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A Novel Strategy as a Potential Rapid Therapy Modality in
the Treatment of Corneal Ulcers: Fluconazole/Vancomycin
Dual Drug-Loaded Nanofibrous Patches

Sumeyye Cesur,* Elif Ilhan, Esra Pilavci, Rabia Betul Sulutas, Merve Gurboga,
Ozlem Bingol Ozakpinar, Elif Kaya, Marcin Heljak, Gulgun Bosgelmez Tinaz,
Faik Nuzhet Oktar, Oguzhan Gunduz, and Ewa Kijeńska-Gawrońska*

Corneal ulcer, which is brought on by a breach in the epithelial barrier, is a
dangerous infection of the avascular corneal stroma. New treatment
strategies are needed, suppressing the aggressive nature of the disease and
including a combination of different drugs. In this study, vancomycin (VAN)
and fluconazole (FLU) dual-drug loaded dual-layered polyvinyl alcohol and
gelatin (PVA/GEL) nanofibrous patches are produced by electrospinning.
Scanning electron microscopy (SEM) images show smooth surfaces are
obtained for both pure and drug-loaded nanofibrous patches. The tensile test
results report that loading the FLU and VAN separately into the PVA/GEL
patches decrease both the tensile strength and elongation at break and it is
further reduced when combining two drug-loaded layers in one patch.
According to drug release results, the FLU and VAN-loaded nanofibrous
patches show a controlled release profile extending up to 96 h. Moreover,
PVA/GEL/FLU, PVA/GEL/VAN, and PVA/GEL/FLU/VAN nanofibrous patches
display significant antimicrobial activity against Candida albicans and
Staphylococcus aureus. SEM, 4’-6diamidynofenyloindol (DAPI) staining, and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
show that PVA/FLU and PVA/GEL/FLU/VAN nanofibrous patches have a
superior effect on NIH3T3 cell spreading and proliferation. The novelty of this
study lays in the development of a potential dual drug rapid treatment for
corneal ulcers of aggressive nature.
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1. Introduction

The cornea, located in the front area of the
iris and pupil, is the part that refracts the
light reaching the eye and transmits it to
the retina and protects the eye from exter-
nal factors. The layers of the cornea, which
are physiologically avascular and transpar-
ent, consist of epithelium with self-renewal
properties and a stromal that maintains
transparency.[1] The layered organization of
collagen fibers and the extracellular ma-
trix (ECM) supports the cornea in terms
of shape and integrity. The cornea of an
adult human eye has a horizontal diame-
ter of ≈11.5 mm and a vertical diameter of
10.5 mm, and displays a constant curvature
throughout life.[2]

A corneal ulcer is a crucial ocular in-
jury that threatens vision due to the de-
fect in the corneal epithelium. Corneal ul-
cer requiring urgent treatment is a risky
health problem that can lead to vision loss.
Complications such as corneal scarring and
perfusion, glaucoma development, cataract,
and eye synechia, known as the destruc-
tion of the visual nerves by the pressure
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inside the eye, trigger morbidity.[3] It has been stated that corneal
transplants for the treatment of infectious keratitis constitute a
small portion of ≈12.2% of all transplants. Therefore, this prob-
lem should be recognized and detected quickly in order to initi-
ate emergency treatment and intervene when the disease is still
at a preventable level.[4] Corneal ulcers are caused by bacterial,
viral, fungal, protozoan, and autoimmune diseases. The most
common etiology is bacterial pathogens. The onset of corneal
ulcers occurs with the formation of keratitis (corneal inflamma-
tion) by the bacteria entering that area due to the break in the
corneal epithelium, which is the protective layer. The reasons
for the fractures in the corneal epithelium are commonly con-
tact lens wear, corneal abrasion, ocular traumas, and rarely a
history of diabetes, chronic ocular disease, use of corticosteroid
drugs, and agricultural work. Staphylococcus aureus (S. aureus)
and Pseudomonas aeruginosa (P. aeruginosa) are the most com-
mon bacterial pathogens. Staphylococcus epidermidis (S. epider-
midis) and Staphylococcus fusarium (S. fusarium), the most com-
mon species in polymicrobial keratitis, trigger ocular trauma.
Aspergillus, Fusarium, Candida albicans (C. albicans), and other
Candida species are fungal species that cause corneal infections.
Acanthamoeba, a free-living protozoan, is classified as a corneal
ulcer-causing protozoan, and is found in freshwater sources and
soil.[5]

The use of anti-infective drugs for the treatment of corneal
ulcers is the most commonly utilized medical solution.[6] Flu-
conazole (FLU) is a widely used bistriazole fungistatic agent with
high efficacy and low toxicity. FLU, treats keratitis with deep le-
sions in intraocular applications thanks to its penetrating prop-
erty. It has been proven that that FLU works against gram-positive
bacteria in disease states, where natamycin and miconazole are
insufficient.[7] Some of the antimicrobial drugs applied in the
clinical treatment of corneal keratitis show weak cleavage in the
corneal mucus layer. In addition, low ocular bioavailability has
been a limiting problem for conventional eye drops due to the in-
ability to reach the desired therapeutic dose caused by the short
residence time in the eye. This situation requires the use of high
doses of drugs, which causes the drug to enter circulation sys-
tematically and increases the side effects. Compared to conven-
tional clinical eye drops, controlled drug delivery assays such as
nanofibers are highly demanded.[8]The study of Yehgambaram
et al. proved that FLU loaded polyaniline (PANI) has high anti-
fungal properties by testing it on C. albicans, C. tropicalis, and C.
krusei strains.[9] Sharma et al. have shown that the pharmaceuti-
cal carrier system in which polyvinyl alcohol (PVA) nanofibrous
patch and FLU are used together for the treatment of vaginal can-
didiasis, has superior antifungal activity potential compared to
drug-free systems.[10]
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Vancomycin (VAN) is a glycopeptide antibiotic that inhibits the
synthesis of the cell wall in Gram-positive microorganisms.[11] Its
mechanism is the inhibition of the peptidoglycan synthesis path-
way within the microorganism cell wall. Furthermore, it has re-
stricted antimicrobial activity against gram-negative bacteria be-
cause of the molecular size-exclusion impact on the microorgan-
ism’s outer membrane.[12] It has been a useful therapeutic op-
tion in treating bacterial-infected corneal ulcers.[13] In a study,
Naeimi et al. reported that VAN-loaded CS/PVA/Polyethylene gly-
col (PEG) hydrogel wound dressing had antimicrobial activity.[14]

