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A Comparison Study of Fiber Diameter’s Effect on
Characteristic Features of Donepezil /Curcumin-Loaded
Polycaprolactone/Polylactic Acid Nanofibers

Saliha Aydin, Illke Kabaoglu, Ece Guler, Fadime Topal, Ayse Nur Hazar-Yavuz,
Ceyda Ekentok, Esra Tatar, Fatmanur Gurbuz, Oguzhan Gunduz,

and Muhammet Emin Cam™

Nanofibers (NFs) offer an alternative option for the treatment of Alzheimer’s
disease (AD) by addressing unmet clinical problems. In this study, anti-AD
drugs, donepezil (DO) and curcumin (CUR), are loaded in polylactic
acid/polycaprolactone NFs. The effect of fiber diameter on drug release
behavior is mainly observed, and the successful loading of DO and CUR to
NFs is demonstrated. The tensile strength of DO/CUR-loaded NFs (DNFs)
with lower fiber diameter is found to be higher. The working temperature is
increased by the decrease of glass transition temperature and increase of the
melting temperature after loading drugs. Furthermore, the increase in the
percentage of swelling and decrease in the degradation rate for NFs are
observed due to the increase of fiber diameter. Encapsulation efficiency and
burst release percentages for DNFs are augmented by the increase of fiber
diameter. Nevertheless, DNFs exhibit a sustained drug release manner over 2
weeks. NFs do not demonstrate a toxic effect on L929 (mouse fibroblast) cells,
and additionally, they promote cell proliferation. Considering all these results,
it is proven that the fiber diameter affects all characteristic features of NFs,
and DNFs lead to a new and promising drug delivery system for the treatment

dementia, is recognized as a global pri-
ority by the World Health Organization
(WHO).I'l AD has complex pathogene-
sis, depending on various factors such as
heredity, oxidative stress, vascular insuffi-
ciency, mitochondrial dysfunction, cholin-
ergic disorders, neurotransmitter abnor-
malities, immunity, and environmental fac-
tors, which have not clearly explained
yet.23] Neurons lose their functions be-
cause of various factors such as the accu-
mulation of p-amyloid plaques and defec-
tive 7 proteins leading to neurofibrillary tan-
gles that inhibit transmission of signals in
patients with AD.[**] Furthermore, AD is
also one of the most important causes of de-
mentia that affects cognitive functions such
as memory, speaking, problem-solving, and
thinking. Moreover, it is estimated that the
number of patients with AD will reach 106.8
million worldwide and 16.5 million in Eu-

of AD.

1. Introduction

Dementia is a progressive cognitive disorder that affects ac-
tivities of daily living. Alzheimer’s disease (AD), a form of

rope by 2050.+¢
Although a lot of improvements in the
treatment of AD have been made since the
first case reported by Alois Alzheimer in
1907, a radical treatment has not yet been proven. Currently used
medicines in the treatment of AD are memantine, donepezil
(DO), rivastigmine, and galantamine.!*] Acetylcholinesterase in-
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hibitors (AChEIs) that increase the acetylcholine level by prevent-
ing the breakdown of acetylcholine in synapses are the basis of
symptomatic treatment.!!] One of the selective AChEIs, which
are frequently used in all stages of AD as well as vascular and
Parkinson’s-related dementia, is DO hydrochloride.!”!

Investigations on alternative treatments are significantly im-
portant because of insufficient approved drugs for AD treatment.
It has been reported that oxidative stress prevents healthy aging
and causes various diseases such as AD.!®) Curcumin (CUR) re-
duces oxidative stress and inflammation, and has positive effects
on neuronal and vascular functions. It shows its main effect by
binding to f-amyloid plaques in the central nervous system; con-
sequently, the accumulation of these plaques and their transfor-
mation to neurotoxic species is reduced.l!

Drugs that are either orally administered in the form of tablets,
capsules, and granules, or used parenterally such as intravenous,
subcutaneous, and intramuscular have some disadvantages such
as the first-pass effect or pain at the injection site, respec-
tively. Nowadays, it has been observed that polymeric nanofibers
(NFs) play a key role in drug delivery systems with a fewer
disadvantages.l'% Since it is very crucial to design an appropri-
ate drug delivery system with a controlled release capability, con-
trolled drug release from NFs has gained importance in the de-
velopment of new methods to increase biosolubility and bioavail-
ability by decreasing the amount of drug administered.['"12]

Electrospinning (ES), an electro-hydrodynamic atomization
method that can be used for scale production of nanofibers in
industrial applications, is used to create ultrafine fibers using
an electrostatic potential characterized by high voltage and very
low current.['*1*] ES is widely used to produce polymeric NFs in
different diameters by changing solution properties and process
control parameters.[**! Natural polymers like gelatin, chitosan,
and alginate, and synthetic polymers such as poly(e-caprolactone)
(PCL) and polylactic acid (PLA) are used to produce NF by ES.
NFs are produced after the evaporation of solvent which is used
by exposing high electrical voltage in this technique.!'!]

