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Introduction: Researchers aim for new heights in wound healing to produce wound dressings with unique features. Natural,
synthetic, biodegradable, and biocompatible polymers especially in the nanoscale are being employed to support and provide efficient
wound management. Economical and environmentally friendly sustainable wound management alternatives are becoming an urgent
issue to meet future needs. Nanofibrous mats possess unique properties for ideal wound healing. They mimic the physical structure of
the natural extracellular matrix (ECM), promote hemostasis, and gas permeation. Their interconnected nanoporosity prevents wound
dehydration and microbial infiltration.

Purpose: To prepare and evaluate a novel verapamil HCl-loaded environmentally friendly composite, with biopolymer-based
electrospun nanofibers suitable for application as wound dressings providing adequate wound healing with no scar formation.
Methods: Composite nanofibers were prepared by electrospinning of a blend of the natural biocompatible polymers, sodium alginate
(SA) or zein (Z) together with polyvinyl alcohol (PVA). Composite nanofibers were characterized in terms of morphology, diameter,
drug entrapment efficiency, and release. In vivo study of the therapeutic efficacy of verapamil HCl-loaded nanofibers on a Sprague
Dawley rat model with dermal burn wound was investigated in terms of percent wound closure, and presence of scars.

Results: Combining PVA with SA or Z improved the electrospinnability and properties of the developed nanofibers. Verapamil HCI-
loaded composite nanofibers showed good pharmaceutical attributes favorable for wound healing including, fiber diameter ~150 nm,
high entrapment efficiency (~80—100%) and biphasic controlled drug release for 24 h. In vivo study demonstrated promising potentials
for wound healing without scaring.

Conclusion: The developed nanofibrous mats combined the beneficial properties of the biopolymers and verapamil HCI to provide an
increased functionality by exploiting the unique advantages of nanofibers in wound healing at a small dose proved to be insufficient in
case of the conventional dosage form.
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Introduction

Wound healing is a complex process mainly affected by the patient’s physiological conditions, concomitant bacterial
infections, and inflammation, which could delay wound closure and re-epithelialization. Diverse polymeric wound
dressings have been developed to grant a favorable environment for wound healing.! Despite the large variety of
efficient wound dressings currently available on the market or being developed, nanofibers are receiving a lot of attention
in terms of research. They are appealing as drug carriers with high drug-loading capacity as well as controlled release.*
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Their similarity to collagen and elastin fibers in healthy skin’s extracellular matrix (ECM), allows them to support
fibroblasts and keratinocytes to adhere and migrate throughout the wound bed, regenerate, and heal the damaged tissue.”

Electrospinning is a reliable technique for producing nanofibrous mats, with high surface area and porosity from
a wide range of polymeric materials.* Such electrospun nanofibrous mats can be loaded with a variety of active
ingredients to promote therapy, provide air exchange to the wound site, and keep the healing environment moist.
Electrospun nanofibers can also be personalized to further enhance the fit to the wound site, providing suitable clinical
coverage of wound.’ Different combinations of polymers with loaded active ingredients can be developed to fulfill an
unlimited number of applications. Yet, the properties of the produced nanofibers can be fine-tuned by optimizing solution
properties to provide optimum chain entanglement while avoiding solution breakup as the electrified jet moves toward
the collector.® Nanofibers with different three-dimensional architecture can be produced simply by changing the spinneret
structures (coaxial, side-by-side, triaxial, etc) to allow for different drug release patterns.” Coaxial electrospinning is the
modified version of conventional electrospinning, where it employs a coaxial needle to electrospin two polymers without
being mixed. It enables the production of core-shell or multilayered nanofibers in one step.® Side-by-side electrospinning
is a simple and reliable way to produce Janus nanofibers, promising for tailoring nanodrug delivery, by which synergistic
action of multiple components can be achieved.’ Triaxial electrospinning can solve the problem of limited drug
solubility, protect the drug from surrounding environment, and control drug release kinetics, with the possibility of
loading various drugs.'® Layers of triaxially electrospun fibers can be loaded with different drugs to develop multidrug
delivery.''

Biopolymers play an important role in drug delivery and wound dressings owing to their distinctive properties, such
as biodegradability, biocompatibility, renewability, abundant availability, and inexpensiveness.'? Unlike synthetic poly-
mers, they do not require the use of hazardous organic solvents, improve drug stability, activity, as well as safety during
manufacture and application on the skin.'?

Sodium alginate (SA) is a polysaccharide biopolymer of marine origin. It has high water-absorbing ability 200-300
times of its weight. So it effectively absorbs wound exudates and can provide a moist environment suitable for rapid
granulation and re-epithelialization and minimize bacterial infection at wound site.'* Therefore, it has been particularly
attractive in the biomedical field and wound healing applications in different forms as liquid, powder, compact solid, and
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gel but not nanofibers in a pure form. This is because SA is a rigid, linear polysaccharide with covalently linked
monomeric acid residues. Such rigid linear confirmation and the polyelectrolytic character of alginate solutions have
been the main reasons behind their limited electrospinnability.'>!'® Furthermore, the high surface tension, absence of
chain entanglements, and gelation at low concentrations, also contribute to their poor spinnability.'® Attempts such as
blending with hydrophilic polymers, using cosolvent systems, or modifying the alginate structure were adopted to
enhance the spinnability of SA.'”' However, blending with hydrophilic polymers (eg, polyvinyl alcohol (PVA),
polyethylene oxide (PEO), etc) has been found to be the most suitable method for successfully fabricating bead-free
fibers. Hydrophilic polymers were found to coordinate with the alginate polymer via hydrogen bonding, reducing the
strong intra- and intermolecular network between the alginate chains and increasing their flexibility. This reduces the
solution’s surface tension, conductivity and viscosity and hence improves its electrospinnability.'”-'#°

Zein (Z) is a protein biopolymer from plant origin; widely used in many drug delivery systems including nanofibers.*' Its
self-assembling ability and water insolubility have made it appealing for applications such as surface protection and tissue
engineering.”? In wound healing, zein has largely been used as films> or electrospun nanofibrous scaffolds.* The solubility in
aqueous ethanol and the self-assembling nature of zein, allowed its electrospinning without using hazardous solvents or cross-
linkers.”>® However, aqueous ethanol is not an ideal solvent for electrospinning zein. Because of its high evaporation rate, it
causes needle clogging, formation of ribbon-shaped fibers with poor mechanical stability, and loss of their porous structure
upon contact with water.””*® This can be solved by cross-linking with UV light after electrospinning, coaxial electrospinning
with polyethylene oxide (PEO) as a shell solution or blending with synthetic polymers such as PVA during electrospinning,*’*’

Drug repurposing has grown to exploit the established knowledge on approved marketed drugs to employ them at
their full therapeutic potentials for developing new therapies with minimal financial burden.>*>! This explains why
pharmaceutical companies are increasingly interested in drug repurposing where in recent years, the success rate of drug
repurposing approach accounted for approximately 30% of the newly FDA approved drugs, and vaccines.*?

