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Gentamicin and fluconazole loaded electrospun polymethylmethacrylate (PMMA)
fibers as a novel platform for the treatment of corneal keratitis

Oguzhan Gunduza,b and Songul Ulaga,b

aCenter for Nanotechnology & Biomaterials Application and Research (NBUAM), Marmara University, Istanbul, Turkey; bDepartment of
Metallurgical and Materials Engineering, Faculty of Technology, Marmara University, Istanbul, Turkey

ABSTRACT
In this study, 10mg fluconazole (10 FCZ) and 10mg gentamicin (10 GEN) loaded with 40% polyme-
thylmethacrylate (40% PMMA) fibers were fabricated by electrospinning and the performance of the
formulations (40% PMMA, 40% PMMA/10 FCZ, 40% PMMA/10 GEN, and 40% PMMA/10 FCZ/10 GEN)
was tested. 10mg Gentamicin-loaded 40% PMMA fiber mat showed a more significant zone of
inhibition against the S. aureus compared to the zone of 40% PMMA/10 GEN/10 FCZ fiber. The bio-
compatibility test using a human adipose-derived mesenchymal stem cell (MSCs) as a cell model
proved that the amount of loaded and released GEN has no toxic effects on the MSCs.
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1. Introduction

Corneal keratitis is an ocular infectious disease caused by
microorganisms and can threaten vision[1]. It can be
occurred by bacteria, fungi, viruses, or protozoa. However,
the microorganisms that cause vision-threatening keratitis
are bacteria. Gram-negative or gram-positive bacteria can be
responsible for this infectious disease. It is a crucial infection
originating from the cornea and is one of the most common
causes of definitive blindness in the world[2]. The course of
the disease may vary depending on the pathogenicity of the
bacteria causing the infection and the condition of the cor-
nea[3,4]. Along with geographical and climatic factors,
increasing contact lenses, ocular trauma, or ocular surface
diseases have caused corneal keratitis in recent years[5,6]. It
may also occur as a post-transplant complication[7]. It is
defined by white and yellowish fluids in the corneal stroma
region, independent of the presence of an epithelial defect in
the cornea[8]. The eyelids and tear film protect the cornea
against pathogens. In addition, passive and active host
defense mechanisms also protect the cornea from bacteria.
However, if the defendant fails or the corneal epithelium is

damaged, the bacteria damage the cornea[9,10]. It may recur
at certain intervals. Dry eye syndrome or eyelid abnormal-
ities are causes of these recurrences[11]. With early diagnosis
and prompt treatment, structural damage to the cornea can
be reduced, and vision loss can be prevented. Some signs
and symptoms of corneal keratitis are as follows: lid and
conjunctival edema decreased vision, pain, redness, photo-
phobia, and discharge. The degree of these signs and symp-
toms depends on factors such as the virulence of the
organism, whether there is previous damage to the cornea,
and how long the infection has lasted[2]. Complete healing
may not be possible in corneal keratitis. After treatment,
problems in vision and lack of vascularization may occur[12].
Bacterial keratitis is the most harmful corneal keratitis
caused by microorganisms. Any corneal keratitis should be
treated as bacterial keratitis unless proven otherwise. No sin-
gle antibiotic is the solution to treating corneal keratitis
caused by bacteria[2]. Pathogens causing corneal keratitis are
mostly Staphylococcus aureus, Streptococcus pneumonia,
Serratia, and Pseudomonas species[13]. It has been stated in
previous studies that corneal keratitis is usually caused by

CONTACT Oguzhan Gunduz ucemogu@ucl.ac.uk Center for Nanotechnology & Biomaterials Application and Research (NBUAM), Marmara University,
Istanbul, Turkey.
� 2022 Taylor & Francis Group, LLC

