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controlled delivery of anticancer drug
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Drug delivery via electrospun nanofibers represents a new approach to treat tissue damage resulting from

cancer or cancer treatment. In this study, we propose a decomposable nanoparticle-incorporated

electrospun mat as carrier for anticancer drugs. The anticancer drug doxorubicin (DOX) was initially

loaded into SiO2 nanoparticles (DOX@SiO2), and the prepared DOX-loaded nanoparticles were then

introduced into a poly(lactic-co-glycolic acid)/chitosan (PLGA/CS) mixed solution to fabricate

drug-loaded composite nanofibers (PLGA/CS/DOX@SiO2) via electrospinning. The prepared

nanoparticles and drug-loaded nanofibers were characterized by various methods, and the results

indicated that the DOX@SiO2 nanoparticles were dispersively embedded inside PLGA/CS nanofibers. The

PLGA/CS/DOX@SiO2 composite nanofibers showed a sustained and controlled drug release profile.

Moreover, the DOX released from the composite nanofibers achieved significant antitumor activity,

thereby effectively inhibiting the growth of HeLa cells. Thus, the prepared composite nanofibrous mats

containing self-decomposable nanocarriers would be potential candidates for cancer treatment.
Introduction

Electrospinning, which was rst patented by Formhals1 early in
1934, has been demonstrated to be a simple and versatile
technique to produce polymer nanobers with diameters
ranging from nanometers to several micrometers. The
morphology of electrospun nanobers can be controlled by
adjusting the solution parameters, process parameters, and
ambient parameters.2 In addition, due to their attractive
features such as large specic surface area, high porosity,
feasibility for surface functionalization and extracellular matrix-
like structure, electrospun nanobers have been applied in
many elds including tissue engineering,2–7 wound dressing,8

and drug delivery.9

Currently, cancer therapy remains a tremendous challenge
due to the complexities and variability involved in cancer
progression.10,11 Patients suffering from cancer need to take
excessive amounts of antitumor drugs orally or via systematic
injection to allow the drug to be delivered to the site of the
cancer, which may induce undesirable side effects in healthy
tissues.12,13 It is hence critically important that a therapeutic
amount of drug is delivered to the target tumor site and
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effectively absorbed by the surrounding cancer cells.14 As
compared to conventional drug formulations, localized drug
delivery systems offer the possibility of sustained and targeted
delivery of drugs, and hence allow for improved efficacy of
chemotherapy, reduced toxic side effects and decreased
frequency of drug administration.15 Recently, electrospun
nanobers have been extensively explored as new carriers for
anticancer drugs, due to the main advantage of offering site-
specic delivery of drugs to a site.16–18 Furthermore, the drug
release from electrospun nanobers can be controlled by
modulating the ber composition, morphology, diameter and
porosity.19 However, when a drug is encapsulated within
nanobers by simply electrospinning of drug and polymer
mixture, an undesirable burst release is frequently inevitable
due to the high ionic strength in solution and the rapid evap-
oration of the solvent during electrospinning.20 To overcome
this, several inorganic nanocarriers have been entrapped into
electrospun nanobers in order to prevent initial burst release
and provide a slow sustainable release.21–23 For instance, we
have previously reported that the anticancer drug doxorubicin
(DOX) can be released in a controlled manner frommesoporous
silica nanoparticle-incorporated electrospun nanobers.23 In
such a drug delivery system, drugs were rstly loaded into
nanocarriers which were then incorporated into electrospun
nanobers, resulting in a prolonged and sustained drug release.

