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Abstract

The most common form of leishmaniasis is cutaneous leishmaniasis (CL). The major difficulties in the treatment of leish-
maniasis include emergence of resistance, toxicity, long-term treatment, and the high cost of the current drugs. Although
the therapeutic effect of sorafenib (SF) has been demonstrated in both in vitro and in vivo models of Leishmania infection,
the therapeutic applications are limited due to severe drug-related toxicity; this is, in turn, due to non-specific distribution
in the body. Thus, topical delivery has the advantage of the site directed delivery of SF. This research study evaluated SF-
loaded hybrid nanofibers (NFs) which were composed of polycaprolactone (PCL) and cellulose acetate (CA) for the CL
topical treatment. Accordingly, SF-loaded hybrid NFs were prepared using the electrospinning method. Formulation vari-
ables including total polymer concentration, drug/polymer ratio, and CA concentration were optimized using a full factorial
design. The prepared SF-loaded NFs were then characterized for morphology, diameter, encapsulation efficiency (EE)%,
drug loading (DL) %, and percentage of release efficiency during a 24-h period (RE,,,%); the mechanical characteristics
were also considered. The physical state of the drug in the optimized NF was evaluated by the X-ray diffraction analysis.
Finally, its in vivo efficacy was determined in L. major—infected mice. The optimized formulation had a smooth, cylindrical,
non-beaded shape fiber with a diameter of 281.44 nm, EE of 97.96%, DL of 7.48%, RE of 51.05%, ultimate tensile strength
of 1.08 MPa, and Young’s moduli of 74.96 MPa. The XRD analysis also demonstrated the amorphous state of SF in NF.
Further, the in vivo results displayed the higher anti-leishmanial activity of the SF-loaded hybrid NF by efficiently healing
lesion and successfully reducing the parasite burden. This, thus, indicated the potential of the clinical capability of the SF-
loaded hybrid NF for the effective treatment of CL.
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Introduction

Leishmaniasis is a major global health problem caused by
different species of parasitic protozoa belonging to genus
Leishmania, which are injected into the skin by the bite
of the infected female sand fly of the genus Phlebotomus
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during blood feeding [1]. Leishmaniasis parasitic infec-
tions appear in several distinct clinical forms, depending
on several factors related to parasites and the immunologi-
cal status of the host [2]. There are three main forms of
leishmaniasis. The first form is cutaneous leishmaniasis
(CL), characterized by a number of localized skin lesions
at the infection site with various manifestations ranging
from small nodules to large plaques, as well as ulcers. The
second one includes mucocutaneous leishmaniasis, typi-
cally accompanied by destructive mucosal infections [3].
The third one is visceral leishmaniasis (Kala-azar), the most
serious and fatal form of the disease characterized by the
presence of parasites in the spleen, liver, and bone mar-
row and systemic infection symptoms [3]. CL is the most
common form of leishmaniasis with the annual incidence
of 1.5 million new cases that are caused by more than 15
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species of Leishmania [4]. While CL is commonly regarded
as a self-healing disease with a low incidence of mortal-
ity, ulcerative lesions are often on the body’s exposed parts
and the parts not treated can change into disfiguring scar,
as well as life-long stigmas, thus leading to psychological
suffering and the patients’ affected quality of life [5]. In few
cases, insufficient treatment of a primary CL lesion may
pose a risk to an individual for mucocutaneous leishmania-
sis later development [2]. The drugs currently used for the
treatment of leishmaniasis are pentavalent antimony com-
pounds as the first-line and amphotericin B and pentamidine
as the second-line anti-leishmanial regimen. However, the
high cost, long treatment times, the need for frequent hos-
pitalization, the emergence of drug resistance, especially
in HIV patients, and variable side effects are some issues
associated with such treatments [6, 7]. Sorafenib (SF) is
a multi-kinase inhibitor inhibiting tumor-cell proliferation
and tumor angiogenesis by targeting RAf kinase, platelet-
derived growth factor, vascular endothelial growth factor
(VEGEF) receptor kinases, and c-Kit receptor. It is used in
treating advanced renal cell carcinoma and unsecretable
hepato-carcinoma [8]. In addition, SF shows a remarkable
anti-parasitic activity in the in vitro and in vivo models of
Leishmania infection [9, 10]. Tablet formulation which has
200 mg SF can be obtained in markets for oral use; however,
therapeutic application of SF is restricted due to low oral
bioavailability (38—49%) and high inter-subject variability
resulting from its unfavored biopharmaceutical features
including poor solubility and first-pass metabolism and
serious drug-associated toxicity owing to non-specific dis-
tribution in the body, like diarrhea, hand—foot skin reaction,
alopecia, anorexia, and loss of weight as well as abdominal
pain [11, 12]. Since CL is a skin disease, development of
a formulation for the topical treatment of CL may allevi-
ate, at least partly, the mentioned problems. Topical treat-
ment offers numerous advantages when compared with oral
administration, like avoiding the first pass metabolism, the
total needed dose minimization owing to the drug delivery
to the particular action site, and decreased adverse reaction
incidence as well as cost [13, 14]. In the recent years, a wide
variety of systems have been developed for topical drug
delivery applications; these include sponges, foams, wafers,
hydrogels, films, membranes, and nanofibers. Among these
systems, nanofibers (NFs) have received special attention in
biomedical fields due to their extraordinary properties such
as ultrafine structure, simplicity of production, high surface
area to volume ratio, porous matrix, high oxygen perme-
ability, and adjustable drug release profile [15-18]. As it
can well mimic the natural extra cellular matrix (ECM),
NFs could create a structural support for cell attachment,
growth, and migration on the wound region, thus acceler-
ating the creation of new tissue and replacing it with the
damaged one in the body [19]. Several studies on the use of

