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Purpose: Intending to obtain Punica granatum L. extract (PE)-loaded drug delivery system
of better impact and biomedical applicability, the current study reports the use of crosslinked
PVA nanofibers (NFs) as platforms incorporating different amounts of biosynthesized PE-
CS-gold nanoparticles (PE-CS-Au NPs).

Methods: PE-conjugated CS-Au nanoparticles (PE-CS-Au NPs) were synthesized via green
chemistry approach. The formation of PE-CS-Au NPs was confirmed by UV spectroscopy,
DLS, SEM and STEM. PE-CS-Au NPs were then dispersed into polyvinyl alcohol (PVA)
solution at different ratios, where the optimized ratios were selected for electrospinning and
further studies. Crosslinking of PE-CS-Au NPs loaded PVA nanofibers (NFs) was performed
via glutaraldehyde vapor. The morphology, chemical compositions, thermal stability and
mechanical properties of PE-CS-Au NPs loaded NFs were evaluated by SEM, FTIR and
DSC. Swelling capacity, biodegradability, PE release profiles, release kinetics, antibacterial
and cell biocompatibility were also demonstrated.

Results: By incorporating PE-CS-Au NPs at 0.6% and 0.9%, the diameters of the nanofibers
decreased from 295.7+83.1 nm in neat PVA to 165.6+43.4 and 147.8442.7 nm, respectively.
It is worth noting that crosslinking and incorporation of PE-CS-Au NPs improved thermal
stability and mechanical properties of the obtained NFs. The release of PE from NFs was
controlled by a Fickian diffusion mechanism (n value <0.5), whereas Higuchi was the
mathematical model which could describe this release. The antibacterial activity was found
to be directly proportional to the amount of the incorporated PE-CS-Au NPs. The human
fibroblasts (HFF-1) showed the highest viability (123%) by seeding over the PVA NFs mats
containing 0.9% PE-CS-Au NPs.

Conclusion: The obtained results suggest that the electrospun PVA NFs composites containing
0.9% PE-CS-Au NPs can be used as antibacterial agents against antibiotic-resistant bacteria, and
as suitable scaffolds for cell adhesion, growth and proliferation of fibroblast populations.

Keywords: gold nanoparticles, chitosan, Punica granatum, nanofiber, antibacterial

Introduction

Polyvinyl alcohol (PVA) is a widely used polymer in biomedical applications either
in the form of membranes or nanofibrous mats owing to its low toxicity, biodegrad-
ability and thermal stability. However, the major drawback of PVA nanofiber (NF)
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Scheme | Schematic illustration of the crosslinking reaction of PVA with GA vapor.

mats is their relatively rapid dissolution in biological
media that results in poor durability, low tensile strength
and fast degradation. Such rapid decomposition makes
these polymeric nanofibrous mats undesirable for control-
ling drug release in drug delivery applications. These
drawbacks made the biomedical applications of PVA
alone very limited.! Therefore, polyhydroxy PVA is used
as an alternative for PVA to improve the physical charac-
teristics. Crosslinking is considered one of the promising
ways that make such polymers more appropriate for the
intended application not only by rendering them water
insoluble but also through improving their mechanical,
physical and chemical characteristics.” Many methods
were employed to obtain crosslinked PVA NFs such as
thermal crosslinking,” solution method,” crosslinking via
heating with poly(acrylic acid) (PAA),* sulfosuccinic acid
(SSA),” citric acid® and glutaraldehyde (GA) vapor’
(Scheme 1).

Some plant extracts have proved their potential enhan-
cing effect for fibroblast cell proliferation and differentia-
tion. Berberine, a benzylisoquinoline plant alkaloid
obtained from Coptidis rhizoma, was applied for period-
ontal regeneration, and it was found that berberine showed
osteogenesis by promoting the differentiation of bone
marrow mesenchymal stem cells (BMSCs). Furthermore,
berberine could eradicate the growth of Porphyromonas
gingivalis which is the main suspect in the process of
periodontal tissue destruction.®

Punica granatum L. (pomegranate) is one of the
ancient fruits, which is well known for its wide range of
biomedical applications due to its antioxidants,” anti-
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inﬂammatory,10 antibacterial,'' and anti-cancer activity,12
as well as its use in cardiovascular diseases,13 and wound
healing."* It was demonstrated that Punica granatum
extract (PE) could enhance dermis and epidermis regen-
eration by promoting keratinocytes, fibroblasts and col-
lagen synthesis. Moreover, PE showed the capability to
inhibit the interstitial collagenase enzyme (ie, the major
degrading enzyme in the skin)."” The extracts of plants
such as Butea monosperma, Punica granatum and Cissus
quadrangularis have been studied for skin regeneration
and wound healing.'®"°

Chitosan (CS) is the main derivative of chitin, a natural
structural polysaccharide mainly extracted from the exos-
keletons of arthropods (including crustaceans and insects),
endoskeleton of cephalopods and fungal cell walls.>**' CS
is a linear polysaccharide of B-(1-4)-linked D-glucosamine
and N-acetyl-D-glucosamine. It is well known for its low
toxicity, biocompatibility, biodegradability, low immuno-
genicity and antibacterial activity.?'

To the best of our knowledge, this is the first study that
reports the use of such novel design composed of CS-
AuNPs in PVA nanofiber mats for the delivery of PE. In
2011, Gomathi et al fabricated CS nanofibers/AuNPs com-
posite to enhance the performance of a cholesterol voltam-
metric sensor.”” Ahmed et al suggested the application of
electrospun CS/PVA/ZnO nanofibers as antibacterial and
antioxidant mats for wound healing in diabetic rabbits.>
Moreover, a green method was used to synthesize carbox-
ymethyl chitosan-PVA electrospun NFs enriched with gold
nanoparticles to be used in biomedical applications.**
A very interesting review article summarizing the use of
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Figure | Schematic representation of the fabrication and electrospinning preparation steps of PE-CS-Au NPs and the proposed nanofibrous PE-delivery system.

