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Abstract
Electrospinning is a versatile and diverse technology for the production of 
nano- and microfibers that can be used as a drug delivery system (DDS). 
The aim of this study was to create fibrous scaffolds from a mixture of 
polycaprolactone (PCL) and polyethylene glycol (PEG) and to evaluate the 
suitability of the fibers as DDS. Dipyridamole (DPA), an anti-thrombotic 
and anti-proliferative pharmaceutical agent, was used as a model drug. 
Two types of PEG with different chain length were used. The structural, 
mechanical and physicochemical characteristics of the fibers with and 
without DPA, were determined, and the release kinetics of DPA were studied. 
The obtained fibers loaded with DPA and with the higher molecular weight 
PEG were smooth and had an average diameter of 586.75 ± 204.79 nm 
and an average Young’s modulus of 57.14 ± 4.35 MPa, whereas the tensile 
strain at break was 0.61 ±0.05 mm/mm and the ultimate tensile strength 
(UTS) was 16.79 ± 3.08 MPa. The cumulative release of DPA revealed two 
stages: an initial burst phenomenon followed by slower Fickian diffusion 
(release exponent n = 0.432).

Keywords: Anti-platelet treatment; Biomaterials; Electrospinning; 
Polycaprolactone; Polyethylene glycol; Dipyridamole

Abbreviations: DPA: Dipyridamole; PCL: Polycaprolactone; PEG: Polyethylene 
Glycol; DDS: Drug Delivery System; TFE: 2,2,2-Trifluroethanol; PBS: Phosphate 
Buffer Solution; SEM: Scanning Electron Microscopy; FTIR: Fourier Transform 
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Introduction
Electrospinning is a promising technology that can be used to 
create fibrous scaffolds in the nanoscale range for biomedical 
applications [1]. The basic principle of this simple, versatile and 
cost-efficient technique is the application of a strong electrical 
field to eject a polymer solution from a reservoir to a collector 
producing non-woven fiber networks. Solution properties such 
as the concentration and molecular weight of solvents and 
polymers, as well as processing parameters, such as the spinning 
distance and the solution flow rate affect the morphological, 
physical and biomechanical properties of the generated fibers 
[2]. A typical setup of an electrospinning apparatus consists of 
three basic elements: a high voltage power supply, a solution 
reservoir and a grounded collector [3]. Due to the wide range of 
available materials, electrospinning technology has turned into 