PLA is a biodegradable, biocompatible, bioabsorbable, hy-
drophobic, synthetic, and semicrystalline aliphatic polymer. PLA,
which has three isomeric forms ((p), (r), and racemic (p,1)), is
a semicrystalline solid that has been approved by the Food and
Drug Administration (FDA) for biomedical usage.'®! PLA at-
tracts much attention due to showing controlled-manner drug
release and maintaining high stability over a long period.['”! Fur-
thermore, it shows lower degradation properties due to its high
hydrophobicity and crystallinity properties compared to PLA.[16]
The physical, mechanical, and thermal properties and the degra-
dation rate of PCL are affected by its molar mass and crystallinity
degree. Also, it can be combined with other polymers such as
PLA to improve its biodegradability, tensile strength, drug re-
lease, swelling, and thermal behaviors.[*”]

The treatment of AD is challenging because of the complex
pathophysiology of the disease, and also drug-related and patient
compliance problems. The studies concerning new drug delivery
systems such as NFs for the effective and advantageous treatment
of AD are at the basis of current research topics that arouse inter-
est in the literature. Gencturk et al. manufactured polyurethane
hydroxylpropyl cellulose NFs that can be used as a carrier sys-
tem for the transfer of DO across the skin.[®! In another study by
AnjiReddy and Karpagam, anti-Alzheimer’s effect of DO-loaded
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chitosan NFs was evaluated."”! Perumal et al. produced CUR-
loaded PLA/hyperbranched polyglycerol NFs for wound-dressing
applications.[?] As part of these studies on NFs produced by
ES, assays such as methylthiazolydiphenyl-tetrazolium bromide
(MTT), differential scanning calorimeter (DSC), Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
tensile tests have been evaluated, and successful results have
been obtained. In the light of the foregoing literature, we aimed
to obtain a promising carrier system for an effective combination
therapy with DO and CUR loaded in PLA/PCL NFs for the treat-
ment of AD.

In our study, CUR, was obtained from Curcuma longa, and DO
was loaded in PLA/PCL NFs at different polymer concentrations.
Mainly, the drug release kinetics of NFs were evaluated to analyze
the effect of NF diameter on drug release behavior. Moreover,
the properties of the polymer solutions of NFs were evaluated
by measuring the physical parameters like electrical conductiv-
ity, surface tension, viscosity, and density. Crystalline, chemical,
and morphological properties of all electrospun NFs were exam-
ined with XRD, scanning electron microscopy (SEM), and FTIR,
respectively. The mechanical and thermal properties of NFs were
also analyzed. The MTT viability test was used to detect the effect
of NFs on cell proliferation. Also, encapsulation efficiency (EE),
degradation rate, and swelling ratio of NFs were investigated.

2. Experimental Section

2.1. Materials

DO (M,, ~ 379.5 g mol™!), PCL (M, 80.000 g mol~!), methanol
(99.8% purity, v/v), and Tween 80 were bought from Sigma
Aldrich (UK). PLA (M,,: 110.000 g mol~!) was purchased from
NatureWorks LLC, Minnetonka, MN. Phosphate-buffered saline
(PBS) tablets (pH = 7.4) were purchased from Chembio (Istan-
bul, Turkey). Chloroform was bought from Merck KgaA (Darm-
stadt, Germany). All reagents were of analytical quality.

2.2. Plant Material and Preparation of Plant Extracts

Curcuma longa rhizomes were purchased from the Istanbul
province of Turkey. An oven set at 105 °C was used to dry the
rhizome parts of C. longa. Subsequently, it was sieved to obtain a
more homogeneous extract. The plant powder was preserved in
the refrigerator to prevent humidity. Later, it was extracted by us-
ing the Soxhlet apparatus. Extraction was performed as follows:
plant powder was poured into a thimble, then placed in the Soxh-
let apparatus which was slowly filled by acetone, which was used
as extraction solvent. This experiment was performed for 8 h ata
constant temperature at 60 °C. After completion of the extraction
process, acetone was separated from the extract using a rotary
evaporator under a vacuum at 35 °C.12!I

2.3. Preparation and Characterization of Solutions

PLA and PCL were dissolved in chloroform:methanol mixture
(3:1 v/v) at different concentrations (8%, 12%, and 15% (w/v)).
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Table 1. Flow rate, voltage, and working distance for pure and DO/CUR-
added PLA/PLC NFs at different concentrations.

Samples Flow rate  Voltage  Working
[mLh™T] [kv] distance
[mm]
Pure 8% PLA/PCL NF (PNF8) 3 26.8 150
Pure 12% PLA/PCL NF (PNF12) 4 26.8 150
Pure 15% PLA/PCL NF (PNF15) 5 26.8 150
DO/CUR-loaded 8% PLA/PCL NF (DNF8) 3 27.1 150
DO/CUR-loaded 12% PLA/PCL NF (DNF12) 4 28.9 120
DO/CUR-loaded 15% PLA/PCL NF (DNF15) 5 312 120

Following, PLA and PCL were mixed at a ratio of 4:1 (v/v) as the
uniform morphology of all pure NFs’ (PNFs) formation was ob-
tained at this ratio in the SEM images. Later, DO (5 mg mL™!)
and CUR (2 mg mL~!) were mixed and added to PLA/PCL (4:1
v/v) pure solutions at the concentrations of 8%, 12%, and 15%
(w/v), separately. In addition, 1% (w/v) Tween 80 was added to
the solutions and mixed slowly. Thus, each of DO/CUR-loaded
NFs (DNFs) and PNFs was produced at three different concen-
trations.

Some physical parameters of all solutions were evaluated. A
density bottle (10 mL specific density bottle, Boru Cam Inc.,
Turkey), an electrical conductivity probe (Cond 3110 SET 1,
WTW, Germany), a viscometer (DV-E, Brookfield AMETEK,
USA), and a force tensiometer (Kruss K9, Hamburg, Germany)
were used. The calibration processes of the devices were carried
out at ambient temperature (25 °C) before the experiment. Mea-
surements were made in the same environment and repeated
three times.