INTERNATIONAL JOURNAL OF POLYMERIC MATERIALS AND POLYMERIC BIOMATERIALS
https://doi.org/10.1080/00914037.2022.2071271

http://crossmark.crossref.org/dialog/?doi=10.1080/00914037.2022.2071271&domain=pdf&date_stamp=2022-05-05
https://doi.org/10.1080/00914037.2022.2071271
http://www.tandfonline.com


more than one bacteria[14]. In recent years, amniotic mem-
brane (AM) transplantation has been used to treat various
ocular surface diseases, but AM transplantation has negative
aspects related to surgical procedures[15]. Another potential
approach to treating corneal keratitis is administering an
anti-scarring agent and an antibiotic incorporated into a
dosage form[16]. Nanofibrous structures can be fabricated
using various techniques and provide the advantage of a
high surface-to-volume ratio. The fabrication of biocompat-
ible nanofiber materials for wound treatment can be accom-
plished by electrospinning[17]. The high surface/volume ratio
of nanofiber structures positively affects the adhesion and
spread of cells. A large surface area prevents liquid accumu-
lation and facilitates gas passage[18]. The most significant
advantage of electrospinning is that electrospun fibers can
prolong the release of drugs and act locally, compared to
drugs in solution form[16].

PMMA is compatible with human tissue and is used in
many applications such as polymer electrolytes, polymer vis-
cosity, and drug delivery using electro-diffusion or electro-
osmotic flow[19,20]. It is also widely used in biomedical
applications due to its non-toxicity, less cost, biocompatibil-
ity, and low probability of inflammatory response when
interacting with tissue. In additive surgery, it is generally
used to treat both laser-assisted in situ keratomileusis and
post-keratoconus corneal ectasia[21]. In addition, PMMA
prolongs the biodegradability of the material. In this study,
both FCZ and GEN (10mg) were added separately into the
40% PMMA matrix, and then both of them were loaded in
the 40% PMMA. The aim is to provide the antibacterial
activity of both gram-positive and gram-negative bacteria by
combining these two drugs. GEN is an antibiotic effective
against gram-negative bacteria and FCZ is an antibiotic
effective against gram-positive bacteria. FCZ is also effective
for some fungal strains. Therefore, the fabricated electrospun
fiber mat was also tested with fungal strains. This study
aims to produce a fiber patch effective against both gram-
negative and gram-positive bacteria for the solution of cor-
neal keratitis.

2. Materials and methods

2.1. Materials

Polymethyl methacrylate (MW ¼ 12� 104 g/mol) was
bought from Sigma Aldrich, USA. Dimethylformamide
(DMF) and Tetrahydrofuran (THF) were supplied from
Merck KGaA, Germany. Fluconazole (MW ¼ 306.27 g/mol)
was bought from SupelcoVR Analytical Products Merck,
KGaA, Germany. Gentamycin Sulfate (potency: >590 mg/
mg) was obtained by BioShop, Canada.

2.2. Preparation of the solutions

Firstly, 40% PMMA was put in 20mL DCM: THF (50: 50)
anhydrous solvent mixture and waited for complete dissol-
ution at room temperature for 3 hours using a magnetic stir-
rer. Then, 10mg FCZ and 10mg GEN were added into the

40% PMMA matrix separately and together to reinforce the
antimicrobial and biocompatibility properties of the 40%
PMMA matrix. As a result, the final formulations were
40% PMMA, 40% PMMA/10FCZ, 40% PMMA/10GEN, and
40% PMMA/10FCZ/10GEN. To decrease the surface tension,
3% Tween 80 (Merck KGaA, 64271, Germany) was added to
these solutions and stirred for 15min at the magnetic stirrer.
Firstly, 40% PMMA was dissolved in the solvent mixture,
and then 3% Tween 80 was added into this solution and
stirred for 15min at the magnetic stirrer. After 15min,
10mg FCZ, 10mg GEN, and 10mg FCZ and GEN were
added into this matrix solution (40% PMMA) separately.
After drugs were completely dissolved, they were prepared
for electrospinning.

2.3. Electrospinning process and physical
characterizations of the solutions

After the preparations of the solutions, they were electro-
spinning to fabricate a fiber mat. During the electrospinning,
voltage, flow rate, and distance between the collector and
needle were adjusted due to the physical properties of the
solutions. A syringe pump (NE-300, New Era Pump Inc.,
USA), a single brass needle (outer diameter: 1.63mm),
power supply were utilized with a laboratory-scale electro-
spinning machine (Tribot, Istanbul, Turkey). As a first step,
10ml of plastic syringes were used to put the solutions.
Then, the voltage was applied to form the Taylor cone. The
optimized electrospinning parameters obtained in this study
were 25–26.5 kV voltage range, 2–3ml/h flow rate, and
12 cm distance. After fabricating the fiber mat, they were
put in þ 4 �C overnight. Since the drugs had þ4 �C storage
conditions, the drug-loaded fibers were also stored at þ4 �C.

