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Abstract

In the present study, the influence of electrospinning parameters on poly(lactic acid) (PLA) nanofiber production and antimi-
crobial attitude of drug blending were investigated. The PLA concentrations (5 to 12% wt/v) were determined with solvent ratio
variations of a triple solvent system (chloroform (CHL), dimethylformamide (DMF) and tetrahydrofuran (THF)). Flow rates
were varied from 0.5 to 1 mL/h, while voltages were changed from 10 to 15 kV, and 10 kV voltage and 0.5 mL/h flow rate were
selected as optimum electrospinning conditions. According to morphological investigations via scanning electron microscopy,
the average PLA fiber diameters varied from 303 to 405 nm, for 5 and 8% wt/v PLA concentrations, respectively. The drug
(ceftriaxone disodium) was blended into these concentrations and electrospun. Drug addition reduced the fiber diameters, and at
8% wt/v drug blended PLA concentrations homogeneous fiber distribution was obtained. Additionally, the antimicrobial attitude
of drug blended PLA nanofibers was analyzed by using agar disc diffusion method and antimicrobial activity against Escherichia
coli, and Listeria monocytogenes were observed.
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Introduction

In recent years, concern on achieving fibers ranging from
micro to nanometer diameters by using the electrospinning
method has been increased rapidly. It is one of the
electrohydrodynamic methods with low cost, high production
rate, extensive material applicability, and constant fiber qual-
ity [1-3]. Owing to this technique, a polymer solution
electrospun into nanofiber that can be applied in the biomed-
ical field like; medical prosthesis, drug release, wound
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dressing, and tissue scaffold [2—6]. Especially, for drug deliv-
ery applications two important circumstances as; high surface-
to-volume ratio and high drug loading capacity of fibers can
be obtained with electrospinning. Most of the studies focused
on both arranging and understanding the delivery attitudes of
the various drugs from antibiotics to anti-cancers inserted into
numerous fibers. Also, the determination of antimicrobial be-
havior of these drug-loaded fibers is significant to prevent
diseases caused by microorganisms/bacteria. Bacteria disease
can be treated with using antibiotics but, types of antibiotics or
application method selection are some of the crucial targets for
drug delivery systems. [7—11].

When an effective polymer antibiotic delivery system is
designed with electrospinning, the determination of suitable
polymer-drug-solvent systems, the selection of drug-loading
techniques, and the optimization of the process parameters
must be handled in detail [12—14]. In biomedical and biocom-
patible field, generally biodegradable polymers are preferred.
Among all, poly(lactic acid) (PLA) synthesized from renew-
able sources can be selected, owing to its enhanced character-
istics on biocompatibility, and biodegradability [3, 5, 6,
12-16].

There are various drug-loading methods like; surface mod-
ification, blending, emulsion and coaxial electrospinning, etc.
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providing different fiber structure formations and drug-release
mechanisms. The blending is one of the essential methods
depending on dissolving or dispersing of the drug directly
with the polymer solution before the electrospinning process
[13, 16, 17]. The similarity of physicochemical properties be-
tween polymer and drug is preferable to achieve a better dis-
solution system. Therefore, the hydrophobic behavior of the
PLA provides better release mechanisms with hydrophobic
drugs [13, 17-19]. However, when incongruity between drug
and polymer is observed, lowering the loading doses of the
drug can provide a good dissolution [13, 20]. Also, the solu-
bility of the drug determines the performance of the drug
dispersion; a poor drug solubility may cause non-uniform
drug distribution, while, high solubility may vitiate the drug
performance [20].