2.4. Production of Nanofibers

PNFs and DNFs were produced by ES in different process pa-
rameters such as voltage, working distance from needle tip to a
metal plate, and flow rate (Table 1). Flow rate, voltage, and work-
ing distance were applied between 3 and 5 mL h™', 26.8-31.2 kV,
120-150 mm, respectively.

2.5. Scanning Electron Microscopy

The size and morphology of NFs were determined by using SEM
(EVO LS 10, ZEISS, USA). First, the surfaces of the samples were
coated with gold for 1 min and then analyzed at 10 kV accelerat-
ing voltage and 23 mm working distance. Then, the average di-
ameter and size distribution of NFs were measured with Image |
(Brocken Symmetry Software) by analyzing 100 NFs in SEM im-
ages recorded randomly.[??]

2.6. Tensile Test

An Instron 4411 tensile tester (MA, USA) was used to test the
tensile strength of NFs. This process was carried out at 23 °C.
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Data were analyzed with Bluehill 2 software (Elancourt, France).
A digital micrometer was utilized to examine the thickness of
NFs. For this test, six samples (10 X 50 mm) were taken from each
NF group. The upper and lower handles were clamped on both
ends of each sample. Samples were subjected to the tensile test
until the breaking point and 10 mm grip width under conditions
of 5 mm min™' test speed.

2.7. Fourier Transform Infrared Spectroscopy

To suggest whether PNFs and DNFs had all essential components
to form NFs, their FTIR spectra were recorded. The Jasco FTIR
4700 spectrometer was used for FTIR measurements, and the
OPUS Viewer version 6.5 was used to interpret the spectra. The
spectra were recorded from 500 to 4000 cm™ at room tempera-
ture with a resolution of 4 cm™.

2.8. X-Ray Powder Diffraction

Crystal forms and structures of PLA, PCL, DO, and CUR were
analyzed at 2° min~!, 40 mV, and 30 mA. For this, Cu Ka ra-
diation and a D/Max-BR diffractometer (RigaKu, Tokyo, Japan)
were used. The same process was repeated for PNFs and DNFs
at different concentrations. Conversion of the resulting data into
diffractograms was done with the OriginPro 7.0 software (Origin-
Lab Corporation, MA, USA).

2.9. Differential Scanning Calorimeter

DSC analysis, which is used for the characterization of the ther-
mal properties of the material, was performed under the dynamic
argon atmosphere (20 mL min) at a heating rate of 10 °C min™!
between 0 and 200 °C using PerkinElmer Inc Jade DSC and Pyris
software (MA, USA). Also, the glass transition temperature (T,)
and melting temperature (T,,) of PNFs and DNFs were analyzed
using DSC. Since the melting enthalpy and the melting point of
indium affect temperature calibration, the calibration in DSC was
adjusted accordingly.

2.10. Determination of Drug Encapsulation Efficiency

DO and CUR contents in NFs were defined according to the stan-
dard assay procedure. Briefly, all DNFs, each weighing an average
of 5 mg, were dissolved in 10 mL solvent mixtures. The flask was
stirred at a constant rate for an hour to release the drugs from the
NFs. A solution of 1 mL was taken, and a UV spectrophotometer
(Shimadzu UV-3600, Japan) was used to detect DO and CUR in
NFs at 271 and 426 nm.[?*?*] The EE was calculated in line with
Equation (1). All measurements of samples were repeated in sets
of three

Encapsulation efficiency

Mass of actual drug loaded in nanofibers

= X 100 1
Mass of drug used in nanofibers'fabrication 0
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Table 2. The drug release kinetic mathematical models and their equations
(in these equations, Q is the fractional amount of drug release at a time ¢,
where Ky, Ky, and Ky are the kinetic constants for zero-order, first-order,
and Hixson—Crowell models, respectively).

Kinetics model Equations
Zero order Q =Kyt

First order In(1-Q)=—-Kjt
Hixson—Crowell Q13 = Kict

2.11. In Vitro Drug Release Assay

In vitro drug release tests of DNFs at different concentrations
(8%, 12%, and 15%, w/v) were examined, and their release ki-
netics were analyzed. Before starting the tests, linear calibration
curves of DO and CUR solutions at 2, 4, 6, 8, and 10 ug mL~!
concentrations were evaluated.

All samples, of ~5 mg, were placed in 1 mL of PBS at pH 7.4
and 37 °C, and kept in a rotary shaker at 250 rpm throughout
the assay. 1 mL of PBS was collected from each of DNF samples
and replaced with 1 mL of fresh PBS at 0, 1, 1.5, 2, 3, 4, 6, 8, 12,
24, 48, 72, 96, 120, 144, 168, 192, 216, 240, 264, 288, 312, and
336 h. DO and CUR releasing profiles from DNFs at different
polymer concentrations (8%, 12%, and 15%, w/v) were detected
at 271 and 426 nm by a UV spectrophotometer (Jenway 7315,
Bibby Scientific, Staffordshire, UK), respectively.[2*24]

2.12. In Vitro Drug Release Kinetics

DNFs were analyzed using three different mathematical models,
which were zero-order, first-order, and Hixson—Crowell to mimic
their drug release kinetics.?>! The equations belong to the drug
release kinetic mathematical models that are shown in Table 2.

