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Abstract
Electrospun polyvinyl alcohol–dextran (PVA–Dex)-based nanofibers (NFs) are explored as a novel class of bioactive injury
dressing materials, which have an essential role for topical injury mending. Sodium ampicillin-loaded citric acid-cross-linked
PVA–Dex NFs were fabricated by electrospinner for wound recuperating purposes. Results revealed that PVA (10%)–dextran
(10%) cross-linkedwith 5%citric acid (CA)was chosen as an optimized condition for obtaining non-beaded andmorphological
accepted nanofibers.Altered concentrations ofCAas cross-linker progressively enhanced significantly themechanical/thermal
stability and wettability-proof of NFs scaffolds, compared to un-cross-linked (PVA–Dex) scaffolds. Meanwhile, swelling
(%), protein adsorption and released ampicillin of NFs decreased dramatically with the increase in the CA concentration, and
conversely enhanced with increasing dextran concentrations. Interestingly, resultant PVA–Dex NFs with high concentrations
of dextran promoted the proliferation ofHFB-4 cells in a high concentration-dependent manner and high antimicrobial activity
behavior, compared to NFs containing high concentrations of CA cross-linker after 24 and 48 h of cell exposure. Notably, all
fabricated NFs have remarked ability to accelerate the rate of in vitro wound gap closure (%) after treatment for 24 and 48 h,
compared to control sample. However, reducing CA concentration in NFs showed the highest percentages of wound healing
for scratched HFB-4 cells with clear observed healing process.
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1 Introduction

A wound is an injury in which the dermal area is damaged,
due to a cut or defected part. Generally, wounds are divided
into two types, known as acute and chronic wounds. Chronic
wounds display prolonged and abnormal inflammation,
regular infections, presence of resistant microbial biofilms
and failure of dermal and epidermal cells that return to repair
stimuli. Acute wounds follow a predictable, well-controlled
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process, including platelets, fibroblasts, keratinocytes and
immune surveillance cells. Previous studies emphasized
that wound valuation is the most critical step, diagnosis
and treatment of wounds [1]. Wound healing of acute and
chronic skin injuries is a quite complex process, and today’s
handlings face huge trials in clinical repetition. One of the
basic medical methods to treat chronic wounds is to use
proper topical dressings with extraordinary characteristics
to promote the healing of wounds [1–3].

Hitherto, analysts have zeroed in on creating present day
NF-based dressings that could imitate the local dermal extra-
cellular framework (ECM) and have the function of setting
up and keeping up an ideal climate for wound fix [4]. These
nanofibers can deliver dynamic substances. For example,
normal or manufactured antimicrobials or various operators
with inborn bacteriostatic or potentially bactericidal move-
ment are ready to invigorate the recuperating cycle. For a
compelling plan of a practical injury dressing, convinced
highlights must be satisfied, e.g., injury type, wound mend-
ing time, physical, mechanical and synthetic properties of the
framework are significant elements [1, 5–7]. An ideal injury
dressing ought to give bacterial insurance that permits liquid
trades, a soggy climate (eliminating abundance exudate) and
ideal recuperating climate, be non-harmful, non-allergenic
and savvy [8, 9], biocompatible with no dismissal and addi-
tional irritation, and help quicken re-epithelialization. The
permeable engineering ought to be interconnected for the
transportation of oxygen and supplements and a decent cell
grip ought to be encouraged by having an enormous surface
zone [10, 11]. Likewise, a decent quality of the dressing is
needed because of its different mechanical mishappenings
and dynamic loadings [12]. So, as to get such appropriate
dressing materials, both the biomaterial arrangement and
the preparing innovation assume significant jobs. In this
manner, biomaterials, for example, characteristic polymers
(collagen, chitosan, keratin and so forth) or engineered
biomaterials, e.g., PLA, PEO, PCL, PLG) and so on, could
be appropriate dressings for skin recovery [12, 13].

As of late, the plan and creation of novel bioactive nanofi-
brous mats by means of electrospinning (easy fabrication,
produces continuous and homogeneous nanofibers, and cost-
effective technique producing an assortment of polymeric
3D frameworks for fake body tissue implantation or differ-
ent applications) have pulled in more consideration [14–16].
The tale electrospunNFs should act like a viable physical hin-
drance that shields the exposed injury from additional pollu-
tion with exogenous microbes [17, 18]. Electrospinning pro-
cedure is a straightforward and adaptable cycle for planning
filaments having a measurement from not manymicrometers
down to a few nanometers [19, 20]. The subsequent NFs have
exceptional highlights, for example, high surface territory to
volume proportion, and can frame mats/wools with high per-
meabilitywhichmakes themappealingmaterials for versatile

medical dressings [21, 22]. Lately, electrospun sinewy frame-
works copy the structure of the local extracellular lattice
(ECM) and thus encourage cell expansion, improve vaporous
trade and expulsion of exudates, and go about as a physical
hindrance against passage of microbes during wound mend-
ing and recovery of defected tissues [21, 23–26].

Biomaterial-based polymeric nanofibers (NFs) were pro-
duced using biodegradable and biocompatible manufactured
or natural polymers and have been used to create drug con-
veyance frameworks to treat different afflictions. One of the
expected zones to utilize them is sedatedwound dressing [21,
23]. PVA is a biocompatible/biodegradable hydrophilic poly-
mer with great synthetic and mechanical strength, and it has
been affirmed by USFDA for various biomedical and drug
applications [27, 28]. Furthermore, PVA was wide utilized
to produce hydrogels for wound dressing [29] or electro-
spun alongwith dynamic substances, for example, silver NPs
[30] and curcumin [31], to deliver wound dressings. PVA
nanofibers were blended previously with other polymers like
PVA/sodium alginate (SA) [32, 33], PVA/starch and hydrox-
yethyl starch (HES) [34, 35], PVA/glucan [36], PVA/chitosan
and dextran [37, 38] and PVA/gelatin (GE) [39] for versatile
biomedical applications [40–42].