Additionally, electrospinning parameters must be opti-
mized to obtain uniform continuous fibers for drug delivery
systems. These parameters are held into three categories as the
solution, the environment, and the production. [3, 21-30]. The
influence of solution parameters on PLA fiber production was
investigated in various studies by using single or binary sol-
vent systems. For instance, Casasola et al. [31] and Jahangir
et al. [32] dissolved PLA in both single and binary-solvent
systems to understand the fiber formation behavior, and they
used various solvent types by changing the ratios. They ob-
tained thinner PLA nanofibers for acetone (AC)/
dimethylformamide (DMF) (60/40 v/v) binary solvent sys-
tems. Herrero et al. [22] also studied on electrospinning of
PLA, polycaprolactone (PCL), and PLA/PCL nanofibers by
using chloroform/methanol and dichloromethane (DCM)/
DMEF binary solvent solutions. Their results revealed that both
the surface tension and the PLA fiber diameter increased with-
in DCM/DMF more than chloroform (CHL)/methanol
(MeOH) binary solutions. Also, Huang et al. [33] prepared
the PLA solution by using a mixed solvent of CHL and AC.
Rong et al. [34] dissolved PLA by using DCM and DMF as a
binary solvent system. In all these studies, PLA production
was done by using single or binary solvent solution systems.
For drug delivery applications, additional solvents can be used
after fiber production [35]. To our knowledge, for drug deliv-
ery, triple solvent systems were not directly applied for
electrospinning of PLA fibers at the early stages of
production.

Despite the solution parameter effect, electrospinning pro-
cess parameters also played a great influence on PLA fiber
formation and structure. Taylor [36] determined that the crit-
ical 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 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 [19, 25, 27, 28].
Another important parameter of electrospinning is the flow
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rate of the polymer jet. A fast flow rate may prevent the nano-
fiber 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 a uniform and beadless electrospun
nanofibers [16, 29, 33-35].

A sufficient drug delivery system can be obtained by the
production of defect-free, continuous, and narrow-distributed
diameter fibers [13, 15]. Additionally, the selection of an ad-
equate polymer-drug-solvent system enhances the perfor-
mance of the drug. Most of the researches dealt with only
one parameter of electrospinning: the solution or the process
to achieve homogeneous PLA fiber. Moreover, few studies
addressed the influence of two or three parameters together
[3,8, 11,28, 29]. Therefore, in the present study, both solution
and process parameters were investigated in detail to obtain
proper PLA production conditions. Instead of single or binary
solvent systems, the triple solvent system (CHL, DMF, and
THF) was used, and different PLA concentrations were
attained by changing the solvent ratios. The process parame-
ters were determined by changing both the voltage and the
flow rate. After optimizing the electrospinning parameters,
the drug (ceftriaxone disodium) was blended into PLA poly-
mer solutions and electrospun. Additionally, antimicrobial
analyses were done by using Escherichia coli, Bacillus
cereus, Listeria monocytogenes, and Salmonella typhimurium
bacteria to control the potential bacterial infections at the site
of surgical/scaffold implant.

Materials and methods
Materials

Poly (lactic acid) (PLA 4060D, pellet shape) was obtained
from Nature Works LLC. All the solvents were purchased
from Merck and used without further purification. They were;
chloroform (CHL, MA=119.38 g/mol), N, N
dimethylformamide (DMF, MA =73.09 g/mol) and tetrahy-
drofuran (THF, MA =72.11 g/mol). These solvents were se-
lected due to their similar solubility parameters to PLA.
Ceftriaxone disodium (C18H16N8 Na207S33.5H20, MA =
661.60 g/mol, CAS 104376-79-6) salt is a Hemi
(heptahydrate) - third-generation on cephalosporin antibiotic
supplied from Sigma-Aldrich. It is soluble in water and vari-
ous solvents from acetone to formamide [19].

Preparation and electrospinning of PLA nanofibers

The electrospinning process was carried out at 5, 8, and 12%
wt/v PLA polymer concentrations by using triple solvent
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systems at different ratios. Firstly, PLA particles were dis-
solved in CHL, and then DMF and THF were added to the
solution and stirred for 40 min. The amount of both PLA and
CHL was kept constant, and the polymer concentrations were
determined among the solvent ratio variations. The solvent
ratios of DMF, THF and CHL were changed as: 2:2:1 v/v
for 5% wt/v, 1:1:1 v/v for 8% wt/v and 0.5:0.5:1 v/v for
12% wt/v PLA polymer concentrations, respectively.
Electrospinning processes studies were carried out at different
voltages and flow rates. The voltages were changed from 10 to
15 kV, while the flow rates were varied from 0.5 to 1 mL/h for
production of PLA nanofibers. All the fibers were collected on
aluminum foil, and needle tip to collector distance was main-
tained as 15 cm. Ceftriaxone disodium (1% wt) was blended
into PLA polymer solutions with 5 to 8% wt/v PLA concen-
trations without any surfactant addition and stirred for 50 min
at room temperature. Drug blended PLA polymer solutions
were electrospun at 10 kV voltage with a 0.5 mL/h flow rate.
All electrospun fibers were dried under fume hood overnight
to remove solvent residue before the tests and
characterization.

