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Introduction: Wound treatment is a significant health burden in any healthcare system, which requires proper management to
minimize pain and prevent bacterial infections that can complicate the wound healing process.

Rationale: There is a need to develop innovative therapies to accelerate wound healing cost-effectively. Herein, two polymer-based
nanofibrous systems were developed using poly-lactic-co-glycolic-acid (PLGA) and polyvinylpyrrolidone (PVP) loaded with
a combination of an antibiotic (Fusidic acid, FA) and a local anesthetic (Lidocaine, LDC) via electrospinning technique for an
expedited healing process by preventing bacterial infections while reducing the pain sensation.

Results: The fabricated nanofibers showed an excellent morphology with an average fiber diameter of 556 + 71 nm and 291 + 87 nm
for the dual drug-loaded PLGA/PVP and PVP nanofibers, respectively. The encapsulation efficiency (EE%) and drug loading (DL)
studies revealed that PLGA/PVP loaded with FA and LDC exhibited EE% of 92% and 75%, respectively, while the DL was measured
at 40 = 8 pg/mg for FA and 32 + 7 ug/mg for LDC. Furthermore, both drugs were fully released from the nanofibers within 48 hours.
In contrast, FA/LDC-loaded PVP nanofibers exhibited EE% of 100% for FA and 84% for LDC; DL was measured at 85 + 3 pg/mg for
FA and 70 £ 3 pg/mg for LDC, while both drugs were completely released within 24 hours. The in vitro cytotoxicity study
demonstrated a safe concentration of FA and LDC at < 125 pg/mL. The prepared nanofibers were tested in vivo in an S. aureus-
infected wound mice model to assess their efficacy, and the results showed that the FA/LDC-PVP had a faster wound closure and the
lowest bacterial counts compared to other groups.

Conclusion: These findings showed the potential application of the fabricated dual drug-loaded nanofibers as a wound-healing plaster
against infected acute wounds.
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Introduction

Skin is the largest organ in the human body, accounting for approximately 10% of an adult’s total body weight.' It acts
as a barrier which maintains homeostasis and serves as a defense line against external environmental factors, protecting
the internal organs and tissues from physical, chemical, and biological threats. A wound is defined as a disruption of the
skin’s anatomical structure and function.®> As the integrity of the skin becomes compromised, due to external forces,
disease-related ulceration, or thermal or mechanical damage, the structure and function of the skin will be adversely
affected. Therefore, wounds should be appropriately managed to restore the barrier function of the skin, accelerate
healing, and prevent further complications.

International Journal of Nanomedicine 2025:20 849-869 849

Received: 1 October 2024 © 2025 Alsulami et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https:/www.dovepress.com/terms.
: . I N . A SO -

AT Php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://c licenses/by-nc/3.0/). By accessing the

Accepted: 28 December 2024
Published: 20 January 2025

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-5222-5576
http://orcid.org/0000-0003-0358-4155
http://orcid.org/0009-0005-0825-0850
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Alsulami et al

Injury

@ Hemostasis Inflammation @ Proliferation @ Remodeling
—— \

Blood
clot

Maclophaﬁ :.)h
-

— \
Fibroblast
»®
\

[—

- ‘o - 5 e © - ® = ® ®© = ®

Blood clot formation Accumulation of immune Angiogenesis and Collagen disposition and
cells and release of fibroblast proliferation tissue remodeling
growth factors

Figure | The four stages of the wound healing process and the hallmark of each stage: are (1) hemostasis, (2) inflammation, (3) proliferation and (4) remodeling.
Created in Biorender.com.

Wound healing is a complex biological process which involves a series of physiological and biochemical events that
are promptly initiated upon skin injury. There are four distinct stages of wound healing: hemostasis, inflammation,
proliferation, and remodeling, as illustrated in Figure 1. The initial stage of wound healing ie, hemostasis, starts upon the
occurrence of endothelial damage. This stage is characterized by the aggregation of platelets that adhere to the injury site
to initiate the clotting cascade and prevent further bleeding during the first 24—48 hours.* The fibrin clot formation leads
to the second stage of the healing process by attracting inflammatory cells, fibroblasts and growth factors and promoting
tissue regeneration lasting for around 4 days.” By the end of the inflammations stage and in the proliferation stage, eschar
(scab) forms on the surface of the wound. The inflammatory components contribute to increasing blood flow to the
injured area, swelling and redness. Furthermore, growth factors released by inflammatory cells stimulate further cell
migration and proliferation of fibroblasts and endothelial cells to remove dead tissue which typically lasts from 5 to 20
days post-injury.® During the fourth stage, disorganized collagen, produced by fibroblasts, promotes wound contraction
and the formation of fresh skin.” The duration of the final phase may extend from days to a year or beyond, depending on
the complexity of the wound. Given the intricate nature of the wound healing process, delayed wound healing or
excessive healing, ie, scar formation, might occur at any stage impacting the structure and function of the wounded area.

Current interventions for wound management vary depending on the severity of the injury. For most skin wounds,
hospitalization is not required; however, infection, deformity or hemorrhage might delay healing and cause
complications.” Conventional wound dressings are typically comprised of cotton, bandages, and gauze which are
commonly utilized in clinical settings to prevent bacterial and fungal invasion of the body, primarily due to their cost-
effectiveness and absorbency properties. However, conventional dressings potentially delay the wound healing process
by isolating the open wound while causing dehydration by absorbing exudate from the wound surface.®

Bacteria are an essential part of a healthy skin’s ecosystem. However, in the event of an injury, they can travel from the
surface to penetrate areas where they do not normally reside, resulting in an imbalance that leads to infection of the skin
wound.® Microbial infection is one of the key factors that can impair the wound healing process, complicate the recovery, and
increase the cost of wound care. Bacterial invasion can impair the typical progression of wound healing and may lead to
disfigurement of the wound site which might pose a serious threat to the patient’s survival. Thus, the development of novel
concepts to enhance tissue regeneration and prevent infections is key to managing wounds effectively. Interventions,
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including but not limited to devices, dressings, drugs, and delivery systems, were extensively investigated to facilitate
enhanced wound healing using cost-effective and biocompatible approaches. Ideally, a wound dressing must maintain close
contact with the wound, control exudates and limit inflammation all while maintaining a moist environment.” !

Electrospinning is a widely used technique that allows the fabrication of micro- or nano-sized fibers for various
biological and nonbiological applications.'* Electrospun nanofibers present great potential for wound dressing applica-
tions as they exhibit a structure that can support the wound while providing a microenvironment for cell adhesion and
migration throughout all the stages of the healing process.*® Additionally, the nanofibrous architecture emulates the
porous nature of the extracellular matrix (ECM) which facilitates epithelial cell adhesion, migration and differentiation."?
Moreover, due to their high surface area, electrospun fibers can absorb exudates from the wound site; while, at the same
time, preventing external microbial infection and facilitating localized delivery of therapeutic agents.'*

Natural polymers, including for instance, cellulose, collagen chitosan and alginate, are mainly derivatives from animal or
plant sources and generally exhibit high biocompatibility and low toxicity but often suffer from poor solubility and
instability.*'>'” Poly lactide-co-glycolic acid (PLGA), polycaprolactone (PCL), and polyvinyl pyrrolidone (PVP) are examples
of synthetic polymers that are widely used for electrospinning due to their mechanical properties, biocompatibility, and
stability.'® PLGA is a hydrophobic FDA-approved copolymer that has been widely investigated due to its favorable properties
including biocompatibility, tunable degradation rate, and ease of fabrication.'” Upon hydrolysis, the ester link present in PLGA
breaks releasing lactic acid and glycolic acid monomers. Lactate, as a biodegradable metabolite, plays a crucial role in diverse
biochemical processes and can elicit therapeutic benefits by promoting angiogenesis and wound healing. For that reason, it has
been reported that PLGA, on its own, might have wound-healing properties via accelerating angiogenesis.*>° On the other hand,
PVP is an FDA-approved hydrophilic polymer with an amorphous nature, biocompatible and biodegradable.>' Owing to its high
porosity, PVP nanofibers have an ultrarapid release rate of water-soluble drugs as well as a high surface-to-volume ratio.”?