In a previous study, Zhang et al.24 reported a kind of unique
drug-loaded silica nanoparticles by introducing drug molecules
into the silica nanoparticles during nanoparticle growth under
RSC Adv., 2015, 5, 65897–65904 | 65897
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Fig. 1 Schematic illustration for the process of fabrication of PLGA/
CS/DOX@SiO2 electrospun composite nanofibers.
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controlled conditions, from which the drug can be released
along with the carrier decomposition. Therefore, it is desired to
incorporate such decomposable drug carriers into electrospun
nanobers. Herein, we report, to the best of our knowledge, the
rst study to develop decomposable silica nanoparticle-
embedded electrospun nanobers for potential cancer treat-
ment. DOX was rstly loaded into SiO2 to form drug-loaded
nanoparticles (denoted as DOX@SiO2), and then the
DOX@SiO2 nanoparticles were combined with a poly(lactic-co-
glycolic acid)/chitosan (PLGA/CS) mixed solution to fabricate
composite nanobrous mats (denoted as PLGA/CS/DOX@SiO2)
by electrospinning (Fig. 1). The obtained nanobrousmats were
characterized using different techniques. The drug release
proles of different DOX-containing nanobrous mats were
investigated, and the antitumor activity of the PLGA/CS/
DOX@SiO2 composite nanobrous mats was evaluated by the
MTT cytotoxicity assay on HeLa cells. Furthermore, the anti-
tumor efficacy of this material was further investigated via
confocal microscopic observation. Our results suggested that
the developed composite nanobrous mats may be a promising
candidate for cancer therapy.
Experimental
Materials and methods

PLGA copolymers with LA/GA ratio of 75 : 25 (Mw¼ 110 kDa) were
purchased from Jinan Daigang Biomaterials Co. Ltd (China). DOX
(Mw ¼ 580) was obtained from Beijing Huafeng United Tech-
nology Co. Ltd (Beijing, China). Chitosan (medium molecular
weight, degree of deacetylation of 75–85%) and tetraethylortho-
silicate (TEOS) were obtained from Sigma-Aldrich (Shanghai)
Trading Co. Ltd (Shanghai, China). Dulbecco's modied Eagle's
medium (DMEM), fetal bovine serum (FBS), penicillin–strepto-
mycin, and trypsin were obtained from Gibco Life Technologies
Co. (Grand Island, USA). Alexa Fluor 488 phalloidin was obtained
65898 | RSC Adv., 2015, 5, 65897–65904
from Invitrogen Trading Co. Ltd (Shanghai, China). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) was
obtained from Shanghai Yuanxiang Medical Equipment Co. Ltd.
All other chemicals were of analytical grade, purchased from
Sinopharm Chemical Reagent Co. Ltd (Shanghai, China) and
used without further purication.

Preparation of DOX@SiO2

DOX@SiO2 nanoparticles were prepared using a facile method
as reported previously with some modications.24,25 Briey,
10 mg of DOX was rst added into a mixture of 75 mL of ethanol
with 3.4 mL of ammonia solution (25%). Aer stirring for
30 min, 0.08 mL of TEOS was quickly added into the mixed
solution. Then the DOX@SiO2 nanoparticles were collected by
centrifugation aer stirring for 24 h, and washed several times
with ethanol and water. Aer that, the DOX@SiO2 nanoparticles
were dried under vacuum for further use. The drug loading
capacity of DOX@SiO2 was measured by dissolving DOX@SiO2

into an aqueous solution of hydrouoric acid and then deter-
mining the mass of free drug (2.2 mg DOX per 100 mg
DOX@SiO2) using an ultraviolet-visible (UV-vis) spectropho-
tometer (JASCO V-530, Japan) at a wavelength of 480 nm.26

Electrospinning

PLGA/CS/DOX@SiO2 nanobrous mats were prepared by blend
electrospinning of DOX@SiO2 nanoparticles, chitosan and
PLGA. For comparison, neat PLGA/CS, PLGA/CS/DOX, and
PLGA/DOX@SiO2 nanobrous mats were also prepared. A 20%
(w/v) PLGA solution was prepared by dissolving PLGA in hexa-
uoroisopropanol. Chitosan was dissolved in triuoroacetic
acid to prepare a 4% (w/v) chitosan solution. Aer that, chitosan
and PLGA solutions were mixed in a volume ratio of 1/9. Then
DOX@SiO2 nanoparticles (5 wt% relative to PLGA) were blended
with the mixed solutions of PLGA and chitosan by gentle stir-
ring for 12 h at room temperature. For electrospinning, the
solution was loaded in a 5 mL syringe and injected through a
stainless-steel blunt needle (inner diameter of 0.8 mm). The
electrospinning process was performed with a feeding rate of
0.5 mL h�1 from the syringe pump, an applied voltage of 15 kV,
and a distance of 15 cm between the tip of the needle and the
collector. The collected nanobrous mats were nally dried
under vacuum for at least 72 h to remove the residual solvent
before further use.

