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Abstract: A coaxial electrospun technique to fabricate
core-shell microfibers (MFs) for drug delivery application
is described. In one-step, Paclitaxel (PTX)-loaded poly(L-
lactic acid-co-e-caprolactone) (75:25) (P(LLA-CL)(core/
shell)) was electrospun into MFs using 2,2,2-trifluoroetha-
nol as the solvent. The physical and chemical properties of
electrospun fibers were characterized by various techni-
ques, such as scanning electron microscopy, transmission
electron microscopy, X-ray diffractometry, and Fourier-
transform infrared. The fiber diameter depended on both
the polymer concentration and the flow ratio of PTX to
P(LLA-CL). The encapsulation efficiency and in vitro
release profile were measured using high performance liq-

uid chromatography methods. PTX released from the MFs
in a short burst over 24 h followed by very slow release
over the following 60 days. In addition, the cytotoxicity of
PTX-loaded P(LLA-CL) MFs was evaluated using 3-[4,5-
dimehyl-2-thiazolyl]-2, 5-diphenyl-2H-tetrazolium bromide
assay on HeLa cell lines. These results indicate that PTX
could be released from P(LLA-CL) fibers in a steady man-
ner and effectively inhibit the activity of HeLa cells.
� 2009 Wiley Periodicals, Inc. J Biomed Mater Res 90A:
1243–1251, 2009
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INTRODUCTION

Paclitaxel (PTX), a natural taxane isolated from the
Pacific yew tree, Taxus brevifolia, is a potent anti-
proliferative agents for treatment of a wide range of
cancers, such as ovarian, breast cancers, and non-
small cell lung cancer.1 PTX is currently being mar-
keted as Taxol, (highly hydrophobic, with water sol-
ubility �0.5 mg/L),2 in which PTX is dissolved in a
mixture of 50% Cremophor Emulsifier (EL) and 50%

dehydrated alcohol and given by intravenous (i.v.)
infusion for clinical applications. Cremophor EL may
cause serious side effects including severe hypersen-
sitivity reactions, nephrotoxicity, neurotoxicity, and
cardiotoxicity.2–4 Over the past few years, PTX suc-
cess is largely due to its unique action mechanism
on microtubules, leading to the death of the cell by
disrupting the normal tubule dynamics required for
cell division and vital interphase processes.2,3,5 Vari-
ous approaches have been used for development of
formulations of PTX to avoid using Cremophor EL,
such as microspheres/nanospheres, liposomes, emul-
sions, water-soluble prodrugs, cyclodextrin com-
plexes, polymeric micelles, polymeric paste, and
microfibers/nanofibers. Also, various fabrication
methods have been investigated to deliver PTX, for
example, freeze-drying,6 electrospinning,7 solvent
evaporation method,8 self-assembly,9 spray drying,10

electrohydrodynamic atomization,11 etc.
Recently, an increasing amount of attention has

been paid to the use of the electrospinning technique
to fabricate biodegradable polymers as drug delivery
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systems. Electrospinning is a simple and versatile
technique for producing microfibers (MFs) with
diameters ranging from a few nanometers to microns.
Polymer ultrafine fibers have some advantages of
three dimensional porous structures and large sur-
face area.12 For drug delivery application, polymer
ultrafine fibers can offer rapid, immediate, or delayed
manner drug release in the light of the condition of
the drugs incorporated into the polymer carrier.
Many studies have reported that representative bio-
degradable polymers including synthetic ones such
as poly(L-lactic acid) (PLLA),7 copolymer of e-capro-
lactone and ethyl ethylene phosphate (PCLEEP),13