The use of nanofibrous systems for wound dressing applications has gained significant attention due to the pressing need for
novel approaches to accelerate wound closure. Gilchrist et al reported developing biodegradable PLGA nanofibers co-loaded
with fusidic acid and its sodium salt to prevent orthopedic implant-associated infections.? In a rodent model, the co-loaded
nanofibers significantly reduced MRSA colonization on titanium implants by 99.9%; while the treated implants showed
a reduced inflammatory response compared to controls.”> In another study, Wang et al developed a PLGA-based nanofibrous
scaffold loaded with zinc oxide nanoparticles (ZnO NPs) and vascular endothelial growth factors (VEGF) for wound dressing
applications.'® The formulation containing both ZnO NPs and VEGF showed an early wound contraction and better tissue
organization before injury.'”

Fusidic acid (FA) is a narrow-spectrum semisynthetic agent derived from the fungus Fusidium coccineum that is
available in various dosage forms to treat skin infections. Fusidic acid is principally active against staphylococci,
including methicillin-resistant strains (MRSA), as well as other Gram-positive bacteria and a limited number of Gram-
negative bacteria.”**> Lidocaine (LDC) is a widely used pre- and postoperative local anesthetic and numbing agent that
can be applied directly on the skin to reduce pain. Due to its hydrophilicity, LDC has a short half-life in vivo making the
use of a polymeric carrier an attractive strategy to prolong its release.

This study investigates the therapeutic potential of FA in combination with LDC in two separate formulations; PLGA/PVP-
based nanofibrous system and PVP-based nanofibers to evaluate their effectiveness in accelerating the wound closure of an
infected open wound. Due to the distinctive nature and unique physicochemical properties of the polymers utilized, each
resulting formulation is designed for a different onset of action. The PLGA/PVP-based system is intended for a once daily more
prolonged drug release over 24 hours period; while, on the other hand, PVP-based nanofibers were formulated for a more rapid
release of both drugs upon contacting the site of application. The aim is to provide two formulations with the potential to be used
as over-the-counter (OTC) dressings for wounds.

Materials and Methods

Materials
Fusidic acid sodium salt (FA), lidocaine hydrochloride monohydrate (LDC), Ethanol (absolute, > 99.8%) and PVP with
a molecular weight of ~1,300,000 were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Purasorb® PDLG 5010
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(MW 153 kg/mol), a copolymer of PLGA 50:50 was obtained from Corbion (Purac Biomaterials, Gorinchem,
Netherlands). Acetonitrile (ACTN, >99.9% for HPLC) was purchased from Scharlau (Barcelona, Spain). Phosphate-
buffered saline (PBS) was prepared by dissolving PBS tablets, obtained from Sigma-Aldrich, in the corresponding
amount of distilled water generated via the Milli-Q® IQ 7005 Purification System (Millipore SAS, Molsheim, France).
pH adjustment to 6.8 was carried out using 0.1N hydrochloric acid (HCL) that was purchased from Scharlau.

Bacterial strains were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA) as
reference bacteria, including Staphylococcus aureus (S. aureus; ATCC 29213), Escherichia coli (E. coli; ATCC 25922),
Pseudomonas aeruginosa (P. aeruginosa; ATCC 27853), and methicillin-resistant Staphylococcus aureus (MRSA; ATCC
43300). The study also included other bacterial strains that were isolated clinically, such as E. coli (1060) and
P. aeruginosa (7067). The bacterial strains were cultured on Mueller—Hinton agar (MHA) and Mueller-Hinton broth
(MHB) obtained from Scharlau (Barcelona, Spain) and prepared according to the manufacturer’s instructions. Distilled
water was generated using a Milli-Q® IQ 7005 Purification System.

Animal Study

Adult animals (Swiss mice) weighing 25-30 grams were obtained from the animal house of the Faculty of Pharmacy,
King Abdulaziz University, Jeddah, Saudi Arabia. The in vivo study protocol was approved by the Local Committee of
Ethics of Research on Living Creatures in King Abdulaziz City for Science and Technology- Institutional Review Board
(KACST-IRB, no. IRB 23006), in adherence with the Declaration of Helsinki, the Guiding Principle in Care and Use of
Animals (DHEW production NIH 80-23) and the Standards of Laboratory Animal Care (NIH distribution 85-23,
reconsidered in 1985). Animals were kept in cages housing 4 animals, adapted for at least 2 weeks in naturally controlled
enclosures (20 = 1°C and a 12/12-h dark/light cycle) and fed food pellets and tap water ad libitum.

Methods

Preparation of the Nanofibrous Systems

FA/LDC-Loaded PLGA/PVP Fibers

10% (w/v) PVP and 25% (w/v) PLGA were separately dissolved in ethanol and acetonitrile, respectively, and then stirred
at 500 revolutions per minute (rpm) for one hour at ambient temperature using magnetic stirrer. LDC was mixed with
PVP, while FA was combined with PLGA. The resulting solutions were then stirred for an additional hour to obtain
homogeneous solutions. A mixture of PVP and PLGA (in a 1:3 ratio) was formed to produce the nanofibers containing
both LDC and FA at a final concentration of 1% (w/v) per drug. For the fabrication of the monoaxial fibers, the
Spraybase® electrospinning instrument (Spraybase®, Dublin, Ireland), which comprised of a syringe pump, high power
voltage supply and a collection surface, was used at 37°C and humidity conditions ranging between 30% to 40%. The
solution was then transferred into a 5 mL plastic syringe fitted with a 20-gauge needle streaming the mixture at 0.8 mL/
hour flow rate, 15 cm tip-to-collector distance and 10—12 kV voltage range. The yielded nanofibers were collected from
an aluminum foil that covered the metallic collector. Similarly, drug-free (ie, blank) PLGA/PVP fibers were prepared in
the exact electrospinning conditions but without the addition of any drug and the voltage was set at 7-8 kV.

FA/LDC-Loaded PVP Fibers

The polymeric solution was prepared by dissolving 10% (w/v) PVP in ethanol which was then kept stirring for one hour
at room temperature. FA was added to the solution while the mixture was maintained under continuous stirring, followed
by the addition of LDC to create a homogeneous solution. The drug-loaded and drug-free (ie, blank) PVP nanofibers
were fabricated using the Spraybase® electrospinning instrument following the same conditions detailed in the previous
section; except the size of the streaming needle (18-gauge).