Dextran is a bacterial linear polysaccharide, which com-
poses of α-1, 6-connected D-glucopyranose residues with
low level ofα-1,2,α-1,3 andα-1,4 connected side chains [41].
Dextran is extracted from Leuconostoc mesenteroides con-
tains around 5% of α-1,3-glycopyranosidic linkages, which
are generally a couple of glucose buildups long. In the past
years, dextran was used as one of the broadest utilized blood
plasma expanders. As a result of its great biocompatibility
and biodegradability, it is likewise an appropriate candidate
for hydrogels production [37, 42–44], which zeroed in on
accomplishing a steadier and glasslike truly cross-linked
PVA/Dex hydrogel membranes utilizing freezing–defrost-
ing strategy. This early investigation demonstrated that the
presence of dextran in PVA framework favors the crystal-
lization cycle of PVA, permitting the arrangement of a more
arranged and regular PVA hydrogel networks. PVA/Dex
membranes demonstrated brilliant arranged structure con-
trasted with PVA mixed with chitosan. Generally, PVA/Dex
hydrogel membranes demonstrated greater swelling % and
fairly high delivery profile of delivered free-PVA, contrasted
with PVA/chitosan hydrogel membranes. Also, gentamicin-
loaded PVA/Dex hydrogel membranes were designed by
Hwang et al. [45]. The freezing–drying technique has been
utilized for genuinely physical cross-linking of PVA/Dex
hydrogel membranes. Gentamicin-loaded physically cross-
linked PVA/Dex hydrogel membranes essentially improved
the injury recuperating, wound size decrease and spots on
rodent dorsum contrasted with the free drug PVA/Dex hydro-
gel layers in view of the expected mending impact of gen-
tamicin. However, no previous study introduced a detailed
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discussion for optimization electrospinning conditions of
fabricated ampicillin-loaded CA-cross-linked PVA–dextran
nanofibers for topical wound dressing and assessing their
applicability as scaffolds [29, 40].

This study aims to fabricate and optimize electrospun
nanofibrous scaffolds composed of ampicillin-loaded CA-
cross-linked (PVA/Dex) NFs using electrospinner as poten-
tial platform for topical wound dressing applications. CA
was utilized as a non-toxic chemical cross-linker to offer
accepted mechanically electrospun (PVA/Dex) NFs with
suitable waterproof and vigorous to several biomedical
demands. The impact of dextran and citric acid in addition
to PVA nanofibers was intensively studied and estimated in
terms of the whole physicochemical properties, cell viabil-
ity, antimicrobial activity and in vitro wound closure (%) of
electrospun PVA/Dex NFs mats.

2 Materials andMethods

2.1 Materials

Polyvinyl alcohol (PVA) (95.5–96.5% hydrolyzed, M.wt ~
85,000 − 124,000 g/mol) was purchased from ACROS,
USA. Dextran (Dex) from Leuconostoc sp. M.wt approx.
40,000 g/mol was purchased from Sigma-Aldrich, USA.
Citric acid (CA) was purchased from (Riedel-deHa�n, Ger-
many). Ampicillin sodium salt and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich Chemie GmbH,
Steinheim, Germany.

2.2 Fabrication of Electrospun PVA–Dextran
Nanofibers

PVAwas dissolved in distilled water in varied concentrations
ranged as 5, 10 and 15% w/v in 10 ml distilled water; PVA
solutions were then electrospun into nanofibers at different
applied voltages as shown in Table 1 and Table 1, supple-
mentary data, for determining the proper PVA concentration
which produces non-bead nanofibers. Each electrospinning
process was conducted at room temperature with RH≤ 55%.
Also, dextran was dissolved in distilled water in ranged con-
centrations from 50, 70, 90 and 110% w/v, and the PVA/Dex
solutions were then electrospun into NFs at different applied
voltages as shown in Table 2, supplementary data, for choos-
ing the proper dextran concentration for further attempts of
NFs fabrication with accepted mats morphology.

Different ratios of PVA–dextran solutions were then
mixedwith different concentrations of CA as chemical cross-
linker as ranged 0, 1, 3, 5 and 10, w/w, and the obtained
mixture solutions were then electrospun into NFs at altered
voltages as shown in Tables 3 and 4, supplementary data.

2.3 Spinning Condition Optimization of Electrospun
CA-Cross-linked PVA–Dextran NFs

A 9 ml of PVA (10%, w/v) was mixed with one ml of Dex
(10%, w/v), and then, PVA–Dex solution was retained under
agitation for 24 h at ambient conditions. CA (5% w/w) was
mixed to PVA–Dex solution, and then, the mixture solution
was kept under stirring for further one hour at room temper-
ature, followed by ultra-mixing in an ultrasonic water bath
for 30 min at ambient conditions before electrospinning, for
guarantee the homogeneity of polymer–CAmixture solution.
The polymeric mixture was electrospun at applied power
voltage of 27 kV from a high voltage source (Gamma high
voltage research, Inc., FL, USA), at 55% humidity, using
electrospinner (model Nano-NC, South Korea). The formed
NFs were collected over static plate collector kept at 10 cm
from the needle, while the feeding solution rate was reserved
at 0.5 ml/h [46–48]. The scaffolds were collected on sheets
of aluminum foil, dried under vacuum at 80 °C for overnight
to eliminate the residual solvent and to complete the esteri-
fication reaction, and kept in a dry/cold condition to prevent
any possible contaminations. Sodium ampicillin (100 mg)
was loaded to CA-cross-linked PVA–Dex mixture solution
before electrospinning for determination of the profile con-
trol released sodium ampicillin from NFs.

2.4 Instrumental Characterization
of CA-Cross-linked (PVA–Dex) NFs

PVA/Dex NFs were instrumentally analyzed by FTIR, SEM,
TGA and tensile strength, as shown in Supplementary data.

2.5 Physicochemical Measurements
of CA-Cross-linked PVA–Dex NFs

2.5.1 Surface Wettability

The surface wettability of NFs was defined by static water
contact angle model (DSA30, Krüss GmbH, Hamburg, Ger-
many). The data were collected by DSA image analysis
software (DSA4.2.0. Krüss GmbH, Hamburg, Germany).
The sample of NFs was fixed onto glass-side, the water was
dropped onto sample surface using syringe needle and the
contact angle values were measured at zero time (i.e., when
the water drop contacts the surface suddenly).

