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Abstract: Drug delivery for neuroprotection/neuroregeneration after traumatic peripheral nerve injuries still remains a
challenge. For this purpose, we formulated composite nanofiber formulation for the dual local delivery of alpha lipoic acid
(ALA) and atorvastatin (ATR) to enhance regeneration process after peripheral nerve injury. The initial stage involved
encapsulation of ATR into nanosprayed chitosan (CH) nanoparticles after which the CH nanoparticles were embedded into
poly(lactic-co-glycolic acid) (PLGA) nanofibers containing freely dispersed ALA within the fiber structure. Morphology
investigations revealed that smooth and randomly aligned nanofibers with mean diameter of 340±69 nm were formed.
Encapsulation efficiency for ALA and ATR were calculated as 92.76±3.53 % and 89.27±5.053 %, respectively. Differential
Scanning Calorimetry and FT-IR analysis confirmed successful encapsulation of ALA and ATR into the composite
nanofibers; however, XRD results indicated surface localization of ALA within the structure. Porosity and pore volume of the
nanofibers increased in accordance with increase in density of the electrospunned solution. Similarly, mechanical strength of
the nanofibers was found to increase significantly following the incorporation of ALA and ATR with respect to the unloaded
nanofibers (p<0.05). Dual release of ALA and ATR in different fashions was confirmed by in-vitro release test of the
nanofibers. For ALA, an immediate release percentage of 83.90 % within the first hour was observed. On the other hand,
ATR exhibited a three-stage release profile which begins with a relatively lower initial release (22.07 %) in comparison to
ALA followed by an increasing release (82.439 %) up to 150 h. According to cell viability results, blank and loaded
formulations were found to have no cytotoxic effect on both L-929 and B35 cell lines after incubation for up to 48 h. Based
on this, composite PLGA nanofibers could be classified as suitable candidates for long-term and local delivery of
neuroprotective drugs in peripheral nerve injury.
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Introduction

Electrospinning is a process used to manufacture nanofibers
with diameters varying from 3 nm to >5 μm, through an
electrically charged jet of polymer solution or melted
polymer [1]. It is a very simple and flexible technique that
enables adjustment of process parameters according to the
desired properties. Resulting nanofibers with unique
characteristics possess very large surface area to volume
ratio (for instance, nanofibers with ~100 nm diameter have a
specific surface of ~1000 m2/g). In addition to their small
pore sizes, properties such as low density, remarkably high
porosity, flexibility in surface functionalities, superior
mechanical performance, high drug loading capacity and
high stability highlights that nanofibers are suitable
candidates for controlled drug delivery [2,3]. Electrospun
nanofibrous formulations have been designed for local and
targeted delivery purposes, particularly in cases such as
anticancer drug delivery [4], antibiotics for wound dressing
application [5], local delivery of antibiotics other than

wound-dressing purposes [6], delivery of non-steroidal anti-
inflammatory drugs [7] and bioactive agents [8].

Recently, there has been an advanced technological
development that comes with improvement in electrospinning
techniques as expected. These new approaches in elec-
trospinning such as single-fluid process [9-11], double fluid
coaxial [12], side-by-side [13] processes, tri-axial electrospinning
[14], and multifluid electrospinning process [15], has
brought new sight to the development of core-shell [16],
Janus [17], and multi-layer nanostructures [18]. Not only the
new electrospinning techniques, but the development in the
other areas as well have created new application areas one of
which is drug delivery [19]. The nanofibers from a single-
fluid process for drug delivery purposes has become one of
the most popular application areas with promising clinical
outcomes in the future for the treatment of various diseases
[20].

In electrospinning technique, drug loading approaches
(coating, embedding and encapsulating) affect the pattern of
the release profile of nanofiber formulations due to
modifications in morphology and composition of the
nanofiber formulation [21]. Most of the studies on polymeric*Corresponding author: ehakan@hacettepe.edu.tr
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nanofiber formulations are mainly focused on embedding
only one active ingredient and controlling its release
characteristics. On the other hand, for the improvement of
treatment efficacy and therapeutic outcome, combination
therapy attracts the interest of researchers and for this
reason, impressive numbers of studies have demonstrated
the effectiveness of combination drug therapies with
programable release of drugs. For instance, in a study carried
out by Luo et al., combretastatin A-4 (CA4) (a vascular

