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Herein, we report a facile method for the fabrication of flurbiprofen axetil (FA)-loaded core-sheath
composite ultrafine fibers for drug sustained release. In our work, porous attapulgite nanorods (n-AT)
were selected as carriers to load the model drug-flurbiprofen axetil (FA). The FA-loaded n-AT (FA@n-AT)
with an optimized FA loading efficiency of 89.5% was initially dispersed in a poly(vinyl pyrrolidone) (PVP)
solution as a core layer composite. Then, FA@n-AT/PVP was incorporated within biopolymer ultrafine
fibers through coaxial electrospinning to form FA@n-AT/PVP/biopolymers core—sheath ultrafine fibers,
which exhibited a uniform and smooth morphology. The loaded FA within the PVP/biopolymers coaxial
ultrafine fibers showed a sustained release profile. Due to their significantly reduced burst-release profile,
the developed FA@n-AT/PVP/biopolymers core—sheath ultrafine fibers are proposed to be a promising

www.rsc.org/advances

1. Introduction

Flurbiprofen axetil (FA), which is a type of lipid microsphere
non-steroidal anti-inflammatory drug, is used as a type of
effective analgesic active ingredient for surgical operation
applications.’ Pain on injection is an acknowledged adverse
(AE) of propofol administration for the induction of general
anesthesia. FA has been reported to reduce the pain of injec-
tion. However, the results of published papers on the efficacy of
FA in managing pain on injection of propofol are inconsis-
tent.*® Therefore, recently much attention has been paid to the
utilization of FA in formulating a pharmaceutical dosage form.

Attapulgite (AT), which is a type of magnesium aluminium
phyllosilicate with the formula (Mg, Al),Si;0,4(OH)-4(H,0) is
a natural clay material. It has a wide variety of potential appli-
cations, including as an adsorbent, filter, catalyst, and agent for
the preparation of charged polymer nanocomposites.”® Nano-
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material in the field of pharmaceutical science.

attapulgite (n-AT) has been considered as an ideal inorganic
drug carrier due to its high surface area to volume ratio, high
surface activity, and strong ability to absorb a variety of chem-
ical species.” However, the weak interaction between drug
molecules and the n-AT particles often leads to an initial burst
release of the drugs from the formed drug/n-AT nanorods.'®
Therefore, it is quite reasonable to design a hierarchical n-AT-
incorporated biopolymer ultrafine fiber system, wherein both
biopolymer ultrafine fibers and the n-AT are containers and
barriers for drug molecules, which provide the drug with
a sustained release profile. In our previous study, we have
shown that FA drug molecules are physically encapsulated
within polyvinylpyrrolidone (PVP), and by electrospinning
a mixture solution of biopolymers and FA-loaded PVP to form
a composite drug incorporated nanofibers, it was proven to
significantly alleviate the burst release of FA.*"**

In the present study, we attempt to develop a facile method to
fabricate FA@n-AT/PVP/biopolymers ultrafine fibers via coaxial
electrospinning for drug encapsulation and controlled release.
Porous n-AT was first selected as the carrier to load the model
drug-FA via the physical adsorption method. Then, the FA@n-AT
nanorods were initially dispersed in a PVP solution as a core layer
composite. Finally, FA@n-AT/PVP was incorporated within
biopolymer fibers to form FA@n-AT/PVP/biopolymers core—
sheath ultrafine fibers by coaxial electrospinning (Fig. 1). The
FA@n-AT/PVP/biopolymers core-sheath ultrafine fibers were
characterized via different techniques. Scanning electron
microscopy (SEM) and water contact angle (WCA) measurements
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Fig. 1 Schematic of the fabrication process of FA@n-AT/PVP/biopolymers coaxial electrospun ultrafine fibers.

were used to investigate the influence of the incorporated n-AT on
the morphology and surface hydrophilicity of the core-sheath
ultrafine fibers, respectively. Furthermore, the release behavior of
FA from the FA@n-AT/PVP/biopolymers core-sheath ultrafine
fibers was investigated using UV-vis spectroscopy and compared
with FA/biopolymers blend nanofibers, and FA/PVP/biopolymers
core-sheath nanofibers.

