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a  b  s  t  r  a  c  t

Poly(�-caprolactone)/multi-walled  carbon  nanotubes  (PCL/MWCNTs)  composite  nanofibers  with  various
content  of  green  tea  polyphenols  (GTP)  were  successfully  fabricated  via  an  electrospinning  technology
to  maintain  the  chemical  structural  stability  of  GTP.  The  non-covalent  interaction  between  MWCNTs  and
GTP  was  measured  by UV–vis  spectrophotometer  and  FT-IR.  The  topographical  features  of  the  nanofibers
were  characterized  by  scanning  electron  microscopy  (SEM).  The  dispersibility  of MWCNTs  and  the distri-
bution  of  GTP  in  nanofibers  were  observed  by  transmission  electron  microscopy  (TEM)  and  laser  scanning
confocal  microscope  (LSCM),  respectively.  In  vitro  degradation  was  also characterized  in  terms  of  the
iodegradable
anofibers
ontrolled release

morphological  change  and  the  mass  loss  of  the  nanofiber  meshes.  In  vitro  GTP  release  behavior  was
investigated  in  phosphate-buffered  solution  (PBS)  at 37 ◦C. Alamar  blue  assays  were  performed  to  esti-
mate  the  cytotoxicity  of  the nanofibers  with  normal  osteoblast  cells  and  the  antiproliferative  effects  to
A549  and  Hep  G2  tumor  cells.  The  results  exhibited  that  the  GTP-loaded  composite  nanofibers  possessed
a  significant  inhibition  effect  to  tumor  cells.  Therefore,  GTP,  as  a multifunctional  drug,  encapsulated  into
polymer  composite  nanofibers,  must  have  broad  application  prospects  in  cancer  therapy.
. Introduction

Today cancer remains a serious threat to the human healthy
nd is a leading cause of death although we have got great accom-
lishment in medical science. However, traditional anticancer drug
ormulations have some shortcomings, e.g. short half-life in the
uman body, great side-effect to body and low therapeutic efficacy
o solid tumors. Therefore, there have been numerous researches
n order to develop more effective release systems to improve
herapeutic efficacy against cancer (El-Aneed, 2004). Among these,
olymeric drug controlled release system as a novel and effective
ethod has been studied widely, and some results displayed that it

as great potential in improving therapeutic efficacy, reducing tox-
city and enhancing compliance of the patients by delivering drugs

t a controlled rate over a period of time (Langer, 1998; Kenawy
t al., 2002).
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Green tea polyphenols (GTP) account for about 10% of the
dry weight of green tea, which have many functions to body
such as potent antioxidative activities, anti-inflammatory effects
and cancer-preventive agents. Compared with other anticancer
drugs, GTP exhibit little side-effect to body, but the insta-
bility (easily oxidized) limited their applications. It includes
(−)-epigallocatechin-3-gallate (EGCG), (−)-epigallocatechin (EGC),
(−)-epicatechin-3-gallate (ECG) and (−)-epicatechin (EC). Of these,
EGCG accounts for >40% of the total (Salah et al., 1995). As a major
constituent of GTP, EGCG has received a great deal of attention in
previous studies and some authors even single out EGCG as the
active anti-cancer component (Yoshigazawa et al., 1987; Jankun
et al., 1997). The anticarcinogenic activities have been established
in various organs, such as lung, skin, esophagus, duodenum, liver
and stomach (Okabe et al., 1993; Stoner and Mukhtar, 1995; Blot
et al., 1996; Yang et al., 1998; Leone et al., 2003).

In the study, GTP, as a model drug, was  encapsulated into
biodegradable polymer nanofibers by an electrospinning process to
impart controlled release function and a longer stability of chem-
ical structure of GTP. To date, there has been increasing interest
in polymer nanofibers for biomedical applications, which can be

fabricated by phase separation (Yang et al., 2004), template synthe-
sis (Feng et al., 2002), self-assembly (Whitesides and Grzybowski,
2002) and electrospinning (Sill and von Recum, 2008; Agarwal et al.,
2008; Puppi et al., 2010). Among these, electrospinning technology
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http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:shaobingzhou@swjtu.cn
mailto:shaobingzhou@hotmail.com
dx.doi.org/10.1016/j.ijpharm.2011.09.033