2.13. Swelling and Degradation Behaviors

To evaluate swelling rates, all NFs were dipped in PBS at pH
7.4 and 37 °C. During the test, three samples of each NF group
dipped in 1 mL of PBS were kept in a 37 °C thermal shaker
(BIOSAN TS-100). On the first day, the initial weights of NFs
(W,) were calculated and then, the wet weights (W,,) of the sam-
ples were measured at 30th min, and at 1st, 2nd, 3rd, 8th, and
24th h for the swelling test. Equation (2) was used to calculate
the swelling value (S)2]

W.

W_WO
S=—Y_"9%100 (2)
WO

NFs were dried for 6 h under ambient conditions after they
were taken from PBS medium (pH 7.4) and weighted (W,) at the
determined time (1st, 4th, 10th, and 12th; 5th, 9th, 13th, 17th,

and 21st day) for the degradation test. Equation (3) was used to
calculate the degradation level (D;)!2¢]

W, — W,
D= —>_"'%100 3)
7

i
0
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2.14. MTT Viability Assay

L1929 cells were cultured in Dulbecco’s modified Eagle’s medium
(supplemented with 10% fetal bovine serum). After that, they
were seeded in 48-well plates at a density of 2.5 x 10* cells per
well. They were then cultured at 37 °C, 5% CO, overnight. Cells
were incubated with NF samples for 48 h. After 48 h of treat-
ment with NFs, the culture medium was replaced with a fresh
medium and then 20 pL of MTT solution was added to wells.
The plate was incubated at 37 °C and 5% CO, for 4 h, and the
formazan crystals were solubilized by adding 200 pL solubiliza-
tion buffer, and spectrophotometric absorbance was measured at
271 and 428 nm.[**?* The confluent cells were used in cytotoxic-
ity tests and SEM investigations.

2.15. Statistical Analysis

GraphPad Prism 6 statistics program was used to perform statis-
tical analysis of the data, which were collected from the results
of each experiment. The consequences of the examination were
given as mean =+ standard deviation. One-way and two-way anal-
ysis of variance (ANOVA) and the Tukey posthoc test were used
for the intergroup evaluations. p-values of <0.05 were statistically
significant.

3. Results and Discussion

3.1. Characterization of Polymer Solutions

Working distance, flow rate, and electrical voltage are the pa-
rameters that affect NF production in the ES technique. Be-
sides environmental parameters as ambient temperature and rel-
ative humidity, and solution physical parameters such as sol-
vent type, polymer concentration, electrical conductivity, surface
tension, density, and viscosity have crucial effects on character-
ization and morphology of NFs.[?’] Fiber diameter changes are
concurrent with the changes in characterization and morphol-
ogy of NFs.[2%] Addition of DO and CUR to PLA/PCL solu-
tions changed the physical parameters of these solutions. The
changes in electrical conductivity, surface tension, viscosity, and
density of the solutions resulted from adding drugs were given
in Figure S1 (Supporting Information). The densities of PNF8,
PNF12, and PNF15 solutions were measured at 1.33, 1.34, and
1.35 g mL™!, respectively. The densities of DNF8, DNF12, and
DNF15 solutions were measured as 1.34, 1.37, and 1.38 g mL~!,
respectively. It was proven that the density of the solutions in-
creased concurrently with the polymer concentration. Also, fol-
lowing the addition of DO/CUR, an increase in the solution den-
sity was observed. Surface tensions of PNF8, PNF12, PNF15,
DNF8, DNF12, and DNF15 solutions were 25.6, 27.8, 25.2, 34.4,
72.9, and 126.0 mN m™', respectively. The viscosities of PNF8,
PNF12, and PNF15 were 6420, 7034, and 7810 mPa s, respec-
tively, and the viscosities of DNF8, DNF12, and DNF15 solutions
were 7564, 8545, and 8640 mPa s, respectively. The electrical con-
ductivities of PNF8, PNF12, PNF15, DNF8, DNF12, and DNF15
solutions were measured as 0.9, 1.0, 0.8, 40.7, 37.2, and 36 pS
cm™!, respectively. The addition of drugs in polymer solutions
resulted in increased viscosity, surface tension, electrical conduc-
tivity, and density values.

© 2022 Wiley-VCH GmbH
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Figure 1. Scanning electron microscopy (SEM) images and diameter distributions of pure and donepezil (DO)/curcumin (CUR)-loaded nanofibers
(NFs) at different concentrations (8%, 12%, and 15%). al,a2) Pure 8% polylactic acid (PLA)/polycaprolactone (PCL) NF (PNF8). b1,b2) DO/CUR-
loaded 8% PLA/PCL NF (DNF8). c1,c2) Pure 12% PLA/PCL NF (PNF12). d1,d2) DO/CUR-loaded 12% PLA/PCL NF (DNF12), e1,e2) Pure 15% PLA/PCL
NF (PNF15), and f1,f2) DO/CUR-loaded 15% PLA/PCL NF (DNF15). In all diameter distributions, n = 100.
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Figure 1. Continued

3.2. Process Conditions

To produce NFs by using ES, the voltage, flow rate, and distance
were utilized between 26.8 and 31.3 kV, 3-5 mL h™!, and 120~
150 mm, respectively. The voltage and flow rate applied to solu-
tions rose concurrently with the increasing concentration of solu-
tions. Furthermore, after the addition of drugs to PNF8, PNF12,
and PNF15, higher voltages (27.1, 28.9, and 31.2 kV) were applied
compared to PNFs (26.6, 26.7, and 26.8 kV), respectively. The gap
between the top of the collector and needle remained constant at
150 mm for all NFs except DNF12 and DNF15 in which 120 mm
was applied.