disrupting agent) and hydroxycamptothecin (HCPT) (a
chemotherapeutic drug) have been combined in a single
electrospun fiber formulation for investigation of antimetastatic
and antitumor therapeutic efficacies. After providing
sequential release, CA4/HCPT-loaded fibers yielded improved
antitumor efficacy and survival rates [22]. In another study
by Su et al., a different combination strategy has been
applied for the preparation of bone morphogenetic protein-2
(BMP-2) and dexamethasone (DEX). Core-shell electrospun
nanofibers have been prepared to combine BMP-2 and DEX
by using poly(l-lactide-co-caprolactone)/collagen for use in
bone tissue engineering [23]. However, incorporation of
different drugs with different intrinsic properties in nanofiber
formulation needs appropriate polymers and solvent system
combinations, otherwise it may limit the simultaneous
multiple-drug delivery [24]. Furthermore, independent
controlled release of drugs in an intermittent and sequential
manner is the most important challenge to be optimized
during combination formulation approach. 

Alpha lipoic acid (1,2-dithiolane-3-pentanoic acid) (ALA)
is a natural antioxidant and its neuroprotective effect was
evaluated previously by several research groups. Toklu et al.
investigated the neuroprotective effects of ALA in the rat
model of spinal cord injury. It has been reported that ALA
exerts its neuroprotective effect by inhibiting lipid
peroxidation, glutathione depletion and DNA fragmentation
[25]. In another study, the antioxidant effect of ALA in the
sciatic nerve crush injury in a rat model was investigated and
the results showed that ALA significantly reduced the
oxidative stress [26]. 

It is well-known that atorvastatin calcium (ATR), a BCS
class II drug, competitively inhibits HMG-CoA reductase
interference in the biosynthesis of cholesterol thereby
reducing the plasma lipid level. Thus, this drug is recommended
as the first-line therapy of hyperlipidemia and atherosclerosis
[27]. The result of many research studies indicated that ATR
also exerts anti-inflammatory, antioxidant and neuroprotective
effects beyond its anti-cholesterol effect. In this context,
various animal models in the literature have been addressed
on the neuroprotective effects of ATR. For example, Nacar
et al. [28], investigated the anti-inflammatory effect of ATR
on rat spinal cord injury model. Similarly, Eroglu et al. [29],
also evaluated the neuroprotective efficiency of ATR
chitosan microspheres in an experimental spinal cord injury
model. Furthermore, the work of Pan et al. [30] proved the

neuroprotective effect of ATR in an experimental model of
nerve crush injury; and the results indicated that ATR
improved injury induced neurobehavioral-electrophysiological
changes and axonal loss. Another interesting study that shed
light on the considerable neuroprotective effect of atorvastatin
on the neurological, biochemical and histopathological
status of rabbits with ischemia-induced spinal cord injury is
presented by Nazli et al. [31].

In this study, we planned to benefit from the neuroprotective
effects of ATR and ALA as active pharmaceutical ingredients
(APIs) for the treatment of peripheral nerve injury.
Peripheral nerve regeneration takes a long time and there is
no proper treatment for the complete and fast recovery of
this clinical situation. Therefore, the proper way to address
this unmet medical need would be to design an advanced
drug delivery system containing agents that will stimulate
nerve regeneration while maintaining the desired drug
concentration at the site of action for a long period of time.
For this purpose, we tried to combine multi-technologies
(nanospray and electrospinning) in a single formulation, thus
benefiting from the single-fluid processing for a special in-

vivo application. At the first step, ATR loaded CH
nanoparticles were prepared using nanospray drying method
and afterwards they were embedded into ALA containing
PLGA nanofibers in order to fabricate composite nanofibers.
Thus, the perspective here was to achieve a final formulation
that maintains a relative rapid release of free ALA from
nanofiber matrix (for starting neuroprotection through
attenuation of mitochondrial dysfunction) followed by
subsequent release of ATR from CH nanoparticles after the
erosion of PLGA matrix structure. This formulation was
developed for dual and localized delivery of ALA and ATR
as neuroprotective agents in order to accelerate regeneration
process of peripheral nerve injury.

