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The  aim  of  this  study  was  to investigate  the antitumor  effect  of  paclitaxel  (PTX)-loaded  poly(ethylene
glycol)–poly(trimethylene  carbonate)  (MPEG–PTMC)  nanoparticles  (NP)  against  gioblastoma  multiforme
(GMB).  PTX-loaded  NP  (NP/PTX)  were  prepared  with  synthesized  MPEG–PTMC  by  the  emulsion/solvent
evaporation  technique.  In vitro  physiochemical  characterization  of  those  NP/PTX  showed  satisfactory
encapsulation  efficiency  and  loading  capacity  and  size  distribution.  Cytotoxicity  assay  revealed  that
encapsulation  in  nanoparticles  did not  compromise  the  antitumor  efficacy  of  PTX  against  U87MG
cells.  Pharmacokinetic  study  in  rats  demonstrated  that  the  polymer  micellar  nanoparticles  significantly
enhanced  the  bioavailability  of PTX  than  Taxol.  In  intracranial  xenograft  tumor-bearing  mice,  the accu-
anoparticle
lioblastoma multiforme
rug delivery

mulation  of nanoparticles  in  tumor  tissues  increased  distinctly  after  12  h  post  i.v.  More  importantly,
in  vivo  anti-tumor  effect  exhibited  the median  survival  time  of  NP/PTX  treated  mice  (27  days)  was signif-
icantly  longer  than  those  of mice  treated  with  Taxol  (24  days),  physiological  saline  (21  days)  and  blank
MPEG–PTMC  NP (21 days).  Therefore,  our  results  suggested  that  PTX-loaded  MPEG–PTMC  nanoparti-
cles  significantly  enhanced  the  anti-glioblastoma  activity  of  PTX  and  may  be  a  potential  vehicle  in the

liom
treatment  of  high-grade  g

. Introduction

According to the WHO  classification of cerebral glioma, glioma
s divided into four grades: I, II, III, and IV glioma (Kleihues et al.,
993; Louis et al., 2007; Zülch, 1980). And the low-grade tumors
sually evolved into a high-grade glioblastoma multiforme (GBM).
BM are highly angiogenic tumors and, consequently, these tumors
arbor new and leaky blood vessels and lack of the effective lym-
hatic drainage system (Law et al., 2004; Lupo et al., 2005; Plate
nd Risau, 1995). It could cause edema, which is the consequence
f a local disruption of the BBB by impaired capillary endothelial
ight junctions (Groothuis et al., 1991; Leggett et al., 1998; Lu et al.,
008; Sameshima et al., 2000; Schneider et al., 2004; Wolburg et al.,
003). According to the pathological conditions of glioma in differ-

nt grades, the different strategies should be taken to the design of
he drug delivery system targeting glioma. When the glioma is still
ow-grade, the BBB is intact and the drug delivery system should

∗ Corresponding author at: Department of Pharmaceutics, School of Pharmacy,
udan University, 826 Zhangheng Rd., Shanghai 201203, People’s Republic of China.
el.: +86 21 51980071; fax: +86 21 51980072.

E-mail address: xlfang@shmu.edu.cn (X. Fang).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.08.052
a.
© 2011 Elsevier B.V. All rights reserved.

be able to cross the BBB and further target to glioma (Huang et al.,
2011). However, when it develops to advanced-grade, drug delivery
system can accumulate in the glioma by the enhanced permeability
and retention (EPR) effect.

PTX, a promising anticancer drug isolated from the bark of Taxus
brevifolia, has been proven effective in the treatment of gliomas
(Nikanjam et al., 2007; Regina et al., 2008). Despite the successful
properties exhibited by this drug for several cancers, its utility in the
clinic is hampered by severe limitations such as poor aqueous sol-
ubility and serious side effects due to its non-selective distribution
in vivo. Clinically, the current formulation for PTX is made with Cre-
mophor EL (polyethoxylated castor oil and ethanol, 50:50. Taxol),
which should be diluted in saline prior to intravenous admin-
istration. Unfortunately, this formulation caused severe adverse
allergic reactions due to histamine release and hypersensitivity
reactions (Musacchio et al., 2008). Various drug delivery systems
(DDS) have been developed to overcome these deficiencies, includ-
ing micelles, nanoparticles and liposomes (Danhier et al., 2009; Xin
et al., 2010; Zhan et al., 2010; Zhao et al., 2009). Among these DDS

being applied to PTX, self-assembled nanoparticles, composed of
polymer amphiphiles, have been considered to be effective carri-
ers because they can stay unrecognized during blood circulation,
reduce the adverse reactions and increase the therapeutic efficacy.