3.3. Morphological Characterization of NFs

According to Son et al., the diameters of NFs raise concurrently
by increasing the concentrations of solutions.*) In this study,
NFs were produced by using PLA/PCL polymer composite in dif-
ferent concentrations, and then, the diameters and morpholog-
ical structure of these NFs were compared by using SEM (Fig-
ure 1). The diameters of PNF8, PNF12, and PNF15 were mea-
sured 818 + 213, 873 + 278, and 973 + 190 nm, respectively. On
the other hand, after loading DO/CUR in NFs, the diameters of
NFs decreased to 410 + 93, 486 + 134, and 880 + 293 nm, re-
spectively. Thus, it was proven that the diameters of PNFs were
thicker than DNFs. The aforementioned result was found in the
literature.3!! Furthermore, increased surface tension and viscos-
ity and decreased electrical conductivity of the solutions reveal
larger fiber diameters.[*233] Although solution viscosity and sur-
face tension increased by the addition of drugs, the increase in
electrical conductivity caused the fiber diameter to decrease for
DNFs.
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3.4. Fourier Transform Infrared Spectroscopy

FTIR, a spectroscopic method, is used to show characteristic vi-
brational absorption bands of chemical structures and interac-
tions of compounds. FTIR spectra of pure DO, CUR, PLA, PCL,
PNFs, and DNFs are given in Figure S2 (Supporting Informa-
tion). FTIR spectra exhibited characteristic absorption bands of
pure DO at 3585.0, 3361.3, 2921.6, 2858.0, 1681.6, and 1066.4
cm™! that were ascribed to N-H bond, O-H bond, asymmetric
and symmetric C-H bonds of the methyl group, C=0 bond, and
C-O bond stretching, respectively.>*! The characteristic bands of
CUR, OH stretching vibration at 3232.1 cm™, —CH, stretching
vibration at 2906.2 cm™, C-O stretching vibration at 1024.0 cm™!
were also detected.**] The vibrations belonging to pure PLA were
recorded at 2901.2, 2889.7, 1747.2, 1266.0, and 1128.2 cm™, re-
spectively. On the other hand, the vibrations of pure PCL were ob-
served at 2940.9, 2865.7, 1722.1,1238.1, and 1165.8 cm™!, respec-
tively. The vibrations belonging to these two polymers are CH
asymmetric stretching, CH symmetrical stretching, C=0 stretch-
ing, CH bending, and C-O stretching, respectively. According to
the FTIR analysis, the characteristic bands of all drugs and poly-
mers were observed in the FTIR spectra of all produced PNFs and
DNFs. Therefore, the gathered data revealed that the produced
NFs have successfully been produced.>*]

3.5. X-Ray Powder Diffraction

XRD is used to examine the crystalline structure of the samples.
The XRD results of pure PLA, PCL, DO, CUR, PNFs, and DNFs
are demonstrated in Figure 2. The peaks seen in the CUR and DO
graphs could be interpreted as both having a crystalline structure.
The characteristic peaks of DO were observed at 12.6°, 21.1°, and
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Figure 2. X-ray diffraction (XRD) patterns of a) pure donepezil (DO), b) pure curcumin (CUR), c) pure polylactic acid (PLA), d) pure polycaprolactone
(PCL), ) pure 8% PLA/PCL nanofiber (NF) (PNF8), f) DO/CUR-loaded 8% PLA/PCL NF (DNF8), g) pure 12% PLA/PCL NF (PNF12), h) DO/CUR-loaded

12% PLA/PCL NF (DNF12), i) pure 15% PLA/PCL NF (PNF15), and j) DO/CUR-loaded 129 PLA/PCL NF (DNF15).
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Figure 3. Differential scanning calorimetry (DSC) curves of a) pure 8%, 12%, and 15% polylactic acid/polycaprolactone (PLA/PCL) nanofibers (NFs)
(PNF8, PNF12, and PNF15, respectively); and b) donepezil /curcumin-loaded 8%, 12%, and 15% PLA/PCL NFs (DNF8, DNF12,and DNF15, respectively).

Tensile properties of NFs: c) tensile strength and d) strain at break.

24.0° 20,9 and CUR was detected at 9.1°, 12.4°, 14.7°, 17.3°,
18.2°,23.4°,24.8°,25.8°,27.5°, and 29.2° 20. Thus, it was proven
that the DO and CUR appear in the crystalline structure.[”:3#

The peaks for pure PLA were observed at 21.2° and 22.1° 26,
while peaks for pure PCL were obtained at 21.0° and 23.5° 26,
respectively. The presence of sharp peaks of PCL indicated that it
has greater crystallinity than PLA.[?2l However, PLA appeared to
have an amorphous or slightly crystalline structure. The fact that
PLA gave a few peaks that were not sharp has indicated that PLA
is far from the crystalline structure.[>>4°]

In this study, according to the XRD results obtained from the
PNFs, the peaks belonging to PLA were seen between 13° and
17° 26, and the peaks belonging to PCL were seen between 20°
and 24.5° 26. According to the studies of Sun et al., PLA crystal-
lization is affected by the addition of small amounts of PCL.*!l
It is clearly seen that the peaks belonging to PLA were observed
at 16.7° and 17.7° 20 in PNFS8, and the peak positions shifted to
lower positions at “14.5° and 17.0° 26” and “14.2° and 15.6° 26” in
PNF12 and PNF15, respectively. As a result, in the current study,
the peak positions of PLA shifted to a lower 20 after mixing with
higher PCL concentration.

