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Abstract

Electrospinning is a promising method for the fabrication of fibers used
for drug release system, due the ease of operation of the electrospinning
process and the high surface to volume ratio, high loading capacity and
high encapsulation efficiency of the obtained fibers. In this study release
of tetracycline hydrochloride (TCH) from both monolithic and core-shell
electrospun fibers of poly-lactic acid (PLA), poly-ε-caprolactone (PCL) and
their blend were studied. It was found that the drug release from the fibers
depended on their composition. Core-shell fibers were designed with PCL
and TCH in the core and with blends (PCL/PLA) of varying composition in
the shell. A varying initial burst release was observed when the composition
of the shell was varied. This illustrates that the burst release might be tunable
which can be advantageous for many applications.

Keywords: Electrospinning, core-shell fibers, drug release, burst release,
poly-ε-caprolactone, poly-lactic acid.

1 Introduction

Electrospinning is a simple method which can be used to fabricate ultra-
thin fibers from a variety of materials [1, 2]. The textile industry has been
using electrospinning for many years to produce non-woven fiber fabrics [2].
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A renewed interest in the method has aspired due to applications of the
fibers in areas such as filtration, optical and chemical sensors and electrode
materials [2]. Recently, also biomedical applications of the fibers have been
researched, e.g. the fibers can be used for scaffolds for tissue engineering [3]
and drug delivery of various substances [4–6].

Advantages of using electrospun fibers for drug release systems include
the high surface to volume ratio of the fibers and the high loading capacity
of drug in the fibers [3, 5]. Many different drugs have been incorporated
into electrospun fibers, which include antimicrobial, anticancer drug and
bioactive molecules such as protein, DNA, RNA and growth factors [5, 6].
Polymers are widely applied as potential candidates for the encapsulation
of drug for drug delivery applications, e.g. in micelles [7–9]. The polymers
can be both biodegradable and biocompatible which makes them ideal for
biomedical applications [10], thus using similar polymers for the electrospun
fibers seems promising. Examples of such polymers used for drug delivery
from electrospun fibers include amongst many others [5] PLA [4, 11] and
PCL [10].

In the standard electrospinning process a polymer solution is supplied
through a needle and a high voltage is applied to the needle [1, 2]. The
resulting electrostatic field arising between the needle and collector plate
draws a thin jet from the droplet at the tip of the needle [1, 2]. The jet
is initially drawn linearly towards the collector but will eventually begin a
whipping process during which the solvent will evaporate, and a solid non-
woven fiber mat will be obtained on the collector [1, 2, 5]. Many parameters
of the electrospinning process can be varied which can affect the morphology
of the obtained fibers [1, 2]. In order to convert these monolithic fibers into a
drug release system, drugs can simply be added to the polymer solution [10].
The drug can subsequently be released by diffusion out of the polymeric
matrix [6, 10–12] or the degradation of the polymers can be utilized [4, 13].
Many parameters can influence the release profiles of the drug, e.g. fiber
morphology or drug concentration [6].

Several modifications of the standard electrospinning process have been
developed, amongst these are the coaxial electrospinning where the nozzle
consists of a smaller capillary inside and coaxial to a larger capillary [3].
Core-shell fibers are obtained, and the method obviously allows for supply
of separate solutions for the core and the shell [2, 3]. Hence, it is possible
to design multi-drug delivery systems using core-shell fibers [14]. If only
the core contains drug, the shell can function as a diffusion barrier which
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also protects the core from undesirable interactions between drug and the
environment [5].

In the present study, the release of the antibiotic TCH from both mono-
lithic fibers and core-shell fibers will be investigated. Applications of drug
release systems containing antibiotics include for example wound healing
applications [5, 6]. The monolithic fibers investigated in this study consisted
of PLA, PCL and blends thereof. The core-shell fibers had a core consisting of
PCL and contained the TCH, while the shell consisted of blends of PLA and
PCL in various ratios in order to investigate the dependence of the PLA:PCL
ratio on TCH release from the fiber core.

2 Experimental Procedures

2.1 Materials

The used d,l-PLA was obtained from MakerBot (Germany). The density of
the PLA was 1.25 g/cm3. PCL was Capa 6506 from Perstorp UK Limited.
The PCL had an average molecular weight of 50,000 kDa. Both polymers
were dissolved in chloroform (≥ 99.8%). TCH (≥ 95%) was dissolved in
methanol (≥ 99.6%) prior to the addition to the polymer solution. Chloro-
form, methanol and TCH were purchased from Sigma-Aldrich (Denmark).
All polymers and solvents have been used as supplied without further
purification.