Experimental

Materials

Atorvastatin calcium (Cadila Pharmaceuticals Ltd., India)
(ATR) was obtained as a gift from Biofarma Pharmaceuticals
(İstanbul, Turkey). Alpha Lipoic acid (ALA), Chitosan (CH)
low molecular weight (50,000-190,000 Da, 75-85 %
deacetylated), poly(D,L-lactide-co-glycolide) (PLGA) (50:50,
molecular weight 38,000-54,000), polyethylene glycol
(PEG) (molecular weight 3,600-4,400), and Dulbecco’s
Modified Eagle Medium (DMEM) were purchased from
Sigma Aldrich (St. Louis, USA). Trypsin-EDTA, Fetal
Bovine Serum (FBS) were purchased from Capricorn
Scientific, Penicillin-Streptomycin was purchased from
Biochrom (Berlin, Germany). L-929 fibroblastic cell line
(NCTC clone 929) was purchased from American Type
Culture Collection (Manassas, VA) and B35 neuroblastoma
cells line was kindly donated by Prof. Dr. Ismet Deliloglu
Gurhan, Ege University. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
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diphenyl-2H-tetrazolium bromide (MTT) was purchased
from AppliChem (Darmstadt, Germany). All other
chemicals like tetrahydrofuran (THF), dimethylformamide
(DMF) and ethanol, which were used for preparation of
nanoparticles, composite nanofibers and quantitative
analyses were of analytical grade and used without further
purification.

Preparation of Atorvastatin Calcium Loaded Chitosan

Nanoparticles 

As previously described [32], ATR loaded CH nanoparticles
were prepared using the nanospray dryer B-90 (Büchi,
Switzerland). Briefly, for preparation of drug loaded
nanoparticles, CH solution (1 % w/v) of two molecular
weights (low and medium) was prepared in 1 % (v/v) acetic
acid solution. At the second step, predetermined amount of
ATR was accurately weighed and dissolved in methanol and
then polyethylene glycol (0.5 %-w/v, as a surfactant) was
added and the mixture was vigorously vortexed. ATR
solution was mixed with CH solution and the final solution
was spray dried for the preparation of CH nanoparticles. The
nanospray drying variables were optimized over 12 formulations
and based on the prior experiments, independent variables
for nanospray drying process was the spray cap size (4.0, 5.5
and 7.0 mm). All other parameters were kept constant
through the fabrication process as inlet temperature: 120 °C;
outlet temperature: 56 °C; polymer solution flow rate: 4 %;
aspirator: 100; spray head temperature: 107 °C; compressed
gas flow: 140 l/min; and pressure: 55 bar. For the nanoparticle
formulations, independent variables were set as CH
concentration [0.002 %, 0.003 %-0.004 %-(w/v)] and ATR
concentration [20 %-30 %-40 %-(w/w)] [32]. (Additional
information on CH nanoparticles are available in the
supplementary files)

Preparation of Composite Nanofibers 

In the first step of the nanofiber preparation process,
certain amount of PLGA 20 % (w/v) and ALA 5 % (w/w)
(depending on the polymer portion) was weighed accurately.
ALA was dissolved in the organic solvent system
[THF:DMF:Ethanol (50:35:15-v:v:v)]. The stirring on a
magnetic stirrer was continued at ambient temperature in the
absence of light until complete dissolution of ALA was
achieved. Subsequently, PLGA was added to the solution
and dissolved until homogeneous solution was obtained.

In the second step, CH nanoparticles [5 % (w/w) with
respect to the PLGA amount] were dispersed in one portion
of the solvent system containing PLGA and ALA with the
aid of an ultrasonic homogenizer probe at 20 % power for 20
seconds. Afterwards, the resulting nanosuspension was
added dropwise into the other portion of solvent system
containing PLGA and ALA by vigorous stirring on a magnetic
stirrer. Stirring was continued until CH nanoparticles were
distributed uniformly in the solution containing the PLGA

and ALA. The resulting solution containing nanoparticles
was transferred into a 10 ml syringe which was fixed
horizontally on the syringe pump (NE-1000 Programmable
single syringe pump) and the electrospinning process
parameters (Inovenso Ne300 Electrospinning Machine)
were adjusted as follows; flow rate=0.5 ml/h, applied
voltage=22 kV and nozzle tip to collector distance=18 cm.
Randomly orientated fibers were collected on the surface of
rotating drum collector (300 rpm) that has been covered by
aluminum foil.

Characterization of Electrospun Composite Nanofiber

Formulation 

Morphology 

The surface morphology of the PLGA/CH electrospun
composite nanofiber was investigated with Scanning
Electron Microscopy (SEM) (FEI, Quanta 400F, Holland) at
a voltage of 20 kV. Prior to analysis, the samples were
mounted on aluminum stubs and sputter-coated with gold
palladium (AuPd) under an argon atmosphere. The average
diameters of the resulting nanofibers were measured using
Image J software. Minimum 100 nanofibers were randomly
selected from SEM images and analyzed. 