l of Ph

h
e
l
i
r
m
m

i
e
e
t
M
d
t
t
t
m
2
a
f
p
G
f
o
t
p
b
a

2

2

r
s
w
C
1
f
S
m
M
C
f
t
i
S
c
r

2

a
a
a
w
u
2
C
s
G
r

S. Shao et al. / International Journa

as been gaining increasing importance for applications in tissue
ngineering and drug delivery mainly due to the structural simi-
arity to the extracellular matrix of biological tissues. Furthermore,
n vitro studies have shown that the high surface area to volume
atio as well as the high and interconnected porosity of electrospun
eshes can enhance cell adhesion, proliferation, drug loading and
ass transfer properties (Li et al., 2003; Bhattarai et al., 2004).
Compared with purely polymer, composite nanofiber scaffolds

ncorporating inorganic nanoparticles such as CaCO3 (Fujihara
t al., 2005), Fe3O4 (Zhang et al., 2009), carbon nanotube (Mazinani
t al., 2009) have attracted special attention because new proper-
ies can be obtained through the combination of different materials.

ultiwalled carbon nanotubes (MWCNTs), due to their extraor-
inary properties such as excellent mechanical, electrical and
hermal properties, are one of the most promising candidates for
he design of novel composite scaffolds (Shao et al., 2011). Simul-
aneously, previous reports suggested that MWCNTs blended with

aterials may  be optimal for drug delivery system (Bianco et al.,
005; Im et al., 2010). Additionally, poly(�-caprolactone) (PCL) is

 semi-crystalline poly-�-hydroxy aliphatic polyester well known
or its slow biodegradability, high biocompatibility, and good drug
ermeability (Vandamme and Legras, 1995; Jameela et al., 1997).
TP-loaded PCL/MWCNTs composite nanofibers were fabricated

or the first time by the electrospining process. The properties
f electrospun composite nanofibers were studied mainly from
he effects of GTP and MWCNTs incorporation on nanofiber mor-
hology, mechanics, in vitro degradation and in vitro GTP release
ehaviors. The cytotoxicity for normal cells and in vitro antitumor
ctivity against A549 and Hep G2 cells were also evaluated.

. Materials and methods

.1. Materials

Poly(�-caprolactone) (PCL, Mw  ≈ 100 kDa) was  synthesized by
ing-opening polymerization of �-caprolactone monomers using
tannous octoate as catalyst (Zhou et al., 2003). The molecular
eight and its distribution were determined by Gel Permeation
hromatography (GPC, Waters 2695 and 2414). MWCNTs with
0–20 nm outer diameter and 10–20 �m length were purchased
rom Chengdu Institute of Organic Chemistry, Chinese Academy of
ciences. Green tea polyphenols (GTP) was friendly donated by Bio-
aterials Engineering Research Center, Sichuan University (China).
aleic anhydride and �-cyclodextrin were purchased from Kelong

hemical Reagent Company (Chengdu, China). Osteoblasts (OB)
rom neonatal rat’s mandibular belonged to normal cell line and
hey were passaged to the third generation just before our exper-
ments. The tumor cells A549 and Hep G2 were purchased from
ichuan University (China), which belonged to human lung adeno-
arcinoma epithelial cell line and human liver carcinoma cell line,
espectively.

.2. Preparation of the electrospun suspensions

Firstly, the raw MWCNTs were functionalized by grafting maleic
nhydride (MA) on their surface through a free radical reaction
nd later covalently modified by �-cyclodextrin (�-CD) through
n esterification reaction. Secondly, the functionalized MWCNTs
ere added into GTP solution of dimethyl formamide (DMF) with
ltra-sonication for 30 min  and then stirred continuously for about

 h at room temperature. At the same time, PCL was dissolved in

H2Cl2 at room temperature. Thus, the composite PCL/MWCNTs
uspensions with various content of GTP were obtained by droping
TP-adsorbed MWCNTs suspensions to PCL solutions (the volume

atio of DMF to CH2Cl2 was 1:1). Finally, the suspensions were
armaceutics 421 (2011) 310– 320 311

ultra-sonicated for another 1 h and then stirred continuously for
24 h before electrospinning. Herein, the concentration of PCL in
mixed solvent was  15 wt%, the content of MWCNTs was 3 wt% to
PCL, the content of GTP was  0%, 5% and 10% (weight ratio of GTP to
PCL and MWCNTs), respectively.