Verapamil HCI is a calcium-channel antagonist reviewed to exert inhibitory effect on synthesis and secretion of
components of extracellular matrix (ECM). Thus, it is repurposed for treating hypertrophic scars and keloids in the
postoperative period as it can rebalance the biosynthesis of the extracellular matrix. It considerably increases rate of
wound closure, fibroblast population in the dermis and the volume density of collagen bundles leading to higher
revascularization at the injury site. Intralesional injections of verapamil HCI have been successful in treating disorders
characterized by overproduction of fibrous tissue with no adverse reactions to the patients.>

Integrating all these treatment approaches appears particularly promising to achieve improved in vivo wound reparative
events via a sustainable, economical, and environmentally friendly wound management approach. Although the combination of
PVA with SA to improve its electrospinnability and with Z to improve the mechanical endurance of the formed nanofibers is
present in literature, to the best knowledge of the authors, the literature does not offer information on the beneficial local effects of
verapamil HCl as nanofibrous mats for wound healing and prevention of scar formation as well. Therefore, the present study aims
to develop novel environmentally friendly verapamil HCl-loaded composite PVA-SA and PVA-Z electrospun nanofibrous mats
loaded with the maximum possible amount of the drug and the biopolymers, suitable for the application as wound dressings, and
capable of providing simultaneous locally controlled drug delivery for adequate wound healing with no scar formation.

Materials and Methods

Verapamil HCI (gift from Pharaonia Pharmaceuticals, Cairo, Egypt). Sodium alginate (600 cps) (purchased from Hang
Zhou Qing Technology Co., Ltd, China), Zein (Z) from maize (Sigma Aldrich grade Z3625; St Louis, MO, USA) was
used as received without further purification polyvinyl alcohol (PVA) (Mwt = 205000 gm/mol) (gift from El Pharaonia
pharmaceutical Co. Egypt). Ethyl alcohol of 100% purity was purchased from El-Gomhouria Company, (Alexandria,
Egypt). All other chemicals were of analytical grade and used without further purification.

Optimization of Placebo and Drug-loaded Composite Nanofibers

Composite nanofibrous mats (PVA-SA& PVA-Z) were prepared by electrospinning of a blend of the natural, biocompa-
tible biopolymers sodium alginate (SA) or zein (Z) together with polyvinyl alcohol (PVA). Based on preliminary studies
on PVA alone; 9% w/v PVA was found an optimum content for subsequent composite nanofiber formulations.
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For PVA-SA composite nanofibers, three placebo composite nanofibers formulations with three different SA w/w
ratios (8—-12% of total polymer; N1-N3, respectively) were prepared. PVA-SA blends were prepared by first dispersing
an accurately weighed amount of PVA powder using an analytical balance (Sartorius, Germany) in hot deionized water
(60°C) using a magnetic stirrer (Wise stir, DAIHAN-scientific Co., Ltd, Seoul, Korea) at 60°C. Solution was then
allowed to cool to 40°C, SA was then added and mixed at 40°C. Placebo nanofibers of pure PVA 9% alone (NO) were
prepared for comparison.

For drug-loaded PVA-SA composite nanofibers, three drug-loaded composite nanofibers formulations with three
different verapamil HCI w/w ratios (2—4% of total polymer; N4-N6, respectively) were prepared. Higher drug loading
was not achievable due to drug precipitation in the polymer solution. Verapamil HCl was accurately weighed and
dissolved in deionized water at room temperature. Instead of using deionized water, clear, homogeneous polymer blends
for electrospinning were created in the prepared drug solution as described above. The three different drug concentrations
(2—4%) were compared in terms of ease of electrospinnability, nanofiber yield, morphology, and diameter.

For PVA-Z composite nanofibers, owing to the poor water solubility of zein; the electrospinning solution was
prepared in 70% (v/v) ethanol. To select the best placebo formulation for subsequent drug loading, four formulations
with four different Zein w/w ratios (25-50% of total polymer concentration; Z1-Z4 respectively) were prepared.

PVA was first dissolved in 70% aqueous ethanol solution heated to 60°C with magnetic stirring until the polymer was
completely dissolved. After cooling to room temperature, zein was added to the clear PVA alcoholic solution and stirred
until complete solubility and homogeneity were achieved.

Three drug-loaded PVA-Z composite nanofiber formulations with three different verapamil HCI w/w ratios (2—4%;
75-771, respectively) were prepared for drug-loaded PVA-Z composite nanofibers. Due to drug precipitation in the
polymer solution, higher drug loads could not be obtained.

Verapamil HCI was accurately weighed and dissolved in 70% ethanol at room temperature. Polymers for electro-
spinning were prepared as mentioned above by dissolving the polymers in the prepared drug hydroalcoholic solution. The
three different drug loads (2—4% of total polymer) were compared in terms of ease of electrospinnability, nanofiber yield,
morphology, and diameter.

For electrospinning, a horizontal electrospinning station consisting of a direct current, high voltage power supply; (24
+2 kV (Spellman High Voltage Electronics Corporation model CZE1000R, Hauppauge, New York, NY, USA) was used.
A 5 mL plastic syringe was equipped with a 16-gauge stainless steel needle (spinneret) with a flat blunt end and an inner
diameter of 0.9 mm. The feed rate for the polymer solution was adjusted by a syringe pump (NE1000 — Single Syringe
Pump, New Era, Farmingdale, New York, NY, USA) to a constant rate of 3 mL/h. A ground collector was placed at
18 cm from the needle tip. Processing conditions and electrospinning parameters were fixed for all experiments. The
electrospinning process was performed at ambient temperature of 25°C and relative humidity of <65%.

In vitro Characterization of Composite Nanofibers

Nanofiber Morphology and Mean Diameter

Scanning Electron Microscope; SEM (JEOL-5300, Japan) was used to examine the morphology of placebo and
verapamil HCl-loaded composite (PVA-SA & PVA-Z) nanofibers. Nanofiber specimens were mounted on aluminum
stubs and then were gold sputtered (JEOJEC-1100, Japan) for microscopical examination. An image analysis software
(Imagel) was then applied on representative micrographs to measure the nanofiber diameters. The average nanofiber
diameters and diameter distribution were calculated using approximately 120 random segments from representative
micrographs.