In another study, a VAN-loaded injectable nanofibrous hy-
drogel patch showed good antimicrobial and biocompatible
properties.[15] In the study by Riau et al., VAN-loaded collagen
hydrogel exhibited a good drug release profile. The hydrogel was
implanted in vivo in a rabbit model with keratitis and reduced
the infection.[16] However, the performance of VAN is limited
by the lack of its oral absorption. The infusion time should not
be less than 1 h, as rapid intravenous infusion may cause skin
reactions.[17] Nanofibrous patches have a large specific surface
area that can stabilize drugs.[18]

Electrospinning allows producing nanometer-scale fibers. Its
cardinal working mechanism is the electrophysical interplay be-
tween the electrostatic force and the polymer solution.[19] The
nanofibrous patch consists of pores and fibers with a large sur-
face area that also allows cell adhesion and proliferation. The
most spectacular advantage of electrospinning is that obtained
nanofibrous patches can prolong the release of drugs compared
with solution form. In this method, drugs can be incorporated
into the nanofibrous patch by blending the drug and the polymer
solution.[20] Various natural and synthetic polymers and their
rational combinations are used in drug delivery systems with
electrospinning.[21]

PVA is a synthetic polymer frequently used in many tis-
sue engineering applications, such as treating corneal diseases.
Due to its properties like biodegradability, biocompatibility,[22]

hydrophilicity,[23] good flexibility, good oxygen permeability, and
high drug loading potential, it is widely used in artificial blood
vessels, dressing studies, and contact lenses.[24] Miyashita et al.
reported that the PVA-Collagen scaffold that they produced was
compatible with the corneal epithelium due to its high oxygen
permeability feature.[25] For the treatment of corneal ulcers, bac-
terial keratitis, and other corneal infectious diseases, Jain et al.
loaded ciprofloxacin in PVA/Gel mixes using the solution casting
method. They demonstrated that PVA/gelatin blends are prefer-
able to conventional eye drops for the controlled release of an-
tibiotics in the eye.[26] In a different investigation by Huang
et al., they compared randomly oriented and aligned PVA/Gel
nanofibers and discovered that cells on the PVA-gelatin aligned
fibers widely spread out.[27] In another study, PVA/GEL-based
propolis-loaded nanofibrous patches were used to treat microbial
keratitis.[28]

Presented investigation aimed to produce dual-layered
PVA/GEL nanofibrous patches loaded with two drugs (FLU and
VAN) by electrospinning and to assess their biological efficacy.
The in vitro antifungal and antibacterial activities of FLU and
VAN-loaded PVA/GEL nanofibrous patches against C. albicans
and S. aureus were evaluated. Additionally, we have determined
the in vitro cytotoxic effects and wound healing activity. The
novelty of this study is to develop a potential rapid treatment
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Table 1. Components and proportions in all nanofibrous patches produced.

Nanofibrous patches PVA content [wt%] GEL content [wt%] Tween 80 [wt%] Drug amount [wt%]

PVA/GEL 13 0.5 3 —

PVA/GEL/FLU 13 0.5 3 0.2

PVA/GEL/VAN 13 0.5 3 5

PVA/GEL/FLU/VAN 13 0.5 3 0.2+5

modality for the treatment of corneal ulcers of aggressive nature
with dual drug therapy.

2. Experimental Section

2.1. Materials

Gelatine from bovine skin (powder, gel strength ≈225 g bloom,
Type B), Poly (vinyl alcohol) with Mw of about 89 000–98 000
(99+% hydrolyzed), Tween 80 (viscous liquid), phosphate buffer
saline (PBS, pH = 7.4), and Glutaraldehyde solution (GA, 50
wt%, MW = 100.12 g mol−1) were purchased from Sigma-Aldrich
(St. Louis, MO). FLU (MW = 306.27 g mol−1) and VAN (MW =
1449.25 g mol−1 (free base basis)) were purchased from Sigma-
Aldrich, Darmstadt, Germany.

2.2. Method

2.2.1. Preparation of the Solutions for Electrospinning of
Nanofibrous Patches

Solutions containing different amounts of drug were prepared as
states in the Table 1. 13 wt% PVA solution was prepared in DI wa-
ter by stirring in a magnetic stirrer (Wise Stir, MSH-20 Germany)
for 1 h at 650 rpm and 90 °C. The surfactant Tween 80, 3 wt% was
added dropwise into the dissolved PVA and mixed for 15 min at
800 rpm at room temperature. Then, 0.5 wt% of gelatine powder
was added to the solution and the solution was further stirred at
650 rpm for 15 min at 60 °C. 0.2 wt% FLU and 5 wt% VAN drugs
were added to the prepared solution separately and mixed at 200
rpm for 30 min.

2.2.2. Preparation Stage and the Optimization Parameters of the
Electrospinning Process

A laboratory scale device (NS24, Inovenso Co., Turkey) was used
to perform electrospinning and to collect the fibrous layers with
uniform thickness. The electrospinning process for each type of
solution was optimized. The syringe containing the solution was
placed in the pump. The required flow rate from the pump con-
nected to the power source has been set at 0.5 mL h−1. To col-
lect the nanofibrous patches, a cylindrical collector with a ro-
tating head was placed at a distance of 12 cm from the metal
floor to which the needles were fixed. The system was set up
by wrapping wax paper around the collector. The waxed paper
was weighed before the process. Electrospinning was performed

at 25 kV, and for a total of 7 h. Drug-loaded solutions contain-
ing 0.2 wt% FLU and 5 wt% VAN were produced separately for
7 h. For additive production, 0.2 wt% FLU loaded solution was
electrospun for 3 h and 30 min. Afterward, the syringe and solu-
tion were changed and PVA/GEL solution with 5 wt% VAN was
electrospun for next 3 h and 30 min. This way, a combination
fiber assembly containing two different drug-loaded layers was
obtained. After electrospinning each waxed paper with collected
fibers were weighed and its weight was recorded. Layered fiber
combination, created by loading the two drugs into separate lay-
ers, was labeled as PVA/GEL/FLU/VAN, and the mechanism of
its production has been shown in Figure 1.

2.2.3. Crosslinking Process

Nanofibrous patches were crosslinked with glutaraldehyde va-
pors. For this, the nanofibrous patches were placed inside the des-
iccator over the glutaraldehyde solution and incubated at 40 °C
for 5 h in an oven.