a powerful tool for the fabrication of micro- or nano-structures 
suitable for applications in the fields of tissue engineering and 
drug delivery [4-7]. Polycaprolactone (PCL) is a semi-crystalline, 
highly hydrophobic polymer that is easily soluble in most 
organic solvents, and has been approved by the Food and Drug 
Administration (FDA) in the USA for biomedical uses [8]. PCL 
has good miscibility properties, possesses mechanical stability 
and displays prolonged degradation. Moreover, it can be easily 
electrospun and can be used for long-term sustained delivery 
of pharmaceutical agents in the field of drug delivery and tissue 
engineering [9-13]. On the other hand, polyethylene glycol (PEG) 
is a water soluble polyether with a wide range of molecular 
weights that has been found to be biocompatible and has been 
used in hydrogels, for surface modification of other polymers 
to obtain co-polymers, control of protein adsorption and as an 
adhesion molecule [14]. Therefore, the use of both polymers as 
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a single blend could lead to products that exhibit a combination 
of properties, suitable for applications in drug delivery. 	
The ability to diffuse into the surrounding medium as well as the 
release kinetics of a drug that has been loaded in a polymeric 
carrier depend on various factors, including the solubility 
and the possibility of swelling of the polymeric matrix in the 
medium according to Tungprapa et al.[15]. Moreover, when 
a pharmaceutical agent is loaded inside a biodegradable 
polymeric carrier, two distinct major mechanisms are known 
to facilitate the drug release, mainly polymer degradation and 
small molecule diffusion [16]. PCL displays little degradation in 
aqueous environment during the first months [8], whereas PEG 
is a water soluble polymer that can be immediately dissolved 
in the surrounding medium. PEG also enhances the stability of 
biomolecules and affects release characteristics [17]. In addition, 
if PCL is the predominant polymer in the fabricated electrospun 
fibers, diffusion through the polymeric matrix is expected to be the 
major mechanism [18]. 	 The aim of this work was to fabricate 
fibrous scaffolds from a polymeric blend of PCL and PEG with an 
incorporated model drug, in order to create a drug delivery system 
(DDS), which would enable encapsulation and sustained delivery 
of the pharmaceutical agent. Dipyridamole (DPA) was used as a 
model drug. The release kinetics from electrospun scaffolds and 
the effect of its presence on the properties of the fabricated fibers 
were studied. DPA is used as an antiplatelet agent, either alone 
or in combination with other pharmaceutical agents in order to 
reduce the risk of stroke incidents after a severe cardiovascular 
event, such as myocardial infarction [19,20]. Additionally, it can 
increase gap junction coupling in aortic endothelial and vascular 
smooth muscle cells [21,22]. One of the conclusions of these 
studies was that DPA is best utilized in sustained release forms 
of administration like microspheres. A DDS enabling controlled 
release of DPA can be used in drug delivery applications [23,24]. 
PEG with different molecular weight was used to investigate the 
influence of the polymeric chain length on the properties of the 
scaffolds. Electrospun PCL fibers without PEG served as control. 
The structural, morphological, mechanical and physicochemical 
properties of the electrospun scaffolds were evaluated. The 
cumulative in vitro release of DPA was monitored and analyzed 
throughout a period of ninety six days to investigate the release 
kinetics of DPA by fitting the obtained data according to the 
model described by Ritger and Peppas (1987) [25]. The choice 
of PCL as the main polymer was based on the fact that in order 
to create a proper DDS system for the sustained release of DPA, 
a slow degrading polymer (recognized as a suitable material for 
the fabrication of scaffolds, as it was previously discussed), which 
would be also inexpensive and easy to process, was needed. In 
addition, as it was previously mentioned, PEG was used to enhance 
the stability of the encapsulated pharmaceutical molecules and to 
augment the miscibility of the polymeric solution. Furthermore, 
since PEG types with various molecular weights are available, it 
enables to adjust the fibers’ characteristics with regard to release 
kinetics of the encapsulated drug, via its polymeric chain length. 
It is also inexpensive and presents good miscibility with PCL, a 
feature that has been previously described [26]. Therefore, the 
combination of the two polymers was considered suitable to 
create a DDS for DPA encapsulation. In a nutshell, a DDS system 
based on PCL/PEG fibers can be considered as a suitable drug 

carrier candidate of DPA in order to be further tested as a novel 
solution for an alternative anti-coagulant therapeutic strategy 
for patients that are at high risk of stroke, myocardial infraction, 
thrombotic incidents and other life threatening situations. The 
use of electrospinning and fiber technology for the creation of 
a proper DDS system for DPA has only been used once in the 
past for the creation of poly-urethane tubular scaffolds [23] and 
by our group for the creation of PCL based DDS [24]. Therefore, 
further research needs to be conducted in order to have a better 
understanding of the use of fibers for this application. However, 
the idea of controlling the characteristics of the fibers and DIP’s 
release kinetics via the polymeric chain length of PEG is novel 
and very promising for the mentioned DDS, and it was one of the 
basic goals of this work. Finally, the outcome of this study can 
be used as an initial step to promote future research on DDSs 
based on PCL/PEG fibers made by electrospinning for similar 
pharmaceutical agents.

Materials and Methods
Materials
Polycaprolactone (PCL) (Mn 70000-90000) and dipyridamole 
(DPA) (≥98.0%) were purchased from Sigma-Aldrich. Polyethylene 
glycol (PEG) (Mr 3500-4500 & Mr~35000) was purchased from 
Fluka. 2,2,2-trifluroethanol (TFE) was purchased from abcr 
GmbH & Co.KG. All materials and reagents were used as received 
without any further purification.

Preparation of the polymeric solutions
Both the polymers and DPA were dissolved in TFE. The total 
polymer concentration was 150 mg/mL and the mass ratio 
between PCL and PEG was 3:1. The concentration of DPA in the 
solution was 10 wt% of the mass of PEG. The concentrations 
of PCL and PEG were selected based on previous preliminary 
experiments taking into account the ease of electrospinning 
of the solutions and the solubility of the materials used in TFE. 
For example, a 50:50 polymer ratio of PCL and PEG led to fibers 
with beads, wider diameter distributions and to an unstable 
electrospinning process (Figure 1). In addition, a solution with 
the same polymer concentration and mass ratio but without 
DPA was also prepared to serve as a control. Furthermore, 
blend solutions of PCL with and without DPA were prepared as 
additional control groups. In that case, the concentration of PCL 
was 150 mg/mL while the concentration of DPA remained the 
same as that of the solutions with PEG. All polymeric solutions 
were constantly stirred for 18h at room temperature in order to 
achieve homogenous mixtures.