2.5.2 Moisture Uptake (%)

AN exactly weighed of NFs specimen (9 cm2) of cross-
linked CA-(PVA–Dex) NFs was located in a Petri dish and
attached in a desiccator filled with water. After 48 h, NFs
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Table 1 Electrospun nanofiber samples codes and their corresponding composition and optimization

Sample codes PVA (wt%) Dextran
(wt%)

CA (wt%) (PVA:Dex) ratio Purpose

M1 5 0 0 – Optimization of PVA NFs. Un-cross-linked NFs

M2 7 0 0 –

M3 10 0 0 –

M4 15 0 0 –

M5 0 50 0 – Optimization of dextran NFs. Un-cross-linked NFs

M6 0 70 0 –

M7 0 90 0 –

M8 0 110 0 –

M9 10 90 9:1 Optimization of CA-cross-linked PVA–Dex NFs

M10 10 90 8:2

M11 10 90 7:3

M12 10 40 5 9:1 Optimization of ratio of PVA–Dex. cross-linked NFs

M13 10 40 5 8:2

M14 10 40 5 7:3

M15 10 50 5 9:1 Optimization of dextran concentration in cross-linked
PVA–Dex NFsM16 10 30 5 9:1

M17 10 20 5 9:1

M18 10 10 0 9:1

M19 10 10 1 9:1 Optimization of CA concentration in PVA–Dex NFs

M20 10 10 3 9:1

M21 10 10 5 9:1

M22 10 10 10 9:1

M23 10 10 5 9:1

M24 10 10 5 9:1

were reweighed again for calculating moisture uptake %, as
given equation [3, 29]:

Moisture uptake (%) � (Ws − W0)/W0 × 100. (1)

where W s is the weight of the swollen NF and W0 is the
weight of the original NF.

2.5.3 Swelling Index

CA-(PVA–Dex) NFs were weighed (W1) and soaked in a
Petri dish containing PBS, pH 6.8. After 5 min., NFs were
reisolated and the additional water was dried by a fine paper.
The swollen films were reweighed (W2) at time intervals
against the sample weight change, as shown in Eq. (2) [29,
40].

Swelling index, SI � (W2 − W1)/W1. (2)

2.5.4 Protein Adsorption Study

The amount of adsorbed bovine serum albumin (BSA)
onto NFs outer surfaces was detected by UV–Vis spec-
trophotometer at 630 nm (Agilent technologies, Cary series
UV–Vis–NIR, Korea) with supporting a standard calibration
curve of BSA ranging from 3 to 60 mg ml−1. Beer’s law
was used to determine the exact adsorbed BSA at NFs sur-
faces. Pieces of three types of NFs were cut into 1 cm ×
1 cm, then were immersed in 10 ml PBS (pH 7.4) and incu-
bated at 37 °C for 24 h until reach to equilibrium swelling
weight. The swollen NFs scaffolds were transferred to buffer
solution containing BSA (30 mg ml−1) and shacked for 4 h
at 37 °C, and then, NFs pieces were gently removed. The
protein adsorption was calculated by the difference between
protein concentrations before/after immersing NFs pieces in
BSA/PBS using albumin reagent kit at 630 nm [29].
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2.5.5 Drug Release Study

The profile released sodiumampicillin fromCA-cross-linked
PVA–Dex NFs scaffolds as a function of different CA cross-
linker concentrationswas determined bymembrane diffusion
method. A 100 mg of sodium ampicillin was dissolved in
CA-PVA–Dex at room temperature directly before spinning
step. Full sheet of NFs was soaked in 10 ml of phosphate
buffer pH ~ 7 as a release medium at 37 °C. At interval
times, the concentration of released ampicillin wasmeasured
by spectrophotometer model (Agilent Tech., Cary Series
UV–Vis–NIR, South Korea) at 275 nm. The concentration
of released ampicillin from NFs was calculated based on
an ampicillin standard curve. Released ampicillin % was
assessed as the given equation [29, 40].

Release (%) � Released ampicillin/Total ampicillin × 100.
(3)

2.6 In Vitro Bioevaluation Tests

2.6.1 Antimicrobial Activity of CA-PVA/Dex Nanofiber
Scaffolds

• Antagonistic efficiency for formulated hydrogel disks
in vitro

The formulated hydrogels coded as G1 (10% PVA: 10%
dextran: 5% CA), G2 (10% PVA: 5% dextran: 5% CA), G3
(10% PVA: 20% dextran: 5% CA), G4 (10% PVA: 10% dex-
tran: 1% CA), G5 (10% PVA: 10% dextran: 3% CA) and
G6 (10% PVA: 10% dextran: 10% CA) were tested in terms
of their resistance for microbial growth. Furthermore, used
multidrug-resistant human pathogens were obtained from
Bioprocess Development Dep., GEBRI, SRTA-City, Egypt.
Thus, the antagonistic effects were determined statistically
by performing the following steps:

• Media preparation

In this test, the nutrient agar (NA) and Mueller–Hinton
agar (MHA) media were employed for bacterial and fungal
pathogens, respectively. Thus, the NA medium (Sigma-
Aldrich) was composed of 0.1%meat extract, 0.5% peptone,
0.2% yeast extract, 0.5% NaCl, 1.5% agar, while pH was
adjusted at 6.8 ± 0.5. Besides, the MHA medium (Sigma-
Aldrich, Germany) consisted of 0.2% beef infusion solids,
1.8% casein hydrolysate, 0.2% starch and 1.7% agar. Media
was prepared using distilled water and sterilized by autoclav-
ing at 120 °C for 25 min.

• Preparation of multidrug-resistant human pathogens

The most important pathogens that caused the skin and
soft tissue infections such as Staphylococcus aureus (gram-
positive bacteria), Streptococcus pyogenes (gram-positive
bacteria), Pseudomonas aeruginosa (gram-negative bacte-
ria), Klebsiella pneumoniae (gram-negative bacteria) and
Candida albicans (fungal cells) were selected to calculate
the antagonistic activities in this study. Thus, the preserved
bacterial and fungal cells were stroked on NA plates and
MHA plates, respectively. Subsequently, these plates were
incubated at 30 °C for 48 h.

• Inoculums preparation

The nutrient broth (NB) medium was prepared by using
the following ingredients: 0.1% meat extract, 0.5% peptone,
0.2% yeast extract and 0.5% NaCl, and the final pH was
adjusted at 6.8 ± 0.5. Moreover, the Mueller–Hinton broth
(MHB) medium was prepared by dissolving 0.2 g beef infu-
sion solids, 1.8 g casein hydrolysate and 0.2 g starch in 100ml
distilled water, and the final pH was adjusted approximately
at 7.0± 0.5. Subsequently, the single colonies of these human
pathogens were selected and inoculated into 500-ml shake
flasks that contained about 100 ml of each broth media that
used for bacterial and fungal cells individually. Then, these
flasks were incubated using a shaking incubator at 250 rpm,
30 °C, for 24 h. Finally, these cultureswere used as inoculums
in the following steps.