2.2.4. Morphology and Porosity Characterization of the Nanofibrous
Patches

SEM (EVO LS 10, Zeiss) was used to examine the surface mor-
phologies of nanofibrous patches. First, the surface of drug-
loaded and nondrug-loaded fibers was coated with a layer of gold
and palladium for 120 s with a spray coating machine (Quorum
SC7620, USA). Further, according to the obtained SEM results,
histogram graphs were drawn by taking measurements of 100
fiber using imaging software (Olympus AnalySIS, USA).

Porosity of the investigated nanofibrous patches was deter-
mined based on SEM images using CTAn software (Bruker, Bel-
gium).

Nanofibrous patches’ thickness was measured using the mi-
crometer screw gauge. Data were expressed as mean ± standard
deviation (n = 3).

2.2.5. Chemical Properties Characterization of the Nanofibrous
Patches Using Fourier-transformed infrared spectroscopy (FTIR)

FTIR (Jasco FT/IR-4700 model machine) was used to analyze
the chemical structures and functional groups of nanofibrous
patches. The spectra were recorded performed in transmission
mode at a scanning range of 4000–400 cm−1 at a resolution of 4
cm−1 and a scanning speed of 32 at room temperature (23 °C).
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Figure 1. Schematic illustration of the production of dual drug-loaded nanofibrous patches for corneal ulcers treatment.

2.2.6. Thermal Properties Characterization of the Nanofibrous
Patches Using DSC

Glass transition temperature (Tg) and melting temperature (Tm)
of nanofibrous patches were analyzed using differential scanning
calorimetry (DSC) (Shimadzu, Japan). To measure the changing
behavior of the material under thermal conditions, nanofibrous
patches were processed in the DSC device between 25 and 300 °C
and 100 heating rate.

2.2.7. Properties of Nanofibrous Patches

A tensile testing machine (Shimadzu Corporation, EZ-LX, Kyoto,
Japan) was used to analyze the nanofibrous patches’ mechanical
properties. Before the tensile test, the thickness of the nanofi-
brous patches was calculated using a digital micrometer (Mitu-
toyo MTI Corp., USA) and dimensions of the samples were ad-
justed to 10 × 50 mm. For each group, three different samples
were tested.

2.2.8. Swelling and Degradation Behaviors of Nanofibrous Patches

Swelling and degradation measurements were taken in order to
determine the water-taking capacity of the nanofibrous patches,

and the changes in their mass with time. Phosphate buffered
saline (PBS) with a pH of 7.4 was used for the swelling tests.
During this tests, the initial weights of the nanofibrous patches of
equal weight were recorded. The nanofibrous patches were then
transferred into Eppendorf tubes containing 1 mL of PBS and
kept at 37 °C in a thermal shaker (BIOSAN TS-100). After 24 h,
the samples were removed from the excess water and their wet
weights were measured. Equation (1) was used to measure the
swelling value[29]

S = Ww − Wo
Wo

× 100 (1)

Nanofibrous patches were weighed equally for the degradation
process and placed in a thermal shaker device in PBS in 1 mL Ep-
pendorf tubes. After 1 day, the samples and PBS were separated
from each other and the fibers were dried in the thermal heater
for 24 h. The degradation calculation of nanofibrous patches
whose weights were measured after drying (Wt) was made ac-
cording to Equation (2)[30]

D = Wo − Wt
Wo

× 100 (2)
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2.2.9. Efficiency, In Vitro Drug Release, and Drug Release Kinetics

The encapsulation efficiency (%EE) was investigated to measure
the amount of drug-loading capacity of the nanofibrous patches
using a UV–VIS spectrophotometer (Shimadzu UV-3600, Kyoto,
Japan). 10 mg of nanofibrous patches was completely dissolved
in a solvent by mixing. From each solution, 1 mL was taken and
evaluated using a spectrophotometer. All measurements were
performed in triplicates. The %EE was calculated by the follow-
ing Equation (3)

Encapsulation efficieny

=
mass of actual drug loaded in nanofibers

mass of used in nanofiber fabrication
× 100 (3)

For the in vitro release study in PBS (7.4 pH). 5 mg of nanofi-
brous patch was added to 1 mL of PBS at 37 °C and kept in a ther-
mal shaker (BIOSAN TS-100, Riga, Latvia). Measurements were
taken with UV spectrophotometer at certain time intervals. Every
time 1 mL was replaced with fresh PBS to continue the release
studies.

The zero-order, first-order, Korsmeyer–Peppas, Higuchi, and
Hixson–Crowell models mathematical models were used to eval-
uate the drug release

Q = Ktn (4)

Q = K0t (5)

In
(
1 − Q

)
= −K1t (6)

Q = Kht1∕2 (7)

Q1∕3 = Khct (8)

In these equations, Q is the fractional amount of drug release
at time t; K0, K1, K, Kh, and Khc are the kinetic constants for
zero-order, first-order, Korsmeyer–Peppas Higuchi, and Hixson–
Crowell models, respectively. “n” is the diffusion exponent, which
is indicative of the drug release mechanism.

2.2.10. Activity of PVA/GEL/FLU and PVA/GEL/FLU/VAN
Nanofibrous Patches

Antifungal Activity Assay: The antifungal activity of
PVA/GEL/FLU and PVA/GEL/FLU/VAN nanofibrous patches
was tested using the disc diffusion method as described by the
Clinical Laboratory Standards Institute (CLSI) (1). C. albicans
(ATCC 90023) was used as reference strain. C. albicans was
grown in Sabouraud dextrose agar (SDA) for 48 h at 37 °C.
After 48 h, turbidity of the yeast suspension was adjusted to the
McFarland 0.5 cfu mL−1 and spread onto Mueller–Hinton Agar
(MHA) plates supplemented with 2% Glucose and 0.5 μg mL−1

Methylene Blue Dye Medium (GMB) using a sterile cotton swab.
PVA/GEL/FLU/VAN nanofibrous patches were cut into 6 mm
discs and placed on the MHA plates and incubated at 37 °C for
24 h. The zone of inhibition around discs were determined by
measuring the zone diameters using a ruler.

Antibacterial Activity Assay: The antibacterial activity of
PVA/GEL/VAN and PVA/GEL/FLU/VAN nanofibrous patches
was tested by disc diffusion method (Kirby–Bauer method).
Staphylococcus aureus (S. aureus) ATCC 25923 was grown in
Mueller–Hinton broth (Merck, Germany) overnight at 37 °C. The
turbidity of the culture was adjusted to 0.5 McFarland standard
and spread onto Mueller–Hinton Agar plates. PVA/GEL/VAN
and PVA/GEL/FLU/VAN nanofibrous patches were cut into 6
mm discs were placed on the agar plates and incubated for 24
h at 37 °C. After incubation, the diameters of the growth inhibi-
tion zones around nanofibrous patches were measured.

