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ABSTRACT
Diabetic wounds are very problematic wounds that have a high risk of infection. The healing pro-
cess of wounds in diabetic patients is more complicated than others. Wound dressing preparation
is one of the promising treatment modalities for repairing damaged tissues in diabetic patients.
The aim of this study is to demonstrate the antibacterial effects of drug release of clarithromycin
from poly(lactic acid) (PLA) nanofibers incorporated with selenium (Se) and graphene-oxide (GO)
to reveal their wound healing potential. In the present study, optimized PLA was combined with
graphene oxide (GO) with a concentration of 0.45wt%, 1wt%, 1.50wt%, 2wt%, 2.50wt%, and
3wt%, respectively, and the combination was produced by modified Hummers method. After that,
optimized PLA/GO was incorporated with Se and clarithromycin with PLA with the percentage by
weight of 1:1, nanofiber patches were successfully produced by the electrospinning technique. In
vitro antibiotic test, cell culture tests (cytotoxicity test, cell adhesion, and in vitro wound healing
assay), morphological analysis (SEM), molecular interactions between the components (FT-IR), ten-
sile strength, and physical analysis (viscosity, surface tensile, density and conductivity tests) were
carried out after production of nanofiber patches. According to the results, the average pore size
of 8wt% PLA þ 1wt% GO þ 1wt% Se þ 1wt% clarithromycin nanofiber is 640nm. Moreover,
8wt% PLA þ 1wt% GO þ 1wt% Se þ 1wt% clarithromycin has the highest viscosity and surface
tension value than others with the values of 253.8 ±6.67 mPas and 31.62±2.13mN/m, respect-
ively. Finally, it was observed that Se-incorporated electrospun nanofibers had antibacterial effects
and are highly promising wound healing materials. To sum up, the prepared nanofibers illustrated
important suitable mechanical properties, controlled release and antibacterial effect and results
showed that Se incorporated PLA-GO-drug composite is a promising wound healing material.
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1. Introduction

Diabetic foot ulcer is a chronic and non-healing wound that
is able to lose limb[1]. Chronic wounds do not follow well-
defined healing sequence as a normal healing process, it is
more complicated due to different biochemically, and differ-
ent growth factors, matrix metalloproteases, and diverse pro-
teins. Hypothermia is effective to obtain vasoconstriction,
however, it causes some problems such as going down cuta-
neous blood flow, insufficient oxygenation, and impaired
immune function. Moreover, reduced sweat production
causes peripheral autonomic neuropathy gives the skin dry
and fragile so that bacteria are able to enter into the
skin easily[2].

Electrospinning method is one of the effective methods
for producing a wound dressing material due to its several
advantages. The process of spinning nanofibers or nanopar-
ticles with the use of electrostatic forces is known as electro-
spinning technique[3]. Solution parameters (viscosity,
conductivity, and surface tension), process parameters
(applied electric field, tip to collector distance, and feeding
or flow rate), and ambient parameters (humidity and tem-
perature of the surrounding) play an important role in
desired morphology and diameters of nanofibers.
Electrospun nanofibers offer many advantages compared to
conventional wound dressing materials. These advantages
can be listed as controlling the fiber size during production,
absorbing wound exudate, and allowing wound healing due
to their large surface areas and encapsulation
efficiencies[4–7].

Poly (lactic acid) (PLA), which is a thermoplastic poly-
mer, is a preferred biopolymer due to its renewability, bio-
degradability, and relatively low cost[8]. PLA is widely used
for different purposes such as surgical implant materials[9],
scaffolds for tissue engineering[10], drug delivery systems[11],
chemical and optical sensors[6], wound dressing materi-
als[12], and dental applications[10]. PLA-based antimicrobial
materials attract great attention as promising systems for
controlling microbial growth. In addition, PLA is a very
suitable polymer that can be utilized as a wound dressing
material due to its low immunogenicity and good mechan-
ical properties[13].

