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Abstract
This study aimed to prepare a polyvinyl alcohol/sodium alginate (PVSA) nanofibrous mat as an amoxicillin (AMOX) delivery
system. AMOX was loaded to the PVSA nanofibers during electrospinning, and the AMOX-loaded PVSA (PVSA/AMOX)
nanofibrous mat was cross-linked by glutaraldehyde (GA). The PVSA/AMOX nanofibrous mat was characterized by Fourier
Transform infrared spectroscopy, scanning electronmicroscopy,Brunauer–Emmett–Teller, andmercury porosimetry analyses.
The thickness, air permeability, andwater vapor transmission rate of the PVSA/AMOXnanofibrousmat were 0.43± 0.08mm,
17.2 ± 4.91 L/m2/s, and 1485 ± 13.6 g/m2/d, respectively, which were suitable for wound dressing applications. The tensile
strength was 6.73 ± 0.48 MPa and elongation at a maximum load was 81.9 ± 17.0%, within the ranges of human skin’s
values. The total porosity was 59.4%, enabling cell adhesion, migration, and proliferation. The PVSA/AMOX nanofibrous
mat has high swelling (319 ± 4.2%) and low degradation (2.2 ± 0.1% in 10 days) ratios. The nanofibrous mat cross-linked
with 0.25% GA solution for 20 min had a 73.07% cumulative release for 90 min. The drug release kinetics were obeyed to
the Korsmeyer-Peppas model. The nanofibrous mat presented antibacterial activity on S. aureus ATCC 29213 and E. coli
ATCC 25922, and there was no cytotoxic effect on the human normal keratinocyte cells, demonstrating the potential for use
in wound dressing applications.
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1 Introduction

Wound dressings increase tissue regeneration directly or
indirectly and promote wound healing. Medicated dress-
ings, wound care products releasing anti-microbial agents,
anti-inflammatory drugs or bioactive molecules, have been
used to promote the healing process indirectly by remov-
ing necrotic tissue or directly by enhancing wound healing
stages [1]. In the case of chronicwounds inwhich the patients
are often subject to long treatments and frequent dress-
ing changes, a system that delivers drugs to the wounded
area improves therapeutic outcomes and patient compli-
ance [2]. In this regard, bioadhesive polymeric dressings
have great application potential, especially for treating local
infections requiring high local antibiotic concentration. The
drug-loadedwound dressings also provide great convenience
due to their tissue compatibility, bacterial resistance, and
reduced intervention in wound healing [3].
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Nanofiber-based wound dressings prepared by electro-
spinning provide significant advantages in wound heal-
ing. Because the tissues mainly comprise hierarchi-
cal nanofibrous structures, electrospun scaffolds perfectly
mimic the biological systems and attract fibroblast cells
to the dermal layer, which is necessary for repairing
damaged tissues [4]. Owing to their superior physical
properties, the nanofibers absorb wound exudate ideally
and provide a moist environment for cell respiration
and proliferation. In addition, the nanofibers’ tiny pores
reduce the risk of bacterial invasion, provide high per-
meability, and protect injured tissue from dehydration
[5].

The direct integration of the drugs into nanofibers is
achieved via electrospinning of the polymer solution, includ-
ing drugs or adsorption of drugs onto/within the nanofibers
[6]. Since wound infection is a serious problem that can
induce severe complications, nanofibrous wound dressings
are generally loaded with antibacterial agents such as sil-
ver nanoparticles [7], small molecules [8], polymers [9],
drugs [10] or growth factors [11] to achieve an optimum
healing performance. Polyvinyl alcohol (PVA) and sodium
alginate (SA) are polymers used widely for wound dressing
applications. PVA, a biocompatible and non-toxic synthetic
polymer, has attracted considerable attention in biomedi-
cal applications due to its chemical and thermal stability
and water absorption capacity [12]. SA is a polysaccha-
ride derived from brown algae. It has hemostatic properties.
SA can absorb exudate and promote hemostasis in wound
healing owing to its super absorbency [13]. SA has been
widely used in wound dressing applications, and there are
many commercially available alginate-based wound dress-
ings.Due to its polyelectrolyte characteristics and inadequate
chain entanglement, SA cannot be used for electrospin-
ning. Therefore, synthetic polymers such as PVA and
polyethylene oxide have been added to aqueous SA solu-
tions in electrospinning [14]. A limited number of studies
have been reported for PVA/alginate-blended electrospun
nanofibers [14–17]. SA and PVA blend improves the final
wound-healing material’s physical, mechanical, and bio-
logical properties compared to the individual polymers.
Therefore, biomaterials, including PVA/SA, are promis-
ing for wound treatment [18]. Various drugs have been
loaded into PVA/SA nanofibers to improve wound heal-
ing performance. In this regard, the preparation of PVA/SA
nanofibers loaded with different drugs and natural products
such as ciprofloxacin [10], purple cabbage (Brassica oler-
acea) anthocyanins [19], ZnO nanoparticles [20], organic
rectorite [21], essential oils [22], moxifloxacin hydrochlo-
ride [23], naftifine [24], nano-curcumin/graphene platelets
[25], lutein [26], gatifloxacin hydrochloride [27] and car-
damom extract [28] have been reported for wound dressing
applications.

Amoxicillin (AMOX), which is one of the essential
antibiotics of the penicillin family with a broad bacteri-
cidal effect, antimicrobial activity, and a high therapeu-
tic index, has recently attracted a great deal of atten-
tion because it is in the essential drug list of the World
Health Organization. The American Food and Drug Admin-
istration approves its usage in drug delivery systems.
Nanofibers such as cellulose acetate (CA)/polyvinyl pyrroli-
done (PVP) [29, 30], CA/gelatin [31], gellan/PVA [32], poly
(acrylamide-co-acrylic acid) [33], poly (lactide co-glycolic
acid (PLGA)/hydroxyapatite/collagen [34], PLGA/collagen
[35], sodium montmorillonite/poly (ester-urethane) urea
[36], PLGA [37], Bombyx mori silk fibroin/PVA [38] and
chitosan [39] were used as AMOX carriers for controlled
drug release applications. To the best of our knowledge, no
research has been done to exploit the superior characteristics
of PVA/SA nanofibers as a wound dressing for the delivery
of AMOX until now.