The distribution of CH nanoparticle in PLGA nanofibers
were characterized by Transmission Electron Microscopy
(TEM) analysis at 120 kV. For this purpose, cupper grids
were fixed on the collector part of the electrospinning device
and nanofibers were collected on the surface of cupper grids
for 20 seconds. Afterwards the grid was removed and the
morphology of nanofibers were investigated by TEM (JEM-
1010, JEOL, Tokyo, Japan). 

Encapsulation Efficiency 

In order to determine the encapsulation efficiency (EE) of
ALA and ATR, nanofibers were cut into small pieces,
precisely weighed and dissolved in 1 ml dichloromethane
(DCM) in a vial with 10 ml volume. Then 1 ml acetic acid
solution 1 % (v/v) and 3 ml MeOH were added into the vial
and vortexed for 5 minutes. The extraction process was
followed by sonication in water bath for 10 minutes.
Afterwards, DCM was evaporated with the help of mild
stirring on the magnetic stirrer at room temperature. The
solution was filtered through 0.45 µm polytetrafluoroethylene
(PTFE) filter. The amounts of ALA and ATR in PLGA/CH
electrospun nanocomposite were determined through
analyses of the samples with the developed HPLC method
[33]. For simultaneous quantification of ALA and ATR from
the samples, HPLC conditions were set as follows: The
optimum set of conditions for the simultaneous analysis of
ATR and ALA was determined as follows: a reverse phase
Inertsil ODS-3 C18 column (5 mm; 150×4.6 mm i.d.) that is
conditioned at 40 oC; the mobile phase consisting of a
mixture of 50 mM pH 4.5 sodium dihydrogen phosphate
buffer and acetonitrile (55:45, v/v); the mobile phase was
pumped at a flow rate 1.0 ml/min; total injection volume of
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the samples was set as 20 ml and finally detection wavelength
was set as 212 nm for ATR and ALA. The EE values of
drugs were calculated using the following equation:

Encapsulation efficiency (%)=

Differential Scanning Calorimetry Analysis (DSC) 

DSC analysis was accomplished for the evaluation of
thermal characterization of all components of PLGA/CH
electrospun composite nanofiber formulation. DSC analysis
was performed using DSC Q 100 (TA Instruments, USA)
instrument. For this purpose, a standard aluminum sample
pan was used. In brief, accurately weighed (3-5 mg) samples
were placed in a standard aluminum pan and sealed with the
aluminum cap. During the analysis, thermograms were
recorded by heating the samples under the nitrogen
atmosphere (50 ml/min) at a rate of 10 °C/min over a
temperature range of 30-350 °C.

X-ray Diffraction Analysis (XRD)

In order to characterize the solid-state transformations,
ATR loaded CH nanoparticles, pure ATR, pure ALA, and
loaded electrospun composite nanofiber formulations were
analyzed using X-ray diffractometry, which is one of the
crystallographic methods. Rigaku Ultima IV (Texas, USA)
diffractometer was used for this purpose. The XRD analysis
was performed at 40 kV and 30 mA and using Cu Ka (λ=
1.5406 A°) radiation, and the scan was performed from 3 °
to 90 ° with a speed of 1 min-1.

Fourier Transform Infrared Spectroscopy-FTIR

Chemical characterization of ALA, ATR, PLGA, CH,
unloaded electrospun composite nanofiber formulation and
ALA/ATR loaded formulation were evaluated by FTIR
(Thermo Nicolet is50). For this purpose, samples were
scanned at an IR wavelength range of 650-4000 cm-1 and the
results were expressed by subtracting the background
spectrum from IR signals. 

Texture Analysis

The Texture Analyzer was utilized for measuring the
mechanical resistance of the PLGA/CH electrospun composite
nanofiber formulations. For this purpose, samples having a
dimensional size of 1 cm×3 cm (width×length) were cut
from nanofiber sheets (n=3). Afterwards, the samples were
vertically placed between vice grips of Texture Analyzer
(TA-XT Plus, Stable Micro Systems, Surrey, UK) that was
equipped with 500 g load cell. The samples were then pulled
with a rate of 1 mms-1 to a distance of 60 mm before
returning to the initial point and the force required to break
the nanofiber structure was determined [34-36]. Texture 4.0
ExponentTM software was used for analysis of the tensile
strength.