Morphological Characterization of the Fabricated Nanofibers by Scanning Electron Microscopy (SEM)

The morphology of the nanofibers was imaged using an SEM (JSM-ITS00HR SEM, Jeol Inc., Peabody, MA, USA). The
nanofibers were collected on aluminum foil and coated with a 2 nm layer of platinum using a JEC-3000FC auto fine
coater (JEOL Inc., Peabody, MA, USA) to enhance conductivity and imaging quality. The samples were then imaged
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with the SEM, with measurements taken at an accelerating voltage of 5 kV. The average fiber diameters were calculated
from measurements taken on 70 individual fibers using Image] software (National Institute of Health, MD, USA).
Results were analyzed by OriginPro 2021 (OriginLab Corporation, Northampton, MA, USA).

Fourier-Transform Infrared Spectroscopy (FTIR)

The molecular structures of PVP, PLGA, FA, LDC, their physical mixtures PM1 (PLGA/PVP/FA/LDC in a ratio of
3:1:1:1) and PM2 (PVP/FA/LDC in a ratio of 10:1:1), blank fibers, and drug-loaded fibers were determined by FTIR
Thermo smart ATR IS20 Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) at wavenumber range between

4000 and 600 cm™ ' and 32 scans with a resolution of 4 cm ™",

X-Ray Diffraction (XRD)

The X-ray diffractogram was used to evaluate the crystallinity and amorphous structure of FA, LDC, PVP, PLGA, PM1
(PLGA/PVP/FA/LDC in a ratio of 3:1:1:1) and PM2 (PVP/FA/LDC in a ratio of 10:1:1), blank fibers, and drug-loaded
fibers by Rigaku Miniflex 300/600 (Tokyo, Japan) with Cu Ko radiation (A = 1.5148 227 A) and a voltage of 40 kV and
current of 15 mA. The samples were scanned between 3° and 60 diffraction angles (20) at 5°/min.

Quantification of FA and LDC Using High-Performance Liquid Chromatography (HPLC)

Both drugs were quantified using the Waters €2695 HPLC system that consists of a Waters® 717 plus autosampler,
Waters 600 binary pump, and Waters 2489 UV/detector (Waters Technologies Corporation, Milford, MA, USA). The
drugs were separated by an isocratic elution of a mobile phase of tricthanolamine (1%, adjusted by formic acid to pH
3.9), and acetonitrile at a ratio of 30% and 70%, respectively, and a Waters XBridge C;g column (4.6 mm X 250 mm,
5 um), with a temperature that was maintained at 20°C. The flow rate of the mobile phase was adjusted at 1 mL/min, the
injection volume was kept at 10 puL, and the detection was achieved at a wavelength of 210 nm.

For samples containing PLGA and PVP, which were dissolved in ACTN, serial dilutions of the following concentra-
tions were used: 200, 100, 50, 25, 12.5, 6.25 and 3.125 pg/mL were used to develop calibration curves for both drugs
according to the method above. Similarly, for FA and/or LDC in PVP samples, that were dissolved in PBS, serial
dilutions were conducted to obtain solutions of 1000, 500, 250, 200, 100, 50, 25, 12.5, 6.25 and 3.125 pg/mL.

Assessment of the Encapsulation Efficiency (EE%) and Drug Loading (DL)

The DL and EE% of FA/LDC-loaded PLGA/PVP fibers were assessed by dissolving the fibers (10 = 0.53 mg, n=3) in
5 mL ACTN for four hours at ambient temperature until full dissolution was achieved. Similarly, the DL and EE% of the
FA/LDC PVP fibers were quantified by dissolving the fibrous system (10.4 + 1.1 mg, n=3) in 5 mL PBS (pH 6.8), for
four hours at room temperature. Samples from both fibrous systems were subjected to the previously established HPLC-
based method detailed in 1.2.6. and the EE% and DL were calculated according to Alsulami et al*® using the following
mathematical equations:

EE% — Actual drug amount
° ™ Theoretical drug amount

100 (1)

Entrapped drug amount
DL = - .
Fibers Weight

()
The results were shown as the mean + standard deviation (SD) of three replicates.

In vitro Assessment of the Release Rate by Franz Diffusion

The release characteristics of the drugs from the fabricated nanofibers were investigated in vitro via the Franz diffusion
cell system (PermeGear, Hellertown, PA, USA) as a modified protocol from Alzahrani et al.>” The study was conducted
by placing a semipermeable membrane with a molecular weight cut-off range of 12—14 kD (Spectra/Por®, Spectrum
Laboratories Inc., Ranch Dominguez, CA, USA) on the respective Franz diffusion cells. Each receptor chamber was
filled with 3 mL of PBS (pH 6.8); while 1 mL of PBS was added to the donor chambers. Predefined amounts of the
nanofibrous systems were positioned on the donor part and the Franz cells were maintained covered with parafilm®
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throughout the experiment. The study was performed under a temperature-controlled environment of 37°C, using
a circulating water bath to simulate the surface temperature of the skin. Additionally, the diffusion medium was agitated
at a speed of 500 rpm. 100 pL samples were collected from each receptor chamber, which was subsequently replenished
with fresh buffer to preserve the sink conditions, at the following time points: 0.5, 1, 2, 4, 6, 8, 24 and 48 hours for the
FA/LDC-loaded PLGA/PVP fibers and 0.5, 1, 2, 4, 6 and 24 hours for the FA/LDC-loaded PVP nanofibers. The collected
samples were analyzed using the developed HPLC protocol in 1.2.6., and the percentage of cumulative release for each
drug was quantified according to the equation below:

Cumulative Release% — Cumulative drug amount

1
Theoretical drug amount x 100 )

The results were shown as the mean = SD of at least three replicates.

In vitro Cell Viability Study

Cells Subculturing

A human skin fibroblast cell line (HFF-1) was utilized to assess the cytotoxicity of the applied drugs. HFF-1 was
obtained from the American Type Culture Collection (ATCC) under catalogue number SCRC-1041 (Manassas, VA,
USA). The cell line was routinely cultured and maintained in high glucose Dulbecco’s Modified Eagle Medium (DMEM)
for HFF-1 cell line, 10% fetal bovine serum (FBS), and 1% antibiotic solution composed of penicillin (10,000 IU/mL),
streptomycin (10 mg/mL), and amphotericin B (25 pg/mL), which were all bought from Sigma-Aldrich (St. Louis, MO,
USA). The cell viability assessment of tested compounds was conducted using MTS assay.

Cytotoxicity Assay

The tested materials (FA, LDC and their drug combination) were dissolved in DMEM and six serial dilutions were
applied to the HFF-1 cells, starting with 500 pg/mL down to 16 pg/mL. The cytotoxicity of the two drugs was assessed
using cell titer 96® aqueous one solution cell proliferation assay (MTS kit), which was purchased from Promega
(Southampton, UK), following the modified method of Alsulami et al.?® Briefly, HFF-1 cells were seeded in 96-well
plates with a density of 1.5x10* cells per well, followed by their incubation at 37°C overnight. After cells adhered, FA,
LDC and their drug combination (with a 1:1 ratio) were added with different concentrations for 24- and 48-hours at
37°C. Negative control (completed DMEM only) and positive control (0.2% triton x-100) were used as experimental
controls. After the proposed incubation time, cells were washed with sterile phosphate-buffered saline (PBS, pH 7.4) and
then 100 pL of complete DMEM medium were added with 20 pL of MTS reagent per well. After that, cells were
incubated for 3 hours in a cell culture incubator. The absorbance at 492 nm was recorded using Cytation 3 absorbance
microplate reader (BIOTEK Instruments Inc., Winooski, VT, USA). The percentage of cellular viability was calculated
using the following equation:

S—-T
Cell Viability(%) = ((H—T)) x 100 4
where S is the absorbance of the cells treated with the tested drugs, T is the absorbance of the negative control, and H is
the absorbance of the positive control.