Characterization

The morphology and structure of DOX@SiO2 nanoparticles
were characterized using transmission electron microscopy
(TEM, JEM-2100, Japan). The incorporation of DOX@SiO2

within electrospun mats was observed using TEM. The
morphology of electrospun mats was observed using a eld
emission scanning electron microscope (FESEM, Hitachi
S-4800, Japan). The average diameter of nanobers was
obtained from at least 100 measurements of a typical FESEM
image using ImageJ 1.40G soware (NIH, USA). The particle size
distributions and the polydispersity indices (PDI) of DOX@SiO2

were measured by a Zetasizer Nano ZS instrument (Malvern,
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Characterization of DOX@SiO2 nanoparticles. (A) TEM image of
DOX@SiO2. (B) Size distribution curve of DOX@SiO2. (C) Absorption
spectra taken from DOX@SiO2 and pure DOX in aqueous solutions.
Inset image is a DOX@SiO2 suspension (5 mg mL�1). TEM images of
DOX@SiO2 after being immersed in deionized water at 37 �C for (D) 2,
(E) 4 and (F) 10 days.
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UK). Attenuated total reectance-Fourier transform infrared
(ATR-FTIR) spectroscopy was conducted with a Nicolet 670
(Thermo Nicolet, USA).

In vitro drug release

The in vitro release prole of DOX from nanoparticles or
nanobrous mats was determined using a UV-vis spectropho-
tometer by measuring the maximum absorbance wavelengths at
480 nm. All the electrospun mats were cut into 2.0 � 2.0 cm2

square pieces and their weights were accurately measured. The
release behavior of DOX@SiO2 was also evaluated as a refer-
ence. Each sample was placed into a centrifuge tube lled with
10 mL of phosphate buffered saline solution (PBS, pH 7.4). The
tube was then incubated at 37 �C in a thermostatically
controlled shaker with constant rotation at a speed of 100 rpm.
4 mL of release medium was extracted at predetermined time
intervals for analysis and replaced with an equal volume of fresh
PBS. The amount of DOX released for each sample was
measured using the UV-vis spectrophotometer. The experi-
ments were carried out in triplicate per sample.

Antitumor activity assay

HeLa cells were cultured in DMEM supplemented with 10%
FBS, 100 U mL�1 penicillin and 100 mg mL�1 streptomycin in a
humidied incubator with 5% CO2 at 37 �C. The in vitro cell
viability of PLGA/CS/DOX@SiO2 against HeLa cells was evalu-
ated byMTT assay. For comparison, the cytotoxicity of free DOX,
DOX@SiO2, PLGA/CS/DOX and PLGA/DOX@SiO2 with the
equivalent amount of DOX was assessed. Before cell seeding, all
the samples were sterilized overnight under UV light irradia-
tion. Briey, HeLa cells were seeded in 24-well plates (2 � 104

cells per well) for 24 h to allow cell attachment. The cells were
then incubated with free DOX, DOX@SiO2, PLGA/CS/DOX,
PLGA/DOX@SiO2 and PLGA/CS/DOX@SiO2 at the same DOX
concentrations (1, 5 and 10 mg mL�1). Neat PLGA/CS nanobers
with the equivalent mass corresponding to PLGA/CS/DOX were
also used. Aer the cells were incubated for 48 h, the culture
medium was removed and replaced with 360 mL fresh culture
medium, followed by the addition of 40 mL MTT solution. Aer
incubation for another 4 h, the suspension was discarded and
400 mL DMSO was added into each well to allow the purple MTT
formazan crystals to dissolve. Then, 100 mL of the dissolved
formazan solution was transferred into 96-well plates for
testing. The OD value at 492 nm was measured using a micro-
plate reader (MK3, Thermo, USA). The cytotoxicity was
expressed as the percentage of cell viability as compared with
the blank control, and themean value was calculated from three
parallel samples.

