CS-PEO-0.1% NP10, CS-PEO-0.3% NP10,
and CS-PEO-0.5% NP10 nanofiber membranes.

Scanning Electron Microscopy of

Electrospun Fibers

Images of the nanofibers were recorded with a JEOL JSM 3600
(UK) scanning electron microscope (SEM). Samples were coated
with a thin layer of gold to increase conductivity. Fiber diameters
were determined using the Image J software, with a minimum of
50 measurements per sample from samples electrospun.

Fourier Transform Infrared (FT-IR)
Spectroscopy Analysis

The prepared nanofiber membrane’s chemical structure was
characterized using Fourier transform infrared spectrometer
(FT-IR, VERTEX70, Bruker AXS, Germany). The spectra were
obtained in the range of 500-4,000 cm™!. The products of the
nanofiber membrane were stored at an ambient temperature
of 25°C.

Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TA-60WS, TA, USA) was used to
determine the thermogravimetric analysis of pure materials and
nanofiber membranes. In a dry nitrogen atmosphere, the sample
was scanned in the temperature range of 40-600°C at a heating
rate of 10°C/min.

In vitro NP10 Release Experiments

The CS-PEO nanofiber membrane containing 0.5 % NP10
was used to study the release property. The amounts of drug
released from the nanofiber membrane were determined by UV-
visible spectrophotometer at wavelength 220 nm. Each specimen
(30mg) was immersed in 8 mL phosphate buffer saline (PBS,
0.01 M, pH = 7.2-7.4) and was then shaken in an incubator for 15
days at 37°C. To evaluate drug molecules’ accumulative release,
the solution (1 mL) was extracted at different time intervals, and
fresh PBS (1 mL) was instead added into the release solution
for continuing incubation. All the experiments were performed
in triplicate.

Hemolysis Assay of Nanofiber Membrane

We perform the hemolysis assay using fresh, healthy human
blood, and the blood sample is from the PLA 960th Hospital. We
collect the erythrocytes via centrifugation at 1,500 rpm for 10 min
and wash three times with saline. We prepare the stock dispersion
by mixing 3 mL of centrifuged erythrocytes into 11 mL of saline.
We put a 6 mg nanofiber membrane into 1 mL physiological

saline to obtain the extract. We add 100 jLL of a section to 1 mL
of stock dispersion, then we mix the solutions and incubate them
for 3h at 37°C. Further, we measure the percentage of hemolysis
by UV-vis analysis of the supernatant at 540 nm absorbance after
centrifugation at 12,00 rpm for 15min. Saline is the negative
control, and pure water (18.2 Mf2ecm) is a positive control. We
calculate the percentage of hemolysis with the following formula:

AS — AN

— x 100%
AP — AN

hemolysis (%) =
where AS is the absorbance resulting from the addition of
nanofiber membrane extract to the erythrocyte suspension, AN
is the absorbance following the addition of saline as a negative
control, and AP is the absorbance following the addition of pure
water as a positive control.

MTT Assay

To investigate the potential cytotoxicity of the nanofiber
membrane, the cell viability was analyzed by using the Hacat
cell lines in an MTT assay. Hacat cells were seeded into 96-
well plates at a concentration of 1 x 10* cells/well. Cells were
incubated at 37°C and 5% CO, for 24 h, and then the culture
medium was removed. A 6 mg nanofiber membrane sample was
UV-sterilized and added to 1 mL of culture medium to prepare
the leachate. The pure medium was used as the control group,
and the leachate was used as the experimental group. Then add
them to the corresponding wells. Cells were cultured for 24 h.
Next, 10 pL of MTT (5 mg/mL) was added to each well. After
the incubation for 4 h, 100 L DMSO was appended to each well
to dissolve MTT crystals. Samples were analyzed in triplicates
for each experiment. The samples’ absorbance was measured at
a wavelength of 490 nm by a Microplate reader (Bio TekEIx800,
Winooski, USA). The relative cell viability (%) was calculated
using the following equation:

ODsample — ODblank

100%.
ODcontrol — ODblank x K

Cell viability (%) =

Antibacterial Property

Use the inoculating ring to scrape the S. aureus strains and
place them in a conical flask containing 6 mL of LB broth. It
was cultured in a shaker at 37°C for 12 h. Prepare agar medium
containing LB broth. After cooling, use a sterile cotton swab to
dip the culture solution containing S. aureus in the Erlenmeyer
flask and apply it evenly on the medium’s surface. The nanofiber
membrane with a diameter of 6 mm was then placed on a culture
plate uniformly coated with a broth containing S. aureus. The
diameter of the zone of inhibition was measured after 1 and 7
days. Similarly, the inhibition zone of the nanofiber membrane
on the E. coli culture medium was measured.

Animal Wound Model and Histological

Analysis

We used Sprague-Dawley (SD) female rats (Qingdao Daren
Fortune Animal Technology Co., Ltd, China) aged 8 weeks
with an average weight of 250 g to evaluate the effect of wound
dressings. We randomly (random number table method) divided
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the rats into three groups according to the materials, which
were CS-PEO, CS-PEO-0.5%NP10, and gauze group. In the
0.1, 0.3, and 0.5% NP10 nanofiber membrane group, the CS-
PEO-0.5%NP10 group has better morphology and antibacterial
properties than the other two groups. So we chose the CS-PEO-
0.5%NP10 nanofiber membrane group for animal experiments.
Each group had six parallel samples. We anesthetized the rats
by injecting chloral hydrate 3.5% (10 mL kg™ in the abdominal
cavity. We prepared one full-thickness round 1.0 cm diameter
wounds by removing dorsal flank skin from the anesthetized
rats. After infecting the wounds with S. aureus (1 x 10 8 CFU
mL~!, 200 wL) for 30 min, we covered the materials on each
rat’s dorsal injuries. For histological analysis, we gathered wound
tissues from each group of rats on post-operative day 7 and day
14. We put the tissues in a 4% paraformaldehyde solution. We
obtained isometric continuum cut sections using a microtome in
vertical planes of each fixed tissue and stained them with H&E.
All animal experiments complied with the ARRIVE guidelines
and were carried out by the U.K. Animals (Scientific Procedures)
Act, 1986 and associated guidelines, EU Directive 2010/63/EU for
animal experiments.

Statistical Analysis

The data were presented as mean £ SD, and Student’s ¢-test
was performed for comparisons. P-values were obtained using
SPSS 18.0 (SPSS, Chicago, IL, USA). The level of significance was
defined as P < 0.05.

RESULTS AND DISCUSSION

Characterization of NP10-CS/PEO

Nanofibers

Although chitosan is an excellent material for developing drug
delivery systems, including nanofibers, the electrospinability of
chitosan is limited (Pakravan et al., 2011). The “spinnability”
of chitosan can be improved by blending chitosan with a non-
ionic polymer such as PEO (Rosic et al., 2012). The smooth
nanofibers can be obtained when the ratio of CS to PEO is
50:50 (Zupanci¢ et al., 2016). The nanofiber membranes we
prepared are shown in Figure 1. The nanofibers without NP10
contained several beads with a diameter of 53.93 &+ 17.07 nm.
The appearance of beading may be related to the precise
control of environmental parameters. The relative humidity
and temperature of the electrostatic spinning environment
parameters reported by Zupancic et al. (2016) are 15 £ 5% and 30
=+ 5°C, respectively. With the addition of NP10 and an increase
in concentration, nanofibers’ beading continued to decrease, and
the diameter increased to varying degrees. The viscosity of pure
CS-PEO solution is 4.63 & 0.21 mPa-s, and the viscosity of CS-
PEO solution with 0.1, 0.3, and 0.5% NP10 is 4.72 £ 0.23 mPas,
4.88 £ 0.31 mPa-s, 4.97 & 0.19 mPa-s, respectively. When more
NP10 was added to the solution, the viscosity became higher.
This may be attributed to the increase in diameter. As shown in
Figure 1, CS-PEO nanofibers containing 0.5% NP10 had a better
morphology. According to reports, nanofibers with a diameter
of <100 nm have a large surface area. So they have tremendous
potential to adhere to surfaces than thicker nanofibers or polymer

films (Zupancic¢ et al.,, 2016). Therefore, the CS-PEO nanofiber
membrane containing NP10 has excellent prospects.