Characterization

Morphological structures and fiber diameters of the produced
fibers were investigated with scanning electron microscopy
(SEM) (JSM 6335F - JEOL and JSM 6510LV — JEOL,
Japan). 2 cm x 2 cm large aluminum foils were cut and stuck
onto conductive carbon tapes. The surface of the samples was
coated with platinum by a sputter coater (Polaron SC7640,
Quorum Technologies, UK). The investigations were per-
formed at 10 kV accelerating voltage. The fiber diameters
and their size distributions were determined by using both
the JEOL and Image J (U. S. National Institutes of Health,
Bethesda, Maryland, USA) software.

The physical parameters of the polymer solutions such as
viscosity and surface tension were measured by using a vis-
cometer (DV-E, Brookfield AMETEK, USA), force tensiom-
eter (Sigma 703D, Attension, Germany). All the measure-
ments were repeated four times at ambient temperature
(25 °C). All pieces of the pieces of equipment were calibrated
prior to the measurements.

Antimicrobial analyzes

Agar disc diffusion assay test was used to evaluate antimicro-
bial activity. Media was prepared using nutrient agar poured
into petri dishes and inoculated with bacteria from the broth
using cotton swabs at 35 °C for 48 h. Sterile paper discs
impregnated with the 30 pl volume of samples were placed
into agar plate with a particular bacterium. After the incubated
at 35 °C and 24 h, the inhibition zone around the discs was
measured by using Image J software. In the experiments,

Escherichia coli, Bacillus cereus, Listeria monocytogenes,
and Salmonella typhimurium bacterial strains were used.

Statistical analysis

All the statistical analyses of the data were performed through
ANOVA by using the GraphPad Prism version § software
(GraphPad Software Inc., San Diego, CA, USA). The values
were given as; means =+ standard deviation (SD) and the sta-
tistical differences among them were analyzed by one-way
ANOVA and Tukey’s multiple comparisons tests. In all cases,
a value of P < 0.05 was considered statically significant.

Results and discussion
Effect of polymer concentration

Fiber diameter with a narrow size distribution, fiber uniformi-
ty, and continuity are some of the crucial factors required to
obtain a successful drug delivery system. To achieve these
targets, determination of the electrospinning conditions re-
garding the polymer type and the solvent systems are neces-
sary [6, 17, 37].

To figure out the effect of solution parameters on the fiber
formation, PLA polymer solutions electrospun at 10 kV and
0.5 mL/h voltage and flow rate values, respectively. The PLA
concentrations adjusted as 5, 8, and 12% wt/v by changing the
ratios of triple solvent components (Table 1). In Fig. 1. the
effect of PLA polymer concentration variations on morphol-
ogies, fiber diameters size with their distributions are given.
The morphological features of the PLA fibers revealed that
bead formation did not occur, and defect-free fibers were ob-
served for all PLA solution concentrations. However, fiber
diameters showed disparities and the average fiber diameters
were measured as: 303.00+69.74 nm for S1, 405.20 +
125.60 nm for S2 and 589.40 + 167.30 nm for S3 concentra-
tions. The fiber diameter increased with the PLA concentra-
tion increment similar to Herrero et al. [38] and Huang et al.
[33] results. These authors pointed out that the nanofiber di-
ameter variations were related to the solution jet size and the
polymer content in the jet. When the jet moved from a syringe
to the metal collector, it may or may not let split to form fiber
diameter differences. Even the split formation does not occur;
one of the crucial parameters on fiber diameter will be the
solution viscosity [14].

