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Purpose: Developing the ideal drug or dressing is a serious challenge to controlling the occurrence of

antibacterial infection during wound healing. Thus, it is important to prepare novel nanofibers for a wound dressing that can control
bacterial infections. In our study, the novel self-assembled nanofibers of benzalkonium bromide with bioactive peptide materials of
IKVAV and RGD were designed and fabricated.

Methods: Different drug concentration effects of encapsulation efficacy, swelling ratio and strength were determined. Its release profile
in simulated wound fluid and its cytotoxicity were studied in vitro. Importantly, the antibacterial efficacy, inhibition of biofilm formation
effect and wound healing against MRSA infections in vitro and in vivo were performed after observing the tissue toxicity in vivo.
Results: It was found that the optimized drug load (0.8%) was affected by the encapsulation efficacy, swelling ratio, and strength. In
addition, the novel nanofibers with average diameter (222.0 nm) and stabile zeta potential (—11.2 mV) have good morphology and
characteristics. It has a delayed released profile in the simulated wound fluid and good biocompatibility with L929 cells and most
tissues. Importantly, the nanofibers were shown to improve antibacterial efficacy, inhibit biofilm formation, and lead to accelerated
wound healing following infection with methicillin-resistant Staphylococcus aureus.

Conclusion: These data suggest that novel nanofibers could effectively shorten the wound-healing time by inhibiting biofilm
formation, which make it promising candidates for treatment of MRSA-induced wound infections.
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Introduction

Multi-drug resistance has continued to increase. It is difficult to control wound infection formation and promote the healing
using antibacterial drugs and wound dressings." Wounds have an estimated healthcare cost of US$20 billions and pose a
serious worldwide healthcare problem that affects millions of people.” Globally, wounds affect nearly 15% (8.2 million
patients), and the estimated cost of treating such patients in 2018 was between $28.1 and $96.8 billion.® The high cost of
wound dressings originates from the continuous demand for care products. In addition, the market for wound dressings is
expected to grow by $15 billion to $22 billion in 2024.* The skin, including the epidermis and dermis, is the largest multi-
layered organ in the body. The skin also acts as a protective barrier by preventing excessive water evaporation and protecting
the body from pathogens.” However, once the skin is seriously damaged, it will lose its protective effects, especially in terms of
resisting microbial infections at the local wound site will seriously delaying the healing process." Wounds contaminated by
bacterial infections can put patients at a high risk of death because bacterial biofilms form at the wound site; these biofilms
protect the bacteria from antibacterial treatment and host immune responses.® A variety of antimicrobial agents, including

polymyxin B sulfate, silver sulfadiazine, gentamicin, and bacitracin, for the treatment of wound infections are available.
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Meanwhile, these common topical forms, such as the ointments and gels, have little effect in practical application because they
are easily removed from the exposed wound area.” The need to develop novel wound dressings to effectively absorb exudates,
allow gas exchange, eliminate multi-drug bacterial infection, and promote the cell proliferation so as to accelerate the wound
repair exists.® Modern wound dressings avoid re-injury of new granulation tissue due to scarring and promote the differentia-
tion and migration of cell.”'® Wound dress polymers material that can be cross-linked with many materials include poly(vinyl
pyrrolidone), poly(lactic-co-glycolic acid), poly(vinyl alcohol), polyurethanes, polyglycolic acid, polylactide, poly(hydro-
xyethyl methacrylate),'" hyaluronic acid, chitosan, collagen, alginate, heparin, cellulose and bioactive peptide.'? Although
various advanced wound dressings have been developed and applied in the clinical setting, there is no relevant study
investigating the reasonable selection of wound dressing."* Hence, development of a novel suitable wound dressing is vital
for controlling the bacterial infection in the wound.

Methicillin-resistant Staphylococcus aureus, MRSA, is a serious threat to global health because of its high associated
morbidity and mortality.'* It is a common pathogenic and obstacle to wound healing. To make the situation worse,
development of effective antibiotics for treating wound infections is a still worldwide problem.'* In addition, the emergence
of MRSA biofilms and persistent bacteria that are known to increase their antibiotic resistance has attracted more and more
focus on these bacteria as a major human pathogen. However, no effective antimicrobial in clinical settings are available.'®
With the virulence of these pathogens and the widespread emergence of MRSA, an urgent need to find new ways to treat
these infections is needed as growing antibiotic resistance is considered a major threat to public health.'’

Previous research has shown that benzalkonium bromide, BZK, can inhibit the growth of MRSA. Recent results confirm that
several formulations of BZK, such as nanoscale-films,’ hydrogels, foams, sponges, and nanoparticles18 could lead to an
improvement in the antibacterial effect and wound heal of infection. However, these topical formulations still cannot completely
eradicate the MRSA in the local wound because of a short period of action. Data suggest that BZK can remain at the wound for a
long time and should be more effective than a topical formulation.'” Also, no reports about nanofibers-coated BZK in wound
healing have been published. Novel nanofibers of wound dressings may greatly enhance wound healing.