CS electrospun membranes and their composites with bioac-
tive and therapeutic agents was reported by Augustine and
coworkers.?® Nanosecond laser ablation is a promising strat-
egy for fabricating nanofibrous films. Menazea and Ahmed
synthesized CS-PVA films embedded with AuNPs with
nanosecond laser ablation and investigated the in-vitro anti-
bacterial activity of the prepared material *® Yet, the study

did not include any in-vitro cell proliferation experiments.
Another study reported the use of silver nanoparticles
embedded in bacterial cellulose gel membranes as an anti-
bacterial wound dressing.”” Recently, Martinez et al synthe-
sized gold nanoparticles via chemical reduction using CS as
a reducing agent, and functionalized the produced nanopar-
ticles with calreticulin.®® The functionalized nanoparticles
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were used to induce cell proliferation and wound healing in
diabetic mice. In one of our recent studies, we reported the
preparation of gold nanoparticles capped with a CS layer
bearing PE in order to boost the antibacterial properties of
CS-Au NPs against different antibiotic-resistant bacteria.””
Therein, the absence of a support medium that allows for
topical delivery hiders topical application for purposes such
as wound healing and/or skin care. In addition, the cell-
proliferation improvement activity has not been
investigated.

The current study aims to obtain a PE-loaded drug
delivery system of better impact and applicability, through
the use of GA-crosslinked PVA NFs as a platform incor-
porating different amounts of biosynthesized PE-CS-gold
nanoparticles (PE-CS-Au NPs). Such structure is hypothe-
sized to act as a sustained-release drug delivery system for
the bioactive components of PE. To the best of our knowl-
edge, the current study is the first to report the production
of nanofibrous mats incorporating PE-loaded CS-Au NPs
as an antibacterial and a cell proliferative agent. The
proposed nanofibrous composite is expected to promote
fibroblasts differentiation. Besides, the antibacterial effect
of the embedded PE-CS-Au NPs in the produced cross-
linked NFs will be a beneficial characteristic to eradicate

infectious antibiotic-resistant pathogens.

Materials and Methods

Materials

Punica granatum (PE) was obtained from the local mar-
ket. CS of molecular weight (Mw) 45 KDa and 80% of the
degree of acetylation was purchased from Sigma-Aldrich
(448877-250G). Glacial acetic acid (Panreac, Spain) and
HAuCl4.3H,0 (99.5%, Sigma Aldrich, Germany) were
used throughout the experimental procedure. A 87-89%
hydrolyzed PVA (Mw = 85-124 kDa) and glutaraldehyde
(GA, 25%) were purchased from Sigma-Aldrich. Ultrapure
Milli-Q water (18.2 Q cm™ ') was used for aqueous solution
preparations. All chemicals were of analytical grade and
were used without further purification.

Plant Materials

Punica granatum (pomegranate) fruits were collected from
a local market in Cairo, Egypt. The fruits were taxonomi-
cally identified and authenticated by Dr. Aleksandra
Krolicka,
Biologically Active Compounds at University of Gdansk

Associate Professor, from Laboratory of

in Poland. The voucher specimen was deposited at

Intercollegiate Faculty of Biotechnology Repository with
a voucher number UG-IFB-2020/20.

Microorganism Strains

Clinical Pseudomonas aeruginosa (ATCC 27853),
Staphylococcus aureus (ATCC 25923) and methicillin-
resistant Staphylococcus aureus (MRSA, ATCC 43300)
were cultivated overnight in trypticase soy broth (TSB)
(bioMérieux) medium at 37°C in an orbital incubator
(Innova 40, Brunswick, Germany) operating at 150 rpm.

Cell Culture

Human fibroblast cells (HFF-1) were purchased from the
American Type Culture Collection (ATCC® SCRC-
1041™). Cells were cultured in Dulbecco’s modified
Eagle medium (DMEM, Sigma Aldrich, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (Gibco)
under standard culture conditions (humidified atmosphere,
5% CO2 and 95% air, at 37°C).

Preparation of P. granatum Extract and

Chitosan Solution

The active components of P. granatum L. peel and seeds
were extracted with water (1:10 ratio w/v) and centrifuged
at 15,000 rpm for 30 min to get rid of the impurities.
Eventually, seed extract was mixed with the peel extract
in a ratio of 3:1 (seed/peel) and the mixture was left for 4
h at room temperature before storing at 4°C for further
utilization.

CS solution was prepared by mixing a known amount
of CS with 100 mL of acetic acid (1% v/v) and kept under
stirring overnight to allow the complete dissolution of and
to obtain a clear solution.

Synthesis of PE-CS-Au NPs

PE-CS-Au NPs were synthesized by mixing a definite
amount of PE with CS solution to get a final volume of
50 mL. The mixture was stirred for 2 h to obtain PE-CS
homogenous solution, which was then heated up to 80°C.
After that, a suitable amount of HAuCl;.3H,O solution
was added to get a final concentration of 1.25 mmol/l.
The resulting mixture was left for 15 min whereafter it
was cooled. The obtained CS-Au NPs were collected by
ultracentrifugation at 28,000 rpm at 25°C for 30 min. The
supernatants recovered from centrifugation were discarded
and the pellets were re-suspended in milli-Q water for
further characterization and utilization.
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Table 1 Composition of the Synthesized PE-CS-Au NPs-Loaded PVA NFs

Sample PVA PE-CS-Au NPs The most Appropriate Viscosity Codes of Non- Codes of the
(wiv%) (wiv®) and Conductivity Crosslinked Samples Crosslinked Samples

FO 12 0 ol NCFO CF0

Fl I 0.1 - - -

F2 10 0.3 - - -

F3 9 0.6 ol NCF3 CF3

F4 8 0.9 v NCF4 CF4

Physicochemical Characterization of the

Nanoparticles

UV-Vis spectroscopy was used to record the electronic
absorption spectra of the developed PE-CS-Au NPs,
dynamic light scattering (DLS) was conducted to record
zeta potential and size of NPs. Wet scanning transmission
electron microscopy imaging technique (Wet-STEM) was
used for morphological characterization to determine the
shape and size of the obtained PE-CS-Au NPs. The Wet-
STEM imaging has been performed with a FEI QUANTA
FEG SEM 450. As a copper grid, Ted Pella, support films,
carbon type A and 300 mesh were used. The STEM holder
was cooled to 2°C and the pressure was set between 700
and 1300 Pa. A drop of the sample was added to the grid,
and the samples were scanned in the dark field area with

the Wet-STEM detector. Scanning electron microscope
integrated with energy-dispersive X-ray spectroscopy
(SEM-EDX) were employed to characterize and confirm
the biosynthesis of PE-CS-Au NPs.