2. Materials and methods
2.1 Materials

Poly(lactic-co-glycolic acid) (PLGA, M,, = 100 000 g mol ™ ") with a 1-
lactic acid/glycolic acid ratio of 50 : 50, poly(i-lactide-co-capro-
lactone) (PLCL, M,, = 80 000 g mol ') with a 1-lactic acid/e-cap-
rolactone ratio of 50 : 50, poly(t-lactic acid) (PLA, M,, = 500 000 g
mol ") and poly(e-caprolactone) (PCL, M;, = 90 000 g mol ') were
purchased from Jinan Daigang Biotechnology Co., Ltd. (Jinan,
China). Flurbiprofen axetil (FA, purity > 99%) and FITC-FA were
obtained from Shanghai Xinya Pharmaceutical Co., Ltd.
(Shanghai, China). Polyvinylpyrrolidone (PVP, K30) and nano-
attapulgite (n-AT, 4000 mesh) were purchased from Shanghai
Zhanyun Chemical Co., Ltd. (Shanghai, China) and Mingguang
Jianxi Dongfeng Mine Products Factory (Chuzhou, China).
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was acquired from
Shanghai Darui Fine Chemical Co., Ltd. (Shanghai, China).
Ethanol absolute (EtOH) and N,N-dimethylformamide (DMF)
were purchased from Shanghai Lingfeng Chemical Reagent
Co., Ltd. (Shanghai, China). Dulbecco's Modified Eagle's
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Medium (DMEM), fetal bovine serum (FBS), glutaraldehyde,
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT), acridine orange, ethidium bromide and phosphate buffer
saline (PBS, pH = 7.4) were purchased from Shanghai Limin
Industrial Co., Ltd. (Shanghai, China). All chemicals were used as
received.

2.2 Preparation of FA-loaded AT nanorods

First, FA was dissolved in EtOH/Milli-Q water (v/v = 1:2) to
obtain mixed solutions with different FA concentrations (0.5,
1.0,2.0,and 4.0 mg mL_l) at room temperature. Then, n-AT was
dispersed in Milli-Q water with different concentrations (1.0,
2.0, 3.0, and 4.0 mg mL ') to obtain a batch of n-AT suspen-
sions. Then, the FA/n-AT mixture was vigorously stirred for 24 h
at room temperature to form FA-loaded n-AT (FA@n-AT). The
formed FA@n-AT nanorods were separated by centrifugation
(5000 rpm, 10 min) and washed with milli-Q water three times
to remove the excess free FA non-adsorbed onto the n-AT
surface. The FA concentration in the supernatant was
analyzed using a Lambda 25 UV-vis spectrophotometer (Perkin
Elmer, USA) at 246 nm using a standard FA concentration—
absorbance calibration curve at the same wavelength. Finally,
the FA/n-AT nanorods were obtained by lyophilization and the
FA loading efficiency was calculated using the following
equation:'***

My — M,

Wea (%) = L x 100% (1)

0
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where Wra, M; and M, stand for the loading efficiency of FA, the
mass of FA in the supernatant and the initial total FA used for
encapsulation, respectively.

2.3 Fabrication of ultrafine fibers with core-sheath structure

Biopolymers (PLGA, PLCL, PLA, and PCL) were dissolved in HFIP
at the optimized concentration of 20%, 10%, 20% and 20% (w/v,
biopolymers/HFIP), a as sheath layer solution, respectively. A
mixture of EtOH and DMF (volume ratio 2 : 1) was used as the
solvent to dissolve PVP and FA@n-AT powder at a concentration
of 20% (w/v, the quality ratio of FA and PVP is 1 : 9) as the core
layer solution. The sheath layer solution and core layer solution
were stirred for more than 8 h and ultrasonicated about 5 min
before coaxial electrospinning. FA/PVP/PLCL core-sheath nano-
fibers and FA/PLGA blend nanofibers were prepared according to
the protocol reported in our previous studies'**> with a commer-
cial electrospinning instrument (SS-2533H Electrospinning
Equipment, Beijing Ucalery Technology Co., Ltd., Beijing, China)
using a stainless steel coaxial needle and stainless steel single-
layer needle, respectively.

The applied voltage and the distance between the tip of the
spinneret and the collector were maintained at 12 kV and 15 cm,
respectively. The sheath flow rate was set to 1.0 mL h™" while
the core flow rate varied from 0.3 mL h™'. All the electro-
spinning processes were carried out at around 25 °C and 50%
relative humidity. The collected ultrafine fibrous mats were
finally dried under vacuum for at least 48 hours to remove
residual solvent before further use.