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectrometer (Shimadzu® 8400S, Kyoto, Japan) was used to record the spectra for verapamil HCI, SA, Z, PVA,
placebo and drug loaded composite nanofibers. A nanofiber sample (2—4 mg) was used to form a thin film covering the

diamond window of the device. Spectra were measured at spectral resolution of 2 cm ™' with an average of 20 scans.
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Determination of Percent of Drug Incorporation Efficiency
Verapamil HCI content of drug-loaded mats was determined by spectrophotometric method. Nanofibrous mats were
sectioned into (2x2 cm) squares. Squares were weighed and dissolved in distilled water for PVA-SA nanofibers or 70%
ethanol for PVA-Z nanofibers at 50° C. Samples (1 mL) were filtered and verapamil HCI concentration was determined
spectrophotometrically at A max 278 nm>* using UV-visible spectrophotometer (UV-1800 Shimadzu Co., Kyoto, Japan).
Measurements were performed in triplicate.

The incorporation efficiency was determined byusing the following equation:

Amount of drug in nanofibers

Incorporation efficiency % = x 100

Theoretical drug amount

In vitro Drug Release

The in vitro release of verapamil HCI from drug-loaded nanofibers was studied at 32°C in phosphate buffered saline
(PBS) pH 7.4 to mimic the pH of wound exudate. A membraneless release method was used. Verapamil HCl-loaded
electrospun nanofibrous mats were sectioned into 2x2 cm squares. Owing to possible nonuniformity in the thickness of
nanofibrous fragments; they were weighed to assure having identical polymer and drug content. Fragments were then
folded to mimic the actual way of in vivo application and placed in round stainless-steel cups (16 mm width and 3 mm
depth) to be held in place at the bottom of 50 mL capped bottles containing 20 mL of the release medium. Sink
conditions prevailed based on drug solubility data. Bottles were shaken in a thermostatically controlled shaking water
bath at 32°C for 12 h at 60 rpm. At predetermined time intervals (1, 2, 4, 6, 8, 10, and 12 h) 2 mL-samples of the release
medium were withdrawn and replaced with the same volume of fresh medium pre-equilibrated at 32°C. The concentra-
tion of released verapamil HCI was determined spectrophotometrically at A max 278 nm>* after correction for dilution.
All measurements were performed in triplicate.

In vivo Studies

Animals

Female Sprague Dawley rats weighing between 210 and 250 g were purchased from the animal house of Pharos
University, Alexandria, Egypt. Rats were kept under standard laboratory conditions and veterinary supervision with no
restrictions on water and food. Eighteen female rats were randomly separated into six groups of three rats. Rats were
housed in individual cages and kept in a temperature-controlled room at 20-25°C on a 12 h light/12 h dark cycle. They
were provided with water and standard meals. Experimental protocol was approved by Institutional Animal Care and Use
Committee, Faculty of Pharmacy, Alexandria University, Alexandria, Egypt (AU06202211261136).

Burn Wound Induction

Just before inflicting the burn, rats were anesthetized using diethyl ether. Each rat’s back hair was shaved to get smooth,
hairless skin. The shaved back skin of anesthetized animals was exposed to hot rods to form the burn wound. For this
procedure, a cylindrical stainless steel rod (radius 10 mm) was placed in hot water (100°C) for 1 min and then on the
back of rats and held for 20 s. After forming standard, second-degree burns, they were covered for two days with cotton
and gauze pre-wetted with saline before being removed to form a remarkable wound.*® Each rat was subjected to four
burns.

Treatment Groups

Six groups of rats were formed at random (each of three rats with a total of 12 wounds) according to the treatment
applied on the formed wounds. Owing to possible nonuniformity in the thickness of nanofibrous fragments; they were
weighed prior to any application to assure having identical polymer and drug content. Wounds were either treated with
verapamil HCI gel (1% in HPMC 1.5% w/v) (dose equivalent to 0.5 mg verapamil HCI), placebo PVA-SA composite
nanofibers (N2), verapamil HCI loaded PVA-SA composite nanofibers (N6) (dose equivalent to 0.5 mg verapamil HCI),
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placebo PVA-Z composite nanofibers (Z4), verapamil HCI loaded PVA-Z composite nanofibers (Z5) (dose equivalent to
0.5 mg verapamil HCl) and finally a control untreated group. Each rat, as mentioned previously, was subjected to four
wounds, and was kept in a separate cage. The same formulation was applied on the four wounds in the three rats.
Formulations were repeatedly applied to the wounds every day for 14 days. Nanofibrous mats were folded to fit the
wound areas. They were covered with adhesive plaster to be fixed in place. Regarding the control wounds, they were
cleaned daily with cotton soaked in normal saline. The wound diameters were measured and recorded on a regular basis.

Assessment of Wound Healing

Morphological Examination and Scar Monitoring

Wound sites were monitored visually and digitally photographed while maintaining constant optical zoom for healing,
exudate, redness, hyperpigmentation, and scar formation throughout the whole study period (14 days) and after the end of
treatment until day 17 post-wounding.

Measurement of Wound Size

Progressive decrease in the wound size was periodically monitored every day prior to treatment application. The wound
diameter was determined using a vernier caliper by measuring the distance between two opposite outer edges of the
wound margins.*® Two measurements approximately 90° apart were taken with the largest distance has been considered
as one of them. Wounds were digitally photographed on 0.3, 5, 7, 9, 11, and 14 days post-wounding while maintaining
constant optical zoom.

Calculation of Wound Closure Percent (Efficacy Indices)
Wound contraction is a crucial feature in the healing process which helps to close the wound by decreasing the gap
between its dermal edges and reducing wound surface area. It mainly depends on the repairing ability of tissues. It was
determined at days 3, 5, 7, 9, 11, and 14 from the beginning of treatment.>®

The wound contraction rate was measured as percentage reduction in the wound size (% efficacy indices; % EI). The
% EI of the wound size was calculated by the following equation:

Initial wound diameter_wound diameter in N" day
*

% EI = 100

Initial wound diameter

Histological Examination

At the end of treatment, full thickness skin biopsies of wounds with surrounding tissues were collected. Histological
examination was performed for wounds treated with different treatments, control untreated wounds as well as normal
skin for further comparison. Specimens were fixed in 10% formaldehyde, embedded in paraffin, cut into 5 pm pieces, and
stained with hematoxylin and eosin (H&E). Sections were visualized under a light microscope at 50x and 500x. The
degree of epithelization, the presence or absence of inflammatory cells, the nature of collagen and fibrous tissue were all
examined in different fields.*”

Statistical Analysis

The in vitro data was coded using R program. The variables were expressed as mean £SD. Permutation test using library
(“coin”) was used to detect any statistically significant difference between groups.’® Statistical significance was
considered when p<0.05. Regarding in vivo studies, the collected data was wrangled, coded, and analyzed using SPSS
v 25.0 software (IBM Corporation, Armonk, NY, USA). The variables were expressed as mean £SD. One-way ANOVA
with bootstrapping was used to detect any statistically significant difference between groups. Pairwise comparison was
done using Tukey’s test. Statistical significance was considered when p<0.05.