Graphene is a free-standing two-dimensional crystal with
one-atom thickness[14]. Recent studies have shown that
understanding graphene-cell (or tissue, organ) interactions;
particularly the cellular uptake mechanisms are still chal-
lenging[9]. It can be theoretically viewed as a true planar
aromatic macromolecule[14], and it is degraded by peroxi-
dases[15]. Biosafety of graphene and graphene derivatives is
attracting more and more attention as we need to learn the
fate of graphene and its derivatives in vivo once it invasively
enters into a biological system. It has now been accepted
that the biological effect of graphene is complex and largely
affected by the exposure dose and methods as well as the
chemical functionalization, lateral size, thickness, and surface
properties[9]. Due to its high mechanical resistance, chemical
stability, large surface area, low toxicity[20], high drug load-
ing capacity, and antibacterial properties[15], graphene oxide
(GO) has had widely used in biomedical applications[16].

In this study, Selenium (Se) was used which has novel
antibiotic chemistry that lacks known bacterial resist-
ance[17–19]. Se is mostly found in selenoproteins (as seleno-
methionine), which has an important anti-oxidants[20] and
anti-inflammatory effect. Selenium is a common trace elem-
ent in the body and has been an important active ingredient
in the formation of selenoproteins in particular[21,22]. Se has
been suggested to have anticancer effects[23]. Various exami-
nations have been performed to understand the relationship
between Se levels and conditions like oxidative stress and
inflammation because of diabetes mellitus, results showed
that Se has a positive effect on diabetes mellitus due to anti-
oxidative and anti-inflammatory characteristics of Se[24]. The
concentration of selenoprotein P in plasma is known to be
higher in patients with type 2 diabetes (T2D). Nevertheless,
serum albumin that transports selenomethionine is
decreased in diabetes. Expression of selenoprotein P is
known to be decreased during the inflammation phase.
Therefore, Se levels in the blood are reduced by systemic
response during the inflammation phase that is occurred in
T2D. Se supplementation may cause insulin resistance has
not been determined yet, even if some hypotheses are avail-
able. Se is believed to be beneficial in relation to glucose
homeostasis, and decrease insulin resistance[25].

Clarithromycin has a broad spectrum of antimicrobial
activity and inhibits a number of Gram-positive and Gram-
negative organisms, atypical pathogens and some anae-
robes[26]. Clarithromycin has a superior pharmacokinetic
profile[27,28]. Clarithromycin improved pharmacokinetic pro-
file and in vitro antimicrobial activity reveal superior effi-
cacy in infectious diseases[29,30]. It is susceptible to strains of
S.aureus and S. epidermidis[31]. Clarithromycin is the most
potent macrolide tested against Bacillus species and is more
active against Listeria monocytogenes[32].

The aim of this study is to determine the wound healing
effect of Se-incorporated PLA-GO nanofibers. Antibacterial
activity and in vitro wound healing effects of the nanofibers
from blends of PLA and GO were examined. According to
the results, the prepared nanofibers had good mechanical
properties and antibacterial test and in vitro wound-healing
assay showed that Se incorporated PLA-GO-drug composite
is a promising wound healing material.

2. Materials and methods

In the present study, PLA � 4060D (MW � 92 kDa), poly-
mer was used in granule form. The solvents used in this
study were; N, N dimethylformamide (DMF, Mw ¼ 73.09 g/
mol, Merck) and dichloromethane (DCM, Mw ¼ 84.93 g/
mol, Merck). These solvents were selected due to their simi-
lar solubility parameters to PLA. All the solvents were pur-
chased from Merck and used without further purification.
Graphene oxide synthesis was carried out by the modified
Hummers method. Se (Mw ¼ 78.96, Sodium selenite CAS-
10102-18-8 Santa Cruz) was purchased from Merck in pow-
der form and Clarithromycin (C38H69NO13, MW: 747.95
CAS no: 81103-11-9 Abbott Laboratories, Illinois, United
States) was purchased from Merck. All nanofibers
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production processes in this study were carried out by elec-
trospinning (Fytronix ESP 9000, Turkey) method.

According to the correlation coefficient, both linearity
(linear), drug release kinetics, and similarities and differen-
ces with an approach independent of the drug model were
compared by determining the mathematical model of drug
release kinetics and dissolution profiles. By taking two sam-
ples for PLA-G2 and PLA-G3 used for release, the mean
value, cumulative and dissolution times, and values in PBS
were finally obtained (Figures 1–3).