2.3. Electrospinning

The electrospinning process was performed as our previous
reports (Zhou et al., 2008; Shao et al., 2011). In brief, the electrospun
suspensions obtained above were added via a 5 mL  syringe attached
to a circular shaped metal capillary through a polyethylene catheter
(1.5 m).  The circular orifice of the capillary has an inner diameter of
0.65 mm.  A plate electrode is located about 20 cm from the collect-
ing drum. The flow rate of the suspensions was  controlled within
0.8–1.2 mL/h to maintain a steady flow from the capillary outlet.
The applied voltage was  controlled at about 21 kV. The nanofiber
meshes with various content of GTP were fabricated, dried under
vacuum at room temperature for 3 days to completely remove
solvent residue, stored at 4 ◦C. Herein, the so-called names NCF-
0, NCF-5 and NCF-10 corresponded to pure PCL nanofiber meshes
with GTP content of 0%, 5% and 10%, respectively, whereas CF-0, CF-
5 and CF-10 stood for PCL/MWCNTs composite nanofiber meshes
with GTP content of 0%, 5% and 10%, respectively.

2.4. Characterization of the composite nanofibers

2.4.1. UV–vis spectrophotometer
GTP, MWCNTs and GTP-adsorbed MWCNTs samples were

characterized by UV–vis spectrophotometer (UV-2550, Shimadzu,
Japan). They were prepared as follows. Firstly, an appropriate
amount of GTP was fully dissolved in DMF. Secondly, small amount
of MWCNTs was dispersed in DMF  through ultra-sonication for
about 2 h. Finally, small amount of MWCNTs was added into GTP
solution, ultra-sonication for 2 h and then centrifuged to remove
the excess GTP, and the resultant GTP-adsorbed MWCNTs were
dispersed in DMF  again through ultra-sonication for about 2 h.

2.4.2. Fourier transform infrared spectroscopy (FT-IR)
GTP, MWCNTs and MWCNTs/GTP were also characterized by

Fourier transform infrared spectroscopy (FT-IR, Nicolet 5700). KBr
tablets were prepared by grinding these samples with KBr and
compressing the whole into a tablet at about 10 MPa.

2.4.3. Scanning electron microscopy (SEM)
The electrospun nanofiber meshes were gold-coated using sput-

ter coating to observe the surface topographies by SEM (FEI, Quanta
200, Philips, Netherlands). The electron accelerating voltage for
SEM was  20.0 kV. Micrographs from the SEM analysis were digi-
tized and analyzed with Image Tool 2.0 to determine the average
diameter of the nanofiber produced.

2.4.4. Transmission electron microscopy (TEM)
The dispersion of MWCNTs embedded in the composite

PCL/MWCNTs nanofiber was observed by TEM (Hitachi H-700H)
at the electron acceleration voltage of 150 kV. The sample was
prepared by electrospinning PCL/MWCNTs nanofibers onto copper
grids directly for about 10 s and then dried under vacuum over 24 h
to remove residual solvent completely.

2.4.5. Water contact angle

The contact angle was  measured using a sessile drop method

at room temperature with the contact angle equipment (DSA 100,
KRUSS, Germany). CA values of the right side and the left side of the
distilled water droplet are both measured, and an average value is
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sed. All the CA data were an average of five measurements on
ifferent locations of the surface.

.4.6. Laser scanning confocal microscope (LSCM)
The dispersion of MWCNTs embedded in the composite

CL/MWCNTs nanofibers was observed by LSCM (OLS3000). The
istribution of GTP in PCL/MWCNTs (PCL) nanofibers was observed
y LSCM (TCS SP2, Leica). The samples were prepared by electro-
pinning nanofibers onto coverslips directly for 20 s and then dried
nder vacuum immediately over 24 h to remove residual solvent
ompletely.

.4.7. Stress–strain measurements
The stress–strain analysis was performed using a universal

est machine (Instron 5567, Instron Co., Massachusetts) at room
emperature. The samples were trimmed into dog-bone shape
pecimens with the dimensions of 75 mm × 4 mm and the gauge
ength of 25 mm.  The mean thickness was 0.18 ± 0.01 mm,  and the
istance between the gripping points is 30 mm.  The mechanical
esting was conducted with the grips moving at a stretch speed
f 5 mm/min  and a load cell of 5 N. The data acquisition ratio was
et to 20.0 Hz. The reported data of tensile strength and elongation
epresent the average results of five tests.