Results
The current work aimed at the reproducible production and clinical evaluation of novel biopolymer based environmen-
tally friendly verapamil HCl-loaded composite electrospun nanofibrous mats. The target was to employ the maximum
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possible load of biopolymers (owing to their great value in wound healing) as well as the repurposed drug (verapamil
HCI), without interfering with the initiation or the continuation of the electrospinning process. Therefore, optimization
was based on gradient increase of polymers and drug loads. Selection criteria were based on the reproducibility and
continuity of the electrospinning process, yield of the formed fibers, ease of handling, and the morphology of the
produced fibrous mats as revealed by their SEM images. Based on those criteria only the promising formulations were
selected for the subsequent characterization.

Optimization of Composite Nanofibers

In the preliminary trials, electrospinning of PVA 9% w/v solution (NO) resulted in a good yield of easily handled
nanofibers with suitable manageability (Figure la). Also, PVA 9% w/v solution (NO) could allow SA or Z to be
incorporated in the blend without forming a very thick solution difficult to electrospin. Therefore, it was selected as
the optimum concentration of PVA suitable for blending with SA and Z throughout the study. Subsequent weight ratios of
SA, Z, and verapamil HCI were calculated relative to the total polymer weights.

Composite PVA-SA Nanofibers

Electrospinning of PVA-SA polymer blend with SA weight ratio 10% (N2) produced a good yield of smooth nanofibers
with suitable manageability, ease of handling and removal from the aluminum foil (Figure 1b). Higher concentration of

Figure | Photographs of different composite nanofibrous mats; (a) PVA 9% (NO), (b) placebo PVA-SA 0% composite nanofibers (N2), (c) verapamil HCl-loaded composite
nanofibrous mats. PVA-SA-verapamil HCI 10/4% (N6), (d) placebo PVA-Z (25%) composite nanofibers (Z4), and (e) verapamil HCl loaded composite nanofibrous mats PVA-
Z-verapamil HCI (25/2%) (Z5).
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SA in the polymer blend (N3) hindered electrospinning possibly owing to altered solution properties. Therefore, it was
concluded that PVA-SA 10% w/w (N2) blend was the most optimum placebo nanofiber formulation suitable for
subsequent drug loading.

PVA-SA 10% solutions containing 2—4%, verapamil HCI were all found to be clear and homogeneous with no
apparent precipitation. As the drug load was increased, the electrospinnability and quality of the produced nanofibers
improved. The 4% verapamil HCI loaded PVA-SA blend (N6) produced the highest yield of nanofibers, resulting in the
best drug loaded fibers in terms of quantity, ease of handling, and manageability as shown in Figure 1c. Therefore, the
nanofiber formulations (N2 and N6) were selected for further characterization.

Composite PVA-Z Nanofibers

Results revealed that under the selected optimized electrospinning conditions the polymer blend containing the highest
zein weight ratio of 50% w/w (Z1) suffered from clogging during electrospinning and consequently a decrease in the
process productivity and the product quality.

However, when the mass ratio of zein in the polymer blend was reduced to 25% in (Z4); electrospinning improved in
a manner allowing good nanofibrous mat formation. Therefore, placebo blend containing zein weight ratio of 25% (Z4)
were considered acceptable placebo nanofibrous mats (Figure 1d) suitable for subsequent drug loading.

Verapamil HCI in concentrations 2-4% (Z5-Z7, respectively) were combined with (Z4) to fabricate drug loaded
composite PVA-Z nonfibrous mats. In contrast to verapamil HCl-loaded composite PVA-SA nanofibers, presence of
lower verapamil HCI content (2%) greatly improved the quality and quantity of fibers. Verapamil HCl-loaded PVA-Z
nanofibrous mats at zein weight ratio of 25% loaded with 2% verapamil HCl (Z5) (Figure le) were optimum and
therefore (Z4 and Z5) were selected for further characterization.

Characterization of Composite Nanofibers

Characterization of nanofibers can be performed via several in vitro and in vivo studies. However, the exact character-
ization criteria selected for this manuscript were based on the intended application, behavior when in contact with site of
application, and the expected mechanism of action.

SEM Analysis

SEM was used to examine and compare the morphological structure of the placebo PVA-SA and PVA-Z composite
nanofibers formulations (N2) and (Z4), as well as the drug-loaded formulations (N6) and (Z5) compared with that of pure
PVA (NO). Continuous, uniform nanofibers were obtained from all formulations. However, SA, Z, and verapamil HCI
were found to play a role in fiber morphology and diameter as depicted in the SEM micrographs shown in Figure 2. For
pure PVA (NO), the fibers obtained were uniform and continuous with few beads (Figure 2a) and average diameter of
approximately 105 nm. For PVA-SA composite placebo nanofibers (N2); continuous, uniform relatively larger, but still
beaded fibers were obtained (Figure 2b). The average diameter increased compared to pure PVA nanofibers reaching 154
nm. SEM images of the verapamil HCI-loaded electrospun PVA-SA composite nanofibers (N6) revealed almost bead-free
nanofibers with no drug particles on fiber surfaces indicating no drug precipitation during the electrospinning process
(Figure 2c¢). The average mean diameter of the drug-loaded nanofibers was approximately 156 nm indicating that
entrapment of verapamil HCI in the nanofibers had no effect on their diameter.

For placebo PVA-Z composite nanofibrous mats (Z4) it was revealed that zein played a major role in nanofiber
morphology. SEM micrographs revealed uniform interconnected bead-free random nanofibrous structures along their
lengths (Figure 2d) with larger average diameter of approximately 172 nm compared to pure PVA solution (NO) (Figure 2a).

For verapamil HCl-loaded PVA-Z composite nanofibrous mats it was worth noting that there were no drug aggregates
on the fiber surface, implying no phase separation during electrospinning (Figure 2¢). In contrast to PVA-SA composite
nanofibers; slight decrease in the average diameter of the composite nanofibers PVA-Z with the inclusion of verapamil
HCI (149 nm) relative to the placebo nanofibers (172 nm) was observed. Therefore, it is crucial to highlight that the drug
influence on fiber diameter varies depending on the polymer blend and solvent used. Figure 3 shows nanofiber diameter
distribution curves of PVA (NO), composite (PVA-Z; Z4 and Z5) and (PVA-SA; N2 and N6) nanofiber formulations
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Figure 2 SEM micrographs of (a) pure PVA 9% (NO), (b) placebo PVA-SA 10% (N2), (c) verapamil HCI loaded PVA-SA-verapamil 10.4% (N6), (d) placebo PVA-Z 25% (Z4),
and (e) verapamil HCl-loaded PVA-Z-verapamil 25, 2% (Z5).

measured using (Imagel) analysis software from approximately 120 random measurements for each sample using
representative micrographs.

Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) has been used to detect any interactions between blended polymers as
well as between the drug and the polymers.

Figure 4 shows the various peaks corresponding to the various functional groups of pure PVA such as CH2 groups at
2941 cm™', C-O group at 1085 cm ™', 1734 cm ™' (residual acetyl groups), and OH stretching at 3369 cm™'. SA showed
a peak at 3292 cm™ ' for OH groups. Asymmetric and symmetric COO group peaks corresponded to wave number of
1583 cm ' and 1405 cm ' respectively.

Pure verapamil HCI displayed characteristic peaks at 2956 and 2839 cm ™' for C-H stretching vibrations in methyl, at
2580 and 2536 cm ™' for aldehydic C-H stretching vibrations, 2237 cm ' for C=N stretching vibrations, 1592 for C=C in
aromatic ring, 1256 and 1141 for C-O stretching, 1020 cm™ ' for C-N aliphatic stretching vibrations and 816 cm ™' (meta
substituted benzene).

The FTIR spectra of blended polymers revealed spectral characteristics similar to those for the individual polymers,
but with some bands shifted from their original positions. As shown in Figure 4, spectra of PVA-SA composite
nanofibers (N2) showed prominent peaks at 3443 cm™ ' of the hydroxyl group, peak at 2942 cm' of CH stretching and
peak at 1648 cm ' of (COO). The broad peak of hydroxyl group at 3443 cm ' is attributed to the hydrogen bonding
between the hydroxyl groups of PVA and SA. The slight shifting of carboxylate band to higher wave number also
indicated the interaction of SA with PVA through hydrogen bonding between the etheric oxygen of PVA and hydroxyl
group of SA.*
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Figure 3 Nanofiber diameter distribution curves of PVA (N0) and composite (PVA-SA; N2 and Né) and (PVA-Z; Z4 and Z5) nanofiber formulations.

In contrast, the FTIR spectra obtained from the verapamil HCl-loaded nanofibrous mats (N6) could be simply
regarded as superposition of pure drug and polymers confirming no chemical interaction between the drug and the
polymers as shown in Figure 4.

Figure 5 shows the various peaks corresponding to the various functional groups of pure zein, PVA, verapamil HCI,
placebo PVA-Z (Z4) and verapamil HCl-loaded PVA-Z (Z5) electrospun scaffolds. Two apparent characteristic peaks for
zein were at 3275 cm ' (N-H stretching) and 1741 cm ™' (C=O stretching). The presence of two obvious vibrational
bands of the protein backbone; amide I and amide II were observed. The most characteristic spectral region to the protein
secondary structure constituents is the amide I band (1636 cm '), which is derived from the C=0 stretch vibrations. In
contrast the amide II band (1526 cm™ ') is due to the C-N stretching and N-H bending for pure zein powder. The
characteristic peaks observed at 2931 and 2957 cm™' were derived from C—H bands from CH2 and CH3 functional
groups characteristic free fatty acids that exist in zein.

For placebo PVA-Z electrospun mat (Z4), the peaks were displayed at 3270 cm ' (N-H stretching and O-H
stretching), 1716 cm ' (C=0 stretch vibrations), 1653cm™ ' (absorbed water), and 1436 and 1507 cm-1 (C—H bending).
All the characteristic peaks of PVA, zein and drug were visible in drug-loaded PVA-Z composite nanofibrous mats (Z5).
Most of the peaks of verapamil HCl, PVA and Z in the PVA-Z drug-loaded nanofibers have been overlapped and shifted
suggesting hydrogen bond formation and compatibility of components with no chemical interaction.

Determination of Percent Drug Incorporation Efficiency
High entrapment efficiency of 80—100% verapamil HCI in the composite nanofibers (N6) and (Z4) was obtained.

1220 "= Drug Design, Development and Therapy 2023:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Barakat et al

8

e e CH2

3

g groups
8

£,

stretching

% Transmittance

OH groups

Asymmetric ~COO- group

acetyl

groups ; .
Symmetric ~COO- group

s
H
H
H
L T S S | R T T T T T T T T e T N T R T T T
W00 MO M0 0 20 %0 240 200 A0 B0 60 w0 20 000 &0 IO 60 M0 0 N0 200 20 200 20 200 1800 60 40 120 1000 80
w

Wave number Wave number

C-N aliphatic stretching

T S B BB B B o ST S B e S S Y U or S i S Sror s B Sr S B eV or ol B Farsr sl B e B weort
300 3600 3400 300 3000 2800 2600 2400 200 2000 1800 1600 W 1200 1000 80
.

Wave numbe;

i
|
108
ms—‘u\w
o 104
. ‘ = 8|I]2-
3 ) 2 |
z & | - A
S § £ N stretching = |
2 H L E| g :
5 =k ol 3
& \ : %
= % 3 | = 00
| : 3 PH
o % N 1 [
| 2 | N o
I H | & I
‘ s % b
o N
g | H
3&‘ 2 I\ 8
\ ‘
£ 288
| o 8 3
( & g
‘ |

S S S S S S S S S S B P S S S B ool W oS Sre W SFurare Wy rurrsy wrarers |
3800 3600 3400 3200 3000 200 2600 0 20 200 1800 1600 1400 1200 1000 800
Wave number

Figure 4 Comparative FTIR Spectra of (a) PVA, (b) SA, (c) verapamil HCI, and (d) PVA-SA-Verapamil HCI loaded nanofibers (N6).

In vitro Drug Release Studies
Being a weak base verapamil HCI exhibits pH dependent solubility. Although it is freely soluble in water and at low pH

values, it is only slightly soluble at neutral pH. Its saturated solubility in PBS pH 7.4 was found to be ~0.22 mg/mL. Drug
release from verapamil HCl-loaded PVA-SA composite nanofibers (N6) and verapamil HCl-loaded PVA-Z composite
nanofibers (Z5) in phosphate buffer pH 7.4 is shown in Figure 6. Release profiles were typically biphasic with an initial
burst release phase during the first 2 h of about 29.7% +1.15 and 19% +1.0 for N6 and Z5 respectively. This was
followed by a slower sustained release of the drug up to 24 h. Percent release in phosphate buffer pH 7.4 for drug-loaded
PVA-SA and PVA-Z was approximately 93.7% +2.08 and 68.0%=1.0 respectively after 24 h. N6 showed significantly
higher release rate than Z5 at both 2 and 24 h (p=0.027 and p=0.026, respectively) (Table S1 and Figure S1).