• Antagonistic activities assay

The disk diffusion method was applied to assess the
antimicrobial efficiency in this study. Thus, the prepared
microbial cultures were diluted to 0.5 McFarland standards
using serial NaCl solution (0.9%). Then, the prepared MHA
plates were swabbed with 100 μl of the Candida albicans
dilution but other the tested bacterial dilutions were inoc-
ulated individually on NA plates (100 μl/plate). After the
diffusion period (3 h at 4 °C), the tested membranes were
prepared as disks (5 mm) and employed on the surface of
inoculated agar plates. Triplicates were conducted for each
pathogen. These plates were incubated statically at 30 °C for
48 h. Then, the formed inhibition/clear zones were detected
in a millimeter (mm) using a centimeter roller.

2.6.2 Cytotoxicity Assay

Effect of CA-cross-linked (PVA–Dex) NFs on cell viabil-
ity of HFB-4 (human normal melanocytes) normal cell line
after treatment was evaluated using MTT cell viability assay
as previously defined by Mosmann (1983) and Almahdy
et al., (2011) [49, 50]. In brief, HFB-4 cells (1.0 × 103)
were seeded in triplicates in 24-well sterile flat-bottomed tis-
sue culture micro-plate. Then, HFB-4 cells were cultured
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in DMEM (Lonza, USA) supplemented with 10% of fetal
bovine serum (FBS); then, cells were incubated at 37 °C in
5% CO2 incubator for 24 h. Then, disks of (PVA–Dex) NFs
at weights of 0.25, 0.5, 1.0 and 2.0 mg/ml were added to
cells in triplicates and incubated at 37 °C in 5% CO2 incuba-
tor. After incubation for 24 and 48 h, (PVA–Dex) NFs were
removed and cells were washed three times with 1.0 M of
PBS to remove debris and dead cells. Then, 1.0 ml of MTT
solution (0.5 mg/ml) was added to each well and incubated
at 37 °C and 5% CO2 for about 3–5 h. The formazan crystals
were dissolved in 1.0 ml/well of DMSO, and the absorbance
was measured at 630 nm and subtracted from measuring at
570 nm using reader a micro-plate ELISA reader. The rela-
tive cell viability (%) compared to control wells containing
cellswithout adding (PVA–Dex)NFs diskswas premeditated
using the following formula: (A) test/ (A) control × 100%.

2.6.3 Cell Healing Assay

Cell healing effect of (PVA–Dex) NFs was investigated by a
wound healing protocol as reported earlier by Preet et al. [51]
andEl-Lakany et al. [52].Briefly, normal humanmelanocytes
(HFB-4 cells) were seeded in 12-well cell culture plates at
count of 1.0 × 105 per well and incubated in 5% CO2,
to become around 90% confluence; then, in vitro wound
scratches were created by sterile micro-tips in the cell mono-
layer. After washing the cells with fresh media to remove the
dead cells and debris, (PVA–Dex) NFs disks at weights of
0.5 and 1.0 mg/disk were added to wells, separately. After
incubated in 5% CO2 and 37 °C to allow cells to migrate
in the medium for 24 and 48 h, wound healing was eval-
uated using phase-contrast microscope, as compared with
untreated scratched cells.

2.7 Statistical Analysis

The final data were assessed statistically via analysis of vari-
ance by using 2017Minitab version 18.1 Inc., for distinguish
significant differences among replicates. Thus, a significant
and no significant difference were demonstrated at P < 0.05
and P > 0.05, respectively.

3 Results and Discussion

3.1 Optimization of CA-Cross-linked PVA–Dex NFs
Scaffolds

For optimizing PVANFsmats, optimization of spinning con-
ditions was carried out to fabricatemorphologically accepted
PVA NFs without droplet or bead formation during the spin-
ning process, where the effects of PVA concentrations of 5,
7, 10 and 15%, w/w, spinning volume rate (0.3–0.4 ml/h),

voltage (24–26 Kv) and trip-to-target distance at ~ 20 cm
were tested on PVA NFs morphology and are displayed in
Table 1 and Table 1, supplementary data. As seen in SEM
investigation, 10%, w/w of PVA concentration was chosen
for further experiments as the proper polymer concentration
for NFs fabrication without beads or droplets formation.

For optimizing dextran NFs scaffolds, the spinning condi-
tion optimization were accompanied to fabricate morpholog-
ically accepted dextran NFs without droplets creation during
the spinning process, where the effects of dextran concen-
trations of 5, 70, 90 and 110%, w/w, spinning volume rate
(0.15–0.25 ml/h), applied voltage (23–24 Kv) and trip-to-
target distance (20 cm) was studied and is shown in Table
2, supplementary materials. A 90% (w/w) of dextran was
chosen as the suitable concentration for blending with PVA
in the further experiments due to no beads formed during
the spinning process. Different CA concentrations of 1, 3, 5
and 10%, w/w as cross-linker were tested for cross-linking
PVA–Dex NFs ratio of 9:1 with concentration(10%:10% as
shown in Table 3, supplementary materials. The moderated
concentrations of CA of, i.e., 3 and 5%, w/w, showed ade-
quate cross-linked PVA–Dex NFs, compared to other CA
concentrations of 1 and 10%, w/w.

For optimizing blending conditions of spinning of elec-
trospun cross-linked PVA–dextran NFs, with varied ratios of
PVA to Dex of 9:1, 8:2 and 7:3 and different concentrations
of 10:10, 10:20, 10:30, 10:40, 10:50 and 10:90 w/w, feed-
ing rate (0.15–0.25 ml/h), applied voltage (24–29 Kv) and
trip-to-target distance (20 cm) with 5%, w/w of CA for all
samples, were studied and their SEM photographs are dis-
played in Table 4, supplementary materials. It was observed
that the ratio of PVA to Dex (9:1) with concentrations of
10:10, 10:20 and 10:40,% showedmorphologically accepted
NFs with no beads or droplets formed during the spinning
process.