.5. In vitro degradation

The degradation of electrospun nanofiber meshes were per-
ormed as described previously (Peng et al., 2008). Briefly, the
ried electrospun nanofiber meshes were cut into small square
ieces. Each cut specimen was exactly measured for initial weight
∼30 mg)  and immersed in 30 mL  of phosphate buffered saline (PBS,
H 7.4) in test tubes. The tubes were kept in a thermo-stated shak-

ng air bath that was maintained at 37 ◦C and 120 cycles/min. Every
wo weeks, triplicate specimens for each nanofiber mesh were
etrieved from the tubes, rinsed several times with distilled water
o remove residual buffer salts, and dried to constant weight in

 vacuum desiccator. The morphology was observed with SEM as
escribed previously. The mass loss was determined gravimetri-
ally by comparing the dry weight remaining at a predesigned time
ith the initial weight.

.6. In vitro GTP release

The cumulative GTP release was investigated as incubation
ime for NCF-5, NCF-10, CF-5 and CF-10 nanofiber meshes. The
TP-loaded PCL/MWCNTs (PCL) nanofiber meshes (∼50 mg)  were

ncubated in 50 mL  PBS in the same air bath as mentioned in degra-
ation test. At preset interval, 1 mL  of release medium was collected
nd 1 mL  fresh PBS was added back. The GTP concentration was
easured by UV–vis spectrophotometer at wavelength of 270 nm.

hese experiments were done in triplicate.

.7. Cell culture in vitro

First of all, the PCL and PCL/MWCNTs nanofiber meshes with var-
ous content of GTP were cut into small round flakes with average
iameter of nearly 12 mm,  and then sterilized through immersion

n ethanol (75%) for 2 h. After staying in sterilized PBS overnight,
hey can be used for cell assay. Osteoblasts were grown in �-

odified essential medium (�-MEM)  (HyClone, USA) with 10%
etal bovine serum (FBS). They were inoculated on the various

anofiber meshes and tissue culture plate (control) with a density
f 1 × 104 cells/well in 24-well tissue culture plates (sigma Aldrich)
nd maintained at 37 ◦C in a humidified incubator with 5% CO2. Sim-
larly, the tumor cells (A549, Hep G2) were grown in RPMI medium
armaceutics 421 (2011) 310– 320

1640 (Gibcos) with 10% FBS. And followed process was similar with
osteoblasts.

The proliferation viability of obsteoblast, A549 and Hep G2 was
determined by means of the Alamar blue assay as specified by the
manufacturer (Biosource, Nivelles, Belgium), a simple, non-toxic
assay. They were indicated by measuring the reduction of resazurin
to resorufin as indicator of metabolic state of cells (O’Brien et al.,
2000). Cellular growth causes the reduction–oxidation indicator to
change from oxidized (non-fluorescent, blue) to reduced (fluores-
cent, red) form. At predesigned time points, medium was  carefully
removed and 200 �L Alamar blue solution (10% Alamar blue, 80%
media 199 (Gibcos) and 10% FBS; v/v) were added to each well and
incubated for further 3 h at 37 ◦C. Wells without cells were used as
the blank controls. Then the reduced Alamar blue was  pipetted into
96-well plate (Sigma) and read at 570 (excitation)/600 (emission)
in a ELISA microplate reader (Molecular Devices, Sunnyvale, CA).
Results are the mean ± standard deviation of three experiments
performed in triplicate.

In order to be observed by fluorescence microscopy (DMIL,
Leica, Germany), the osteoblast, A549 and Hep G2 cells grown
on nanofiber meshes at the 2nd and 3rd day were fixed by 2.5%
glutaraldehyde for 2 h and then stained by 2-(4-amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPI) (Sigma America) for
about 5 min.

Additionally, the specific morphology of osteoblast, A549 and
Hep G2 cells grown on the surface of nanofiber meshes was eval-
uated by SEM (FEI, Quanta 200, Philips, Netherlands). Firstly, they
were washed twice with PBS and then fixed with 2.5% glutaralde-
hyde. After that, the samples were rinsed with PBS for 30 min,
dehydrated through a series of graded alcohol solutions and then
air-dried overnight. Finally, the dry cellular constructs were sputter
coated with palladium and observed under the SEM at an acceler-
ating voltage of 20.0 kV.

2.8. Statistics

Experiments were performed with triplicate specimens and
results were reported as mean ± standard deviation. Single fac-
torial analysis of variance (ANOVA) was performed to determine
statistical significance of the data.