poly(lactic-co-glycolic acid) (PLGA),14 poly(e-capro-
lactone),12 poly(e-caprolactone)/poly(ethylene glycol)
(PCL/PEG),15 poly(ethylene glycol)-poly(L-lactic
acid) (PEG-PLLA),16 (50:50) poly(L-lactic acid-co-e-
caprolactone) [P(LLA-CL)],17 or natural ones such as
collagen,18 silk fibroin,19 and chitosan20 have been
electrospun into nanofibers for diversity drug deliv-
ery systems. These studies suggested that ultrafine
fibers made from native polymers were better than
those from synthetic polymers in the interaction
between cells and carrier materials, but the synthetic
polymers can provide more favorable mechanical
properties than the native polymers. The drug release
characteristic depends on how well the drug is
encapsulated inside a carrier, due to rapid evapora-
tion of the solvent in the mixture during electrospin-
ning. The high ionic strength of spinning dopes make
the drug particles in the polymer fibers easy to locate
on the fiber surface.21 Therefore, entrapment and sus-
tained release of drug particles by conventional elec-
trospinning techniques remains challenging.22 An
advanced coaxial electrospun technique has been
recently described.12,21 Compared with conventional
electrospinning, coaxial electrospinning is essentially
a modification or extension of the former with a
major difference in the configuration of spinneret. As
drug carriers, core-shell structure fibers electrospun
from coaxial electrospinning can potentially provide
a better therapeutic effect, reduced toxicity, and sus-
tained drug release. For example, the core-shell struc-
tured fibers fabricated by coaxial electrospinning of
PCL as the shell and Bovine Serum Albumin (BSA)-
loaded PEG as the core can release BSA sustainably
for more than 30 days.12

P(LLA-CL) is one of the most widely studied bio-
degradable polymers. P(LLA-CL) has been employed
in pharmaceutical and biomedical fields owing to its
unique properties, such as biocompatibility, nontox-
icity, and biodegradability. These characteristics
make P(LLA-CL) an excellent candidate for various
biomedical applications, such as drug delivery, gene
delivery, and tissue engineering.17

In the present study, the main objectives were to
encapsulate PTX into core-shell fibers as topical drug

delivery devices to treat HeLa cells and to determine
the effect of different inner feeding rates on drug
release rate in vitro.

MATERIALS AND METHODS

Materials

The block copolymer of P(LLA-CL) (Mw 5 1.3–1.4 3

105, Japan), which is composed of 75% L-lactide, was used.
PTX was purchased from Parling Pharma Tech Co., Ltd.
(Shanghai, China). 2,2,2-Trifluoroethanol (TFE) was
obtained from Shanghai Finechenm Co., Ltd (Shanghai,
China). Tween-80 and sodium azide were purchased from
Sigma. Acetonitrile [high performance liquid chromatogra-
phy (HPLC) grade] was supplied by Merck. HeLa cells
were donated by Chinese Academy of Sciences. Unless
otherwise noted, all culture media and reagents were pur-
chased from Gibco Life Technologies Co., USA. The poly-
mers and solvents for electrospinning were used as
received without further purification.

Coaxial electrospinning

The two liquids were independently fed through two
needles to facilitate the formation of a stable jet. A TFE so-
lution of PTX (19 mg/mL) was used as the core fluid; a so-
lution of P(LLA-CL) in TFE with a concentration of 80
mg/mL was prepared as the shell polymer fluid for MFs
via the coaxial electrospinning. The basic experimental
setup was schematically shown in Figure 1. The exit orifice
diameters of outer and inner capillaries are 1.2 and 0.5
mm, respectively. The inner layer and outer layer flow
rates were adjusted by two separate syringe pumps. The
inner feed rate ranges from 0.4 to 0.8 mL/h, whereas the
outer feed rate was constant at 1.2 mL/h. The voltage of
12.5 kV was applied to the needle using a high-voltage
power supplier (BGG6-358, BMEI CO. LTD., China). A

Figure 1. Schematic representation of the coaxial electro-
spinning setup.
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grounded collection plate of aluminum foil was located at
a fixed distance 19 cm from the needle tip. Previous exper-
imental results showed that the very low (�20 mg/mL)
concentration of P(LLA-CL) solution was hard to generate
the core-shell structured fiber and to be electrospun into
any fiber form owing to the lack of an adequate viscosity
for jet formation.21

Scanning electron microscopy

The surface morphology of the MFs was observed on a
JEOL JSM-5600LV scanning electron microscopy (SEM) at
an acceleration voltage of 10–15 kV. Samples for SEM were
dried under vacuum, mounted on metal stubs, and sput-
ter-coated with gold. The average diameters and size dis-
tribution of the fibers were analyzed with the Image J_1.34
(National Institutes of Health, USA). In each case, average
fiber diameter and diameter distribution were determined
from about 100 measurements of the random fibers in a
typical SEM image.