2.4 Characterization

The morphology and structure of FA@n-AT incorporated within
coaxial electrospun ultrafine fibers mats were investigated using
scanning electron microscopy (SEM) (JEOL, JSM-5600, Japan).
The image analysis software (Image-J, National Institutes of
Health, USA) was applied to analyze the average fiber diameter (n
= 100) under lower magnification (1000x ). The contact angle was
measured three times for each sample using a contact angle
instrument (OCA40, Dataphysics, Germany) when the droplet
was stable. Wide-angle X-ray diffraction (WAXD) curves were
obtained on a D/max-2550 PC X-ray diffractometer (Rigaku Co.,
Tokyo, Japan) within the scanning region of 26 (5-80°), with Cu
Ko radiation (I = 1.5418 A) at 40 kV and 40 mA.

The FA/PVP/PLCL core-sheath nanofibers and FA@n-AT/
PVP/PLCL core-sheath ultrafine fibers were observed using
transmission electron microscopy (TEM) (JEOL, JEM-2100,
Japan). The samples for TEM observation were prepared by
putting carbon-coated copper grids on the collector to directly
deposit a very thin layer of electrospun fibers. Then, the copper
grids containing the fibers without staining was used to for TEM
imaging by passing a beam of electrons through them.

2.5 Invitro drug release

A certain amount of FA/biopolymers blend nanofibers mats, FA/
PVP/biopolymers core-sheath nanofibers mats and FA@n-AT/
PVP/biopolymers core-sheath ultrafine fibers mats were
weighed to ensure that the FA in the mats had a similar weight
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with the FA in FA@n-AT. All the samples for release experiments
were added to different conical flasks containing 30 mL phos-
phate buffer saline (PBS, pH = 7.4). Then, the samples in PBS in
different conical flasks were incubated in a vapor-bathing
constant temperature vibrator at 37 °C with a vibrating speed
of 100 rpm. This experiment was carried out in triplicate. At
scheduled time intervals, 3 mL of sample was taken and fresh
PBS medium of identical volume was added to maintain vapor-
bathing constant temperature vibrator conditions. The mass of
FA released at time, ¢, M,, as well as the total drug amount (M)
were determined on a 752N UV-vis spectrophotometer (Jingke
Industrial Co., Ltd, Shanghai, China) at 254 nm, in PBS and this
experiment was carried out in triplicate.

The percentage of accumulated release can be calculated
using the following equation:

Cx30+) W

0% = ———— =~
ARPY m x R x 1000

x 100% 2)

where C is the concentration of FA, ug mL™'; "W is the mass of
FA accumulated release, pg; m is the mass of the fiber mat, mg;
and R is the percentage of drug within the fiber.

2.6 Cell culture and cytocompatibility evaluation

The cytocompatibility of PLGA nanofibers, FA/PLGA nanofibers,
PLCL nanofibers, FA/PLCL nanofibers, FA/PVP/PLGA core-sheath
nanofibers, FA/PVP/PLCL core-sheath nanofibers, FA@n-AT/PVP/
PLGA core-sheath ultrafine fibers, and FA@n-AT/PVP/PLCL core-
sheath ultrafine fibers were evaluated using a diameter of 1.4 cm
through the MTT cell viability assay. Mouse fibroblasts (L929)
cells were cultured in a humidified incubator with 5% CO, at 37
°C using DMEM containing 10% FBS, 100 U mL ™" penicillin, and
100 mg mL " streptomycin. Then, these mats were fixed in 24-well
plates with stainless steel rings and sterilized with 75% alcohol for
2 h. Subsequently, all the wells with samples were washed 3 times
with PBS solution to remove the residual alcohol. Finally, 1 mL of
complete DMEM was added to individual wells to incubate at 37
°C overnight. 1929 cells were seeded at a density of 1.0 x 10 cells
per well for the MTT assay. For comparison, cover slips without
nanofibers were used as controls.