This study mainly aims to prepare a polyvinyl alco-
hol/sodium alginate (PVSA) nanofibrous mat via electro-
spinning as an AMOX delivery system. The cross-linked
AMOX-loaded PVSA (PVSA/AMOX) nanofibrous mat was
prepared by glutaraldehyde (GA). The characterization stud-
ies were conducted by Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM),
Brunauer–Emmett–Teller (BET), and mercury porosimetry
analyses. In addition, swelling and hydrolytic degradation
properties, water contact angle (WCA) and thickness, water
vapor transmission rate (WVTR), air permeability, and ten-
sile strength of the nanofibrous mat were determined. The
effect of GA amount and cross-linking time on drug release
profiles of the PVSA/AMOX nanofibrous mat was inves-
tigated in detail. The release kinetic models were applied
to cumulative release data. The antibacterial activity of the
PVSA/AMOX nanofibrous mat was investigated by disc
diffusion assay and bacterial colony counting assay onGram-
positive bacteria (S. aureusATCC29213) andGram-negative
bacteria (E. coli ATCC 25922). Cytotoxicity studies were
conducted using human normal keratinocyte cells (HaCaT).

2 Experimental

2.1 Materials

Amoxicillin trihydrate (C16H19N3O5S.3H2O;
MW:419.45 g mol−1) was obtained from Alfa Aesar
(J61290). SA (viscosity range: 700–900 cP) was pur-
chased from Cargill (Cecalgum® S1300). PVA (MW:
85.000–124.000 g mol−1 and 87–89% hydrolyzed) for elec-
trospinning was obtained from Sigma-Aldrich. Tryptic Soy
Agar (TSA), Mueller Hinton Agar (MHA), and Tryptic Soy
Broth (TSB) mediums used to perform antibacterial tests
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were prepared according to the manufacturer’s instructions.
HaCaT cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM-F12) (Sigma-Aldrich) supplemented with
10% fetal bovine serum (FBS; Sigma-Aldrich) and 1%
penicillin/streptomisin (Sigma-Aldrich).

2.2 Preparation of the PVSA/AMOX Nanofibrous Mat

PVSA electrospinning solution was prepared bymixing 12%
(w/v) PVA and 1% (w/v) SA solutions at a ratio of 2/1 (v/v).
For this purpose, a 12%PVA(w/v) solutionwas first prepared
by mixing PVA in pure water at 90 °C for 6 h. For 1% (w/v)
SA solution, SAwas mixed in purified water for 6 h at 60 °C.
Both solutions were kept at room temperature for 24 h. Then,
the PVSAsolution, prepared bymixing 12%PVAand 1%SA
solutions at a ratio of 2/1 (v/v), was mixed at room tempera-
ture for 4 h until it became homogeneous. PVSA/AMOX
electrospinning solution was prepared by adding 6.4 mg
amoxicillin trihydrate to the PVSA solution (20 mL). Vis-
cosity (Brookfield RV-DV II Viscometer), surface tension
(KSV contact angle and surface tension meter), electrical
conductivity (HANNA HI-98129 conductivity meter), and
pH (HANNAHI2020-02EdgeDigital pH-meter) of the PVA,
SA, PVSA, PVSA/AMOX solutions were determined. All
measurements were carried out at 25 °C.

The nanofibrous mats (PVSA and PVSA/AMOX) were
constructed using the Inovenso brand (Starter Kit, Turkey)
electrospinning device. The solution feed rate and distance
between the nozzle and collector roller were 0.5 mL/h and
15 cm, respectively. The applied voltagewas 25kV.A syringe
with a 21-gauge needle was used as the feeding unit. The
nanofibers were collected on aluminum foil wrapped around
a cylindrical drum rotating at 200 rpm.

GA cross-linking was applied to increase the stability of
the nanofibrous mats to hydrolytic degradation. In a typical
cross-linking procedure, the nanofibrous mats (2 cm× 2 cm)
were immersed in an acetone solution, including HCl and
GA, at room temperature. After that, they were washed with
acetone, ethyl alcohol, and PBS (pH 7.4) and dried at room
temperature for 24 h. To evaluate the effect of cross-linker
amount and cross-linking time on the AMOX release profile,
the nanofibers were cross-linked by using GA solutions at a
concentration of 0.25% (v:v), 0.5% (v;v) and 1% (v:v) GA
for 20 min and 40 min.

2.3 Characterization Studies

FTIR analyses of the nanofibrousmats were performed in the
400–4000 cm−1 frequency range. Analysis was performed
using an FTIR spectrophotometer (Perkin Elmer Spectrum
100 Waltham, MA, USA) with ATR apparatus.

The morphological visualization was achieved by a scan-
ning electron microscope (Carl Zeiss AG-EVO 40 XVP).

Image J software (National Institute of Health, USA) was
used to determinemean nanofiber diameter and diameter dis-
tribution via 100 random measurements.

The nanofibrous mat’s specific surface area, pore size, and
pore volumes were determined through a BET isotherm of
nitrogenwith anASAP2000 instrument (Micromeritics). The
porosity of the nanofibrous mat was determined in terms of
mercury porosimetry (QuantachromeCorporation, Poremas-
ter 60). The applied pressure was 30,000 psi.

The hydrophilicity of the nanofibrous mats was investi-
gated via WCAmeasurements using the sessile drop method
by Attention Theta contact angle instrument. The WCAs
were measured by taking 40 separate photos of the differ-
ent parts of the surface.

The swelling ratio (%) of the nanofibrous mats in PBS
(pH 7.4) at 25 °C was determined at different time intervals
[40]. Briefly, the dried nanofibrous mats were weighed and
then immersed in PBS solution. The swelled samples taken at
specific intervals were weighed after wipingwith filter paper.
The swelling ratio (%) was calculated according to Eq. (1);

Swellingratio(%) �
(
Ws − Wd

Wd

)
× 100 (1)

where Ws is the weight of swollen nanofibers, and Wd is the
weight of dried mats.