Assessment of the Minimum Inhibitory Concentration (MIC) of FA and LDC

The minimum inhibitory concentration (MIC) values of FA, LDC, and their combination were determined using the broth
microdilution method, which adheres to the Clinical and Laboratory Standards Institute guidelines (CLSI).*® The drugs
were prepared by two-fold serial dilutions ranging from 1000 to 7.8 pg/mL and added to 96-well microtiter plates. Then,
the bacterial inoculums of S. aureus (ATCC 29213, MRSA — ATCC 43300), E. coli (ATCC 25922 and clinical isolate
1060), and P. aeruginosa (ATCC 27853 and clinical isolate 7067) were adjusted to a McFarland standard of 0.5, giving
a cell density of 1.5x10% CFU/mL, and added to 96-well microtiter plates. Drug-free wells were used as growth controls,
while wells containing only MHB medium were used as negative controls. Then, 96-well microtiter plates were
incubated overnight at 37°C with continuous shaking at 160 rpm. The lowest concentration with no visible growth or
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turbidity was considered the MIC, and bacterial growth inhibition was measured at a UV absorbance of 600 nm using
a PowerWave XS2 plate reader (bioMérieux, Marcy L’Etoile, France). Results were expressed as the mean + SD of three
replicates.

Determination of the Antibacterial Activity of the FA/LDC-Loaded PLGA/PVP and FA/LDC-Loaded PVP
Fibers

The antibacterial activity of FA/LDC-loaded fibers was assessed using an agar-diffusion assay following a modified
approach of Mutlu et al.*® Bacteria that exhibited antibacterial activity in the MIC test were tested against various fiber
systems. MHA plates were inoculated with 100 pL of 1.5x10* CFU/mL of S. aureus, ATCC 29213, MRSA — ATCC
43300, E. coli, ATCC 25922, and clinical isolate 1060. Electrospun FA/LDC-loaded PVP fibers, FA/LDC-loaded PLGA/
PVP fibers, blank PVP fibers, and blank PLGA/PVP fibers were weighed and cut at certain weighs that represent a drug
loading of 80 pg/mg for FA, then placed over plates. To ensure the validity of the test, the FA/LDC inhibition zone was
evaluated, and 20 pL of the mixed drugs were added to sterile microbiological discs as an experimental control. All
plates were incubated overnight at 37°C. After incubation, the diameters of the inhibited zones were measured in
millimeters (mm) by a digital micrometer. All results represent the mean + SD of three replicates.

In vivo Animal Study

Animal Preparation and Superficial VWound Infection

The in vivo model infection process, detailed by Pérez et al>* was followed. The colonization was initiated via incisional
abrasion using an infective dose of S. aureus 3x10° CFU/mL. Bacterial growth began within the first four hours,
following a self-limiting pattern, with bacterial maturation reaching 10° CFU/mL within 48 hours post-inoculation and
persisting for a clinical duration of 14 days. A superficial abrasion was created on 44 mice under anesthesia (Ketamine/
Xylazine TP at 80 mg/kg + 5 mg/kg). The skin was disinfected with 70% alcohol, and abrasions were made using
a scalpel (number 11) until redness appeared and the epidermis was visibly lost. Wounds were approximately 1 cm in
diameter and were located in the dorsal area. Wounds were infected with the inoculum previously obtained for 24 hours.
To determine the bacterial burden of the wounds throughout the experiment, swabs and digital pictures were taken on
days 1, 3, 6, 8, 10 and 14. Samples were studied using routine microbiological procedures,plated on MHA and the
number of bacteria was quantified by serial dilution in PBS buffer and expressed as CFU/mL and log10. The threshold
value for an established skin infection by S. aureus was 10° CFU/mL. All experiments were carried out 3 times and
a reduction in the number of CFU/mL of 6 log10 was considered indicative of bactericidal activity.>!

Treatment of the Infection

The animal experiment was designed to fulfill the objective of the investigation. Accordingly, a total of 44 mice were
distributed to 11 groups (n=4 per group), untreated group (infected, no treatment), commercial Fucidin cream group
(infected, treated), commercial Lidocaine cream group (infected, no treatment), PLGA/PVP fibers groups: Blank
(infected, no treatment), FA-loaded PLGA/PVP, FA/LDC-loaded PLGA/PVP (infected, treated) and LDC-loaded
PLGA/PVP (infected, no treatment) and PVP fibers groups: Blank (infected, no treatment), FA-loaded PVP, FA/LDC-
loaded PVP (infected, treated) and LDC-loaded PVP (infected, no treatment).

Macroscopic Observations

Mice were monitored on days 1, 3, 6, 8, 10 and 14 to study wound healing in response to the infection and the different
therapies. Digital images were taken using the Canon PowerShot A630© camera to assess the wounds. The progression
of the wound, estimating the days to get a reduction of 50% of the size and the loss (detachment) of the crust (LC, time in
days required to fall off) were evaluated.”’

Microbiological Evaluation

Swabs of the wounds were carried out. The swab end was then sliced and inserted in a tube with 2 mL of sterile saline
followed by mixing the tube on Vortex to release the S. aureus. Serial 100-fold dilutions of the cell suspension were
cultured on MHA plates at 37°C for 20 hours. Finally, S. aureus colonies were counted.
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PLGA/PVP and PVP Fibers Treatment

PLGA/PVP and PVP fibers containing FA, LDC alone or combined were applied to the mice wounds while commercia-
lized Fucidin cream (Fusibact™; Jamjoom Pharma, Jeddah, Saudi Arabia) and Lidocaine cream (Rialocaine®; Riyadh
Pharma, Jeddah, Saudi Arabia) were applied to the mice wounds during the experiment. Both formulations were given
once daily from day 1 after inoculation to day 14 post-infection.

Statistical Analysis

The EE%, DL, drug release studies, in vitro and in vivo experiments were all conducted with at least three independent
replicates with the data presented as the mean = SD. Statistical analysis was performed using OriginPro® 2021
(OriginLab Corporation, Northampton, MA, USA) and Microsoft Excel 2024 software. The number of CFUs and the
score of wound infection were measured three times independently.

Results and Discussions

Morphological Characterization of the Fabricated Nanofibers by Scanning Electron
Microscopy (SEM)

The prepared monoaxial drug-loaded and blank nanofibrous formulations were assessed for their surface morphologies.
As shown in Figure 2, the nanofibers were fabricated uniformly, presenting smooth, non-porous surfaces without any
bead-like defects or irregularities. The observed morphological attributes are considered to meet the preparatory criteria
for effective fiber fabrication.*

The fiber diameters were measured for blank PLGA/PVP and FA/LDC-PLGA/PVP nanofibers indicating an average
diameter of 1117 = 284 nm and 556 £+ 71 nm, respectively. Similarly, the blank PVP had an average diameter of 812 +
120 nm, while the FA/LDC-PVP fibers measured 291 + 87 nm. The two nanofibrous systems exhibited a common
observation: the blank fibers had larger diameters than the drug-loaded fibers, which aligns with previously reported
findings.?**’> The incorporation of both drugs into the polymeric solutions used to fabricate DL fibers altered their
conductivity and viscosity, requiring an increase in the applied voltage. The addition of conductive drugs such as FA and
LDC to the spinning polymeric solution plays an essential role in altering the optimal electrospinning parameters as
increased conductivity results in reduced fiber diameter.** Furthermore, using a lower voltage to fabricate the blank fibers
(= 8 kV), compared to the dual drug-loaded fibers (> 10 kV), facilitated the stabilization of the spinning jet yielding
nanofibers with larger diameter.*?

