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ABSTRACT
Purpose The study discusses the value of electrospun
cilostazol-loaded (CIL) polymer structures for potential vascu-
lar implant applications.
Methods Biodegradable polycaprolactone (PCL) fibers were
produced by electrospinning on a rotating drum collector.
Three different concentrations of CIL: 6.25%, 12.50% and
18.75% based on the amount of polymer, were incorporated
into the fibers. The fibers were characterized by their size,
shape and orientation. Materials characterization was carried
out by Fourier Transformed Infrared spectroscopy (FTIR),
Raman spectroscopy, differential scanning calorimetry
(DSC) and X-ray diffraction (XRD). In vitro drug release study
was conducted using flow-through cell apparatus (USP 4).
Results Three-dimensional structures characterized by fibers
diameter ranging from 0.81 to 2.48 μm were in the range
required for cardiovascular application. DSC and XRD con-
firmed the presence of CIL in the electrospun fibers. FTIR
and Raman spectra confirmed CIL polymorphic form. Elastic
modulus values for PCL and the CIL-loaded PCL fibers were
in the range from 0.6 to 1.1 GPa. The in vitro release studies
were conducted and revealed drug dissolution in combination

with diffusion and polymer relaxation as mechanisms for CIL
release from the polymer matrix.
Conclusions The release profile of CIL and nanomechanical
properties of all formulations of PCL fibers demonstrate that
the cilostazol loaded PCL fibers are an efficient delivery sys-
tem for vascular implant application.
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ABBREVIATIONS
ΔHm The enthalpy of melting derived from DSC

curves
ΔHm0 The enthalpy of melting 100% crystalline

polymer
λ The X-ray wavelength
θ The diffraction angle
API Active pharmaceutical ingredient
ASA Acetylsalicylic acid
BCS Biopharmaceutical classification system
CIL Cilostazol
D Crystallite size
DDS Drug delivery system
drugobt The weight of the drug determined in obtained

structure
drugexp The weight of the drug expected in obtained

structure
DSC Differential scanning calorimetry
ECM Extracellular matrix
ePTFE Expanded polytetrafluroethylene
f2 Similarity factor
FTIR Fourier transformed infrared spectroscopy
FWHM Full width at half maximum
k Shape factor
kH, kHC, k, k1,
k2

Constants for Higuchi, Hixson-Crowell,
Peppas-Sahlin and Ritger-Peppas models
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M∞, M0 The starting amount of the active substance
m1 Weight of empty glass vessels
m2 Weight of vessels containing electrospun PCL

tubes
m3 Weight of vessels containing electrospun PCL

tubes after 24 h
mexp Total sum of the masses of the polymer and

drug used for the preparation of the structures
mobt Mass of the obtained structure
Mt The cumulative amount of the active substance

released at time t
n The release exponent
PCL Polycaprolactone
PET Poly-ethylene terephthalate
PTX Paclitaxel
SEM Scanning electron microscopy
TEVG Tissue-engineered vascular grafts
USP4 Flow-through cell apparatus
VSMC Vascular smooth muscle cells
Xc Crystallinity

INTRODUCTION

Despite a number of preventive programs and initiatives, ath-
erosclerosis of blood vessels, an underlying cause of a number
of cardiovascular diseases, still represents a significant prob-
lem among patients of both developed and developing coun-
tries. Advanced cases of coronary artery disease or peripheral
vascular disease often require surgical intervention, which in
severe cases demands vascular graft implantation. Currently,
commercially-available artificial grafts are most frequently
made o f s yn the t i c po l ymer s such a s expanded
polytetrafluroethylene (ePTFE) and poly-ethylene terephthal-
ate (PET) (1). Despite their broad use in clinical practice, the
application of synthetic compounds can be troublesome, as
their conduits are susceptible to more frequent thrombosis,
neointimal hyperplasia and infections (2,3). This, in turn,
may lead to unavoidable surgical re-intervention, even
resulting in graft explantation.

Recent years have seen the emergence of technologies of
cellular and acellular tissue-engineered vascular grafts
(TEVG) formation (4). These biodegradable grafts are im-
plantable prostheses acting as scaffolds; they are degraded
gradually over time and replaced with vascular tissue, thus
allowing the regeneration of a native blood vessel.

In order to design a more efficient vascular graft, several
requirements should be met. The applied materials should
provide sufficient mechanical support and degrade gradually,
thus permitting vascular conduit regeneration (5). Moreover,
the graft should also be able to cope with thrombosis, re-
endothelialization and neointimal hyperplasia. A viable
TEVG candidate should also be readily available for use, with

a cost-effective production method that can be scaled-up to an
industrial level (6).

Electrospinning is a versatile technique enabling a
facile production of nano- and microfibers from various
materials including bioresorbable and biodegradable
polymers with great potential in biomimicry (7). This
term, in the case of electrospun TEVG, relates not ex-
clusively to vascular tube creation but also to the fact
that the size and mechanical properties of nano- and
microfibers resemble those of the extracellular matrix
(ECM), allowing them to replicate the function of en-
dogenous ECM after implantation (8).

Polycaprolactone (PCL) is a hydrophobic, semicrystalline
polymer characterized by slow degradation time and low tox-
icity (9). PCL is often used in electrospun scaffold materials for
cardiovascular application due to its favorable mechanical
properties (10). PCL-based grafts have demonstrated structur-
al integrity and graft patency for a period of seven weeks in vivo
(11), and have been found to be suitable substitutes in an
abdominal aortic replacement in an in vivo rat model, present-
ing rapid endothelialization and good mechanical properties
for up to 18 months (12).

In addition, the high surface area and loading capability of
electrospun grafts made of nano- and microfibers expand their
potential application, as they can be utilized as a novel form of
drug delivery system (DDS). By incorporating various active
pharmaceutical ingredients (API), this approach addresses issues
connected with acute thrombosis or problems of maintaining
cellular homeostasis in the region of graft implantation: insuffi-
cient endothelialization followed often by neointimal hyperpla-
sia which can result in graft failure (13,14).

To address these issues, an effective antiplatelet agent,
acetylsalicylic acid (ASA) has been used to improve the
hemocompatibility of electrospun vascular grafts and limit
thrombus formation (15). Paclitaxel (PTX), an antiprolifera-
tive agent widely used in drug-eluting stents to prevent neoin-
timal hyperplasia, has also been incorporated in electrospun
PCL grafts to limit vascular smooth muscle cells (VSMC) pro-
liferation (16). Antithrombotic agents including dipyridamole
(DPA) have also been incorporated in electrospun vascular
grafts to address the issue of neointimal hyperplasia by reduc-
ing the VSMC proliferation and promoting the re-
endothelialization of graft lumen, thus reestablishing vascular
homeostasis (17).

Cilostazol (CIL) and its several metabolites act as a phos-
phodiesterase III inhibitors, which after per os administration
suppress platelet aggregation (18). CIL is classified as class II in
biopharmaceutical classification system (BCS), due to its high
permeability and low aqueous solubility. Recently, CIL was
found to inhibit vascular graft stenosis by reducing VSMC
proliferation and local inflammation in vivo more effectively
than acetylsalicylic acid (19). In another clinical study, CIL
was shown to influence vascular and angiogenesis biomarkers
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recruiting endothelial progenitor cells, thus restoring injured
endothelium (20).

CIL physicochemical properties and biochemical influence
on the vascular homeostasis makes it a potential candidate for
incorporation into new materials for cardiovascular applica-
tion. The current trend in newly developed materials for car-
diovascular implants design involves a broad use of biodegrad-
able polymers (21). When designing a product with drug-
eluting capabilities it is, therefore, crucial to extensively inves-
tigate drug-polymer interactions and fully characterize physi-
cochemical properties of produced materials. However, in the
case of CIL, a scarce number of such approaches have been
reported and none regarding the electrospinning technique.
One of these reports has investigated CIL interactions with
polymers used in oral dosage forms development as its main
aim was to improve CIL solubility and bioavailability after per
os administration (22). Only one report has shown that CIL
incorporation is possible when directly blended with a biode-
gradable polymer used in cardiovascular implant development
(23). Moreover, study conducted by Parker et al. demonstrated
that antiplatelet agent like CIL can mitigate vascular implant
thrombosis. However, physicochemical properties of CIL and
biodegradable polymer blend was reported to a marginal ex-
tent. Furthermore, use of a low-volatile solvent hampered the
solidification process of drug-loaded polymer reservoirs.
During the production process, CIL as-received polymorphic
form A was changed to form B, which may spontaneously
convert overtime back to form A thus affecting the release
kinetics from polymer system (24).