To further investigate the cytocompatibility of the prepared
samples, the morphologies of HeLa cells treated with various
samples (PLGA/CS, free DOX, DOX@SiO2 and PLGA/CS/
DOX@SiO2 nanobrous mats) were observed using confocal
laser scanning microscopy (CLSM, Carl Zeiss LSM 700,
Germany). Briey, HeLa cells were seeded into 24-well plates at
a density of 1 � 104 cells per well and incubated for 24 h. Then,
the culture medium was removed and the cells were incubated
This journal is © The Royal Society of Chemistry 2015
with PLGA/CS, free DOX, DOX@SiO2 and PLGA/CS/DOX@SiO2

(DOX concentrations of 10 mg mL�1) for another 48 h. Aer
washing with PBS twice, the cells were xed with 4% para-
formaldehyde for 10 min. The cells were then permeabilized in
0.1% Triton X-100 in PBS for 5 min, followed by blocking with
1% bovine serum albumin for 20 min. The actin of cells was
stained by using Alexa Fluor 488 phalloidin solution for 10 min.
Finally, all samples were washed several times with PBS and
observed by CLSM.
Statistical analysis

All values are presented as mean � standard deviation. Statis-
tical analysis was carried out by a one-way analysis of variance
(one-way ANOVA) and Scheffe's post hoc test. The criteria for
statistical signicance were *P < 0.05 and **P < 0.01.
Results and discussion
Characterization of DOX@SiO2

The morphology and structure of DOX@SiO2 nanoparticles
were characterized by TEM. As shown in Fig. 2A, they were
spherical in shape and with no pore structure within the
particles. The hydrodynamic size of DOX@SiO2 was 122.7 nm,
with a PDI of 0.102, suggesting uniform nanoparticles (Fig. 2B).
As DOX was incorporated into the nanoparticles in the synthetic
process, the absorption spectra of samples were used to deter-
mine the successful incorporation. Comparing with the pure
DOX absorption measured in aqueous solution, its character-
istic absorption at �480 nm was clearly observed in the spec-
trum of the DOX@SiO2 sample (Fig. 2C). Additionally, the inset
in Fig. 2C shows a digital image of DOX@SiO2 suspended in
aqueous solution with a light red color, which also indicated
that DOX was successfully incorporated into SiO2 particles.

TEM images were acquired to examine the morphological
evolution of the DOX@SiO2 nanoparticles aer immersion in
RSC Adv., 2015, 5, 65897–65904 | 65899
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Fig. 3 SEM images and diameter distribution histograms of (A and B)
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deionized water at 37 �C for different time periods. As
depicted in Fig. 2D–F, most of the nanoparticles remained
intact at day 2, but slight damage was observed on the outer
surface. Aer 4 days immersion, obvious decomposition was
observed at the outer surface of the nanoparticles (marked by
black arrows in Fig. 2E). At day 10, a hollow feature occurred
in the center of the nanoparticles (marked by white arrows in
Fig. 2F). Hence, we considered that the DOX@SiO2 nano-
particles would continue to be damaged and eventually
decomposed into scattered fragments in the following days,
coinciding with the result of a previous report.24 Based on the
above experimental results, a possible mechanism could be
proposed. In the early time, DOX molecules in the outer
surface were rst released, which drove the collapse of outer
silica. It was reasonable that the silica structure in the center
of the nanoparticles was the most vulnerable as they were
mainly composed of high-concentration DOX with little silica
components. Aer longer time of immersion, some of the
DOX molecules were moved out from the center of nano-
particles, which caused the collapse of central SiO2 (as they
grow together with the DOX during DOX@SiO2 nanoparticle
formation). As a result, the nanoparticles were totally
damaged when all DOX molecules were released and
subsequent silica decomposition. Therefore, this self-
decomposable carrier was benecial for elimination from
biologic systems.
neat PLGA nanofibers, (C and D) neat PLGA/CS nanofibers, and (E and
F) PLGA/CS/DOX@SiO2 composite nanofibers.