The solution viscosity values of the PLA nanofibers are
presented in Table 1. The increment of PLA concentrations
leads to an increase in solution viscosities from 94.40 +6.90
to 114.50 + 8.60 mPa.s. Generally, an increment in the solution
viscosity leads to an enhancement of fiber diameter [5, 39].
Also, Herrero et al. [38] and Huang et al. [33] demonstrated
that the viscosity of a solution obtained by dissolving a solid
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Table 1
before the electrospinning process

Sample codes for each varying polymer concentrations, solvent system, and ratios, viscosity, and surface tension values of prepared samples

Sample Codes Polymer Solvent System Ratios Viscosity (mPa-s) Surface Tension
Concentrations (% wt/v) (mN'm 1
CHL DMF THF
S1 5 1 2 94.40 £ 6.90° 30.06+2.214
S2 8 1 103.70 +8.50° 30.24+2.18"
S3 12 1 0.5 0.5 114.50 £8.60° 31.27+1.25%

A B Mean values followed by the same superscript letters are not significantly different (P > 0.05). Error bars: Mean and SD of 4 measurements for each

measurement

polymer in a solvent is proportional to the polymer concentra-
tion, and high polymer concentration enlarges the diameter of
the fiber. Our obtained results showed resemblance, and as the
polymer concentration increase, the fiber diameter increases.
Additionally, the physical properties of the solvents such
as; boiling point, viscosity, and surface tension effects not
only the electrospinnability of the polymer and but also influ-
ences the application areas of the fibers. Casasola et al. [31]
exhibited that chlorinated or fluorinated solvents are the com-
monly used solvent systems for PLA dissolution, and they
emphasize using a less toxic solvent system is critical for
medical applications especially, for tissue engineering issues.
In the present study, PLA was dissolved in a triple solvent
system known to have low toxicity. The boiling points of
CHL, THF, and DMF are; 61, 66, and 153 °C, respectively
[13]. Both CHL and THF have low boiling points, and during
electrospinning, they can evaporate rapidly and may induce
droplet formation or porous fiber structure occurrence. To

prevent the occurrence of these types of failures, due to its
high boiling point DMF, was added into the solution. Also,
ceftriaxone disodium is less soluble in DMF [40]. The boiling
point of the solvent influences not only the fiber formation but
also fiber diameter. Wannatong et al. [41] found out that the
fiber diameter decreases exponentially with the increase of the
boiling point of the solvent. Additionally, when the ratio of
DMF was decreased from 2 to 0.5 v/v, the PLA fiber diame-
ters increased. The reason for this increment can be explained
as; the solvent with a high boiling point evaporates slowly,
and during the formation of the jet, the viscoelastic properties
may cause a stretch by lowering the fiber diameter [7, 31]. The
other crucial parameter influencing both the morphology and
diameter of the PLA nanofibers is surface tension [31, 42].
In Table 1, the surface tension values increased slightly
with the increment of polymer concentration. High surface
tension may lead to an unstable jet formation or bead oc-
currence [31]. Unlike Fong et al. [42], surface tension
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Fig. 1 Scanning electron microscopy images of the PLA electrospun nanofibers (a, b, ¢), and fiber diameter frequency graphics (d, e, f) of S1 to S3,

respectively
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Table 2 Sample codes for each

varying polymer concentrations, Sample Codes PLA Polymer Voltage kV Flow Rate (mL/h) Average Diameter of

voltages, flow rates, and average Concentrations (% wt/v) PLA Fibers (nm)

diameter of PLA fibers
S1 A 5 10 0.5 303.30+71.88"
S1 B 5 10 1 341.70+75.29¢
S1.C 5 15 0.5 27430+ 54.63°
S1 D 5 15 1 324.10+80.28F
S2 A 8 10 0.5 407.10£93.25 2
S2 B 8 10 1 419.80+139.40 A
S2 C 8 15 0.5 403.50 + 146.60*
S2 D 8 15 1 411.10+103.104

Mean values followed by the same superscript letters are not significantly different (P> 0.05). Means not labelled
with the same letter are significantly different (P < 0.05). Error bars: Mean and SD of 100 measurements for each
measurement

increase enlarged the fiber diameters without bead forma-  morphology variations. However, it can be said that type of
tion. It is hard to generalize surface tension and the fiber  solvent determines the surface tension behavior [31].