2.2.11. Proliferation of Cells in Contact with Nanofibrous Patches

Mouse embryonic fibroblasts (NIH/3T3) were cultured in Dul-
becco’s modified eagle medium (DMEM) that contained 10%
v/v fetal bovine serum (FBS) and 1% v/v penicillin-streptomycin
in a humidified incubator at 37 °C with 5% CO2. Before
being cocultured with the cells, small pieces of nanofibrous
patches were sterilized using ultraviolet for 30 min on each side.
Then, the nanofibrous patches were transferred to the DMEM
medium containing 10% FBS and 1% penicillin-streptomycin.
The cytotoxicity evaluation was determined by MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) test (Vy-
brant MTT Cell Proliferation Assay Kit, Thermo Fisher Scien-
tific). First, the NIH/3T3 cells were seeded in 96-well plates and
cultured for 24 h. Next, the nanofibrous patches of different
masses were added and cocultured for another 24, 96, and 168
h. In order to evaluate the proliferation of the cells cultured with
contact with nanofibrous patches 10 μL MTT solution was added
to the well and cultured for another 4 h, and cell viability was mea-
sured using a microplate reader (Bio-Tek ElX800; Bio-Tek U.S.,
Winooski, VT, USA) at the wavelength of 570 nm after adding
200 μL SDS buffer to each well in the plate. Viability was evalu-
ated as follows: Cell Viability (%) = (OD test /OD control) x100.

2.2.12. DAPI Staining

To investigate the attachment and cell viability of fibroblast cells
on FLU and VAN loaded PVA/GEL nanofibrous patches, DAPI
staining method was performed. The fibroblast cells at a density
of 105 cells mL−1 were seeded onto each nanofibrous patch in a
48-well plate and cultured in medium containing DMEM at 37 °C
under 5% CO2 for 1, 4, and 7 days. The samples were then washed
twice with PBS and fixed with methanol for 10 min. The excess
methanol was then removed by washing with PBS, and the cell
nuclei were stained with 300 nm DAPI solution for 5 min at dark.
Next, the nanofibrous patches were rinsed three times with PBS
to remove excess DAPI and investigated using a fluorescence mi-
croscope.

2.2.13. SEM Analysis

Fibroblast cell growth and spread morphology on nanofibrous
patches was investigated with SEM observation. FLU and VAN
loaded PVA/GEL nanofibrous patches were washed twice with
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PBS; fixed in 2.5% glutaraldehyde solution for 24 h at 4 °C. The
excess glutaraldehyde was then removed by washing with PBS
and nanofibrous patches were dehydrated in a graded ethanol se-
ries. The samples were sputter-coated with gold and examined
using SEM (EVO MA-10, Zeiss).

2.2.14. Wound Healing

In vitro scratch wound healing assay is one of the most widely
used 2D methods to determine the cellular migration and prolif-
eration in processes such as regeneration and cancer. We seeded
the NIH3T3 cells in a 6-well plate at a concentration of 5× 105 cell
per well and the cells were starved with 1% v/v FBS medium for
24 h. Cell cultures with a 200 μL sterile pipette tip were scratched
and then washed away detached cells with sterile PBS. Then, the
fresh medium was added and nanofibrous patches were cocul-
tured with cells. After the incubation for 24 and 48 h, the cells
around the wounds were visualized and imaged under an in-
verted microscope (4x objective lens; two fields of view per repli-
cate, for two replicates). The percentages of the open wound areas
were estimated under a microscope and analyzed using ImageJ
program. The percentage of wound closure was calculated as fol-
lows

Woundclosure (%) =
((

A0−At

)
∕A0

)
× 100 (9)

A0 is the initial wound area, At is the wound area after n hours
of the initial scratch.

2.2.15. Statistical Analysis

All experiments were done in triplicates. The results were ex-
pressed as mean± SD. One-way analysis of variance (ANOVA)
was used to determine the statistical differences. A p value <0.05
was considered statistically significant.

3. Result and Discussion

3.1. Morphological Characterization of Nanofibrous Patches

Surface morphologies of nanofibrous patches were investigated
using SEM. Diameter measurements were taken from 100 fibers
for each sample, and these values are shown in the histogram
in Figure 2. SEM images demonstrated that nanofibrous patches
with monodisperse and smooth surfaces were obtained, in both
the pure and the drug-loaded versions (Figure 2). The thinnest
fibers were obtained for the PVA/GEL sample, while the indi-
vidual additions of FLU and VAN made the fibers thicker. The
mean diameters of PVA/GEL, PVA/GEL/FLU, PVA/GEL/VAN,
PVA/GEL/VAN/FLU nanofibrous patches were measured as
86.36 ± 15.338, 118.66 ± 27.542, 91.94 ± 15.194, and 230.73
± 92.3 nm, respectively. According to these results, it can be
said that there is an increase in the diameters of the drug-
loaded nanofibrous patches compared to the pure ones. Yang
et al. reported that loading the antibiotic Ciprofloxacin hydrochlo-
ride (CipHcl) into the chitosan (CS)/poly(vinyl alcohol)(PVA)

nanomembrane caused a diameter change. The diameter of the
fibers containing CS/PVA was 84.6 ± 21.4 nm, while the diam-
eter of the fibers containing CSA/PVA/CipHcl has increased to
136.6 ± 32.9 nm.[31] Semnani et al., in their study, reported that
when they added 10%, 20%, and 30% FLU to PVA nanofibers, the
fiber diameters increased depending on the increasing amount
of FLU.[32] Kalalinia et al., observed that there was an increase in
diameter in the fibers when 2.5% and 5% VAN was added.[33]

Some morphological features, like the porosity and thickness
of the fabricated nanofibrous patches, were determined. And the
average porosity was 54.5 ± 0.7%, 58 ± 5.6%, 55 ± 1.4% and
56.5 ± 6.3% for PVA/GEL, PVA/GEL/FLU, PVA/GEL/VAN, and
PVA/GEL/FLU/VAN, respectively. The average thickness was de-
termined and the thickness of PVA/GEL was 41.6 ± 1.1 μm,
PVA/GEL/FLU was 41.6± 1.5 μm, PVA/GEL/VAN was 46.0± 1.0
μm and 43.0 ± 1.0 μm for PVA/GEL/FLU/VAN It is worth men-
tioning that the determined average patches’ thickness is consid-
erably lower than those characterizing commonly used hydrogel
contact lenses.[34,35]