Preparation and Characterization of

Electrospinning Solutions

A 12% (w/v) PVA solution was prepared by dissolving PVA
in distilled water at 90°C with stirring for 4 h. Thereafter, the
polymer solution was left for cooling at room temperature.
Then, different amounts of PE-CS-Au NPs were incorpo-
rated into the PVA solution. All solutions were stirred for 2
h at room temperature to obtain a homogenous mixture of
PVA/PE-CS-Au NPs. The conductivity of the prepared elec-
trospinning solutions (Figure 1) was determined using an
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Figure 2 Characterization of PE-CS-Au NPs: (A) UV spectrum, (B) XRD, (C) DLS hydrodynamic diameter, (D) {-potential, (E) SEM image and (F) STEM image.
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Figure 3 Variation of viscosity and electrical conductivity of the blends used for the
synthesis of the different electrospun NFs.

electrical conductivity meter (Cond 3110 SET 1 WTW,
82362 Weilheim, Germany), and their viscosity was detected
with a digital viscometer (DV-E, Brookfield AMETEK,
USA). The composition of the prepared nanofibrous mats
is summarized in Table 1.

Characterization of the Rheological

Properties

The conductivity and viscosity of the prepared FO solutions
or PVA/NPs suspensions at the different ratios, were inves-
tigated at ambient temperature using an electroconductivity
meter and a digital viscometer (DV-E, Brookfield AMETEK,
USA), respectively. Each measurement was repeated three
times, and the average value was calculated. The PVA/NPs
suspensions with the optimum conductivity and viscosity
values were then selected for the subsequent investigations.

Electrospinning

During electrospinning, a high-voltage was applied to the
polymer solution contained in a syringe through an alliga-
tor clip attached to the syringe needle (internal diameter
0.9 mm). A laboratory-scale electrospinning unit (NS24,
Inovenso Co., Turkey) was used for electrospinning.
Different applied voltages were applied to monitor their
effects on the electrospun NFs. The optimum applied
voltage was adjusted after applying different voltages.
A syringe pump (NE-300, New Era Pump Systems, Inc.,
USA) was used to control the flow rate (0.02 mL/h) of the
polymer solution. The fibers were collected on electrically

grounded aluminum foil placed 12 cm from the needle tip.
Subsequently, the produced NFs were collected for further
physicochemical characterizations.

Crosslinking

The PVA/NPs NFs were crosslinked in 25% GA vapor at
room temperature for several hours. The cross-linking
procedure was carried out in a sealed vessel with heating
in a vacuum oven at 40°C for 12 h. After crosslinking, all
samples, including the non-crosslinked samples, were
exposed in an oven for 2 h at 50°C to remove residual
GA and water. From now on, the codes of the non-cross-
linked samples will be given capital NC letters (eg, NC-
F3) and those of the crosslinked ones will be given
a capital C letter (eg, C-F3) (Table 1).

Mechanical, Chemical and Morphological
Properties

The samples were cut into dimensions of 1 cm X 5 ¢cm, then
the thickness of the electrospun NFs was measured by using
USA).
Mechanical tests were performed by recording the tensile

a digital micrometer (Mitutoyo MTI Corp.,

strength and elongation at break using a tensile test machine
(SHIMADZU, EZ-LX, China). The upper and lower portions
of each sample were located horizontally in the relevant
section of the device. Both ends of each specimen were
compressed by the top and bottom grip and subjected to
a tensile test under conditions of 5 mm/min test speed. The
results were analyzed using Bluehill 2 software (Elancourt,
France). The
Morphology of the fibrous matrices was observed by using
a scanning electron microscope (SEM, MA-EVO10, ZEISS)
at an accelerating voltage of 20 kV. Samples were cut and

samples were measured in triplicates.

coated with gold (60 s) before imaging. Nanofibers’ dia-
meters were calculated with image] using SEM images.
The distribution of PE-CS-AuNPs over the fibers was
observed using a combined field emission SEM (FE-SEM)/
scanning TEM (STEM) ultra-high resolution electron micro-
scope (Hitachi S-5500). Chemical characterization was per-
formed for PE-CS-Au NPs, unloaded and PE-CS-Au NPs
loaded nanofibers using Fourier Transform Infrared (FTIR)
spectroscopy (JASCO 4700, USA) in the range of 400—
4000 cm'. The data was normalized to the background
spectrum recorded from a clean empty cell. The thermal
behaviors of the crosslinked and the non-crosslinked NFs
of both plain PVA, and PVA/NPs, were studied using differ-
ential scanning calorimetry (DSC; Shimadzu DSC-60 Plus
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instrument). A 10-12 mg sample was sealed in aluminum
pans and heated up to 250°C at a heating rate of 10°C/min
under nitrogen atmosphere.

Biodegradability and Swelling

Swelling profiles of the developed crosslinked and non-
crosslinked NF mats were investigated. NFs were weighed
(Wy), placed in PBS (pH 7.4), and left in a shaking incu-
bator at room temperature. At specific time intervals, the
samples were removed from the buffer solution, plotted
with a dry filter paper to remove any excess PBS, and
weighed again (Ws) until no change in weight was
observed. The swelling percentage is calculated according

to Equation 1.%°

Wv_ Wd

Swelling% = [ ] x 100 (1)

d
Biodegradability was studied by placing disc-shaped sam-
ples of the NFs in PBS (pH 7.4) in a shaking incubator for
7 days. The media were changed and replaced by fresh
media every day. The sample discs were taken from the
PBS solution, washed with distilled water and dried at
50°C in an oven until a constant weight was obtained.
The remaining weight percentage was monitored daily
using Equation 2, where W; is the initial weight, and W¢
is the measured final weight.>*

i

W,
Remaining weight% = {Wf} x 100 2)

Encapsulation Efficiency and in-vitro

Release

PE content in the NFs was quantified via spectrophoto-
metric analysis through the complete dissolution of
a certain amount of the NFs in a solvent. Loading dose
(%) and encapsulation efficiency (EE%) were calculated
using Equations 3 and 4, respectively:

PE tent
Loading dose(%) = [ content(mg)

—_ 1
NF Weight(mg)] x 100 G)

Entrapment efficiency(%) =

Measured PE content
Theoretical PE content
x 100

“
The release profile of PE from CF3 and CF4 was studied

in PBS solution (pH = 7.4) over 7 days. The NFs (20 mg)
were placed in 10 mL of PBS solution at 37°C with

constant shaking. At determined time intervals, 1 mL sam-
ples were taken from the release medium and replaced
with fresh PBS to maintain the original volume. The
amount of PE released at selected time intervals was
measured by UV spectroscopy (Shimadzu UV-3600) at
265 nm. The PE release percentage was calculated, and
the release profile was plotted. All the measurements were
performed in triplicates.