2.4. Characterization of the electrospun fiber mat

2.4.1. Morphological analysis by SEM
Morphological properties of the fiber mat were determined
using a scanning electron microscope (SEM, MA-EVO10,
ZEISS) under 23 �C, 50% relative humidity, and 20 kV vac-
uum. 50 fibers in the SEM images were selected and meas-
ured with the Image-J program[22]. The mean and standard
deviation values belonged to the measurements of these 50
fibers for each mat.

2.4.2. Fourier transform infrared spectroscopy (FT-
IR) analysis

The physicochemical possessions of the fiber scaffolds were
observed with Fourier transform infrared spectroscopy (FT-
IR, JASCO-4000) at a 4000–400 cm�1 scanning range.

2.4.3. Investigations of the thermal properties of the
fiber mat

2.4.3.1. Differential scanning calorimetry (DSC). Differential
scanning calorimetry (DSC, DSC-60 Plus, Shimadzu) was
used to observe the thermal properties of the fiber mat. The
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process parameters were adjusted to a 25–200 �C tempera-
ture range and 10 �C/min heating rate.

2.4.3.2. Thermogravimetric analysis (TGA). Thermogr avi-
metric Analyzer (STA-7200) was used to observe the ther-
mal stability of the fiber mat. In this test, nearly 0.2-1mg
fibers were placed in a platinum pan, and nitrogen was uti-
lized to get an inert atmosphere. The temperature range was
adjusted from 25 �C to 700 �C with a constant heating rate
of 20 �C per minute.

2.4.4. Tensile testing
The mechanical properties of the fiber mat were determined
with the uniaxial tensile testing (Shimadzu EZ-LX) device.
The test speed was adjusted to 5mm/min during the test.
Three mats with an average height of 50mm, a width of
10mm, and a thickness of 0.1mm were used for all formula-
tions, and they were put directly between the jaws in
the device.

2.4.5. Assessment of antimicrobial activity
Staphylococcus aureus ATCC 29213 and P. aeruginosa
ATCC 27853 were cultured on Columbia Agar and
McConkey agar media with 5% sheep blood, respectively,
the day before. It was incubated overnight at 35 �C. Bacterial
suspensions were prepared in Mueller Hinton Broth (MHB;
Biomerieux, France) with a turbidity of 0.5 McFarland
(1–5� 108 CFU/mL). The suspensions were spread to cover
the entire surface of Mueller Hinton E Agar (MHE;
Biomerieux, France) medium. The disks, which had been
sterilized under UV light overnight, were placed on the
medium at an equal distance. Disks containing 30mg amika-
cin were used for both bacteria as control antibiotics. The
media were incubated for 16–20 hours at 37 �C. After incu-
bation, the zone diameter of growth inhibition around the
disk was determined in mm. S. pneumoniae ATCC 49619
was inoculated on Columbia Agar medium with 5% sheep
blood. It was incubated overnight at 35 �C in a 5% CO2

oven. A suspension of bacteria was prepared at a turbidity
of 0.5 MacFarland (1–5� 108 CFU/mL) in MHB. The sus-
pension was seeded in Muller Hinton F agar (MHF;
Biomerieux, France) medium to cover the entire surface.
Disks were placed on the medium at equal intervals. A disk
containing 10mg norfloxacin was used as a control anti-
biotic. The media were incubated for 16–20 hours in an
oven with 5% CO2 at �35 �C. After incubation, the zone
diameter of growth inhibition around the disk was measured
in mm. C. parapsilosis ATCC 22019 and C. albicans SC5314
were incubated overnight in Saboraud dextrose agar (SDA,
Biomerieux, France) medium and an oven at 30 �C. A sus-
pension of 0.5 MacFarland (1–5� 106 CFU/mL) turbidity in
physiological saline was prepared with the growing colonies.
Fungal suspensions were spread on 2 separate MHE agar
media. The disks were placed at an equal distance. A 70%
ethanol impregnated disk was used as the control disk. It
was incubated for 20–24 hours at 35 �C. After incubation,
the zone diameter of growth inhibition around the disk was

determined by measuring in mm. In addition, all disks were
placed in a sterile MHE agar medium for contamination
evaluation during the study. The presence of growth around
the disk was examined for contamination analysis.