Hydrolytic degradation studies were conducted by mea-
suring the remainingmass [41]. Briefly, dry nanofibrousmats
(2 cm × 2 cm) were weighted and immersed in PBS. The
nanofibrous mats were drip-dried with filter paper at differ-
ent times and placed in an oven at 30 °C for 3 days. The
degradation ratio (%) was calculated using Eq. (2);

Degradationratio(%) �
(
Wo − Wt

Wo

)
× 100 (2)

where Wo is the initial weight of dry nanofiber and Wt is the
weight of dried samples after the degradation.

A digital micrometer was used to measure the thickness
of the nanofibrous mats (INSIZE Thickness Gauge). The
measurements were made with a 0.005 mm accuracy at five
points. The tests were conducted at 25 ± 2 °C.

The tensile test was carried out using the ShimadzuAG–X
plus brand tensile testing device. The nanofibrous mat with a
dimension of 5 mm× 50 mm placed between the jaws of the
test device was pulled until it broke using a 50 N load cell
with a distance of 25 mm between the jaws and a jaw speed
of 15 mm/min (ASTM D 3822 standard). The test obtained
values of maximum load and extension at maximum load.
The experiments were repeated five times, and the mean and
standard deviations (SD) were calculated.

The air permeability test for the nanofibrous mat was
applied by the SDLATLASM021AAir Permeability Tester.

123



Arabian Journal for Science and Engineering

The test was performed in 5 cm2 under 98 Pa pressure
according to the BS 5636 standard. The measurements were
repeated three times, and the mean and SD were calculated.

The WVTR test was applied using the E96-00 standard
method at 37 °C and 85% relative humidity (ASTM E 96-
95, Annual Book of ASTM, 1995). The nanofibrous mat was
cut into a circle, placed in the mouth of a 13.6 mm diameter
glass bottle containing 10 mL of pure water, and weighed.
Then, the bottle was kept in a desiccator containing saturated
ammonium sulfate solution at 37 °C for 24 h. The bottle was
weighed again after 24 h. Experiments were repeated three
times. The WVTR value (g/m2/day) was calculated using
Eq. (3) [42].

WVT R � (Wo − W f )/10
6A (3)

where A is the area of the mouth of the bottle (mm2); Wo

and Wf are the weight (g) of the bottle before and after 24 h
of storage at 37 °C, respectively.

2.4 In Vitro Drug Release

The in vitro drug release studies were performed in a beaker
using PBS (pH 7.4, 2mL) as a releasemedium at 37 °C under
stirring in a shaking incubator at 50 rpm. The releasemedium
was replacedwith freshmediumat determined time intervals.
The cumulative release (%) of the AMOX was calculated
using Eq. (4);

Cumulativerelease(%) �
(
Wt

Wc

)
× 100 (4)

where Wc is the total amount of drug loaded onto the nanofi-
brous mat and Wt is the total amount of drug released in the
release medium at time t.

The AMOX release was followed by a UV spectropho-
tometer (Shimadzu UV-1700). The calibration curve was
prepared in the AMOX concentration range of 1–50 mg/L
at a wavelength of 227 nm. The amount of loaded AMOX
(mg AMOX/g nanofibrous mat) was calculated by dissolv-
ing three PVSA/AMOX nanofibrous mats in PBS solutions
and determining the AMOX concentration. The amount of
AMOX loaded into the nanofibrous mat was determined as
3.98 ± 0.04 mg/g nanofibers.

2.5 In Vitro Antibacterial Activity Studies

2.5.1 Preparation of Test Bacteria

The antibacterial activity of the PVSA/AMOX nanofibrous
mat was investigated against S. aureus ATCC 29213 and
E. coli ATCC 25922 via disc diffusion assay and bacterial
colony counting assay. Overnight test cultures were prepared

in TSB and incubated at 37 °C for 24 h. The strains were
adjusted to 0.5 McFarland turbidity standards with sterile
media. Subsequently, the bacterial suspension was diluted to
1 × 106 CFU/mL to obtain an equal final bacteria load for
disc diffusion assay and bacterial colony counting assay.

2.5.2 Bacterial Colony Counting Assay

The colony counting method was carried out as described
earlier by Ozcan et al. 2023 [43]. Each surface of the
PVSA/AMOX nanofibrous mats was sterilized by UV for
30 min. 85 mg of the nanofibrous mats were exposed to
test bacteria suspension (1 × 106 CFU/mL) in 20 mL tubes
incubated at 37 °C for 2 h, 4 h, 6 h, and 24 h. At various
exposure times, 1 mL bacterial suspension was taken and
diluted between 101 to 109 in 9 mL saline solution. Then,
0.1 mL of the diluted bacterial suspension was spread onto
a TSA plate and incubated at 37 °C for 24 h. The colonies
were counted, and nanofibrous mats’ bacterial inhibition (%)
was calculated using Eq. (5).

Bacterialinhibi tion (%)

� (logPV SA − logPV SA/AMOX ) /logPV SAx100

(5)

2.5.3 Disc Diffusion Assay

For the disc diffusion assay, the inoculum (1× 106 CFU/mL)
was spread onto MHA, and the nanofibrous mats cut into the
diameter of 1 cm were placed on the center of the medium.
The Petri dishes were incubated at 37 °C for 24 h, and the
inhibition zone diameter was measured by a digital caliper
[44].

2.5.4 Statistical Analysis

Data were given as mean ± SD. Statistical analyses were
performed using SPSS version 22 (IBM, New York, USA)
at a 95% confidence interval. The control and PVSA/AMOX
nanofibrous mat results of each bacteria and log reduction
at the same time interval were evaluated with the indepen-
dent sample t-test. Log reduction data at the different time
intervals for each bacterium were analyzed with one-way
ANOVA, and the differences were compared with Duncan’s
multiple-range test.