nanofibrous systems for the delivery of anti-leishmaniasis
are available in the literature. For example, nanofibrous
systems were loaded with glucantime [20] and berberine
[21] and then used for the treatment of leishmaniasis. Poly-
caprolactone (PCL) is an aliphatic polyester approved by
Food and Drug Administration (FDA) and extensively used
in biomedical areas because of its biocompatibility, bio-
degradability, low-cost, non-toxicity, and good mechani-
cal properties; however, the major limitation of PCL is its
hydrophobic properties, which might lead to the unsatis-
factory release of the hydrophobic drug. In addition, PCL
does not have cell recognition sites due to its hydrophobic
nature, thus limiting cell adhesion and proliferation [22,
23]. Blending PCL with a hydrophilic polymer like cellu-
lose acetate (CA) may considerably improve its characteris-
tics, such as hydrophilicity and cell binding capability [24,
25]. CA is an acetate ester form of cellulose. Due to its bio-
compatibility, biodegradability, mechanical performance,
low cost, availability, water absorption ability, cell binding
ability, and regenerative properties, this polymer has numer-
ous biomedical applications in drug delivery systems, tissue
engineering, and wound dressing [26, 27]. According to the
above, in this study, SF-loaded PCL-CA electrospun mats
were fabricated and optimized using a full factorial design.
Then, the morphology, diameter, encapsulation efficiency
(EE)%, drug loading (DL) % and release efficiency per-
centage over 24 h (RE,,,%), and the mechanical charac-
teristics of the electrospun NF were assessed. In the next
stage, anti-leishmaniasis of the mats were investigated in L.
major—infected mice.

Materials and methods
Materials

SF was supplied by Parsian Pharmaceutical Co (Iran); CA
(MW =30 kDa; acetyl content=39.7% (w/w) and PCL
((Mw = 80,000 Da) were purchased from Sigma Chemi-
cal Co. (USA); dimethyl formamide (DMF), chloroform,
and dimethyl sulfoxide (DMSO) were from Merck (Ger-
many). Roswell Park Memorial Institute 1640 medium
(RPMI-1640), Novy-MacNeal-Nicolle medium (NNN),
fetal bovine serum (FBS), trypsin/EDTA, and penicillin/
streptomycin were purchased from Gibco Company (USA).
All other used chemicals and solvents were of analytical
reagent grade.

Animals
Female BALB/c mice (aged 6—8 weeks, weighting 25+5 g)

were purchased from Pasteur Institute of Iran. The animals
were kept in a light-controlled animal house (12-h light/12-h
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Table 1 Different factors and their levels investigated by full factorial
design in production of SF-loaded NF

Independent variables Symbol Levels

I II
Polymer content (% w/v) A 12 16
Drug/Polymer ratio (%w/w) B 5 10

CA content (% w/w with respect C 40 80
polymer content)

dark cycle) of pharmacy school with a temperature of
24 +1 °C, and humidity of 55 +5%. The animals had free
excess to food and water. All experiments were performed as
per the guidelines directed by the Ethical Committee of Isfa-
han University of Medical Sciences in regard to the care and
use of laboratory animals (ethics code number # IR.MUI.
RESEARCH.REC.1399.489).

Fabrication of SF-loaded NF

An appropriate amount of PCL and CA at different weight
ratios (20:80.and 60:40) were dissolved in a mixed solvent
(chloroform/DMF, 7:3 by volume) at room temperature and
stirred until a homogeneous solution was obtained. The total
polymer concentration was 12 and 16% (w/v). Then, SF pow-
der (5-10% w/w with respect to the polymer content) was
added to polymer solution. Each of solution was introduced
into a 1 ml plastic syringe with a 27-gauge needle. Plastic
syringe was put in the electrospinning device (Fanavaran Nano
Meghyas Ltd., Co., Tehran, Iran), and electrospinning was per-
formed under controlled conditions such as an applied voltage
of 13 kV, the tip-to-collector distance of 17 cm, and solution

Table 2 Composition and viscosity of different formulated SF-loaded NF

flow rate of 0.3 ml/h. The rotating drum surface was covered
with aluminum foil, and nanofiber samples were collected on
the aluminum foil sheet attached on the surface of a rotating
drum and stored in desiccator for further characterization.

Experimental design

A 23 full factorial design was used for optimization of SF-
loaded NF and to investigate the effect of total polymer
concentration (% w/v), drug/polymer ratio (% w/w), and
cellulose acetate concentration (% w/v, with respect to total
polymer concentration) as the main independent variables on
different properties of NF. The minimum and maximum lev-
els of studied parameters as shown in Table 1 were obtained
from preliminary experiments. The compositions of different
prepared NFs are summarized in Table 2. The investigated
responses chosen were morphology, diameter, EE %, DL
%, RE,4,%, ultimate tensile strength (UTS), and Young’s
modulus. Design Expert® software (version 11, USA) was
used to analyze the statistical significance and create 3D
response surface plots.

Characterization of NF
The diameter and morphology of electrospun NF

Scanning electron microscopy (SEM, FEI Co, USA) oper-
ating at 15 kv was used to examine the surface morphol-
ogy of SF-loaded electrospun NF. For this end, each sample
was sputter coated with gold and then observed with SEM.
Image J software was used to measure the average diameter
of the NF mats by analysis of SEM images. The mean values
were calculated from at least 50 measurements.