2.2 Solutions

Multiple polymer stock solutions were prepared with different concentration
and polymer type. For the monolithic fibers the concentrations were 5 wt.%,
15 wt.% and 12.5 wt.% for the PLA, PCL and blend solutions, respectively.
The concentration of the blend solution denotes the amount of total polymer.
For the core-shell fibers the concentrations were 10 wt.% and 12.5 wt.% for
the core (PCL) and shell (blend), respectively. However, the shell of pure
PLA had to be electrospun from a solution of 10 wt.% due to too high
viscosity if the concentration was increased further. Prior to the electro-
spinning process the solutions were prepared by mixing the polymer stock
solution and the solution containing TCH such that the final solvent ratio of
chloroform/methanol was 19:1. It was ensured that the final concentration
of TCH was kept at 5 wt.% relative to the polymer by varying the TCH
concentration in the methanol solution.



20 D. Pedersbæk et al.

2.3 Electrospinning Procedure

The electrospinning was done using an Electrospinner 2.2.D-500 from YFlow
Nanotechnology Solutions (Spain). The needle used for electrospinning of the
monolithic fibers had a diameter of 1 mm, and the needle used for electrospin-
ning of the core-shell fibers consisted of a needle with a diameter of 2.5 mm
with an 1 mm inner capillary. The voltage at the needle and the collector could
be adjusted separately. The voltage at the needle is denoted injector voltage.
The voltage at the collector was kept at –5 kV while the injector voltage
was varied between experiments. A camera was attached to the set-up for
some of the experiments to observe the tip of the needle. It was not possible
to obtain a stable electrospinning process if the voltage was kept constant
when the composition of the polymer solutions was changed. Therefore,
the injector voltage was changed but kept in the range 12.5 kV – 17.0 kV
for electrospinning of the monolithic fibers and 6.8 kV – 13.6 kV for the
core-shell fibers. The fibers were collected on glass wafers.

2.4 Characterization

The fibers were characterized using a scanning electron microscope (SEM)
(Zeiss EVO 60 SEM system from Zeiss), an optical microscopy (Axioskop
2 plus) and a fluorescence microscope (Olympus IX71) with cube U-MWU2
fluorescence filter (330–385 nm /420 nm). SEM was used to characterize
the fiber morphology, and the diameter of the fibers was estimated by the
obtained images using ImageJ software.

2.5 Release Measurements

The fibers was submerged into a phosphate-buffered saline (PBS) solution
for the release measurements. The release of TCH was followed by measuring
the absorption at 360 nm by a UV-1800 spectrophotometer from SHIMADZU.
For each absorption measurement 1 mL was removed from the solution
containing the fibers and replaced with 1 mL fresh PBS solution in order
to ensure sink conditions.

3 Results and Discussion

The electrospun fibers formed a fiber mat on the collector plate. This could
be visually seen both by the naked eye and light microscopy (Figure 1). The
core-shell fibers seemed to have a larger mean diameter than the monolithic



Electrospinning of Core-Shell fibers for Drug Release Systems 21

Figure 1 Optical microscopic image of monolithic PLA fibers electrospun from a 5 wt.%
polymer solution.

fibers, but it was also evident that the standard deviation of the fiber diameter
distribution was relatively wide (Figure 2). The larger diameter of the core-
shell fibers might be explained by the larger diameter of the needle which
consequently supplies more polymer solution than when electrospinning
monolithic fibers under similar conditions. However, in order to obtain core-
shell fibers different parameters than used for the electrospinning of the
monolithic fibers had to be used, e.g. different voltage and concentration of
the polymer solution. These varying parameters could potentially also affect
the diameter of the fibers. The large standard deviation of the core-shell fibers
is immediately evident from the SEM images (Figure 3). Furthermore, beads
were observed, especially when high amounts of PCL in the blend solution
were used. These factors indicate that the electrospinning parameters could be
optimized further, however, each variation of the polymer composition would
require re-optimization of the electrospinning parameters. Hence, this study
focused on keeping as many electrospinning parameters as possible constant
while varying the composition of the polymer solution within the possible
limits of the predetermined parameters. From the fluorescence microscope
image of the core-shell fibers, it is evident that TCH must be incorporated
into the fibers and relatively evenly distributed (Figure 4). The intensity of
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Figure 2 Fiber diameter distribution of monolithic and core-shell fibers electrospun from
5 wt.% and 12.5 wt.% polymer solutions, respectively.

Figure 3 Representative SEM image of core-shell fiber electrospun with 1% PLA in the shell
and 99% PCL. One of the beads is seen along with fibers of significantly varying diameters.

the beads is clearly higher, possibly due to the larger volume of the beads
compared to the fibers, thus resulting in a higher fluorescence intensity.

The measured release profiles from the monolithic fibers showed that
only 40% of TCH is released from the PLA fibers in a single burst release
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Figure 4 Fluorescence microscopy image of core-shell fibers with TCH incorporated in the
core.