In-vitro Drug Release Kinetics

To study the mechanism of PE release from CF3 and CF4
NFs mats, five kinetics models were employed including:
zero order, first order, Higuchi, Korsmeyer—Peppas,
Hixson—Crowell using Equations (5-9), respectively. The
model which displays the highest value of correlation
coefficient (r*) is considered as the most fitting kinetic
model to describe PE release behavior from either CF3
or CF4. GraphPad Prism Software Version 6 was used to
analyze the obtained results.

Zero order Model : Q; = Qy + Kot %)

First order Model : log Q = log Qo — K;t/2.303 (6)
Higuchi Model : O; = Kyt°? @)

Korsmeyer — Peppas : log Q;/Qx =nlogt + logk  (8)

Hixson — Crowell : Qol/3 — Qt1/3 = logt+ logk (9)

where Q is the fraction of drug released at time t, Qq is
initial fraction of drug in solution, K, is zero order release
constant, K; is first-order release constant, and Ky is
Higuchi dissolution constant.

In the Korsmeyer-Peppas equation, Q/Q,, is the frac-
tion of drug released at time t, Q. is the total drug
released, k is a kinetic constant, and n is the exponent
explaining the drug release mechanism. For instance, (n <
0.5) corresponds a Fickian diffusion, (n = 1) represents
case-II transport, (0.5 <n < 1) is anomalous transport, and
(n > 1) is considered super case-II transport. In the
Hixson—Crowell equation, k (kappa) is a constant describ-
ing the surface—volume relation.

Cell Culture Assays

The potential cytotoxicity of the NFs was evaluated
against HFF-1. To observe the cell-nanomaterial interac-
tions and the influence of various amounts of the contained
PE-CS-Au NPs, HFF-1s were used in passage number
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Figure 4 The dependence of the nanofiber diameter and uniformity on the applied electrospinning voltage.

five. The medium for all cell culture tests was the same
and consisting of DMEM, FBS (10%, v/v), penicillin/
streptomycin solution (1%, v/v) and L-glutamine (1%, v/
v). The composite nanofiber mats were cut into circular
shapes with 5 mm diameters and 0.2 mm thickness and
sterilized with UV for 1 h on each side. The discs were
placed into the 96-well plates, and the HFF-1s were seeded
onto the prepared nanofibrous mats with an initial concen-
tration of 2.5x10* cells/mL (5 x 10° cells/0.2 mL/well).
Tissue-culture polystyrene (TCPS) was used as control.
The cell-seeded composite NFs were kept in the incubator,
which was set to 37°C and 5% CO, for a week. MTT assay
for cell viability, fluorescence and SEM microscopy ima-
ging were carried out at the end of this incubation period.

The cell viability of the fibroblasts on the electrospun
composite NFs were determined quantitatively by colori-
metric MTT assay starting with the end of the first day of
initial seeding and followed by the end of the third and
seventh days. After the incubation period, all the media
inside the wells were discarded and the composite NFs
were rinsed with PBS solution thrice. An amount of 90
uL of the fresh medium and 10 pL of MTT solution
(5 mg/mL in PBS solution) were added onto newly
washed samples and kept in an incubator (37°C, 5%

CO,) for 3 h. After the incubation period, purple media
containing formazan crystals were obtained because of
the reduction of MTT by living cells. The medium on the
NFs was discarded, and the samples were taken to clean
wells and 200 pL. of DMSO were put onto the samples to
dissolve the formed formazan crystals and kept in the
incubator for an additional 1 h. Finally, the media from
the wells were taken, and the absorbance values of the
solutions were measured at 540 nm by Dynamica
LEDETECT96 microplate reader.

Fluorescence microscopy analysis was performed to get
information about cell attachment and proliferation on/into
the composite NFs. The dedicated mats for the third and
seventh days of the cell culture were taken, the growth
medium was removed from the plates, and the nanofibrous
mats were washed thrice with PBS. Subsequently, the cells
on/inside the materials were fixed with 4% formaldehyde for
30 min at room temperature, and then washed with PBS.
Moreover, 1 ug/mL of 4',6-Diamidino-2-Phenylindole
Dihydrochloride (DAPI, invitrogen reagent) was added on
each stroma construct to stain the nuclei of the cells, and
incubated for 20 min at room temperature. Finally, DAPI
solution was removed, and the constructs were imaged using
an inverted fluorescence microscope (Leica).
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Figure 5 SEM micrographs of non-crosslinked (A) and crosslinked (B) PVA/NPs NFs. The corresponding size-distribution histograms are also depicted. The original SEM
images with original scale bars are provided in the supporting information (Figure S| and S2).
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SEM images were taken on the third and seventh days of
the cell culture period. Briefly, pre-decided NFs were taken
from the incubator, and all the media were discarded, and the
materials were then washed with PBS solution. Thereafter,
fixation was carried out by a 4% paraformaldehyde solution
for 30 min. The nanofibrous mats lost their water contents
via immersion into water/ethanol solutions with increasing
amounts of ethanol up to 100% (v/v) for 2 min. Lastly,
hexamethyldisilane (HMDS) was added onto the mats, and
then they were left to dry in air. Dried mats were sputter-
coated with gold and examined with SEM with 10 kV.

Antibacterial Assessment

Pseudomonas aeruginosa (ATCC 27853), Staphylococcus
aureus  (ATCC  25923) and methicillin-resistant
Staphylococcus aureus (MRSA, ATCC 43300), were
used as test organisms in the zone of inhibition test. All
the nanofibrous mats were sterilized by UV light before
the experiment. A bacterial solution (100 pL, with
a concentration of ~10° CFU/mL) was dispensed onto an
agar plate. Pieces of 1.5 cm x 1.5 cm of CFO, CF3 and
CF4 were placed on the surface of the plate. The zone of
inhibition was measured after 24-h incubation at 37°C.