Formulations Total polymer concentration CA amount (%w/w with respect SF amount (%w/w with respect  Viscosity
(%wlv) to polymer amount) to polymer amount) (centipoise)

P,RDs 12 0 5 950
P,R4Ds 12 40 5 691
P,Rg,D5 12 80 5 544
P,RDyy 12 0 10 712
P;,R4Dyp 12 40 10 598
P,RgDyp 12 80 10 461
P,cRoDs 16 0 5 1178
P,cR4Ds 16 40 5 925
P,¢RgDs 16 80 5 810
P;¢R¢D1o 16 0 10 1052
P,¢R4D1o 16 40 10 799
P,6RsoD10 16 80 10 701
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EE% and DL % determination

To determine the EE % and DL %, a piece of electrospun
membrane (1 x 1.5 cm?) was dissolved in 1 ml of DMSO
and then analyzed in an ultraviolet (UV) visible spectro-
photometer (UV-mini 1240, Shimadzu, Kyoto, Japan) at
Amax =270 nm after proper dilution. The following equa-
tions were used for calculation of EE % and DL%

EE% = Wy x 100
b= (M

t

14
DL% = Wd x 100 2)

n

where W4, W,, and W, indicate the weight of SF entrapped
into fibers mat, the weight of SF used to prepare the fiber
mat, and weight of the drug-loaded fiber mat, respectively.

In vitro release studies

Release of the drug from formulated fiber was evaluated
by using Franz diffusion cell. A piece of each electrospun
membrane with dimension of 2.5x 2.5 cm? was placed on
the surface of cellulose acetate membrane mounted between
donor and receptor compartments of cells. The receptor was
filled with 30 ml PBS:ethanol (50:50 v/v) and was stirred
at 500 rpm. The temperature in the Franz diffusion cell was
37 °C=+0.5 C. At predefined time points (1, 2, 3, 4, 5, 8, and
24 h), samples were taken from release medium and then
replaced with fresh medium. The released drug was deter-
mined with UV spectrophotometer (Shimadzu®, Japan) at
265 nm. The percentage cumulative amount of drug released
was determined from in vitro release profile. To compare
release medium, RE,,, % was determined by using follow-
ing equation

RE,, % Sy 100 3)
=—X
2407 3100.1

where Y.dt represents the area below the release curve up
until the time, t, and y100.t indicates the rectangle area
defined at the same time by 100% release.

Release kinetic study

To study drug release kinetics, the drug release data from
the optimized sample were fitted to following kinetic models

(Q/Qx =kb) “

Zero order :

First order :

(Ln(1 - Q;/Qx) = —kv) 5)

Baker — Lonsdale : 3/2[1 — (1 — Qt/Qw)ZB] -Q,/Q, =kt

(6)
Higuchi : Q,/Q,, = kt'/? @)
Korsmeyer-Peppas model : (Q,/Q,, = kt") 8)

where k is the drug release rate constant for each model,
Q/Q,, denotes the fraction of drug release at time (t), and
n is release exponent used to determine mechanism of drug
release. Accordingly, n <0.45 is an indication of Fickian
diffusion mechanism. If 0.45 <n <0.89, the drug release
follows a non-Fickian model indicating a combination of
the diffusion from the polymeric matrix and the surface ero-
sion of the polymer are involved in drug release and when
n=0.89 and n>0.89, drug release follows zero-order kinet-
ics and super Case-II transport, respectively [28]. The best
fit model was determined by higher correlation values.

Mechanical properties of electrospun membrane

The mechanical properties of nanofiber membranes in terms
of Young’s moduli and UTS values were measured using a
SANTAM instrument (SANTAM Co, Iran). The samples
(1 cm X 3 cm) were stretched at a speed of 10 mm/min.

Fourier-transform infrared spectra (FTIR)

The FTIR spectrum of CA, PCL, and SF was measured by
applying a KBr disk using FTIR spectrophotometer (JASCO,
Model 6300, Japan). Attenuated total reflection Fourier-
transform infrared spectroscopy (ATR-FTIR, JASCO, Model
6300, Japan) was used to evaluate optimized NF with and
without SF.

X-ray diffraction (XRD) analysis

The XRD patterns of SF, CA, PCL, and optimized nanofib-
ers with and without SF were investigated using XRD dif-
fractometer (Bruker, Germany) using CuKa radiation at
40 kV and 40 mA in 20 range of 5° to 80°.

Skin permeation

Ex vivo skin permeation investigation was done for the SF-
loaded PCL-CA composite NF and SF suspension in Franz
diffusion cells which were fitted with a diffusion area equal
to 4.9 cm? and a reservoir capacity of 30 ml. The shaving
of the rat skin was done following its sacrification by CO,;
then, excising and rinsing were carried out using physi-
ological saline. The obtained skin samples were then sub-
jected to clamping between the receptor and donor of the
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Franz diffusion cell. The receptor compartment was then
filled with PBS:ethanol (50:50 v/v), which was stirred in
a constant manner by applying the magnetic stirrer during
the experiment. The buffer’s temperature was then kept at
the 37 °C+0.5 C range by applying a re-circulating water
bath. SF-loaded PCL-CA composite NF and SF suspension
which contained 300 ug SF were put on the skin’s surface
in the donor compartment, separately. At time intervals pre-
viously determined (2, 3, 4, 5, 8, and 24 h), withdrawal of
1 ml samples from the receiver compartment was done; then,
they were replaced with the fresh medium. The SF amount
was subjected to analysis through UV spectrophotometry
at 265 nm. Each of the tests was carried out three times.
Finally, for the evaluation of permeability, the SF mean
cumulative amount, which permeated the rat skin’s surface
area per unit, was plotted against time.