FTIR was used to investigate the molecular interactions
between NP10 and CS -PEO nanofiber membranes.
Figures 2A,B showed the FTIR spectrum of the CS-PEO-
NP10 nanofiber membranes compared to chitosan, PEO, and
NP10 powders. In the FTIR spectrum of pure CS-PEO nanofiber
membrane, the absorption band at 2,885 cm ™! is related to C-H
stretching vibration. The two peaks at 1,477 and 1,355 cm ™! are
attributed to the vibrations of amide N-H and C-H groups of
CS. The peaks at 1,100 cm ! due to C-O-C; 839 cm ™! related to
the PEO backbone’s helical conformation. NP10 is a polypeptide
rich in arginine and histidine. All the peaks of CS-PEO nanofiber
membranes with different concentrations of NP10 were almost
the same as those of pure CS-PEO nanofiber membranes, and
only the peak intensity changes. This shows that the addition of
NP10 did not change the chemical structure between CS-PEO.
The polyether groups of PEO can form hydrogen bonds with
the amino groups or hydroxyl groups of chitosan (Zupancic
et al.,, 2016). The amino groups and hydroxyl groups of arginine
and histidine in NP10 may enhance this change together with
chitosan. According to similar reports by Zupancic et al. (2016)
and Deng et al. (2018), this may be the reason for the change in
peak intensity in the FTIR spectrum.

To evaluate the thermal stability of the CS-PEO-NP10
nanofiber membrane, a TGA analysis was performed. The graph
is shown in Figure 2C. NP10 may have sustained weight loss due
to degradation at about 200-460°C. The TGA thermogram of
the nanofiber membrane shows three areas of weight reduction.
According to reports, the first zone is between 50 and 150°C,
which may be attributed to the melting temperature of PEO and
the evaporation of water and acetic acid remaining in the film
(Fazli and Shariatinia, 2017). The second area around 300°C may
be related to the degradation of chitosan and NP10. The third
area is around 380°C, and the cause may be associated with the
degradation of PEO and NP10 (Zupancic et al., 2016). It can be
seen from the TGA graph that the weight loss percentage of NP10
was the lowest at 71.33%, which indicated the highest thermal
stability. The weight loss percentage of the CS-PEO nanofiber
membrane was 84.36%, and the weight loss percentage decreased
by 6.05% after adding 0.5% NP10. The result demonstrates that
adding NP10 can improve the thermal stability of the CS-PEO
nanofiber membrane. Strong intermolecular hydrogen bonding
and electrostatic interactions between the functional groups of
CS and PEO polymers and NP10 drugs may produce a strong
network, resulting in a nanocomposite membrane with higher
thermal stability than pure CS-PEO nanofibers.

The in vitro release of NP10 in CS-PEO-0.5% NP10 within
15 days, and the result is plotted in Figure 2D. It was observed
that for the CS-PEO nanofiber membrane containing 0.5% NP10,
the drug release increased sharply in the first 24 h (burst release).
In the early 8h, the average cumulative release of NP10 from
nanofibers was 33.4%, and the average cumulative release within
24h was 57.1%. After 4 days, the drug will be released very
slowly or almost continuously (sustained-release). At 15 days,
the average cumulative drug release reached 88.4%. The release
mechanism of NP10 from the CS/PEO nanofiber membrane
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FIGURE 1 | SEM images and fiber diameter(nm) distribution of CS-PEO nanofibers prepared from various contents of NP10: (A) 0%, (B) 0.1%, (C) 0.3%, and (D)
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FIGURE 2 | (A) FTIR spectroscopy of the CS, PEO, and NP10 powders. (B) FTIR spectroscopy of CS-PEO nanofiber membranes containing different amounts of
NP10. (C) TGA diagrams of NP10, CS-PEO and CS-PEO-0.5%NP10 nanofiber membranes. (D) In vitro release profile of NP10 (plotted as a function of percentage
cumulative release vs. time) from CS-PEO-0.5%NP10 nanofiber membrane at different time (n = 3).