3.2. Chemical Properties of the Nanofibrous Patches

In this study, FTIR analysis was used to characterize PVA/GEL,
PVA/GEL/FLU, PVA/GEL/VAN, and PVA/GEL/FLU/VAN
nanofibrous patches. For pure GEL (Figure 3A(a)), the ap-
pearance of absorption bands was seen as N–H bending at
1525 cm− 1, C–H stretching at 2933 cm−1, C=O stretching at
1626 cm−1, and N–H stretching at 3277 cm−1.[18] For pure
PVA (Figure 3A(b)), sharp bands were observed at 3268 cm−1

corresponding to O–H stretching, at 1646 cm− 1 C=O and C=O
stretching of the acetate groups, at 2910 cm−1 C–H stretching
of the alkyl groups, and at 1417 cm−1 C–H2 stretching.[36] In
Figure 3A(c), the peak at 3200 cm−1 is due to the OH stretching
in FLU. The presence of a peak at 1620 cm−1 corresponds to
C–N stretching which indicates the presence of a triazole ring
in FLU. Absorption bands at 1504–1619 cm−1 indicate the C–C
stretching, and 3060 cm−1 means C–H stretching. Peaks at 1083
and 1112 cm−1 indicate the presence of C–F bonds.[37,38] In Fig-
ure 3A(d), the FTIR spectrum of the VAN showed characteristic
peaks at 3277 cm−1 of OH− stretch and 1626 cm−1 of C and O
stretch, 1525 cm−1 of C.[39] In Figure 3B(e), the FTIR spectrum
of the PVA/GEL had a nearly equal spectrum with pure PVA with
a peak at 1324 cm−1. With the GEL addition, it can be observed
that the absorption band at 3277 cm−1 shifted to 3270 cm−1.
Figure 3B(f), presents the specific vibrations at 2919, 1417, and
917 cm−1 caused by the FLU addition to the fiber. Figure 3B(g)
is the absorbance spectrum of the PVA/GEL/VAN. In the spec-
trum, VAN addition affected the absorbance spectrum of the
PVA/GEL at the same points with a peak at 2915, 1419, and 838
cm−1. Characteristic peaks of all of the drugs were observed in
PVA/GEL/FLU/VAN fiber (Figure 3B(h)). Thus, it can be said
that drug encapsulation was successfully achieved.

3.3. Thermal Properties of Nanofibrous Patches

Results of thermal measurements performed for PVA/GEL,
PVA/GEL/VAN, PVA/GEL/FLU, PVA/GEL/VAN/FLU nanofi-
brous patches such as glass transition temperature (Tg), melting
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 14392054, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200697 by M

arm
ara U

niversity, W
iley O

nline L
ibrary on [01/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

Figure 2. Morphological images of nanofibrous patches obtained by SEM and histogram graphs of diameters; PVA/GEL a), PVA/GEL/FLU b),
PVA/GEL/VAN c), PVA/GEL/VAN/FLU d).

Macromol. Mater. Eng. 2023, 2200697 2200697 (7 of 17) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 3. FTIR spectra of A) pure GEL (a), pure PVA (b), FLU (c), VAN (d), B) PVA/GEL (e), PVA/GEL/FLU (f), PVA/GEL/VAN (g), PVA/GEL/FLU/VAN
(h) nanofibrous patches. C) DSC graphs of PVA/GEL, PVA/GEL/VAN, PVA/GEL/FLU, PVA/GEL/FLU/VAN nanofibrous patches.

point (Tm) are shown in Figure 3C. Linh et al., obtained melt-
ing temperature of pure PVA of 228 °C and the melting temper-
ature of gelatine was 95.8 °C. Linh et al. found that the melt-
ing point decreases when PVA and gelatine are mixed in dif-
ferent proportions.[40] According to our results, the Tm of the
PVA/GEL nanofibrous patch mixture also decreased to 197.24 °C.
The melting temperature of PVA/GEL/VAN, PVA/GEL/FLU,
PVA/GEL/VAN/FLU nanofibrous patches was 247.21, 255.03,
and 274.91 °C, respectively. It was concluded that the drugs
added to the PVA and gelatine solution affected the melting
temperature. The glass transition temperatures of PVA/GEL,
PVA/GEL/VAN, PVA/GEL/FLU, PVA/GEL/FLU/VAN are as fol-
lows: 65.22, 61.75, 57.97, and 57.99 °C. When antibiotic, and an-
tifungal drugs were added to the nanofibrous patches, no signif-
icant change was observed in the glass transition temperature.[7]

Naeimi et al., in their study, proved that there was a decrease
in Tm value as the PVA ratio increased while preparing a VAN-
loaded dressing.[14] Because the PVA ratio kept constant does not
have an effect that decreases the Tm value. In DSC analysis, there
was no expected decrease in Tm value since the PVA ratio was
always constant in PVA/GEL, PVA/GEL/VAN, PVA/GEL/FLU,
PVA/GEL/VAN/FLU fiber wound dressing samples. On the con-
trary, it has been observed that drug has the effect of increas-

ing the Tm value. The Tm value increased when the drugs were
added.

3.4. Mechanical Properties of Nanofibrous Patches

The membranes used to support the functionality of tissue en-
gineering nanofibrous patches must be able to withstand heavy
loads and retain deformation.[41] The tensile strength and strain
at break of three samples from each of the nanofibrous patches
were examined and the results are shown in Figure 4. The ten-
sile strength of pure PVA/GEL nanofibrous patch is 8.17 ± 0.21
MPa, while the strain at break has a value of 45.86 ± 2.6%.
When FLU was added to these PVA/GEL nanofibrous patches,
the tensile strength decreased to 6.73 ± MPa and the elongation
decreased to 28.45 ± 0.4%. The addition of FLU caused a de-
crease in mechanical strength.[7] When VAN was added to pure
PVA/GEL nanofibrous patches, the tensile strength decreased
to 6.26 ± MPa and the elongation decreased to 26.8 ± 2.1%.
In the study by Davani et al., they concluded that the mechan-
ical strength of the fibers decreased when the VAN was loaded
into the nanofibrous patches.[42] In addition, Zhang et al. re-
ported that the addition of a low molecular drug VAN to nanofi-

Macromol. Mater. Eng. 2023, 2200697 2200697 (8 of 17) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 4. Tensile properties of nanofibrous patches: a) tensile strength
and b) strain at break.