Transmission electron microscopy

The core-shell structure of the fibers was observed using
a transmission electron microscopy (TEM) operated at
100 kV. The samples for TEM were prepared by directly
depositing the as-spun MFs onto TEM carbon-coated cop-
per grids. The samples were kept in a vacuum oven for
drying at room temperature before the TEM imaging.

X-ray diffractometry

The X-ray diffractometry (XRD) for pure PTX, P(LLA-
CL) as-received, and PTX-loaded P(LLA-CL) MFs were
obtained with a D/Max-2550PC diffractometer (Rigaku,
Japan). The measurements were under Cu Ka1, 40 kV and
300 mA as X-ray source. The diffraction patterns were
collected with 2u ranging from 58 to 608.

Fourier-transform infrared

PTX powder, P(LLA-CL) as-received, and MF were pre-
pared for the Fourier-transform infrared (FTIR) test on AVA-
TAR 380 FTIR instrument (Thermo Electron, Waltham, MA).

In vitro release studies of PTX and
encapsulation efficiency

PTX release from MFs was carried out over a period of
days in vitro. Samples were put in capped glass tubes con-
taining 10 mL of phosphate buffered saline (PBS, pH 7.2)
containing 0.05% (w/v) Tween-80 to enhance the solubility
of PTX and 0.1 mg/mL of sodium azide. The tube was
incubated in a shaker bath at 378C, 90 rpm. Three milli-
liters of sample mixture were extracted at intervals from
each test tube. At the same time, PBS solution was placed
back as same as the sample in tube, and all the mixtures

were incubated in the shaker bath again before the next
set of sample mixtures was extracted. PTX in the release
medium was first extracted with 1 mL of dichloromethane
(DCM). Three milliliters of mobile phase (acetonitrile:water
5 60:40) were added to the extracted PTX after the DCM
had evaporated.14 The resulting solution was filtered into a
vial for HPLC (Aglient 1100, USA) detection of the PTX
concentration. To detect PTX, a HPLC system was
employed utilizing the C18 column (150 3 46 mm2, 5 lm).
The mobile phase comprised of acetonitrile and water (60/
40, v/v)23; the injection volume was set at 20 lL; and the
flow rate was fixed at 1.0 ml/min. The column effluent
around at 4.6 min was detected at 227 nm. The calibration
curve for the PTX was linear over the concentration range
of 2.7225–76.23 ppm with a correlation coefficient of R2 5

0.9999. The solvent for calibration was the mobile phase.
The encapsulation efficiency of PTX was determined by

dissolving approximately 10 mg of fibers in 1 mL DCM in
a screw cap tube. Three milliliters of mobile phase were
added to the extracted PTX after the DCM had completely
evaporated. The resulting solution was analyzed by HPLC
method to determine the amount of PTX encapsulated in
the microfiber samples.

Cell culture and cytotoxicity studies

The HeLa cells were maintained in RPMI-1640 supple-
mented with 10% fetal bovine serum, 100 units/mL
penicillin, and 100 units/mL streptomycin in humidified
incubator with 5% CO2 content at 378C, and the culture
medium was replaced by fresh RPMI-1640.