2.4.6. Biocompatibility test
To examine the biostability properties of the electrospun
fiber mat, a human adipose-derived mesenchymal stem cell
line (American Type Culture Collection (ATCC, ATCC-
PCS-500-011) was used. In the MTT assay, mesenchymal
stem cells were incubated with Dulbecco’s Modified Eagles
Medium (DMEM) which was supplemented with 1% peni-
cillin-streptomycin (Invitrogen) and 10% fetal bovine serum
(FBS, Invitrogen). The scaffolds were sterilized with ultravio-
let (UV) overnight in 24 well plates before the MTT test.
After sterilization, they were incubated in DMEM at 37 �C, a
5% CO2 atmosphere for 30minutes. After half an hour of
incubation, scaffolds were collected and the remaining
medium was removed with a micropipette. In the MTT
protocol, scaffolds with 1� 103 hASC (cell/well) were co-
cultured for 1, 3, and 7 days at 37 �C, 5% CO2. To observe
the cytotoxic properties of the scaffolds, 10 lg/mL MTT was
used, and absorbance was measured at 560 nm. All measure-
ments were repeated with three samples, and mean values
were used. In the fixation procedure, the growth medium
was removed from the plate, and the scaffolds were fixed
with 4% glutaraldehyde to examine the cellular structure on
the scaffolds. They were then dehydrated with dilute etha-
nol. After drying, the scaffolds were coated with Au for
60 seconds and examined under SEM at 10 kV.

After 7 days of cell incubation, cells grown on 40%
PMMA and 40% PMMA-based fibers were fixed with 4%
formaldehyde for 1 h and then permeabilised with 0.1%
Triton X-100 in PBS for 10min, followed by rinsing with
PBS. The samples were incubated with green fluorescent
phalloidin conjugate solution for 1 h, followed by nuclear
staining with DAPI in the dark. The samples were then
placed on glass slides. A confocal laser scanning microscopy
(Zeiss LSM700) was used to determine cell fluorescence
using a 20 9 oil-immersion objective to obtain images. The
samples were examined in confocal microscopy using a
green (FITC) channel (Excitation/Emission ¼ 490/525 nm)
for F-actin staining and a UV channel (Excitation/Emission
¼ 358/461 nm) for DAPI staining. The Z-stack images of
fibers were recorded from top to bottom with a 2.5 lm slice
thickness through a depth of � 45 lm.

2.4.7. In vitro drug release behaviors of the drugs from
the mat

Firstly, the linear calibration curves of the FCZ and GEN
were determined using five different GEN and FCZ concen-
trations (0.2, 0.4, 0.6, 0.8, and 1 mg/mL). The release behav-
iors of the GEN and FCZ from the fibers were observed at
different time intervals. First of all, 5mg FCZ and GEN-
loaded PMMA fibers were weighed and put into eppendorf
tubes with 1ml PBS ((pH: 7.4). The FCZ and GEN release
from the 40% PMMA fibers was performed at a thermal
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shaker (BIOSAN TS-100C). The fresh PBS (1ml) was used
during the test. After different time intervals, this 1ml PBS
was taken away from the eppendorf tubes and poured into
the quartz bathtub with a 1ml volume capacity. To detect
the absorbance values of the drugs, a UV-Vis spectropho-
tometer was used at 196 nm and 253 nm wavelengths for
GEN and FCZ, respectively. To calculate the cumulative
release as a percentage, the absorbance values of the drugs
obtained from the release amount detected from different
time intervals and the equation in the absorbance graphs
obtained from the maximum peak points of the linear cali-
bration curve were used.

Results were presented as mean± standard error of the
mean except for fiber distribution graphs, which were shown
as mean ± SD. The pore size was measured using the Image
J analysis program. The level of significance was taken
p< 0.05, and data were labeled with (�) for p< 0.05, (��)
for p< 0.01, (���) for p< 0.001.