2.6 Cytotoxicity Studies

To best mimic the intended use of nanofibrous mats,
HaCaT cells were used in cytotoxicity studies. Cell viability
was determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) cell viability method [45, 46].
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Amoxicillin trihydrate stock solution was prepared with
dimethyl sulfoxide (DMSO) (final DMSO concentration of
0.1% in cell culture) and filtered with 0.22 μm PES mem-
brane filter. Nanofibrous mats (PVSA and PVSA/AMOX)
were first cross-linked with GA solution at 0.25% concen-
tration for 20 min. Sections of 0.32 mm radius (0.32 mm2)
were taken from the nanofibrous mats, and each well of the
96-well cell culture dish was coated. Ultra-low attachment
plates were used to prevent cells from adhering to the sur-
face of the cell culture plate other than the nanofibrous mat.
They were then sterilized with UV light for 12 h and used in
cytotoxicity studies.

HaCaT cells were maintained at 37 °C and 5% CO2 using
DMEM-F12 containing 10% FBS, 2 mM L-glutamine and
100 U/mL penicillin–streptomycin. After 80% confluence,
the cells were seeded in a 96-well cell culture plate with
nanofibrous mats at a rate of 5 × 103 cells per well. After
48 and 72 h of incubation, 20 μL MTT was added to all
wells. After 4 h, 100 μl of dissolution solution (0.2% NP-
40 and 4 mM HCl) was added to dissolve the formazan
crystals. Optical density values were measured at 570 nm
wavelength using aBioTekmultimodemicroplate reader. For
each sample, the mean and SD obtained from six wells were
determined and given as cell viability (%) relative to control.

3 Results and Discussion

3.1 Morphological and Chemical Characterization
of the Nanofibrous Mats

In the electrospinning method, producing nanofibers with
desired properties strongly depends on the solution param-
eters. Therefore, the solution parameters (viscosity, pH,
conductivity, and surface tension) for PVA (12%, w/v), SA
(1%, w/v), PVSA (2/1, v/v), and PVSA/AMOX (2/1, v/v)
solutions were determined and summarized in Table 1. It was
clear that adding SA solution to PVA solution did not cause
a significant change in the pH and surface tension; however,
it caused a severe decrease in viscosity, probably because of
the intermolecular interactions between the polymer chains.
By the way, the SA solution with a high conductivity caused
a significant increase in the conductivity of the PVSA solu-
tion due to the negatively charged COO− groups of SA. The
addition of AMOX into the PVSA solution caused insignifi-
cant changes in the viscosity, pH, and surface tension of the
PVSA solution. On the other hand, the conductivity of the
PVSA/AMOX solution was higher than that of the PVSA
solution since AMOX has a net charge at the pH of the elec-
trospinning solution.

The morphological analyses of the nanofibrous mats were
conducted by SEM. The SEM images of the PVSA and the
PVSA/AMOX nanofibrous mats are given in Fig. 1. The

effect of drug integration on the nanofiber morphology was
evaluated by determining the average nanofiber diameter
and diameter distribution, which was calculated from SEM
images. The images clearly showed that the PVSA and the
PVSA/AMOX nanofibers were beadles, ultrafine, and uni-
form. The average diameter of the PVSA/AMOX nanofibers
(201.7 ± 30.9 nm) was higher than that of PVSA nanofibers
(171.9 ± 42.1 nm), demonstrating the integration of AMOX
in the nanofibrousmat. Integration of drugmolecules into the
nanofibers generally increases the nanofiber diameter [47].

The PVSAand the PVSA/AMOXnanofibrousmats cross-
linked at different GA concentrations (0.25%, 0.5%, and 1%)
for 20 min cross-linking time were also visualized by SEM
analyses. SEM images and average nanofiber diameters and
diameter distributions are given in Fig. 2. It can be seen
that the average diameters of the nanofibers increased after
GA cross-linking due to the flattening of the nanofibers [19,
48, 49]. In addition, the fusions were observed at junction
points of nanofibers, which were observed more clearly in
the nanofibers (PVSA and PVSA/AMOX) cross-linked at
0.25% GA. Since the cross-linking time did not significantly
affect the nanofiber morphology and the average nanofiber
diameter, SEM images of the nanofibrous mats cross-linked
for 40 min were not given. For 20 min, the average diameters
of the cross-linked PVSA nanofibrous mat and the cross-
linked PVSA/AMOXnanofibrousmat ranged between 206.1
± 38.5 nm to 248.4± 75.6 nm and 201.9± 36 nm to 238.5±
45.3 nm, respectively. As a result, the mean nanofiber diam-
eter of the PVSA and PVSA/AMOX nanofibrous mats did
not significantly change after cross-linking. Moreover, there
was no significant difference between the mean nanofiber
diameters of the PVSA/AMOX and PVSA nanofibrous mats
cross-linked at different GA concentrations.

The FTIR spectra of the PVSA, PVSA/AMOX, and cross-
linked PVSA/AMOX nanofibrous mats are given in Figure
SI1. The functional groups in the spectra are also summarized
in Table 2. The absorption band of acetal bonds (C–O–C)
observed at 1126 cm−1 in the FTIR spectrum of the cross-
linked PVSA/AMOX nanofibers proved that the nanofibrous
mat was successfully cross-linked with GA [48, 49]. The
intensity of the adsorption band belonging to –OH groups
decreased sharply after cross-linking with GA. The alde-
hyde group C–H stretching band observed at 2861 cm−1 in
the spectrum of cross-linked PVSA/AMOX nanofibrous mat
demonstrated the existence of unreacted aldehyde ends of
GA molecules.