Novel nanofibers of wound dressings may enhance greatly the wound healing® because of larger volume ratio or specific
surface area and high porosity. It is well known that nanofibers can produce an improvement in cell adhesion, cell proliferation,
and cell differentiation.”' A pentapeptide epitope IKVAV with a negative charge and composed of lysine, laminin, valine,
isoleucine, and alanine has been widely used for wound healing.** Also, the nanofibers containing this epitope can promote cell
outgrowth processes and suppress cell differentiation.” Importantly, IKAVA can selectively promote neuronal differentiation and
cell adhesion and inhibit glial differentiation and adhesion.** Additionally, it can promote many cellular behaviors such as cell
adhesion, cell survival, cell outgrowth, and angiogenesis.> It may also facilitate neural progenitor cell differentiation into
neurons.”® Moreover, another biomimetic peptide, arginine-glycine-aspartate, RGD, a component of extracellular matrix
proteins, plays also a crucial role in regulating cell adhesion and specific binding to proteins of the transmembrane region.?’
RGD can also stimulate cell activity, and its incorporation into the biomaterial surface produces scaffolds that can accelerate
wound healing.”® Therefore, IKVAV and RGD are ideal biomimetic peptides for facilitating wound healing.

In this study, BZK was loaded successfully into a novel nanofibers prepared via the novel self-assembly technology based
on the ideal characteristics of biomimetic peptides of IKVAV and RGD as shown in Figure 1. BZK’s different drug-dependent
loaded effects, including encapsulation efficacy, swelling ratio, and strength, were determined. Its release profile in wound
fluid and its cytotoxicity were studied in vitro. Importantly, the antibacterial efficacy and inhibition of biofilm formation effect
and wound healing in MRSA infections based on in vitro and in vivo assays were performed to confirm the improved healing
capacity of the novel nanofibers compared to soluble water-based solutions after tissue toxicity results were obtained in vivo.

Materials and Methods

Materials

Polyvinyl alcohol, PVA (87.0-89.0% alcoholysis) was supplied from Shanghai Merck Biochemical Technology Co.,
LTD. Chitosan, CS (95% deacetylation, viscosity 100-200 mpaes) was obtained from Shanghai McLean Biochemical
Co., LTD., China. IKVAV (molecular weight 1351.6, 97.6%) and RGD (molecular weight 1,207.34, 97.5%) were
provided by Shanghai Botai Biotechnology Co., LTD. MRSA252 strains were purchased from ATCC (USA).
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Figure | Research schematic diagram of the novel bioactive antimicrobial nanofibers with benzalkonium bromide.
Note: This novel nanofibers (BBF) can effectively inhibit the antibacterial effect of multi-drug-resistant methicillin-resistant Staphylococcus aureus (MRSA) and enhance the
capability of inhibiting biofilm formation, thereby accelerating wound healing.

Mueller—Hinton Broth (MHB), trypsin soybean broth (TSB), and Mueller—Hinton agar (MHA) were obtained from
Beijing AOBOX Biotechnology (Beijing, China). BZK (50 mg/mL) was purchased from Yusheng Pharmaceutical
(Chongqing, China), L929 cell line was purchased from the Cell Bank of Typical Cultures Preservation Committee,
Chinese Academy of Sciences.

Animals and Ethics Statement

BALB/c female mice (SPF grade, 68 weeks) were supplied from HFK Bioscience Co., Ltd. (Beijing, China). All mice
were given aseptic water and autoclaved food at 23°C and 50% humidity with light and dark periods that each lasted 12 h
in a quiet environment. Animal experiments were carried out after being approved by Animal Ethics and Experiment
Committee of TMMU of Chinese PLA (Permit number No. 20170002, Chongging, China) in accordance with the
Guidelines for the Care and Use of Experimental Animals. To minimize pain, all mice that underwent surgery were
anesthetized with 1% isoflurane and euthanatized with intraperitoneal injection of 100 mg/kg sodium pentobarbital.

Preparation of BBF Antibacterial Nanofibers

Preparation of the nanofibers followed the procedure from a previous report.”**’ Briefly, PVA, IKVAV, or RGD was
added to a mixture of 0.1 M NaOH and distilled water. The mixture was then incubated at 37 °C for 30 min and stirred
vigorously until a clear liquid was formed. The pH was measured and adjusted to a value of 8.5-9.0 with 0.1 M HCL
Then, BZK and chitons (pretreatment with 1% glacial acetic acid, v/v) were added to 0.1 mL Dulbecco’s Modified Eagle
Medium (DMEM)/F12 medium (Gibco, USA). Different concentrations of antibacterial nanofibers were thoroughly
washed several times with deionized water to remove any residual NaOH.