Mean (nm) : 303.30|
Std. Dev. : 71.88
N:100

Mean (nm) : 407.10
Std. Dev. : 93.25
N:100

S D NI S O AR S »
ST SSSSS ST S S S

Fiber Diameter (nm) Fiber Diameter (nm)

Mean (nm) : 403.50)
Std. Dev. : 146.60
N:100

Mean (nm) : 274.30
Std. Dev. : 54.63
N:100

S & DS S
S .0 S Q.S ST ST S S
SIS S S S TSV S P

Fiber Diameter (nm) Fiber Diameter (nm)

Qi o
o
=

Mean (nm) : 419.80
Std. Dev. : 139.40
N:100

Mean (nm) : 341.70
Std. Dev. : 75.29
N:100

Frequency (%)

OISO
S & .0 OO D AN Q”
@.,p,.,@,&@@,\%@@\@ TSV P

Fiber Diameter (nm) Fiber Diameter (nm)

Mean (nm) : 324.10
Std. Dev. : 80.28
N:100

Mean (nm) : 411.10|
Std. Dev. : 103.10
N:100

Frequency (%)

T T T
ORI
ST S S S

ORI
SIS S S$

Fiber Diameter (nm) Fiber Diameter (nm)

Fig. 2 Scanning electron microscopy images of the PLA electrospun nanofibers (a, e, 1, m) for S1_A to S1_D, and (¢, g, k, 0) for S2_ A to S2 D, and
fiber diameter frequency graphics (b, f, j, n) for S1_A to S1 D, (d, h, 1, p) for S2_A to S2_D, respectively. The scale bars represent 1 pm
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Fig. 3 Relation between average
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calculated by one-way ANOVA
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ative expression **P < 0.001,
##%P < (.0001; Error bars: Mean
and SD of 100 measurements
with duplicates for each
measurement
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In Fig. 1, the PLA fibers electrospun with different polymer
concentrations showed cylindrical fiber formations.
Additionally, both the average diameters and the standard de-
viation of the fibers increased with the increment of the PLA
concentrations. To achieve a sufficient drug delivery system, a
narrow size distribution of the fiber with a large specific sur-
face area is preferable [13, 40, 43, 44]. Németh et al. [43]
calculated the specific surface area (SSA) of the cylindrical
fibers by measuring fiber diameters. They found out that the
fiber diameter increase reduces the SSA value regarding the
polydispersity index (PDI). We settled our results according to
this approach, and we found that the SSA values of S1 and S2
PLA fibers were higher than S3. Therefore, further studies
were carried out with S1 and S2 coded PLA polymer
concentrations.

Effect of electrospinning process parameters

In the electrospinning process, a stabilized Taylor cone can
be obtained by adjustment of flow rate and voltage.
Generally, low flow rate values provide convenience to
achieve a stable jet cone [29, 33]. However, Zargham
et al. [45] emphasized that a low flow rate may induce
small size droplet formation, and the jet may reduce owing
to the drawing capability of electric field strength. A
nonstable jet called receded jet can be formed inside the
needle without appearing a droplet or cone. These receded
jets can be incessantly replaced by cone, and large-sized
nanofibers can be formed during the electrospinning. On
the other hand, at high flow rates, aggregated fluid, and
unspun droplets can occur. Moreover, the fibers on the

collector can be taken without sufficient solvent evapora-
tion that may induce defect formation. The studies are car-
ried out by altering both the flow rate and the voltage
values by keeping the capillary-collector distance constant.
Table 2 and Fig. 2 exhibit the SEM images of PLA nano-
fibers electrospun at different flow rates as 0.5, and 1 mL/
h, and voltages as 10, and 15 kV.