The aim of the present work was to incorporate the
recently-discovered properties of CIL and the advantages of

electrospun materials in the fabrication of a drug-delivering
vascular graft for the cardiovascular application. Our study
demonstrates the incorporation of the hydrophobic drug -
cilostazol (CIL) into the PCL fibers produced by
electrospinning technique. It describes the production of
fast-solidifying PCL fibers containing CIL in various amounts.
CIL-loaded electrospun PCL structures were prepared and
extensively characterized. Our study demonstrates no change
in CIL polymorphic form after electrospinning process. The
study evaluates the potential of electrospun PCL-based mate-
rials as novel DDS for the cardiovascular application.

EXPERIMENTAL

Production of PCL and PCL + CIL Fibrous Structures

Poly(ε-caprolactone) (PCL) and composite PCL + cilostazol
(CIL) fibers were produced using the electrospinning tech-
nique (Fig. 1). The starting solution for the synthesis was pre-
pared in a few steps. Firstly, PCL mixture was obtained at
different concentrations of 6%, 8% and 10% (wt) in a 3:1 (v/
v) mixture of chloroform and methanol. In order to incorpo-
rate active substance, direct blending technique was used. CIL
was added to the PCL mixtures in three different concentra-
tions of 6.25%, 12.50% and 18.75%, the percentage of the
drug was calculated as a dry amount of CIL to PCL in a final
product. To obtain concentration of 6.25% CIL, 37.5 mg,
50.0 mg, 62.5 mg of CIL were added to 10 g of 6%, 8%
and 10% PCL solutions, respectively. In case of 8% PCL
formulation, 100 mg and 150 mg of CIL were added, to

Fig. 1 Scheme of an
electrospinning setup for the
fabrication of PCL fibers.
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obtain concentration of 12.50% and 18.75% CIL based on
the amount of polymer.

The PCL solutions, and then the PCL + CIL solutions,
were stirred and left to obtain homogeneous mixtures.
Following this, 1 ml amounts of the solutions were taken
to produce the electrospun samples. A rotating drum col-
lector, 40 mm long and 8 mm in diameter, was then used
to obtain fibrous, tubular structures suitable for potential
vascular graft applications. The drum collector was cov-
ered with aluminum foil to allow the removal of the
three-dimensional tubular structures (Fig. 1).

A non-rotating metallic plate collector was also used to
obtain and study single fibers. The collecting speeds were set
at 0 rpm for the stationary collector and 1000, 2000 and
4000 rpm for the rotating drum collector. The distance be-
tween the needle and the collector was 15 cm and the applied
voltage was 10 kV. The solutions were added to the process at
a constant flow rate of 2 ml/h.

PCL of 80 kDa molecular weight was purchased from
Sigma-Aldrich. Cilostazol was obtained from Lekam
Pharmaceutical Company Ltd. (Poland).

Electrospinning Efficiency

After electrospinning, the fibrous structures were removed
from the collector as tubular structures. The electrospun tubes
were weighted to calculate the efficiency of the electrospinning
process, based on the following equation:

Electrospinning efficiency %ð Þ ¼ mobt

mexp
� 100 ð1Þ

where mobt represents the mass of the obtained structure, and
mexp is the total sum of the masses of the polymer and drug used
for the preparation of the structures, excluding solvents, which
evaporate during the production process. Generally,
electrospinning utilizes organic solvents which due to their vol-
atility, evaporate very quickly during the process. Additionally,
during the elongation phase of electrospinning process, the lo-
cation of charge in the polymer jet starts to change, which results
in a number of bending instabilities, causing a reduction of jet
diameter on its way from the spinneret to the collector (Fig. 1).
This elongated path increases evaporation time of volatile or-
ganic solvents thus contributing to the collection of solidified
product on the grounded collector (25).

Entrapment Efficiency

Entrapment efficiency was determined by UV-Vis spectro-
photometry at a characteristic wavelength of CIL (λmax =
257 nm). PCL did not interfere with the analysis as it showed
no signal at this wavelength. A known mass of electrospun
tubular structure was dissolved in chloroform to destroy the

structure and release the CIL. The amount of CIL was calcu-
lated from the calibration curve in the range of analyte con-
centrations between 0.1 mg/mL and 0.8 mg/mL (A =
4.0449*c - 0.116; R2 > 0.99). The entrapment efficiency was
calculated as:

Entrapment efficiency %ð Þ ¼ drugobt
drugexp

� 100 ð2Þ

drugobt represents the weight of the drug determined in
obtained structure, and drugexp is the weight of the drug
expected in obtained structure, based on the known
electrospinning efficiency.

Scanning Electron Microscopy (SEM) Studies

The morphological properties of the fibers were ana-
lyzed using a scanning electron microscope (SEM, Jeol
7001TTLS) with an accelerating voltage of 1.0–5.0 kV.
The electrospun samples were coated with a thin gold
layer to render them electrically conductive prior to
microscopy. Both the inner and outer sides of the poly-
mer mats produced by electrospinning on the rotating
collector were examined. Micrographs of nearly 100 fi-
bers were randomly selected, and their average diameter
was measured using Fiji software (26). In addition, the
fiber orientation coherence was measured using the
Orientation J plugin, which automates the orientation
analysis (27,28). Quantitative orientation measurements
were conducted for 50 regions of SEM micrographs of
electrospun samples based on the evaluation of the
structure tensor in a local area. The coherency coeffi-
cient values were described in the range of 0 to 1,
where an increasing value corresponded to greater fiber
alignment. Visual orientation analysis was conducted by
OrientationJ and involved the structure tensor calcula-
tions for each pixel in the SEM image. The local ori-
entation properties were computed and then visualized
as a color image with the fiber orientation being
encoded in the color.

Hygroscopicity Studies

Hygroscopicity was determined according to the European
Pharmacopeia (29). The electrospun samples were placed in
a climatic cabinet set at 25°C with a relative humidity of 80 ±
2%. The humidity and temperature in the cabinet were kept
constant. Empty glass vessels (m1) and vessels containing
electrospun PCL tubes with and without CIL load were
weighed (m2). Samples were prepared in triplicate.
Unstoppered vessels were placed in the cabinet for 24 h.
After 24 h of storage, the samples were removed from the
cabinet, and the mass of each sample was measured (m3).
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The percentage increase in mass was calculated by the follow-
ing expression:

mass increase %ð Þ ¼ m3−m2

m2−m1
� 100 ð3Þ

Differential Scanning Calorimetric (DSC) Studies

The crystallinity of the CIL powder and the PCL and PCL +
CIL electrospun fibers was determined by differential scan-
ning calorimetry (DSC, Perkin Elmer DSC 8000) analysis.
The calibration procedure was a multi-step process which
involved baseline optimization, sample temperature calibra-
tion, furnace and the heat flow control. As reference, indium
and lead were used for temperature and enthalpy calibration.
All samples were analyzed in the temperature range from−30
to 190°C. The DSC runs for each sample were recorded in
both heating and cooling modes at a temperature rate of
10 K/min. All experiments were performed under a nitrogen
gas flow. The degree of crystallinity (Xc) was calculated using
the following equation:

Xc %ð Þ ¼ ΔHm½ �
ΔHm0½ � *100 ð4Þ

where, ΔHm (J/g) is the enthalpy of melting derived from
DSC curves, and ΔHm0 (J/g) is the enthalpy of melting
100% crystalline polymer. For PCL, ΔHm0 is 139.5 J/g (30).