Different Drug Load Effects on the Nanofibers

The encapsulation efficiency was determined by dissolving six different drug content nanofiber (0, 0.1%, 0.2%, 0.4%,
0.8% and 1.6%, w/w) in absolute ethyl alcohol or distilled water based on methods by.>° The mixture was then
centrifuged at 8,000 xg for 10 min, and the precipitate was resuspended in 1.2 mL distilled water. The encapsulation
efficiencies of these samples after centrifugation (13,000 rpm, 20 min) were measured and calculated using high-
performance liquid chromatography, HPLC,(NOA 280i, Agilent C18 column 5 pm, 4.6 mmx250 mm) with 0.07 mol/
L ammonium acetate as mobile phase (1% triethylamine-acetonitrile, 30:70, pH 3.0 &+ 0.1), wavelength set at 262 nm,
flow rate (1.0 mL/min), and injection volume (10 pL). Encapsulation efficiency (EE %) = Actual content of total drug in
the nanofibers/theoretical content of total drug loaded into the nanofibersx100%. Swelling ratio was detected by referring
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to previously reported methods®' Briefly, the swelling rate of the different drug concentration nanofibers in phosphate
buffered saline (PBS, pH = 7.4) was studied by gravimetry. The initial dry weight of the sample was represented by Wd.
These samples were then immersed in PBS and placed in an incubator at 37 °C. Swollen samples were removed at
different intervals. After removing excess water from the surface, the wet weight (Ww1) was measured. Swelling ratio
(SR) (%) = (Wwl —Wd)/Wwsx100%, where Ww1 is the weight of swollen nanofibers and wd is the weight of dried
nanofibers. Tensile strength was obtained as described in previous reports.>* The tensile strength of these different drug
content nanofibers (was measured using a Texture Analyzer (TA-XT2i, Micro-systems, UK) with preset conditions: (1)
pressure sensor (5 kg, (2) tensile load (10 g), (3) fixture spacing (20 mm), and (4) test speed (5 mm/s).

Micro-Structural, Size and Zeta Potential Measurements

The micro-structure of the novel nanofibers, BBF, was observed by a JEM-1230 transmission electron microscope, TEM
(JEOL Limited Company, Japan) as previously reported.**** TEM samples were diluted 200 times and then placed on
the copper grid (PELCOL TEM 200-mesh) and dried under the grid cover for 10 min after which TEM observations were
obtained after negative staining for 1 min with phosphotungstic acid solution (1% w/w, pH 7.4). Scanning electron
microscopy, SEM, samples were diluted 100 times and observed using an S-3400N SEM at an acceleration 10 kV
voltage and a sputter coating with gold palladium of 200 A.>* After diluting 200-fold with water, the average size and
zeta potential of these nanofibers were measured using Nano ZS (Instruments Ltd., Malvern, UK).

In vitro Release of These Novel Nanofibers in SWF

The release profiles of BBF and BZK were examined in simulated wound fluid, SWF, composed of 0.64% NaCl, 2.5%
NaHCO3;, 0.22% KCI, and 0.35% NaH,PO, at pH 7.4%. Briefly, 2 mL samples at 5 mg/mL drug concentration were
added to a preprocessed dialysis bag of Sangon (cut-off molecular weight 10,000 g/mol, Shanghai, China) in 200 mL
SWFEF. The drug concentrations were detected using HPLC for measuring the amount of compound released after 0, 0.25,
0.5,0.75, 1, 2, 3, 6, 12, 24, 48, 96, and 192 h. Drug release ratio (%) = The amount of solubilized drug in the release
medium//Initial weight of the entrapped drug)x100%.

In vitro Biocompatibility in the L929 Cell Line

Cell studies were conducted using the 1929 cell line to evaluate the biocompatibility of these nanofibers. Using a biopsy
perforator, the nanofibers were cut into circles of 1 cm in diameter and attached to the bottom of 24-well culture plates.
Prior to cell culturing, the nanofiber wells were pretreated with DEME complete medium (10% FBS, 1% penicillin/
streptomycin) and placed in the 5% CO, incubator at 37 °C for 24 h. The media were then refreshed, and the cells with
3x10° cells/well were mixed with the nanofibers at nanofiber concentrations of 200, 100, 50, 25, 12.5, 6.25, and 3.125
pg/mL. The CCKS8 (10 pL) solution was added to each well, and cells were incubated at 37 °C for 4 h. These samples
were measured by Microplate Reader at 490 nm. Cell viability (%) = [(As-Ab)/(Ac-Ab)] x 100%, where As is the
absorbance of the experimental well, Ab is the blank well absorbance, and Ac is the control well absorbance.