The characteristic peaks belonging to DO and CUR were ob-
served in DNFs, and it was proved that DO and CUR were suc-
cessfully loaded with NFs.

3.6. Differential Scanning Calorimetry
DSC is one of the analyses used to obtain significant informa-

tion about the thermal activity and phase transition of materi-
als. With the help of this technique, the presence of ingredi-
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ents and their physical conditions in formulations were exam-
ined. The changes in T, and T,, of polymers are two remark-
able factors caused by the conditions of manufacture and addi-
tives present in the formulation.!*”] In this study, T, and T,,, val-
ues were measured between the range of 0 and 300 °C by DSC
analysis. The DSC curves were constructed for the evaluation of
thermal properties of PNF8, PNF12, PNF15, DNF8, DNF12, and
DNF15 shown in Figure 3a,b. While the T, values of PCL were
observed around 60 °C, the T, and T, values of PLA were found
between 50—80 and 150—180 °C.[** In PNF8, PNF12, and
PNF15 samples, there were endothermic peaks at 61.8, 68.1, and
63.1 °C. These peaks can be caused by the overlapping of PCL’s
T,, point and PLA’s T, point. The values belonging to these en-
dothermic peaks slightly decreased to 60.5, 61.6, and 61.2 °C af-
ter loading drugs in 8%, 12%, and 15% (w/v) NFs, respectively.
T, values of PLA in PNF8, PNF12, and PNF15 were observed
at 155.1, 155.7, and 152.8 °C, respectively. After loading DO and
CUR in NFs, there were no significant differences in T, values of
PLA, which were observed at 156.5, 156.7, and 154.2 °C for DNFS,
DNF12, and DNF15, respectively. According to the literature, the
glass transition temperature of PCL, which is around —60 °C, was
not observed in the current working range.[*’] In the DSC anal-
ysis, DNFs showed lower T, values compared to PNFs, and this
change may be derived from chemical or physical interactions be-
tween drugs and polymers.[*#’] Also, the working temperature
ranges between T, and T,, slightly increased by loading DO and
CUR in NFs.[*®] Additionally, the T, values of CUR and DO were
reported as 175 °C*1 and 227 °C,'8 respectively. But, the T, val-
ues could not be detected in DSC graphs due to the low amount
of drugs compared to polymers and homogeneous distribution
of drugs in the formulation.’®) These results demonstrate that
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Figure 4. In vitro drug release profiles of nanofibers (NFs). a) Absorption spectra of curcumin (CUR) at different concentrations. b) Absorption spectra
of donepezil (DO) at different concentrations. c) CUR calibration curves. d) DO calibration curves. €) DO and CUR release profiles from DO/CUR-loaded
8% polylactic acid (PLA)/polycaprolactone (PCL) NFs (DNF8). f) CUR and DO release profiles from DO/CUR-loaded 12% PLA/PCL NFs (DNF12). g)
CUR and DO release profiles from DO/CUR-loaded 15% PLA/PCL NFs (DNF15) during 14 days. h) Encapsulation efficiency of DO/CUR-loaded PLA/PCL
NFs (8%, 12%, and 15%). The experiments were repeated three times (relative error less than 5%).
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Table 3. Results of mathematical drug release models for all nanofibers (NFs). CUR 8%: curcumin released from 8% polylactic acid/polycaprolactone
(PLA/PCL) NFs. DO 8%: doneperzil released from 8% PLA/PCL NFs. CUR 12%: curcumin released from 12% PLA/PCL NFs. DO 12%: donepezil released
from 8% PLA/PCL NFs. CUR 15%: curcumin released from 15% PLA/PCL NFs. DO 15%: donepezil release from 15% PLA/PCL NFs.

Zero order First order Hixson—Crowell

Sample R? Ky K, R? Kyc

CUR 8% 0.9592 0.2354 0.7253 —0.0036 0.7932 0.0084
DO 8% 0.8813 0.2574 0.9220 —0.0044 0.9347 0.0098
CUR 12% 0.4077 0.1071 0.7524 —0.0036 0.7203 0.0065
DO 12% 0.4553 0.1116 0.7252 —0.0033 0.7007 0.0063
CUR 15% 0.2722 0.0868 0.7743 —0.0035 0.6825 0.0061
DO 15% 0.3123 0.0937 0.8457 —0.0033 0.7208 0.0061

all NFs can be safely applied into human body without the risk of
melting.

3.7. Tensile Test of NFs

Tensile behaviors of NFs are influenced by the interaction be-
tween each polymer and the chemical structure of materials.5!]
Strain at break and tensile strength of three samples of each
PNF8, PNF12, PNF15, DNF8, DNF12, and DNF15 were exam-
ined, and the results are given in Figure 3c,d. It was found that the
tensile strength of PNFs (8%, 12%, and 15%, w/v) were 295.5 +
72.3,246.5 +22.4,and 124.7 + 42.6 kPa, respectively. In addition,
when drugs were loaded in PNFs, the tensile strength of NFs in-
creased to 611.4 + 49.2, 535.0 + 30.9, and 398.6 + 17.6 kPa, re-
spectively (Figure 3c). The strain at breaks of PNFs (8%, 12%,
and 15%, w/v) were 39.2 + 0.7%, 37.1 + 2.0%, and 30.7 + 6.5%,
respectively. After loading of DO and CUR to PNFs, the strain at
breaks of NFs were 15.2 + 3.2%, 13.9 + 0.7%, and 11.7 + 0.5%,
respectively (Figure 3d). Due to drugs (DO, CUR) having crys-
talline structures resulted in DNFs having higher tensile strength
but lower structural flexibility than PNFs.[] Furthermore, it was
noticed that the tensile strength decreased by increasing the di-
ameter of NFs.[>)] Withal, DNFs were found suitable as a drug
delivery system according to the tensile test.