3.2 AMOX Release from the PVSA/AMOX
Nanofibrous Mats

AMOXrelease studieswere conducted for the PVSA/AMOX
nanofibrous mats that were only cross-linked with GA solu-
tions in the 0.25% and 1% concentrations at cross-linking
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Table 1 Solution parameters
Solution Viscosity (cp) pH Surface Tension (N/m) Conductivity (μS/cm)

PVA 1069 5.67 56.90 384

SA 32 6.44 84.37 1785

PVSA 230.4 5.40 58.88 1188

PVSA/AMOX 182.4 5.33 41.76 1478

Fig. 1 SEM images, average nanofiber diameters and diameter distributions of the a PVSA and b PVSA/AMOX nanofibrous mats

Fig. 2 SEM images, mean nanofiber diameters and diameter distributions of the cross-linked PVSA nanofibrous mats (a, b, c) and the cross-linked
PVSA/AMOX nanofibrous mats d, e, f prepared at 0.25% GA, 0.5% GA and 1% GA concentrations (cross-linking time: 20 min), respectively

times of 20 min and 40 min (Fig. 3). The cumulative
release (%) data for the PVSA/AMOX nanofibrous mat
cross-linked with GA solution in the 0.5% concentration
at the same cross-linking times were not investigated since
they had no antibacterial activity. The results in Fig. 3
showed that the concentration of GA solution significantly
affected the release profile. The cumulative release (%) for
the PVSA/AMOXnanofibrousmats cross-linkedwith 0.25%
and 1% GA solutions for 20 min was 73.07% for 90 min

and 20% for 5 days, respectively. The AMOX release from
the PVSA/AMOX nanofibrous mats cross-linked with 1%
GA solution for 20 min and 40 min started after 1 day.
The cumulative release (%) from PVSA/AMOX nanofibrous
mat cross-linked with 1% GA decreased from 20 to 15%
for 5 days, when the cross-linking time increased from 20
to 40 min. The results clearly showed that penetration of
water molecules to the polymer chains drastically decreased

123



Arabian Journal for Science and Engineering

Table 2 The functional groups of the PVSA, PVSA/AMOX, and cross-
linked PVSA/AMOX nanofibrous mats

Wavenumber (cm−1) Identified
groups

PVSA PVSA/AMOX Cross-linked
PVSA/AMOX

3315 3315 3391 – OH groups

2918 2918 2922 C–H (alkyl
group)

– – 2861 C–H (aldehyde)

1733 1733 1733 C=O (ester
carbonyl)

1091 1091 – C–O stretching

– – 1126 C–O–C (acetal
bond)

with the increasing cross-link density, preventing drug dif-
fusion. Consequently, the PVSA/AMOX nanofibrous mat
cross-linked at 1% GA solution was not suitable to use as a
carrier for AMOX release. At a GA% concentration of 0.25,
controlled AMOX release was observed for 90 min with a
cumulative release of 73.07% and 55.71% for 20 min and
40 min cross-linking, respectively. The increase in the cross-
linking time caused a decrease in the cumulative release (%).
From a clinical point of view, an initial rapid release in the
early stages is beneficial because it helps achieve a therapeu-
tic concentration of the drug in minimal time, followed by
sustained release to maintain a minimal effective concentra-
tion [50].

The drug release data obtained from the PVSA/AMOX
nanofibers cross-linked by 0.25% GA solution for 20 min
and 40 min were fitted to the kinetic models (the zero-order,
the first-order, the Higuchi, and the Korsmeyer–Peppas).

The equations of applied models and the values of con-
stants obtained from the slopes and intercepts of the fitted
curves are summarized in Table 3, Figure SI2, and Figure
SI3. In the equations, Qt (%) is the amount of drug released
in t time, Qo (%) is the initial amount of drug in the solu-
tion, and Q∞ (%) is the equilibrium amount of drug in the
medium. Ko (min−1), K1 (min−1), KH (min−1/2), and Km

(min−1) are the zero-order model, the first-order model, the
Higuchi kinetic model, and the Korsmeyer-Peppas model
release constant, respectively. n is the release exponent of
the Korsmeyer–Peppas model. The drug release followed the
Korsmeyer–Peppas kinetic models with correlation coeffi-
cients (R2) higher than 0.8710 for PVSA/AMOXnanofibrous
mats prepared at 0.25% GA for 20 min and 40 min cross-
linking time. The release exponent (n) was calculated as 0.29
and 0.25 for the PVSA/AMOX nanofibrous mats prepared at
0.25% GA for 20 min and 40 min, respectively. The Higuchi
model explains the drug release regarding diffusion based
on Fick’s law [51]. The transport mechanism of release is
determined by using the Korsmeyer–Peppas model, which
defines drug release as diffusion of the drug and erosion of
the polymer matrix. Since all release exponent n was lower
than 0.5, the mechanism of drug release obeyed Quasi–Fick-
ian diffusion, referring to the non-swellable matrix diffusion
[52].

3.3 Antibacterial Activity

S. aureus and E. coli were selected to determine the
PVSA/AMOX nanofibrous mats’ antibacterial activity since
both bacteria have caused various infections [53, 54].
Among the tested nanofibrous mats cross-linked with dif-
ferent GA concentrations (0.25%, 0.5%, and 1%), only
the PVSA/AMOX nanofibrous mat cross-linked at 0.25%
GA concentration for 20 min shown antimicrobial activ-
ity on test bacteria. The result might be attributed to the

Fig. 3 The cumulative release (%)-time curves for the PVSA/AMOX nanofibrous mats cross-linked by a 0.25% GA and b 1% GA solutions for
different cross-linking times
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Table 3 Kinetic parameters of drug release from the cross-linked PVSA/AMOX nanofibrous mats

Models and parameters Cross-linked PVSA/AMOX nanofibrous mats

(0.25% GA, 20 min) (0.25% GA, 40 min)

Zero order Qt � Qo + Kot

Equation y � 0.3162x + 50.998 y � 0.2514x + 37.329

R2 0.5923 0.7485

Ko(min−1) 0.3162 0.2514

Qo(%) 50.99 37.33

Qe 73.07 55.71

First order logQt � logQo +
K1t
2.303

Equation y � 0.0024x + 1.6967 y � 0.0025x + 1.5687

R2 0.5234 0.6823

K1 (min−1) 5.52 × 10–3 5.75 × 10–3

Qo(%) 49.74 37.04

Qe 73.07 55.71

Higuchi Qt � KH · t1/2
Equation y � 4.161x + 39.413 y � 3.2082x + 28.709

R2 0.7304 0.8682

KH (min−1/2) 4.161 3.2082

Korsmeyer–Peppas log Qt
Q∞ � logKm + nlogt

Equation y � 0.1908x + 1.5138 y � 0.2508x + 1.3266

R2 0.8710 0.9511

Km (min−1) 25.23 21.21

n 0.29 0.25

Table 4 The log values for the cross-linked PVSA and PVSA/AMOX nanofibrous mats

Bacteria Nanofibrous mats Time (h)