Cell proliferation was evaluated on day 1, 3, 5, and 7. All the
experiments were performed in triplicate. The absorbance from
the samples containing the membranes only was corrected to
modulate the final optical density (OD) values. In brief, at the
end of each time point, the cells were washed with PBS and an
MTT solution (40 pL) was added to each well, followed by
incubation for another 4 h. Then, 400 uL. DMSO was added to
each well to dissolve the purple MTT formazan crystal for 15
min and 100 pL of the dissolved formazan solution of each
sample was transferred into separate wells of a 96-well plate to
test the OD value at 492 nm using a microplate reader (MK3,
Thermo, USA). The mean and standard deviation from triplicate
wells for each sample are reported.

2.7 Statistical analysis

The one-way ANOVA statistical method was used to evaluate the
significance of the experimental data. A value of 0.05 was
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selected as the significance level and the data are indicated with
(*) for p < 0.05, (**) for p < 0.01, and (***) for p < 0.001.

3. Results and discussion
3.1 Loading of FA onto the n-AT surfaces

Different from our previous study related to the use of the FA/
PVP/PLGA core-sheath nanofibers for drug encapsulation, the
nanoporous space of n-AT was used to encapsulate the model
drug FA. n-AT have a three-dimensional structure with six
octahedral magnesium ions sandwiched between two layers of
four tetrahedral silicon atoms, and the interlayer space of n-AT
has been proven to be used as a reservoir for drug
encapsulation.

The loading percentage of FA onto n-AT was optimized by
regulating the respective concentration of FA and n-AT under
the same experimental conditions. The profile of the FA loading
percentage as a function of FA concentration under different n-
AT concentrations is shown in Fig. 2. It is clear that the FA
loading percentage increases with the increase of FA concen-
tration and as the n-AT concentration increases, the FA loading
percentage increases quickly then increases slowly. When the
concentration of n-AT is 4 mg mL™ ", the FA loading percentage
is lower than the concentration of n-AT at the level of 3 mg
mL . This could be attributed to the aggregation of the n-AT at
a higher concentration, which leads to a relatively limited n-AT
surface area to be accessed by the FA molecules. Therefore, 2 mg
mL " is considered to be the saturation concentration of FA
when the n-AT concentration is 3 mg mL ™" and the optimized
FA loading percentage is 89.5%.

3.2 Fabrication of FA@n-AT/PVP/biopolymers core-sheath
ultrafine fibrous mats

TEM and fluorescence microscopy were used to confirm the
incorporation of FA@n-AT into the ultrafine fibers (Fig. 3).
FA@n-AT within the core-sheath ultrafine fibers with a uniform
distribution can be clearly observed (Fig. 3(b)) similar to the FA/
PVP/PLCL core-sheath nanofibers (Fig. 3(a)), while only a few
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Fig. 2 FA loading efficiency as a function of FA concentration under
different n-AT concentrations.
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Fig. 3 TEM images of (a) FA/PVP/PLCL core—sheath nanofiber and (b)
FA@n-AT/PVP/PLCL ultrafine fiber. Fluorescence of (c) FA/PVP/PLCL
core—sheath nanofibers and (d) FA@n-AT/PVP/PLCL core-sheath
ultrafine fibers.

small green fluorescence spots caused by the partial aggrega-
tion of FA were present in the image of the FA/PVP/PLCL core-
sheath nanofibers. The TEM image in Fig. 3(b) indicates that
FA@n-AT was successfully embedded in the core of the core-
sheath ultrafine fibers. The green fluorescence illustrates that
FA could be homogeneously encapsulated within the core
of core-sheath fibers (Fig. 3(c) and (d)). This result further
reveals that the FA@n-AT can be embedded in the core of
FA@n-AT/PVP/PLCL core-sheath ultrafine fibers with uniform
distribution.

The XRD patterns of pristine n-AT powder and after FA was
loaded onto n-AT surfaces are shown in Fig. 4. It can be
observed that most of the indexed diffraction peaks of n-AT are
similar to those of n-AT after the loading of FA. The intensity of
some of the typical n-AT diffraction peaks (e.g., at 26.8° and at
35.5°) decreased after loading of FA onto n-AT, possibly due to
the surface adsorption of the FA molecules. The peaks related to
the FA drug (Fig. 4(a)-(c)) do not appear in the XRD pattern of
FA@n-AT, which is likely due to the fact that the loaded amount
of FA drug is too low to be detected by XRD technology.