Fig. 4 (A) FTIR spectra of electrospun nanofibers. Water contact angle
of electrospun nanofibers: (B) neat PLGA nanofibers, (C) PLGA/CS
nanofibers, and (D) PLGA/CS/DOX@SiO2 composite nanofibers.
Preparation and characterization of electrospun nanobers

The DOX@SiO2 nanoparticles were incorporated into PLGA/CS
nanobers via electrospinning to form PLGA/CS/DOX@SiO2

composite nanobers (Fig. 1). Neat PLGA and PLGA/CS nano-
bers were also prepared in the same manner and used as
controls. The morphologies of the nanobers were character-
ized by SEM. Fig. 3 shows the morphology and diameter
distribution of nanobers. It can be seen that the surface of the
PLGA and PLGA/CS nanobers was smooth, and no beads were
observed on the surface (Fig. 3A and C). Even aer DOX@SiO2

incorporation, the composite nanobers were still smooth and
beadless, with no nanoparticles being seen on the surface of the
nanobers (Fig. 3E). The average diameters of PLGA, PLGA/CS
and PLGA/CS/DOX@SiO2 nanobers were 630, 695 and
744 nm, respectively (Fig. 3B, D and F). The diameter increase of
PLGA/CS nanobers could result from the addition of chitosan,
which enhanced the viscosity of the composite solution.27,28 In
addition, the greater average diameter of PLGA/CS/DOX@SiO2

nanobers may be due to the increase in viscosity of the
electrospun solution aer the addition of DOX@SiO2

nanoparticles.23,29,30

Fig. 4A shows the FTIR spectra of the electrospun PLGA,
PLGA/CS and PLGA/CS/DOX@SiO2 nanobers. For these
samples, the strong characteristic absorption band at
1756 cm�1 can be attributed to the stretching vibration of C]O
bond of PLGA,31 while the weak peak appearing at 1672 cm�1 in
the spectra of PLGA/CS and PLGA/CS/DOX@SiO2 nanobers
was assigned to the amide I absorption band of chitosan.27

However, no characteristic absorption peaks of DOX@SiO2 can
65900 | RSC Adv., 2015, 5, 65897–65904
be observed in the spectrum of PLGA/CS/DOX@SiO2 nanobers
(detailed data not shown), which may be because DOX@SiO2

was effectively embedded into the interior of the composite
nanobers.
This journal is © The Royal Society of Chemistry 2015
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The surface hydrophilicity plays an important role in the
practical application of electrospun nanobers. Fig. 4B–D indi-
cates the water contact angles of different nanobrous mats aer
water droplets were placed on the surface. It can be seen that the
water contact angle of PLGA/CS was 132.3� (Fig. 4C), which was
slightly less than that of the pure PLGA because of the presence of
a small amount of chitosan (2.2 wt% relative to PLGA). Thus, the
hydrophilicity of nanobrous mats can be enhanced by the
addition of chitosan. Furthermore, the addition of DOX@SiO2 (5
wt% relative to PLGA) did not signicantly change the hydro-
philicity of PLGA/CS/DOX@SiO2 nanobrous mats (Fig. 4D).

TEM and uorescence microscopy were used to conrm the
incorporation of the DOX@SiO2 nanoparticles into the composite
nanobers (Fig. 5). Compared to the pure nanobers, the
spherical DOX@SiO2 nanoparticles within the composite nano-
bers with uniform distribution can be clearly observed (Fig. 5A
and B). The TEM image in Fig. 5B indicates that DOX@SiO2

nanoparticles were successfully embedded in the nanobers. The
DOX loaded in the nanobers can be observed via the red uo-
rescence of DOX using uorescence microscopy (Fig. 5C and D).
Similar to the DOX-loaded PLGA/CS nanobers, the red uores-
cence of DOX can be clearly observed in the PLGA/CS/DOX@SiO2

nanobers. Meanwhile, only a few small red uorescence spots
caused by the partial aggregation of nanoparticles were present in
the image of the nanobers. This result further revealed that the
DOX@SiO2 nanoparticles can be embedded in PLGA/CS nano-
bers with uniform distribution within the nanobers.
Release of DOX from the nanobrous mats

The in vitro release of DOX from the electrospun mats was
studied by exposure of the nanobrous mats in PBS solution
Fig. 5 TEM images of (A) neat PLGA/CS nanofiber and (B) PLGA/CS/
DOX@SiO2 composite nanofiber. Fluorescence images of (C) PLGA/CS/
DOX nanofibers and (D) PLGA/CS/DOX@SiO2 composite nanofibers.