Antibacterial Against Multi-Drug MRSA in vitro

Antibacterial activity against multi-drug MRSA was evaluated using the micro-dilution and agar plate methods described
previously to determine minimum inhibitory and minimum bactericidal concentrations (MIC and MBC, respectively) in
vitro.!® Briefly, BBF were diluted to 5.0, 10.0, 20.0, 40.0, 80.0, 160, 320, or 640 pg/mL, and 20 puL of each suspension
was mixed with 180 pL of MRSA 252 suspension (1.0 x 10> colony-forming units [CFU]/mL) in 96-well plates (Costar
3599, Corning Inc., NY, USA) at 37°C for 24 h. Optical density, OD, was read at 595 nm using a Bio-Rad 6.0 microplate
reader. The MIC was considered the lowest concentration that indicated ODsos nm value <0.05’. MIC bacterial solution
(2 uL) per well was added to the BHI agar plate and incubated at 37°C for 16 h after which the colonies were observed
with the naked eye. The MBC represents the minimum concentration of nanofibers required to achieve a 99.9% reduction
in colony forming units, CFU. Bacterial cultures (1 x 10’ CFU/mL) were incubated in BBF and BZK at concentrations of
4.0 and 2.0 pg/mL, respectively, for 0, 0.0167, 0.0833, 0.25, 0.5, 0.75, 1, 2, 4, and 8 h. After the incubation period, 2 puL
of samples were diluted 10-fold (0, 10', 10%, 10°, 10% 10°, and 10°%) with MHB, added to MHA plates, and incubated at
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37°C for 24 h. Bacterial numbers on the plates were counted with an automated colony counter (Shineso Science &
Technology Co., Ltd, Hangzhou, China).

Biofilm Inhibitory Effects of the Novel Nanofibers

BZK and BBF (0.2 mL each, both containing 2.0 pg/mL) were added to a MRSA bacterial suspension (1.8 mL, 1x10’
CFU/mL) into each well of a 24-well plate with coverslips (Thermo, Rochester, USA). The bacterial cultures were
incubated (37 °C, 24 h) and washed twice with 0.1 M sterile PBS. After removal of the supernatant, the wells were
washed twice with 1 mL of physiological saline and fixed with 1 mL absolute ethanol for 15 min and stained for 10 min
with 200 pL 0.1% crystal violet, CV, dye. Thirty percent (1 mL) acetic acid was added to each well after washing twice
with physiological saline. The OD at 595 nm was measured with a Bio-Rad 6.0 Microplate reader (Bio-Rad Laboratories
Inc., CA, USA). Additionally, after removal of the supernatant, the coverslip samples were fixed with 2.5% glutaralde-
hyde. These samples were processed for SEM observation after treatment through an ethanol concentration gradient. The
samples were observed by an S-3400N SEM (Hitachi, Japan) with an accelerating voltage (10 kV) and a sputter (200 A)
coating of gold-palladium.

In vivo Accumulative Toxicity Assays

In vivo experiments were performed under the guidelines of the Animal Ethics Committee of the Army Medical
University. The six mice (BALB/C) were divided randomly into two groups: (1) BZK aqueous solution (5 mg/mL)
and (2) its nanofibers (5 mg/mL). Briefly, mice were anesthetized via intraperitoneal injection with ketamine and
xylazine. The surgical sites of the mice were shaved and then disinfected with 75% ethanol. The mice were also treated
with 50 pL of the drug solutions daily for 10s for 14 days. After treatment, all mice were sacrificed, and hearts, livers,
spleens, lungs, kidneys, and skin tissues were fixed with 4% paraformaldehyde for 24 h and then embedded in paraffin.
After the samples were stained with hematoxylin and eosin, H&E, the toxic effects in the tissues were examined with an
Olympus light microscope.

In vivo Acceleration of Wound Healing

In vivo acceleration of wound healing was also performed under the guidelines of the Animal Ethics Committee of the
Army Medical University. Briefly, mice were treated with intraperitoneal injections of ketamine and xylazine. The
surgical sites were shaved and disinfected with 75% ethanol. Thirty mice were divided randomly into five groups: (1)
nanofibers (5 mg/mL) and (2) corresponding aqueous solution (5 mg/mL), (3) blank nanofiber control, BNF, (4)
vancomycin group (5 mg/mL), and (5) wound infection control group after creating 1 cm X 1 cm square full-thickness
skin wounds. Also, the wound skin was treated with 50 pL of sample daily for 5 s. For wound closure assessments,
photographs of the wound area were taken on post-operative days 7 and 14. On days 1, 4, 7, 10, and 14, wound areas
(lengths and widths) were measured using Image] software, and the wound closure percentage was obtained. Wound
healing rate (%)= [(At=0 h — At =A h)/At= 0h]x100%, where At=0h is the area of wound measured immediately and
At=Ah is the area of wound measured after different times.