3. Results and discussion

3.1. Characterization of the GTP-adsorbed MWCNTs

As depicted above, the main component of green tea polyphe-
nols (GTP) is (−)-epigallocatechin-3-gallate (EGCG), and its
molecular structure is displayed in Fig. 1a. As well known, phenol
is unstable, and can be easily oxidized. Herein, we  encapsulated
GTP into polymer matrix by electrospinning process to maintain
the stability of the chemical structure. Using GTP, MWCNTs were
dispersed in water through sonication, and the suspension in water
was  very stable, which was  in good agreement with reported pre-
viously (Chen et al., 2010). The reason may  be that GTP would have
non-covalent interaction through �–� stacking between graphite
lattice of nanotubes and the phenolic hydroxyl groups of GTP (Chen
et al., 2010). The raw MWCNTs were firstly functionalized by graft-
ing maleic anhydride (MA) on their surface through a free radical
reaction and later covalently modified by �-cyclodextrin (�-CD)
through an esterification reaction to improve their biocompatibil-
ity. �-Cyclodextrin was a ringed amphiphilic compounds, and the

internal ring was more hydrophobic compared to the external ring.
When hydrophilic and hydrophobic groups emerged simultane-
ously, the hydrophobic groups such as aromatic group of GTP were
easier to be adsorbed by the hydrophobic cavity of �-cyclodextrin.
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In order to precisely study the relationship of GTP and MWCNTs,
he functionalized MWCNTs, GTP and their composites MWC-
Ts/GTP were characterized by UV–visible spectrophotometer

Fig. 1b). The results showed that the characteristic absorption
pectra of MWCNTS/GTP were superposition of MWCNTs and GTP
asically. This indicated that GTP was adhered to the MWCNTs sur-
ace through a non-covalent interaction. In order to further define
he interaction, they were also characterized with FT-IR (Fig. 1c).
he characteristic absorption peak of MWCNTs on 1735 cm−1 was
ormed by ester bonds between �-cyclodextrin and maleic anhy-
ride grafted on MWCNTs. Additionally, the infrared characteristic
bsorption spectra of MWCNTs/GTP was comprised by nearly all the
nfrared characteristic absorption peaks of GTP (3345, 1609, 1451,
142 cm−1) and MWCNTs (2923, 2852, 1629, 1654 cm−1), and even
-cyclodextrin (1236 cm−1) just like the UV characteristic absorp-

ion spectra. This implied that GTP was adsorbed to the MWCNTs
hrough a non-covalent interaction once again with a negligible
ffect on MWCNTs and GTP vibration modes.

.2. Characterization of GTP-loaded electrospun PCL/MWCNTs
omposite nanofibers

On the basis of our previous research (Shao et al., 2011), the
eight ratio of MWCNTs in biodegradable polymer electrospun
anofiber mesh was 3% due to the best mechanical properties and
he electrical percolation threshold. Thus, we still selected the con-
ent of MWCNTs in PCL/MWCNTs nanofibers as 3%. In Fig. 2a, the
EM images of the resultant nanofiber meshes show the effects
f MWCNTs and various contents of GTP on nanofiber topographic
eatures. It can be preliminary observed that all the nanofibers were

mooth in appearance without bead-like structure. It also indicated
hat MWCNTs were embedded well and GTP distributed uniformly
n PCL fibers. The fiber diameter was decreased with the addi-
ion of MWCNTs into polymer matrix. Additionally, from the fiber
ectra (b) and FT-IR spectra (c) of MWCNTs (red), GTP (green) and GTP-absorbed
ader is referred to the web version of the article.)

diameter distributions (Fig. 2b) we can find that the average
diameter of fibers with MWCNTs was smaller than those without
MWCNTs due to an increase in electric conductivity. However, with
the increasing content of GTP in nanofibers the average diameter
also increased gradually. The reason is mainly that the viscos-
ity of electrospun suspensions increased and electric conductivity
decreased with the increasing content of GTP.

GTP acted as a kind of surfactant actually to improve the dis-
persion of MWCNTs by the means of the adsorption onto surface
of the hydrophobic MWCNTs. In line with the smooth surface, in
many regions of the electrospun composite nanofibers the embed-
ded MWCNTs appeared to be well-oriented along the fiber axis
(Fig. 3a). Arrow direction is MWCNTs. Furthermore, TEM photo of
CF-0 revealed that the MWCNTs were embedded within electro-
spun PCL/MWCNTs composite nanofibers (Fig. 3b). These results
further proved that MWCNTs dispersed well and aligned in com-
posite nanofibers. Fig. 3c and d shows the typical LSCM images
of GTP encapsulated in PCL and PCL/MWCNTs nanofibers. From
the images, we can observe that the nanofibers emitted green
light due to autofluorescence of tea polyphenol, suggesting that
the drug was successfully loaded in PCL matrix. The green light
was  distributed uniformly along these nanofibers, indicating that
GTP was  dispersed very uniformly in fibers. However, the fluo-
rescence intensity of NCF-5 was  slightly higher than CF-5, which
illustrated that a large quantity of GTP adsorbed on surface of MWC-
NTs through non-covalent interactions in PCL/MWCNTs nanofibers
and thus the content of GTP on the surface of nanofibers was
decreased.