Electrospinning process
Disposable blunt-tipped needles (21G, Nordson EFD) with an 
inner diameter of 0.6 mm and 5 mL syringes (Omnifix, B. Braun) 
were used as the polymeric solution reservoirs. The solution 
flow rate was kept at 4 mL/h with an applied voltage of 25 kV 
in order to achieve continuous flow with no jet breaks. The 
distance between the tip of the needle and the grounded, square 
aluminum collector (15ˣ15 cm2) was kept constant at 25 cm. In 
addition, an aluminum foil covering the surface of the collector 
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was used to retrieve the electrospun fiber mats. Moreover, 
electrospinning was performed under stable conditions of 
temperature and relative humidity (T=21 ± 1.5, Rel. Humidity 
= 30 ± 5 %) for 30min per sample. After the press, the samples 
were removed from the collector and left to dry under vacuum 
for 24h. The sample group with DPA and PEG (Mr 35000, PEG35k) 
are designated as F1 and the one without DPA as F0 for better 
comprehension. Furthermore, the electrospun fibers composed 
of PEG (Mr 4000, PEG4k) but without DPA and are designated as 
F2 and the ones with incorporated DPA as F3. Finally, the sample 
groups without DPA and only PCL are designated as F4 and the 
ones with incorporated DPA as F5. The concentrations of all 
materials and the short code names are summarized in Table 1.

Characterization of the electrospun fiber mats
Electrical conductivity: A conductometer (SevenMulti, Mettler 
Toledo AG) was used to measure the electrical conductivity of the 
polymeric solutions. 2 mL of each solution were measured at 25. 
All measurements were carried out in quintuplicate.

Scanning electron microscopy (SEM): Square strips of 5ˣ5 
mm2 were carefully punched out from all sample groups and 
were sputter coated with Au/Pd for 60s before being mounted 
on a steel stage inside the SEM (S3400N, Hitachi), (15 kV, high 
vacuum). In order to determine the average fiber diameter, 
pictures obtained at a magnification of 4000x were pressed 
using the image analysis software ImageJ (National Institutes 
of Health), taking measurements of 75 different fibers from 5 
different samples from all groups.

Fourier transform infrared spectroscopy (FTIR): Infrared 
absorption measurements were carried out with a Perkin Elmer 
100 Fourier transform infrared (FTIR) spectrometer (Perkin 
Elmer, Norwalk, CT, USA), equipped with a triglycine sulfate (TGS) 
detector and an attenuated total reflection (ATR) accessory with 
a diamond/ZnSe crystal. The acquisition parameters were: 4 
cm-1 resolution, 8 co-added interferograms, and 4000 - 650 cm-1 
wavenumber range. Spectra analysis and display were carried out 
using Perkin Elmer software (Perkin Elmer, Norwalk, CT, USA).

Mechanical tensile testing: Rectangular strips of 15 mm gauge 
length and 10 mm width were carefully punched out from all 
groups. The thickness of each individual specimen was measured 
with a thickness gauge (Quick mini, Mituotoyo). Double-edged 
duct tape was carefully placed at both edges of the strips to 
facilitate their mounting on the metallic grips of the testing 
device. Uniaxial tensile tests were conducted with an INSTRON 
5967 Dual Column tensile testing instrument with a 100 N load 
cell (Instron, USA). The ultimate tensile strength (UTS), the 
tensile strain at maximum force and the Young’s modulus values 
were analyzed. All the experiments were conducted at room 
temperature. An elongation rate of 1 mm/s was applied to the 
samples. Six samples were tested per group.