Previous work24 demonstrated that PTX can effectively kill
HeLa cells in vitro. The cytotoxicity of PTX was determined
by an 3-[4,5-dimehyl-2-thiazolyl]-2, 5-diphenyl-2H-tetrazo-
lium bromide (MTT) assay. MFs were deposited on the cov-
erslips (14 mm in diameter) and dried in a vacuum oven for a
week to remove the residual solvents. Then the MFs were
fixed in 24-well plate with stainless ring and decontaminated
under UV light for 6 h before cytotoxicity test. The plates
were incubated for 24 h, 48 h, 72 h, and 96 h. One row of the
24-well plate was used as control without adding fibers. One
row was administered by blank P(LLA-CL) fibers. Other
rows were administered by MFs prepared with different
inner flow rates. About 200 lL of HeLa cells were transferred
to 24-well plate first to ensure 2 3 104 cells per well. Medium
was changed every other day. The well plates were incubated
in a humid atmosphere at 378C and 5% CO2. The percentage
of viable cells for each test was determined by measurement
of MTT absorbance, relative to the final cell population in
nontreated cultures. After incubation at given time, all me-
dium were removed from the well. Then, 400 lL of the fresh
medium without fetal bovine serum and 40 lL of MTT assay
were added to each well. Following incubation for around
4 h, the solution was removed, then leaving the precipitate.
Four-hundred microliters of DMSO were then added to the
wells before the plate was observed using microplate reader.
Finally, the optical density (OD) of the solution was mea-
sured by Enzyme-labeled instrument (MK3, Thermo, USA)
at 492 nm. The OD values in one group were averaged. The
relative cell viability rate was calculated by dividing the
OD value of the test group by that of the control group.
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Figure 2. SEM images of coaxial electrospinning fibers of P(LLA-CL)(shell)/PTX(core) under different P(LLA-CL) concen-
trations and electrospinning conditions. (a–c) Electrospun shell/core ratio 3:1: (a) 2 wt %, (b) 4 wt %, (c) 6 wt %; (d–g)
electrospun shell/core ratio 2:1: (d) 4 wt %, (e) 6 wt %, (f) 8 wt %, (g) 10 wt %.
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Statistical analysis

All the data were obtained at least in triplicate and
expressed as means 6 standard deviation (SD). One-way
ANOVA at a significance level of p < 0.05 was performed
using Origin 7.5 (OriginLab Inc., USA).

RESULTS AND DISCUSSION

Morphology

The polymer concentration and the feed rate of
the inner PTX solution have a crucial effect on mem-
brane morphology, which is shown in Figure 2. The
SEM and TEM photographs of MFs shown in Fig-
ures 2–4, were all electrospun with the same electri-
cal voltage 12.5 kV and collecting distance 19 cm
between the tip and the collector. The average diam-
eters of the fibers with different concentrations were
listed in Table I.

When P(LLA-CL) concentration was 2 wt %, the
membrane displayed bead-on-siring morphology
[Fig. 2(a)]. With an increase in P(LLA-CL) concentra-
tions, the defect density gradually diminished. When
P(LLA-CL) concentration was above 8 wt %, MFs
with no bead defects were obtained [Fig. 2(f,g)].
Figure 2(a–c) and (d–g) shows fibers from different
inner feed rates. With increased inner feed rate,
there was an associated increase in the bead defect
density.

Figure 3 shows that the diameters of electrospin-
ning MFs could be adjusted by change in the feed

TABLE I
Diameters of Electrospinning PTX-Loaded

P(LLA-CL) Microfibers

P(LLA-CL)
concentration 4 wt % 6 wt % 8 wt % 10 wt %

Diameter mean
(nm) 6 SD

233 6 68 503 6 144 907 6 172 1459 6 150

Figure 3. SEM photographs of MF of Paclitaxel inner feed rate: (a) 0.4 mL/h (MF1), (b) 0.6 mL/h (MF2), (c) 0.8 mL/h
(MF3), respectively. (d) The diameter for each sample was measured and averaged by Image J_1.34 (n 5 100).
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rate of the inner dope. There was a corresponding
increase in the diameter of electrospun fibers with
an increase in the feed rate [Fig. 3(d)]. The diameters
of MF with different inner feed rates were from
0.912 to 1.997 lm of 0.4 mL/h (MF1), from 0.656 to
2.226 lm of 0.6 mL/h (MF2), and from 0.610 to 2.353
lm of 0.8 mL/h (MF3). The results indicated that the
diameter distribution of the fiber were influenced by
the drug feed rate. No PTX crystals were detected
by SEM, either on the surface of the fibers or outside
the fibers, as seen in Figure 3(a–c). As shown in Fig-
ure 4, the core and the shell showed a sharp inter-
face, and a relatively smooth core-shell interface was
demonstrated. In other words, the encapsulation effi-
ciency of MF was very well. Thus, both the shell sol-
utions and the core solutions can influence the sur-
face quality and morphology of the resulting MFs.25