brous patches has a plasticizing effect on the fibers, which re-
duces their mechanical properties.[43] It can be seen that load-
ing of FLU and VAN drugs separately into the PVA/GEL nanofi-
brous patch decreased both the tensile strength and the elon-
gation at break. In addition, when FLU and VAN drugs were
loaded together into the PVA/GEL nanofibrous patch, the ten-
sile strength decreased to 3.9 ± 0.5 and the elongation at break to
16.28 ± 1.1%. It appears that the reduction in mechanical prop-
erties of dual loaded fibers was much huger than for individual
fibers. Cam et al. observed that the mechanical properties were re-
duced when they loaded the drugs together into the nanofibrous
patches.[44]

3.5. Swelling and Degradation

In order to estimate the release rates of the active ingredients,
swelling kinetics tests are required. The natures of the polymer
and the solvent have a fundamental bearing on how a polymer
will swell in that solvent.[45] Figure 5a represents the swelling ra-
tios of the nanofibrous patches at 37 °C. It can be observed that
the PVA/GEL nanofibrous patches swell up to the 2nd day and
then degradation begins. It can be observed that PVA/GEL/FLU
and PVA/GEL/VAN nanofibrous patches have closer water up-
take ratios, and the degradation accelerates by the 3rd day. It
can also be seen that dual drug-loaded PVA/GEL/FLU/VAN
nanofibrous patches show less swelling compared to other
fibers. Sharma et al. reported that unloaded nanofibers had a

higher degree of swelling than drug-loaded fibers as drug-loaded
nanofibers have a lower absorption capacity.[46]

Degradation is the process through which structures exposed
to PBS eventually degrade and lose mass.[47] Different degrada-
tion rates were observed for nanofibrous patches. As shown in
Figure 5b, the PVA/GEL nanofibrous patches exhibited a higher
degradation rate compared to the other nanofibrous patches. For
the PVA/GEL/FLU/VAN group, nanofibrous patches start to de-
grade after 3rd day. All nanofibrous patches exhibited a propor-
tional degradation rate. According to the literature, materials
that absorb more water and have adequate swelling capabilities
demonstrate faster weight loss.[48] When the results were exam-
ined, we observed that the degradation rate decreased when the
fibers were loaded with drugs.

3.6. In vitro Drug Release Test and Drug Kinetic Studies

In this research, nanofibrous patches developed for corneal ul-
cers were used to conduct in vitro drug release studies to exam-
ine the release characteristics of various medications. FLU ab-
sorption value (R2 = 0.9 986) and VAN absorption value (R2 =
0.9 921) of drugs dissolved in solvents at different concentrations
(2, 4, 6, 8, 10 μg mL−1) were obtained (Figures 6a and 7a). The
linear standard calibration curves for the FLU and VAN were
initially built by UV spectroscopy. The released FLU and VAN
were detected by UV 260, 281 nm absorbance, respectively (Fig-
ures 6b and 7b). Then, to determine how much drugs were loaded
into the nanofibrous patches, the encapsulation efficiency test
of the nanofibrous patches was assessed. The encapsulation effi-
ciency values were found to be 92.3% and 48.85%, respectively,
for PVA/GEL/FLU and PVA/GEL/VAN nanofibrous patches (Fig-
ures 6c and 7c).

Subsequently, to determine the release kinetics of encapsu-
lated drugs, in vitro release tests for nanofibrous patches loaded
with drugs were then carried out. In order to simulate the phys-
iological conditions of living organisms, the releasing profiles
of drug-loaded nanofibrous patches were studied in phosphate-
buffered saline with a pH of 7.4 and a regulated temperature of
37 °C. When the FLU release from nanofibrous patches is exam-
ined, it can be seen that although a burst release is observed in
the first 6 h, the release still extends up to 96 h. It can be said
that the hydrophilic feature of both drugs causes a rapid burst re-
lease, as well as the high integration into PVA/GEL nanofibrous
patches, which have a water-soluble nature. It is also clear that
the releases are prolonged for up to 96 h due to the cross-linking
effect (Figure 6d). As shown in Figure 7d, PVA/GEL/VAN nanofi-
brous patch demonstrated a burst drug release in the first 12 h,
which is attributed to the highly water-soluble nature of VAN.
However, it took up to 96 h to complete the VAN drug release
from the nanofibrous patch. Acetyl bridges between the alde-
hyde ends of GA and the hydroxyl groups of PVA nanofibrous
patches are created when they are cross-linked with GA vapor,
which lowers the solubility of the nanofibrous patches in water.
All of the nanofibrous patches in this investigation were cross-
linked with GA vapor for 5 h, giving all drugs a more controlled
release.[49]

The release kinetics of VAN and FLU were examined us-
ing zero-order, first-order, Korsmeyer–Peppas, Higuchi, Hixon–
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Figure 5. Swelling a) and degradation b) behaviors of nanofibrous patches.

Crowell model (Figure 8). The mathematical model with the high-
est correlation coefficient (R2) was found to be appropriate and
the kinetic constants and R2 values of the nanofibrous patches are
given in Table 2. According to the results obtained, it can be said
that the VAN release from nanofibrous patches occurred accord-
ing to the Higuchi model with the highest correlation coefficient.
Higuchi is defined as the square root of a time-dependent process
based on the fickian diffusion of the drug from an immediately
insoluble matrix.[50] In contrast, FLU release from nanofibrous
patches supports the Korsmeyer–Peppas model (Figure 8). The
Korsmeyer–Peppas model relates the diffusion-dependent drug
release mechanism from the polymeric material to the elapsed
time.[51] In addition, the “n” value, which makes indicates the
drug release mechanism from the polymeric material, is related
to the Korsmeyer–Peppas model. The ranges of the “n” value
in the literature are shown in Table 3.[48] When the “n” val-

ues were evaluated, both drugs exhibited a Super-Case-II release
mechanism according to the Korsmeyer–Peppas model. Super
Case-II represents the release mechanism of hydrophilic poly-
mer swelling in water and biological fluids as a result of chain
relaxation.[52]

3.7. Antifungal and Antibacterial Effects of FLU and VAN-Loaded
PVA/GEL Nanofibrous Patches

The antifungal effects of PVA/GEL nanofibrous patches loaded
with FLU alone and in combination with VAN were assessed
by the disc diffusion method using C. albicans. Figure 9 and
Table 4 show the zone of inhibition formed by PVA/GEL/FLU
and PVA/GEL/FLU/VAN nanofibrous patches. PVA/GEL/FLU
nanofibrous patches showed inhibition zone with diameter of

Macromol. Mater. Eng. 2023, 2200697 2200697 (10 of 17) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. In vitro drug release profiles of PVA/GEL/FLU nanofibrous patch: Absorption spectra of FLU at different concentrations a), FLU calibration
curve b), encapsulation efficiency of PVA/GEL/FLU nanofibrous patch c), drug release profiles from the PVA/GEL/FLU nanofibrous patch d). All the
measurements were repeated three times, and the errors were less than 5%.