3. Results and discussions

3.1. Morphological investigations of the
electrospun mat

The SEM images of the electrospun fibers are given in
Figure 1 with their diameter distributions. Figure 1a repre-
sented the SEM image of the 40% PMMA fiber, and it had
2.24 ± 0. 372 mm diameter value. In Figure 1b, by adding
10mg FCZ into the 40% PMMA, the diameter of the fibers
increased to the value of 3.03 ± 0.537mm. The addition of
10mg GEN into the 40% PMMA also increased the diam-
eter of the fibers to the value of 3.51 ± 0.76mm. The diame-
ters of the fibers reached 4.30 ± 1.527mm with the addition
of the drugs combination. The fact that the drugs loaded
with 40% PMMA fiber diameter distribution is larger com-
pared to that of 40% PMMA may be due to the noisy con-
tribution of drug molecules placed between polymer chains
during fiber formation[23]. According to the SEM images, it
can be concluded that the homogeneous, continuous, and
beadless morphologies were obtained for all mats. In add-
ition, the images of the drug-loaded mat showed no
drug aggregates.

3.2. FTIR analysis

In Figure 2a, the FTIR spectrums of the 40% PMMA had
main peaks at 3100-2900 cm�1 (CH stretching vibration),
1722.12 cm�1 (ester carbonyl group), 1238.08 cm�1 (C–O
stretching), 950–650 cm�1 (C–H bending), and 1145 cm�1 to
1271 cm�1 (C–O–C stretching vibration)[24]. Figure 2b rep-
resented the FTIR spectrums of the fluconazole and the
peaks detected at 3200 cm�1 (OH stretching, hydroxyl
group), 1620 cm�1 (C–N stretching, triazole ring). Other
peaks found at 1083 and 1112 cm�1 pointed out the pres-
ence of two kinds of C–F bonds[25]. In Figure 2c, the GEN
had principal peaks at 1619 cm�1 and 1519 cm�1 (NH bend-
ing vibrations of primary aromatic amines). Other peaks
observed at 1031 and 605 cm�1 are due to the sulfur content

in the form of an S–O bending vibration and S–O
stretch[26]. Figure 2d showed the FTIR spectrum of the 40%
PMMA/10 FCZ nanofiber mat. This spectrum was almost
similar to the spectrum of the 40% PMMA mat. The FTIR
spectrum of the 40% PMMA/10 GEN was given in Figure
2e. This spectrum is also similar to the spectrum of 40%
PMMA except for the peak observed at 1675 cm�1 which
belonged to the pristine GEN. Figure 2f represents the spec-
trum of the 40% PMMA/10 FCZ/1O GEN mat. The peak at
1677 cm�1 also detected the spectrum of the 40% PMMA/10
FCZ/10 GEN mat. According to the results, it was observed
that all drug-loaded mat had the same FTIR spectrum with
the 40% PMMA, except for some small shifts. The addition
of drugs caused small shifts in the main peaks[17]. Since the
PMMA has a high amount, all spectrums are nearly the
same as the spectrum of the 40% PMMA fiber.

3.3. Thermal behaviors of the fiber mat

3.3.1. DSC analysis
Thermal properties of the fiber mat were investigated, and
curves were given in Figure 3. 40% of PMMA had an endo-
thermic peak at 48.23 �C, which was related to the slight
weight loss. This mass loss may be associated with the evap-
oration of the residual solvent (DCM: THF)[27]. The peak
detected at 45–50 �C was related to loss of humidity for pris-
tine GEN[28]. The pure FCZ had a sharp peak at 140 �C
which was due to the melting of FCZ, and a small peak
around 27 �C which is related to initial heating[29]. The DSC
curves of 40% PMMA/10 FCZ, 40% PMMA/10 GEN, and
40% PMMA/10 FCZ/10 GEN had the same thermal points
compared to the curve of 40% PMMA. This showed that
there was no significant change in the heat flow properties
between the 40% PMMA and drug-loaded 40% PMMA
fiber mat[30].

3.3.2. TGA analysis
Table 1 demonstrated the 5% weight loss temperature values
of the 40% PMMA, 40% PMMA/10 FCZ, 40% PMMA/10
GEN, and 40% PMMA/10 FCZ/10 GEN fiber mat. By add-
ing 10mg FCZ into the 40% PMMA fiber, the 5% weight
loss temperature value shifted from 32.62 �C to 27.93 �C. On
the other hand, 10mg GEN addition increased the 32.62 �C
to 33.67 �C. The combination of the two drugs together lost
5% of mass at 30.45 �C. As a result of TGA, it can be said
that the addition of FCZ negatively affected the thermal sta-
bility, but the addition of GEN increased the ther-
mal stability.