0 2 4 6 24

S. aureus
(ATCC 29213)

PVSA (Control) 5.45 ± 0.015a 5.23 ± 0.040a 6.52 ± 0,010a 6.73 ± 0.025a 9.47 ± 0.045a

PVSA/AMOX 5.25 ± 0.035b 5.22 ± 0.020a 4.74 ± 0,025b 4.44 ± 0.030b 5.22 ± 0.020b

Log reduction 0.21 ± 0.04aD 0.01 ± 0.050aE 1.78 ± 0.01aC 2.29 ± 0.00aB 4.25 ± 0.05aA

E. coli
(ATCC 25922)

PVSA(Control) 5.52 ± 0.015a 5.77 ± 0.020a 6.13 ± 0.025a 6.41 ± 0.020a 8.96 ± 0.030a

PVSA/AMOX 5.44 ± 0.010b 5.76 ± 0.006a 5.10 ± 0.015b 5.05 ± 0.035b 6.25 ± 0.020b

Log reduction 0.08 ± 0.01bD 0.01 ± 0.02aD 1.03 ± 0.01bC 1.36 ± 0.03bB 2.71 ± 0.04bA

Data were expressed as mean ± SD (n � 3)
a−bDifferent lower case letters in superscript within a column (at same time) for each bacterium indicate significant differences (p < 0.05) between
PVSA (control) and PVSA/AMOX
A−EDifferent uppercase letters in superscript within a line for each bacterium indicate significant differences (p < 0.05) between the time and log
reduction
a−bAdditionally, different lower case letters in superscript within log reduction lines for the same time period indicate significant differences (p <
0.05) between log reduction and bacteria
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Fig. 4 Bacterial inhibitions (%)
at different time intervals for the
cross-linked PVSA/AMOX
nanofibrous mat

drug release kinetics from the polymeric materials because
the drug release kinetics from the polymeric materials are
affected by the chemical nature of the drug/polymer and
cross-link density. The cross-link density of the polymer in
which the drug was loaded is as essential as the hydrophilic-
ity/hydrophobicity of the polymer. Linking polymer chains
through chemical linkages gives amaterial amore rigid struc-
ture. The swelling of polymers decreases with increased
cross-linking ratio due to tighter structures. Moreover, the
drug may not diffuse into the medium at high cross-link den-
sity. The result matches the drug release kinetics observed
for 0.25% and 1% GA cross-linking. Additionally, the
PVSA/AMOX nanofibrous mat cross-linked at 0.25% GA
concentration for 20 min presented a higher cumulative
release (%) ratio than the nanofibrous mat cross-linked for
40 min. The PVSA nanofibrous mat cross-linked under iden-
tical experimental conditions (0.25% GA, 20 min) was used
as a control. The log and bacterial inhibition (%) values for
the PVSA/AMOXnanofibrous mat at different time intervals
are depicted in Table 4 and Fig. 4, respectively. The results
demonstrated that PVSA/AMOX nanofibrous mats showed
antibacterial efficacy on test bacteria. After 4 h, 1.78 log
and 1.03 log reduction were determined on S. aureus and E.
coli, respectively. The log reduction was time-dependent for
the test strains. The integration of the antibiotics into the
nanofibers via the electrospinning method did not compro-
mise its intrinsic antimicrobial properties, as described by
Alavarse et al. [55], Schneider et al. [56], and Wang et al.
[57]. Our results are similar to those previously described.

In each period applied in this study, E. coliwasmore resis-
tant than S. aureus against amoxicillin, a result that correlates
with the literature [58]. After 2 h, it was determined that the
logarithmic decrease in the growth of S. aureus was statisti-
cally higher than that ofE. coli (p< 0.05). The result might be

related to the differences in cellwall structure betweenGram-
negative and Gram-positive bacteria. It is well-known that
Gram-negative bacteria generally show resistance against
antimicrobial agents due to complex cell walls, including
peptidoglycan complex-lipoprotein and outer membrane. On
the other hand, the cell wall of Gram-positive bacteria com-
prises a peptidoglycan layer with lots of pores. Due to the
porous cell wall of S. aureus, compounds easily permeate
[43, 58].

As shown in Fig. 4, bacterial inhibition (%) values
increased time-dependent on test bacteria. The inhibition per-
centage of E. coli at all tested times was lower than that of
S. aureus. After 24 h, S. aureus and E. coli were inhibited at
44.87% and 30.25%, respectively.

Similar results were obtained with the disc diffu-
sion method. While the inhibition zone of cross-linked
PVSA/AMOX nanofibrous mats against S. aureus was
recorded as 23.3 ± 0.6 mm, 11.0 ± 0.2 mm zone was
determined for E. coli (Fig. 5). An inhibition zone was not
observed for cross-linked PVSA (control) nanofibers.

3.4 Properties of the PVSA/AMOX Nanofibrous Mat

The mechanical, chemical, and physical characteristics of
a wound dressing are essential factors in accelerating skin
regeneration [59]. Therefore, the porosity, swelling,wettabil-
ity, degradation, thickness, air permeability, tensile strength,
and WVTR of the PVSA/AMOX nanofibrous mat cross-
linked with 0.25% GA concentration for 20 min were
investigated and evaluated in detail.