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was used to monitor the formulation’s stability and ensure that the polymer structure remained intact
after drug incorporation, as any significant changes in the polymer’s characteristic peaks could indicate degradation or
structural modification caused by the drug loading process. Both formulations in Figures 3A and 3B showed an
O-H broad peak at 3650-3500 cm™' and a C=O absorption at around 1750-1650 cm™' in the samples (PVP, PMI,
PM2, blank fibers, and drug-loaded fibers), which could confirm the presence of PLGA and PVP polymers in both
formulations. PM1 and PM2 reflect a physical combination of all the drug-loaded nanofibers components with no
significant shifts or new peaks. The results were consistent with those of the pure components presented in Table 1. The
low intensities of FA and LDC peaks could be attributed to the ratio of PM1 (3:1:1:1) and PM2 (10:1:1).

The FA/LDC-PLGA/PVP (Figure 3A) showed stretching vibration peaks of carbonyl in the PLGA structure at
1750 cm ™', in addition to a small peak at 1660 cm ', which revealed C=0O in PVP. Otherwise, the drug-loaded and blank
PVP fibers, which contain PVP only, showed a response of carbonyl peak that appeared in the region of 1650 cm . In
addition, the C-O-C spectrum disappeared in Figure 3B at 1166 cm ' and 1085 cm ™', which belongs to the stretching

vibration of ester linkages in PLGA polymer. The results are consistent with the previous report by Fan et al.*®

Comparing drug-loaded and blank fibers in both formulations, it was observed that the spectral intensity at 1750 cm™'
and 1660 cm ' increased due to the incorporation of the drugs, as they also contain carbonyl functional groups.

Furthermore, the presence of small peaks in the fingerprint area (900 to 600 cm™ ') suggests that the drugs are loaded
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Figure 2 Surface morphologies of blank and drug-loaded monoaxial nanofibers under the scanning electron microscopy (SEM) (A) blank PLGA/PVP, (B)
FA/LDC-PLGA/PVP, (C) blank PVP and (D) FA/LDC-PVP, as well as their corresponding diameter distribution charts. The size distribution of the blank and drug-loaded
nanofibers was measured from 70 different fibers. PLGA; poly lactide-co-glycolic acid, PVP; polyvinylpyrrolidone, FA; Fusidic acid sodium salt, LDC; Lidocaine hydrochloride
monohydrate.
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Figure 3 Fourier-Transform Infrared Spectroscopy (FTIR) spectrums for (A) PLGA, PVP, Physical mixture | (PMI), Lidocaine, Fusidic Acid, Blank and FA/LDC-
PLGA/PVP (drug-loaded (DL)) fibers, and (B) PVP, physical mixture 2 (PM2), Lidocaine, Fusidic Acid, Blank and FA/LDC-PVP (DL) fibers. PMI, composed of PLGA, PVP, FA,
and LDC, and PM2, composed of PVP, FA, and LDC, were prepared in specific ratios of (3:1:1:1) and (10:1:1), respectively. PLGA; poly lactide-co-glycolic acid, PVP;
polyvinylpyrrolidone, FA; Fusidic acid sodium salt, LDC; Lidocaine hydrochloride monohydrate.

inside the nanofibers, which belong to the C-H groups of substituted benzene. The findings align with a previously
published study by Alzahrani et al.?’

In summary, with no notable chemical interactions found, the FTIR analysis indicated the effective integration of all
components into the drug-loaded nanofibers, suggesting that the drugs were physically blended within the fiber matrix

and electrospun without changing their chemical structures.
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Table | Fourier-Transform Infrared Spectroscopy (FTIR) Characteristic Peaks of Pure PLGA, PVP, FA and LDC

Sample | Wavenumber (cm™") Functional Group Ref.
PVP 3450 O-H stretching [34]
2950 C-H asymmetric stretching vibration peaks
1652 C=0 stretching vibration from pyrrolidone
1489, 1457, 1432 C-H bending vibration of aliphatic
1285 C-N stretching from pyrrolidone
PLGA 3652 O-H stretching of hydroxyl groups [35, 36]
2998 C-H stretching vibration peaks
1746 C=0 stretching of carbonyl present in both lactic acid and glycolic acid units
1452, 1423, 1381 C-H bending of methyl and methylene Groups in the lactic acid and glycolic acid units
116l C-O stretching of ester linkages
1079 C-O-C stretching of ester linkages
FA 3484 O-H stretching [37]
2932 and 2869 C-H symmetric and asymmetric stretching
1710 C=0 stretching
1549 C=C stretching
1385 C-H bending vibration of methyl
1269 C-O stretching vibration
1024-865 C-H vibration of the aromatic ring
LDC 3383 N-H stretching of secondary amine [38]
3181 Aromatic C-H stretching
3035-2920 Aliphatic C-H Stretching
1655 C=0 Stretching of carbonyl in the amide group
1542 C=C stretching vibrations in the aromatic ring
1471 N-H bending of amide band
1271 C-N Stretching of amine and amide groups

Abbreviations: PLGA, poly lactide-co-glycolic acid; PVP, polyvinylpyrrolidone; FA, Fusidic acid sodium salt; LDC, Lidocaine hydrochloride monohydrate.

X-Ray Diffraction (XRD)
XRD analysis plays an important role in determining the crystalline or amorphous nature of drug-free and drug-loaded
nanofiber samples. Such data helps in understanding the stability of the drug in the nanofibers. Figure 4 shows the XRD
results of the PLGA/PVP and PVP nanofibrous systems. The amorphous structure was expressed in PVP, PLGA, PMI,
PM2, and blank fibers. PM1 demonstrated a broad diffraction peak at 20.1°, which exhibited a relatively higher intensity
compared to PM2. The difference could be attributed to the higher ratio of PLGA to PVP in the first mixture, whereas
PLGA is absent in the second mixture.