Statistical analyzes were made and compared to antibac-
terial studies (Figure 4). (a) Antibacterial effects of nano-
composite films containing PLA-G3 at 24 h against E.coli.
(b) Inhibition zones produced by different nanocomposite
films against E.coli. (c) Antibacterial effects of nanocompo-
site films containing PLA-G3 at 24 h against S. aureus. (d)
Inhibition zones produced by different nanocomposite films
against S. aureus. (e) Antibacterial effects of nanocomposite
films containing PLA-G3 at 24 h against B. cereus. (f)
Inhibition zones produced by different nanocomposite films
against B. cereus. (g) Antibacterial effects of nanocomposite
films containing PLA-G3 at 24 h against S. epidermidis. (h)
Inhibition zones produced by different nanocomposite films

against S. epidermidis. All experiments were carried out in
triplicates. Analyses included the use of ANOVA independ-
ent-samples t-test. Differences were determined to be signifi-
cant at p< 0.05. Results were expressed as mean ± standard
deviation. The statistically significant difference between the
mean will be calculated by one-way ANOVA with the level
of significance to be selected at p< 0.05.

2.1. Preparation of electrospun poly-lactic acid
nanofibers (PLA-NF)

The electrospinning process was carried out at 3, 5, and 8%
wt/v PLA polymer concentrations by using double solvent
systems at different ratios. Firstly, PLA particles were dis-
solved in DMF, and then DCM was added to the solution
and stirred for 2 hours. The amount of both PLA and DMF
was kept constant, and the polymer concentrations were
determined among the solvent ratio variations. The solvent
ratios of DMF, DCM were changed as: 1:3 v/v for 3% wt/v,
1:1 v/v for 5% wt/v and 0.5:0.5 v/v for 8% wt/v PLA poly-
mer concentrations, respectively.

Synthesized GO is added with different weight percen-
tages (0.45, 1, 1.5, 2, 2.5, and 3wt%) into the solution. Then
only for 8wt/v PLA, Se and clarithromycin were added into
the solution with respect to 1% wt of PLA. Based on the
typical electrospinning process, the suspension was drawn
into the 10mL plastic syringe with a stainless steel needle.
Prepared 8wt%; PLA, PLA þ 1wt% GO (PLA-G), PLA þ
1wt% GO þ 1wt% Se (PLA-G1), PLA þ 1wt% GO þ
1wt% clarithromycin (PLA-G2) and PLA þ 1wt% GO þ
1wt% Se þ 1wt% clarithromycin (PLA-G3) solutions were
utilized for electrospinning to produce nanofibers.
Parameters of the electrospinning process were set as the
voltage was 25 kV, a rotational speed of the collector elec-
trode was 999 rpm, the distance was 15 cm and the feeding
rate was 4000 mL/h. At 37 �C around 50% humidity and
other electrospinning process parameters were common for
all cases.

Figure 1. Drug release rate and linearity of clarithromycin from PLA-
NF patches.

Figure 2. Drug dissolution rates PLA-NF profile in PBS.

Figure 3. Cumulative drug release rates profile of clarithromycin from PLA-
NF patches.
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3. Characterization

3.1. Physical characterization

The characterization of fibers that were produced by the
electrospinning technique is the most significant part of
electrospinning process in order to determine the properties
of the fiber. Density, electrical conductivity, surface tension,
and viscosity values were measured to determine the phys-
ical characterization of the prepared electrospinning solu-
tions. Density was measured by using a standard 10mL
bottle. The electrical conductivity was measured using the
Cond 3110 SET 1, WTW, Germany. The surface tension
was measured using a force tensiometer Sigma 703D,
Attention, Germany. The viscosity was determined using a
DV-E, Brookfield AMETEK, USA instrument. All the
experiments were carried out at room temperature (23 �C).

3.2. Morphology and structure

The morphological analysis of all produced nanofibers was
carried out by scanning electron microscopy (SEM) (EVO
LS 10, ZEISS). The working conditions were 15 kV and
mode of secondary backscattered electrons. All the samples
were coated with gold-palladium to ensure conductivity
since the polymers lack of this property.

All samples were chemically characterized by Fourier-
transform infrared (FTIR) spectroscopy on an IR Affinity-1
infrared spectrophotometer (Jasco, FT/IR-4700 type A) in a
range of 449.333–4,000.6 cm�1 and averaged over 32 scans
with 4 cm�1 resolution in transmittance mode using the KBr
pellet method. Detector of FTIR is TGS.