The defects like a bead or unspun droplets are not ob-
served, and fibers formed like cylindrical shapes for all
electrospinning conditions. The applied flow rate may influ-
ence the shapes of the initiating droplet and causes the fiber
morphology variations. Also, the increment of the flow rate
induces a decrease in the area density of the fibers.

In Table 2, the measured average diameters of the fibers
concerning different flow rates, and PLA polymer concentra-
tions, are given.

PLA fibers coded S1_A to S1_D, influenced from process
parameter significantly (P < 0.05) higher than S2 coded fibers.
When the voltages kept constant, and the flow rate varied from
0.5 to 1 mL/h, all the average fiber diameters increased.
However, the increment of voltage from 10 to 15 kV induced
a reduction in fiber diameters. The reason for this diameter
decline can be explained as the increase of voltage may cause
a stretch on polymer solution correlated with the charge repul-
sion in the polymer jet. According to Table 2 and Fig. 2, the
lowest fiber diameter with small distribution was obtained for
S1 C as 274.30+54.63 nm. 8% wt/v PLA content fibers did
not show a significant (P > 0.05) attitude with process param-
eters, and the average fiber diameters were measured around
400 nm for all conditions. To determine electrospinning pro-
cess parameters, one-way ANOVA, and Tukey’s multiple

Table 3 Sample codes for each

varying polymer concentrations, Sample Codes ~ Polymer Solvent System ratios Viscosity (mPa's)  Surface Tension
solvent system, and ratios, Concentrations (% wt/v) (mN'm™)
viscosity, and surface tension CHCL DMF THF
values of drug blended samples
before the electrospinning process ~ S1_Drug 5 1 2 2 93.90+6.81 30.13+1.21

S2 Drug 8 1 1 1 103.90 +8.58 30.26+2.13

Error bars: Mean and SD of 4 measurements for each measurement
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Fig. 4 Average fiber diameters of 1000
pure and drug blended PLA
nanofibers and SEM images.
Error bar: Min to Max of 100
measurements with duplicates for 800+
each measurement. The scale bars z
represent 1 um £
s
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comparisons tests were done (Fig. 3). The obtained results
revealed that the significant variations were observed between
S1 A vs. S1 B and S1 B vs. S1_C. Therefore, 10 kV and
0.5 mL/h, values were selected as the optimum
electrospinning conditions.

L) I
S1 S1_Drug S2 S2_Drug

Drug addition

Blending is one of the old drug delivery methods, and still the
most preferred one, due to its low cost and easy application
[46]. In this study, ceftriaxone disodium is selected as an
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Fig.5 Scanning electron microscopy images of the drug blended PLA nanofibers; a SI_Drugb S2_ Drug, and ¢ and d fiber diameter frequency graphics

of S1_Drug and S2_Drug, respectively. The scale bars represent 1 pm
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T
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Fig. 6 Relation between average fiber diameters of pure and drug
blended PLA nanofibers. The differences were calculated by one-way
ANOVA and Tukey’s multiple comparisons tests. Rel. Exp. indicates
relative expression *P <0.05, and **P <0.001; Error bars: Mean and
SD of 100 measurements with duplicates for each measurement

S2 Drug

antibiotic drug, and 1% wt drug was blended into 5 to 8% wt/v
PLA concentration solutions without any surfactant addition.
The physical behavior of drug blended PLA solution viscos-
ities and surface tension values were measured and are given
in Table 3. Both the viscosity and the surface tension values
did not show significant (P > 0.05) variations with drug blend-
ed PLA solutions.

In Fig. 4, average fiber diameters of PLA and drug blended
PLA nanofibers are given with their SEM images.
Commonly, drug addition reduced the fiber diameter com-
pared to non-drug fibers. Zeng et al. [19] obtained similar
behavior about the diameter reduction, and they identify it
with the decrease of surface tension. In the present study,
surface tension showed not a direct reduction trend therefore
it is hard to make comment on this diameter attitude.