Figure 7. In vitro drug release profiles of PVA/GEL/VAN nanofibrous patch: Absorption spectra of VAN at different concentrations a), VAN calibration
curve b), encapsulation efficiency of PVA/GEL/VAN nanofibrous patch c), drug release profiles from the PVA/GEL/VAN nanofibrous patch d). All the
measurements were repeated three times, and the errors were less than 5%.

Macromol. Mater. Eng. 2023, 2200697 2200697 (11 of 17) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 8. Zero-order, first-order, Korsmeyer–Peppas, Higuchi, and Hixson–Crowell kinetic release patterns of FLU and VAN drug release profiles.

Macromol. Mater. Eng. 2023, 2200697 2200697 (12 of 17) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Table 2. Results of mathematical drug release patterns of nanofibrous patches.

Korsmeyer–Peppas Zero-Order First-Order Higuchi Hixson–Crowell

Sample R2 n R2 K0 R2 K1 R2 Kh R2 Khc

PVA/GEL/FLU 24.453 36.356 0.5489 0.6403 0.9273 −0.019 0.8609 33.30 0.9127 0.0373

PVA/GEL/VAN 34.36 37.957 0.2823 0.4539 0.6149 −0.0142 66.815 13.877 0.0302 0.0208

Table 3. Transport mechanisms where the “n” value corresponds.

The ranges of n values Transport mechanisms

0.45 ≤ n Fickian diffusion mechanism

0.45 < n < 0.89 Non-Fickian transport

n = 0.89 Case II (relaxational) transport

n > 0.89 Super case II transport

Figure 9. The antifungal effect of FLU and VAN loaded PVA/GEL nanofi-
brous patches against C. albicans 1) FLU loaded PVA/GEL nanofibrous
patch, 2) FLU and VAN loaded PVA/GEL nanofibrous patch, 3) blank
PVA/GEL nanofibrous patch (negative control).

20 mm, while PVA/GEL/FLU/VAN nanofibrous patch showed 30
mm inhibition zone. This result suggests that VAN increased the
activity of FLU against C. albicans when drugs were used in com-
bination (Figure 9). Our results of the disc diffusion assay are
consistent with previous studies that have reported that the com-
bination of FLU with nonantifungal agents such as antibacterials
enhanced its effectiveness.[48] Ku et al. screened several antibi-
otics including azithromycin and tigecycline (TIG) against C. al-
bicans and demonstrated that tigecycline increased the antifungal
effect of FLU against C. albicans biofilms.[53,54] The antibacterial
activity of PVA/GEL/VAN and PVA/GEL/FLU/VAN nanofibrous
patches was also evaluated. Figure 10 and Table 4 show the effect
of PVA/GEL/VAN and PVA/GEL/FLU/VAN nanofibrous patches

Table 4. The diameter of the inhibition zones around the nanofibrous
patches.

Zone of inhibition (mean diameter [mm])

PVA/GEL/FLU PVA/GEL/FLU/VAN PVA/GEL(control)

C. albicans 20 mm 30 mm —

PVA/GEL/VAN PVA/GEL/FLU/VAN PVA/GEL(control)

S. aureus 8 mm 12 mm —

Figure 10. The antibacterial effect of PVA/GEL nanofibrous patches
against S. aureus 1) PVA/GEL/VAN nanofibrous patch, 2) loaded
PVA/GEL/FLU/VAN nanofibrous patch, 3) blank PVA/GEL nanofibrous
patch (negative control).

against S. aureus. As seen in Figure 10, fibers loaded with combi-
nation of FLU and VAN exhibited better antibacterial activity. The
blank PVA/GEL fibers used as negative control had no antibacte-
rial effect. The antibacterial activity of VAN loaded nanofibrous
patches has been studied earlier. Heba et al. reported the antibac-
terial activity of VAN loaded ALG-based nanofibrous patches pro-
duced by the electrospinning method.[55]

Overall, our results indicated that PVA/GEL/FLU,
PVA/GEL/VAN, and PVA/GEL/FLU/VAN nanofibrous patches
have significant antifungal and antibacterial activities and could
be great carriers for antimicrobial agent delivery in corneal
infections.

Macromol. Mater. Eng. 2023, 2200697 2200697 (13 of 17) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 11. Cell proliferation percentage of NIH3T3 cells on PVA/GEL,
PVA/GEL-FLU, PVA/GEL-VAN, and PVA/GEL-FLU-VAN nanofibrous
patches on the 1st, 4th, and 7th days (***p < 0.001 and p < 0,01 vs
PVA/GEL).

3.8. Biocompatibility and Functional Features of Nanofibrous
Patches

Figure 11 shows the results of MTT assay after 24, 96, and 168
h compared to control. It was observed that PVA/GEL/VAN and
PVA/GEL/FLU/VAN nanofibrous patches exhibited the lowest vi-
ability of cells after 24 h (p < 0.001). We can attribute this effect to
the burst releasing effect of VAN, which caused temporary sup-
pression of the proliferation. As a matter of fact, after 96 h, it
can be seen in Figure 11 that cells cultured with the PVA/GEL-
FLU-VAN nanofibrous patch increased the proliferation after 168
h, while cells cultured on PVA/GEL/VAN exhibited much lower
poliferation rate. PVA/GEL/VAN nanofibrous patch continues (p
< 0.01). After 168 h, it was determined that the proliferation of
cells on the PVA/GEL, PVA/GEL/FLU, and PVA/GEL/FLU/VAN
gradually increased (p > 0.05).

In agreement with proliferation studies, SEM images showed
expansion and growth of cells on the PVA-based nanofibrous
patches. Although these images indicated that fibroblast cells
were successfully adhered to nanofibrous patches, there was a
considerable difference in cell morphology depending on the

surface structure and chemistry (Figure 12). NIH3T3 cells that
were cultured on PVA/GEL/FLU/VAN nanofibrous patch spread
in many directions and appeared much more mature and flat-
tened in comparison with those adhered to PVA/GEL/FLU and
PVA/GEL/VAN.

DAPI staining also showed more NIH3T3 cells attached to the
PVA/GEL/FLU and PVA/GEL/FLU/VAN nanofibrous patches.
Figure 13 showed that only a small population of NIH3T3 cells
were adhered on PVA/GEL/VAN nanofibrous patch.