X-ray Diffraction (XRD) Studies

The structural properties of the fibers were analyzed by X-ray
diffraction (XRD). A high-resolution Empyrean diffractome-
ter (PANalytical) was used, employing CuKα1 radiation
(1.54 Å) and operating in the Bragg-Brentano geometry.
The 2 Theta scans were recorded in angles ranging from 5
to 50 (2θ) in continuous scan mode. The PCL crystallite size
was calculated from the Scherrer equation:

D ¼ k � λ
FWHM*cosθ

ð5Þ

where D is crystallite size, k is the shape factor with a value of
0.94, λ is the X-ray wavelength, line broadening is marked as
the full width at half maximum (FWHM) and θ is the diffrac-
tion angle.

Fourier Transformed Infrared (FTIR) and Raman
Spectra Analysis

The Fourier transformed infrared (FTIR) absorption spectra
of fibrous PCL and PCL/CIL mats were recorded using
Bruker Tensor 27 FTIR spectrometer with diamond ATR,
in a spectral range of 400 cm−1 to 4000 cm−1 with a resolution

of 4 cm−1. The background spectrum was run with an empty
ATR cell without any sample. The background spectrum and
sample spectra were measured at room temperature.

Raman spectra for all produced samples were obtained by
using an inVia Renishaw confocal Raman microscope
(Renishaw) with a 50×/0.75 microscope objective (LEICA)
and by an engaging laser of 514 nm. Each Raman spectrum
was obtained in the range of 1000 to 2000 cm−1 corrected by
the WiRE™3.3 software connected to the instrument.

Mechanical Properties Determination

The nanohardness and elastic modulus of the single fibers
collected under 0 rpm were measured by nanoindentation
(Hysitron TI 950 TriboIndenter) using a Berkovich diamond
tip with a maximum penetration depth below 50 nm.
Hardness and elastic modulus values were determined from
the load-displacement curves by the Oliver–Pharr method
(31). Samples were scanned using 0.75 μN and 0.1 Hz to
avoid displacements during the topographic survey. A long
drift correction of 300 s was used to account for both thermal
and elastic drift, with typical drift values being 0.05 nm/s.

In Vitro Release Studies

An in vitro release studies were performed using USP 4 appa-
ratus. Operated in the closed configuration, the
semiautomated SOTAX CE 7 smart apparatus (Basel,
Switzerland) was linked to a piston pump SOTAX CP 7–35
(Basel, Switzerland) and a dual-beamUV-Vis spectrophotom-
eter Evolution 300 PC (Thermo Scientific, Madison, WI/US)
equipped with a linear 8-cell changer and set of quartz flow-
through cells (path length of 12 mm; Starna Scientific,
Hainault, UK) for a direct online analysis. For each formula-
tion of electrospun materials 8 mm disks were cut from an
electrospun sample and placed between two layers of glass
beads in apparatus cells. Six standard cells with a diameter
of 12mm and one empty cell (used as reference), were inserted
in a heating jackets and used per experiment. The tempera-
ture was set at 37°C. During the test 125 mL, 250 mL or
500 mL of deaerated phosphate buffered saline (PBS; pH=
7.4) was pumped from the reservoir through each cell with a
flow rate of 16 mL/min maintained at ±2%. The media vol-
ume was adjusted to each formulation in order to achieve sink
conditions for drug content in obtained structures. Deaeration
of the medium was performed using SOTAX Media
Preparation Station (Basel, Switzerland) in order to minimize
the risk of air bubbles. In vitro studies were carried out for 48 h
and the concentration of CIL was determined every 1 h by
UV absorption spectrophotometer at 257 nm. Data acquisi-
tion and processing were performed with WinSOTAXplus
Advanced Dissolution Software (Basel, Switzerland). Each
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experiment for analyzed formulations was carried out in
quadruplicate.

The kinetics of CIL release from electrospun materials
were determined using DDSolver software (32) by fitting ob-
tained results to different kinetic models (33,34):

1) Ritger-Peppas model used to analyze release from poly-
meric drug dosage forms where the mechanism is not well
known or more than one type of mechanisms might be
involved

Mt

M∞
¼ ktn ð6Þ

2) Simplified Higuchi model developed to study the release
of water soluble and low soluble drugs incorporated to
solid matrices

Mt

M∞
¼ kH t

1=2 ð7Þ

3) Hixson-Crowell model assuming that the release rate is
limited by the drug particles dissolution and not the diffu-
sion through polymer matrix

M1=3
0 −M1=3

t ¼ kHC t ð8Þ

4) Peppas-Sahlin model that includes both Fickian contribu-
tion and polymer relaxational contribution, associated
with stresses in polymers in aqueous medium

Mt

M∞
¼ k1t

0:5 þ k2t ð9Þ

In these models Mt is the cumulative amount of the active
substance released at time t; M∞, M0 represents the starting
amount of the active substance, n is the release exponent,
whereas kH, kHC, k, k1, k2 are constants. The similarity factor
of release profiles was also determined.

RESULTS AND DISCUSSION

Electrospinning and Morphological Characterization

Polycaprolactone was chosen for the preparation of the drug-
loaded fibers since it demonstrates good compatibility with
various drugs and thus can be used both in drug delivery
system and applied in tissue engineering (35). Analyzed poly-
mer concentration (6% (wt), 8%(wt), 10%(wt)) were deter-
mined based on previous reports and our optimization process
(7,36).

The water solubility of CIL at room temperature is
0.0324 mg/mL (37). As CIL is soluble in the mixture used
to dissolve PCL (chloroform: methanol 3:1) (30), it was incor-
porated in the electrospun fibers through direct blending. In
this technique, the active substance is suspended or dissolved
in the polymer solution. In the preformulation stage of
electrospun product development, it is crucial to take into
account both polymer and active substance solubility in the
organic solvents used to create polymer solution. Therefore, in
our study, chloroform was the basic solvent in the organic
solvent mixture, which was able to solubilize both PCL and
CIL.

Additionally, methanol was added to the starting solution
to reduce the evaporation rate of chloroform and enable un-
interrupted fibers formation, thus preventing the polymer so-
lution from clogging the spinneret (30,38). Analyzed CIL con-
centrations were 6.25%, 12.50%, 18.75% based on the
weight of PCL. Presented loadings of CIL was selected in
order to understand miscibility of both components and their
interactions in the final product. Depending on the type of
formulation and electrospinning process efficiency CIL load-
ings corresponded to approximately 5 mg to 18 mg of active
substance per produced tubular structure. Figure 2 shows the
calculated values of the process efficiency (Fig. 2 (a,b)) and
entrapment efficiency (Fig. 2(c)). No significant differences in
electrospinning efficiencies were observed between formula-
tions of pure PCL and drug-loaded PCL fibers (Fig. 2 (a,b)).

As depicted in Fig. 2(c), high drug loading efficiency was
achieved for various drug-loaded fibers formulations.
However, it is possible that small quantities of the drug were
trapped on the inner surface of the syringe, silicon tube or
spinneret, which contributed to lower than 100%CIL entrap-
ment efficiency for some formulations (39). Nevertheless, these
inconsistencies were not significantly correlated with polymer
concentration or CIL content used in selected formulations.
SEM micrographs were analyzed to observe the effect of ap-
plied voltage, polymer solution composition and collector pa-
rameters on the morphology of electrospun fibers. The ob-
tained results are presented in Table I and in electronic sup-
plementary information in Table S1.

Firstly, the optimal applied voltage was determined for
electrospinning PCL solution 6% (wt), 8% (wt), 10% (wt) with
and without CIL, on a non-rotating metallic plate acting as a
collector. Polymer solutions containing PCL concentrations
higher than 10% were eliminated at an early stage of the
experiment as they resulted in either an unstable jet and/or
a liquid whose viscosity was too great to allow it to easily pass
through the spinneret (40). The PCL fibers were found to be
easily produced at a range of voltages. The mean diameter of
the CIL-loaded fibrous mats had a lower standard deviation
than PCL fibers (Table I). The overall Fiji analysis of fiber
diameter based on SEM micrographs revealed a distribution
of sizes characteristic of electrospun PCL fibers (36). What

32 Page 6 of 20 Pharm Res (2018) 35: 32



should be mentioned is the fact that the data collected for the
population of measured fibers is actually that of a single long
fiber. As the electrospinning process is continuous due to a
constant supply of the polymer solution, a single long thread
of polymer is deposited on the collector. Therefore, the mean
diameter is calculated based on the diameters of various seg-
ments of continuously deposited polymer fiber.