In Fig. 5, SEM images, and fiber diameter distribution of
the drug blended PLA nanofibers electrospun at different
polymer concentrations are shown. The morphological inves-
tigation exhibited that, some undissolved drug particles were
formed on the fiber surfaces of the drug blended 5% wt/v.
PLA concentration (Fig. 5a). The reason for this particle oc-
currence may depend on the solubility and conformity of the
drug in the drug-polymer-solvent system. Commonly, hydro-
philic drugs encapsulated within hydrophilic polymers, while
hydrophobic drugs showed better release performance in hy-
drophobic polymers [13]. PLA categorized in hydrophobic
polymers, however, ceftriaxone disodium classified as a hy-
drophilic drug with the solubility order increasing from ace-
tone to DMF [40]. During electrospinning, the solution jet
elongated to form a fiber by removing the solvent immediate-
ly, and this may cause the remaining of the drug with PLA.
Additionally, the amount of DMF was high in S1_D, and this
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may lead to an inadequate solution of the drug particles.
However, at drug blended 8% wt/v. PLA concentration suffi-
cient drug solubility was achieved without any drug particle
occurrences (S2_D). Also, the relation between pure and drug
blended PLA nanofibers were analyzed by one-way ANOVA
and Tukey’s multiple comparisons tests (Fig. 6). S2 and
S2 Drug fibers showed significantly (P < 0.05) higher dime-
ter variations than S1 and S1_Drug.

Antimicrobial activity

The antimicrobial performance of drug blended 8% wt/v PLA
concentrations evaluated both qualitatively and quantitatively
against model organisms by using the agar disc diffusion
method. The antimicrobial test steps involved as; bacterial
culture preparation, drug blended nanofibers connection with
bacteria, and antimicrobial activity evaluation. The antimicro-
bial activities of non-drug and drug blended PLA nanofibers
were investigated on Gram-positive; B. cereus and
L. monocytogenes and Gram-negative; E. coli and S. typhi
bacterial strains. Antimicrobial analyzes of the control group,
PLA solvents, PLA and the drug blended PLA are shown in
Fig. 7. Inhibition of microbial growth was not observed in the
control group, solvents and PLA solution, whereas microbial
inhibitions were observed for drug blended fibers. The inhibi-
tion zones were measured as: 28.33 +1.44, 7.84 +£0.28,23.16
+1.89, and 22.66+0.76 mm, for E. coli, B. cereus,
L. monocytogenes, and S. typhi, respectively.

In Fig. 8. Drug zone variations according to bacteria types
are given. Drug blended PLA nanofibers showed antimicro-
bial activity against all of the bacteria. Especially, they had
significantly (P <0.0001) higher antimicrobial activity to
Escherichia coli. The drug has a lethal effect by inhibiting cell
wall synthesis in bacteria by binding to important target pro-
teins used in the treatment of susceptible microorganisms
infections.

Conclusion

This study exhibited the importance of electrospinning param-
eters on PLA fiber production for drug delivery. PLA nanofi-
bers were produced by using the triple solvent system and the
influence of both solution and production parameters were
investigated in detail. PLA polymer concentrations were des-
ignated form 5 to 12% wt/v by solvent ratio variations of
CHL, DMF and THF. The electrospinning processes param-
eters were investigated with small variations (the voltage from
10 to 15 kV; the flow rate from 0.5 and 1 mL/h). The optimum
production conditions were achieved at 10 kV and 0.5 mL/h.
At 5 and 8% wt/v PLA concentrations, the average nanofiber
diameters were measured as 303.00 +69.74 and 405.20 +

125.60 nm, respectively. Additionally, (1% wt) ceftriaxone
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Fig. 7 Photographs of agar plates cultivated with E. coli (ATCC 25922), B. cereus (RSKK 9637 ATCC 11778), L. monocytogenes (ATCC 13932), and
S. typhimurium (ATCC 14028) treated with PLA+ Drug, PLA, solvent and control samples

disodium was blended into PLA solvents, and electrospun.
The morphological investigations revealed that at 8% wt/v
drug blended PLA concentrations, homogeneous fiber forma-
tion with good drug distribution was obtained. The antimicro-
bial attitude of 8% wt/v drug blended PLA nanofibers exhib-
ited stronger antimicrobial activity against Escherichia coli.
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