In vitro drug release study: For the drug release experiments, 
square strips of 10ˣ10 mm2 were punched out from the electrospun 
specimens, subsequently immersed in 1 mL of phosphate buffer 
solution (PBS) and kept in 2 mL tubes (Eppendorf) inside a 
waterbath at 37. At predefined time points, the total volume of 
the PBS medium was removed for measuring the absorbance 

and fresh medium was added back to the tube. The absorbance 
of DPA was measured at 284 nm using a UV-Vis spectrometer 
(LIBRA S22, Bihrom) and plastic, disposable UV-cuvettes (1.5 mL, 
12.5ˣ12.5ˣ45 mm, Brand). A calibration plot of absorbance versus 
concentration was created using standard solutions of DPA in PBS 
with concentrations ranging from 1 μg/mL up to 50 μg/mL. The 
cumulative release of DPA was measured for a total period of 96 
days. All experiments were carried out in triplicates.

Release kinetics mechanism: The release kinetics of DPA were 
analyzed using the equation described by Ritger PL and Peppas 
NA (1987) [25].

Mt/M∞ = kt
n  	 	 	 	                 Equation 1

where Mt is the drug released at the time point t, M∞ is the 
total amount of drug released, k is a constant depending on the 
structural and geometrical characteristics of the drug carrier and 
n is the release exponent which indicates the release mechanism.

Statistical analysis: All data are expressed as mean ± standard 
deviation unless otherwise mentioned. One-way analysis of 
variance (ANOVA) with post h Tukey means comparison tests 
were conducted and p value < 0.05 was considered significant. 
The distribution of values in terms of normality was assessed 
before one-way ANOVA analysis in order to ensure the quality of 
the obtained results.

Results
Structural and morphological analysis
The obtained SEM pictures of the fibers are shown in Figure 2. 
SEM images of the investigated specimens revealed no drug 
aggregates and beads, indicating adequate miscibility of all 
the materials and confirming a stable and repeatable press. 
In all cases, electrospinning resulted in cylindrical fibers with 
smooth surface and diameters in the sub-micron/nano- scale 
forming dense networks. That was made possible by selecting 
the appropriate PCL/PEG ratio during preliminary results (Figure 
1). The average fiber diameter of specimens F0, F1, F2, F3, F4 
and F5 fibers were found to be 661.33 ± 196.94 nm, 586.75 ± 
204.79 nm, 617 ± 208.96 nm, 558 ± 190.08 nm, 1005.33 ± 319.44 
nm and 771.33 ± 247.9 nm, respectively. Figure 3 captures the 

Sample
name

PCL
concentration

mg/mL

PEG
concentration

mg/mL

DPA
concentration

mg/mL

F0 112.5 37.5 (PEG35k) a -

F1 112.5 37.5 (PEG35k) a 3.75

F2 112.5 37.5 (PEG4k) b -

F3 112.5 37.5 (PEG4k) b 3.75

F4 150.0 - -

F5 150.0 - 3.75
a PEG Mr~35000, b PEG Mr 3500-4500

Table 1 Short code names and materials’ concentrations (mg/mL) for 
electrospun fibers prepared using Polycaprolactone (PCL), Polyethylene 
glycol (PEG, two different average molecular weight types) and 
Dipyridamole (DPA).
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Figure 1 SEM pictures of electrospun fibers with a 50:50 
mass ratio between PCL and PEG (A) and fibers 
with a 75:25 mass ratio between the two polymers 
(B); 15 kV accelerating voltage, high vacuum, 500x 
magnification, scale bars = 20 μm.

differences between all the different electrospun fiber specimens. 
No significant differences were observed between fibers F0 
and F1, as well as between fibers F2 and F3. The average fiber 
diameter of specimen F5 differed significantly from fibers F1, 
F2, F3 (p<0.001). Finally, fibers F5 also differed significantly with 
fibers F4 (p<0.05). The histograms of the calculated diameters 
of the electrospun fibers are also depicted in Figure 2. The 
fiber diameter distribution of the specimens F0, F1, F2 and F3 
were found to be similar, whereas F4 displayed a broader fiber 
diameter distribution. In case of specimen F5, the addition of DPA 
resulted in a narrower fiber diameter distribution (Figure 2I). In 
addition, no particular alignment was observed (Figure 2).