Efficacy studies in L. major-infected BALB/C mice

Leishmania major (L. major) promastigotes (MRHO/IR/75/
ER) were obtained from the Department of Parasitology &
Mycology, Isfahan University of Medical Sciences, Iran.
This parasite was first cultured in Novy-McNeal-Nicol
(NNN) medium and then this continued in RPMI1640 media
enriched with 10% fetal bovine serum (FBS), penicillin
(100 TU/ml), and streptomycin (100 pg/ml). After promastig-
otes reached their metacyclic phase, 100 pl RPMI1640 con-
taining 2 x 10° metacyclic promastigotes were injected intra-
dermally at the base of the animal's tail. After 2 weeks, when
lesions were emerged, the diameter of lesion was measured
and then mice were randomly divided into 5 groups. Group
1 treated orally with SF (50 mg/kg), group 2 received topi-
cally SF-loaded PCL-CA hybrid NF (50 mg/kg) and group
3 received topically drug-free PCL-CA composite NF with
the same amount of polymer in SF-loaded hybrid NF. Group
receiving normal saline was used as negative control and
group getting Glucantime (100 mg/kg) intraperitoneally was
used as positive control. The treatments were carried out
every day for 14 days. During treatment, the lesion size (in
mm) was determined with a Kulis vernier by recording aver-
age diameters in horizontal and vertical directions

Lesion size on day [0] — Lesion size on day[n]

organ weight (in milligrams) X number of amastigotes per 1000
nucleus [29]. Skin lesions were also excised in normal saline
and SF-loaded hybrid NF treated groups and then stained with
hematoxylin and eosin (H and E staining). These sections were
then evaluated under optical microscope (Olympus, Tokyo,
Japan) to determine parasite density. Furthermore, the body
weight of each of the mice under study was determined at the
beginning and in the end of study.

Results and discussion

In the present study, SF-loaded PCL NF mats were gener-
ated using the electrospinning process. As shown in Fig. 1,
SF-loaded PCL NF mats were a smooth beaded-free cylin-
drical fiber with diameters in a nanometer size ranging from
580.64 to 885. 95 nm. EE% and DL% of SF-loaded PCL NF
mats were also found to be in the range of 71.57-92.58% and
4.47-8.87%, respectively. The prepared NF showed a slow
release rate (Fig. 2). In addition, the production of smooth
and bead-free fibers with the electrospinning of CA/SF solu-
tions was impossible even for small amounts of the drug. To
solve these problems, CA was added to PCL to produce a
membrane for the delivery of SF. Regarding the effect of for-
mulation parameters on the characteristics of the fiber, formu-
lation variables including total polymer concentration, drug/
polymer ratio, and CA concentration were optimized using
the full factorial design. The data obtained from the evalu-
ation of different experimental runs, as generated by the full
factorial design of the Design expert software, are summarized
in Table 3. The results obtained from the ANOVA of the con-
sidered responses can be observed in Table 4. Contribution
effect % of each parameter and their combination on various
responses can be seen in Fig. 3. The 3-D response surface plots
depicting the effect of the predetermined factors on the studied
responses are shown in Fig. 4. In addition, polynomial equa-
tions generated to illustrate the effect of independent variables
on the responses in a better way are shown in Eqgs. 10—15.
In the polynomial equation, the direct relation is denoted by
the positive coefficient, whereas the negative one indicates the
inverse relationship between the independent variables and
dependent responses.

Lesion size reduction % = <

Lesion size on day[0]

> % 100 ©)

where n is the number of days.

At the end of study, animals were sacrificed by CO,, and
livers and spleens of mice were removed and weighed. To
determine parasite burdens in spleens and livers, multiple
smears were prepared and then stained with Giemsa. Then,
the total number of amastigotes per organ was calculated as the
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Morphological characterization of the SF-loaded NF

The SEM images of different SF-loaded PCL-CA composite
NF membranes are shown in Fig. 1. As can be seen, ribbon-
like, interconnected, bead less, and randomly oriented NF with
diameters in nanoscales were formed.
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Fig. 1 SEM images of NF containing SF
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Fig.2 SF release profiles from
different NF. Each point rep-
resents the mean + SD of three
experiments
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Table 3 Characterization of SF-loaded NF (means +S.D.; n=3)

Formulations Diameter (nm) Encapsulation Drug loading Release efficiency (%) Ultimate tensile Young's modulus (MPa)