Tubular structures were obtained on a rotating drum collec-
tor with a programmed rotation speed. The results showed that
average fiber diameter generally decreased as the polymer

concentration increased from 6% (wt) to 10% (wt) on both the
inner and outer surface of tubular structures, either with or
without CIL (Table S1). In case of the fibers made of 6% (wt)
PCL solution, the structures were characterized by bead forma-
tion which significantly increased themean diameter (Table S1).
The formation of these bead-like structures was caused by insta-
bility in the jet surface tension and its low viscoelasticity (41).
These circumstances forced a liquid jet to assume a smaller
surface area per unit mass thus leading to a sphere formation.
Numbers of sphere and spindle-like beads (Fig. S1) were formed

Table I A Comparison of the
Average Diameters and Alignment
Coherencies of Fibers from Inner
and Outer Layer of Electrospun
PCL Tubular Structures Collected
on a Rotating Collector and a
Stationary Collector

Polymer solution in
chloroform: methanol

Rotation speed (rpm) Average diameter (μm)± SD Average coherency ± SD

inner outer inner outer

8% PCL 0 0.81 ± 0.42 – –

1000 1.17 ± 0.47 1.18 ± 0.51 0.23± 0.11 0.35± 0.13

2000 2.48 ± 0.95 2.33 ± 0.93 0.28± 0.13 0.56± 0.13

4000 2.12 ± 0.68 2.48 ± 0.68 0.28± 0.12 0.61± 0.14

8% PCL +6.25% CIL 0 1.17 ± 0.20 – –

1000 1.38 ± 0.41 2.15 ± 0.57 0.33± 0.15 0.37± 0.17

2000 1.38 ± 0.42 1.34 ± 0.34 0.25± 0.14 0.37± 0.17

4000 0.77 ± 0.36 1.55 ± 0.53 0.21± 0.13 0.21± 0.11

8% PCL +12.50% CIL 0 1.67 ± 0.30 – –

1000 0.96 ± 0.53 1.24 ± 0.52 0.28± 0.12 0.27± 0.13

2000 1.08 ± 0.38 1.76 ± 0.48 0.22± 0.10 0.23± 0.14

4000 1.50 ± 0.78 1.43 ± 0.47 0.20± 0.11 0.24± 0.11

8% PCL +18.75% CIL 0 1.56 ± 0.41 – –

1000 1.68 ± 0.65 1.55 ± 0.43 0.15± 0.07 0.29± 0.10

2000 1.15 ± 0.32 1.52 ± 0.43 0.16± 0.08 0.17± 0.08

4000 1.51 ± 0.47 1.79 ± 0.51 0.15± 0.07 0.20± 0.10

Fig. 2 Calculated electrospinning
efficiencies for PCL fibrous mats (a)
and CIL loaded PCL fibrous
mats (b) obtained by weighting
substrates and products. Estimated
CIL entrapment efficiencies (c) for
various CIL loaded fibers
formulations based on CIL
absorbance value (at 257 nm) after
dissolving electrospun tubular
structures.
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along very thin fiber between them. This specific morphology
caused a significantly greater mean diameter of fibers and
greater deviation of mean fiber diameter (Table S1).

Kim et al. report that the alignment and assembly of the
fibers can be controlled by a programmed increase in the
rotation speed of the drum collector (42). Figure 3 represents
a graphical visualization of the fiber orientation in both the
inner and outer surfaces of the electrospun tubular structures,
with and without CIL, which had been prepared at different
rotation speeds. Both graphical and numerical (Fig. 3, Table I,
Fig. S2 in electronic supplementary information) results show
that by changing the rotation speed of the collector from 1000
to 4000 rpm, the alignment and coherency coefficient of PCL
fibers at the outer surface of the tubular structure was also
increased. No such tendency was observed for the inner

surface of the electrospun tubular structure, as fibers located
on the inner side demonstrated smaller alignment and thus a
lower coherency coefficient than the fibers on the outer side of
the electrospun structure. A potential explanation for this dif-
ference in the observed coherency values is connected with
process stabilization over time.

In the case of CIL-loaded PCL fibers, rotation speed was
found to have a smaller influence on fiber alignment, as indi-
cated by lower coherency coefficient values (Table I). The
difference between the inner and outer surface of the
electrospun structures was also less apparent.

Drug loading is known to significantly influence the mor-
phology of electrospun fibers (43) and this was also observed in
the present study. Figure 4(a) shows SEMmicrograph of PCL
fibers without CIL loading. It demonstrates smooth surface of

Fig. 3 Fiber orientation presented as a color-coded SEM micrographs of various formulations of PCL fibers. Fiber orientation angle corresponds to a color from
the bar presented at the bottom. Histograms demonstrating fiber orientation distribution are presented below each color-coded SEM micrograph. L and C refer
to the longitudinal and circumferential directions of the electrospun sample.
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electrospun fibers made of pure PCL. SEM micrographs
depicted visible CIL crystals even at the lowest CIL loading
(Fig. 4(b)). The mean diameters of CIL crystals loaded into the
PCL fibers spun from 8% polymer solutions were found to be
263 ± 217 nm, 414 ± 241 nm and 553 ± 362 nm for 6.25 (Fig.
4(b)), 12.50 (Fig. 4(c)) and 18.75 (Fig. 4(d)) % CIL loading
respectively.

A previous study reported the crystallization of hydrophilic
drug on the surface of electrospun fibers created by
electrospinning with a hydrophobic polymer (44). Both the
properties of the solvent and the drug-polymer interaction
affected the electrospinning process, drug encapsulation, and
the drug release kinetics (44). In this study, crystallization oc-
curred despite the hydrophobic nature of both drug and poly-
mer, which showed that hydrophobicity does not promote
drug encapsulation in hydrophobic PCL fibers and is not re-
sponsible for outer surface crystallization. According to Seif
et al. this could be explained by the high solubility of the drug
in an organic solvent (45). The 3:1 v/v mixture of chloroform
and methanol easily dissolved both PCL and CIL. CIL is
freely soluble in chloroform and only slightly soluble in meth-
anol. This difference in solubility potentially caused CIL mol-
ecules to leave with the fast-evaporating chloroform during
the jet elongation phase of the electrospinning process when
the evaporation of organic solvents occurs. This process even-
tually led to CIL crystallization on the outer surface of PCL
fibers (Fig. 4(b-d)).

Hygroscopicity

It is important for a medical material to have low hygroscop-
icity, especially in the case of pharmaceutical products because

it will determine their storage conditions. The hygroscopicity
was determined based on the pharmacopeial method (29).
The percentage increase in mass was estimated to be 1.82 ±
1.61% for PCL fibers and 1.33 ± 0.26% for PCL fibers loaded
with CIL. According to data provided by the European
Pharmacopeia, the identified gain in mass fell in the range
from 0.2 to 2% thus indicating that both electrospunmaterials
were slightly hygroscopic. As the first step of PCL degradation
is based on hydrolytic degradation, the hygroscopicity of
electrospun PCL is a crucial issue. Amorphous regions of
PCL fibers may absorb water, which acts as a medium for
the degradation process; however, this water absorption pro-
cess was found to be reversible (46).

Evaluation of Drug Presence and Crystallinity

The drug loading of electrospun fibers through direct blend-
ing involved initial drug dissolution in the polymer solution
which was followed by organic solvent evaporation and fiber
solidification on the grounded collector. This process could
lead to significant changes in the crystal structure of the incor-
porated drug. DSC, FT-IR, Raman spectroscopy and XRD
studies were performed in order to confirm the presence of the
drug in the electrospun fibers, and to evaluate the structural
changes in the polymer matrix and drug crystallinity after the
electrospinning process.