Physichemical characterization
The addition of DPA to the polymeric solutions significantly 
affected the electrical conductivity (Figure 4), which increased 
from 1.556 ± 0.09 μS/cm for F0 fibers to 6.272 ± 0.152 μS/cm 
for F1 fibers; from 1.912 ± 0.03 μS/cm for F2 fibers to 6.716 ± 
0.12 μS/cm for F3 fibers and from 0.521 ± 0.023 μS/cm for 
F4 fibers to 18.81 ± 0.058 μS/cm for F5 fibers, presenting 
a statistically significant difference (p <0.001).   In order to 
investigate physichemical interactions between the electrospun 
fibers loaded with DPA and the bulk materials, FTIR was used 

as a means of chemical characterization. Figure 5 depicts the 
FTIR spectra of F1 and F0 fibers compared with the ones from 
bulk PCL and PEG pellets as well as DPA crystalline powder. The 
spectrum of the PCL pellets exhibited characteristic peaks at 2943 
cm-1 (-CH3, asymmetric stretching), 2869 cm-1 (-CH3, symmetric 
stretching) and 1725 cm-1 (-C=O, stretching) in agreement with 
previous studies [26]. Furthermore, the FTIR spectrum of bulk 
PEG exhibited characteristic peaks at 2882 cm-1 (-CH3, symmetric 
stretching), 1342 cm-1 (-CH3, scissoring and bending) and 1095 
cm-1 (-C-O-C-(ether), stretching). Moreover, the spectrum of DPA in 
powder form exhibited the following characteristic peaks among 
other: at 2921 cm-1 (-CH3, asymmetric stretching) and at 1531 
cm-1 (-C=N, stretching). Additionally, F0 specimens exhibited 
characteristic peaks at 2946 cm-1 (-CH3, asymmetric stretching), 
1723 cm-1 (-C=O, stretching), 1342 cm-1 (-CH3, scissoring and 
bending), 1103 cm-1 (-C-O-C-(ether), stretching). On the other hand, 
the spectrum of the F1 fibers exhibited a mixture of characteristic 
peaks from the spectra of the bulk materials. More specifically, 
F1 fibers exhibited characteristic peaks at 2946 cm-1 (-CH3, 
asymmetric stretching), 1726 cm-1 (-C=O, stretching), 1342 cm-1 
(-CH3, scissoring and bending), 1100 cm-1 (-C-O-C-(ether), stretching) 
and a low absorbance peak at 1536 cm-1, corresponding to –C=N 
stretching from DPA. The differences in peaks of the F0 and F1 
specimens as well as from the bulk materials are summarized in 
Table 2.

Mechanical characterization
The obtained data from the mechanical tensile tests are presented 
in Figure 6. The average UTS increased from 14.32 ± 1.51 MPa for 
the F0 fibers to 16.79 ± 3.08 MPa for the F1 electrospun fibers 
(Figure 6A). Moreover, F3 specimens exhibited higher UTS (13.94 
± 1.87 MPa) compared to F2 specimens (11.32 ± 1.93 MPa). In 
addition, the average UTS values of specimens F4 and F5, which 
were 58.15 ± 4.75 MPa and 60.27 ± 6.48 MPa respectively, were 
significantly higher than the rest of the specimens (p <0.001). 
However, the addition of DPA in specimens F1, F3 and F5 did not 
result in significant increase of the UTS values (p>0.05) (Figure 
6A). Additionally, the tensile strain at break was 0.62 ±0.06 mm/
mm and 0.61 ± 0.05 mm/mm for fibers F0 and F1, respectively 
(Figure 6B), indicating that DPA has little effect on mechanical 
properties. A minor decrease in the tensile strain values was 
observed between specimens F2 and F3. More specifically, the 
tensile strain at break dropped from 0.38 ± 0.05 mm/mm to 0.30 ± 
0.02 mm/mm, but not significantly (p>0.05). The use of PEG with 
different molecular weight with and without incorporated DPA 
led to a statistical difference in terms of tensile strain (p<0.001). 
Moreover, the specimens fabricated only by PCL (F4) exhibited 
the highest tensile strain at break, namely 0.8 ± 0.09 mm/mm, 
and were statistically different from all the other specimens 
(p<0.001). Finally, the average tensile strain at break of fibers F5 
was 0.45 ± 0.05 mm/mm. 	The differences between the Young’s 
modulus values are depicted in Figure 6C. The presence of DPA in 
specimens F1, F3 and F5 led to an increase in the average Young’s 
modulus values from 48.69 ± 6.46 MPa to 57.14 ± 4.35 MPa for 
fibers F0 and F1; from 65.87 ± 6.66 MPa to 107.05 ± 9.29 MPa for 
fibers F2 and F3 and from 98.9 ± 16.35 MPa to 199.98 ± 33.78 MPa 
for fibers F4 and F5, respectively. Fibers F5 exhibited the highest 
average Young’s modulus, which was statistically different from 
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Figure 2 SEM pictures of electrospun F0 fibers (PCL & PEG35k) with no Dipyridamole (DPA) encapsulated (A); F1 