efficiency% (%) strength (MPa)
P12R0OD5 799.68 +125.61 92.58+5.08 5.16+0.28 26.17+0.30 0.68+0.02 5.60+0.06
P12R40D5 376.03+53.82  99.94+2.48 5.99+0.14 30.60+1.86 1.18+0.04 30.37+1.54
P12R80DS 301.94+41.86 98.22+4.44 5.27+0.23 41.36+4.25 1.71+£0.19 114.49+3.61
P12R0OD10 580.64+103.05 71.57+5.17 8.43+0.61 34.55+4.69 2.27+0.13 3.96+0.14
P12R40D10 369.58 +88.45 97.71+0.71 11.07 +08 46.04+0.11 0.19+0.01 5.36+0.30
P12R80D10 284.88+72.24  95.96+1.82 10.01+0.19 67.78 +£7.96 0.39+0.06 29.94+1.76
P16ROD5 885.95+137.77 72.99+5.27 4.47+0.32 15.47+0.12 2.84+0.22 3.56+0.06
P16R40D5 782.02+162.95 87.16+0.36 5.24+0.02 19.36+0.92 0.22+0.02 5.75+0.06
P16R80D5 7445+113.47 71.46+4.68 4.92+0.32 23.39+0.20 1.22+0.17 64.46+1.86
P16R0OD10 764.34+159.93 74.12+2.32 8.87+0.27 27.67+3.50 1.56+0.10 3.05+0.15
P16R40D10 594.08+110.02 79.21+1.99 12.08 +0.30 34.25+2.98 0.72+0.07 20.76 +0.98
P16R80D10 475.1+£79.67  61.95+5.04 9.75+0.35 38.97+0.20 0.35+0.05 11.14+1.30
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Table 4 Results of ANOVA analysis of responses

Drug loading % Encapsulation Release efficiency Diameter Ultimate tensile ~ Young’s modulus
efficiency % % strength

Parameters p value p value p value p value p-value p-value
Model 0.0045 0.0011 0.0456 0.0030 0.0424 0.0591
A - 0.0003 0.0233 0.0012 0.0634 0.0716
B 0.0010 0.0050 0.0218 0.0030 0.0226 0.0379
C 0.0217 0.0018 0.0628 0.0046 0.0440 0.0355
AB 0.1090 0.0142 - 0.0034 0.0313 0.0783
AC - 0.0028 0.1601 - - 0.0934
BC 0.0708 - 0.3950 0.0159 0.0356 0.0438
ABC 0.1286 - - 0.0206 0.0581 -

A: polymer content (% w/v); B: drug/polymer ratio (%w/w); C: CA content (% w/w with respect polymer content)

Diameter

Diameter is a key parameter affecting the drug release pro-
file from NF. Fibers with a smaller diameter have a shorter
diffusion passage length along with a greater surface area
for effective mass transfer. Average diameters of the pre-
pared NF were in the range of 284.88 to 885.95 nm. Equa-
tion 10 describes the relationship between the diameter of
NF and the independent variables.

Diameter = 491.02 + 157.91 A - 60.11 B —39.41 C-

54.23 AB - 11.51 BC - 8.86 ABC
(10
where A is the polymer content (% w/v), B is the drug/poly-
mer ratio (%w/w), C is the CA content (% w/w with respect
polymer content), and AB and BC are the combined effect
of the two factors.

According to the polynomial Eq. 10 and Fig. 3, the total
polymer concentration had a greater influence on the fiber
diameter (p_value < 0.05); as such, the fiber diameter was
increased with the rise of the polymer concentration, pos-
sibly owing to its influence on viscosity (Fig. 4a) which

Fig.3 Contribution effect % of 100 -
each parameter and their combi-
nation on various responses. A:
polymer content, B: drug/poly- =\: 80
mer ratio, C: CA content. AB, §
AC, AD, and BC are combined S 60 A
effect of two factors and ABC is g
combined effect of three factors =
2 40 -
E
g
O 20 A
0 4

was in accordance with the data shown in Table 3. Our
results were, thus, in a good agreement with the previous
findings, showing that the diameter of fiber depends on the
viscosity of solution and increases with the rise of it [23,
30]. The increased viscosity of the solution with the higher
polymer concentration causes higher viscoelastic forces
that can resist axial stretching during whipping, resulting
in a thicker fiber [31]. An enhancement in the SF/polymer
ratio and CA concentration resulted in the depletion of
the fiber diameter (p_value < 0.05, Fig. 4b). This could
be explained in terms of the reduction of viscosity, which
might be due to SF and CA molecules acting as a plasti-
cizer for PCL chains [32, 33].

Drug EE% and DL %

As shown in Table 3, EE% and DL% of the SF-loaded NF
ranged from 61.95 to 99.94% and 4.92 to 12.08%, respec-
tively. Equations 11 and 12 describe the relationship
between the EE% and DL% of the nanofibers and independ-
ent variables.

uDL%
=EE%
RE%
Diameter
B Ultimate tensile Strength

¥ Young's modulus

BC

C AB
Studied parameters

AC ABC

@ Springer



870 Drug Delivery and Translational Research (2023) 13:862-882

=3
-

Fiber diameter(nm)
Fiber diameter(nm)

50

40°5 .
Drug/polymer ratio Polymer amount CA amount Drug/polymer ratio
%(W/W) %WV %(W/W) %(W/W)

[=F
~

[
[
=}

100

90

80

70

60

Encapsulation efficiency%o

Encapsulation efficiency%o

16

15
80 14
L B 13
= 40 12 Polymer amount
: 512 CA amount

Drug polymer ratio Polymer amount %(W/W) %(W/V)

%(W/W) %(W/V) .
e)
X
o0
£
=
&
=
o0
-]
Pt
=)

405 .
CA amount Drug / polymer ratio
%(W/W) %(W/W)

Fig.4 3-D response surface plots depicting the effect of predetermined factors on studied responses
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EE % =86.45-11.51A-2.75B -4.55C - 1.62 AB — 3.69 AC
an

DL% = 8.05 +2.69 B — 0.555 C + 0.231 AB — 0.295 BC 0.209 ABC
(12)

According to polynomial Eq. 11, all studied factors had an
inverse effect on EE. Also, the higher coefficient value of the
polymer concentration indicated that it had a more signifi-
cant effect on EE, which was followed by the CA concentra-
tion and drug/polymer ratio (Fig. 3). It was also found that
the EE % of the SF-loaded PCL-CA NF was decreased with
raising the polymer concentration (p-value < 0.05, Fig. 4c).
The lower capability of NF to encapsulate SF at higher
polymer concentration might be due to its higher viscos-
ity, which could negatively affect the miscibility of the drug
in the polymer solution, thus resulting in the lower EE %.