3.4. Tensile testing results of the fiber mat

Table 2 shows the stress-strain behavior of the 40% PMMA,
40% PMMA/10 FCZ, 40% PMMA/10 GEN, and 40%
PMMA/10 FCZ/10 GEN fibers. When the results were
examined, it was seen that the 40% PMMA had a tensile
strength of 0.354MPa and a tensile strain value of 0.749%.
With the addition of 10mg of FCZ, the tensile strength of
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PMMA decreased to 0.0842MPa, and the elongation
decreased to 0.334%. The decrease in mechanical strength
with FCZ addition may be due to an increase in the number
of stress points that amount to the existence of drug par-
ticles in the fiber mat[31]. On the other hand, with the add-
ition of 10mg GEN into 40% PMMA fiber, the tensile
strength increased to 1.4885MPa, and the elongation

amount was found to be 0.491%. The tensile strength of the
nanofibers obtained by adding 10mg FCZ and 10mg GEN
into 40% PMMA was found to be 1.211MPa and the elong-
ation amount was 0.382%. According to the results, it can
be said that the addition of FCZ reduced the tensile strength
and elongation amount, while the addition of GEN
increased the mechanical strength. In addition, the tensile

Figure 1. SEM images of the 40% PMMA (a), 40% PMMA/10 FCZ (b), 40% PMMA/10 GEN (c), and 40% PMMA/10 FCZ/10 GEN (d) fibers.

INTERNATIONAL JOURNAL OF POLYMERIC MATERIALS AND POLYMERIC BIOMATERIALS 5



strength of drug combinations was higher than 40% PMMA
in the control group. The improved mechanical strength can
be due to the efficient load transfer from polymer matrices
to the GEN[32].

3.5. Evaluation of antimicrobial properties of the GEN-
loaded fiber mat

The antimicrobial activity of the samples is a significant elem-
ent in wound healing performance. Bacterial activity on the
wound surface causes inflammation and infection and produ-
ces toxic metabolites that delay healing[33]. The antimicrobial
activity results of the mat were given in Figure 4 and Table 3.
The fiber mat was tested against P. aeruginosa (ATCC 27853),
S. aureus (ATCC 29213), S. pneumoniae (ATCC 49619), C.
albicans (SC53149), and C. parapsilosis (ATCC 22019). When
the results were examined, it was observed that FCZ added
fibers did not have antimicrobial activity against the bacterial
and fungal strains. This may be due to the amounts of FCZ,
or the widespread usage of FCZ, which can cause the resist-
ance of bacterial and fungal strains against this drug[34].

On the other hand, GEN addition enhanced the antibacter-
ial activity of the 40% PMMA fibers against the P. aeruginosa
and S. aureus with 10mm and 16mm inhibition zones,
respectively. However, GEN addition fibers did not show any
antifungal activity. When the antimicrobial activity results of
the 40% PMMA/10 FCZ/10 GEN fibers were examined, it was
observed that they formed inhibition diameters of 12 and
10mm against the S. aureus and P. aeruginosa, respectively. S.
aureus and P. aeruginosa is a familiar cause of ocular infec-
tions[35,36]. Therefore, it is essential to provide antimicrobial
activity to the fibers to treat ocular infections such as keratitis.

Figure 3. DSC curves of the pure FCZ, GEN, and PMMA-based blends.

Figure 2. FTIR spectrums of the 40% PMMA (a), pure FCZ (b), pure GEN (c),
40% PMMA/10 FCZ (d), 40% PMMA/10 GEN (e), and 40% PMMA/10 FCZ/10
GEN (f).
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3.6. MTT assay, cell distribution on the fiber mat, and
cell migration

Figure 5 shows the MTT assay results of the scaffolds after 1,
3, and 7days of incubation with MSCs. When the viability
amounts on the first day were examined, it was found that the
highest percentage of viability belonged to 40% PMMA
(89.7%) and 10 GEN (88.4%) fibers. The lowest cell viability
(56.1%) belonged to fiber-containing FCZ. On the third day,
viability values increased significantly in all samples except
40% PMMA fiber. 40% PMMA fiber has 59.7% cell viability.
However, on day 7, the viability value for 40% PMMA
increased again and reached 88.6%. The viability values of 40%
PMMA/10 FCZ and 40% PMMA/10 GEN fibers decreased on
the 7th day. On the other hand, the number of cells in the
samples containing 40% PMMA/10 FCZ/10 GEN reached its