This journal is © The Royal Society of Chemistry 2015
(pH ¼ 7.4) at 37 �C. For comparison, the release of DOX from
DOX@SiO2 nanoparticles, PLGA/CS/DOX and PLGA/DOX@SiO2

nanobrous mats was also investigated. Fig. 6 shows the release
proles of DOX from the different samples. All the electrospun
mats showed a gradual increase in DOX release with increasing
time. The release of DOX from both DOX@SiO2 nanoparticles
and PLGA/CS/DOX nanobrous mats was signicantly faster
than that from the PLGA/DOX@SiO2 and PLGA/CS/DOX@SiO2

nanobrous mats. This result was mainly because DOX can
directly move out from the SiO2 and PLGA/CS matrix. For those
samples, furthermore, a burst release appeared during the rst
24 h, withmore than 25% of DOX released for both samples. For
PLGA/CS/DOX@SiO2 sample, the release of DOX showed a
moderate rate within 24 h, with 15.3% of DOX released. Then,
the subsequent release of DOX followed a sustained release,
with the total amount of DOX released being about 58% aer
369 h. In contrast, although DOX release from PLGA/DOX@SiO2

was of a sustained manner, the release rate was signicantly
slow, with only 33.6% of DOX released at 369 h.

For both PLGA/DOX@SiO2 and PLGA/CS/DOX@SiO2 nano-
brous mats, the DOX release rates were slower and the
maximum amounts of DOX released were less than for other
samples, which can be explained in that DOX tends to be rst
released from the SiO2 matrix, and subsequently released from
the PLGA or PLGA/CS matrix to the medium. In addition, the
release rate of DOX from PLGA/CS/DOX@SiO2 was faster than
that from PLGA/DOX@SiO2. In general, a smaller ber diameter
results in faster drug release since a ber with smaller diameter
has a larger specic surface area, and thus allows good water
penetration and exposure.32 In this study, the average ber
diameter could be increased by the addition of chitosan. In
contrast, the DOX release rate of PLGA/CS/DOX@SiO2 was
relatively fast, which can be attributed to the addition of chi-
tosan resulting in a greater swelling of the nanobers, and thus
allowing DOX molecules to diffuse from the matrix into the
medium more easily.33 Thus, DOX release from PLGA/CS/
Fig. 6 In vitro release of DOX from DOX@SiO2 nanoparticles and
PLGA/CS/DOX, PLGA/DOX@SiO2 and PLGA/CS/DOX@SiO2 composite
nanofibers.

RSC Adv., 2015, 5, 65897–65904 | 65901
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DOX@SiO2 was characterized by a sustained release prole and
a more appropriate release rate. This drug release behavior is
preferable for the inhibition of tumor cell growth by providing
sufficient concentration of anticancer drug over the therapeutic
period.
Antitumor activity assay

For the antitumor application of drug-containing materials,
it is essential to investigate the antitumor activity of the drug
released from the matrices. The in vitro cytotoxicity of the
nanobers against HeLa cells was evaluated by MTT assay.
Fig. 7 presents the cell viability of HeLa cells treated with
different samples with DOX concentrations ranging from 1 to
10 mg mL�1 for 48 h incubation. It is clear that the neat PLGA/
CS nanobers did not show any obvious cytotoxicity to HeLa
cells within the tested concentrations. But for other samples
(free DOX, DOX@SiO2 nanoparticles, PLGA/DOX@SiO2,
PLGA/CS/DOX and PLGA/CS/DOX@SiO2 nanobers), the
cytotoxicity of them against HeLa cells increased with an
increase of the DOX concentration. The free DOX displayed a
statistically signicantly higher inhibition effect than other
samples within the measured concentrations (P < 0.01). This
is probably due to the direct contact between DOX and cells
and initial high concentration of DOX. At DOX concentra-
tions of 5 and 10 mg mL�1, the cytotoxicity of
PLGA/DOX@SiO2 was lower than that of DOX@SiO2 nano-
particles, PLGA/CS/DOX nanobers and PLGA/CS/DOX@SiO2

nanobers, which was attributed to the slow release rate of DOX
from the nanobers. It is noted that there were no statistically
signicant differences among DOX@SiO2 nanoparticles,
PLGA/CS/DOX and PLGA/CS/DOX@SiO2 nanobers at a DOX
concentration of 10 mg mL�1 for cytotoxicity against HeLa cells,
with cell viability of 30.9%, 33.5% and 35.2%, respectively. This
result indicated that DOX@SiO2 nanoparticles incorporated into
PLGA/CS nanobers can effectively inhibit the growth of HeLa
Fig. 7 The cell viability of HeLa cells treated with various samples with
DOX concentrations ranging from 1 to 10 mg mL�1 for 48 h.
**Significant difference compared to other groups (P < 0.01).