fibers (PCL & PEG35k) with DPA encapsulated (B); Histogram of the fiber diameter distributions of fibers F0 
and F1 (C); F2 fibers (PCL & PEG4k) with no Dipyridamole (DPA) encapsulated (D); F3fibers (PCL & PEG4k) 
with DPA encapsulated (E); Histogram of the fiber diameter distributions of fibers F2 and F3 (F); F4 fibers 
(PCL) with no Dipyridamole (DPA) encapsulated (G); F5 fibers (PCL) with DPA encapsulated (H); Histogram 
of the fiber diameter distributions of fibers F4 and F5 (I); 15 kV accelerating voltage, high vacuum, 4000x 
magnification, scale bars = 1 μm.

 
Figure 3 Average fiber diameter values from electrospun fibers 

F0-F5 obtained after image analysis using ImageJ; (mean 
± SD, n = 75); One-way ANOVA with post hoc Tukey (* 
p<0.05, ** p<0.001, *** p<0.001, NS = not significant.

 
Figure 4 Electrical conductivity values from the polymeric 

solutions used to fabricate electrospun specimens F0-F5, 
(mean ± SD, n=5); One-way ANOVA with post hoc Tukey 
(* p<0.05, ** p<0.001, *** p<0.001, NS = not significant).
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Figure 5 FTIR spectra of PCL pellets, bulk PEG, powder DPA, F0 
and F1 electrospun fibers from 4000 to 650 cm-1; the 
dotted rectangular sites indicate the differences in the 
spectra between F0, F1 fibers and bulk materials.

all the other samples (p<0.001). In addition, Young’s modulus 
values from fibers F2 and F3 were statistically different (p<0.01) 
while there was no significant difference between fibers F0 and 
F1 (p>0.05). Finally, the use of PEG with different molecular 
weight led to a significant difference in Young’s modulus values 
between fibers F1 and F3 (p<0.001).

Cumulative drug release experiments
The cumulative amount of DPA released from F1, F3 and F5 
specimens was calculated as the fraction of the total DPA content 
inside a PBS solution (pH 7.4,T=37 ). The drug release studies 
were performed in an incubator over a period of 96 days. The 
cumulative release profile of DPA from the electrospun fibers is 
shown in Figure 7, while the inset depicts the first day of DPA 
release. Two distinct release stages could be identified for all the 
different electrospun specimens: a rapid burst release followed 
by a relatively slow release phase. During the initial 24h, F1 fibers 
showed a burst release of DPA, where 52.4 ±1.1% of DPA released 
into the PBS medium. In comparison with this, F3 and F5 
showed 60.32 ± 1.82% and 63.14 ± 1.07% release of DPA into 
the medium, respectively. The first stage where more than half 
of DPA mass was already released for all different electrospun 
specimens was followed by a successive slow second stage. 
During this stage the cumulative release of DPA was lower and 
more gradual, reaching 84.74 ± 1.06% until the 18th day for 
fibers F1. In addition, the cumulative release of DPA from fibers 
F3 and F5 was 93.79 ± 2.02% and 95.89 ± 1.43%, respectively. 
Moreover, the release rate of DPA was gradually decelerating, 
ultimately reaching a plateau. The cumulative release of DPA 
reached 89.07 ± 1.29% for F1 fibers, 97.55 ± 1.71% for F3 
fibers and 98.17 ± 1.59% for F5 fibers on the 96th day. 	
In order to comprehend the mechanism that regulates the 
release of DPA, the data obtained from the cumulative release 
studies were fitted according using Equation 1 [27]. In Figure 7 
(inset) the release exponent n for F1, F3 and F5 fibers is depicted 
together with an attempt to fit the obtained experimental data. 