3.8. In Vitro Drug Release Test

An in vitro drug release test was performed to study the release
profiles of drugs from NFs. For this, DNF8, DNF12, and DNF15
were analyzed for 14 days. In the beginning, the linear standard
calibration curves of DO and CUR solutions were constructed.
After that, the EEs were measured as 69.8%, 95.3%, and 99.2%
for DO and 33.89%, 36.1%, and 50.8% for CUR at DNF8, DNF12,
and DNF15, respectively. It was obtained that the EE% was raised
by increasing NF diameters. According to the results of Camerlo
et al,, these results were found similar.>*] PBS at 37 °C and pH
7.4 was used during the study to create an environment simi-
lar to the physiological conditions of living organisms.[>*) About
28.4% of CUR and 45.5% of DO were released from DNF8 in
the first 24 h. While 56.2% of CUR was released within 7 days,
54.1% of DO was released after 48 h from DNF8. A sustained
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release continued for 14 days in these NFs. For DNF12, they
showed a burst release profile by releasing 62.4% of CUR and
61.5% of DO of their ingredients in 1 h. Also, sustained drug
release was observed after 1 h for 14 days in these NFs. More-
over, DNF15 exhibited a higher burst release profile by releasing
their 75.7% of CUR and 73.5% of DO off all ingredients in 1 h
compared to DNF12. These NFs also showed a sustained release
for 14 days. Thus, it was proven that increases in diameters of
NFs boost the initial drug burst release ratio of NFs (Figure 4).
These changes in drug release behaviors may come out of differ-
ent swelling behavior and drug diffusion of NFs bearing various
diameters.>>°¢! Besides, the porosity of NFs affects the drug re-
lease profiles. A faster drug release is performed by thicker NFs
due to their higher porosity. Our results were found to be in com-
patible with the literature.’”! As shown in previous studies, PLA
fibers have porous structure,®®! and the porosity in NFs increases
with the increase of PLA ratio in NF. Therefore, DNF15 displayed
faster drug release with higher porosity compared to lower ratios.

Zero-order, first-order, and Hixson-Crowell release models
were used to analyze the release kinetics of DO and CUR from
all NF samples incubated in dynamic conditions of PBS at pH
7.4, 37 °C. The zero-order model is defined as drug release via a
drug delivery system that releases its ingredient at a constant rate
independent of its concentration, and the time is the only func-
tion for drug release. The first order is described as a drug release
model in which the drug release is dependent on the remaining
drug concentration. The Hixson—Crowell model is explained as a
system in which the cube root of the released amount of the en-
capsulated drug is linearly related to the time, and in this system,
the surface alters by time.l>!

The drug release constant (K) decreases with increasing poly-
mer contents.[®) In the current study, similar trends were ob-
served and K decreased with zero-order and Hixson—Crowell
drug release kinetic models by increasing polymer concentration
from 8% to 15%. There was no significant difference in K val-
ues between samples in the first-order kinetic model (Table 3).
CUR with higher R? values was released from PLA/PCL NFs at
8% by the zero-order model, at 12% and 15% by the first-order
model (Table 3). On the other hand, it was found that Hixson—
Crowell and first-order models demonstrated a preferable conso-
nance with higher R? values of DO for 8%; and 12% and 15%
PLA/PCL NFs, respectively. Drug release kinetic results for the
8% ratio are given in Figure 5, and for 12% and 15% ratios are
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Figure 5. The release kinetic models of A) curcumin (CUR) and B) donepezil (DO) release profiles from DO/CUR-loaded 8% polylactic acid
(PLA) /polycaprolactone (PCL) nanofibers for 14 days: a) zero-order, b) first-order, and c) Hixson—Crowell models.

Macromol. Mater. Eng. 2022, 307, 2100855

2100855 (11 of 15) © 2022 Wiley-VCH GmbH

85U80]7 SUOWILIOD BAIIERD 8|qedl|dde ayy Aq peusenob aJe sspie YO ‘8sn Jo se|nJ Joj Areiqi8UIIUO 43I UO (SUORIPUOD-PUB-SWLBIW0D A8 |IMAleIq 1 BUI|UO//:SANY) SUORIPUOD Pue SWIB 18U} 89S " [£202/60/02] U0 Ariqiauluo A1 ‘AiseAlun eew RN Aq GG800TZ0Z WeL/Z00T 0T/I0p/u00 A8 |im Aeiq 1 U juo//Sdny Wouy pepeo|umod ‘G ‘2202 ‘YS0Z6ErT



ADVANCED
SCIENCE NEWS

M

Materials ana Engineering

www.advancedsciencenews.com

800
a

- —~ PNF15
e B ¢ 11 | — DNF15
3 y — PNF12
= 4% / —~ PNF8
: / —— DNF12
& 200 —~— DNFB8

0

R
Incubation Time (hours)

40
v
S —— DNF8
2 30 —~— DNF12
& —— PNF8
g 20 — PNF12
k| —~ DNF15
£ 10 — PNF15
)
(=]

0

NS S 808 P RS PSP

Incubation Time (hours and days)

Figure 6. a) Swelling rate and b) degradation rate of all nanofibers
(NFs) in phosphate-buffered saline (PBS). DNF8: donepezil/curcumin
(DO/CUR)-loaded 8% polylactic acid (PLA)/polycaprolactone (PCL) NFs,
DNF12: DO/CUR-loaded 12% PLA/PCL NFs, DNF15: DO/CUR-loaded
15% PLA/PCL NFs, PNF8: pure 8% PLA/PCL NFs, PNF12: pure 12%
PLA/PCL NFs, and PNF15: pure 15% PLA/PCL NFs.

given in Figures S3 and S4 (Supporting Information), respec-
tively.