Statistical Analyses

The results were analyzed using GraphPad Prism 5 software
(version 5.01). The statistical comparison was carried out
using Student’s #test, with a p-value used to indicate signifi-
cance. P values <0.05 were considered to be statistically
significant.

Results and Discussion

Characterization of the Nanoparticles

PE-CS-Au NPs were characterized by UV spectroscopy,
DLS, TEM and SEM-EDX. The reduction of Au” to Au’
was confirmed by recording the electronic absorption
spectra, where the PE-CS-Au NPs showed intense absorp-
tion bands at 532 nm. DLS measurements (Figure 2)
revealed that the size of the prepared PE-CS-Au NPs is
65.3 = 20.7 nm. In addition, the {-potential is +31.0 + 6.0
mV. By investigation with TEM, it was observed that the
PE-CS-Au NPs showed spherical shapes with an average
diameter of 29 + 5.9 nm. The surface morphology of the as
prepared PE-CS-Au NPs was also recorded by SEM where
NPs of spherical shape were observed. EDX analysis con-
firmed the elemental composition of the as synthesized

hybrid nanocomposites as indicated from the signal corre-
sponding to Au atoms observed at 2.3 keV.

Viscosity and Conductivity of the

Electrospinning Solutions
The measured values of density and absolute viscosity were
used to record the absolute viscosity over different composi-
tions (FO, F1, F2, F3 and F4) of PVA/NPs blends. It has been
demonstrated that compatible blends show linear plots,
whereas incompatible ones show non-linear plots.*'~*
Accordingly, it is noticed that the viscosity curve is almost
linear (Figure 3), and thus it indicates that the corresponding
blends are miscible. Furthermore, it is obvious that the
viscosity of PVA/NPs blends was increased by increasing
the proportion of PE-CS-Au NPs, which was likely attrib-
uted to the potential crosslinking through the interaction of
NPs surface with hydroxyl groups of CS and PVA, forming
hydrogen bonding and hence the viscosity was elevated.*
Conductivity is an important parameter during the
electrospinning process. Figure 3 shows the effect of
PVA mass ratio and hybrid NPs concentration on the
conductivity of the electrospinning solutions. The conduc-
tivity significantly increased upon increasing the concen-
tration of the hybrid NPs. It has been found that blending
the polymer with the NPs could potentiate the conductivity
of the mixture.**> These results are in consistence with
previous reports which found that the properties of poly-
meric materials can be improved and qualified through
dispersing metallic NPs into the polymer matrix to pro-
duce NPs-filled polymer.%*38 Based upon the obtained
results of conductivity, FO, F3 and F4 formulations were
chosen to conduct the rest of the study.

Effect of the Applied Voltage on the

Nanofiber Diameter

The applied voltage is one of the most important para-
meters by which we can control and obtain uniform,
smooth, ultrafine and well-distributed fibers in the nanos-
cale. Herein, the voltage was changed at constant flow rate
and distance. Figure 4 shows SEM images of nanofibrous
mats prepared by applying different voltages. The pro-
duced NFs were found to have diameters of 728.8 + 235,
322.6 + 105, 218.2 + 71.6, 165.6 + 43.4, 137.8 + 44.9 and
230.8 = 75.3 nm by applying voltages of 12, 16, 20, 23, 26
and 29 kV, respectively. These results depict that the
increase in the applied voltage from 12 to 26 kV leads to
producing NFs of smaller fiber diameters. However, at
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Table 2 Mechanical Properties of the Investigated NFs

Sample Stress (MPa) Elongation at Break (%)
NCFO 3.8 +0.64 172 £ 1.8
NCF3 5.6 £ 0.82 227 £ 1.6
NCF4 82 % 1.40 239+ 14
CF0 52 1.10 25.6 £2.2
CF3 6.1 £1.30 3.1+ 3.1
CF4 9.6 £ 0.94 243 +£23

voltages above 26 kV the NFs diameter increased.
Furthermore, above 23 kV (at 26 and 29 kV for instance)
polymeric beads were observed in the produced NFs.
Accordingly, the optimum voltage that results in the best
NFs properties is 23 kV. Similar findings were demon-
strated in previous literature studies.’ Nevertheless, it
contradicts the results obtained by Liu et al.** Our results
can be explained by the fact that the reflex of their electro-
spinning bubbles to the applied voltage might be different
from that of our solid NPs-immersed polymer. It was
hypothesized that higher voltages may enhance stretching
of the jets resulting in NFs with smaller diameters. Such
effect continues until 26 kV, then the diameter starts to
increase with some deformities such as the polymeric
beads obtained at 26 and 28 kV (arrows in Figure 4).

SEM of Neat PVA and PVA/NPs

Nanofibers

The morphology of the prepared NFs was further studied
by SEM imaging. SEM micrographs of hybrid F3 and F4
prepared by applying a voltage of 23 kV, an electrospin-
ning distance of 12 cm and a flow rate of 0.02 mL/h are
depicted in Figure 5A (original image is shown in Figure
S1). The electrospinning of FO, F3 and F4 solutions pro-
duced nanofibrous mats with an average fiber diameter of
ca. 296, 166 and 148 nm, respectively. The decrease in the
diameter of the NFs can be attributed to the higher con-
ductivity of the hybrid PVA/NPs solution (see Figure 3).
Previous investigations demonstrated that the higher the
conductivity of an electrospinnable solution, the smaller is

the diameter of the NFs, and this phenomenon was
explained by high charge capacities of the solution of the
higher conductivity.*' ** Consequently, it creates elonga-
tion forces that exert more pressure upon the jet leading to
a nanofiber with a reduced diameter.*' Moreover, it has
been observed that increasing the content of NPs incorpo-
rated into the PVA solution had significantly increased the
viscosity of the solution and enhances its spinnability as
well. Abri et al reported that the addition of CS has
decreased the NF diameter from 241 to 216 nm* which
is in an excellent agreement with our findings. In addition,
Ganesh et al found that increasing CS/PVA ratio in the
order 0/12, 2/8 and 3/7 w% has produced electrospun NFs
with diameters of 200, 155 and 95 nm, respectively.*’

SEM of Crosslinked Nanofibers

Owing to the immediate dissolution of the electrospun
nanofibrous mats, the NFs swell and fuse leading to loss
of porosity. Yet, porosity is considered the most important
characteristic feature of PVA NFs because it presents
a high surface-area-to-volume ratio. Therefore, GA vapor
was used as an efficient crosslinking agent to avoid such
consequence and maintain the porous structure and the
morphology of the electrospun nanofibrous mats. It can
be observed that crosslinking with GA resulted in swelled
and flattened NFs as depicted in Figure 5B (original image
is shown in Figure S2). The observed swelling and flatten-
ing are attributed to exposure of the NFs to the water
content of the vapor phase of GA during the crosslinking
process.’