Porosity Measurements

The porosity of the composite nanofiber formulation was

measured with Quantachrome Corporation Poremaster 60
(Florida, USA) convex porosimeter. This device operates
according to the physical principle that an unabsorbable and
unreactive liquid enter into small pores unless adequate
pressure is applied. The relationship between the applied
pressure and the pore diameter is obtained by the Washburn
equation:

D = (−4γ cosθ)/P

where P is the applied pressure, D is the pore diameter, γ is
the surface tension of the mercury, and θ is the contact angle
between the mercury and the pore wall (usually 140 °). It is
used to generate pore size/volume distributions from
mercury intrusion doses.

In-Vitro Release of ALA and ATR from Electrospun

Composite Nanofibers

Composite nanofibers were cut into regular square pieces
(1 cm2; n=3) for the in-vitro release experiments. The release
characteristics of ALA and ATR from PLGA/CH composite
nanofibers were evaluated by inserting pieces of composite
nanofibers (2.2 mg) in 20 ml of phosphate buffer solution
with pH 6.8 (prepared according to USP) as release medium.
The test was conducted in a horizontal shaker water bath at
37±0.5 oC and 100 strokes per minute. 1 ml of samples were
withdrawn at the predetermined time intervals (1, 4, 8, 19,
29, 77, 101, 125, 150, 175, 200, 225 h) and the same amount
of fresh medium was added back for maintenance of sink
conditions depending on the saturation solubilities of ALA
and ATR in release medium according to the Noyes-
Whitney equation (maximum Ct=0.3×Cs, where Ct is the
concentration at time t and Cs is the saturation solubility)
[37,38]. After filtration, the samples were analyzed by
previously developed HPLC method [33]. The results were
expressed in terms of cumulative released percentage as a
function of time.

Cytotoxicity Studies of PLGA/CH Electrospun Composite

Nanofibers 

L-929 mouse fibroblast and B35 neuroblastoma cell lines
were used for biocompatibility assessment of the composite
nanofibers. The cells were grown in DMEM (High Glucose,
4 mM L-glutamine and sodium pyruvate) supplemented
with 10 % FBS and 1 % Penicillin-Streptomycin (10,000 U/
10,000 mg/ml) in an incubator with 5 % CO2 at 37 °C. For
the assessment of cytotoxicity, the cells were seeded in 96
well plates at a concentration of 5×103 cells/well and
cultured overnight before application. The biocompatibility
of prepared formulations was determined through indirect
method. The extraction of formulations in PBS was prepared
by sonication and extensively vigorous stirring on magnetic
stirrer for three days. The extracts were filtered (0.45 μm
pore size) and the amount of ALA and ATR in the samples
were analyzed by HPLC. Before application, the samples
were filtered through 0.22 μm membrane filter and diluted
with cell culture media to give final ATR/ALA concentrations

Practical amount of drugs within nanocomposite
 ×100

Initial drug amount
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in nanofibers.
After incubation with nanofiber formulations, cell

viability was assessed using MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide) method. Briefly, after
the predetermined incubation times, 5 mg/ml of MTT was
added to per well to give final concentration of 1 mg/ml and
incubated at 37 oC for 4 hours. The formazan crystals
produced in wells containing live cells were dissolved by
overnight incubation with 23 % sodium dodecyl sulphate
(SDS). The optical density was measured with ELISA
microplate reader (Molecular Devices, Silicon Valley, CA)
with a test wavelength of 570 nm and a reference wavelength of
650 nm. All cell viability results were expressed as normalized
values against the controls of the used solvents.

Results and Discussion

Preparation of CH Nanoparticles and Composite Nano-

fibers Containing ATR and ALA

ATR loaded CH nanoparticles have been prepared based
on the optimized process parameters such as CH molecular
weight, concentration, ATR concentration and spray cap size
predetermined from previous detailed optimization process
of the nanospray drying method [32]. After extensive
investigation of the results, F4 formulation with the process
parameters of CH (low molecular weight) concentration=
0.003 (w/v%), ATR concentration 20 % (w/w) and spray cap
size=4 µm was selected for further experiments. The main
reason for this selection was due to the suitable particle size
distribution and in-vitro release time for ATR, which were
determined as 516.5±59.48 nm and 70 % cumulative release
within 200 hours as well as lack of cytotoxicity on B35 and
L-929 cell lines. 

Composite nanofibers loaded with ALA and ATR
incorporated CH nanoparticles were prepared by electrospinning
method. The most challenging part of electrospinning was
the incorporation of CH nanoparticles into the polymer
solution containing ALA. The main reason for this obstacle
was the change of solution viscosity owing to the
incorporation of nanoparticles. In the electrospinning method,
molecular weight of PLGA, concentration of PLGA, organic
solvent composition and ratio, the applied voltage and
finally, the distance between nozzle and collector were
determined as major parameters that significantly affect the
properties of resulting composite nanofibers. In order to
elucidate these effects, the nanofiber formulations were
initially optimized before the incorporation of CH nanoparticles;
the optimum formulation was determined and the CH
nanoparticles were included at the final step. 