XRD

The XRD spectra of pure PTX, P(LLA-CL) as-
received, and MF for different inner feed rate from
0.4 to 0.8 mL/h were shown in Figure 5. PTX exhib-
ited several intense peaks at 2u 5 5.5398, 8.8808, and
12.2608 in Figure 5(f). However, these peaks were not
observed in the XRD patterns from samples of result-
ing fibers. The intensity of the XRD peak depends on
the crystal size. Thus, the diffractograms of MFs indi-
cated that, the drug would be either molecularly dis-
persed within the polymer or distributed in an amor-
phous state or crystalline with very small size.26

FTIR

Transmission infrared spectra of PTX powder,
P(LLA-CL) as received, and MF were acquired to
gain information on the molecular state of P(LLA-
CL) and PTX. In the infrared spectrum, powder PTX
exhibited a broad peak at 3510 cm21, which is
assigned to the N��H and hydrogen bonded O��H
stretch vibrational frequencies. The C¼¼O ester and
ketone stretch peak was present in the spectra at
1735 and 1712 cm21, and the C¼¼O stretch of amide
bond was observed at 1646 cm21. In Figure 6(b),
spectrum of the P(LLA-CL) as received did not
show significant differences at these peak. Moreover,
it was shown that two peaks in Figure 6(a) finger-
print region could not be found in Figure 6(b). How-
ever, only one characteristic peak of PTX, at 710 and
765 cm21, which is assigned to the phenyl of C��H
out-of-plane bending vibration, were observed in
MFs, whereas other peaks were not discernible due
to interference caused by polymers.

In vitro drug release

PTX is an important chemotherapeutic drug in
treating tumors and other forms of cancer. The drug
loadings for MFs were 7%, 10.9%, and 11.8% for
theoretical drug loadings of 7.3%, 11%, and 13.7%,
respectively. The encapsulation efficiency was more
than 80%.

PTX was released from P(LLA-CL) MFs followed
by a very slow release over the following 60 days.
Figure 7 showed the release profiles of PTX from dif-
ferent inner feed rate 0.4 mL/h, 0.6 mL/h, and 0.8
mL/h of MFs, respectively. Obviously, in the whole
drug release period, the release rate of PTX

Figure 4. TEM photographs of microfibers.

Figure 5. XRD of (a) MF1, (b) MF2, (c) MF3, (d) P(LLA-
CL) as received, (e) pure Paclitaxel.
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increased with increasing PTX feed rate. For exam-
ple, their release percentages were about 48%, 27%,
and 24% at 24 h, respectively, for the three samples
examined. Initial burst release (with 1 h) mainly due
to the diffusion of PTX near the fiber surfaces
decreased with increasing PTX feed rate (30% of
MF1, 16% of MF2, and 14% of MF3 at 1 h). The accu-
mulative amount of PTX released from microfiber1
after 5 days was about 72%. It was about 93% for
MF1 after 23 days. The release profiles of PTX from
MF1 were quite different and characterized by the
study with very slow or negligible release after 23
days. The accumulative amount of PTX released
from MF2 after 5 days was about 38%. It was about
39% for MF2 after 60 days. The accumulative
amount of PTX released from MF3 after 5 days was
about 31%. It was about 33% for MF3 after 60 days.
It is observed that the total amount of PTX release
seemed to be less than 40% of the total amount of
drug in the MF2 and the MF3 in 60 days.