Differential Scanning Calorimetric (DSC) Studies

The DSC curves revealed endothermic peaks at 55.5°C for
PCL and 160.3°C for cilostazol, (Fig. 5) (24,47). The melting
temperature of cilostazol revealed its crystalline form. This

1 µm

1 µm 1 µm

a b

c d

1 µm

Fig. 4 SEM micrographs of 8%
(wt) PCL fibrous mats: without CIL
(a), loaded with 6.25% CIL (b),
loaded with 12.50% CIL (c),
loaded with 18.75% CIL (d).
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wa s i n d i c a t e d a s f o rm A , wh i c h i s t h e mo s t
thermodynamically-stable polymorph but the least soluble in
an aqueous environment (24).

A characteristic endothermic melting peak for PCL was
found in the thermographs of both the PCL fibers and PCL
fibers loaded with various concentrations of CIL, which indi-
cated that obtained PCL fibers had a crystalline structure.
Interestingly, the thermographs for the CIL-loaded fibers
showed only a peak for the presence of PCL. The lack of
any detectable crystalline domain for CIL within the
electrospun fibers indicated that the drug was molecularly
dispersed within the polymer matrix or was present within
the fibers in an amorphous state. However, SEMmicrographs
demonstrated that at least some part of CIL load was present
on the surface of fibers and DSC study showed no glass tran-
sition during the analysis of CIL-loaded fibers. Still, it could
not be excluded that some part of CIL was dispersed within

PCL matrix of the fiber or that the crystalline part of CIL
present within fibers was below the detection limit for DSC
analysis. However, in case of latter, a more significant portion
of amorphous CIL would mean that characteristic signals or
peak shifts for amorphous CIL would be visible in other tech-
niques. Our study found no characteristic features of other
polymorphic or amorphous forms of CIL in FTIR, Raman
or XRD spectra. Additionally, differences in the melting tem-
perature of PCL and CIL could partially account for the lack
of any peak for CIL on the thermograph. As PCL has a lower
melting temperature than CIL, the electrospun PCL fibrous
mat melted first, with the CIL nanocrystals depicted on the
SEM micrographs dissolving in the melted PCL (48).

The characteristic PCL peak for CIL-loaded fibers was
shifted to a lower melting temperature than that observed
for PCL fibrous mats, suggesting that the presence of CIL
influences the crystalline structure of PCL. This reduction
in the overall crystallinity of electrospun PCL when com-
pared to PCL, could be explained by the processes which
happen during the elongation phase in the electrospinning
process. In this phase, polymer chains are elongated along
the electrostatic field, while rapid organic solvent evapora-
tion occurs. This leads to fast polymer solidification, which
decreases the molecular order and overall crystallinity of
the substance (49).

The observed shift in the melting temperature of CIL load-
ed PCL fibers was correlated with an increase in CIL content.
The enthalpy decreased for 6.25%; 12.50%; 18.75% CIL
loaded PCL fibers to the value of ΔH= 58.77 J/g; ΔH=
55.19 J/g; ΔH= 53.87 J/g, respectively; in comparison, the
enthalpy value for PCL fibers was ΔH= 61.63 J/g. The de-
crease in enthalpy value was also correlated with an increase
in CIL content. Based on these obtained enthalpy values, the
degree of crystallinity (Xc) was determined for the samples: Xc
was found to be 44.18% for PCL fibers, and 42.13%; 39.56%
and 38.62%, respectively, for the 6.25%, 12.50% and 18.75%
CIL-loaded PCL fibers. The amorphous region of the poly-
mer fibers was estimated to be around 60%, which
corresponded well with data reported elsewhere (50).

DSC analysis was also carried out for PCL and PCL
drug-loaded fibrous mats electrospun under different col-
lector rotation speeds (see electronic supplementary
information Fig. S3). It was found that the rotation
speed had no effect on the melting point of PCL. The
increase in collector rotation speed from 1000 to
4000 rpm was found to have no effect on enthalpy
values and the crystallinity of the electrospun fibers.
However, other reports have found that greater collector
rotation speeds result in reduced crystallinity of
electrospun PCL fibers (51).

DSC analysis showed that the polymer was not changed
significantly during electrospinning process and the drug was
successfully incorporated into the electrospun fibers.

Fig. 5 DSC curves of CIL powder (a), PCL pellets (b), PCL fibrous mats (c)
and PCL fibrous mats with 6.25% (d); 12.50% (e); 18.75% (f) of CIL. Inset
represents stacked thermographs of various fiber formulations, visualizing shifts
in the melting temperature of PCL.
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Fourier Transformed Infrared (FTIR) Spectra Analysis

When developing electrospun DDS, it is crucial for the poly-
mer and active substance to be compatible. The FTIR spectra
of CIL (Fig. 6(a)), PCL (Fig. 6(b)) and CIL-loaded fibrous mats
(Fig. 6(c-e)) were obtained. The PCL peaks at 2945 cm−1 and
2864 cm−1 indicate asymmetric and symmetric CH2

stretching (52). The characteristic peak of PCL fibrous mats
at 1720 cm−1 was related to carbonyl stretching (Fig. 6(b)).
The broad band in the region 1150 cm−1 – 1200 cm−1 consists
of three overlapping peaks: A peak at 1187 cm−1, which could
be referred to OC–O stretching, 1168 cm−1 to symmetrical
COC stretching, and 1155 cm−1 to C–O and C–C stretching
in the amorphous phase (52).

Cilostazol (Fig. 6(a)) showed a peak at 1505 cm−1 related to
aromatic C-C stretching, another at 1667 cm−1 correspond-
ing to C=O stretching and a group of peaks at 3312 cm−1 to
2807 cm−1 corresponding to aromatic and aliphatic CH
stretching.

The intensity of the peaks at 1505 cm−1, related to aromat-
ic C-C stretching, and at 1669 cm−1 assigned to C=O
stretching, was found to increase with increasing CIL concen-
tration, as shown in the left inset in Fig. 6. These phenomena
were not observed in PCL fibers. Additionally, some of the

peaks between 3312 cm−1 and 3000 cm−1 were detected only
in fibrous mats with higher CIL content (18.75%; Fig. 6(e)).
No significant shifts in CIL wave numbers were detected for
the analyzed PCL fibers loaded with CIL. The peaks at
1669 cm−1 and 1505 cm−1 were characteristic for form A of
CIL. In comparison, these peaks are shifted to 1662 cm−1 and
1504 cm−1 for form B and to 1674 cm−1 and 1504 cm−1 for
form C (53,54).

All obtained spectra for PCL fibrous mats and PCL drug-
loaded fibrous mats contained all the characteristic peaks for
the polymer and the incorporated drug. This indicated that
drug-polymer interactions were weak after the electrospinning
process. Such interactions as hydrophobic interaction, hydro-
gen bonding and electrostatic forces could improve drug-
polymer compatibility, and these would be demonstrated on
FTIR spectra by the presence or disappearance of certain
peaks (24,55). The interaction between cilostazol and PCL
could occur via hydrogen bond formation. The N-H moiety
in cilostazol molecule is capable of forming hydrogen bonds
with the C-O-C moiety in PCL. The evidence provided by
FTIR spectra showed no visible peak shifts in the spectra of
drug-loaded fibrous mats (Fig. 6). However, the intensities of
peaks at 1187 cm−1, 1168 cm−1 and 1155 cm−1 referred to
OC–O stretching, symmetrical COC stretching, C-O and C-
C stretching were reduced and it was not proportional to
cilostazol content (Fig. 6 right inset). The reduced intensities
of those peaks could indicate that OC-O and C-O stretching
of PCL monomers were prevented, which may be caused by
hydrogen bond formation between PCL and CIL.
Additionally, it could also indicate changes in PCL crystallin-
ity after CIL addition, which is consistent with DSC studies
(Fig. 5).

The FTIR spectra confirmed the presence of CIL in the
electrospun fibrous mats and demonstrated that the CIL en-
capsulation by blend electrospinning is a facile method to
obtain drug/polymer composite fibers.