Reduction of Bacterial Burden in the Local Wound

The bacterial load in the local wound was determined on post-treatment day 7. Swabs were separated from the wound
and placed in 1 mL of sterile 0.9% NaCl as previously described.>® The swabs were swirled to release the bacteria into
the solutions and then continuously diluted six times with 10-fold sterile saline after which 2 pL of the diluted samples
were added to the MHA plate and incubated at 37°C for 24 h. After incubation, the bacterial colonies were counted with
an automatic colony counter (Shineso Science & Technology Co., Ltd, Hangzhou, China).

Histological Properties
To assess the histological properties of each group on day 7, the regenerated wound tissue was taken and fixed for 24 h
with 10% formalin solution. These samples were then dehydrated, cleared, paraffinized, and embedded in stages and then
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sliced using a microtome to obtain tissue sections of 5 pum thickness. The slides were photographed using a light
microscope (Nikon) after staining with hematoxylin—eosin staining.

Statistical Analysis
Statistical differences were obtained by GraphPrism 8.0 software using one-way analysis of variance (ANOVA). All
results were shown as mean + standard deviation (SD), and P < 0.05 was considered statistically significant.

Result and Discussion

Preparation of the Novel Antibacterial Nanofibers

In this study, the novel antibacterial nanofibers containing BZK were prepared based on the previously described methods.**
Additionally, IKVAV and RGD bioactive peptides were synthesized separately by Shanghai Botai Biotechnology Co., Ltd, and
the nanofiber scaffolds were developed using the self-assembly technology of electrostatic and hydrophobic interactions. Our
results indicate that the optimal ratio (IKVAV:RGD) of nanofibers was 3:1 determined by observing its flow capability,
diffusivity, and viscosity and the corresponding drug concentrations were 1, 2, 4, and 8 mg/mL. Many studies have reported
that IKVAV and RGD are selected for nanofiber development because these peptide-functionalized substrates can enhance
cellular behavior. In particular, these peptide-conjugated substrates based on multiple biocompatible materials, such as
polycaprolactone, chitosan, poly(L-lactide), and polystyrene have been widely applied for tissue engineering scaffolds.*”=®
Moreover, the nanofibers are composed of the bioactive peptides IKVAV; these peptides on the outermost surface directly
affect cell adhesion.*® Therefore, IKVAV/RGD was chosen to enhance the adherence efficiency of bioactive peptides on the
surface of the novel nanofibers.

Different Drug Concentration Effects on the Nanofibers

The effects of different drug concentrations in the nanofibers on encapsulation efficacy, swelling ratio, and stress are
shown in Figure 2A—C. According to Figure 2A, with increasing drug concentration from 0% to 0.8% (8000ug/mL), the
encapsulation efficiency increases up to 92.56% and then (1.6%) decreased abruptly (P<0.01). These data show that at
8000 pg/mL, swelling changed from 0.73 + 0.015 to 0.63 £ 0.014 (P < 0.001) as shown in Figure 2B. In addition, the
tensile strength of BBF changed from 75 + 6.48 mV to 182 + 0.51 MPa, but a significant difference (P < 0.05) was found
under the concentration of 8000 pg/mL (Figure 2C). In our study, the three main indicators of encapsulation efficiency,
swelling degree, and tensile strength were chosen for several reasons: (1) encapsulation efficiency represents the amount
of drug incorporated into nanofibers, which is important and useful to materials.*’ In this study, the highest encapsulation
efficiency of 92.55% was obtained when the drug concentration was 8000 pg/mL. It is believed that the ideal
encapsulation efficiency will be attributed to drug delivery in nanofibers rather than through aqueous solutions.
Furthermore, the expansion efficiency of scaffolds plays a crucial role in tissue engineering applications as it facilitates
the exchange of cellular metabolites and nutrients. The expansion potential of the developed nanofiber scaffolds was
tested under aqueous conditions at room temperature, and the results are shown in Figure 2B. These data indicate that
BBF at a drug concentration of 8000 pg/mL had higher swelling efficacy than the other groups, indicating that this
concentration was optimal as shown in Figure 2C. (2) The high swelling capacity of the nanofibers increases the contact
of the fibers with the wound site during topical administration. Consequently, nanofibers are easily distributed within
mucosal structures and active substances are released through the skin.*' These results show that ideal nanofibers were
obtained, and (3) tensile stress is an important parameter for designing and developing nanofiber structures.** In this
study, it was found that the nanofibers had higher tensile strength when compared with other drug concentrations, which
confirmed the feasibility of our model. These data suggest that a BBF with an optimized drug concentration of 8000 pg/
mL would be ideal for our studies.