involves the polymer matrixs swelling and erosion (Rajabi-
Siahboomi et al., 1994). When the swellable nanofibers are
in contact with the medium, water diffuses into the polymer
matrix. It acts as a plasticizer, reducing the polymer-glass
transition temperature, leading to glass-rubber transition, gel
formation, and polymer chain relaxation (Caccavo et al.,, 2016).
The hydrophilicity of PEO makes it dissolve in PBS, so the
pore size of the CS/PEO nanofiber membrane matrix increases
(Dart et al,, 2019). Due to extensive swelling and matrix erosion,
the antimicrobial peptide diffuses out of the CS/PEO nanofiber
membrane polymer matrix. The initial burst release may be due
to the immediate contact between the nanofiber membrane and
the dissolution medium and the leaching of the drug molecules in
close contact with the nanofiber membrane’s surface. The longer-
term extended-release may be due to the more resonant diffusion
of drug molecules in the membrane (Ajmal et al., 2019). It is
known to apply sterile dressings to wounds to promote healing
and prevent further injury. It is also often used in first aid and

nursing, so the wound environment must be treated quickly and
then continuously (Kohsari et al., 2016b). This indicates that the
CS-PEO nanofiber membrane loaded with NP10 can be used as a
suitable drug delivery system for biomedical purposes.

From the electrospinning studies of blended solutions
completed so far, it seems that hydrophilic polymers are more
compatible with AMPs than hydrophobic polymers. Currently,
commonly used polymers blended with AMP for spinning
include PVA, PEO, etc. This may be due to the more favorable
interaction between the hydrophilic polymer and the peptide
or the less irritating solvent usually used in the hydrophilic
polymer’s electrospinning. The hydrophilicity of PEO not only
helps to release peptides through dissolution effectively, but
it can also be spun with polar and non-polar solvents (Dart
et al., 2019). However, hydrophobic polymers such as PCL will
not swell unless other surface-active hydrophilic polymers are
co-spinned into the fiber system (Han et al, 2017). It has
been proven that PCL nanofibers lose antibacterial properties
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Day 1

control group and between the experimental group, *P < 0.05.

FIGURE 3 | (A) Inhibition zones of S. aureus and E. coli on the first and seventh days. The CS-PEO nanofiber membranes contains different amounts of NP10, where
SA represents S. aureus and EC represents E. coli [(1) 0%; (2) 0.1%; (3) 0.3%; (4) 0.5% of NP10]. (B) Calculated suppression zone diameter in (A). Compared with the
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when combined with AMP (Eriksen et al., 2013). The optimal
solvent/polymer combination of AMP is critical to its function.
At present, there is no report of CS and PEO spinning together
with AMP. In the future, more new polymer combinations and
other critical biocompatible polymers should be explored, such
as polyurethane, poly(N-isopropylacrylamide), and polystyrene
(Grace et al., 2017).

Antibacterial Activities Analysis

The antibacterial activity of CS/ PEO nanofiber membranes,
containing various amounts of NP10 against Gram-positive S.
aureus and Gram-negative E. coli, was tested by the inhibition
zone test.