Figure 6 Mechanical properties of the F0-F5 electrospun fibers. 
Ultimate tensile strength (UTS) (A); tensile strain at break 
(B); and Young’s modulus (C); elongation rate=1mm/sec; 
(mean ± SD, n = 6); One-way ANOVA with post hoc Tukey 
(* p<0.05, ** p<0.001, *** p<0.001, NS = not significant).

 

The release exponents n for specimens F1, F2 and F3 were 0.432, 
0.454 and 0.426 respectively, corresponding to Fickian diffusion 
(R2 > 0.93 for all cases).
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Discussion
Electrospun fibers loaded with DPA and without DPA were 
fabricated using different molecular weight of PEG. The obtained 
fibers had an average diameter between 600 nm and 1000 nm 
(Figure 3). The addition of DPA in the polymeric solutions resulted 
in a significant increase of the solution’s electrical conductivity, 
while at the same time decreasing the average fiber diameter. 
One the other hand, addition of PEG led to a significant increase 
in the average values of electrical conductivity and a decrease 
in the average fiber diameter compared to the fibers containing 
only PCL. Additionally, higher molecular weight of PEG resulted 
in polymeric solutions with lower average values of electrical 
conductivity and consequently to thicker fibers. Similar findings 
concerning the influence of molecular weight of PEG on fiber 
diameter and electrical conductivity were described by Saraf et al 
[28]. According to Lee et al., decrease in the average fiber diameter 
could be the result of the increase in the solutions conductivity 
due to augmented transfer of electrical charges into the polymeric 
jet [29], resulting in greater bending instability of the solution 
inside the electrical field. Consequently, further elongation of the 
jet curred, leading to thinner fibers. Furthermore, the presence 
of chemical groups (pH dependant) in DPA (hydroxyl groups), 
could have further increased the electrical conductivity [30]. 
FTIR spectroscopy was used to study the possible differences 
between the electrospun fibers and the bulk materials, as well 
as between the polymers and DPA (Figure 5). Shifts in the peaks 
could be indicative of different intermolecular interactions in the 
fibers. More specifically, there are various changes in the peaks 
of the F1 fibers compared with the spectra of fibers F0, bulk PCL 
and PEG (Table 2). The resulting peaks of the F1 spectrum could 
be an aftermath of a possible interaction between PCL and PEG. 
On the other hand, the peaks of DPA were very difficult to be 

Figure 7 Cumulative release of DPA from F1, F3 and F5 electrospun 
fibers during a total 96 days period; cumulative release 
of DPA from F1, F3 and F5 fibers during the initial 24 
hours (inset); (mean ± SD, n = 3); T = 37 oC; Experimental 
and fitted data (using Equation 1 described by Peppas et 
al., Mt/M∞ = kt

n) from F1, F3 and F5 fibers during the first 
60% of DPA released; (mean ± SD, n = 3).