Before the tensile strength tests, each sample was placed
onto rectangular-shaped surfaces which are 5 cm in length
and 1 cm in width. The thickness of each test specimen was
measured using a high-accuracy digital micrometer
(Mitutoyo, USA). The tensile strength and strain of electro-
spun nanofibers were performed using a tensile tester
(Shimadzu, Japan) by means of running special software. All
samples were subjected to test the speed of 5mm/min until

the breaking point. The measurements were carried out at
room temperature (23 �C).

4. In vitro release study

Various formulations, respectively samples; PLA-G2 and
PLA-G3 were selected for drug release studies. Drug release
of clarithromycin from PLA-NF was estimated by the dialy-
sis cell membrane method in two different media, respect-
ively phosphate buffer saline (PBS) (pH 7.4) at 37 ± 1 �C for
24 h under sink condition. Appropriate volume of nanofib-
ers dialysis was taken in the dialysis tube against 100mL of
media, continuously stirred with a magnetic stirrer
at 37 ± 1 �C.

Appropriate volume of PLA-NF dialysis was taken in dia-
lysis tube against 100mL of media, continuously stirred with
magnetic stirrer at 37 ± 1 �C. After appropriate time intervals
(1 h) one mL sample was withdrawn and analyzed for drug
content at 770 nm, in a UV/Vis Spectrometer (Lambda 35;
PerkinElmer, Germany). An equal volume of fresh media
preheated to 37�Cwas added to replace the withdrawn sam-
ple. The stability of PLA-NF was evaluated in with PBS (pH
7.4) and in SGF (pH 1.2). Ten milligrams of formulations
were incubated at 37 ± 1 �C with 20mL of PBS (pH 7.4) and
SGF (pH 1.2), for a period of 2, 4, 8, and 24 h. After speci-
fied time intervals, the suspension was centrifuged at
15,000 rpm for 1 h, the supernatant was removed and nano-
particles were dissolved in ethanolic solution (7:3 ratio).
PLA-NF content was determined by taking absorbance at
220.3 nm against blank. Cumulative % release of clarithro-
mycin all the formulations was determined by storage in
amber-colored vials, closed with rubber closers at room tem-
perature, 0 �C and at 4 �C and % residual clarithromycin
contents were determined after 10, 20, and 30 d.

4.1. Cell culture

L929 cells were obtained from ATCC. Dulbecco’s Modified
Eagle’s Medium 12 (DMEM/F12), Fetal Bovine Serum
(FBS), Trypsin-EDTA (0.25%), and Trypan Blue were

Figure 4. Disk diffusion analysis of nanocomposite films containing PLA-G3 for (a) E. coli, (b) B. cereus, (c) S. aurus, and (d) S. epidermis.
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obtained from Gibco. Penicillin-streptomycin antibiotic solu-
tion (GeneMark), Phosphate Buffer Saline (PBS) tablets,
XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazo-
lium-5-carboxanilide, and Phenazine Methosulfate (PMS)
were obtained from Santa Cruz Biotechnology.

L929 cells were used for in vitro cell culture experiments.
Ethical approval is not necessary for the standard cell lines.
The cell lines were cultured in DMEM/F12 medium (supple-
mented with 10% fetal bovine serum and penicillium–strep-
tomycin 0.5% from 10,000 units mL�1 Penicillin–10mg
mL�1 Streptomycin) and incubated at 37 �C in 5% CO2. The
confluent culture was trypsinized to detach cells from the
surface and centrifuged at 1,000 rpm for 5min. The super-
natant was discarded, and the cell number in the pellet was
counted with a hemocytometer. Subsequently, cells were
prepared for cytotoxicity, cell adhesion, and scratch assay
experiments.

5. Cytotoxicity experiments

5.1. Direct Contact method

Samples were placed into the wells then L929 cells with a
concentration of 3� 104 in 500mL of medium were seeded
in each well of 48-well flat-bottom microplates and incu-
bated at 37 �C for 24 h for cell attachment. After 24 h of the
incubation period, all volume of the culture media was aspi-
rated then the medium was replaced with 500 mL fresh
medium containing 2,3-bis-(2-methoxy-4-nitro-5-sulfo-
phenyl)-2H-tetrazolium-5-carboxanilide (XTT) with a con-
centration of 0,5mg/mL (with 7.5mg/mL phenazine
methosulfate). The cells were incubated for 4 h at 37 �C, the
cell culture medium was used as a negative control. Optical
density was measured at 450 nm and the percentage of cell
viability was calculated.