The stress–strain curves and mechanical properties for vari-
ous PCL/MWCNTs nanofiber meshes were presented in Fig. 4. It

can be seen clearly that young’ modulus and maximum tensile
strain were greatly improved due to the reinforcement of MWC-
NTs, while the elongation at break emerged an obvious reduction
with the addition of MWCNTs in PCL matrix. The young’ modulus,
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aximum tensile strength and elongation at break of nanofibers
howed gradually reduction with the increasing content of GTP.
he young’ modulus increased from 8.5 MPa  for NCF-0 to 18.0 MPa
or CF-0 and decreased to 5.3 MPa  for NCF-10. The maximum ten-

ile strength represented a significant improvement from 7.0 MPa
or NCF-0 to 9.6 MPa  for CF-0 and a reduction to 3.5 MPa  for NCF-10.
he elongation at break decreased from 434.6% for NCF-0 to 129.3%
or CF-10.
 NCF-0, NCF-5, NCF-10, CF-0, CF-5, CF-10 and their diameter distribution histograms.

The dispersion of MWCNTs and GTP in the polymer matrix
were the most important factors in determining the mechanical
properties of the PCL/MWCNTs composite nanofibers. As described
above (Fig. 3), MWCNTs were well aligned along the PCL nanofiber

axis, and thus mechanical properties of PCL/MWCNTs composite
nanofibers increased compared with pure PCL nanofibers. It has
been documented that the addition of low molecular drug had a
“plasticizing” effect to fibers. Therefore, the mechanical properties
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Fig. 3. Typical laser scanning confocal microscope (a) and TEM images (b) of electrospun PCL/WMCNTs composite nanofiber for CF-0; fluorescence laser scanning confocal
microscope images of electrospun nanofibers without or with MWCNTs for NCF-5 (c), CF-5 (d).

Fig. 4. Mechanical properties of NCF-0, NCF-5, NCF-10, CF-0, CF-5 and CF-10
nanofiber meshes.

Fig. 5. The mass loss percentages of NCF-0, NCF-5, NCF-10, CF-0, CF-5 and CF-10
nanofiber meshes incubated in PBS at 37 ◦C.
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Fig. 6. Typical SEM images of NCF-0, NCF-5, NCF-10, CF-0, CF-5 and 

f the composite nanofibers decreased with the increasing content
f GTP. Furthermore, more enhancement for young’s modulus was
bserved compared to tensile strength, which indicated that the
einforcement of MWCNTs was more prominent in the initial ten-
ile region than the post-yield region. Additionally, the interaction
etween MWCNTs and polymer also affected the mechanical prop-

rties. For example, Ko et al. thought that MWCNTs hindered the
razing extension of fibers because of the alignment of MWCNTs in
he crazing area and the slippage consumed extra energy (Ye et al.,
004).
 nanofiber meshes after 4 and 12 weeks degradation in PBS at 37 ◦C.

3.3. In vitro degradation

The gravimetric evaluation of electrospun nanofibers dur-
ing incubation was  summarized in Fig. 5. The mass loss of the
nanofibers occurred more rapidly over the incubation time with
increased the content of GTP. Moreover, PCL/MWCNTs composite

nanofibers also exhibited a little faster degradation than pure PCL
nanofibers with same weight ratio of GTP.

As reported previously (Peng et al., 2008, 2009), the electro-
spun nanofibers with tinier diameter degraded faster due to larger
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ig. 7. In vitro GTP release profiles from NCF-5, NCF-10, CF-5 and CF-10 nanofiber m
CL  and PCL/MWCNTs nanofibers (b).

pecific surface when other conditions were completely same.
erein, the diameter of composite PCL/MWCNTs fibers was much

maller than pure PCL fibers, and the diameter of nanofibers grad-
ally increased with addition of GTP. On the other hand, NCF-0
ith water contact angle (∼121.5◦) was hydrophobic because of the
ature of PCL, while the angle of CF-0 was 115.2◦, suggesting that
he hydrophobicity of the nanofibers was improved in the presence
f the hydrophilic �-cyclodextrin functionalized MWCNTs and GTP.