Molecular weight of PLGA significantly affected the
formation of nanofiber structure. In the case of low
molecular weight (24,000-38,000), electro-nanoparticles and
microparticles were formed instead of nanofibers. All other
parameters being constant, the gradual increase in the

molecular weight of PLGA up to 38,000-54,000 resulted in
the formation of nanofibers. Further increase in the
molecular weight (54,000-69,000) of PLGA also increased
the diameters of the nanofibers as shown in Figure 1.

Characterization of Composite Nanofiber Formulation 

Morphology of Composite Nanofiber Formulation 

According to data from characterization of CH
nanoparticles, F-4 formulation was predetermined as the

Figure 1. SEM images of experimental trials for preparation of

PLGA nanofiber formulations with different molecular weight

PLGA polymer; (a) 24,000-38,000, (b) 38,000-54,000, and (c)

54,000-69,000.
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suitable composite nanofiber formulation due to its lower
burst release and small particle size distribution [32]. Using
single nozzle electrospinning method, randomly aligned
nanofibers having smooth surface with mean diameter of
340±69 nm were prepared from PLGA solution containing
suspended CH nanoparticles. As shown in Figure 2(a), the
SEM images proved that electrospun composite nanofibers
were prepared from the mixture of PLGA and ALA blend

solution containing ATR loaded CH nanoparticles, where the
core-sheath structure was made of CH nanoparticles as a
core, while the PLGA layer forms the sheath of nano-
composite structure. The CH nanoparticles were completely
embedded in PLGA nanofibers, and even nanoparticles with
diameter bigger than nanofiber diameter were not exposed
on the surface of nanofibers. Furthermore, distribution and
encapsulation of the CH nanoparticles were clearly observable
in TEM images (Figure 2(b) and (c)). The uniform re-
dispersion of nanoparticles into composite nanofibers is still
a challenge in this novel drug delivery system. 

Encapsulation Efficiency 

Encapsulation Efficiency (EE) of PLGA/CH electrospun
composite nanofibers was calculated over 3 replicates. EE

Figure 2. Microscopy images of PLGA/CH electrospun

composite nanofibers; (a) scanning electron microscopy image

with ×20.000 magnification ratio, (b and c) transmission electron

microscopy images with two different scale bars as 200 nm and

100 nm, respectively. 

Figure 3. DSC thermograms of (a) pure ALA, (b) pure ATR, (c)

blank PLGA/CH composite nanofiber, and (d) ATR and ALA

loaded PLGA/CH composite nanofiber. 
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values of ALA and ATR were calculated as 92.76±3.53 %
and 89.27±5.053 %, respectively. The results clearly indicate
that both of the APIs were loaded into composite nanofibers
at a high ratio. 

Differential Scanning Calorimetry Analysis-DSC 

DSC thermograms of the unloaded and loaded PLGA/CH
electrospun composite nanofiber formulations and components
are shown in Figure 3. In the DSC thermogram of ALA
(Figure 3(a)), a sharp endothermic peak at 62.55 °C was
observed. Similarly, three endothermic peaks at 97.20 °C,
156.05 °C, and 227.14 °C were recorded in the DSC
thermogram of ATR (Figure 3(b)). However, the DSC
thermogram of loaded PLGA/CH electrospun composite
nanofiber formulation revealed that the endothermic peaks
of ALA and ATR, which were the APIs, disappeared after
the preparation of the loaded electrospun composite
nanofiber formulation (Figure 3(d)). This illustrates the

successful encapsulation of the active ingredients in the
formulation.

X-ray Analysis

The results of X-ray analysis demonstrated that ALA and
ATR were in the crystal form (Figure  4). In the unloaded
formulation, PLGA exhibited amorphous nature and after
loading the active ingredients (ALA and ATR), some peaks
that may possibly belong to ALA crystals were observed in
diffractograms, which indicated the possible surface
localization of ALA.

FT-IR Analysis

FT-IR spectra of pure ALA, pure ATR, pure CH, pure

Figure 4. (a) XRD diffractogram of pure ALA, (b) pure ATR, (c)

empty PLGA/CH electrospun composite nanofiber formulation,

and (d) loaded PLGA/CH electrospun composite nanofibers

formulation. 