Figure 4. Antimicrobial activity results from the fiber mat against the S. aureus (a), P. aeruginosa (b), S. pneumoniae (c), C. parapsilosis (d), and C. albicans (e). The
fiber mat was labeled as 40% PMMA/10 FCZ (I), 40% PMMA/10 GEN (II), 40% PMMA/10 FCZ/10 GEN (III), and 40% PMMA (IV). Control groups (Amikacin for S. aureus
and P. aeruginosa, norfloxacin for S. pneumoniae, ethanol for C. albicans, and C. parapsilosis) were labeled as V.

Table 1. 5% Weight loss temperature values of the fiber mat.

Fibers 5% Weight loss temperatures (�C)
40% PMMA 32.62
40% PMMA/10 FCZ 27.93
40% PMMA/10 GEN 33.67
40% PMMA/10 FCZ/10 GEN 30.45

Table 2. Tensile properties of the fiber mat.

Fiber mat Tensile strength (MPa) Strain at break (%)

40% PMMA 0.354 ± 0.069 0.749 ± 0.022
40% PMMA/10 FCZ 0.0842 ± 0.027 0.334 ± 0.058
40% PMMA/10 GEN 1.4885 ± 0.288 0.491 ± 0.05
40% PMMA/10 FCZ/10 GEN 1.211 ± 0.331 0.382 ± 0.203

The values given in Table 2 are the mean values of the three replicates for
each mat.

Table 3. The inhibition zone values of the samples against the microbics.

Samples

P. aeruginosa
ATCC 27853
Inhibition
zone (mm)

S.
aureus

ATCC 29213
Inhibition
zone (mm)

S. pneumoniae
ATCC 49619
Inhibition
zone (mm)

C. albicans
SC5314
Inhibition
zone (mm)

C. parapsilosis
ATCC 22019
Inhibition
zone (mm)

40% PMMA/10 FCZ (I) 0 0 0 0 0
40% PMMA/10 GEN (II) 10 16 0 0 0
40% PMMA/10 FCZ/1O GEN (III) 10 12 0 0 0
40% PMMA (IV) 0 0 0 0 0
Amikacin (V) 24 22 – – –
(AMK, 30mg)
Norfloxacin (V) – – 23 – –
(NOR, 10mg)
Ethanol (V) – – – 11 11
(70%)
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maximum on the 7th day and surpassed the control group
(2D) (103.9%). In Khodir et al.’s study, they fabricated genta-
micin added Polycaprolactone (PCL)/Collagen (COL) nanofib-
ers for skin tissue engineering. Biocompatibility properties of
the fibers were tested with a human dermal fibroblast (HDF)
stem cell line. According to the result, gentamicin loaded
nanofibers promoted cell growth and attachment[23].

Cell attachment and proliferation were observed on the
surface of the 40% PMMA, 40% PMMA/10 FCZ, 40%
PMMA/10 GEN, and 40% PMMA/10 FCZ/10 GEN fibers,
as shown in Figure 6. There was no significant difference in
the average cell densities of the 40% PMMA and 40%
PMMA/10 FCZ, 40% PMMA/10 GEN, 40% PMMA/10 FCZ/
10 GEN groups for the first day of incubation time. The cell

Figure 5. The proliferation of MSCs on the fiber mat after 1, 3, and 7 days of incubation.

Figure 6. MSCs viability on the fiber mat after 1, 3, and 7 days of the culture period.
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distributions on the fibers increased for 40% PMMA and
40% PMMA/10 FCZ fibers, and the cell distributions on the
40% PMMA/10 GEN and 40% PMMA/10 FCZ/10 GEN
stayed nearly the same after 3 days of culture time.
According to the cell distribution results on the 7th day, it
was observed that the cell density on the 40% PMMA fiber
increased, while the mean percentage of cells on the other
fibers decreased compared to the results of the 1st and
3rd days.

On the 7th day of the incubation, the morphologies and
attachment of the MSCs on the fiber mat were examined
with SEM in Figure 7. Characteristic MSC morphologies
were detected on the fibers. It was observed that cells

attached to the surface of the fibers and distributed on the
fibers with their filopodia[27].