5.2. Indirect method

Samples were kept in the cell culture medium for 24 h and
the effect of different volumes of the medium (25 mL, 50mL,
75 mL, 100mL) on the cell viability was tested on L929 cells
seeded in 96-well plates. After 24 h of incubation period,
standard XTT assay was performed and percentage of cell
viability was calculated according to the following Formula
(1)[24]:

%Cellviability ¼ Opticaldensityof sample
Opticaldensityof control

� 100 (1)

5.2.1. Cell adhesion
Samples were placed into the wells then L929 cells with a
concentration of 5� 104 in 1mL of medium were seeded in
each well of 24-well flat-bottom microplates and incubated
at 37 �C for 24 h for cell attachment. After 24 h of the incu-
bation period, cell adhesion on the samples was observed
via microscope.

5.2.2. In vitro wound healing assay (scratch assay)
L929 cells with a concentration of 3� 104 in 500mL of
medium were seeded in 48-well flat-bottom microplate and
incubated at 37 �C for 24 h. After the cells were confluent
on the surface of the plate bottom, "plus-shaped" scratches
were created on wells then samples were added to each well.
Then the pictures from the cells were taken at certain inter-
vals (3 h, 6 h, 12 h, and 24 h) until the scratches were closed.
The effect of the samples on cell migration was evaluated
visually according to the wound closure time.

5.2.3. Antimicrobial analyzes
The disk diffusion test was performed to determine the anti-
bacterial activity of the nanocomposite films[33]. E. coli
(ATCC 25922), S. aureus (ATCC 25923), B. cereus (ATCC
11778), and S. epidermidis (ATCC 12228) suspensions were
collected from 18 h nutrient broth cultures then adjusted to
0.5 McFarland standard turbidity (1.5� 108 CFU/mL) and
diluted (1:10) to the desired bacterial density. Mueller-
Hinton agar plates inoculated with 0.1mL of the bacterial
suspensions (1.5� 106 CFU/mL). The nanocomposite films
were sliced into 7mm segments and sterilized with UV for
2 h and subsequently placed on bacteria plated petri dishes.
The plates were incubated at 37 �C for 24 h, after which the
inhibition zones around the disks were measured by a digital
micrometer[34]. To choose the optimum nanocomposite
film, four separate groups were prepared and tests were per-
formed three times. The antibacterial study content is given
in Figure 4. The numbers on the disks are 1, 2, 3, 4, 5
respectively; The sample was designated as PLA, PLAþGO
(PLA-G), PLAþGOþ Se (PLA-G1),
PLAþGOþ clarithromycin (PLA-G2) and
PLAþGOþ Seþ clarithromycin (PLA-G3). Inhibition
growth values (mm) are given as histogram by taking 3 dif-
ferent measurements for each number.

6. Result and discussion

Increasing concentration, thereby solution viscosity, was
resulted in larger and more uniform fiber diameters.
Morphology of the beads formed on the fibers altered from
spherical to spindle-like and ultimately uniform fibers with
increased diameters are formed due to the higher viscosity
resistance. The solution with the high surface tension blocks
the electrospinning process due to the instability of the jets
and the generation of sprayed droplets. Fiber diameter and
concentration are directly proportional to each other. When
concentration is increased, fiber diameter is also increased.
When the electrospinning process is performed another very
important parameter is the applied voltage to the solution.
Only after the access of threshold voltage, fiber formation
occurs, this contains the necessary charge on the solution
along with the electric field and starts the electrospinning
technique. Taylor[35] determined that the critical value of
voltage must be 6 kV. When the voltage value was smaller
than this critical value, the fiber formation became difficult.
While, at very high voltage applications, the stability of the
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polymer jet advancing to the collector surface may disrupt
and it may induce bead formation due to the increment of
solution surface tension or charge density[36–39]. Another
important parameter of electrospinning is the flow rate of
the polymer jet. A fast flow rate may prevent the nanofiber
jet completely drying, and this leads to an increase in the
fiber diameter. On the other hand, a very slow flow rate
may induce beads formation. Additionally, ribbon-like
defects and unspun droplets may occur at high or low flow
rates. Therefore, the flow rate of the electrospinning process
must be optimized to achieve uniform and beadless electro-
spun nanofibers[40–43]. Studies have been depicted that when
higher voltages are applied to the solution, there is more
polymer ejection. Therefore, we can say that nanofibers
occur with a larger diameter. Moreover, most cases illustrate
that a higher voltage leads to greater stretching of the solu-
tion because of the greater coulombic forces in the jet as