As shown in Figure 3, no inhibition zone was observed
around the membrane composed of NP10-free nanofibers.
However, there was a significant inhibition zone around the
NP10-loaded nanofiber composites. Compared with the control
group, each group containing NP10 had a statistical difference in
the inhibition zones diameter. This indicates that the nanofiber
membrane loaded with NP10 can inhibit bacteria’s growth and
has vigorous antibacterial activity. The higher the concentration

of NP10 in the fiber, the larger the inhibition zone formed around
the nanofiber membrane. There was no statistical difference in
the inhibition zone’s diameter between the nanofiber membranes
loaded with 0.1% NP10 and 0.3% NP10. However, these two
groups were statistically different from the group loaded with
0.5% NP10 on the first day. The nanofiber membrane loaded with
0.5% NP10 had the most potent antibacterial properties.

We observed and measured the inhibition zone size of each
nanofiber membrane on the seventh day. The diameter of the
inhibition zone of the nanofiber membrane group loaded with
0.3% NP10 decreased. No matter of E. coli or S. aureus, the
inhibition zone’s size around other group nanofiber membrane
measured on the seventh day was similar to that on the first
day. This indicates that long-acting when the width of the
zone of inhibition increases with time. Meanwhile, the results
showed that the area of inhibition of E. coli was usually more
extensive than that of S. aureus. It can be attributed to the more
substantial effect of the CS-PEO-NP10 nanofiber membrane
on E. coli. This is mainly due to the structural differences
between Gram-positive and Gram-negative bacteria on the cell
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FIGURE 4 | (A) Photographs of fresh human blood incubated with different concentrations of CS-PEO-NP10. (B) Hemolysis ratio of different concentrations of
CS-PEO-NP10. (C) MTT assays of CS-PEO-NP10 nanofibers with different amounts of NP10. The data represented mean and standard deviations of the 6 samples.
Compared with the control group, *P = 0.025.

wall. The cell walls of gram-positive bacteria are very thick  exact mechanism of their interaction with membranes and cells
(15-30 nm), rich in peptidoglycans and other polymers, such  is still not fully understood. It is generally believed that peptides
as neutral polysaccharides, teichoic acids, teichuronic acids, initially interact with microbial membranes through electrostatic
lipoteichoic acids, and glycolipids. Gram-negative bacteria are  interactions, and electrostatic interactions are achieved by the
composed of an outer membrane containing phospholipids,  cationic of AMPs and the net negative charge of bacterial
lipopolysaccharides, proteins, and a peptidoglycan layer between =~ membranes. When AMPs contact the membrane, hydrophobic
the inner and outer membranes. Gram-negative bacteria are  interactions play a crucial role, thus highlighting amphiphilicity
more involved in structure and chemistry than Gram-positive  as an essential mechanistic feature of this peptide family (Torres
bacteria. However, all bacterial membranes contain many et al, 2019). When the highly cationic amphiphilic peptides
negatively-charged molecules, which will affect their interaction  are arranged parallel to the membrane surface, the hydrophobic
with AMP (Yokoyama et al., 1988). In gram-positive bacteria,  region is located above the bilayer’s center. This causes the
D-alanylation of wall teichoic and lipoteichoic acids reduce the  lipid fatty acyl chains to move below the helical domain and
net negative charge and confers relative protection against AMPs.  is accompanied by the accumulation of fatty acyl chains and
S. aureus lacking D-alanine in lipoteichoic acids has increased =~ membrane thinning, leading to membrane lysis or peptide
cell surface electronegativity and is more sensitive to cations and  incorporation into cells. Solid-state NMR measurements in
pore-forming AMPs (Koprivnjak and Peschel, 2011). the presence of ergotin and other amphiphilic peptides did
At present, there are many mechanisms of AMPs, including  monitor the changes in order parameters within the lipid bilayer
carpet model, barrel wall model, ring hole model, etc.. The  consistent with this mechanism. The double-layer destruction
pores are formed through the interaction of peptides and  scope is far beyond the immediate area of the peptide inserted
lipids. Other specific or less common mechanisms of action of  into the membrane (Bechinger, 2015).
antimicrobial peptides include membrane thickening/thinning, A recent study showed that arginine-rich AMP MP196
charged lipid aggregation, nucleic acid-targeting, anion carriers, ~ competes with the association of surrounding membrane
and electroporation, non-cleavable membrane depolarization,  proteins. This effect may be driven by electrostatic interactions
and non-bilayer intermediates. Cationic amphiphilic AMPs are  and may further regulate the peptide’s surface on the membrane
well-known and have been studied for decades. However, the = (Wenzel et al., 2015). Similar to MP196, NP10 contains arginine
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CS-PEO