Figure 8 shows the Z-stack images and the reconstructed
3D projection image obtained from the surface to the under-
side of a 40% PMMA-based fiber mat with a 2.5mm slice
thickness. As shown in Figure 8, optical slicing in the Z-
direction using Z-stack optical confocal microscopy allowed us
to observe the penetration of cells into a 40% PMMA-based
fiber mat. Cells were observed to infiltrate the scaffold at a
depth of 45mm from the top surface of the scaffold. These
results demonstrate successful growth, proliferation, and infil-
tration of the cytoskeleton within fibers, demonstrating their
suitability for cell-cell and cell-matrix interactions in vitro.

Figure 7. SEM micrographs of MSCs cultured on culture slide containing 40% PMMA (a), 40% PMMA/10 FCZ (b), 40% PMMA/10 GEN (c), and 40% PMMA/10 FCZ/10 GEN (d).
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3.7. In vitro release study of FCZ and GEN

The FCZ and GEN release behaviors were investigated
in PBS at a thermal shaker, and the results are given in
Figure 9. Figure 9a represents the calibration curve deter-
mined with five different solutions (0.2, 0.4, 0.6, 0.8, and
1 lg/mL), and Figure 9b shows the absorbance graph
obtained from the calibration curve at 253 nm and 196 nm

for FCZ and GEN, respectively. Figure 9c shows the cumula-
tive release graph of the FCZ from the fiber mat. According
to the graph, in the first 15minutes, the release percentage
reached 21.71%. After half an hour, the percentage of release
reached 39.22%. After an hour, approximately 56.87% of the
FCZ was released. All the FCZ into the fibers was released
within 24 hours. According to the results, there was observed

Figure 8. The Z-stack images of optical confocal images from top to bottom with a 2.5mm slice thickness and the reconstructed 3 D projection image of the fiber
mat; 40% PMMA (a, b), 40% PMMA/10 FCZ (c, d), 40% PMMA/10 GEN (e, f), and 40% PMMA/10 FCZ/10 GEN (g, h).
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a rapid release of FCZ from fibers (56.87% in the first
hour). In the fluconazole release test, it was observed that
the release was rapid at the beginning of the release due to
the high specific surface area of the fibers and the presence
of the drug on the fiber surface[37]. Figure 9f belonged to
the cumulative release graph of the GEN. In the first
15minutes, the release amount of the GEN reached the
6.31% value. After half an hour, 19.53% release amount was
detected, and within an hour, this value reached 29.81%.
The GEN reached a release value of �50% at the 3rd hour.
After the third hour, the amount of release increased, and
by the fourth day, all drug was completely released from the
fibers. As a result, it can be concluded that in the 40%
PMMA/10 FCZ/10 GEN fiber mat, firstly, FCZ can release
quickly from the mat, and GEN also can begin to release
but takes a longer time compared to the FCZ. However,
according to the antimicrobial test, even if FCZ is released
first and more, it will not be beneficial because it is ineffect-
ive against bacteria. With the release of the GEN, defence
against bacteria will be possible.

4. Conclusions

In this research, 40% of PMMA fiber mats were successfully
fabricated using the electrospinning process. FCZ and GEN
were loaded into this fiber to provide antimicrobial activity
against the P. aeruginosa, S. aureus, S. pneumoniae, C. albi-
cans, and C. parapsilosis, which are the common

microorganisms that generate corneal keratitis. FCZ and
GEN were used as antifungal and antibacterial agents,
respectively. According to the SEM images, it can be con-
cluded that the diameters of the fibers increased with drug
addition. Thermal characterizations showed that drug add-
ition did not change the specific thermal points of the
PMMA. Antimicrobial activity results showed that 40%
PMMA/10 FCZ did not show antibacterial and antifungal
activities. However, GEN addition provided the antibacterial
activity to the 40% PMMA/10 GEN and 40% PMMA/10
FCZ/10 GEN fibers. According to the tensile test, results
demonstrated that GEN addition enhanced the mechanical
strength of the fiber mat and FCZ addition decreased this
property. The drug release results indicated that FCZ was
released more rapidly from the fibers than GEN. Cell culture
experiments reported that the 40% PMMA/10 GEN and
40% PMMA/10 FCZ/10 GEN fibers showed good biocom-
patibility with MSCs and great potential for treating cor-
neal keratitis.
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