In vivo Study

Evaluation of Wound Healing

Treatment efficacy of verapamil HCl-loaded composite nanofibers (N6 and Z5) on a Sprague Dawley rat model with
dermal burn wound was investigated in comparison with equivalent doses (0.5 mg of verapamil HCI) of conventional
verapamil HCI gel 1% and placebo composite nanofibers (N2 and Z4). Percent wound closure was calculated for each
group to estimate the healing efficiency of the different formulations compared with an untreated control group.
Photographs of wounds and percentage wound closure on the assessment days are presented in Figures 7 and 8,

respectively.
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Figure 5 Comparative FTIR spectra of (a) PVA, (b) Z, (c) verapamil HCI, and (d) PVA-Z-verapamil HCl-loaded nanofibers (Z5).
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Figure 6 In vitro drug release profiles of verapamil HCI from PVA-SA (N6) and PVA-Z (Z5) composite nanofibers in phosphate buffer pH 7.4 at 32°C.
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Figure 7 Stages of wound healing of the different treatment groups.

Data indicated that the untreated control rats showed only 23% +6.08 and 69% =+5.3 wound healing after the first
and second weeks, respectively, which was significantly different from the composite nanofiber treatment groups
(»<0.001). However, healing in the case of the conventional verapamil HCI gel group was only slightly better than the
control group showing 28% =3 and 73% +£3 wound healing after the first and second weeks, respectively. At the end of
treatment, no significant difference between verapamil HCI gel and control groups was observed (p=0.814).

Comparing the results of the two different placebo nanofiber formulations (N2 and Z4) showed the significant
superiority of PVA-SA nanofibers (N2) over PVA-Z nanofibers (Z4). After 2 weeks the percentage of wound closure of
the placebo PVA-SA nanofibers was 90% 45 compared to 67% =+2 only for placebo PVA-Z nanofibers. Comparing both
placebo nanofibers and control group, showed insignificant difference of placebo PVA-Z nanofibers to control (p=0.98)
while placebo PVA-SA (N2) nanofibers exhibited better healing rate. Placebo nanofibers (N2); produced 90% =5 wound
healing after 14 days. This result is considered significantly better than verapamil HCI gel (73% =£3) (p<0.001).

Both verapamil HCl-loaded PVA-SA (N6) and PVA-Z (Z5) nanofibers had a high percentage of wound closure, which
was significantly different from the control and verapamil HCI gel (54% +4 and 100% =+2 and 33% +4.3 and 100% +5 for
N6 and Z5 after the first and second weeks, respectively) (p<0.001).
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Figure 8 Comparative wound closure percentage of different treatment groups for 14 days.

For verapamil HCl-loaded PVA-SA composite nanofibers (N6); its superior percentage of wound healing was evident
during the first week of treatment where 54% +4 wound healing results were obtained compared to 33% +4.3 only for
PVA-Z composite nanofibers (Z5) (Table S2 and Figure S2). Both types achieved complete healing by the end of
experiment. These findings suggest that both types of verapamil HCI-loaded electrospun mats (PVA-SA and PVA-Z) are

good candidates as smart wound dressings for rapid and complete wound healing.

Scar Monitoring
In the current study, visual inspection of scars was performed until the 17th day post-wounding as a simple method to
detect the presence or absence of scars. Despite the low verapamil HCI dose in the drug-loaded nanofibrous mats no scars

were observed in all wounds treated with verapamil HCl-loaded composite nanofibers (N6 and Z5).

Histopathological Examination

For additional investigation of the quality and maturity of the newly formed healed tissues of different treatment
groups, full thickness sections of normal skin and treated wounds, were collected and stained with hematoxylin and
eosin (H&E) for microscopical examination of skin layers in comparison with normal skin. The normal skin showed
an epidermis, dermis layer, hair follicles, sebaceous gland and an areolar woven network of collagen fibers arranged
in the dermal layer (Figure 9A).

Histopathological assessment of untreated control wounds on day 14 showed regeneration with incomplete strata
and absence of keratin layer (Figure 9B). Wounds treated with conventional verapamil HCl gel showed enhanced
stratum granulosum but with vacuolation of cells and different thickness (incomplete regeneration) (Figure 9C).
Wounds treated with placebo PVA-SA (N2) nanofibrous mats also showed enhanced stratum granulosum, normal
thickness with production of keratin (Figure 9D). In contrast, wounds treated with placebo PVA-Z (Z4) nanofibrous
mats showed regeneration with vacuolated cells, decreased stratum granulosum and absence of keratin (Figure 9E).
This result agreed with healing rate results which indicated that placebo PVA-SA (N2) had a higher percentage of
wound closure than placebo PVA-Z nanofibers (Z4) and conventional verapamil HCI gel. Verapamil HCl-loaded
PVA-SA nanofiber (N6) treated wounds showed significantly enhanced histological characteristics; with almost
complete stratum granulosum, recovery of cells and keratinization (Figure 9F). Surprisingly, wounds treated with
verapamil HCl-loaded PVA-Z (Z5) nanofibers were characterized with enhanced proliferation of cells, increased
thickness, complete keratin production comparable to that of normal skin (Figure 9G).

Comparing both verapamil HCl-loaded composite nanofibers (N6 and Z5), results showed significant enhancement in
histological characteristics with superiority of verapamil HCl-loaded PVA-Z nanofibers (Z5) despite its more delayed
percentage of wound closure relative to verapamil HCI-loaded PVA-SA nanofibers (N6).
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Figure 9 Histopathological examination at 500% magnification power of (a) normal skin, (b) control untreated group, (c) treated with verapamil HCI gel, (d) treated with
placebo PVA-SA nanofibers (N2), (e) treated with placebo PVA-Z nanofibers (Z4), (f) treated with verapamil HCl-loaded PVA-SA nanofibers (N6), (g) treated with verapamil
HCl-loaded PVA-Z nanofibers (Z5), on day 14 post-wounding.

Discussion

SA is a natural marine polymer with many uses in the biomedical field in different forms but not in a pure electrospun
nanofiber form owing to its rigid linear structure and polyelectrolytic character which limits its electrospinnability. The
polyelectrolytic nature of SA imparts high conductivity with the ability to form solutions with a wide range of viscosities.
It also causes repulsive forces among the polyanions hindering SA electrospinning. It was found that the rigid and
extended worm-like molecular chains of alginate could hinder effective chain entanglements in its aqueous media. These
may be the main reasons hindering the electrospinning of pure SA from its aqueous solution.'>'® As a result, enhancing
the flexibility and entanglements of SA chains through the addition of polyols may be important in resolving the
problem.* Electrospinning of pure PVA solution, ohowever, has been intensively explored to produce biodegradable
nanofibrous mats.*' Therefore, to improve the entanglement ability of the polymer chains during the electrospinning
process, the flexible synthetic polymer, PVA was combined with the rigid natural polymer, SA.** Interaction through
intermolecular hydrogen bonding between SA and PVA as verified by FTIR reduces the repulsive forces among
polyanionic SA chains, consequently, electrospinning of PVA-SA blends could be carried out successfully.*’

Zein has a hydrophobic property because of the presence of the nonpolar amino acids, glutamine and proline, as key
constituents.** Electrospinning of pure zein solutions was difficult and the formed zein nanofibers were too fragile.
However, addition of PVA to the spinning solution can improve both mechanical and therapeutic properties of zein and
change its hydrophobic nature.**** This is because hydrophobic/hydrophilic properties of nanofibrous scaffolds are
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crucial parameters that can greatly influence cell adhesion and proliferation.*® Thus, PVA was combined with the natural
polymer zein to form composite nanofibers with enhanced characteristics.