The surface morphology and diameter distribution of FA@n-
AT/PVP/PLA core-sheath fibers, FA@n-AT/PVP/PCL core-sheath
fibers, FA@n-AT/PVP/PLGA core-sheath fibers and FA@n-AT/
PVP/PLCL core-sheath fibers were observed via SEM (Fig. 5).
It can be observed that the surface of these core-sheath ultra-
fine fibers was smooth and beadless, with no nanorods being
observed on the surface these fibers (Fig. 5). With the easy
coaxial electrospinnability of PVP and biopolymers, the incor-
poration of FA@n-AT does not seem to significantly alter the
uniform and smooth fibrous morphology of the biopolymers
fibers. The average diameters of the FA@n-AT/PVP/PLA core-
sheath fibers, FA@n-AT/PVP/PCL core-sheath fibers, FA@n-AT/
PVP/PLGA core-sheath fibers and FA@n-AT/PVP/PLCL core-
sheath fibers were 2081, 3088, 2393 and 1349 nm, respectively
(Fig. 5). Compared with the FA/biopolymers blend nanofibers
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Fig. 4 TEM images n-AT nanorod powder before (a) and after (b)
loading of FA and X-ray diffraction patterns (c) of n-AT nanorod
powder, FA@n-AT nanorod powder and pure FA.

(diameter approximately 370 + 40 nm) and FA/PVP/biopolymers
core-sheath nanofibers (diameter approximately 710 £+ 30 nm)
in our previous studies,"** the diameter increase of the FA@n-
AT/PVP/biopolymers fibers are presumably due to the addition
of PVP and FA@n-AT, which was caused by n-AT and the
biopolymers types and this enhanced the viscosity of the
composite solution. Different diameter distributions may lead
to different drug release models.***>'¢ This may due to the effect
of the surface morphology, which suggests that the narrow
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diameter of fibers increase the surface area of the nanofibers
and allows easy penetration of water into and easy diffusion of
biopolymers out of the composite nanofiber core.

Surface hydrophilicity plays an important role in the prac-
tical application of electrospun nanofibers.***”*® The data from
the water contact angle measurements (Fig. 5) implies a hydro-
phobic surface characteristic of the FA@n-AT/PVP/PLCL fibrous
mats, which showed an average contact angle of 119°. It can be
observed that the water contact angle of the FA@n-AT/PVP/PLA
fibrous mats, FA@n-AT/PVP/PCL fibrous mats, FA@n-AT/PVP/
PLGA fibrous mats were 35°, 94°, and 12° (Fig. 5), respectively,
which was obviously less than that of the pure biopolymers, as
reported in Yang's research,® because of the presence of PVP.
Thus, the hydrophilicity of nanofibrous mats can be enhanced
by the addition of PVP.

3.3 Release of FA from FA@n-AT/PVP/PLGA core-sheath
ultrafine fibrous mats

The in vitro drug release profiles of the FA@n-AT/PVP/PLGA
core-sheath ultrafine fibers were investigated by exposing the
fibrous mats in PBS solution (pH = 7.4) at 37 °C." The FA
release profile was compared with those from FA/PLGA blend
nanofibers and FA/PVP/PLGA core-sheath nanofibers with
a similar drug content (Fig. 6). It is clear that the FA/PLGA blend
nanofibers exhibit an obvious initial burst release. FA in the FA/
PLGA blend nanofibers has a burst release profile and about
70% of the loading FA can be released from the PLGA matrix
within 24 h. Due to the fact that the physical hybrid method
only caused FA molecules to adsorb on the PLGA molecular
chain and this interaction was very weak, FA molecules were
very easily separated from the PLGA matrix in the process of
drug release. For the FA/PVP/PLGA core-sheath nanofibers
system, the drug release rate became slower than the FA/PLGA
blend nanofibers system. This is because the release of drugs
from a polymeric matrix undergoes several steps: water from the
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Fig. 5 SEM images, diameter distribution histograms and water contact angle of (a) FA@n-AT/PVP/PLA core—sheath ultrafine fibers, (b) FA@n-
AT/PVP/PCL core-sheath ultrafine fibers, (c) FA@Qn-AT/PVP/PLGA core—sheath ultrafine fibers and (d) FA@n-AT/PVP/PLCL core—sheath ultrafine

fibers.