Raman Spectra Studies

Figure 7 represents the Raman spectra of CIL powder
(Fig. 7(a)), PCL (Fig. 7(b)) and PCL drug-loaded fibrous mats
(Fig. 7c-e) in the region from 1000 to 1800 cm−1. PCL is a
semicrystalline and hydrophobic polymer (56,57). For PCL
fibrous mats (Fig. 6(b)), several narrow peaks were observed
including one in the range of 1033–1107 cm−1, assigned to
skeletal stretching, 1282–1304 cm−1, related to ω CH2, and
1415–1470 cm−1, corresponding to δ CH2. Moreover, a nar-
row peak was observed at 1720 cm−1 which was related to the
ν C=O stretching mode. No shift in peaks position was
observed.

Raman spectra of PCL fibrous mats loaded with CIL (Fig.
7(c-e)) showed peaks characteristic for CIL. The Raman peak
at 1626 cm−1 corresponded to ν C=O whereas the peak at
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Fig. 6 FTIR spectra of CIL powder (a), as prepared PCL fibrous mats (b) and
PCL fibrous mats with 6.25% (c); 12.50% (d); 18.75% (e) of CIL. The left
inset represents stacked spectra of various fiber formulations: the intensity of
the peaks increases with increasing CIL content. The right inset demonstrates
lower peaks intensity, which is characteristic for PCL with the presence of CIL.
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1505 cm−1 demonstrated aromatic chain stretching for form
A. The band at 1592 cm−1 was present on the spectra of all
analyzed formulations of drug-loaded PCL fibrous mats (Fig.
7(c-e)) and is a characteristic peak for form A of CIL.
According to the literature, the peak at 1592 cm−1 is absent
in the Raman spectra of form B (9). The peaks at 1253 cm−1

and 1329 cm−1 noted on the spectra of CIL-loaded fibrous
mats (Fig. 7) correspond to form A of CIL. According to
Stowell and Whittle, the peaks at 1253 cm−1 and 1329 cm−1

of form A are shifted to 1246 cm−1 and 1334 cm−1 for form B,
and to 1255 cm−1 and 1324 cm−1 for form C (24,55). As
various analytical techniques are necessary for active sub-
stances identification and solid-state excipients characteriza-
tion, DSC and Raman and FTIR spectroscopies should be
regarded as complementary methods. Moreover, together
they provide data necessary for the evaluation of crystal struc-
ture and polymorphism of excipients used in the formulation,
which is an important part of preformulation of a newly de-
veloped drug delivery system. In case of CIL, the difference
between polymorphic forms is connected with their thermo-
dynamic stability and solubility in aqueous media. As-received
CIL is in form A which is thermodynamically the most

physically stable polymorph. Form B is the least stable poly-
morph but with the highest solubility in water. Properties of
formC are located between those of form A and B. According
to the heat of fusion rule, form Bmay spontaneously change to
form A (24). This would change the solubility of CIL in aque-
ous media. CIL is classified as BCS class II drug, thus this
change would significantly affect the release kinetics from
polymer system. Based on data obtained from FTIR and
Raman studies, it was confirmed that CIL retained its crystal-
line A form structure after the electrospinning process.

X-ray Diffraction (XRD) Studies

XRD analysis was implemented to determine the crystallinity
of the electrospun fibers. Figure 8 shows the XRD pattern for
PCL fibrous mats (Fig. 8(b)) and PCL fibrous mats loaded with
a various amount of CIL (Fig. 8(c-e)). Figure 8a shows the
XRD pattern for CIL powder.

The X-ray diffraction pattern of PCL electrospun mats
showed two major peaks at 2θ = 21.56° and 2θ = 23.92°,
which are characteristic for electrospun PCL mats (58,59).
However, minor differences in the positions of XRD peaks

Fig. 7 Raman spectra of CIL (a),
PCL fibrous mats (b) and PCL
fibrous mats with 6.25% (c);
12.50% (d); 18.75% (e) of CIL.
The inset represents two
characteristic peaks for form A of
CIL which intensity increased with
an increase in drug content.
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were observed betweenmats with different CIL content (Fig. 8
inset). According to Chew et al. they were caused by subtle
changes in X-ray transparency which depended on the fiber
diffraction and air scattering of photons (60).

The intensity of the 2θ= 21.56° peak decreased as the CIL
content of the PCL fibers increased (Fig. 8(c-e)), indicating
reduced PCL crystallinity of the electrospun fibers (60).
Additionally, the greater width of CIL-loaded PCL fibrous
mats peaks (2θ = 21.56°, 2θ = 23.92°) also suggested a de-
crease in the crystal size of drug-loaded electrospun mats
when compared to pure PCL fibrous mats.

XRD patterns of fibers loaded with CIL (Fig. 8(c-e))
showed peaks near 12.8° and 15.6° as well as some minor
peaks at 18.0°, 18.7° and 19.3° characteristic of form A of
CIL (22,24,55).

XRD analysis was also performed for PCL and PCL
drug - l oaded f i b rou s ma t s w i th r ega rd to the
electrospinning collector rotation speed (see electronic
supplementary information Fig. S4). For PCL drug-
loaded fibrous mats, the intensity of the crystalline peaks
was lower at higher rotation speeds of the drum collector.
Nevertheless, DSC analysis of the same samples did not

reveal any correlation between increase in rotation speed
and decrease in crystallinity of electrospun PCL. In the
case of the PCL fibrous mats, no particular pattern cor-
related with the increase in collector rotation speeds from
1000 to 4000 rpm was found. Moreover, our findings
indicated that the observed decrease of crystallinity for
drug-loaded fibers was connected with changes in surface
roughness. The mats with incorporated CIL were charac-
terized by a rough surface, which influenced the X-ray
diffraction pattern (60).

The results of the XRD and DSC studies found that col-
lector speed has no influence on the crystallinity of electrospun
PCL within the collector rotation speed range from 1000 rpm
to 4000 rpm. However, another study using a similar solvents
mixture found that the crystallinity varies within the range
from 0 rpm to 6000 rpm (51).

Nanomechanical Properties

Cell growth is guided by a number of biophysical and biochem-
ical cues present in the extracellular matrix (ECM) that regulate
tissue restoration. ECM biochemical composition is complex

Fig. 8 XRD patterns of the
prepared PCL fibrous mats (a) and
CIL powder (b) as well as PCL
fibrous mats with 6.25% (c),
12.50% (d), 18.75% (e) of CIL.
The inset represents stacked
spectra of various fiber formulations
and demonstrates the influence of
CIL presence on the crystallinity of
PCL.
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and includes proteoglycans, glycosaminoglycan and proteins
(collagen, elastin, fibronectin), which contain adhesive binding
sites for cells thus guiding cell spreading and migration. The
high molecular weight proteins are typically organized into a
fibrillary network that provides substantial biophysical support
by sufficient tensile strength and elastic modulus (61). During
tissue restoration cells are guided by chemotactic substances
including growth factors or cues present within ECM fibrils.
However, cell movement requires substantial mechanical inter-
action with ECM. In order to restore tissue, their function is at
least in part regulated by the mechanical equilibrium of local
microenvironment, and in particular by the stiffness (Young
modulus) of the surrounding ECM (62). Mechanical studies of
PCL-based vascular grafts were reported in terms of compres-
sive mechanical properties like Young’s modulus, ultimate ten-
sile strength and strain or uniaxial tensile (7). However, nano-
mechanical properties are rarely reported. For a vascular graft
made of electrospun fibers, designed to be used as an artificial
cytoskeleton, it is important to consider its nanomechanical
properties, as these will have important implications for cell
function. Nanoindentation is a valuable method for evaluating
the mechanical properties of nanostructures, as well as biolog-
ical structures, like the extracellular matrix. Therefore, nanoin-
dentation tests were conducted in order to analyze the effects of
polymer concentration and active pharmaceutical ingredient
addition on Young’s modulus (E) and hardness (H) of both
PCL fibers and drug-loaded PCL fibers.

Average Young’s modulus and hardness values for fi-
bers electrospun from 6% (wt) PCL solutions with or with-
out CIL addition (Fig. 9(a-b)), were affected by bead-like
deformations found along fibers and depicted by SEM
micrographs (Fig. S1).