well as a stronger electric field. We applied 25 kV voltage to
the prepared solution. According to Figure 5, it can be
depicted that GO had a smoothing effect on the PLA fibers
which resulted in bead-free morphologies. Since beads are
the stress-raising places for cells, GO addition is a suitable
backbone for the incorporation of other functional agents.
The result of the physical characterization of solutions is
illustrated in Table 1. Repeat amounts for all measurements
are listed under Table 1. It shows that the average diameter
for PLA is 541.56 ± 94.19 nm and the average diameter of
PLA-G is 472.66 ± 183.38 nm. The added substance variabil-
ity in the solution changed both the viscosity and the sur-
face tension. The increase in viscosity caused the formation
of bead structure in fiber morphology. Consequently, the
morphology of beads alters from spherical to spindle-like
and ultimately uniform fibers with increased diameters are
formed due to the higher viscosity resistance. The solution

Figure 5. SEM images of PLA with different concentrations (a) 3wt% PLA, (b) 5 wt% PLA, (c) 8 wt% PLA and SEM images of different GO concentrations with 8%
PLA (d) 8 wt% PLA þ 0.45wt% GO, (e) 8 wt% PLA þ 1wt% GO, (f) 8 wt% PLA þ 1.50 wt% GO, (g) 8wt% PLA þ 2wt% GO, (h) 8 wt% PLA þ 2.5 wt% GO, and (ı)
8 wt% PLA þ 3wt% GO.

Table 1. The result of physical characterization of solutions and fibers as samples.

Sample (S) Viscosity (mPas) Surface tensile (mN/m) Density (g/mL) Conductivity (mS/cm) Average fibers diameter (nm)

PLA 123.0 ± 6.90 30.28 ± 2.21 1.2184 2.6 541.56 ± 94.19
PLA-G 104.6 ± 8.50 28.95 ± 2.18 1.2205 15.3 472.66 ± 183.38
PLA-G1 247.9 ± 8.60 30.72 ± 1.25 1.2349 8.5 354 ± 154.12
PLA-G2 251.4 ± 6.81 27.94 ± 1.21 1.2256 9.7 414.03 ± 201.85
PLA-G3 253.8 ± 6.67 31.62 ± 2.13 1.1761 14.7 642 ± 173.79

Measuring repetition amounts; (valid for each sample); for viscosity; 5, for surface tensile; 3, for density; 3, for conductivity; 4, for average diameter; 200.
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with the high surface tension blocks the electrospinning pro-
cess due to the instability of the jets and the generation of
sprayed droplets. Fiber diameter and concentration are dir-
ectly proportional to each other as in the literature[6]. When
concentration is increased, fiber diameter is also increased.

According to SEM images which are illustrated as in
Figure 5, PLA-G solution was chosen, which is well-distrib-
uted due to enough stirring, in order to load either Se or
clarithromycin. Stirring is important for obtaining nanofiber
when we used GO in dash form. SEM images of PLA-G1,
PLA-G2, and PLA-G3 are illustrated as in Figure 6. The
diameter of nanofiber and the solution concentration used
in electrospinning are directly proportional to each other.
The average diameter of nanofiber patches is as shown in
Table 1. With the addition of GO and Se, fiber diameter
was reduced in nanofiber patches. The lowest fiber diameter
(354 ± 154.12 nm) was observed in PLA-G1. When concen-
tration is increased, fiber diameter is also increased. The
morphology of beads alters from spherical to spindle-like
and ultimately uniform fibers with increased diameters are
formed due to the higher viscosity resistance. The average
diameters of PLA-G3 nanofibers were 642 ± 173.79 nm.
Moreover, PLA-G3 has the highest viscosity and surface ten-
sion value than others 253.8 ± 6.67 mPas and
31.62 ± 2.13mN/m, respectively. Besides, the presence of
polar groups on the surface of this material improves the
compatibility. On the other hand, cytotoxicity and cell adhe-
sion experiments showed the materials’ low toxicity poten-
tial, biocompatibility. The inhibition rates of the PLA-G2,
and PLA-G3 on E. coli, S. aureus, and B. cereus had higher
than other formulation groups. It is shown that PLA-GO
nanofibers combined with clarithromycin have a stronger
antibacterial effect. Cell culture experiments showed that all
five samples support the cell adhesion, and according to the
in vitro wound healing experiment, cells exposed to samples
had a faster cell migration compared to the control group.
As a result, a faster wound healing situation was observed
by supporting PLA-GO nanofibers with Se. Besides, support-
ing nanofibers with clarithromycin resulted in the produc-
tion of an antibacterial effect in the wound environment.