This journal is © The Royal Society of Chemistry 2016

RSC Adv., 2016, 6, 49817-49823 | 49821



RSC Advances
100
9 80 -
o
Q
K] 60
Q
14
o
2 40
©
S
£
S 201 FAIPLGA blend nanofibers —e—
FA/PVP/PLGA core-sheath nanofibers —a—
FA@n-AT/PVP/PLGA core-sheath ultrafine fibers —y—
o T L} L) L} L}
0 50 100 150 200
Time (h)
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PLGA core—sheath ultrafine fibers with a similar mass of FA.

medium diffuses in through polymeric networks and dissolves
the drug molecules, followed by diffusion out of the matrix and
into the medium. By contrast, the FA release from FA@n-AT/
PVP/PLGA core-sheath ultrafine fibers needs to go through
three processes: the FA dissociation first from n-AT to PVP and
then from PVP to biopolymers fiber matrix; finally, from
biopolymers fiber matrix to the release medium. Therefore,
about 25% of the FA was released in the initial 24 h and the
release was very slow in the following 180 hours. Thus, when the
release profile tended towards stability after 180 hours, the
cumulative release rate was approximately 60%.

3.4 Cytocompatibility assay

For further biomedical applications, it is important to ensure
the biocompatibility of developed fibrous materials.*® The cell
proliferation measured using the MTT assay of mouse fibro-
blasts (L929) cells cultured on different electrospun fibrous

I Cover slips

I FA/PVP/PLGA

I FA@n-AT/PVP/PLGA

N PLCL

I FA/PLCL

I FA/PVP/PLCL

L FA@n-ATIPVPIPLCL}|=
k3

Absorbance index (492 nm)

Time (days)

Fig. 7 Proliferation of mouse fibroblasts seeded on cover slips,
biopolymers nanofibrous mats, FA/biopolymers blend nanofibrous
mats, FA/PVP/biopolymers core—sheath nanofibrous mats, and FA@n-
AT/PVP/biopolymers core-sheath ultrafine fibrous mats. *p < 0.05,
**p < 0.01 versus control.
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mats within 7 days is shown in Fig. 7. At day 1, 3, 5 and 7, cell
proliferation on all membranes was faster compared with that
on the cover slips (*p < 0.05). At day 1, there was no obvious
difference among these mats. However, at day 3, the FA@n-AT/
PVP/PLGA core-sheath ultrafine fibrous mat and FA@n-AT/PVP/
PLGA core-sheath ultrafine fibers mat were the most excellent
and showed significant difference compared with the other six
mats (*p < 0.05). When cultured after 5 days, the amount of cells
greatly increases, which indicates that all the mats enhance cell
growth and proliferation. Moreover, from the seventh day, the
cell amount does not have a more significant increase than that
from the fifth day. Furthermore, the FA@n-AT/PVP/biopolymers
core-sheath ultrafine fibrous mats with the addition of n-AT
were statistically significant (*p < 0.05) in comparison to the
biopolymers nanofibrous mats, FA/biopolymers blend nano-
fibrous mats, and FA/PVP/biopolymers core-sheath nano-
fibrous mats possibly because the FA@n-AT/PVP/biopolymers
core-sheath ultrafine fibrous mats don't shrink during culture.

4. Conclusion

In summary, FA@n-AT/PVP/biopolymers core-sheath ultrafine
fibers with a smooth surface morphology and improved FA
release profile were successfully fabricated via coaxial electro-
spinning. After the addition of PVP and FA@n-AT, the average
diameter of the resultant composite fibers increased and the
water contact angle was slightly enhanced. The combination of
three pathways for the FA dissociation: first, from n-AT to PVP
and then from PVP to biopolymers fiber matrix, and finally from
biopolymers fiber matrix to the release medium in a sustained
release manner is proven to be an efficient strategy to slow down
the release rate of FA. Moreover, the results show that the
FA@n-AT/PVP/biopolymers core-sheath ultrafine fibrous mats
tend to promote mouse fibroblast proliferation when compared
with biopolymers nanofibrous mats, FA/biopolymers blend
nanofibrous mats, and FA/PVP/biopolymers core-sheath nano-
fibrous mats. This is important for biomedical applications that
require a drug to maintain long term analgesic efficacy.
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