The morphologies of NCF-0, NCF-5, NCF-10, CF-0, CF-5 and
F-10 nanofiber meshes after 4 and 12 weeks degradation were
hown in Fig. 6. It indicated that the electrospun fibers basically
emained their fibrous structure after 4 weeks degradation. How-
ver, compared with the original structure all nanofibers meshes
ere swollen especially for CF-10 mesh after 12 weeks degradation.

he result was  also consistent with mass loss mentioned above.

.4. In vitro GTP release

In vitro drug release was affected mainly by these factors: the
egradation rate of the carriers, hydrophobicity of drug, the con-

ent of loading drug in matrix and drug distribution. Herein, the
rug “GTP” was destined to release easily in PBS because of excel-

ent hydrophilicity of GTP. As shown in Fig. 7a, the cumulative drug
elease over 80% of CF-10 mesh was highest of all. In addition,

ig. 8. Proliferation viability histograms of osteoblasts (a), A549 (b) and Hep G2 (c) cultu
ays  and 5 days.
 incubated in PBS at 37 ◦C (a); the schematic diagram of GTP controlled release from

drug release rate of NCF-10 and CF-10 meshes were significantly
faster than NCF-5 and CF-5 meshes, which can be attributed to the
increasing degradation rate of matrix and the increasing content of
GTP staying on the surface of NCF-10 and CF-10 with more “GTP”
compared with NCF-5 and CF-5.

In addition, both NCF-5 and NCF-10 meshes without MWCNTs
have more pronounced burst release in the original 2 days than that
of CF-5 and CF-10 meshes with MWCNTs. The phenomenon can
be explained by the schematic diagram of GTP controlled release
from PCL and PCL/MWCNTs nanofibers, as shown in Fig. 7b. In the
presence of MWCNTs, GTP was  mainly adsorbed on the surface
of MWCNTs by non-covalent interaction through �–� stacking, as
discussed above. On the contrary, GTP was  distributed randomly in
fiber matrix without MWCNTs. Therefore, the burst release extent
of NCF-5 and NCF-10 was more seriously. In summary, the in vitro
drug release can be controlled by adjusting the content of MWCNTs
in fiber matrix.

3.5. Antiproliferative effect of the GTP-loaded nanofibers
Fig. 8 displays the proliferation viability of the normal osteoblast
cells and Hep G2 and A549 tumor cells cultured on NCF-0, NCF-
5, NCF-10, CF-0, CF-5, CF-10 nanofiber meshes for 5 days. The
osteoblast viability cultured on all samples was more than 83%,

red on NCF-0, NCF-5, NCF-10, CF-0, CF-5 and CF-10 nanofiber meshes for 2 days, 3
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ig. 9. Fluorescence microscope images of osteoblast, A549 and Hep G2 cultured on

ndicating that cytotoxicity of these nanofibers were little and the
lectrospun nanofibers with or without GTP can meet the basic
equirements for application in medicine. Besides that, the viabil-
ty of osteoblast on NCF-5 (NCF-10) was slightly lower than CF-5
CF-10) due to the serious drug burst release of NCF-5 (NCF-10).
ignificant statistical difference (p < 0.05) was detected between
CF-5 (NCF-10) and CF-5 (CF-10) at the 3rd and 5th day for cell
ulture.

Apart from normal cell line (osteoblast), we also studied the via-
ility of human hepatoma cells (Hep G2) and human lung epithelial
ells (A549) cultured on NCF-0, NCF-5, NCF-10, CF-0, CF-5 and CF-10
y means of Alamar blue assay. The result represented that electro-
pun nanofibers with GTP can inhibit the growth of tumor cells to
ome extent. After cell cultured for 2 days, the viability of A549 on
CF-5 (NCF-10) was slightly lower than CF-5 (CF-10) without sig-
ificant statistical difference, while at the 3rd day the viability of
549 on NCF-5 (NCF-10) surpassed CF-5 (CF-10) and the divergence
as more significant in the fifth day (p < 0.05). For Hep G2, the cell

iability in other groups was almost consistent with A549, except
hat the inhibitory effect to Hep G2 on GTP-loaded PCL/MWCNTs
omposite fibers was more obvious than that to A549. The reason
ay  be related to the difference in the total GTP release amount
mong these GTP-loaded nanofibers as described in GTP release
ection.