However, the mechanism of PTX release from the
copolymer matrices would involves27,28: (1) PTX dif-

fusion through the polymer matrix and release into
the media; (2) the erosion and swelling of the poly-
mer matrix; (3) the degradation of polymer; (4) PTX
dissolution/partitioning. In this study, the mecha-
nism of PTX release mainly via a PTX diffusion
through the pores of the polymer because P(LLA-
CL) degrades quite slowly and more slowly within
an in vitro medium without any enzymes. In this
study, the relative rate of drug release is fastest with
the lowest drug-loaded contents and it is slowest
with the highest drug-loaded contents. A similar
observation was reported by Deng et al.,29 when
they studied PTX-loaded methoxy poly(ethylene
glycol)-b-poly(L-lactic acid) copolymer nanoparticles.
In this study, PTX is highly hydrophobic (water in-
soluble, with water solubility less than 0.5 mg/L).
When the inner feed rate increased, the affinity
of P(LLA-CL) to hydrophobic PTX was greatly
improved. Moreover, along with the drug-loaded
increased, the inner core of drug disperse phase size
and the drug crystal were also increased. In addi-
tion, the diameter of single fiber was also an im-
portant factor for the release rate of PTX. MFs
electrospun from the inner feed rate of 0.4 mL/h
were the smallest in size (see Fig. 3), the release of
PTX from this sample was fastest. Therefore, the
release rate of PTX from P(LLA-CL) MFs decreases
with increasing drug-loaded content.

Cytotoxicity tests

The in vitro antitumor activity of the polymer/PTX
nanoparticles or micelles against the Hela cells was

Figure 6. FTIR spectra of (a) MF, (b) P(LLA-CL) as
received, (c) paclitaxel. All spectra are plotted in transmit-
tance mode.

Figure 7. Time course of paclitaxel release from 75:25
P(LLA-CL) microfibers in PBS, pH 7.2 at 378C (data are
mean 6 SD, n 5 3). Films were fabricated at different
inner feed rates. All date are representatives of three inde-
pendent experiments.
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evaluated using MTT method. The cytotoxicity of
the MF were shown in Figure 8. As shown in Figure
8(a), blank P(LLA-CL) fibers without PTX, the sam-
ple did not display any cytotoxicity to the HeLa cells
up to 96 h. At 24, 48, 72, and 96 h, cell proliferation
on all PTX-loaded P(LLA-CL) MFs were in lower
speed compared with that on the coverslip and
blank P(LLA-CL) MFs. In the case of MF1, MF2, and
MF3, cell growth inhibition rates of 14%, 8%, and
23% were achieved, respectively, at 24 h [Fig. 8(b)].
In the case of MF1, MF2, and MF3 (p < 0.01), cell
growth inhibition rates of 68%, 55%, and 46% were
achieved, respectively, at 48 h [Fig. 8(b)]. And these
values become 88%, 86%, and 88%, respectively, at
96 h [Fig. 8(b)]. In the case of MF1, MF2, and MF3 (p
< 0.01), the release amount of PTX was enough to
inhibit the cells, so the cell numbers decreased rap-
idly during the test. It implied that the drug lost its
anticancer activity at 24 h, because of its own insta-
bility under the conditions or lower PTX release
accumulation than other treatments. Fibers loaded
with more PTX showed weaker cell growth inhibi-
tion before 96 h.

From these results, we can conclude that the PTX is
continuously released with keeping their activity
intact from the P(LLA-CL) MFs and the shortcomings
of PTX such as instability in ambient atmosphere.

CONCLUSION

Coaxial electrospinning was successfully used to
fabricate MFs with higher drug encapsulation effi-
ciency. The sustained release of MF2 and MF3 could
last for more than 60 days. The release rate of PTX
from the fibers was dependent on the initial PTX
loading. The release of PTX from the fibers followed

diffusion and polymer erosion mechanism. The PTX
release rate and the accumulation release decreased
along with increase of the drug-loaded concentration
and the hydrophobic chain in the copolymer. The
cytotoxicity of PTX-loaded biodegradable MFs was
found to be effective to inhibit HeLa cells growth,
which evaluated MTT method test. These findings
indicate that P(LLA-CL) fibers may be promising
vehicles for hydrophobic drugs in delivery systems.
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