The porosity of the PVSA/AMOX nanofibrous mat was
determined via BET andmercury porosimetry analyses since
the pore size of a wound dressing is a determinative param-
eter for swelling, wettability, degradation, air permeability,
WVTR, and wound healing properties. BET and mercury
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Fig. 5 Growth inhibition zones at the incubation time of 24 h: a S.
aureus-the cross-linked PVSA (control); b S. aureus-the cross-linked
PVSA/AMOXnanofibrous mats; c E. coli-the cross-linked PVSA (con-
trol); d E. coli-the cross-linked PVSA/AMOX nanofibrous mats

porosimetry analyses determine thepores in nano- andmicro-
size, respectively. The adsorption/desorption isotherms of
nitrogen and pore size distribution are given in Figure SI4.
The BET surface area of the PVSA/AMOX nanofibrous mat
was 59.25 m2/g, and the pore volume was 0.0534 cm3/g.
The pore size ranged between 1.89 and 16.87 nm, demon-
strating that the PVSA/AMOX nanofibers have micropores
and mesopores according to the IUPAC definition. The total
porosity of the PVSA/AMOX nanofibrous mat was 59.4%,
which is in the preferred range of 60–90% for cell adhesion,
migration, and proliferation. Total interparticle porosity was
57.1%, and total intraparticle porosity was 2.3%. The pore
sizes were distributed in the range of 1–7 μm, matching the
human tissue cell sizes, which would benefit wound healing
[60]. The pore size distribution graph is given in Figure SI5.

The swelling profile of a wound dressing is determinative
in the absorption of excess exudate to provide a moist micro-
environment in the wound area. In this way, the wound is
protected from infections. Additionally, moisture is benefi-
cial for wound healing and enables the unpainful removal
of the wound dressing [61]. Due to their high surface area-
to-volume ratio and hydrophilicity, nanofibrous mats absorb
large amounts of exudate. The swelling kinetics of the PVSA
and PVSA/AMOX nanofibrous mats are depicted in Figure
SI6. The swelling ratio of both nanofibrous mats reached
the equilibrium value after 10 min. The cross-linked PVSA
nanofiber surface has a swelling ratio of 331 ± 13.1%, while
the swelling ratio of PVSA/AMOXwas 319± 4.2%. AMOX
in the nanofibrous mat causes an insignificant change in the

swelling ratio. As a result, the PVSA/AMOX nanofibrous
mat is suitable for use as a wound dressing with a high
swelling ratio [62].

The WCA of a surface gives valuable information about
the hydrophilicity of the material. A hydrophilic surface has
lower contact angle values than 90o [63]. Hydrophilicity
is one of the most critical factors affecting the intracellu-
lar compatibility of biomaterials. Cell adhesion and growth
are directly affected by the wettability of the surfaces [64].
The WCAs of the cross-linked PVSA and PVSA/AMOX
nanofibrousmatsweremeasured, and the changesweredeter-
mined at 1 s intervals. The obtained results are depicted in
Figure SI7. The WCA of the cross-linked PVSA nanofi-
brous mat was 95.8° ± 1.8 in the first second. After 9 s,
the WCA reached a value of less than 19.1 ± 1.2°, and the
drop completely disappeared. On the other hand, the WCA
of the cross-linked PVSA/AMOX nanofibrous mat was 73.4
± 1.2° in the first second and reached a value of 29.9 ± 3.2°
in the fourth second. The results show that the hydrophilic-
ity and water absorbency of the PVSA/AMOX nanofibrous
mat were higher than those of PVSA, probably because
AMOXwas loaded into the nanofibers. The hydrophilicity of
PVSA/AMOX nanofibrous mat is an advantage in terms of
absorption of wound exudate and rapid initiation of AMOX
release against the risk of infection.

The degradability of a wound dressing plays a crucial role
in potential biomedical applications. The controlled release
of the therapeutic agent to the wounded area is possible via a
biodegradablewounddressing [65].However, partial degrad-
ability allows cell diffusion, nutrient flow, and integration
of the wound dressing with host tissue [66]. The results of
hydrolytic degradation studies showed that the degradation
ratio of PVSA nanofibrous mat was 1.8 ± 0.2% at the end
of 10 days. At the end of the same period, the degradation
ratio was 2.2 ± 0.1% for the PVSA/AMOX nanofibrous mat
(Figure SI8). The degradation rate of both surfaces reached
the equilibrium value within 10 days. The type and severity
of the wound can influence the choice of dressing degrada-
tion. Acute wounds with a predictable healing timeline may
benefit from non-degradable dressings. On the other hand,
for chronic wounds or situations where the dressing needs
to remain in contact with the wound for an extended period,
a degradable dressing may be more appropriate. The results
show that the cross-linked PVSA/AMOX nanofiber surface
is highly resistant to hydrolytic degradation.

The mechanical properties of a wound dressing are essen-
tial in terms of the motorial behavior of the skin [67]. A
suitable wound dressing material should be strong and flex-
ible to control external stress on the skin [68]. While the
elongation and tensile strength of human skin range from
35–115% to 5–30 MPa, respectively [69], a standard medi-
cal material should meet values of the elongation between 17
and 207% and tensile strength between 1 and 24 MPa [70].
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The PVSA/AMOX nanofibrous mat showed good mechani-
cal properties within the ranges of human skin’s values, with
a tensile strength of 6.73 ± 0.48 MPa and elongation at a
maximum load of 81.9 ± 17.0%. The load-elongation graph
is given in Figure SI9. The strength and elongation values
of PVSA nanofibrous mats were reported as 1.23 MPa and
13.8% [70], 6.76MPa and 11.3% [25], 10.66MPa and 15.9%
[71] and 20.5 MPa and 150% [72], respectively. Considering
that the mechanical properties of nanofibrous mats depend
on various factors such as composition, structure, and inter-
action between nanofibers and nanofiber diameter [25, 73],
it was not expected to be similar to previous literature.