3.2 Characterization of CA-Cross-linked PVA–Dex
NFs Scaffolds

• FTIR analysis

FTIR spectra of PVA, dextran and un-cross-linked
PVA–Dex scaffold (M18) showed characteristic peaks at �
3325, 3400 and 3315 cm−1 associated with stretching of -
OH groups of alcohol, respectively. Spectrum of CA was
detected at characteristic peaks at � 1720, 1705, 1690 and
1710 cm−1 which are corresponding to vibration peaks of
C=O bond of aliphatic ester in cross-linked (PVA/Dex) scaf-
folds ofM19–M24 (Table 3, supplementarymaterials), which
guarantee creation of chemical bonding between (PVA–Dex)
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Fig. 1 FTIR spectra of a: PVA, dextran and selected un-cross-linked PVA–Dex NFs and b: CA-cross-linked PVA–Dex NFs with different CA
concentrations (1, 3, 5 and 10%, w/w) (sample codes M19-M24)

andCA resulting inCA-cross-linkedPVA/DexNFs via trans-
esterification reaction post-heat treatment as mentioned in
Sect. 2.3 (Fig. 1).

• SEM investigation

SEM images showed the surface morphology alteration
of certain fabricated (PVA–Dex) NFs with/without CA
cross-linking; images are presented in Fig. 2. The mean
diameters of all NFs were analyzed using (ImageJ, version
1.4.3) software, which varied from 60 to 120 nm (Table
5, supplementary data). SEM images exhibited irregular
and sphere-shaped beaded surface structures, which were
obtained with high dextran concentration (M23; 20%, w/v).
However, decreasing dextran concentration to 10%, as w/v
(M21) resulted in NFs with a diameter of ~ 70 nm and a
pointedly reduced amounts of producedbeads.Also, decreas-
ing dextran concentration to 5.0% (w/v) in M24 resulted in
NFs with a diameter of ~ 120 nm and expressively reduced
bead amounts were observed. The optimized un-cross-linked
(PVA–Dex) scaffold as (M18) was achieved, when 10% (w/v)
dextran solution was employed. The impact of the applied
electrospinning voltage was studied as an effective param-
eter during spinning process, as displayed in Fig. 2. These
results are agreed with published results of Jiang et al., [53].
Similarly, growing the spinning voltage from22 kV inNFs of
M23 to 24 and 28 kV in NFs ofM18, expressively diminished

the formation of beads and altered the surface morphology
from ribbonlike to filamentous and uniform shape structure
NFs, respectively.

In case of cross-linked CA-(PVA–Dex) NFs scaffolds,
(PVA–Dex) was allowed to react with CA (1, 3, 5 and 10%,
w/w) in water before electrospinning, where the average
diameters of CA-PVA/Dex scaffolds, as listed in Table 5,
supplementary data (NFs codes of M19, M20, M21 andM24),
which ranged from ~ 60 to120 nm.

3.3 Physicochemical Measurements
of CA-Cross-linked PVA/Dex NFs

3.3.1 Mechanical Stability of NFs

Un-cross-linked (PVA–Dex) NFs showed very weak
mechanical stability and a very loose/flexible shape structure
was observed, owing to lack of cross-linker degree. Different
concentrations of CA as chemical cross-linker progressively
enhancedmechanical strength ofNFs, compared to un-cross-
linked (PVA–Dex) NFs. Meanwhile, NFs scaffolds of M22

(10%, w/w CA) exhibited the highest tensile strength of ~
4.95MPa, compared to lowCA-cross-linked samples ofM19

(1%, w/w of CA), M20 (3% w/w CA) M21 (5%, w/w of CA),
M23 (5%, w/w of CA and Dex 20%, w/w) andM24 (5%, w/w
of CA and Dex 5%, w/w), which presented tensile strength
of 0.62, 2.65, 4.5, 3.8 and 4.5 MPa, respectively (Table 2).
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Fig. 2 SEM images of selected
(PVA–Dex) nanofibrous
scaffolds; un-cross-linked NFs
(M18), cross-linked NFs (M19,
M20–M24) (all images were
investigated at original
magnification × 5000 @ 10 kV
and scale bar 5 μm)

The mechanical stability behavior could be elucidated by
formation of ester linkages between CA cross-linker and
(PVA–Dex), where the cross-linking process enriched the
inter-connective structure between molecules, and therefore
minimized their slippage during tensile testing. It is shown
that increasing concentration of CA as a cross-linker in
NFs improved significantly tensile strength. On the contrary,
increasingDex concentration (20%Dexw/w) inNFs showed
a clear decrease in the tensile strength (3.8 MPa) (Table 2).
This behavior was explained by the fact that dextran is a
very high hydrophilic polymer, while high portion of dextran

might result in mechanical strength deterioration. However,
the increase in the CA cross-linker concentration enhanced
obviously the mechanical stability of NFs, owing to increas-
ing the cross-linking degree and density forming tight and
compressed interconnected NFs.

3.3.2 Thermal Stability of NFs by TGA

TGA thermographs of NFs were achieved to examine the
influenceofCAcross-linker concentration inmats on thermal
decomposition behavior of CA-(PVA/Dex) NFs scaffolds.
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Table 2 Mechanical properties of
electrospun CA-cross-linked
(PVA/Dx) NFs as a function of
different concentrations of CA as
cross-linker and dextran

Sample
code

NFs composition Elongation to break (%) Tensile strength
(MPa)

Elastic modulus
(MPa)

M19 1 (w/w, %) CA 3.98 ± 0.25 0.62 ± 0.15 28 ± 4.23

M20 3 (w/w, %) CA 5.25 ± 0.35 2.65 ± 0.31 69 ± 5.11

M21 5 (w/w, %) CA 9.25 ± 0.97 4.5 ± 0.56 111 ± 4.25

M22 10 (w/w, %) CA 7.25 ± 0.22 4.95 ± 0.29 146 ± 1.29

M23 5 (w/w, %) CA
20 (w/w, %)
Dex

18.5 ± 0.98 3.8 ± 1.0 95 ± 2.12

M24 5 (w/w, %) CA
5 (w/w, %)
Dex

14.25 ± 1.1 4.1 ± 0.65 98 ± 3.25

Fig. 3 a TGA thermograph curves of un-cross-linked and CA-cross-linked (PVA–Dex) NFs scaffolds, as a function of different CA cross-linker
concentrations; b contact angle measurements of CA-cross-linked (PVA–Dex) NFs as a function of different CA concentrations and different NFs
compositions