High zein content interfered with electrospinning and decreased the process productivity. This could be attributed to
ethanol’s volatility, which causes a rapid increase in the viscosity of the concentrated zein solution on the surface of the
droplet.?” A similar observation was obtained by Wang and Mousavi*’ who fabricated lidocaine-loaded zein fibers.
During the electrospinning process, solvent evaporation took place. Accordingly, concentration on the surface of the
droplet increases. The higher the solution concentration, the higher the viscosity. If the viscosity becomes too high, the
applied electrical force would not be sufficient to overcome the force of viscous drag at the air-droplet interface, causing
clogging of the needle tip.

Success of the electrospinning process can also be reflected via fiber morphology. Presence of beads (which are
defined as nonevaporated solvent zones) in the fibers are indicative of unstable process, leading to low reproducibility of
the obtained material. It occurs due to insufficient stretching of the polymer solution during fiber formation.*® Presence of
SA in nanofibrous matrix increases the fiber diameter and bead formation due to the increase in material content and
solution viscosity. Gonen et al* reported for gelatin/SA nanofibers that higher SA concentration in the polymer solution
produced nanofibers with more beads and larger diameter due to higher viscosity compared to lower SA content. The
presence of beads influences the fibers’ uniformity as well as their mechanical strength and porosity. A lack of beads is
more important than the diameter of the nanofibers regarding drug release because the beads can trap some portion of the
drug.*® Although Ghitescu et al’® reported that the fibers became larger with increasing drug content, as a result of
difficult splitting of the droplets under the same electric field as well as noncovalent interactions between the polymer
chains and the drug. Contrarily, incorporation of verapamil HCI into the PVA-SA blend did not create a difference in
fiber diameter.

For composite PVA-Z nanofibers (Z4) the high volatility of ethanol changed the morphology of the placebo
composite fibers and weakened the possibility of bead formation. In contrast to pure PVA (NO) and PVA-SA (N2)
electrospun fibers, ethanol is more volatile than water which caused an increase in the concentration of PVA-Z polymer
blend. It is known that polymer solutions of higher concentration generally show more stress relaxation times which
favor the production of nanofibers characterized by less bead formation and improved morphology.’’ In contrast to PVA-
SA composite nanofibers; the decrease in the average diameter of the composite nanofibers (PVA-Z) with the inclusion of
verapamil HCI1 (Z5) highlights that the drug’s influence on fiber diameter varies depending on the polymer blend and
solvent used. The reduced fiber diameter of verapamil HCl-loaded PVA-Z nanofibers can be explained in terms of the
improved solution electrospinning properties which could be attributed to the presence of verapamil HCI in the polymer
solution acting as a plasticizer.>* Similarly, Motealleh et al’>* reported that the addition of chamomile slightly decreases
the average diameter of the electrospun mats from 268 to 175 nm because chamomile has a plasticizing role on the
polymeric chains.

The electrospinning technique is extremely sensitive to the number of charge carriers in the electrospinning solution.
The presence of ions of verapamil HCI in the alcohol solution gave rise to a higher electric charge density on the jet
surface during electrospinning. Thus, higher elongation forces are then imposed under the influence of the electrical field
as a result of self-repulsion between the additional charges on the electric jet. As a result, beads become more spindle like
leading to the small diameter of the final nanofibers. As well as the charge density, the size of the ions has a significant
influence on the fiber diameter. lons with a smaller atomic radius exhibit higher charge capacity and accordingly a higher
mobility under the effect of the external electric field.>* In the current study, chloride ions in verapamil HCI have a small
radius. Therefore, the electrospun fibers from the PVA-Z,verapamil HCI solution possessed a small average fiber
diameter. Johnson et al’>> demonstrated that the inclusion of a drug may reduce the nanofiber diameter if it leads to an
increase in the number of charge carriers in the polymer solution as a result of the increase in coulombic repulsion and in
turn increase in the stretching force applied to the ejected jet. Consequently, high stretching force for a longer time
reduces the final diameter of the fiber.”®

Moreover, verapamil HCl in ethanol may result in increased polarity as well as enhanced conductivity of the
electrospinning solution which in turn causes a decrease in fiber diameter. This hypothesis was in agreement with
Toncheva et al>” who reported that the electrospinning of solutions of higher conductivity gave rise to the fabrication of
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nanofibers with a relatively smaller average diameter. Solutions with high conductivity possess higher charge-carrying
capacities, resulting in high elongation forces applied on the jet which in turn causes a decrease in diameter.

These findings suggested that the difference in the type of blended polymers, and solvent system composition play
a significant role in determining fiber morphology, average diameter as well as maximum loaded drug amount. This
might be due to the fact that each polymer blend has its own physical properties which greatly control the amount of
encapsulated drug.

FTIR spectra verified intermolecular hydrogen bonding between SA and PVA which reduces the repulsive forces
among polyanionic SA chains, and thus allowing for successful electrospinning of PVA-SA blends.*** Similarly,
verapamil HCI, PVA and zein have amino groups or free hydroxyl groups that act as proton donors, in addition carbonyl
groups that serve as proton receptors for hydrogen bonding. Consequently, hydrogen bonding can be expected to exist.’®
This explains why most of the peaks of verapamil HCl, PVA, and zein in the PVA-Z drug-loaded nanofibers (Z5) have
been overlapped and shifted suggesting hydrogen bond formation and compatibility of components with no chemical
interaction.

Hydrogen bond interaction between the drug and the blended polymers also explains the obtained high EE%. Lack of
drug aggregates on the fiber surface implies no phase separation during electrospinning. Due to the good drug solubility
in the polymer blends; the entrapped drug was dispersed in the fiber matrix, which is important to avoid unfavorable drug
release pattern, leading to high quality nanofibers.