(Figure 5). This might be attributed to the TCH located on the surface of the
fibers, which further implies that diffusion from the inside of the fibers is lim-
ited. This was also found in other studies for l-PLA [4,11], but it is interesting
that it also applies for the d, l-PLA used in this study, since d, l-PLA can
be considered amorphous in contrast with the semi-crystalline l-PLA [15].
It might be explained by the fact that the glass transition temperature of
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Figure 5 Release of TCH from monolithic electrospun fibers. (•) is for the PCL fibers, (· · ·)
is for the PLA fibers and (�) is for the blend fibers which consist of 67% PCL and 33% PLA.
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d, l-PLA is above the body temperature [15], thus it is in the glassy state
which potentially limits the permeability of buffer and drug. Also, it might
be difficult for TCH to diffuse through the hydrophobic PLA [5]. Almost
all TCH seems to be released from the monolithic PCL fibers in a single
initial burst release (Figure 5), indicating that the buffer solution can diffuse
freely into the polymeric matrix which allows TCH to diffuse freely out of the
fibers. The glass transition for PCL is approximately –60 ◦C [16], hence, the
amorphous regions of PCL are in a soft and flexible rubbery state which might
increase the permeability of TCH. It has also been found in literature that the
surface morphology of PLA and PCL fibers differ, since PLA fibers have
a more closed rough surface in contrast to the surface of PCL fibers which
contain multiple pores [12]. The monolithic blend fibers yielded a different
release profile than observed from the pure PLA and PCL fibers. This is quite
interesting but has also been reported in other studies, and applies to other
types of polymers as well [11, 17]. Although the burst release is minimized
for the blend fibers relative to the fibers consisting of pure PCL and PLA,
all release profiles reach a plateau after approximately 350 min, hence, no
sustained release is obtained for any of the fibers.

The mean diameters of the monolithic fibers were estimated to be 0.73
(±0.34)μm, 0.33 (±0.071)μm and 0.31 (±0.13)μm for the PLA, PCL and
blend fibers, respectively. The observed larger diameter of the PLA fibers
might be caused by the different electrospinning parameters, e.g. applied
voltage or viscosity of the electrospinning solution. The fiber diameter
might influence the release properties of the fibers, however, the effect on
the release profiles caused by varying fiber diameter is not believed to be
significant, especially since different release profiles are observed for PCL
and blend fibers with comparable diameters.

From the release profiles of the core-shell fibers, it is evident that there
is almost no release of TCH when the shell contains more than 10% (w/w)
PLA in the blend (Figure 6.A). When the shell consists of pure PCL almost
all of the drug is released, which illustrates that buffer and thus TCH can
diffuse freely through the PCL polymer matrix. On the other hand, TCH
does not seem to diffuse through the PLA shell, which illustrates even more
clearly that TCH cannot diffuse through the PLA layer. It is interesting that
only 10% PLA limits the release of TCH. This might be explained by the
fact that PLA and PCL phase separate during the electrospinning process
which results in the formation of a layer of PLA surrounding the core which
consequently hinders release of TCH. Lowering the amount of PLA in the
shell between 10% and 1% results in a varying initial burst release with values
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Figure 6 Release of TCH from core-shell fibers. The shell consisted of a blend of PLA and
PCL in various ratios and the core consisted of pure PCL and contained the TCH. (A): The
measured release profiles. The legend denotes the amount of PLA in the shell, the rest being
PCL. (B): The dependence of maximum release with the amount of PLA in the shell.

between the maximum and minimum burst releases observed (Figure 6.A).
The release profile for especially fibers containing 2.5% PLA in the shell
seems to increase linearly after the initial burst before reaching a plateau.
However, while the difference between the samples in linear release following
the burst release might be explained by inhomogeneity between the samples,
it is evident that the burst release clearly varies significantly, which most
likely is explained by the different compositions of the shell. It is evident that
the maximum release, and thus burst release, might be tunable by varying the
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PCL:PLA ratio in the blend used in the shell (Figure 6.B). An explanation
for this phenomenon might be that as the concentration of PLA in the shell is
decreased, islands of PLA are formed rather than a complete layer, resulting
in some of the core being exposed directly to PCL which results in the release
of TCH from these areas. The linear release observed for some samples
between the initial burst value and maximum release might be due to TCH
diffusing to the exposed areas from underneath the PLA layer.

The fiber morphology might also affect the release, however, the
larger variation in diameter of the core-shell fibers and the vary-
ing amount of beads, make it infeasible to conclude on such effects.
Since the larger variation in fiber morphology was observed for all the
core-shell fibers, it is likely that the fiber composition is the cause of the
different release properties of the fibers.

It is evident that no sustained release is obtained over a long period of
time for any of the fibers, which would be necessary for a prolonged drug
release system, however, this is a first step to obtain a sustained drug release
system with a tunable burst release.

Conclusion

Core-shell fibers pose great promise as drug release systems. The fact that
the shell and core can be of different composition allows for the design of
systems applicable to various applications which would not be possible with
monolithic fibers. As it has been shown in this study, the shell can function
as a diffusion barrier which can be used to control the drug release from the
core, which potentially allows for a tunable burst release. It is necessary for an
effective treatment to increase the local drug concentration to the therapeutic
range when using drug release systems, hence, a tunable burst release is a
major advantage in the design of a novel sustained drug release system.
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[15] T. Tábi, I. E. Sajó, F. Szabó, A. S. Luyt, and J. G. Kovács. Crystalline
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