Here, we have added Se nanoparticles to give PLA anti-
bacterial properties, to electro spin PLA loaded with cla-
rithromycin and GO. We have described a morphology
similar to ECM with PLA/GO/Se/clarithromycin nanofibers.
Se-doped PLA showed antibacterial[44], antimicrobial[45],
antioxidant[46] effects with nanofiber groups. Chung et al.[44]

It has also been shown in the Se supplemented PCL study
that it inhibits bacteria and reduces bacterial cell activity in
skin applications. The addition of Se as a contribution to
PLA nanofibers has shown in this study that it has the
potential of wound dressing as a biomedical application that
increases wound healing and reduces infection in the
absence of antibiotics.

The stress-strain % curves (Figure 7) values of nanofib-
ers at break were examined at room temperature (23 �C).
Such results are important for determining the flexibility
of the final product. When the fibers were compared with
the tensile test, it was observed that the fibers could not
adhere to each other and therefore their mechanical prop-
erties were reduced[47]. It was observed that the ductility
of the material decreased and the mechanical strength
increased with the addition of GO. Zhang et al.[48] In
their study, it was observed that the addition of GO
greatly improved tensile stress, but ductility decreased with
low elongation at break. Davoodi et al.[49] In their study,
it was observed that a strong matrix interaction of GO
nanosheets with PLA caused an increase in the strength of
PLA-GO fibers.

PLA-G was seen as the best of other NFs mechanically
with its 7.2 ± 0.25MPa value. PLA-G1 has a very low load-
carrying capacity with a value of 2.2 ± 0.50MPa and does
not flex under load. It has been observed that PLA-G2 has a
better load carrying capacity with a value of 5.6 ± 1.75MPa,
but it may show a risk of fracture in biomedical use areas
since it does not show enough elongation under load. PLA-
G3, with a value of 3.8 ± 0.50MPa, has been analyzed to be
able to respond better to loads from different directions in
terms of formability, as its load-bearing is less, but its elong-
ation is better. As a result, PLA-G1, PLA-G2, and PLA-G3
can be used if they are to be used for areas that will contact
the body surface, i.e., epithelial tissue, according to biomed-
ical application areas. The selection criteria of the NLs vary
according to the place of application. For applications with
low load and unidirectional force, even the PLA-G1 may be
sufficient. PLA-G has been deemed sufficient for higher-level
applications.

FTIR analysis was carried out to investigate the func-
tional groups of electrospun nanofiber patches as granulated
clarithromycin, granulated GO, granulated selenium, electro-
spun nanofiber patches shows as Figure 8. PLA had a trans-
mission band at 2150 cm�1. C–O stretching, C¼O
stretching, C-H bending, and -CH stretching band structures

Figure 6. SEM images with 2mm size of (a) PLA-G1, (b) PLA-G2, and (c) PLA-G3.
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are shown in Figure 8. PLA-NF the nanofiber patches had
an absorption band at around 2150 cm�1 and bands between
1980 and 700 cm�1.

6.1. Cytotoxicity Experiments

6.1.1. Direct and indirect contact method
When the effect of the samples on L929 cell viability via dir-
ect contact method is examined; It was observed that PLA-
G1, PLA-G2, PLA-G3 showed a weak cytotoxic effect while

Figure 7. Stress–strain curves of PLA, PLA-G, PLA-G1, PLA-G2, PLA-G3
nano fibers.

Figure 8. FTIR spectrum of granulated clarithromycin, granulated GO, granulated selenium, nanofiber form of samples.

Figure 9. (a) Effect of the samples on L929 cell viability via direct contact
method, (b) effect of samples; PLA, PLA-G, PLA-G1, PLA-G2, PLA-G3.
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Figure 10. Cell adhesion on samples; 1. PLA, 2. PLA-G, 3. PLA-G1, 4. PLA-G2, 5. PLA-G3.