The CF0O and CF3 NFs showed histograms displaced
towards higher values compared to those of containing
higher NPs content (CF4). CFO and CF3 NFs showed
average NF diameters of 515 and 503 nm, respectively,
while the diameter CF4 NFs was about 211 nm. In addi-
tion, the porosity features were approximately maintained
in both CF3 and CF4 NFs, while it was highly reduced in
CFO0 NFs. Such findings can be explained by the presence
of CS as a polyelectrolyte which becomes highly

Table 3 Release Kinetics of PE from Crosslinked PVA NFs with Various Embedded Amounts of PE-CS-Au NPs

Sample Code Higuchi Zero Order Kinetic Model First Hixon- Korsmeyer- Fitted Kinetic Model
Order Crowell Peppas
R? K, R? Ko R? R? Khe R? n
CF3 0.917 | 5422 | 0.758 | 0.370 0.902 0.004 0.930 | 0.930 0.582 0.488 Hixson-Crowell
CF4 0.952 | 4525 | 0.817 | 0314 0914 0.002 0.886 | 0.007 0.638 0.486 Higuchi
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protonated and positively charged in the acidic GA med-
ium. Therefore, the repulsive forces among the protonated
amino groups would prevent the unpleasant over chain
entanglements during the crosslinking process.

Tensile Strength

The tensile strength tests were performed to characterize
the mechanical properties of the electrospun NFs. Table 2
shows the tensile strength of the produced NFs through the
elongation at break (also known as fracture strain).
Demonstrating the tensile strength property of NFs is
crucial to display the flexibility of the product.*® The
ultimate tensile strength of the NCF0, NCF3 and NCF4
nanofiber mats was 3.8 £ 0.64, 5.6 = 0.82 and 8.2 =+
1.4 MPa, respectively. After crosslinking, the tensile
strength of the tested NFs was elevated to 5.2 = 1.1, 6.1
+ 1.3and 9.6 £+ 094 MPa, respectively. The results
revealed that CF4 has the highest tensile strength (ca. 9.6
MPa) compared to the other formulations. Therefore, the
tensile strength was enhanced upon the inclusion of PE-
CS-Au NPs in the PVA matrix.

Woater Absorption and Biodegradability
The water absorption/swelling test was performed to esti-
mate the hydrophilicity of the prepared NFs and to explore
their behavior to load and release the incorporated extract.
Figure 6 shows the results of the water absorption test of
both plain and PE-loaded nanofibrous mats in the presence
of PBS (pH 7.4) over 24 h at predetermined time intervals.
The weight gain was calculated and plotted against time.
During the first 3 h, all NFs showed a gradual increase
in weight, where non-crosslinked NFs showed higher
weight gain compared to their crosslinked counterparts.
Non-crosslink NFs started to dissolve in PBS after 3, 6
and 9 h for NCF0, NCF3 and NCF4, respectively; hence
their weight gain dropped abruptly. Meanwhile, CF0, CF3
and CF4 continued their gradual increase in swelling capa-
cities until reaching the maximum capacity. Owing to
crosslinking, plain and NPs loaded NFs showed swelling
capacities lower than their non-crosslinked counterparts at
the first few hours. Furthermore, it was demonstrated that
the swelling capacities of NPs loaded NFs were higher
than that of the plain ones. After crosslinking with GA, the
mesoporous spaces have been diminished in CFO, and
therefore, it relatively restricted the ability of the water
molecules to diffuse throughout the network of the poly-
meric NFs. Accordingly, crosslinking could aid the nano-
fibrous mats to withstand dissolution and continue their

gradual swelling. Moreover, it was observed that increas-
ing the content of PE-CS-AuNPs maintained the uprising
of swelling rate for a longer time before reaching the
plateau (after 9, 12 and 24 h in case of CF0, CF3 and
CF4, respectively).

By studying the biodegradability of the nanofibrous
mats (Figure 6) it was observed that CF0, CF3 and CF4
displayed low degradation rates. Therefore, after 3-weeks
incubation, the weight loss for CF0, CF3 and CF4 were
found to be ca. 59%, 51% and 47%, respectively. On the
other hand, NCFO NFs exhibited a faster degradation rate
relative to both NCF3 and NCF4 NFs. It can be demon-
strated that the addition of PE-CS-AuNPs and crosslinking
has influenced the degradation rate of PVA NFs via enhan-
cing its hydrophobicity. These findings agree with
a previous study where it was found that CS-stabilized
PVA has shown lower weight loss compared to the non-

stabilized one.*’

Drug Release

The release profile of PE from CF3 and CF4 was con-
ducted a long 168 h. The release profiles were investigated
by immersing CF3 and CF4 in PBS solution (37°C, pH
7.4). Figure 7 depicts that an initial burst release of 37%
and 26% occurred after 6 h in case of CF3 and CF4 NFs,
respectively. This was followed by a second slow-release
phase of PE. Furthermore, CF4 NFs shows a slower cumu-
lative release profile (ca. 66%) in comparison to CF3 (ca.
82%), and this can be attributed to the higher degree of
crosslinking between the PE-CS-Au NPs and the poly-
meric chains in case of CF4. The loading capacities were
found to be 94% and 97% in CF3 and CF4 NFs, respec-
tively. This might be caused by the loss of PE occurring
during the electrospinning process.