There were no significant changes in the Young modulus
and hardness of PCL fibers, despite different PCL

concentration in starting polymer solution (Fig. 9a). No signif-
icant changes in mechanical properties of produced fibers
were observed after addition of 6.25% CIL to formulations
with different concentrations of PCL in the starting solution
(Fig. 9(a-b)). Small amounts of CIL (up to 6.25%) did not
significantly change the mechanical properties of produced
fibers. Nevertheless, the elastic modulus values obtained for
PCL fibers were consistent with those found in the literature
(63,64).

The rate of polymer solidification and crystallization is af-
fected by solvent, polymer concentration and drug incorpora-
tion (60). To study the influence of drug loading on the me-
chanical properties of the fibers, a range of samples with dif-
ferent concentrations of CIL were also produced (Fig. 9(c)).

In our study, 8% PCL formulation + 6.25%CIL was char-
acterized by a slight decrease in Young’s modulus (Fig. 9(c))
with a concomitant increase in fiber diameter (Fig. 9(c)) when
compared to 8% PCL formulation without CIL (Fig. 9(a)).
Fibers produced from 8% PCL solution with loading levels
of 12.50% and 18.75%of CIL resulted in a greater mean fiber
diameter, as well as in slight increase in Young’s modulus (Fig.
9(c)). However, this increase in Young’s modulus could not be
solely caused by greater fiber diameter, as Fig. 9(b) demon-
strates that even more notable change in fiber diameter did
not change Young modulus in a significant manner.
Nevertheless, as the size of the fiber has an influence on its
mechanical properties, the exact nature of diameter effect
remains unclear.

The changes in mechanical properties can be attributed to
electrostatic interactions between fiber components (65) and
crystalline structure of various fiber formulations (60,66).

The polymer–drug interactions are mainly caused by hy-
drogen bond formation and/or hydrophobic interactions be-
tween functional groups of both ingredients (67).

Fig. 9 Mean fiber diameter, Young’s modulus and hardness of - PCL electrospun fibers as a function of PCL concentration (a),− PCL electrospun fibers with
6.25% of CIL as a function of PCL concentration (b),− 8% PCL electrospun fibers with CIL as a function of CIL concentration (c).
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Theoretically, electrostatic interactions in a form of hydrogen
bonds between PCL and CIL are possible, as hydrogen donor
and acceptors are present within PCL and CIL molecules.
FTIR analysis did not reveal any second peak to PCL carbon-
yl stretching (Fig. 6) which would indicate hydrogen bonded
carbonyl vibration. Moreover, CIL demonstrates carbonyl vi-
bration within region ranging from 1650 to 1700 cm−1 which
overlaps with potential new band location (Fig. 6). Reduced
intensity of peaks in the region 1150 cm−1 – 1200 cm−1 could
indicate that OC-O and C-O stretching of PCL monomers
were prevented, which may be caused by hydrogen bond
formation between PCL and CIL. However, in solid disper-
sion hydrogen bonds between polymer and drug tend to in-
crease nucleation energy thus limiting crystal growth (67).
Still, despite the possibility of hydrogen bond formation, no
signs of limited CIL crystal growth was observed in our study
(Fig. 4). Nevertheless, potential hydrogen bonds between PCL
and CIL could influence nucleation process and to some ex-
tent mechanical properties.

It was also found that the addition of the drug and the fast
evaporation of organic solvent during the electrospinning pro-
cess could result in a reduction in overall crystallinity and thus
induce the formation of a larger amorphous part of the fiber
(60). However, as the results of the DSC studies (Fig. 5) indicate
the differences in crystallinity between different types of drug-
loaded fibers were quite small, it is, hence unlikely that the
observed difference in crystallinity could fully account for the
large difference in mechanical properties of electrospun fibers.

SEM micrographs (Fig. 4) revealed that surface crystalliza-
tion of CIL increased with a greater drug content of
electrospun fibers. As the nanoindentation is a surface survey,
therefore, greater Young’s modulus of the fibers loaded with
12.50% and 18.75% CIL could be a result of the presence of
CIL nanocrystals at the surface of the fibers. PCL and CIL
also act as a composite system, where polymer chain move-
ments are restricted by CIL nanocrystals, which reinforce the
structure of drug-loaded electrospun fibers (60).

From the application perspective, our results match the
nanomechanical properties of the collagen fibrils present in
blood vessels (68). Furthermore, more rigid materials tend to
promote cell spreading by withstanding the cellular tension
during the proliferation phase of tissue regeneration (66). As
fibers are the basic element on which the entire tubular struc-
ture relies on, it is useful to understand their mechanical prop-
erties. Especially, when their stiffness described by Young
modulus value impacts cell movement along ECM (66).

In Vitro Release Studies

The release kinetics of electrospun PCL materials containing
various CIL loadings were determined in vitro and the effect of
CIL loading on release profile was examined. The cumulative
release profiles of CIL from the electrospun materials as the

released fraction with respect to the total observed drug con-
tent within the sample are shown in Fig. 10. The times at
which approximately 50% of the drug was released from
6.25%, 12.50% and 18.75% CIL loaded PCL electrospun
structures were ca. 6.0, 17.5 and 16.8 h, respectively. Total
release (101.52%) was obtained for PCL + 6.25%CIL formu-
lation after 48 h. Additionally, the release profile reached the
plateau in an investigated period. In case of PCL + 12.50%
CIL and PCL + 18.75% CIL elution of 82.05% and 90.39%
were noted, respectively. The release profiles revealed that
PCL + 6.25% CIL formulation released CIL faster than for-
mulation with higher CIL loading. The in vitro release profiles
for PCL + 6.25% CIL were in line with the literature data
reporting initial fast release phase of the incorporated drug
followed by a slow release phase from the electrospunmaterial
(48). SEM micrographs (Fig. 11) revealed that electrospun
PCL fibers retained its structure and integrity after dissolution
testing with no signs of deformations, however CIL crystals at
the surface of fibers were almost entirely eluted.

The similarity factor (f2) for obtained drug release profiles
were determined. If determined f2∈[50,100] than a similarity
of release profiles should be accepted. The drug release pro-
files obtained for fibers loaded with different amounts of CIL
were significantly different, especially between PCL+ 6.25%
CIL and PCL + 12.50% CIL (f2 = 26.40), PCL + 18.75%
CIL (f2 = 29.51) formulations. Release profiles of PCL +
12.50% CIL and PCL + 18.75% CIL were similar (f2 =
65.38). Surprisingly, increasing the CIL content from 6.25%
to 12.50% resulted in a decrease in release rate and prolonged
release duration. A similar tendency was found for other BCS
class II drug (69). However, a study involving CIL dispersion

Fig. 10 CIL release profiles from electrospun PCL materials loaded with
6.25%, 12.50% and 18.75% CIL (n=4) in PBS (pH= 7.4) with tempera-
ture set at 37°C.
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within PLGAmatrix reported that increasing the CIL content
resulted in both an acceleration of the CIL release rate and a
shortening of the release duration (23). These results prove
that polymer type and drug-polymer ratio are significant for-
mulation parameters that can be used to modulate drug de-
livery time scale.

Macroscopically electrospun materials can be regarded as
thin polymer films. However, microscopically electrospunma-
terials were composed of micro-sized fibers randomly ar-
ranged, which form a three-dimensional structure with voids
between fibers. This specific architecture could affect the
mechanism of release and the release rate. Fiber diameter
could influence the release rate as it may change aqueous
medium penetration and polymer swelling behavior.
However various studies showed differing effects of fiber di-
ameter on the release rate (70). In our study, the difference in
fiber diameter, and therefore in the porosity of whole struc-
ture, were not significant (Table I).

The fiber surface morphology was significantly (Fig. 4(b-d))
altered by higher CIL loadings. SEMmicrographs showed that
CIL is located close to the surface of the fibers. Despite greater

fiber surface coverage with CIL crystals in 12.50% and 18.75%
CIL formulations, the release rate was significantly slower for
these formulations. Differences in the average diameter of CIL
crystal formations for various PCL+CIL formulations were
noted. As CIL is a highly hydrophobic molecule classified as
BCS class II substance, with low solubility in water, the drug
crystal size difference could influence CIL dissolution into the
aqueous medium. Dissolution of the drug could determine the
rate of CIL release from electrospun materials. However, dis-
solution is not often reported as the rate-determining process in
PCL based hydrophobic drug carriers.