Morphological and Basic Characteristic of the Nanofibers
The morphological and basic characteristics of the resulting nanofibers were observed by TEM, SEM, and dynamic light
scattering (DLS) as shown in Figure 3A—F. These results suggested that the novel nanofibers had a fibrous appearance
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Figure 2 Effects of six different drug loading on the encapsulation efficiency (A), swelling ratio (B) and tensile strength (C).
Notes: *P < 0.05 is a difference, **P < 0.01 is a significant difference. Error bars represent the mean # standard deviation (n=3).

under the two different magnifications. With a magnification of 45,000 (Figure 3A), the nanofibers were found to be
more homogeneously dispersed. However, at a magnification of 65,000x (Figure 3B), the nanofibers could be directly
observed. SEM images of the novel nanofibers (Figure 3C and D), with magnifications of 15,000 and 30,000x yielded
clear images of nanofibers morphology. This morphology of the BBF nanofibers was similar to cellulose and chitin
nanofibers that were obtained by mechanical grinding.*?

Hence, the excellent dispersion in water indicates that the nanofibers were successfully loaded with BZK. Figure 3E
shows that the particle size of BBF at 8000 pg/mL was mostly around 220 nm, and one peak is observed, with the main
peak at 220.0 nm. In addition, the pH was 6.52, the conductivity was 0.244 mS/cm, and the electrophoresis mobility was
—1.442 pmem/Vs. The narrow polydispersity index (PDI) of 0.199 indicated a high and good degree of size distribution.
The zeta potential with a BBF of —11.2 mV (Figure 2F) indicated moderate stability with no tendency to self-aggregate in
colloidal suspension. Overall, these BBFs have stable negative zeta potentials.

In vitro Release in the Simulated Wound Fluid

In vitro release profiles were HPLC, which is a sensitive and accurate detection method. Results indicated that nanofibers
had a delayed release in SWF fluid (Figure 4A). A significant difference between BBF and its aqueous solution at 24 h (P
=0.0001 and P < 0.001, respectively) was found; the release rate of its aqueous solution was as high as 90%, while that
of BBF was less than 30%. In conclusion, relative to its aqueous solution, BBF does not immediately disintegrate or
release active drug through the skin into the subcutaneous tissue fluid; therefore, BBF exhibits a significantly sustained
release. Many factors affect drug release from nanofibers, including the type of polymer used to form nanofibers, its
diameter, morphology, porosity, and geometry, have been reported.*> Therefore, it is believed that water molecules can
also penetrate the nanofibers; thus, a large number of drugs can be released slowly, mainly because of the barrier effect of
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scanning electron microscopy morphological image (30,000% magnification), (E) the diameter distribution, (F) zeta potential distribution.
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concentration. (D) Time-kill analysis.
Notes: *P < 0.05 is a significant difference, **P < 0.01 is a highly significant difference and ***P < 0.001 is an extremely significant difference. Error bars represent the mean +
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the nanofibers.** In this study, the resulting novel nanofibers were shown to achieve a continuous and delayed release in
the SWF.

In vitro Biocompatibility

Biocompatibility of the novel nanofibers is one of the fundamental requirements for the manufacture of wound dressings.
The biocompatibility of nanofibers was assessed using 1L.929 fibroblasts. In Figure 4B, the cell viability assay showed that
cell proliferation was linear with concentration reduction. After culturing, the proliferation rate of cells in the control
group was higher than that in the other groups, except at the concentrations of 3.125 and 6.25 pg/mL. The difference was
statistically significant (all £<0.05). This result could be attributed to the flat, cell-adhesion conductive medium, which
facilitates simple and efficient cell attachment, cell signaling, and cell proliferation.45 Furthermore, studies have shown
that at high cell densities, the pore spaces in the scaffolds fill rapidly, resulting in reduced proliferation because cell
contact inhibition growth.*> CCK8 results demonstrated that nanofibers can help maintain cells and provide the
appropriate growth environment for fibroblasts. In the process of wound healing, fibroblast migration from various
sources contributes to the formation of granulation tissue and extracellular matrix, which is very important for wound

healing.” These results indicate that the novel nanofibers exhibit good biocompatibility.