Release Kinetic Study
To get a more close-up insight to the mechanism of PE
release from the CF3 and CF4 NFs, the study allocated
various release kinetic models including zero-order, first-
order, Korsmeyer-Peppas and Higuchi models (Table 3).
The model with the highest value of correlation coefficient
(r*) was considered as the most fitting kinetic model.
Based on the “n” values in the Korsmeyer-Peppas
model, the predominant release of PE from both CF3 and
CF4 NFs was a Fickian diffusion pattern (n < 0.5).>° The
n values were 0.488 and 0.486 for CF3 and CF4 NFs,
respectively. It was found that Hixson-Crowell model
could describe the diffusion release of PE from CF3 with
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Figure 6 STEM-FESEM image showing the distribution of PE-CS-Au NPs over the PVA NFs (A), water absorption (B) and biodegradability (C) properties of the as prepared NFs.
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Figure 7 Release profile of PE from the CF3 and CF4 nanofibrous mats. It is
obvious that the release rate is slower in case of CF4 compared to the CF3
formulation.

r? > 0.93. While the PE diffusion release from CF4 NFs
was governed by Higuchi model (r* > 0.95). These find-
ings confirmed that the release of PE from CF3 and CF4,
was more consistent with a diffusion mechanism than with
a matrix erosion mechanism.**

Eventually, it can be noted that the higher PE-CS-Au
NPs content in the crosslinked PVA enhanced the hydro-
phobicity of the produced nanofibrous membranes, and
thus it could delay the release of PE from the polymer
matrix.

FTIR

The FTIR spectrum of PE (Figure 8) demonstrated char-
acteristic bands at 3261 and 2934 cm' attributed to

O-H and C-H
respectively.*” The band appearing at 1697 cm ™' is attrib-
uted to C=0 (carbonyls) stretching. The band observed at
1025 cm™! is corresponding to C-O-C stretching vibration.
The bands between 806 and 667 cm™ ' are signed to alkyl
halides (alkyl chloride and/or alkyl bromide) in PE.

The characteristic band of CS located at 3300 cm ™" is
attributed to stretching of O-H and N-H bonds (Figure 8).

Moreover, the band observed at 2870 cm™' is assigned to

phenolic stretching  vibrations,

1

C-H stretching vibration. Carbonyl stretching of amid I,
NH, bending of amide II and C-N stretching of amide III
resulted in the bands allocated at 1646, 1589 and
1375 cm', respectively. The bands corresponding to
C-N stretching and B-(1-4) glycosidic linkage are located
at 1150 and 1059 cm™'. The band due to stretching of
C-O was determined at 1024 cm™'.*>* It can be seen from
the FTIR spectrum of PE-CS-Au NPs, that the addition of
PE to CS during the synthesis of NPs led to a significant
increase in band intensity in the area between 3200 and
3500 cm ™', which might be attributed to O-H stretching of
both CS and the phenolic compounds of PE, indicating the
incorporation of PE in the CS-Au NPs. The presence of IR
bands between 817 and 688 cm ', corresponding to alkyl
halides of PE, also confirms the participation of PE in the
reduction and capping of Au NPs.

The main characteristic bands of plain PVA NFs
(NCFO) appeared at 3200-3680 cm ™' due to stretching of
the hydroxyl group (Figure 8). In addition, other three
peaks at 2923 cm' (C-H stretching), 1739 cm ' (-C=0)
and 1077 em ' (C-O stretching) were noticed.’ 152 The
increase in the intensity of the band observed at 3200—
3680 cm ' in NCF3 and NCF4, assigned to PE-CS-Au
NPs interaction, was clearly demonstrated. The intensity
of the band increased by increasing the content of the PE-
CS-Au NPs.
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Figure 8 FTIR spectra (A) and DSC thermograms (B) of the different nanofibrous
mats formulations under study.

In case of CF0, CF3 and CF4 NFs, a relative reduction of
the intensity of the broad band (3200-3680 cm') was

observed. This reduction may be due to the involvement of
the hydroxyl groups of PVA with the aldehyde groups of GA
to form an acetal bridge.’”*”* Owing to the crosslinking
reaction, a broadening of the band width at 1000—1176 cm ™',
attributed to O—C—O vibration of the acetal group, can be
clearly observed.” Such broadening is clearer in the hybrid
PVA/NPs NFs (CF3 and CF4), which might be attributed to

the participation of the NPs in the crosslinking process.

Differential Scanning Calorimetry

PVA is a partially crystalline polymer with characteristic
hydrogen bonds between its hydroxyl groups. It is
expected that the incorporation of PE-CS-Au NPs will
produce changes in the structure and the crystallinity of
the polymer through interfering with the -OH groups
associated with relative changes in the configuration of
the polymer chains as well as their intermolecular and
intramolecular interactions.>® Figure 8 shows DSC ther-
mograms of plain PVA NFs, PVA/NPs NFs and their
crosslinked counterparts. In case of pure PVA, the
endothermic melting peak was recorded at 214°C. This
peak has been shifted to 218°C after crosslinking with
GA. NCF3 NFs showed an endothermic melting peak at
217°C; however, it was shifted to 221°C after crosslink-
ing. For NCF4 NFs, the melting point was detected at
220°C which was elevated to reach 223°C after cross-
linking. Other studies also reported the increase in the
PVA melting point after crosslinking.® Furthermore, NFs
loaded with PE-CS-AuNPs exhibited higher melting
peak, which could be attributed to the enhanced cross-
linking caused by the hydrogen bond interactions of the
NPs with PVA chains.*’

Antibacterial Activity

The antibacterial activities of hybrid PVA/NPs NFs against
Gram-positive, methicillin-resistant S. aureus (MRSA) and
Gram-negative P. aeruginosa were evaluated by disc inhi-
bition zone method. The abilities of the NFs to inhibit the
growth of the tested microorganisms are shown in
Figure 9A. The figure shows the incubated petri dishes
containing the tested bacterial strains grown in the pre-
sence of the nanofibrous patches after 24 h. The appear-
ance of clear zones around the nanofibrous patches loaded
with the hybrid PE-CS-Au NPs is clearly noticed in the
figure indicating the efficacy of the proposed NFs as anti-
bacterial patches against the investigated strains.
Meanwhile, plain nanofibrous patches showed no inhibi-

tion zones.
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The NFs mats CF3 and CF4 showed around 14.4 and
19.6 mm inhibition zones for S. aureus ATCC25923,
respectively. Meanwhile, a slightly lower activity against
P aeruginosa ATCC27853 (11.1 and 13.2 mm) was
demonstrated by CF3 and CF4, respectively. MRSA
(S. aureus ATCC43300), showed moderate resistance
where CF3 and CF4 exhibited 11.7 mm and 13.5 mm
inhibition zones, respectively.