Figure 5. (a) FTIR spectra of pure ALA, (b) pure ATR, (c) pure

PLGA, (d) pure CH, (e) empty PLGA/CH electrospun composite

nanofiber formulation, and (f) ATR and ALA loaded PLGA/CH

electrospun composite nanofiber formulation. 
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PLGA, empty PLGA/CH electrospun composite nanofiber
formulation, and drug loaded PGLA/CH electrospun
composite nanofiber formulation are represented in Figure 5.
When the FT-IR spectra of ALA was examined, the C=O
stretching peak at 1700 cm-1 and the C-H stretching peak at
1469 cm-1 were found to be specific for ALA. ATR, another
active substance of formulation, showed peaks at 1649 cm-1,
1320 cm-1, and 1216 cm-1 which are attributed to the
stretching of the C-O, C-N, and C-F bonds, respectively. The
disappearance of peaks at 3671 cm-1 and 3367 cm-1 of ATR’s
FI-TR spectra after the encapsulation of ATR with
composite nanofiber formulation suggested that ATR was
successfully encapsulated. When the empty formulation and
loaded formulation were compared, the shoulder at 1760 cm-1

indicated ALA was localized to the nanofiber surface. It has
been shown that both APIs were successfully encapsulated
based on the fact that the spectra of loaded nanofiber, empty
nanofiber and PLGA spectra are all similar, and that the
above-mentioned specific peaks do not appear on these
spectra.

Porosity Measurements

Based on these porosity measurement results (Table 1), it
could be seen that both the porosity ratio (%) and the pore
diameters increased in accordance with the increase of
concentration of the electrospinning solution due to the
addition of the active pharmaceutical ingredients in
composite nanofiber formulations (p<0.05). These findings
are in accordance with the previous literature data indicating
that alterations in electrospinned polymer concentration
results in increase in both nanofiber diameter and pore size
[39].

Texture Analysis

The mechanical properties of the formulations were
investigated using Texture Analyzer for unloaded and API
loaded formulations. It was observed that the mechanical
strength of the composite nanofiber formulation was
increased statistically in the presence of ALA and ATR.
According to the results, blank formulation has lower
mechanical resistance in comparison to API loaded formulation
(p<0.05) (Figure  6). The tests were performed in accordance
to the procedures in literature [34-36]. The small values of
tensile strength could be interpreted as the tensile strength of
PLGA nanofibers were expected to differ according to the
lactic to glycolic acid ratios [40], and the mechanical
strength was reported to be decreased with the addition of
different structures such as carbon nanotubes or mesoporous
silica nanoparticles to the structure of the nanofibers [41,
42]. 

In-Vitro Release Studies of ALA and ATR from Composite

Nanofiber Formulation 

In-vitro release studies were performed in pH 6.8 PBS
(37±0.5 oC and 100 rpm) in a water bath equipped with a
horizontal shaker in 3 glass vials and continued up to 225 h.
At each predetermined time point, 1 ml sample was
withdrawn and for maintenance of sink conditions, fresh
medium of the same volume was added immediately. As
expected, the CH/PLGA composite nanofiber formulation
demonstrated a typical dual release profile of ALA and ATR
as shown in (Figure 7). ALA and ATR have different release
characteristics whereby ALA was revealed to have an
immediate release percentage of 83.90 % within the first
hour, which was sustained up to 8 h. On the other hand, ATR
exhibited a three-stage release profile which began with a
relatively lower initial release (22.07 %) in comparison to
ALA and followed with an increasing release (82.439 %) for
up to 150 h. After 150 h, the release of ATR remained in a
sustained fashion. The possible explanation of the different
release profile of ALA and ATR from nanocomposite may
be because of the higher polarity of ALA, which lead to
positioning of ALA near to the surface or on the surface of
the PLGA nanofiber as a result of uneven distribution
throughout the nanofiber matrix [43]. In addition, ATR has
more possible hydrogen binding sides where it can form
strong interactions with the CH polymer. On the other hand,
ATR containing CH nanoparticles were embedded into the
nanofibers rather than on the surface of the fibers. The
obtained results complied with the results reported by
Eroglu et al. [33]. In case of composite nanofibers, since
ATR is individually encapsulated within CH nanoparticles
and these nanoparticles are embedded within the nanofiber

Table 1. Porosity measurement data of composite nanofiber formulation

Formulation Porosity (%) Pore volume (ml)