Additionally, the appearance of highly hydrophobic CIL
crystals on the surface of fibers could inhibit water absorption
due to increased hydrophobicity of fibers surface.

The observed differences in the release rates of CIL could
be also attributed to the crystalline microstructure of PCL.
The drug release from electrospun semi-crystalline polymer
takes place initially from its amorphous regions through water
transport into the disordered matrix (71).

According to DSC data, increased CIL loading brought a
small decrease of PCL fibers crystallinity. Therefore, it is

Fig. 11 SEM micrographs before
(a,b,c) and after (d, e, f) release
studies of PCLmaterials loaded with
6.25% (a, d), 12.50% (b, e) and
18.75% (c, f) CIL.
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possible that some part of CIL accumulated in the amorphous
regions of PCL fibers, which caused the most of CIL dose to
be released within 48 h.

The release profile may also be affected by the location of the
active substance inside the polymer matrix (72). Based on
FWHM of the PCL peaks found in XRD spectra, PCL crystal-
lite size was calculated by Scherrer equation. For PCL, PCL+
6.25%CIL, PCL+ 12.50%CIL, PCL+ 18.75%CIL the crys-
tallite size was 25 nm, 24 nm, 21 nm and 21 nm, respectively. It
was found that CIL addition caused a decrease in PCL crystal-
lite size. The most significant decrease in crystallite size was
noticed between 6.25% CIL and 12.50% CIL loading. These
results, suggest that PCL lamellae become smaller with increas-
ing CIL content in the fibers, indicating CIL distortion of crystal
regions of PCL fibers. Since the decrease was more pronounced
for 12.50% and 18.75%CIL loadings it demonstrated that with
higher CIL loadings greater portion of CIL was located in the
crystalline domains of PCL matrix. Diffusion of the active sub-
stance is faster from amorphous regions of polymer matrix due
to the higher mobility of polymer chains due to their disarrange-
ment. As a result, aqueous medium penetrates polymer matrix
more easily, leading to a faster release. Crystalline regions are
more resistant to water penetration and hence might retard
active substance diffusion.

To establish CIL releasemechanism from electrospun PCL
structures obtained in vitro release studies data were fitted to
Ritger-Peppas, Higuchi, Hixson-Crowell, and Peppas-Sahlin
model and results are presented in Table II.

Considering the correlation coefficient values as obtained
from different kinetic equations, the CIL release was found to
follow Ritger-Peppas (R2= >0.986) and Peppas-Sahlin (R2=
>0.983) models. Both models were applied for the first 60% of
the measured fractional release. The release exponent (n) val-
ue of Ritger-Peppas model is an empirical parameter charac-
terizing the release mechanism, which is valid up to 60% of
cumulative drug release (33,34). In this study, the release ex-
ponent (n) values for PCL+CIL formulations were within the
range typical for non-Fickian (anomalous) drug release mech-
anism (Table II). In anomalous transport, time scales of both
diffusion and macromolecular relaxation of polymer chains
are similar and both control the release mechanism. The
Ritger-Peppas rate constant was sensitive to drug-polymer

ratio in the examined 60% of total release, decreasing from
1.582 (R2 = 0.996) for PCL + 6.25% CIL to 0.130 (R2 =
0.991) and 0.430 (R2 = 0.986) for PCL + 12.50% CIL and
+ 18.75% CIL, respectively.

The Peppas-Sahlin model predicts that the diffusion mech-
anism in polymer matrices are due to two processes; diffusion
from the polymer and polymer matrix relaxation (34,73). In
this model k1 was the Fickian contribution coefficient, whereas
k2 was the relaxation contribution coefficient. In Peppas-
Sahlin model, when k1 > k2, the system follows a diffusion
controlled mechanism, when k1 < k2, the system follows ma-
trix controlled swelling mechanism. In this study PCL+CIL
fibers followed a diffusion controlled mechanism. The model-
ing results showed that the Peppas-Sahlin equation fits the
data well (R2= >0.983), and confirmed the diffusion/
relaxation effect on CIL release from electrospun fibers.
PCL is a hydrophobic polymer, and this characteristic could
affect the penetration of aqueous medium through the
electrospun material. After hydration, the interaction of fi-
brous polymer structure with the aqueous medium at 37°C
could have led to polymer chain movement that allowed CIL
to be released from polymer matrix via relaxation. The tem-
perature set in this in vitro study was above the glass transition
temperature of PCL (−60°C), which increased flexibility and
mobility of polymer chain within electrospun fibers.
Therefore, in given dissolution conditions, rearrangement of
the polymer chains was possible and transport of a hydropho-
bic molecule through polymer phase might occurr.

Based on results obtained from in vitro release studies
Ritger-Peppas and Peppas-Sahlin models provided the best
fit for release profiles of CIL from electrospun PCL materials.
According to Ritger-Peppas release exponent and Peppas-
Sahlin contribution coefficients, drug dissolution in combina-
tion with diffusion and polymer relaxation were considered as
the mechanisms for CIL release from the polymer matrix,
since no significant evidence was reported for PCL degrada-
tion in such a short period of time (48 h) (74). As endothelial
damage after graft or stent implantation is the critical factor
behind neointimal hyperplasia or thrombosis (75), CIL release
within subacute phase following device implantation and vas-
cular injury would be beneficial to the reendothelialization
process (76).

Table II Parameters Obtained by Fitting Four Different Models to the in vitro Release Data for Drug Release Kinetics Determination

Formulation Higuchi Hixson-Crowell Ritger-Peppas Peppas-Sahlin

R2 kH kH SD R2 kHC kHCSD R2 n n SD k k SD R2 k1 k1SD k2 k2SD

PCL+ 6.25% CIL 0.812 2.236 0.150 0.942 0.000 0.000 0.996 0.602 0.073 1.582 0.743 0.991 2.070 0.560 0.030 0.020

PCL+ 12.50% CIL 0.940 1.535 0.229 0.975 0.000 0.000 0.991 0.875 0.056 0.130 0.068 0.989 0.304 0.216 0.045 0.007

PCL+ 18.75% CIL 0.973 1.641 0.125 0.972 0.000 0.000 0.986 0.695 0.056 0.430 0.153 0.983 0.875 0.139 0.022 0.007
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CONCLUSIONS

Several PCL fibrous structures, with and without CIL, were
prepared on a rotating drum collector and characterized for
potential application as DDS in the cardiovascular system.

Electrospun structures exhibited near micron-sized fiber
diameters from 0.77 to 2.97 μm depending on the polymer
and drug concentration. The presence of a drug influenced
average fiber diameter and fiber coherency. Despite the hy-
drophobic nature of drug and polymer, SEM analysis re-
vealed the presence of surface crystallization, increasing with
CIL concentration, which was probably related to the high
solubility of CIL in chloroform. DSC thermographs indicated
a decrease in enthalpy value which corresponded with an
increase in CIL content, thus demonstrating successful CIL
incorporation. The XRD results and the DSC data together
show that collector rotation speed had no influence on the
crystallinity of electrospun fibers. The FTIR and Raman spec-
tra confirmed that CIL retained its crystalline A form struc-
ture after the electrospinning process.

The obtained nanomechanical properties of electrospun
fibers matched those of collagen fibrils found in blood vessels.
Drug release of CIL from electrospun PCLmaterials followed
Ritger-Peppas and Peppas-Sahlin models and indicate
diffusion-controlled release mechanism in combination with
polymer relaxation. Additionally, release profile fell in the
time-frame of subacute phase following device implantation
and vascular injury, which could facilitate reendothelialization
process. This demonstrates a very promising potential of
electrospun drug delivering materials as medical devices for
vascular tissue engineering and opens intriguing opportunities
for scaffold-related applications in other fields of Medicine.
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