Electrospun nanofibrous patches are considered as ideal
wound dressings due to their high surface area/volume ra-
tio, controlled drug or biomolecule release, and flexibility. For
this reason, electrospun nanofibrous patches obtained by dif-
ferent electrospinning methods are widely used in wound heal-
ing applications.[56,57] In our study, the in vitro wound healing
properties of PVA/GEL based nanofibrous patches were also in-
vestigated. It was observed that the wound healing properties
of PVA/GEL/FLU and PVA/GEL/FLU/VAN nanofibrous patches
were more pronounced than PVA/GEL/VAN at the end of 48 h
(Figure 14).

Some of the most important functional features of the inves-
tigated nanofibrous corneal patches, like the contact angle, the
refractive index, and the oxygen permeability, needs to be dis-
cussed. All the mentioned features may notably affect the pa-
tient’s comfort and safety of the utilization of the nanofibrous
patches.

The contact angle (CA) could help evaluate the ability of the
patches to keep a stable tear film within the ocular surface.[58]

It is worth mentioning that the contact angle of the nanofibrous
patch made of the investigated blend 13% PVA/0.5% GEL was
earlier determined.[28] The measured value of CA was 32.6° ±
1.1°. By adding 3% drug (propolis) into the composition, the con-
tact angle becomes 26.4° ± 1.5° indicating that propolis addition
decreased the contact angle of the PVA/GEL blend. Contact an-
gles of the most popular types of silicone lenses (available at the
time of the mentioned study) were measured, and they ranged

Figure 12. SEM images showing the NIH3T3 cell morphology on nanofibrous patches (scale bar = 10 μm) at the 1st, 4th, and 7th days.

Macromol. Mater. Eng. 2023, 2200697 2200697 (14 of 17) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 13. 8. Microscopic images of DAPI-stained cells at 24, 96, and 168 h of culturing in contact with PVA/GEL, PVA/GEL-FLU, PVA/GEL-VAN, and
PVA/GEL-FLU-VAN nanofibrous patches at 20 × objective magnification.

Figure 14. a) Representative micrographs of in vitro wound healing activity of nanofibrous patches. b) Quantification of wound closure at 48 h on
PVA/GEL-based dual drug loaded nanofibrous patches. ***p < .001, **p < 0.01 versus PVA/GEL and p < 0.05 versus PVA/GEL-FLU-VAN.

broadly from 43° to 93°.[59] Considering the relatively low CA of
drug-free PVA/GEL patches, one can assume that all the inves-
tigated nanofibrous patches are promising to offer proper wetta-
bility.

The refractive index (RI) of any corneal dressing material is
an important physical parameter that affects visual acuity. For
most of the hydrogel materials, the RI is closely correlated with
the water content.[60] The RI of the investigated nanofibrous
patches npatch could be estimated based on the Gladstone–Dale
equation[61]

npatch =
∑

nivi (10)

where ni represents the refractive indices, and vi the volume frac-
tions of the individual components. One can predict the resultant
refractive index of the corneal patch using the refractive indices
of all the patch components.[62] It is worth emphasizing that the
PVA/GEL nanofibrous patch in the swollen state is characterized
by high water content, which can reach up to 87%,[63] and, there-
fore, cannot be ignored during RI calculations. The RI of water is
1.33,[62] whereas the RI of PVA ranges between 1.5[64] and 1.6.[65]

Ignoring the effect of gelatin, the RI of swollen PVA/GEL nanofi-
brous patches was estimated as 1.39. The determined value is in
accordance with the relationship between the RI and the water
content identified for different conventional hydrogel soft contact
lens materials. It is worth mentioning that the water content of

Macromol. Mater. Eng. 2023, 2200697 2200697 (15 of 17) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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conventional hydrogel (without silicone) soft contact lens usually
do not exceed 75%.[66]

The oxygen permeability is a notable functional feature char-
acterizing the investigated nanofibrous patches since the corneal
dressing materials should ensure proper oxygen supply to the
cornea. The oxygen permeability is indicated as Dk, where D is
the diffusivity and k is the solubility (a measure of how much
oxygen is contained in the material).[58] The oxygen permeability
of the investigated nanofibrous patches could be estimated since
hydrated PVA/GEL blends could be classified as conventional hy-
drogel materials (nonsilicon hydrogels).[58] Hydrogels transport
oxygen via the water channels, and their oxygen permeability is
closely related to the water content W, according to the following
equation[35]

Dk = 1.67e0.0397W (11)

In the swollen state, the PVA/GEL nanofibrous patch has a rel-
atively high-water content of 87%.[63] The estimated Dk of inves-
tigated PVA/GEL nanofibrous patches is 52, which is comparable
with the oxygen permeability of some of the most popular types
of modern silicone lenses.[58]

4. Conclusions

In this study, antibiotic and antifungal dual-drug loaded dual-
layered PVA/GEL nanofibrous patches were produced by elec-
trospinning as an alternative treatment of corneal ulcers. Anti-
fungal agent FLU and antibacterial agent VAN were included in
PVA/GEL nanofibrous patches to suppress C. albicans and S. au-
reus that cause corneal ulcers. FT-IR and DSC studies demon-
strated full incorporation of the drugs into PVA/GEL nanofibrous
patches. SEM images showed that nanofibrous patches with no
beads and smooth surfaces were obtained in both pure and drug-
loaded nanofibrous patches. Their addition of the drugs caused
an increase in nanofibrous patches diameters. The tensile test
results reported that loading the FLU and VAN drugs separately
on the PVA/GEL nanofibrous patch decreased both the tensile
strength and elongation at break, while it was further reduced
when combining two drug-loaded layers in one patch. When the
drug release results were analyzed, the FLU and VAN-loaded
nanofibrous patches showed a controlled release profile extend-
ing up to 96 h. The successful release of FLU and VAN was
further confirmed by the antimicrobial tests. The in vitro an-
timicrobial tests showed that FLU and VAN loaded PVA/GEL
nanofibrous patches exhibited significant antifungal and antibac-
terial activities against C. albicans and S. aureus and are promis-
ing candidates to be used as potential tools for the treatment of
corneal ulcers. The cytocompatibility of PVA/GEL based nanofi-
brous patches also was investigated MTT assay, DAPI stain-
ing, SEM and, wound healing assay. Results from these stud-
ies showed that PVA/GEL/FLU and PVA/GEL/FLU/VAN nanofi-
brous patches can provide a suitable substrate for cells to settle
and grow. The novelty of this study is to develop a potential rapid
treatment modality for the treatment of corneal ulcers of aggres-
sive nature with dual drug therapy.
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