Oxygen, which causes the re-epithelialization, angiogene-
sis, collagen synthesis, oxidative killing of bacteria, and thus
faster healing, is vital in wound healing [74]. The air per-
meability of a wound dressing allows oxygen to enter and
make contact with the wound [75]. However, excessive air
permeability may adversely affect the healing process, caus-
ing the wound to dry and turning the wound dressing into a
nonocclusive material [75, 76]. Many structural parameters
can affect the air permeability of the nanofibrousmembranes,
such as fiber diameter, morphology, thickness, density, wet-
tability, pore size, and porosity of the membrane [76, 77].
The finer the fibers, the smaller the pores, and generally,
if tiny pores increase within the same area, air permeability
will decrease. Due to the rise of friction and pressure loss, air
passage from the pores is difficult when the membrane thick-
ness increases [76–78]. The thickness of the cross-linked
PVSA/AMOX nanofibrous mat was determined as 0.43 ±
0.08 mm, which is suitable for use as a wound dressing
[79]. The air permeability was also 17.2 ± 4.91 L/m2/s. The
air permeability values of calcium alginate-based nonwoven
commercial wound dressing and commercial cotton gauze
were 787.4 L/m2/s [76] and 470.13 L/m2/s [80], respectively.
This high differencewas thought to be due to the high density
of nanofibrous mats. On the other hand, the air permeability
values of nanofibrous mats given in the literature were also
complicated because of their lightness and thinness [81].

A high value of WVTR could be a reason for wound
dehydration and scar production, while a low WVTR value
may not provide enough moisture for wound healing. The
WVTR of Op Site (Smith & Nephew), Duoderm (ConvaTec
Ltd),Metoderm (ConvaTec Ltd), and Biobrain® commercial
wound dressing is 792 ± 32, 886 ± 60, 823 ± 45, and 1565
± 51 g/m2/d, respectively [82]. The PVSA/AMOX nanofi-
brous mat with aWVTR of 1485± 13.6 g/m2/d was suitable
as a wound dressing.

3.5 Cytotoxicity

The skin is the first barrier in the human body against
external influences such as externalmechanical forces, chem-
ical compounds, UV, and pathogens. Skin damage against

external influences undergoes a complex tissue regeneration
process involving hemostasis, inflammation, proliferation,
and remodeling [83, 84]. Therefore, the nanofiber mats are
expected to be non-cytotoxic and biocompatible and promote
the fundamental processes in the wound healing mecha-
nism [85]. For this purpose, the cytotoxic effect profile of
PVSA/AMOX nanofibrous mats was determined usingMTT
cell viability assay. Since PVSA/AMOX nanofibrous mats
contain AMOX equal to 100 μM concentration in the stud-
ied volume, 100 μM AMOX was also used as a control.
After 48 h of incubation, PVSA and PVSA/AMOX nanofi-
brous mats showed no cytotoxic effect on HaCaT cell lines
(Fig. 6B). In microscopic examinations, no changes were
observed in cell density compared to the control. In addi-
tion, stable formazan crystal formationsmay indicate that the
cells are metabolically active (Fig. 6A). After 72 h of incuba-
tion, 113% cell viability was observed in the PVSA sample
group and 124% in the PVSA/AMOX group (Fig. 6C). The
increase in cell proliferationmay indicate that the biocompat-
ibility of nanofibrous mats is quite high. The microstructure
of nanofibers prepared by electrospinning technology is very
important in their compatibility with the extracellular matrix.
Promoting electrospinning technology with combinations of
bioactive scaffolds such as SA and synthetic structures such
as PVA can show excellent properties in wound healing [2,
86, 87]. At the end of the 72-h incubation period, the increase
in cell proliferation indicates that the PVSAnanofibrousmats
produced support cell proliferation by mimicking the ECM
matrix.

4 Conclusion

In this study, an amoxicillin-loaded polyvinyl alco-
hol/sodium alginate nanofibrous mat was developed via
electrospinning, and its drug release properties, antibacte-
rial activity, cytotoxicity, and physical performance were
investigated. The nanofibrous mat was morphologically and
chemically characterized, and the effect of cross-linker (GA)
concentration and cross-linking time on the morphology and
AMOX release profile were determined. The lower the GA
concentration, the higher the number of fusions at junction
points of the nanofibers. However, the cross-linking time
did not drastically change the nanofiber morphology and the
average nanofiber diameter. At aGA concentration of 0.25%,
controlled AMOX release was observed with a cumulative
release of 73.07% and 55.71% for 90 min at 20 and 40 min
cross-linking time, respectively. The drug releasemechanism
obeyed theKorsmeyer-Peppasmodelwith a release exponent
smaller than 0.5. The properties of the PVSA/AMOXnanofi-
brous mat cross-linked with 0.25% GA solution for 20 min
were characterized in detail, and it was used in antibacte-
rial activity and cytotoxicity studies. The total porosity was
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Fig. 6 Assessment of cytotoxicity profiles of nanofiber mats by MTT
cell viability assay. A Formazan crystals formed by HaCaT cells in
MTT cell viability assay. MTT cell viability assay; 48 h (B), 72 h (C).

*Denotes statically significant differences in comparison with control
and PVSA: *(p < 0.05), **(p < 0.01) and ***(p < 0.001). Data are
presented as mean ± SD (n � 6)

59.4%, which is proper for cell adhesion, migration, and
proliferation. The PVSA/AMOX nanofibrous mat has high
swelling (319 ± 4.2%) and low degradation (2.2 ± 0.1%
in 10 days) ratios. The WCA of the nanofibrous mat’s sur-
face was 73.4° ± 1.2, demonstrating the high hydrophilicity
for exudate absorption. The nanofibrous mat has a tensile
strength of 6.73 ± 0.48 MPa and elongation at a maximum
load of 81.9 ± 17.0%, within the ranges of human skin’s
values. The thickness, air permeability, and WVTR of the
PVSA/AMOX nanofibrous mat were 0.43 ± 0.08 mm, 17.2
± 4.91 L/m2/s and 1485 ± 13.6 g/m2/d, respectively, which
were suitable for wound dressing applications. The qualita-
tive and quantitative studies proved that the PVSA/AMOX
nanofibrous mat has antibacterial activity on S. aureus and
E. coli bacteria. In addition, the nanofibrous mat has no cyto-
toxic effect on human normal keratinocyte cells. As a result,
the AMOX-loaded nanofibrous mat has application potential

in the biomedical area as a wound dressing. In vivo studies
will be planned for future studies.
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