In vitro Antibacterial Test

In this regard, the MICs of nanofibers were determined in terms of MRSA252 as shown in Figure 4C. The MIC and
MBC of the nanofibers and their corresponding water solutions with BZK were 1 and 4 pug/mL, respectively, which was
consistent with previous findings.”'® Furthermore, MBC of 1 and 4 pg/mL was required to kill bacterial cells after
treatment with BBF and its corresponding aqueous solution. These data indicate that BBF can lead to an improvement in
antibacterial effects against MRSA. The results of time-dependent killing showed that BBF at 2 and 4 pg/mL both
exhibited faster and more effective anti-bactericidal activity than BZK at the same concentration; the killing of MRSA
252 was a time- and concentration-dependent relationship as shown in Figure 4D. At 4 pg/mL BBF, these bacteria were
killed completely in about 120 min, whereas in contrast, BZK-treated bacteria, which resulted in 75% bacterial death,
were not completely killed within the same time period. At 2 pg/mL BBF, the bacteria were killed completely in about
240 min; however, the same concentration of BZK could not completely kill the bacteria within the same periods.
Moreover, it was found that BNF had no obvious inhibitory effects on bacterial viability. Bacterial infection is one of the
main obstacles to wound healing and can prolong the healing process. Therefore, it is necessary to study the antibacterial
capability of novel nanofibers. In our study, MIC, MBC, and time-kill kinetic assays were used to evaluate the
antibacterial properties of nanofibers against MRSA. Our data confirm that BBF has stronger and more potent
bactericidal activity than its aqueous solution.

In vitro Inhibit Biofilm Formation Activity

Crystal violet staining was used to the quantitatively assess the biofilm formation of the novel nanofibers. The
ODs7nm values of the biofilm samples treated with BZK and BBF aqueous solutions were 2.231 + 0.118 and 0.663 +
0.123, respectively, indicating a 3.36-fold reduction in the biofilm formation of their nanofibers after treatment for 24 h.
In Figure 5, MRSA was treated for 24 h with a 2 pg/mL BBF followed by an SEM analysis for physical and
morphological changes. Biofilms in bacteria treated with nanofibers were viewed at 2,000x and 8,000 magnifications
(Figure 5A and D) and found to be diffused and disrupted, and the numbers of bacteria present were significantly
reduced. SEM images of bacteria treated with BZK water solution (Figure 5B and E) showed similar morphology to the
BNF control (Figure 5C and F). It can be observed in the images that the thickness of the nanofibers of the bacterial cell
clusters were much smaller than that of the nanofibers exposed to the same concentration of aqueous solution. It is well
known that biofilm formation causes the inflammation that hinders the wound healing process.** Meanwhile, a variety of
MRSA-persistent bacterial cells with lower antimicrobial activity were embedded in the biofilm.** Therefore, the
nanofibers with anti-biofilm inhibition show the capability of controlling and improving wound healing.
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Figure 5 Surface structure of inhibited biofilm formation observed by SEM. (A) | ug/mL novel nanofibers, BBF, treatment group (2,000% magnification). (B) | pg/mL
benzalkonium bromide treatment group (2,000% magnification). (C) Blank nanofibers, BNF, control (2,000 magnification). (D) | ug/mL novel nanofibers, BBF, treatment
group (8,000 magnification). (E) | pg/mL BZK treatment group (8,000% magnification). (F) Blank nanofibers, BNF, control (8,000% magnification).

In vivo Toxicity of the Nanofibers

The nanofibers cytotoxicity in L929 cells was measured using CCK8 assay. It was demonstrated that the nanofibers did
not cause significant cell cytotoxicity. In vivo nanofibers toxicity, as shown in Figure 6, the histological examination
showed that the hearts, livers, spleens, lungs, kidneys, and skin of all groups of mice presented no obvious cellular
infiltration into the alveolar and interstitial spaces of the tissue. That is, no apparent inflammatory cell infiltration;
hemorrhaging or tissue damage could be observed in the major tissues. The toxicity of BZK has been reported, but BZK
cannot be added to food. It remains on the food contact surface at high concentrations (>2000 pg/mL). It is imperative to

Heart Liver Spleen

BZK

Figure 6 Histotoxicity images of the novel nanofibers (BBFs).
Note: Histological microscope images of the hearts, livers, spleens, lungs, kidneys, and skin after 7 days of treatment with BZK aqueous solution and its nanofibers (BBF) in
mouse skin irritation (100% magnification, scale bar: 100 pum).
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ensure that BZK is thoroughly flushed from the system and that this concentrations on food contact surfaces must be
tested prior to food processing.'? Therefore, these novel nanofibers can be safely used in animal experiments and could
become a potential biomaterial for biomedical applications and wound skin tissue engineering.