Ultimate tensile strength(MPa)

6 Drug / polymer ratio
%(W/W)

CA amount

%(W/W)

Moreover, the reduction of EE with the rise of the drug/poly-
mer ratio and concentration of CA (Fig. 4c, d) could be due
to a substantial reduction in the diameter (p-value <0.05). As
reported in the literature, thicker fibers provide a higher EE
due to more space to entrap drug molecules [23, 34]. DL%,
which ranged from 4.92 to 12.08%, was mainly influenced
by the drug/polymer ratio and cellulose acetate concentration
(p-value <0.05, Fig. 3). Increasing the drug/polymer ratio
caused DL% to rise, thus indicating that there was more drug
per unit weight of NF, which was expected with increasing
the drug/polymer ratio (p-value < 0.05, Fig. 4e); meanwhile,
elevating the CA concentration led to the decrease of the
DL% of NF (p-value <0.05, Fig. 4e). Such an adverse impact
could be attributed to the decrease of the entrapped drug
with increasing this variable.
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In vitro release studies

Figure 2 displays the release profiles of SF from PCL NF
with or without CA. As can be seen, the SF-loaded NF
exhibited a biphasic release profile with an initial rapid
release followed by a second sustained phase. The initial
burst phase was due to the drug associated with the surface.
The second slower release phase was obviously controlled
by the diffusion of the drug entrapped inside the NF. A simi-
lar release pattern has also been reported by other research-
ers [35, 36]. To compare the profiles of drug release, RE %
was calculated; the higher RE %, the faster the drug release
rates. The measured RE was in the range of 19.36 to 67.78%.
It was also found that the SF release rate of PCL-CA NF
was higher than that of PCL NF, which could be attributed
to the decrease in the hydrophobicity of the scaffold due to
the hydrophilic nature of CA [26].

Equation 13 describes the effect of the independent vari-
ables on the RE% of the SF-loaded PCL/CA NF.

RE% =37.72-8.73 A+9.04 B +5.16 C-2.97 AC + 1.46 BC
13)

Figure 3 represents that the drug/polymer ratio was the
most important parameter affecting RE,,;,%. As indicated
in Eq. 13 and Fig. 4f, g, the linear term of the drug/polymer
ratio had a positive effect on the RE,,;,% of NF, whereas
the linear terms of the total polymer concentration had a
negative one (p-value <0.05). Changes in RE, ;% with these
variables, e.g., a decrease in the release rate with increas-
ing the polymers’ concentration from 12 to 16%, could be
due to their effects on the NF diameter. An inverse corre-
lation between the fiber diameter and the release rate was
also found [37]. The increased length of diffusion pathways
with raising the fiber diameter could be the cause of the
decrease in the release rate. A similar trend was also found
with poly vinyl alcohol-polyvinyl pyrrolidone blend fibers
fabricated by Kaur et al. [38] for the delivery of granisetron
hydrochloride. The increase in RE with the rise of the drug/
polymer ratio could also be due to the migration of more
drug to the surface or near the surface of NF during the
electrospinning process, as evidenced by the higher burst
release from fibers. This is also shown in Fig. 2. When the
drug loading was higher, less polymer per unit weight of
NF was available to delay the SF release. The pore formed
with the SF release promoted more rapid release of SF
from NF [39]. As a result, the exposure and diffusion of SF
to the release medium became higher, leading to a faster
drug release rate. Similarly, Zamani et al. [40] found that
increasing the metronidazole content in the polycaprolactone
NF raised the drug release rate. Although not significant,
the higher amount of CA favored the higher values of RE
(p-value > 0.05, Fig. 4g) due to the hydrophilicity of CA,
as described above. In the study conducted by Ramos et al.
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[41] and Zhijiang et al. [24], with raising CA concentrations
in PCL-CA and poly(hydroxybutyrate)/CA blend fibers, the
water contact angle was decreased due to the increase in the
hydrophilicity of the scaffold. This increased hydrophilic-
ity could be desirable for the promotion of the more rapid
hydration of the polymer, which could result in a faster drug
release rate from NF.

Mechanical analysis of the electrospun NF
membranes

Mechanical features are important for dressing applications
since they determine how long the formulation integrity
can last against environmental stresses during the healing
process. The values for the UTS and Young’s modulus are
summarized in Table 3. The following equations show the
relationship between Young’s modulus and the UTS of the
electrospun SF-loaded hybrid NF and the studied variables:

Young's modulus = 35.29 — 9.76 A — 18.48 B + 19.72 C+

8.91 AB —7.45 AC — 1598 BC
(14)

UTS =+ 0.7503 — 0.1193A - 0.3356 B + 0.1722 C
+0.2419 AB - 0.2130 BC - 0.1301ABC

As shown in Fig. 4h, i, the Young’s modulus and tensile
strength of the NF membranes were significantly increased
with raising the CA concentration (p-value <0.05). In a
study conducted by ElMessiry and Fadel [42], it was found
that the increase of the CA percentage in the CA/ poly (vinyl
chloride) composite NF improved the tensile properties. The
improvement in the mechanical properties of NF was due
to stiffening the molecular networks, which was, in turn,
owing to the formation of intermolecular hydrogen bonds
that restricted the movement of the molecular chain, as
explained in the FTIR analysis presented in the next section.
In contrast, the UTS and Young’s modulus were decreased
as the drug/polymer ratio was increased (p-value <0.05),
which was consistent with the results shown in the previous
work (Fig. 4h, i). The reason for this could be the reduction
of the physical interaction between polymer chains and the
changes of the NF microstructure resulting from the addi-
tion of SF in the polymeric solution. In agreement with our
finding, Farzamfar et al. [43] also showed that the increased
concentration of taurine reduced the UTS of NF.

Optimization

The optimized NF was sensibly selected based on measures
such as smaller diameter, higher DL%, EE%, RE%, UTS,
and Young’s modulus. The formulation contained 12%w/v
blend ratio of (20/80 w/w) PCL/CA, and 7.2% w/w SF was
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Table 5 Comparative levels of predicted and observed responses for the optimized formulation (means +S.D.; n=23)

Responses Diameter  Encapsulation efficiency Drug loading Release efficiency Ultimate tensile Young’s modulus
(nm) (%) (%) (%) strength (MPa) (MPa)
Predicted 294.628 97.2159 7.23472 53.4295 1.11377 76.9509
value
Experiment 281.44 + 97.96 + 1.38 748 +£0.105 51.05+0.93 1.08 +0.13 74.96 + 1.44
value 32.85
Error% 4.476 -0.7613 -3.459 4.447 3.032 2.587

Fig.5 a SEM image of SF-
loaded optimized NF. b In vitro
release profile of optimized
SF-loaded NF. Each point repre-
sents the mean + SD of three
experiments

b) 80 -

SF released%

0
210240 270300330 360
Fiber diameter(nm)

selected as the optimized formulation by the desirability of
66%. This formulation was developed and characterized
for the response variables. As shown in Table 5, the pre-
dicted values for the responses were in a good agreement
with the obtained results, representing the reliability of

10 15 20 25 30
Time(h)

the optimization process. The shape of the SF-loaded opti-
mized NF is shown in Fig. 5a, revealing that the optimized
NFs were bead-free, uniform, cylindrical, and smooth fib-
ers. The in vitro release profile of the optimized SF-loaded
NF is shown in Fig. 5b. The release data of the optimized

Table 6 Correlation coefficient
(R?) achieved from curve fitting

of mean SF release data (n=3)

from optimized NF

Formulation Kinetic models (R?) Korsmeyer-Peppas parameters
Baker-Lonasdale Higuchi First order Zero order n R?
SF-loaded hybrid NF  0.9464 0.9022 0.8852 0.7713 0.4056  0.9313
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Fig.6 FTIR spectra of a CA, b
PCL, ¢ SF, d SF-free hybrid NF,
e SF-loaded hybrid NF
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formulation within 24 h was analyzed by different kinetic
models. The results of the correlation coefficient are shown
in Table 6. According to the best fit with the highest cor-
relation (R?) value, it could be concluded that the optimized
formulation followed the Baker-Lonsdale model with the
R? value of 0.9464. As shown in Table 6, the obtained n
value was 0.4056, which was less than the 0.45 value. The
magnitude of the n value suggested that Fickian diffusion
mechanism was the main mechanism that released the drug
from the polymer bed.

FTIR spectroscopy

The FTIR spectra of CA, PCL, SF, and NF with and without
SF are shown in Fig. 6. In the FTIR spectrum of the CA
polymer, these peaks included the following: O—H group at
3488.6 cm™', CH, stretching at 2949.59 and 2890.77 cm™',
COO stretching vibrations at 1753.94 cm™!, and C-O-C
bonds at 1040.41 and 1237.11 cm™! [44]. The FTIR spec-
tra of PCL showed the small peaks at 2864.74 cm™' and
2942.84 cm™!, which belonged to the stretching vibrations
of CH,. The sharp peak at 1722.12 cm™! indicated the
stretching vibrations of the C=0 group, and the stretch-
ing vibrations of the C—O-C group were represented in
1000-1300 cm™! [45]. In the FTIR spectrum of SF, the
peaks at 3385.42 and 3289.96 cm™! belonged to the N-H
stretching. The peak at 3077.63 cm™! could be attributed to
the C-H stretching band and that at 1722.12 cm™! was due
to the C=0 bond of the buried group. Besides, the peak at
1690.3 cm™! referred to the C=O bond of the amide group.
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On the other hand, the bands at 1400-1600 cm™" were due
to the presence of the C=C and C=N stretching [46]. In
the FTIR spectra of PCL-CA NF, several characteristics
peaks of both PCL and CA were detected. As can be seen,
the carbonyl stretching of the composite NF was shifted
to 1731.76 cm™!, which might be due to hydrogen bonds
formed between the polymer chains. In the FTIR of the SF-
loaded hybrid NF, although all characteristics peaks of SF
were not seen in the spectrum because SF was low in the
fiber, the presence of SF was confirmed by the absorption
band at 1505 and 1546.63 cm™!, which corresponded to the
C =N stretching.