TGA thermographs of all (PVA/Dex) scaffolds are displayed
in Fig. 3a, whereas TGA data are listed in Table 3. The first
degradation stage in thermograph displayed a higher mois-
ture absorption in all samples of (PVA/Dex)NFs (M19–M24),
compared to original un-cross-linked (PVA/Dex) NFs of
M18 as a result of the removal of moisture in (PVA–Dex)
NFs mats (≤ 100 °C). The 2nd degradation stage of graphs
demonstrated the thermal degradation onset (Tonst), and the
temperature at 50% weight loss increased gradually of NFs
codes of M18 and M20 ca. from 238 to 301 °C and from 379
to 400 °C, respectively, owing to increasing the cross-linking
degree of cross-linked NFs caused by CA concentration
increase (Table 3). As expectedly, the increase in the portion
of dextran concentration from 5 to 20% (w/w) decreased

sharply the thermal stability of the 2nd degradation stages
onset from 300 to 242 °C. Interestingly, current results are
matching with obtained results of mechanical stability, as
shown in Table 2. This implies that both mechanical and
thermal stability of cross-linked NFs increased notably as a
function of CA concentration increases and they decreased
significantly with increasing the dextran contents in NFs.
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Table 3 Thermal stability data of un-cross-linked and cross-linked CA-(PVA–Dex) NFs adapted from TGA thermographs

Sample
code

NFs composition Tonset (°C) 50% Weight loss at Temp.
(°C)

1st decomposition stage °C,
(weight loss, %)

2nd decomposition stage
(°C) (weight loss, %)

M18 0 (%, w/w) CA 238 380 100–2645
(3%)

264.88–499.9
(75.4%)

M19 1 (%, w/w) CA 265 382 76–238
(1.5%)

237.86–499.9
(78.1%)

M20 3 (%, w/w) CA 301 400 101–301
(23%)

300.86–499.9
(55.27%)

M21 5 (%, w/w) CA 200 341 101–200
(8%)

200.28–499.9
(61.32%)

M22 10 (%, w/w) CA 300 400 100–300
(33%)

299.84–500
(43.66%)

M23 5 (%, w/w) CA
20 (%, w/w)
Dex

243 351 100–242
(16%)

242.23–499.9
(59.64%)

M24 5 (w/w, %) CA
5 (%, w/w) Dex

300 341 101–300
(30%)

300.36–499.9
(42.01%)

3.3.3 Surface Wettability of NFs

Basically, the surface wettability of NFs seriously affects the
protein adsorption and cell adhesion of biomaterials; thus,
the value of the contact angle gives insights into the degree
of surface wettability upon the contact between biomate-
rial surface and biological fluids [52]. It was reported that
values of contact angles (≤ 90°) relate to high hydrophilic
surface, while contact angles ranged at 90°–150° correspond
to low hydrophilic surface which is closed to the hydropho-
bic one, and contact angel’s values > 150° are corresponding
to super-hydrophobic surface [54]. The static water contact
angles of various CA (PVA/Dex) NFs (M19–M22) scaffolds
are drawn in Fig. 3b. Un-cross-linked (PVA/Dex) NFs were
regarded as hydrophilic materials, due to their high surface
hydrophilicity, where un-cross-linked NFs of M18 exposed
remarked hydrophilic surface toward water droplets with a
contact angle value of zero. Thus, CA-cross-linked scaffolds
were adopted as a strategy to improve the surface morpho-
logical stability and to avoid the loss of fibrous-structure of
mats upon contacting with water molecules. The water con-
tact angle of NFs increased dramatically with increasing CA
concentration. As observed, the water contact angles of NFs
of M19, M20, M21 and M22 scaffolds were monitored at 45°,
58°, 70° and 92°, respectively (Fig. 3b). The contact angles
of CA-cross-linked NFs increased with corresponding some-
what high wettability of NFs or increasing dextran contents
in mats.

3.3.4 Swelling Ratio of NFs

Swelling of the dressing materials is one of the most impor-
tant conditions and should be clarified and adjusted. Swelling

ratio (%) indicates that the dressing can absorb wound exu-
dates during the healing process and should be a balance
between exudates absorption and microbial growth round/in
wound core or area. The swelling results of CA-cross-
linked PVA/Dex NFs as a function of NFs compositions
in terms of dextran and CA different conditions are shown
in Fig. 4. Generally, it noticed that the addition of CA
reduced significantly the swelling rate (%) of PVA/Dex
nanofibers, and the recorded swelling ratio of CA-cross-
linked PVA/Dex nanofibers sharply decreased from 2800,
1500 and 1000%, when CA concentration increased (3, 5
and 10%, w/w), respectively, after 12 h of swelling. On the
contrary, increasing the concentration of dextran increased
clearly the swelling ratio (%) of PVA/Dex nanofibers, where
the recorded swelling ratio were 600, 1200 and 1400%when
dextran concentration increased as 5, 10 and 20%, w/w,
respectively, after 12 h of swelling. According these findings,
swelling results of NFs are ascribed to the increase in the CA
concentration and increases in the cross-linking degree of
NFs which results in the significant decrease in the swelling
ratio of NFs. However, the increase in dextran contents in
NFs decreased cross-linking degree of NFs which in term
increases the entire swelling ratio of NFs.

3.3.5 Protein Adsorption of NFs

The blood biocompatibility of NFs and the interaction and
activation of platelets adhered to the immune system are esti-
mated by the extent of plasma proteins adsorbed on their sur-
face. The adsorbed proteins of electrospun CA-cross-linked
PVA/Dex NFs, as a function of different concentrations of
both dextran and CA, are studied in Fig. 5a. Generally, pro-
tein adsorption % values of NFs increased gradually with
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Fig. 4 Swelling ratio (%) of
CA-cross-linked PVA–Dex NFs
scaffolds as a function of a:
different dextran concentrations
(5, 10 and 20% w/w) and b:
different CA cross-linker
concentrations (3, 5 and 10%,
w/w) (mean ± SD, n � 3, P ≤
0.05)

either increasing dextran contents and with decreasing CA
cross-linker concentration in NFs. For example, PVA/Dex
NFs cross-linked with CA of 3% showed the highest amount
of adsorbed protein % on its surface of ~ 95%, due to its high
hydrophilic surface of NFs, as previous confirmed by results
of contact angle and swelling ratio. In addition, the protein
adsorption capacity is reduced to ~ 60%,when increasingCA
concentration to 10% CA. The protein adsorption capacity
grows with the increase in the dextran concentration, where
the protein adsorption capacity of PVA–Dex NFs was ~ 55%
and ~ 90% for dextran contents in NFs of 5 and 20 (%, w/w).
These results are consistentwith our pervious results reported
by Kamoun et al. [29].