In vivo Wound Healing Study

Given the excellent performance of BZK, the promotion of wound healing by nanofibers in vivo through a wound mouse
model of infected MRSA was examined. Bacterial counts in local wounds treated with 5 mg/mL were determined. BBF
decreased more rapidly than those of the same concentration of BZK after 7 days (Figure 7A). Complete clearance of
bacterial counts in wounds locals in mice treated with 5 mg/mL BBF was detected, whereas wounds treated with BZK
had a 57% reduction in bacterial counts. These data indicate that BBF led to significant killing of MRSA bacteria. In this
study, a mouse skin full-thickness defect model that was infected with MRSA was used to evaluate the efficacy of the
nanofibers to accelerate wound healing. Figure 7B and C shows macroscopic optical images and quantitative assessment
of wound shrinkage in different experimental groups, including wound with infection control, BZK, BBF, vancomycin,
and BNF controls (days 7 and 14). Quantitative assessment of wound healing showed that after 5 days of treatment,
wound closure was similar between the experimental groups and was not significantly different. On day 10, the rate of
wound shrinkage in the BBF group (about 45.1%) was significantly higher (P < 0.01). This result indicates that BBF is
more effective in promoting wound healing. After 14 days of wound induction, the wound shrinkage rate in the BBF
experimental group was higher (about 99.2%), and the difference between the groups was more significant. These results
suggest that BBF also accelerated better wound healing performance than the other groups. Histological examination was
performed to further evaluate the wound healing process. The wound healing effect of the dressing was assessed by
performing hematoxylin and eosin as shown in Figure 7C. Wound infections of MRSA controls and BNF exhibited
severe inflammatory responses. Wounds treated with 5 mg/mL BBF exhibited mild inflammation, and the skin could be
separated into three distinct layers. In contrast, wounds treated with 5 mg/mL BZK exhibited the same severe
inflammatory response as the group without treatment, and the skin tissue exhibited severe damage. These results
suggest that BBF is more effective in healing MRSA-infected skin wounds than BZK.

10 .
A C Vancomycin BNF Control
3
5 7 day
o
.
f\é‘*
o«
B == Wound infection with MRSA252 == 5 mg/mL BZK o BNF 14 day

- 5mg/ml BBF Smg/mL Vancomycin

100

80

60

40

Relative wound ratio (%)

H&E |

20 g

Figure 7 Antibacterial activity and wound closure against MRSA infection in vivo. (A) Bacterial burden on days 7 after wounding; (B) relative healing area ratio of wounds.
(C) Histological microscopy images of untreated wounds and infections treated with BZK aqueous solution, BBF, vancomycin control, and blank nanofibers (BNF).
Notes: Wound image (scale bar, | cm) and histological microscope (100% magnification, scale bar: 100 um). *P < 0.05 is a difference, **P< 0.01 is a significant difference and
*%P< 0.001 is an extremely significant difference. Error bars represent the mean * standard deviation of each experiment (n=6).
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Conclusion

In this study, the novel self-assembled nanofibers of benzalkonium bromide with IKVAV and RGD bioactive peptide
were designed and fabricated. Then, we found that the optimized drug load (0.8%) was affected by the encapsulation
efficacy, swelling ratio, and strength. In addition, the novel nanofibers with average diameter (222.0 nm) and stabile zeta
potential (—11.2 mV) have good morphology and characteristics. This nanofiber had not only a delayed released profile in
the simulated wound fluid but also good biocompatibility with 1.929 cells in vitro, and no significant tissue toxicity
including the liver, heart, spleen, kidney, lung and skin after skin irritation was administered compared with its water
solution. Furthermore, the novel nanofibers exhibited significant antibacterial activity against methicillin-resistant
Staphylococcus aureus and improved the capability of inhibiting biofilm formation in vitro. Importantly, our findings
indicate that treatment with BBF could lead to a reduction in bacterial burden in the wound and accelerate wound healing
in the current wound healing model with MRSA. These data suggest that novel nanofibers are an ideal therapeutic
substitute for the wound infection with multi-drug-resistant bacteria.

Abbreviation

IKVAYV, isoleucine-lysine-valine-alanine-valine; MRSA, methicillin-resistant Staphylococcus aureus; BZK, benzalko-
nium bromide; RGD, arginine-glycine-aspartate; PVA, polyvinyl alcohol; CS, chitosan; MHB, Mueller—Hinton broth
(MHB); TSB, trypsin soybean broth; MHA, Mueller-Hinton agar; HPLC, high-performance liquid chromatography;
PBS, phosphate-buffered saline; TEM, transmission electron microscope; SEM, scanning electron microscopy; SWEF,
simulated wound fluid; DEME, Dulbecco’s Modified Eagle Medium; MIC, minimum inhibitory; MBC, minimum
bactericidal concentrations; CFU, colony-forming units; DLS dynamic light scattering; BBF, benzalkonium bromide
nanofibers; BNF, blank nanofibers; PDI, polydispersity index; CV, crystal violet.
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