identified in the fibers due to the mass ratio of the materials 
used. Nevertheless, a low intensity peak at 1536 cm-1 (-C=N, 
stretching) was detected in the F1 spectrum, which was shifted 
compared with the peak in the DPA spectrum, whereas no peak 
was observed in the spectrum of F0 fibers. Furthermore, the 
differences between the spectra of bulk PCL and F1 fibers could 
be the result of different degree of PCL crystallinity before and 
after it was dissolved in TFE and electrospun [31]. In addition, 
formation of hydrogen bonds between the ester groups of PCL 
(in a semi-crystalline state) and the hydroxyl groups of TFE (in 
an amorphous state) molecules could explain the shifts in the 
absorption bands [32,33]. The addition of DPA in the blend 
solutions increased the average values of UTS and Young’s 
modulus where the addition of DPA resulted in stiffer fibers. The 
influence of DPA and PEG on the solution’s electrical conductivity 
as well as on the average fiber diameter can also affect the 
mechanical properties. The decrease in the average fiber diameter 
and minor change in the general alignment and structure of the 
fibers affect mechanical properties [34]. Moreover, differences in 
intermolecular interactions between the polymers might explain 
differences in mechanical properties. The FTIR data endorse this 
hypothesis since there were shifts in characteristic peaks of the 
fiber spectra compared with that of the bulk materials, but also 
between F0 and F1. The use of low molecular weight PEG with 
lower average polymeric chain length (F2 & F3) led to weaker 
and less flexible but stiffer fibers indicating that the length of 
the polymeric chain determines mechanical properties of the 
fabricated scaffolds. Moreover, the fibrous scaffold’s architecture 
in the nano-/submicron level is considered very important for the 
release of the encapsulated molecule. The stresses that a scaffold 
would possibly confront from the surrounding environment at 
the site of implantation affect the structure of the carrier and 
thus the release kinetics [35]. Two distinct stages of DPA release 
were observed in all cases: a strong burst release phenomenon 
followed by a slower release phase. The initial burst release stage 
that was particularly intense during the first 12 hours (Figure 7, 
inset), has been previously described by other groups [36-38]. 
According to Zamani et al., it is possible that a considerable amount 
of the drug could have migrated to the surface of the ejected 
polymer solution during electrospinning [11]. Additionally, DPA 
might have been incorporated into the amorphous regions of the 
semi-crystalline PCL. Kim et al. proposed that drug aggregates 
can be forced to migrate to the surface of the fibers during 
electrospinning because of the semi-crystalline nature of PCL 
[33]. Another major reason for the release of DPA during the first 
stage is the rapid dissolution of PEG in the medium. There have 
been previous reports on fast erosion of PEG or similar polymers 
in polymeric blends that led to burst release phenomena and 
changes in the structure and diameter of the fibers [33,35]. Kim 
et al. also described the possibility of phase separation between 
the semi-crystalline PCL and the water soluble polyethylene oxide 
(PEO) that might have led to a core skeleton mainly composing 
of PCL and a surrounding coating of PEO [33]. The latter could 
cur during electrospinning, when the blend solution is quickly 
ejected to the collector, while fast solvent evaporation could 
enable phase separation between PCL and PEG. The use of a 
low molecular weight PEG for fibers F3 led to a faster release of 
DPA and to a more intense burst phenomenon during the first 
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hours. The average molecular weight and thus the length of the 
polymeric chains affects the degradation rate of the polymer 
[8]. The release rate from F5 fibers was found to be the fastest, 
which is possibly due to the amorphous regions of PCL and the 
tendency of the molecules to travel near the surface of the fibers. 
Moreover, the absence of PEG might have resulted in lower 
homogeneity of the blend solution, leading to a more intense 
phase separation during electrospinning and consequently a 
higher percentage of DPA present on the surface of the fibers. 
F1 fibers were the most appropriate for sustained release of DPA 
exhibiting the lowest burst release suggesting that PEG could be 
beneficial in a polymeric blend rendering it suitable as a DDS. 
On the other hand, during the second stage, the release of DPA 
was slower and more gradual, mainly depending on diffusion. 
The cumulative release of the drug was mainly attributed to the 
diffusion of DPA through the polymeric matrix combined with 
the initial erosion of PEG (only for specimens F1 and F3). During 
the second stage of the release there is no PCL degradation [8], 
while the vast amount of PEG had been already dissolved into 
the medium. Therefore, the release of DPA from the electrospun 
fibers is predominantly controlled by Fickian diffusion, while the 
addition of PEG to the blend solution and its molecular weight did 
not affect the release.

Sample

Peaks (cm-1)

-CH3,
asymmetric 
stretching

-C=O, 
stretching

–C=N
stretching

-CH3,

scissoring and 
bending

-C-O-C-(ether), stretching

DPA bulk 2921 1531

PCL bulk 2943 1725

PEG 35k bulk 2882 1342 1095

F0 2946 1723 1342 1103

F1 2946 1726 1536 1342 1100

Table 2 Characteristic peaks (cm-1) in the FTIR spectra of the bulk materials (PCL, PEG and DPA) and in the FTIR spectra of F0 and F1 electrospun 
fibers.

Conclusion
Blend electrospinning can be used to fabricate PCL/PEG fibers 
loaded with DPA, which can be used as a DDS. The addition of 
DPA to the polymeric blend used for electrospinning resulted in 
thinner, stronger and stiffer fibers. Moreover, the polymer chain 
length of the PEG can be used as a tool to adjust fiber properties if 
necessary. The electrospun fibers show sustained release of DPA, 
mainly through Fickian diffusion, indicating that they are suitable 
as drug delivery carriers, as long as the initial burst phenomenon 
is controlled.
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