Such findings indicate that the hybrid NPs are respon-
sible for the antibacterial activity of the composite fibers.
The NPs are released steadily over 48-h incubation period,
and exhibit zones of inhibition against the three selected
bacterial strains. It can be noted that the Gram-negative
P. aeruginosa showed higher resistance than S. aureus and
MRSA. This might be attributed to the intrinsic difference
in their cell wall structure. The Gram-negative bacterial
cell wall is thick, hence acting as a strong biological
barrier against biocides. It consists of lipids, proteins and
lipopolysaccharides (LPS). However, the thinner and loose
Gram-positive bacterial cell wall, due to missing of LPS,
can be easily destroyed and penetrated by the NPs. Thus,
the penetrated NPs might bind with DNA and cause
denaturation.”® The incorporated hybrid NPs contain PE
and CS. PE has proved its antibacterial efficacy through its
bactericidal multi-components of polyphenols such as tan-
nins (hydrophilic and hydrophobic part), and ellagic acid.
Such components are likely to destroy the bacterial cell
through more than one target including combination with
sulthydryl group (SH) of peptidoglycans, strong binding
capacity with iron, and coupling complex with DNA gyr-
ase. Furthermore, the induced antibacterial activity of the
hybrid PVA/NPs NFs could be synergistically enhanced
through CS, which destroys the bacterial cell wall and
leads to leakage of cellular contents. CS has been reported
to interact through electrostatically with negatively
charged LPS of Gram-negative bacteria and teichoic acid
bacteria, wall

of Gram-positive leading to cell

destruction.”’

Cyto-Biocompatibility

The biocompatibility of the PVA/NPs nanofibrous mat with
human fibroblasts (HFF-1) after 1, 3, and 7 days were
observed using MTT assay (Figure 9B). It was noticed that
the cell viability on CFO increased and reached its peak
on day 3. The cell viability on CF3 was slightly better than
plain PVA (CFO) after 1 and 7 days, where it recorded
a significant impact after 3 days. Cell viabilities were
found to be around 76%, 113% and 86% after 1, 3 and 7

days, respectively. Meanwhile, cell viability on CF4
increased significantly over the whole period as after 3 and
7 days of cell culture the number of living cells was the
highest amongst all of the tested groups. It reached 94%
after 1 day and recorded a significant impact after 3 and 7
days with a cell viability of 114% and 123%, respectively.
Such results indicate that PE-CS-Au NPs loaded NFs pos-
sess better biocompatibility and proliferative action than
plain PVA. It can be concluded that the biocompatibility of
the tested NFs follows the order CF4 > CF3 > CF0 based on
the aforementioned cell viability results, since it is well
known that scaffolds with the highest cell viability are the
most biocompatible ones because they allow cellular prolif-
eration on their surface. Furthermore, the fibroblasts were
active on the surface of the crosslinked PVA nanofibrous
mats making them suitable to be applied as effective/poten-
tial biocompatible nanofibrous scaffolds for cell prolifera-
tion. It was reported that mats with highly nanofibrous
topographies and porosity are similar to ECM and are able
to enhance the cellular responses.>®

As shown in Figure 9C, DAPI staining was also used
for visualizing of the increasing HFF-1 proliferation upon
their seeding on CF0O, CF3 and CF4. The obtained results
demonstrated that the amount of cells on CF4 is signifi-
cantly higher than the other NFs. Also, the number of cells
in CF3 was slightly larger than the cells seeded on neat
PVA NFs (CFO0).

Figure 9D shows representative SEM micrographs of
fibroblast cells on CF0, CF3 and CF4 mats (the original
image is shown in Figure S3). The overall growth rate of
fibroblasts on hybrid PVA/NPs NFs was significantly higher
than those on CF0. Moreover, it was found that, at day 7 the
cells attached strongly, proliferated and spread along the CF4
more than CFO0 and CF3 (Figure S3). Thus, both the fabricated
nanofibrous mats showed an acceptable cyto-biocompatibility,
where cell proliferation was significantly higher upon incor-
porating 0.9% of PE-CS-AuNPs in the PVA matrix (ie, CF4).
It can be claimed that the increase of the surface of the
electrical polarity of PVA NFs upon embedding PE-CS-
AuNPs could enhance the adhesion and proliferation of
fibroblasts.> In addition, PE was reported as a cosmeceutical
component due to its ability to enhance dermal fibroblasts.'
The anti-inflammatory and antioxidant properties of PE could
protect the HFF-1 from oxidative stress and maintain their
normal growth.°® This reveals that the developed PE-CS-
AuNPs loaded NFs fabricated in the current study could
stimulate cells attachments and proliferation. Thus it can be
utilized efficiently to regenerate damaged/injured skin cells.
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Figure 9 Antibacterial activity of the proposed nanofibrous mats using the inhibition zone method (A), Cell viability test results. *p < 0.05 when compared to control (B),
fluorescence images showing the proliferation of human fibroblasts (HFF-1) on the nanofibrous mats using DPAI staining after 3 and 7 days (C), and SEM micrographs of cells
proliferation and adhesion on the nanofibrous mats (D). The red values in (A) represent the corresponding inhibition zone diameters in mm. The original SEM images with

original scale bars are provided in the supporting information (Figure S3).
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Conclusions

In the present study, potential antibacterial topical nano-
fibrous mats based on newly synthesized PE-CS-Au NPs
incorporated into crosslinked PVA nanofibers have been
successfully prepared using the electrospinning techni-
que. Conformational physicochemical and morphological
characterizations have been ascertained by FTIR, DSC,
SEM and EDX. The results indicated that the PE-CS-Au
NPs containing nanofibrous mats conferred superior
mechanical, thermal and antibacterial properties. The
electrospun nanofibers demonstrated optimum porosity
even after crosslinking, excellent cyto-biocompatibility,
and provided a strong support for cell adhesion and
proliferation. Incorporation of the PE-CS-Au NPs
added the triple benefit of CS, Au NPs and PE in killing
the investigated bacterial strains. In addition, the pre-
sence of PE-CS-Au NPs in the PVA nanofibers enhanced
their mechanical properties, long-term stability, PE
release profile and antimicrobial activity. This study con-
firms the applicability of the PVA nanofibers incorpo-
rated with PE-CS-Au NPs as potential long-acting drug
delivery system for the delivery of PE in different bio-
medical applications, particularly in wound healing.
However, further research is needed on the in-vivo
assessment of the developed nanofibrous mats for
wound healing.
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