In order to verify the results of the Alamar blue assay, the fluores-
ence microscope images of osteoblasts, A549 and Hep G2 grown
0, NCF-5, NCF-10, CF-0, CF-5, CF-10 nanofiber meshes for 2 and 3 days (200×).

on all these samples after cultured for 2 and 3 days were shown in
Fig. 9. The cells adhesion and morphology will also be exhaustively
discussed later in our SEM section (Fig. 10). It can be seen clearly
that the nanofibers substrate with GTP emitted green fluorescence
due to autofluorescence of tea polyphenol, and osteoblast, A549
and Hep G2 cultured on the nanofiber meshes also showed green
fluorescence due to the cellular uptake of GTP which was  released
from the drug-loaded nanofibers in the culture medium. Further-
more, the intensity of fluorescence inside cells turned stronger at
the 3rd day than at the 2nd day. More interestingly, we can find that
the intensity of fluorescence in osteoblasts was  not stronger than in
the tumor cells at the same period. Maybe the tumor cells preferred
to phagocytose green tea polyphenols. Therefore, the drug-loaded
nanofibers exhibited inhibition effect to tumor cells but not obvious
effect to osteoblasts.

In order to observe the concrete morphology of osteoblasts,
A549 and Hep G2 cells and their adhesions on these nanofibers,
Fig. 10 displays the typical SEM photos of these cells on NCF-5 and
CF-5 meshes cultured for 3 days. It can be seen that osteoblasts
conglutinated and grew on NCF-5 and CF-5 meshes well especially
for osteoblasts on CF-5 mesh. However, many osteoblasts on NCF-
5 became spindle-like structure without visible pseudopodia at

the 3rd day. By contrast, most osteoblasts adhered very well on
CF-5 substrate, spreaded in all directions, and many pseudopodia
grew out obviously along the unidirectional oriented nanofibers.
The reason may  be that the MWCNTs in nanofibers played an
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Fig. 10. Typical SEM photos of osteoblasts, A549 and He

mportant role (Correa-Duarte et al., 2004; Abarrategi Gutierrez
t al., 2008). Similarly, Webster et al. reported that carbon nan-
tube/poly(carbonate) urethane composites could enhance cellular
unctions and tissue growth by promoting the adsorption of a
rotein (Khang et al., 2007). The A549 represented elliptical struc-
ure and conglutinated on nanofiber meshes. However, CF-5 mesh
nduced apoptosis of Hep G2 cells to some extent, which was in
greement with Alamar blue analysis.

In vitro cytotoxicity evaluation of GTP showed that its inhibition
ffect to tumor cells was remarkable but the toxicity for normal
ells was slight when the amount of GTP was small enough (Chen
t al., 1998; Ahmad et al., 2000; Weisburg et al., 2004; Babich et
l., 2005; Yang et al., 2006). Moreover, as mentioned above, the
ydrophilicity of the electrospun nanofibers was enhanced due to
he addition pf hydrophilic GTP. Thus, the affinity between cells and
CF-5, CF-5, NCF-10 and CF-10 meshes could be improved.

It has been demonstrated that green tea can inhibit the growth of
everal types of animal tumors, including lung cancer, esophageal
ancer, hepatic carcinoma, etc. (Yang and Wang, 1993; Wang et al.,
995; Yang et al., 1997). It suggested that drinking tea was  useful

n prevention of angiogenesis-dependent diseases such as cancer,
lindness caused by diabetes and son on. Although the cancer inhi-
ition mechanism was not clear, Cao and Cao (1999) put forward a
ypothesis that the inhibition to tumor growth and metastasis was
ue to that green tea can inhibit the formation of new blood vessels.
herefore, the mechanism is very important and interesting, and it
s worth studying deeply in future.

. Conclusions

We fabricated PCL/MWCNTs composite nanofibers successfully
ith GTP content of 0%, 5% and 10% through an electrospinning
rocess. The average diameter of these nanofibers was affected by
he addition of MWCNTs and GTP. The alignment of MWCNTs and
istribution of GTP in the fibers were clearly observed from the
EM and LSCM images. The GTP can be adsorbed on the surface
f MWCNTs by a non-covalent interaction through �–� stacking.

oth the in vitro degradation of the fibers and the GTP release can
e controlled by supplying MWCNTs and altering GTP content. In
articular, Alamar blue analysis demonstrated that the GTP-loaded
omposite nanofibers had low cytotoxicity for normal osteoblast
ultured on NCF-5 and CF-5 nanofiber meshes for 3 days.

cells, but high inhibition effect to tumor cells especially to Hep G2
cells. The result indicated that the GTP-loaded polymer nanofibers
with little side-effect to normal body tissues possess great potential
in treatment of cancers.
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