CS-PEO-0.5%NP10

FIGURE 5 | Animal models of wounds infected by S. aureus. Histological
images indicate skin tissues stained by H&E dissected in the post-operative
day 7 and day 14. Inserted photos show the macroscopic morphologies of
wounds. The control groups are treated with wound dressings of gauze, and
CS-PEO nanofibers, while the experimental group is treated with
CS-PEO-0.5% NP10 nanofibers as a wound dressing.

and histidine and is a cationic amphiphilic antimicrobial peptide.
The antibacterial mechanism may involve the AMPs with net
positive charges attracting the negative electrostatic charges on
the surface of bacteria, which adheres to the bacterial cell
membrane. It is then inserted into bacterial, causing the cell
membrane to rupture, destroying the bacterial cell membrane’s
integrity, and eventually leading to cell death.

Biological Safety of Nanofiber Membrane
To study biocompatibility, we tested the hemolytic properties of
human red blood cells (Figure 4). Hemolysis must be avoided
when used in materials in contact with blood, such as wound
contact dressings. When the nanofiber membrane concentration
NP10 is 0.5%, the hemolysis rate is higher, 8.86% (>5%), but
<10%. It shows that nanofiber membranes loaded with different
concentrations of NP10 have well-biocompatibility. Because
compounds that cause hemolysis <10% are considered non-
hemolytic or blood compatible, compounds that cause hemolysis
>25% are classified as hemolytic (Amin and Dannenfelser, 2006).
The hemolysis rate of other nanofiber membranes was <0.5%,
indicating a better biological safety.

HPA3NTS3, a positively charged AMBP, is electrospun together
with PEO into nanofibers, and its activity against S. aureus
and E. coli is not reduced. However, later studies have shown

that HPA3NTS3 is cytotoxic to Hacat cells, limiting its use in
wound healing applications (Dart et al, 2019). For further
clinical safety assessment, we tested the cytotoxicity of each
nanofiber membrane using Hacat cells. After the addition of
NP10 nanofiber membrane leachate at different concentrations,
we found no statistically significant difference in cell activity
between the control group and the control group at 24 h, which
implies that the nanofiber membrane leachate added with NP10
was non-cytotoxic. The CS-PEO nanofiber membrane group,
with higher cell viability, was significantly different from the
control group (P = 0.025). This demonstrates that the pure CS-
PEO nanofiber membrane is non-cytotoxic and may promote
cell proliferation.

Animal Evaluation

At present, many studies have proved that AMP also plays
a vital role in promoting cell migration and proliferation,
the production of chemokines and cytokines, and wound
healing. Human beta-defensins have antibacterial activity and
immunomodulatory function and promote endothelial cell
proliferation and keratinocyte migration and proliferation (Mi
et al., 2018). Plantaricin A has been proved to increase cell
proliferation and migration. It also can influence the expression
of transforming growth factor 1, fibroblast growth factor 7,
vascular endothelial growth factor A, and interleukin-8 in vitro
in human keratinocytes. Nisin Z has been shown to have
immunomodulatory activity and modulates the host immune
response similar to the natural host defense peptide (Wenzel
et al, 2015). To test the nanofiber membranes practical
applicability, we investigated the performance in skin wound
healing through a dorsal wound model of rats exposed to S.
aureus. We treated each rat with S. aureus to establish a bacterial
wound infection model. After that, we used CS-PEO-0.5% NP10
electrospun nanofiber membrane, CS-PEO nanofiber membrane,
and gauze (traditional wound dressing) as wound dressings.