3.9. Swelling Test

The swelling rate is one of the factors affecting drug release ki-
netics. The swelling ratio of polymers and their water uptake ca-
pacity are directly proportional to each other. PLA and PCL have
low water uptake capacities because of their hydrophobic nature.
The swelling ratios of PNFs and DNFs are shown in Figure 6a.
It was observed that PNF15 showed more swelling properties
compared to the other NFs. Furthermore, it was noted that their
weights were approximately seven times (691.0%) heavier com-
pared to their initial weights. The swelling percentages of PNF8
and PNF12 ratios by the end of 24 h were measured as 329.0%
and 450.5%, respectively. The swelling rates of DNF15, DNF12,
and DNF8 were 559.1%, 301.6%, and 264.8%, respectively. It was
analyzed that the diameter raised as the polymer concentration
increased, so the swelling behaviors improved due to the increase
in the diameter.["]

3.10. Degradation Test

All samples were immersed at different intervals in PBS (pH 7.4)
to determine the degradation of the NFs as a critical parameter in
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the drug release behavior of the NFs.[%] Some studies last up to 7
months in the literature because PCL and PLA polymers have
a long degradation time.[®*%*] In this study, a 45 day degrada-
tion test was performed. Degradation rates of all NFs are shown
in Figure 6b. In a study by Haroosh et al., the degradation rate
of PLA/PCL polymer composite was found to be 6.30%, while
the ratios of polymer composite in this study were nearly be-
tween 10% and 15% on the 14th day of the degradation test. The
reason for ¢ slow degradation has been considered to semicrys-
talline nature of PCL.I] On the 45th day, PNF8, PNF12, and
PNF15 degraded at the rates of 30.9%, 27.7%, and 22.6%, respec-
tively. Degradation percentages of DNF8, DNF12, and DNF15
on the 45th day of the degradation test were 34.1%, 32.8%, and
25.8%, respectively; It was proved that the degradation rate de-
creased with the increase of NF diameter.[®] The degradation rate
of DNFs is higher than that of PNFs since the surface contact
of the PBS and the NF is increased by the channels created by
the drugs released from the NFs.[®] Furthermore, the loading of
drugs, which has hydrophilic properties, in fibers increased their
degradation in all three ratios compared to PNFs.

3.11. Evaluation of Cell Viability

In this study, the effects of polymer concentrations on cell viabil-
ity were compared to the drugs loaded in NFs at the same concen-
tration. Healthy mouse fibroblast cells (L929) were used for the
cytotoxicity test of NFs, and no cytotoxic effect was found (Fig-
ure 7a). It has been proven by SEM that a suitable environment
was provided for the proliferation and growth of fibroblast cell
clusters (Figure 7b—g). The cell viability decreased on PNFs by
the increase of polymer concentration.l®”] On the other hand, it
was found that DNF12 had the highest cell viability effect. Con-
sequently, all NF samples could be used in further animal tests
or biomedical applications due to their good cytocompatibility ef-
fect. In addition to all this, DNF12 could be chosen as the most
suitable vehicle due to cell viability results.

4. Conclusion

In our study, DO and CUR were combined in NFs for creating an
innovative dual-acting drug delivery system for the treatment of
AD. The diameters of NFs decreased by the decrease of polymer
concentration and in the case of loading drugs. The swelling ra-
tio and encapsulation efficiency increased; degradation ratio and
tensile strength decreased with the increase of fiber diameter. A
higher initial drug burst release ratio was observed in DNFs by
the increase of fiber diameter due to their higher porosity. The
drugs were released from PLA/PCL NFs at all polymer concentra-
tions according to the first-order model. Furthermore, the tensile
strength increased, and the flexibility decreased by loading drugs
in NFs due to the drugs’ crystalline structures. The T, value of
NFsincreased but the T, value decreased by loading drugs in NFs.
Besides, there is no cytotoxicity on mouse fibroblast cell clusters
at all polymer concentrations but only DNF12 increased the cell
viability proliferation compared to other NFs. Consequently, fiber
diameter has affected all characteristic features of NFs, and DNFs
could be used as a new and promising drug delivery system for
the treatment of AD.

© 2022 Wiley-VCH GmbH
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Figure 7. a) L929 (mouse fibroblast) cell viability of all samples. The data are presented as mean + standard error of the mean. **p < 0.01 versus the
control group. SEM images of proliferated cells on b) pure 8% polylactic acid (PLA)/polycaprolactone (PCL) nanofibers (NFs) (PNF8), c) donepezil
(DO) /curcumin (CUR)-loaded 8% PLA/PCL NFs (DNF8), d) pure 12% PLA/PCL NFs (PNF12), ¢) DO/CUR-loaded 12% PLA/PCL NFs (DNF12), f) pure
15% PLA/PCL NFs (PNF15), and g) DO/CUR-loaded 15% PLA/PCL NFs (DNF15).
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