3.3.6 Profile-Controlled Release of NFs

Effective dressing biomaterials for wound healing purposes
require optimum drug loading with sustained and control the
drug release profile at desired site. The released ampicillin
from CA-cross-linked PVA/Dex NFs with different CA con-
centrations (1, 3, 5 and 10%, w/w) is presented in Fig. 5b. As
seen, rapid initial burst effect or released ampicillin ~ 25%
during the first 30 min of release was only observed with
low cross-linked NFs (i.e., 1 and 3%, w/w of CA). However,
the high cross-linked NFs with 5 and 10% w/w of CA do
not show any initial burst release behavior. Notably, the low
cross-linked NFs (i.e., 1%, w/w CA) released almost 95%
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Fig. 5 a Protein adsorption (%) onto the surface of CA-cross-linked
PVA–Dex NFs scaffolds, as a function on different dextran concentra-
tions (5, 10 and 20%w/w) and different CA cross-linker concentrations

(3, 5 and 10%, w/w) (mean ± SD, n � 3, P ≤ 0.05); b in vitro profile
release of sodium ampicillin from CA-cross-linked PVA–Dex NFs, as
a function of different CA concentrations (1, 3, 5 and 10%, w/w)

of total loaded ampicillin after 24 h, compared to other high
cross-linked NFs with 5 and 10%, w/w of CA which offered
a sustained released reached to 45 and 25% released ampi-
cillin after 150 h, respectively. These results indicate that
high cross-linked NFs throughout using high CA concen-
trations showed a sustained profile release behavior and no
initial burst release found, compared to the low cross-linked
NFs. This concludes that the cross-linking degree of NFs
influenced markedly on the released drug behavior of NFs.

3.4 In Vitro Bioevaluation Tests

3.4.1 Antimicrobial Activity of NFs Against
Multidrug-Resistant Pathogens In Vitro

The microbial infection played clinically an energetic role
in the wound healing process. As healing time and patient
recovery time were prolonged, then the cost of the health
service was raised for protecting the damaged skin from
cellular dehydration and angiogenesis [5, 6]. So, previous
reports focused on coating the wound dressings with antimi-
crobial materials to kill the skin clinical pathogens and detect
its antagonism spectrum width [7, 8]. Many studied reported
some hydrogels which were designed by natural or synthetic
antimicrobial materials or compounds to prevent clinical
bacterial infections, such as S. aureus and P. aeruginosa,
which considered dangerous pathogens that potentially pre-
vent the healing process and may lead the patient to death

[3–6]. Ideal wound dressings should be fabricated using a
transparent form, stimulated the healing and absorbed the
exudates without produced skin injures [12–14]. Further-
more, the industrial production line of the wound dressings
should be dependent on low-priced materials to reduce the
total cost of the large-scale production [1–4]. Also, to fab-
ricate a promising wound dressing, other properties should
be accompanied such as antimicrobial efficacy against iso-
lated clinical pathogens to prevent the formation of pathogens
biofilm [5–7]. Recently, valuables challenges were found
from the clinical application view which should be over-
come since it will minimize the selling for the formulated
hydrogels, such as producing hydrogels that have a pro-
ficient antimicrobial efficacy against both isolated clinical
pathogens and the multidrug resistances pathogens [8, 9].

Until now, limited reports were studied the antimicrobial
activities against multidrug-resistant microbes; so, in this
report the designed hydrogels were assessed as an antimi-
crobial agent against multidrug-resistant bacteria and fungi
(Fig. 6) to evaluate statistically its antagonistic effects in vitro
(Table 4). Notably, the lowest cross-linked NFs with 1%
CA (G4 disks) inhibited only the fungal cells (C. albicans,
5.7 ± 0.6 mm) but other tested bacterial pathogens resist it.
Additionally, NFs cross-linked with 5% CA and the highest
dextran concentration used 20%, w/w (G3 disks) and inhib-
ited the growth of S. aureus (11.7 ± 1.5 mm), followed by P.
aeruginosa (8.5± 1mm) and S. pyogenes (5± 1mm), except
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Fig. 6 Antagonistic efficacy of the formulated NFs against some
multidrug-resistant human pathogens. The formulated hydrogels codes
as G1: 10% PVA: 10% dextran: 5% CA, G2: 10% PVA: 5% dextran:
5% CA, G3: 10% PVA: 20% dextran: 5%CA, G4: 10% PVA: 10% dex-
tran: 1% CA, G5: 10% PVA: 10% dextran: 3% CA and G6: 10% PVA:

10% dextran: 10% CA. The tested multidrug-resistant pathogens coded
as A: Staphylococcus aureus (gram-positive), B: Streptococcus pyo-
genes (gram-positive), C: Pseudomonas aeruginosa (gram-negative),
D: Klebsiella pneumoniae (gram-negative) and E: Candida albicans
(fungal cells)

Table 4 Disk diffusion assay of
the formulated hydrogels (G1:
10% PVA: 10% dextran: 5% CA,
G2: 10% PVA: 5% dextran: 5%
CA, G3: 10% PVA: 20% dextran:
5% CA, G4: 10% PVA: 10%
dextran: 1% CA, G5: 10% PVA:
10% dextran: 3% CA and G6:
10% PVA: 10% dextran: 10%
CA against multidrug-resistant
human pathogens to detect
statistically the maximum
inhibition halo/inhibition zones
(mm ± SD)