To further investigate the process of wound healing, we
photographed infected full-thickness wounds on post-operative
days 7, 14. We examined the wound by histological analysis with
hematoxylin and eosin (H & E) staining (Figure 5). On day 7 after
surgery, scars formed on all wounds infected with S. aureus. The
damage treated with CS-PEO-0.5% NP10 nanofiber membrane
was smaller than other injuries. Histological images showed a
large number of inflammatory cells in all wounds, which implies
an inflammatory response.

After 14 days, the area of all wounds was significantly reduced.
The wound area of the CS-PEO nanofiber membrane group and
the CS-PEO-0.5%NP10 nanofiber membrane group was smaller
than that of the gauze group. The CS-PEO-0.5%NP10 nanofiber
membrane group had the smallest wound area, and some wounds
were healed. The histological image showed that it was close
to normal skin tissue. Elongated fibroblasts, epithelial cells, and
stratum corneum were present in all wound dressing groups
while varying numbers of inflammatory cells remained. The new
skin epidermal layer and dermal layer were well-delaminated.
The CS-PEO-0.5% NP10 group had more mature fibroblasts than
the CS-PEO group. The wound healing process’s main steps are
re-epithelialization and granulation tissue formation (Reynolds
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et al,, 2005; Xie et al., 2011). The migration and proliferation of
fibroblasts and epidermal cells are signals of re-epithelialization.
Elongated fibroblasts help to form mature fibrous granulation
tissue (Akasaka et al., 2004). Compared with the gauze group, the
CS-PEO group and the CS-PEO-0.5% NP10 group had more new
blood vessels. The formation of new blood vessels is significant
for the tissue remodeling process. It involves delivering and
penetrating various substances into the wound, such as oxygen,
nutrients, cells, and growth factors. Some studies have shown
that antimicrobial peptides used in wound treatment can enhance
new blood vessels’ formation. For example, Zefeng Lin fixes AMP
Tet213 on a substrate of alginate (ALG), hyaluronic acid (HA),
and collagen (COL) to form an ALG/HA/COL-AMP wound
dressing, which can promote the formation of new blood vessels
(Lin et al,, 2019). In short, the CS-PEO-0.5%NP10 nanofiber
membrane has advantages in promoting wound healing.
According to reports, three nanofiber studies on AMP were
tested in vivo on mouse wounds (Dart et al., 2019). Heunis et al.
first reported in 2013 an in vivo experiment using electrospinning
technology to spin AMP into nanofibers to treat skin infections
caused by bacteria. In a mouse model, PEO-PDLLA nanofibers
containing nisin can reduce the bacterial burden of wounds
infected by S. aureus and facilitate the healing time of uninfected
wounds. However, there is no difference between it and gauze
in the healing of infected wounds. That is, it cannot promote
the healing of infected wounds (Heunis et al,, 2013). Studies
by Sebe et al. have shown that PVA nanofibers combined
with AMP APO have successfully improved wound healing
in vivo. APO has prominent antibacterial properties against
Acinetobacter baumannii. In an in vivo mouse wound model, A.
baumannii was introduced into the wound to evaluate the wound
healing ability of AMP APO-loaded fibers. After AMP APO is
loaded into ESE it has an antibacterial effect and promotes the
healing of non-infected wounds and infected wounds. Besides,
non-infected wounds heal better than infected wounds (Sebe
et al., 2016). Chouhan et al. used PVA nanofibers mixed with
AMP LL-37 to treat non-infected injuries in a mouse diabetes
model. The wounds closed after 14 days, while the gauze group
wounds closed after 21 days. PVA nanofibers containing LL-
37 also retain their efficacy as anti-Staphylococcus epidermidis
and Pseudomonas aeruginosa. Although these studies have
confirmed that the nanofiber membrane containing AMP has
a positive effect on antibacterial and wound healing (Chouhan
et al, 2018), these studies lack the nanofiber membrane
system research and characterization biocompatibility, and other
aspects are not involved. This research systematically studied
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