Empty CH/PLGA composite nanofiber formulation 16.945±0.157 0.481±0.013

ALA and ATR loaded CH/PLGA composite nanofiber formulation 20.627±0.102 1.085±0.026

Figure 6. Mechanical strength of loaded formulation and blank

formulation (mean±SD, n=3). Ld F: loaded formulation; Bk F:

blank formulation 
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structure, no burst release for ATR has been observed; hence
up to 101 hours ATR release was fitted to zero order release
at a constant rate and after this time point sustained release
has been observed up to 225 hours. These results confirmed
successful encapsulation of CH nanoparticles inside 3D
matrix of PLGA nanofibers that resulted in a perfect dual
carrier system for ATR for prolonging its release [43].

Cytotoxicity Studies of PLGA/CH Electrospun Composite

Nanofiber 

The biocompatibility of composite nanofiber formulation
was assessed using both fibroblast (L-929) and neuroblastoma
(B35) cell lines to figure out its potential as a drug delivery
system in vitro, and the suitable doses for in vivo studies
were evaluated. According to cell viability results, blank and
loaded formulations had no cytotoxic effect on both L-929

and B35 cell lines after incubation for up to 48 h. The
viability percentage for L-929 cell line (Figure 8) was
between 100 % to 116 % and between 92.54 % to 104.20 %
after 24 and 48 h, respectively. A slight difference in cell
viability was observed for loaded formulation in comparison
with ATR solution (p=0.0382). 

The viability of B35 cells were between 92.11 % to
100.62 % and 100 % to 122.33 % after 24 and 48 h,
respectively; showing the biocompatible nature of the
composite nanofiber formulations (Figure 9). The data
which was obtained from Tukey’s multiple comparisons test
indicated that after 24 h, the cell viability was slightly
increased in loaded formulation as compared to blank
formulation, ATR solution (p<0.05), and control group
(p<0.001).

Figure 8. Cell viability of L-929 cell line after incubation with

loaded formulation, blank formulation, ATR sol and ALA sol for

24 h and 48 h (n=3, mean±SD), *p<0.05. Ld.F: loaded formulation,

Bk.F: blank formulation, ATR Sol: atorvastatin calcium solution

and ALA Sol: alpha lipoic acid solution. 

Figure 9. Cell viability of B35 cell line after incubation with

loaded formulation, blank formulation, ATR sol and ALA sol for

24 h and 48 h (n=3, mean±SD), *p<0.05, **p<0.001, Ld.F: loaded

formulation, Bk.F: blank formulation, ATR Sol: atorvastatin calcium

solution and ALA Sol: alpha lipoic acid solution. 

Figure 7. In-vitro release profile of ALA and ATR in PBS medium pH 6.8 (mean±SD; n=3) (ALA: alpha lipoic acid, ATR: atorvastatin

calcium).  



Nanofibers for Dual Drug Delivery Fibers and Polymers 2021, Vol.22, No.2 343

Conclusion 

In conclusion, PLGA/CH electrospun composite nanofibers
formulation that enables simultaneous delivery of two
different model drugs with distinct release rates was
successfully prepared using a single-nozzle step electrospinning
method. The in-vitro release profile demonstrated that the
location of the drugs in the electrospun composite nanofibers
structure determined their release profiles. ALA, which
localized closed the surface of the composite nanofibers was
released in a rapid rate, while ATR showed a sustained
release behavior due to hindrances from the mesopores of
the CH nanoparticles and the PLGA which surrounds the
nanoparticles. Thus, release rate of ATR could be controlled
by adjusting the content of CH nanoparticles in the dual
drug-loaded electrospun composite nanofibers formulations.
Therefore, this method opens a window of opportunity for
dual-drug loading in single formulation with programming
release of each active ingredients. Meanwhile, the uniform
distribution of nanoparticles within the nanofiber is still a
challenge that needs to be tackled in further research
experiments. As summarized in the introduction part, these
formulations are intended for use in peripheral nerve injury
model for neuroprotection. Taking into considerations the
pharmacological properties of ALA/ATR and the need for
immediate/long lasting recovery after injury, the release
properties of this formulation makes it a perfect candidate in
terms of meeting this unmet medical need. In the early phase
after injury, ALA will seek to prevent the mitochondrial
damage and thus providing energy source for neuron cells,
and afterwards ATR will be in charge with its pleiotropic
effects, aiding cells recovery from traumatic cascades. It is a
clear fact that the efficacy of composite nanofibers after
peripheral nerve injury are needed in order to clarify in-vivo

performance.
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