Sharp distinctive peaks were observed at 26 of 10.9°, 12.8°, 14.3°, 16.5°, 25°, 25.9°, 31.8°, and 33.9° for LDC and
8.2°,14.2°,14.9°, 15.5°, 19.5.8°, and 24.7° for FA, indicating for the presence of both drugs in the crystallinity form. The
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Figure 4 X-ray diffraction (XRD) pattern for (A) PLGA, PVP, Physical mixture | (PMI), Lidocaine, Fusidic Acid, Blank and FA/LDC-PLGA/PVP (drug-loaded (DL)) fibers,
and (B) PVP, physical mixture 2 (PM2), Lidocaine, Fusidic Acid, Blank and FA/LDC-PVP (DL) fibers. PMI was comprised of PLGA, PVP, FA, and LDC; while PM2 was
composed of PVP, FA, and LDC. Both PM| and PM2 were prepared in specific ratios of (3:1:1:1) and (10:1:1), respectively. PLGA; poly lactide-co-glycolic acid, PVP;
polyvinylpyrrolidone, FA; Fusidic acid sodium salt, LDC; Lidocaine hydrochloride monohydrate.

observation was also consistent with the previous reports.?’***! Overall, the XRD findings proposed that the electro-
spinning method has attributed to molecular dispersion of the loaded drugs, which was also reported in multiple previous

studies.**
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Quantification of FA and LDC Using High-Performance Liquid Chromatography

(HPLC) to Assess the Encapsulation Efficiency (EE%) and Drug Loading (DL)

The development of HPLC methods was crucial for quantifying the DL, EE% and release profiles of FA and LDC from
their electrospun nanofibrous systems. Two HPLC methods were developed to separate both drugs; in ACTN to quantify
DL and EE measurements for the FA/LDC-loaded PLGA/PVP system, and PBS (pH 6.8) for DL and EE measurements
of the FA/LDC-loaded PVP system and the release measurements for both fibrous systems. The ACTN was used to
dissolve the PLGA, as it is a hydrophobic polymer. HPLC analysis demonstrated effective separation of FA and LDC,
with both drugs being eluted (ie retention time Rt) at 2.9 min for FA and 6.8 min for LDC, as shown in Supplementary
Figure 1. Predetermined calibration curves, presented in Supplementary Figure 2, were used to calculate EE% and

amount of DL.

The percentages of EE in FA/LDC-PLGA/PVP and FA/LDC-PVP fibers demonstrate the successful incorporation of
both drugs in each fibrous system. The loaded PLGA/PVP nanofibers dissolved in ACTN (10£0.53 mg, n=3) had EE% of
92 + 19% and a DL of 40 + 8 pg/mg for FA, as well as an EE% of 75 = 16% and a DL of 32 = 7 ug/mg for LDC. On the
other hand, FA/LDC-PVP exhibited EE% and DL of 101 + 4% and 85 + 3 pg/mg, respectively, for FA. For LDC, the
encapsulation efficiency was 84 + 4% with a drug loading of 70 + 3 pg/mg.

The actual EE% of FA in FA/LDC-PVP slightly exceeded the theoretical amount, which could be due to variations in
the deposition of the drugs within the fiber mat; nevertheless, the actual EE% in both formulations closely matched the
expected theoretical value (ie, 100%). Despite that, the amount of FA and LDC loaded into PLGA/PVP nanofibers was
half the amount in PVP-alone fibers with only 40 = 8 ug/mg FA and 32 + 7 pg/mg LDC which could be attributed to the
higher polymer-to-drug ratio that was used in the PLGA/PVP fibers (25:10:1:1) compared to the PVP fibers (10:1:1).

In vitro Assessment of the Release Rate by Franz Diffusion

The release dynamics of the drug molecules from their polymeric carriers play an essential role in the process of wound
treatment and healing. Franz diffusion cell system was utilized to assess, in vitro, the release profiles of the monoaxial
drug-loaded nanofibrous systems. The receptor chambers, where the fibers were placed, contained PBS with a pH of 6.8
to simulate the skin pH in the presence of open wounds which ranges from 6.5 to 8.5.*> FA/LDC-PLGA/PVP fibers were
investigated for 48 hours given the hydrophobic nature of PLGA. As shown in Figure 5A, the released amount of FA in
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Figure 5 Cumulative Release profile of (A) FA/LDC-loaded PLGA/PVP nanofibers and; (B) FA/LDC-loaded PVP fibers. Results represent the average + SD
(n = 3). PLGA; poly lactide-co-glycolic acid, PVP; polyvinylpyrrolidone, FA; Fusidic acid sodium salt, LDC; Lidocaine hydrochloride monohydrate.
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the first 30 minutes was merely 1.6% which was followed by a sustained increase, with approximately 50% of the total
FA released after 8 hours, 90% after 24 hours, and complete 100% release after 48 hours of incubation. Conversely, LDC
showed a faster release pattern with 18% of the drug freed within the first 30 minutes, around 50% within 2 hours and
reaching a 100% release rate after 8 hours. The findings indicate the absence of burst drug release, a phenomenon
manifested by an initial surge in drug release owing to the rapid drug diffusion from the surface of the nanofibers and
often associated with using PLGA in nanoformulations.*®*” The variation in the release rate between FA and LDC serves
the purpose of the formulation; LDC was meant for relieving pain that often accompanies wound sites, and FA was
intended for tackling wound infections all while allowing the polymers to exert their wound healing properties.

On the contrary, FA/LDC-loaded PVP nanofibers had different release patterns with 47% of FA released in
30 minutes, 58% within 2 hours, 80% after 6 hours and complete release within 24 hours, whereas only 5% of LDC
was released with 30 minutes, 56% after 6 hours reaching 85% release rate after 24 hours (Figure 5B). The release
kinetics support the purpose of a more frequent application of the wound dressing, whenever is required, allowing both
drugs to exert their effect with faster onset.

Alzahrani et al reported their coaxial nanofibrous system of 8% PVP: FA (shell) and 8% PVP: pirfenidone (core) with
slightly different release kinetics of FA. In there, the Franz diffusion cell system was also utilized and only 23% of FA
was freed within the first 4 hours and 65% after 24 hours.>” Upon comparison with the current PVP fibrous system, one
can notice that the variation in the fabrication method (monoaxial 10% PVP versus coaxial 8% PVP) might played
a fundamental role in the changes in the release behavior between the two formulations; in addition to the intermolecular
interaction that could exist between the polymer and the drugs, which would require a further investigation in upcoming
studies.

In vitro Cell Viability Study
The cellular and metabolic activity of human dermal fibroblasts (HFF-1 cells) was assessed using the MTS assay
following 24- and 48-hour incubation with FA, LDC and their combination. The cell viability assay was performed on
HFF-1 human cells as a representative cell line to assess the safety of the drugs. HFF-1 cell line is highly sensitive and
can easily be affected by any source of cytotoxicity that might be induced by the applied materials. Two-time points (24-
and 48-hours cell exposure) were used to determine the inhibitory concentrations (IC) of both drugs to be taken into
consideration later in the in vivo study.

As shown in Figure 6A, the incubation of FA for 24 hours demonstrated that the concentration of the drug > 250 pg/
mL on HFF-1 cells represented low cell viability (below 50%), while the lowest applied concentration of 16 pg/mL

(A) 24 hours
FA FA+LDC
“ ”Cv;: ntration (ug/ml) - Concentration (ug/ml Cor tration (ug/ml
(S5O FA LDC FA+LDC

Concentration (ug/ml) Concentration (ug/ml)

Figure 6 Percentage of Cell variability of HFF-1 with different concentrations of FA, LDC & their combination (I:1 ratio) at two different points: (A)
24 hours and (B) 48 hours. MTS assay results are expressed as cellular viability (%) and presented as the mean * SD (n = 3). FA; Fusidic acid sodium salt, LDC; Lidocaine
hydrochloride monohydrate.
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showed highest cell viability of approximately 90% relative to positive control. However, the exposure of FA for
48 hours exhibited low cell viability of HFF-1 cells (< 50%) at < 125 pg/mL, as presented in Figure 6B.