X-ray diffraction (XRD) analysis

In order to evaluate the physical features of SF and other com-
ponents in NF, XRD investigations were performed. Figure 7
shows the XRD patterns of SF, PCL, CA, and optimized NF
with and without SE. As shown in Fig. 7a, the pure PCL dis-
played two sharp peaks at 20 of 21.3° and 23.6°, which were
consistent with the previous studies [47]. For CA, one diffrac-
tion halo was observed, indicating that the polymer was amor-
phous (Fig. 7b) [48]. In the XRD spectrum of SF, many sharp
peaks could be seen, thus evidencing the crystalline structure
of SF (Fig. 7¢). In the patterns of the drug-free NF, the charac-
teristic reflections of PCL were absent, thus showing the amor-
phous state of materials in the composite NF, where the origi-
nal structure of the pure PCL had been lost. This could be due
to the short fiber solidification time during the electrospinning
process or hydrogen binding in the polymer matrix, hindering
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Fig.9 Representative images
of lesion at tail base of mice
treated with normal saline, SF-
free NF, and SF-loaded NF

Glucantime

SF loaded

SF free
NF

Normal
saline

the arrangement of macromolecular chains in the NF [49]. In
addition, the sharp peaks of SF were absent in PCL-CA NF,
thus indicating that SF was converted into an amorphous form
in the composite NF or molecularly dispersed in NF.

Skin permeation

The results obtained in regard to the SF skin permeation
across shed rat skin can be observed in Fig. 8. PCL-CA
composite NF was found to considerably enhance the SF
skin permeation, in comparison to the free SF. As shown

in Fig. 8, the SF cumulative amount which was perme-
ated through the skin model following 24-h incubation was
32.29 +3.48 pg/cm? for the SF-loaded PCL-CA composite
NF; in contrast, the amount which was permeated through
the skin for the suspension of SF was almost 10.87 +3.32 ug/
cm?. NF mats superiority over SF suspension could be
ascribed to the SF solubility improvement owing to molec-
ular dispersion within porous NF mats, as verified through
PXRD. Further, NF posed high surface area-to-volume
ratios and a highly porous nature, leading to a desirable skin
penetration ability [18, 50, 51].
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Fig. 10 (continued)

Efficacy studies in L. major-infected BALB/C mice

In vivo efficacy of the SF-loaded PCL-CA composite NF
was determined in L. major—infected mice, as shown in
Fig. 9. The effectiveness of each treatment was determined
by the calculation of the percentage reduction in the lesion
size. The results, as shown in Fig. 10a, indicated that the
lesion size was increased in normal saline-treated groups
over time. In contrast, a decrease was observed for the
orally administered SF, topically administered SF-loaded
hybrid NF and Glucantime®. Except for day 3, the SF-
loaded hybrid NF resulted in the reduction of the lesion
size, similar to the decrease achieved with intraperito-
neally administered Glucantime®, which was significantly
higher when compared with that obtained with the oral
SF. A slight reduction in the size area was also observed
in the mice treated with the unloaded NF during the study,
which could be triggered by some immunological response
caused by the PCL polymer [52]. The parasite burden in
the infected liver and spleen was determined. The results
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are shown in Fig. 10b, c. The highest parasite burden in
the liver and spleen was seen in the negative control group.
The parasite number was slightly decreased in the group
treated with the drug-free NF, as compared with the nega-
tive control one. SF-loaded NF and Glucantime® equally
decreased the parasite burden, which was significantly
higher than that of the oral SF. As can be seen in Fig. 10d,
the weights of the spleen and liver of mice infected with
parasites in all groups were increased significantly when
compared with those in their healthy counterparts, fol-
lowing the order of normal saline > SF-free NF >, oral
SF> SF-loaded NF = Glucantime®. More decrease of para-
site burdens in the spleen and liver of the mice treated
with the SF-loaded NF and Glucantime® was associated
with the more decrease of the spleen and liver weight,
as compared with other groups. Changes in the body
weight of each group under study were also monitored.
The weight loss observed in normal saline, the drug-free
NF, and oral SF was about 4.53 +1.21%, 3.54 +0.45%,
and 2.18 +0.49%, respectively. However, though not
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significant, a slight increase in the body weight of mice
treated with SF-loaded NF and Glucantime® was seen,
thus indicating the higher response of animals to this
treatment. H and E staining examination also revealed a
limited number of amastigotes in the SF-loaded PCL-CA
composite NF—treated group, as compared with the normal
saline group, thus confirming the local effectiveness of
SF in treating leishmania (Fig. 10e). Overall, our in vivo
results showed that the leishmanicidal efficacy of the SF-
loaded NF was higher than that of the oral SF. This could
be considered an advantage of the site-directed delivery of
SF with NF, thus enhancing the efficacy of the treatment
through increasing and sustaining the drug concentration
at the site of action [53, 54].

Conclusion

In this study, the SF-loaded hybrid NF was successfully
prepared and physico-chemically characterized. The opti-
mized NF, which was fabricated using the 12%w/v blend
ratio of (20/80 w/w) PCL-CA containing 7.2%w/w SF
had high EE and released nearly 68% drug during 24 h.
According to the obtained results, the fiber diameter was
increased with the rise of the polymer concentration, while
it was decreased as the concentration of the SF/polymer
ratio and CA were increased. The developed SF-loaded
hybrid NF showed improved efficacy in vivo by the reduc-
tion of the lesion size along with lowering the parasite
burden in the liver and spleen in mice infected with L.
major. The safety and efficacy of this therapy, however,
need to be demonstrated in further clinical studies. This
will be addressed in our future research.
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