Generally, in electrospun nanofibers where the drug is dissolved in the polymer solution prior to electrospinning, the
release profile in an aqueous environment is biphasic with an initial burst release phase followed by a much
slower second phase. The burst release can be attributed mainly to the small diameter and the high surface area of the
nanofibers which guarantee short diffusion pathways and are favorable to mass transfer of the drug.’® The slower drug
release from PVA-Z composite nanofibers is most probably due to the lower solubility of zein in phosphate buffer pH 7.4
compared to that of SA owing to its hydrophobic nature which enables it to control the release of the entrapped drugs.®
However, drug release could not reach 100% in both PVA-SA and PVA-Z composite nanofibers, which may be due to the
design of the release experiment to mimic the actual way of in vivo application. This design led to hydration and swelling
of the nanofibrous mats inside the cups that hindered the complete release of the drug in the release medium.

Regarding wound healing results, all composite nanofiber mats produced decrease in wound exudate, congestion
relief, and recovery with no cellular reaction or scar formation. Comparing verapamil HCl-loaded nanofibers with
conventional verapamil HCI gel, results showed obvious superiority of verapamil HCl-loaded nanofibers despite the
small verapamil HCI dose. The nonsignificant difference between verapamil HCI gel and control groups (p=0.814) could
be attributed to insufficient dose of verapamil HCI in the conventional gel to affect the healing process. The superior
efficacy of the placebo PVA-SA (N2) compared with the placebo PVA-Z (Z4) could be explained the inherent wound
healing potential of SA. SA can effectively absorb wound exudates and provide the environment suitable for rapid
granulation and re-epithelialization.'*

Verapamil HCl-loaded PVA-SA (N6) and PVA-Z (Z5) nanofibers both achieved complete healing by the end of
experiment due to the unique properties of nanofibers such as, large specific surface to volume ratio, porous structure that
allows drainage of the wound exudates and permeation of atmospheric oxygen to the wound. This is in addition to
superior mechanical performance, and similarity between the nanofibrous structure and the extracellular matrix (ECM).°'
The faster percentage of wound closure afforded by verapamil HCl-loaded PVA- SA nanofibers (N6) over PVA-Z
composite nanofibers (Z5) which was evident during the first week of treatment could be attributed in part to the slower
solubility and drug release rate of PVA-Z nanofibers and the pH of wound exudate as previously verified by the release
experiment. In addition, it could be attributed to the ability of SA to provide a moist environment optimum for wound
healing.'* However, by the end of treatment both nanofiber formulations achieved complete healing with histological
characteristic superiority of verapamil HCI-loaded PVA-Z nanofibers (Z5) despite its more delayed percentage of wound
closure relative to verapamil HCl-loaded PVA-SA nanofibers (N6). These results agreed with that reported by Ghalei

et al®' where zein can provide cells with a recognizable, physiologically relevant platform to proliferate and ultimately
remodel. Natural polymers usually contain specific molecular domains that can support and guide cells at various stages

of their development. They can thus enhance biological interaction of the dressing with the host tissue. The increased cell
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proliferation in zein containing dressings during the second week indicates the ability of zein as a natural polymer
containing biocompatible amino acids to promote fibroblast proliferation. The combination of hydrophobic zein with
hydrophilic PVA in the nanofibrous mat led to better cellular proliferation and spreading.

Scars might appear as hypertrophic deformity or impaired pigmentation of the healed wound after epithelialization.®?
Several steps occur in the wound healing processes, such as clotting, inflammation, collagen deposition, granulation,
shrinkage of wound, and re-epithelization. Impairment of any of these processes leads to undue scar formation. Although
evaluation of scar development seems necessary, this is still a neglected area, and yet there is no agreement on the best
method for scar assessment. In the current study, despite the low verapamil HCI dose, absence of scars in all wounds
treated with the developed nanofibrous mats (N6 and Z5) was observed. This result agreed with Boggio et al** who
reported that verapamil HCI is an effective scar modulator that prohibits the development of hypertrophic scars and
keloids in the postoperative period. This effect was improved even more by incorporation into the nanofibrous structure
with its unique wound healing properties preventing scar formation.

Overall, in vivo results indicated that the prepared nanofibrous mats combined the beneficial properties of the
biopolymers and verapamil HCl as well as increasing the functionality by exploiting the unique advantages of
nanofibrous mats in wound healing. Such combined unique properties of the developed composite nanofibrous mats
enhanced the effectiveness of wound healing of verapamil HCI enabling it to exhibit, not only complete, but also
histologically appropriate wound healing at a small dose, which proved to be insufficient in the case of the conven-
tional gel.

Conclusion

Economic and environmentally friendly verapamil HCl-loaded composite nanofibrous mats have been successfully
developed from the two biopolymers: sodium alginate polysaccharide of marine origin (brown algae) and zein protein
from plant origin (corn or maize). Verapamil HCI is usually used for scar modulation after scar formation either topically
or by intralesional injection. However, the formulation of verapamil HCI as nanofibers either using PVA-SA or PVA-Z
blends for the purpose of wound healing without scar formation was considered a novelty that has not been presented in
the literature so far. By controlling the electrospinning parameters, polymer blend composition and drug load; uniform
and continuous verapamil HCl-loaded composite nanofibrous mats in the nano-range diameter were effectively fabri-
cated. The mats used throughout the current study were not fragile, contrarily they offered durability, ease of handling
and manageability. Both verapamil HCI-loaded composite nanofibrous mats have produced complete healing with no scar
formation. Although verapamil HCl-loaded PVA-SA nanofibers provided a faster healing rate than PVA-Z nanofibers, the
latter demonstrated more sustained drug release and superiority in enhancing the histological characteristics of the newly
formed tissues than PVA-SA nanofibers. These results suggest the possible therapeutic benefits that could be obtained by
combining the two types of drug-loaded composite nanofibrous mats (PVA-SA and PVA-Z) together in one smart
multilayered wound dressing to provide an efficient platform for adequate wound healing with no scar formation.

Limitations and Future Research

The current study, like any other, had some limitations. First, incorporation of higher biopolymer or drug loads was not
possible. However, by the end of the in vivo study period, both verapamil HCl-loaded composite nanofibrous mats have
produced complete healing with no scar formation. Second, the data of the mechanical testing were not presented, and
selection of the formulations was based on the durability and ease of handling of the mats. Regarding the in vivo testing,
using three rats only in each treatment group with the four wounds all coming from the same rat necessitated the authors
to perform complex statistical analysis to avoid violation of the independence of observations assumption. Finally, the
wound healing efficacy was studied for each type of the composite nanofibrous mats separately while the efficacy of the
two types when combined was not examined. Therefore, the authors recommend more detailed in vitro, and in vivo
studies to be conducted in the future using larger sample sizes. In addition, the wound healing efficacy on other types of
wounds such as chronic wounds or pressure ulcers can be tested for each type of the composite nanofibrous mats
separately and when combined together in one smart dressing.
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