65902 | RSC Adv., 2015, 5, 65897–65904
cells. Although the antitumor efficacy of PLGA/CS/DOX@SiO2

nanobers cannot reach the performance of the pure DOX in a
short time, a long-term growth inhibition in cancer cells resulting
from the sustained DOX release was expected, which was bene-
cial for in vivo therapeutic effect.

To further conrm the antitumor activity of the prepared
composite nanobers, we next observed the morphological
changes of HeLa cells treated with different samples at a DOX
concentration of 10 mg mL�1 by using CLSM. Fig. 8 shows the
CLSM images of HeLa cells which were incubated with different
samples for 48 h. The green uorescence represents the signal
from actin stained using Alexa Fluor 488 phalloidin, and the red
uorescence indicates the DOX. It was observed that the
morphology of HeLa cells was intact and extended aer treat-
ment with PLGA/CS nanobers, which was similar to the control
group, suggesting that there was no toxic effect of the PLGA/CS
sample under the conditions of this study. However, HeLa
cells treated with free DOX, DOX@SiO2 nanoparticles and
Fig. 8 Confocal laser scanning microscopy images of HeLa
cells treated with different samples for 48 h. DOX concentration was
10 mg mL�1. The red fluorescence represents the released DOX. The
green fluorescence represents Alexa Fluor 488 phalloidin-stained
F-actin. Scale bar ¼ 100 mm.

This journal is © The Royal Society of Chemistry 2015
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PLGA/CS/DOX@SiO2 nanobers displayed apoptotic morpho-
logical changes with reduced cell number and round-shaped
morphology. Additionally, we noted that the cytotoxicity of
PLGA/CS/DOX@SiO2 nanobers was similar to that of
DOX@SiO2 nanoparticles and weaker than that of free DOX,
which was consistent with the result of MTT assays. The obvious
antitumor activity of PLGA/CS/DOX@SiO2 sample indicated
that the released DOX can effectively inhibit the growth of
cancer cells. Based on these results, we can expect that the
decomposable DOX@SiO2-embedded electrospun composite
nanobers would maintain efficient and long-term antitumor
efficacy, which might be used for future cancer treatment.

As a potential novel drug delivery carrier, silica nanoparticles
can be incorporated into electrospun nanobers to achieve
sustained and controlled drug release from the resultant
composite matrices.30 For example, mesoporous silica nano-
particles have been proposed as effective drug carriers to be
embedded into electrospun nanobers for sustained release of
an encapsulated drug.23,30 In this work, decomposable SiO2

nanoparticles were used as drug carriers, which provide a
special benet for attaining the desired drug release prole
simply by tuning the drug diffusion and silica decomposition.
Therefore, the designed PLGA/CS/DOX@SiO2 composite nano-
brous mat is effective for drug release and is easily eliminated
from biologic systems aer decomposition, which make it
suitable as a potential implantable drug delivery system for
preventing cancer recurrence.
Conclusions

In this study, PLGA/CS/DOX@SiO2 composite nanobers with
smooth surface morphology were successfully fabricated by
electrospinning. The incorporated DOX@SiO2 nanoparticles
could self-decompose with the release of DOX molecules.
Aer the addition of chitosan, the average diameter of the
resultant composite nanobers increased and the water
contact angle was slightly enhanced. Thus, we found that
DOX was released from PLGA/CS/DOX@SiO2 composite
nanobers at a moderate release rate and in a sustained
release manner, which is benecial for biomedical applica-
tions requiring the drug to maintain long-term antitumor
efficacy. Furthermore, the results of MTT assay and CLSM
images conrm that the DOX released from the PLGA/CS/
DOX@SiO2 composite nanobers can effectively inhibit the
growth of HeLa cells. Therefore, the prepared PLGA/CS/
DOX@SiO2 nanobrous mat can provide sustained release of
anticancer drugs, which is highly desirable for application in
cancer therapy.
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