On the other hand, the incubation of LDC with HFF-1 cells for 24 hours showed no reduction in the cell viability
below 80% (ie, > 80%) at all applied concentrations (Figure 6A), while extended incubation time of LDC with the human
skin fibroblast cells for 48 hours demonstrated lower cell viability (< 80% but > 50%) for the equivalent concentrations
as shown in Figure 6B.

The cytotoxicity of the drug combination of FA and LDC with a ratio of 1:1 was also assessed following the
incubation with HFF-1 cells for 24 and 48 hours, and results presented in Figure 6A and 6B, respectively. The application
of drug combination for 24 hours showed high cell viability (= 50%) for all concentrations of > 250 pug/mL, while
increased doses of drug combination could induce lower cell viability (< 50%). However, the incubation of drug
combination for 48 hours with HFF-1 cells exhibited low cell viability of 50% at > 125 pg/mL.

Opverall, the cytotoxicity results for 24 hours demonstrated that the application of the drugs alone or in combinations
has no harmful effect on the cell viability when applied at < 125 pg/mL, whereas increasing the dose above 125 pg/mL
could induce HFF-1 cells toxicity. Interestingly, the incubation of drug combination exhibited that LDC may hide,
normalize, or mask the cytotoxic effect of FA as the reduction in cell viability appeared only at the highest concentration
(125 pg/mL) in comparison to 32 pg/mL in free drug. It should be noted that the prolonged incubation time of all applied
drugs and their combination to 48 hours demonstrated lower cell viability of HFF-1 cells compared to 24 hours of
exposure.

In line with the findings above, a concentration of < 125 ug/mL was selected for further biological studies with the
dual drug-loaded nanofiber systems.

Assessment of the Minimum Inhibitory Concentration (MIC) of FA and LDC

The nanofibrous systems possess appealing controlled-release features, higher drug loading at specific sites, and
a positive impact on exudate uptake, gas exchange, and moist conditions, which are crucial in facilitating wound
healing.'”**

The antibacterial inhibitory effects of FA, LDC, and their combination were initially determined using a MIC assay.
The results, presented in Table 2, show that FA as a single antibiotic had MIC values of 7.8 pg/mL against S. aureus
(ATCC 29213), MRSA (ATCC 43300), and 125 pg/mL against E. coli (ATCC 25922). However, the clinical isolate of
E. coli 1060 showed a higher inhibitory concentration of 1000 pg/mL. Similarly, P. aeruginosa (ATCC 27853 and its
clinical isolate 7067) exhibited higher minimum inhibitory concentrations of 1000 pg/mL. In a recently published study,

the MIC of FA against S. aureus (ATCC 29213) was reported to be < 1 pg/mL and that against P. aeruginosa (ATCC

Table 2 The MICs of FA and LDC Alone or in Combination Against S. Aureus
(ATCC 29213) MRSA (ATCC 43300), E. Coli (ATCC 25922, Clinical Isolate 1060),
and P. Aeruginosa (ATCC 27853, Clinical Isolate 7067). Strains Were Treated with
FA, LDC, and Their Combination I:| at Concentrations (1000— 7.8 pg/mL). The
Results are Shown as Average + SD (n=3)

Microorganisms MIC pg/mL

FA LDC FA/LDC
S. aureus — ATCC 29213 78+0 > 1000 + 0.02 78
MRSA - ATCC 43300 78+0 > 1000 + 0.03 78+0
E. coli - ATCC 25922 2[25+0 | > 1000 + 0.03 21250
E. coli — Clinical isolate 1060 1000 + 0.04 | > 1000 + 0.03 | =500 + 0.02
P. aeruginosa — ATCC 27853 1000 + 0.02 | > 1000 + 0.02 | =500 + 0.0l

P. aeruginosa — Clinical isolate 7067 | 1000 + 0.07 | > 1000 + 0.01 | = 1000 * 0.02

Abbreviations: MIC, minimum inhibition concentration; FA, Fusidic Acid; LDC, lidocaine.
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27853) was > 512 pg/mL.%” Moreover, previous studies examined FA using the microdilution method on Gram-positive
and Gram-negative bacteria, including Staphylococcus, Clostridium, Corynebacterium, and Neisseria species, revealed
that FA has a potent antibacterial activity with MICs ranges of 0.03—1 pg/mL.***

FA inhibits protein synthesis through binding to elongation FA elongation factor G (EF-G).>> Furthermore, FA blocks
translocation and protein synthesis; thereby, inhibiting bacterial growth through the same mechanism, and is the only
antibiotic that functions on this particular target as it does not exhibit cross-resistance to other common antibiotics.’® In
contrast, LDC alone showed no inhibition to any bacterial strains at any tested concentrations (> 1000 ug/mL). Reported
data have investigated the potential inhibition of LDC at 1% w/v (ie, 10,000 pg/mL), which is 10-fold higher than the
tested concentration at 1000 pg/mL.>">? Additionally, no direct synergistic effects of combining LDC with FA were
observed against the tested bacteria, except for E. coli clinical isolate 1060, which showed a reduction in MIC to 500 pg/
mL requiring further investigation.

Determination of the Antibacterial Activity of the FA/LDC-Loaded PLGA/PVP and FA/
LDC-Loaded PVP Fibers

The antimicrobial effects of the drug-loaded fiber systems were evaluated using a zone of inhibition (ZOI) assay. Herein,
2 mg of the FA/LDC-PLGA/PVP fibers (to yield DL = 80 ng/mg for FA and 64 ng/mg for LDC), and 1 mg of the FA/
LDC-PVP fibers (to yield DL = 80 pg/mg for FA and 70 pg/mg for LDC), were tested against S. aureus (ATCC 29213),
and MRSA (ATCC 43300). The blank PLGA/PVP and PVP fibers were used as negative controls and FA/LDC discs were
used as the positive control. The results of the agar diffusion assay are shown in Supplementary Figure 3.

As detailed in Table 3, the FA/LDC-loaded PLGA/PVP fibers showed that the calculated ZOI diameters of 28 mm
against S. aureus (ATCC 29213) and 32 mm against MRSA4 (ATCC 43300), while the ZOI for the positive control was
33 mm for both bacterial strains. The FA/LDC-PVP fibers showed ZOI diameters of 31 mm and 32 mm against S. aureus
(ATCC 29213) and MRSA (ATCC 43300), respectively. Moreover, its positive control, at comparable concentrations,
exhibited a 33 mm ZOI against the same bacterial strains.

The electrospun nanofiber formulations exhibited inhibition zones comparable to their positive control, suggesting
that FA has retained its antibacterial efficacy after being electrospun, which is consistent with a reported FA-loaded
PLGA fiber systems on sensitive S. aureus.> Interestingly, the blank PLGA/PVP fibers, here, presented mild inhibition
on S. aureus strains, which could be attributed to the organic acid compounds in PLGA that might possess antimicrobial
activity. It has been reported that external lactic and glycolic acids influence the inhibition of S. aureus under low pH
conditions.”*>?

A study by Hamid et al demonstrated that the antibacterial activity of Moxifloxacin-loaded nanofiber systems against
different stains, including S. aureus (32.33 + 1.15 mm), E. coli (35.67 £ 1.53 mm), and P. aeruginosa (36.83 +2.56 mm).
Additionally, the blank nanofibers exhibited ZOI values between 16 and 19 mm for the same tested strains.’® Such
findings are consistent with the results obtained in the current study, indicating the potential of the developed FA/LDC-
PLGA/PVP and FA/LDC-PVP nanofiber formulations in enhancing the wound-healing process of infected wounds.