Figure 11. Control Group (0) and Effects of samples; 1. PLA, 2. PLA-G, 3. PLA-G1, 4. PLA-G2, 5. PLA-G3 on L929 cell migration. A: 0 h, B: 3 h, C: 6 h, D: 12 h, E: 24 h.
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PLA and PLA-G did not show a toxic effect on the cells
(Figure 9) according to the ISO 10993-5 standards[27]. PLA
is mentioned as a biocompatible polymer in the literature;
however, GO shows a cytotoxic effect depending on the
dose. According to the direct cytotoxicity results, the
non-toxicity of S1 and S2 samples can be explained by the
biocompatibility of PLA and the correct selection of the
concentration value for GO. Besides, the weak toxicity of
PLA-G1, PLA-G2, and PLA-G3 samples can be explained by
the high concentrations of clarithromycin and Se used in
production. Effect of samples on L929 cell viability is exam-
ined by indirect method; It was observed that the samples
did not show a toxic effect on the cells at any volume value,
but a decrease in cell viability occurred due to the increasing
volume ratio for all samples. PLA-G1, PLA-G2, and PLA-
G3, which showed a slightly toxic effect in the direct
cytotoxicity test, did not show cytotoxic effects because of
indirect analysis. This can be explained by the diluted con-
centrations of Se and clarithromycin substances. It was
observed that 25% volume of PLA-G3 showed the best via-
bility (above the control) compared to other materials.

6.1.2. Cell adhesion and in vitro wound healing assay
(scratch assay)

When the cell adhesion to the samples is examined (Figure
10), and it is shown that all 5 samples support the cell adhe-
sion. The effect of samples; PLA, PLA-G, PLA-G1, PLA-G2,
and PLA-G3 on L929 cell migration was compared with the
control depending on the time. This situation may be
related to the biocompatibility of PLA and the correct selec-
tion of the GO concentration value. In addition, cells treated
with PLA-G1, PLA-G2, and PLA-G3 showed adhesion on
the material, but stress granules and some dead cells were
found in cells. This situation supports direct cytotoxicity
results and can be explained by the excessive Se and cla-
rithromycin concentrations added while the materials are
being produced. When these effects are examined that the
wounds formed in the control group and the groups
exposed to the samples were closed after 24 h. In addition, it
was observed that cells exposed to samples had a faster cell
migration compared to the control group (Figure 11).
Besides, it was observed that cells treated with PLA-GO
nanofiber formulations that combined with Se (PLA-G1,
PLA-G2, and PLA-G3) showed a faster migration. This situ-
ation can be explained by the antioxidant and anti-inflam-
matory effects of selenium.

The antibacterial activity against E. coli, S. aureus, B. cer-
eus, and S. epidermidis were studied in PLA-G3 composites
as shown in Figure 4. The bacteria were incubated in a
growth medium with the pure PLA and the composites. The
inhibition rates of the PLA-G2 and PLA-G3 had higher than
other studies on E. coli, S. aureus and B. cereus (Figure
4a–c). Also, GO and Se combinations showed antibacterial
effects on S. epidermidis and PLA-G2, PLA-G3 had excellent
antibacterial effects on S. epidermidis. When the inhibition
zone was 23.73mm in the control group, 19.73mm in
Treatment 1, 19.87mm in Treatment 2, 29.70mm in PLA-
G2, and 29,16mm in PLA-G3 (Figure 4d). These results

indicated that the antibacterial effect of the PLA and cla-
rithromycin combinations have stronger than other combi-
nations. Because clarithromycin is a macrolide antibiotic
that binds to the 50S ribosomal subunit resulting in inhib-
ition of protein synthesis of bacteria[50,51]. Therefore, combi-
nations of the PLA and clarithromycin inhibited bacteria
and showed a high antibacterial effect.

7. Conclusion

In this study, it was aimed to design effective wound dress-
ing materials with antibacterial effects for diabetic wounds
that are very difficult to heal by supporting the effects of
GO and PLA with Se and clarithromycin. According to the
results, nanofiber formulations have a high drug loading
capacity, mechanical resistance, chemical stability, and large
surface area.

This situation can be explained by the antioxidant and
anti-inflammatory effects of Se. As a result, Se-supported
wound dressing material supports the wound healing pro-
cess and its use with clarithromycin provides an antibacterial
effect on the environment. Using Se-supported PLA nano-
fibers as a wound dressing material will contribute to the
wound healing process.
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