Formulated
NFs codes

Multidrug-resistant human pathogens

Gram-positive bacteria Gram-negative bacteria Fungal cells

Staphylococcus
aureus

Streptococcus
pyogenes

Pseudomonas
aeruginosa

Klebsiella
pneumoniae

Candida
albicans

G1 10.0 ± 1.0 9.0 ± 1.0 12.8 ± 1.0 13.5 ± 2.9 R

G2 10.0 ± 6.2 12.5 ± 0.6 5.7 ± 2.5 12 ± 1.4 R

G3 11.7 ± 1.5 5.0 ± 1.0 8.5 ± 1.0 R R

G4 R R R R 5.7 ± 0.6

G5 15.68 ± 2.06 9.4 ± 2.3 13.3 ± 1.7 15.3 ± 0.67 9.5 ± 1.3

*G6 18.0 ± 1.5 16.3 ± 1.0 14.5 ± 1.0 21.5 ± 1.0 17.8 ± 2.2

Values are means of three replicas. All results are highly significant (P < 0.05) using one-way analysis of
variance (ANOVA). S.D: Standard deviation. R: Resistance, *: means the strong formulated hydrogel that
produced the highest inhibition zone
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that K. pneumoniae and C. albicans were grown in the pres-
ence of NFs. Furthermore, the strong antagonistic efficacy
was recorded in the case of NFs cross-linked with 10% CA
(G6 disks). Thus, the growth of all tested multidrug-resistant
human pathogenswere inhibited as shown in this orderliness:
K. pneumoniae (21.5 ± 1 mm), S.aureus (18 ± 1.5 mm), C.
albicans (17.8 ± 2.2 mm), S. pyogenes (16.3 ± 1 mm) and
P. aeruginosa (14.5 ± 1 mm), individually. Finally, these
results revealed that tested NFs cross-linked with 10% CA
(G6 disks) were considered as promising candidate, which
possessing antagonistic efficacy against different multidrug-
resistant pathogens so it will use for treating and healing
wounds proficiently. All these findings indicate that cross-
linked NFs with high CA concentrations or containing high
contents of dextran in NFs inhibited most tested multidrug-
resistant pathogenic microbes, owing to the antimicrobial
characteristics of dextran as previously reported by Kamoun
et al. [29, 40].

3.4.2 Cytotoxicity Assay of NFs

The viability of HFB-4 cells against prepared CA-cross-
linked (PVA/Dex) NFs was estimated using MTT assay to
determine the viability enhancement effect of NFs at various
doses. Our results indicate that prepared NFs at high concen-
trations of dextran promote the proliferation of HFB-4 cells
in a high concentration-dependent manner, compared to NFs
containing high concentrations of CA cross-linker after 24
and 48 h of cell exposure, as shown in Fig. 7. This can be
referred to similarity of architecture between the extracel-
lular matrix and NFs scaffolds which induce and promote
the cell proliferation and adhesion [54]. M19, M20 and M21

(supplementary data, Table 3), NFs recorded high cell via-
bility (%) at concentration of 0.25 and 0.5 mg/ml of NFs
on HFB-4 cells (around 110–125%). The high cell prolifer-
ation might be owing to the combined effect between PVA
and dextran that are considered wound accelerating agents,
as mentioned above. As shown in Fig. 7, HFB-4 melanocyte
cells cannot grow well on the presence of high concentration
of tested NFs with 2 mg/ml after adding for 48 h, particularly
with tested NFs containing high CA-cross-linked disks by 1,
3 and 5% (w/w) of CA (M19, M20 and M21), respectively.
After 48 h of culturing, NFs contents high CA cross-linker
concentration M22, M23 and M24 showed clearly a cytotoxic
effect in a dose dependent manner than those treated with
NFs disks containing high dextran concentrations of M19,
M20 and M21 NFs. Thus, the addition of dextran into NFs
composition allowed markedly growing the cells prolifera-
tion regardless the used high concentration; however, using
CA as cross-linker for NFs with high concentration greater
than 3% (w/w) hindered significantly the cell viability of
HFB-4 cells.

3.4.3 Wound Closure (%) of NFs

For a proper wound closure process, normal fibroblasts must
migrate and proliferate to the wound scratch bed in a well
manner, during the cell proliferation process, wherever they
promote the secretion of extracellular matrix (ECM) of the
granulation tissue [55].HFB-4 cells are a human skin fibrob-
last cells derived from a normal skinmelanocyte. Fibroblasts
enhance secretion of collagen, neo-angiogenesis and re-
epithelialization [56]. In this concern, a wound closure assay
was carried out using HFB-4 fibroblasts to estimate the pro-
liferation and the migration manners in response to different
applied NFs. Figures 8 and 9 show themicrographsmorphol-
ogy alteration and kinetics of wound closure process and, the
wound healing efficiency of the tested NFs, respectively, at
concentration of 0.5 mg/ml of NFs after incubation for 24
and 48 h as compared to untreated control cells. In general,
all prepared NFs have the ability to accelerate the rate of
gap closure (%) after treatment for 24 and 48 h, compared
to control. NFs codes M19, M21 and M24 showed the high-
est percentages of wound healing for scratched HFB-4 cells
with clear observed healing process (Figs. 8 and 9). PVANFs
promoted absorption ofwound exudates and provide regener-
ation of cells and tissues due to their biocompatibility, safety
and oxygen permeability [57, 58]. Notably, NFs containing
high concentrations of CA (5%w/w) and moderated concen-
tration of dextran showed adequate wound closure even after
premature treatment time. This result could be ascribed to
the fact that CA might decrease the microbes growing and
accelerates the wound closure process; however, high con-
tents of dextran in NFs keep the wettability of wound and a
somewhat delay the healing process.

4 Conclusions

In conclusion, electrospun CA-cross-linked PVA/Dex NFs
were fabricated by electrospinner to report the optimized
concentration of nanofiber fabrication. The optimized CA-
PVA/Dex NFs were examined by SEM investigation and
other instrumental characterization, e.g., FTIR analysis,
mechanical stability, TGA thermographs, water contact
angle, swelling ratio% and protein adsorption. The influence
of CA concentration and dextran blending on NFs proper-
ties was studied in detail. CA concentration 10% (W/W)
was used as chemical cross-linker via esterification reac-
tion of PVA NFs and significantly improved mechanical and
thermal stability ofNFs frompremature dissociation and pro-
longed the sustained released sodium ampicillin for more
than 6 days. On the contrary, blending of dextran into PVA
NFs notably enhanced the surface wettability/hydrophilicity,
swelling ability and protein adsorption of NFs. In addition,
dextran blending improved significantly the antimicrobial
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Fig. 7 Cytotoxicity test by MTT assay of CA-cross-linked PVA–Dex NFs as a function of different CA concentrations, using HFB-4 viability %
after culturing for 24 h (left) and 48 h (right)

Fig. 8 In vitro HFB-4 cells migration after incubation for 24 and 48 h cultured onto CA-cross-linked PVA–Dex NFs as a function of different CA
concentration codes (M19, M20, M21, M22, M23 and M24) (scale bar is 500 μm for each image). The red bars indicate the measured distances used
in calculating the wound closure (%)
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Fig. 9 In vitro wound closure
(%) of CA-cross-linked
PVA/Dex NFs scaffolds using
NFs concentration of 0.5 mg/ml
after 24 and 48 h of treatment
time, as compared to untreated
control cells

activity, cell viability and in vitro wound closure (%) of NFs
mats. These findings are referring to the ability of using elec-
trospun CA-cross-linked PVA/Dex NFs as good candidate
biomaterials for different biomedical applications, in partic-
ular wound dressing applications.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13369-022-06856-9.
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