Table 3 The Antibacterial Activity of FSA/LDC-Loaded PVP Fibers, FSA/LDC-Loaded PLGA Fibers, Blank
PVP Fibers, and Blank PLGA Fibers at a Dose Equivalent to 80 ug/Mg Against S. Aureus (ATCC 29213),
and MRSA (ATCC 43300). Data Shown are the Diameters of the Zones of Inhibition Measured in
Millimeters (Mm). The Results are Shown as Average * SD (n=3)

Microorganisms PVP PLGA/PVP
FA/LDC Drug-Loaded | Blank FA/LDC Drug-Loaded | Blank
Disc Fibers Fibers Disc Fibers Fibers
S. aureus — ATCC 29213 33+0 31 £ 0 33+ 1 28 % | 520
MRSA - ATCC 43300 331 32+ 1 0 33+£0 32+ 1 6%0

Abbreviations: FA, Fusidic Acid; LDC, lidocaine.
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Evaluation of the Antibacterial Activity of FA/LDC-PLGA/PVP and FA/LDC-PVP
Nanofibers Against Infected Wound Animal Model

An animal model was used to evaluate the efficacy of the nanofibers loaded with FA, LDC or their combination against
wound infection. Negative control mice received no treatment; while the two groups that were treated with commercia-
lized FA or LDC creams were considered the positive controls. Additionally, blank fibers and single drug-loaded
nanofibers were tested as experimental controls. Accordingly, positive controls, blank fibers (PLGA/PVP and PVP), FA-
PLGA/PVP, LDC-PLGA/PVP, FA/LDC-PLGA/PVP, FA-PVP, LDC-PVP and FA/LDC-PVP were all administered to
each group once daily for 14 days.

Owing to the sensitivity of S. aureus to FA, it was used to infect the animals in the study. The level of S. aureus
infection was kinetically monitored in the wounds of the mice for the duration of the study. S. aureus was collected from
wounds of each experimental mouse during the day post-inoculation, on days 1, 3, 6, 8, 10 and 14, as shown in
Supplementary Figure 4. Moreover, the appearance of the wounds in the animals was documented photographically, and

a macroscopic observational assessment was conducted. The assessment, as detailed in Figure 7, covers observations
made on days 1, 3, 6, 8, 10, and 14 post-inoculations.

By day 3 post-inoculation, the FA group had a significantly lower count of bacteria compared to other groups. Also,
the PVP combination and FA groups had the same pattern (Supplementary Figure 4). By day 6, the FA-PLGA/PVP group
demonstrated a significant reduction in bacterial count compared to all other groups. Similarly, the FA/LDC-PVP and FA-

PVP groups showed comparable significant reductions (Supplementary Figure 4). By day 14, the FA/LDC-PVP and FA

groups exhibited lower bacterial counts than the other groups. Lastly, while commercial FA cream had the highest
immediate effect, the FA/LDC-PVP and FA-PVP fibers maintained a sustainable effect over two weeks.

According to the macroscopic evaluation, results, shown in Figure 7, the variations between the two nanofibrous
systems were noticeable; current observations indicated that PLGA/PVP-based exhibited a low absorption rate, resulting
in residual stickiness that persisted until the following day’s dosing. Additionally, due to the hydrophobicity of the
PLGA/PVP system, upon applying the next day’s dose, the presence of the fibers required physical removal of the fiber
remaining’s, which might hinder the activity of the naturally-stimulated components of the wound healing process, such
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Untreated FA-cream LDC-cream PLGA/PVP FA/LDC- FA- LDC- PVP FA/LDC- FA-PVP
(commercial) (commercial) (blank) PLGA/PVP PLGA/PVP PLGA/PVP (blank) PVP

Figure 7 Representative images of the macroscopic evaluation of the wound healing process in an infected wound mice model. Induced wounds were
tracked for wound closure in || groups over 14 days. PLGA; poly lactide-co-glycolic acid, PVP; polyvinylpyrrolidone, FA; Fusidic acid sodium salt, LDC; Lidocaine
hydrochloride monohydrate.
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as ECM formation. In contrast, PVP-based nanofibers disintegrated upon coming in contact with the open wound which
helped in releasing the drugs without negatively affecting the wound healing process.

The in vivo study suggests that the FA/LDC-PVP and FA-cream groups provided the most effective treatment, as
evidenced by a relatively earlier wound closure and the significantly lower bacterial counts observed in these groups
throughout the experiment. However, PVP fibers demonstrated a preferable feature by having a high absorption within
a few seconds, leading to superior drug dissolution compared to the commercially available cream, with the latter
attracting dirt and debris in the mice’s cages to the open wound and possibly exacerbating bacterial infections.

The pilot study was conducted aiming to investigate the potential impact of the prepared FA/LDC-PLGA/PVP and FA/
LDC-PVP nanofibrous systems as wound dressings in an infected wound mouse model. Both formulations were compared
against blank fibers, single drug-loaded fibers, and commercially available topical creams to assess their ability to combat
S. aureus and accelerate the process of wound healing. Both FA/LDC-PVP and FA-PVP exhibited a nearly total wound closure
and lowest bacterial counts by day 14 of the study. Furthermore, PLGA/PVP-based nanofibers showed limited efficacy upon
daily application which requires further investigation. It is important to acknowledge that the pilot study had its limitations,
namely, the inability to assess the anesthetic effect of LDC on mice and the possible presence of fungal or bacterial co-
infections in the wound area. Such limitations require further investigation under more controlled experimental conditions to
provide a more comprehensive understanding of the potential value of the formulated nanofibrous systems as wound dressings.

Conclusion

Wound healing is a natural physiological process that occurs in multiple intricate stages. While this process initiates
a cascade of biochemical events, improper wound healing can happen in the presence of infection, which can adversely
affect the structure and function of the skin in the area of injury. Existing typical wound dressings cannot provide
a proper moist environment for ideal wound healing. Accordingly, the development of an antibiotic-loaded nanofibrous
system can demonstrate the potential to expedite wound healing while minimizing the risk of bacterial infections. Herein,
antibiotic and anesthetic drugs were successfully loaded in two fabricated nanofibrous mats using a well-established
technique known as electrospinning. FA/LDC-PLGA/PVP and FA/LDC-PVP were successfully fabricated and assessed
by in vitro and in vivo experiments. Characterization studies of both nanofibrous formulations showed a desirable surface
morphology without beading and a high EE% of both drugs indicating successful incorporation. FA/LDC-PLGA/PVP
achieved a 100% release rate of both drugs after 48 hours sustainably without any burst release, while FA/LDC-PVP
released above 80% within the first 24 hours. Moreover, in vitro cell viability studies demonstrated the safety of both
drugs at the selected concentration of < 125 pg/mL which was applied in the following studies. Upon assessing for
antimicrobial activity, both dual drug-loaded nanofiber systems showed potent antibacterial activity against S. aureus. In
an infected wound model, FA/LDC-PVP and FA-PVP promoted a noticeably faster wound closure than FA/LDC-PLGA
/PVP and other controls which can be indicative of their potential use against infected wounds to promote an accelerated
wound healing. In conclusion, the study provided valuable insights into the therapeutic potential of dual drug-loaded
electrospun nanofibrous systems in accelerating wound healing.
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