dx.doi.org/10.1016/j.ijpharm.2011.08.052
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:xlfang@shmu.edu.cn
dx.doi.org/10.1016/j.ijpharm.2011.08.052


3 l of Ph

p
t
Z
w
s
f
2
A
w
h
1
m
c
n
b
t
w
p
p
a
c
a
l
p

c
a
a
e
c
t
r
m
a
t
i
b

2

2

C
c
t
w
p
f
1
p
S
D
w
d
w
m
(
d
l
t

o
(

86 X. Jiang et al. / International Journa

Poly(trimethylene carbonate) (PTMC), a biodegradable
olyester, has attracted much research interest due to their
unable biodegradability and biocompatibility (Rokicki, 2000;
hang et al., 2006c).  PTMC homopolymer and its block copolymer
ere stable in water, but could be degraded in vivo or in lipase

olutions by an enzymatic surface erosion process without the
ormation of acidic compounds (Han et al., 2009; Pego et al.,
003; Rokicki, 2000; Watanabe et al., 2007; Zhang et al., 2006c).
lthough PTMC with high molecular weight is amorphous, PTMC
ith a relatively low molecular weight is semi-crystalline and
as a melting temperature close to body temperature (Zhu et al.,
991). These unique properties render PTMC homo- and copoly-
ers potential candidates for biomedical application such as

ontrolled drug delivery. PEG as water soluble, biocompatible,
on-toxic and nonimmunogenic material, could not only enhance
iocompatibility but also favorably affect pharmacokinetics and
issue distribution (Mao  et al., 2005; Veronese, 2001). In present
ork, low molecular amphiphilic MPEG–PTMC containing high
ercentage of PEG segment was synthesized by ring opening
olymerization. In an aqueous medium, these copolymers self-
ssemble to form core–shell type nanoparticles. The hydrophobic
ore may  serve as a nanoreservoir for loading hydrophobic drugs
nd the PEG shell could endow the nanoparticles with a lower
evel of the reticuloendothelial system (RES) uptake and hence a
rolonged circulation half-life.

In this study, we aimed to investigate the delivery effi-
iency of those copolymer-based nanocarriers for insoluble
nticancer drugs, such as PTX, in vitro and in vivo. To
chieve this aim, PTX-loaded MPEG–PTMC nanoparticles by the
mulsion/solvent evaporation technique. The physicochemical
haracteristics, in vitro drug release, in vitro cell uptake charac-
eristics and in vivo harmacokinetics in rats were investigated,
espectively. And also, biodistribution and intracranial tumor accu-
ulation of fluorescein-labeled NP were evaluated by non-invasive

nd real-time NIR imaging systems. Furthermore, the in vitro anti-
umoral activity of NP/PTX against U87MG cells was  assessed and
n vivo antitumor pharmacological effect in intracranial tumor-
earing mice was evaluated.

. Materials and methods

.1. Materials, cells and animals

PTX was purchased from Xi’an San jiang Bio-Engineering
o. Ltd. (Xi’an, China). Taxol injection (Anzatax Injection Con-
entrate, 30 mg/5 ml)  was produced by FH Faulding & Co. Ltd.
rading as David Bull Lab (Melbourne, Australia). Cremophor EL
as kindly supplied by BASF Ltd. (Shanghai, China). Methoxy
oly(ethylene glycol) (MPEG-OH, Mn  is 3.0 kDa) was obtained
rom JenKem technology Co. LTD (Beijing, China). Polymer grade
,3-trimethylene carbonate, namely, 1,3-dioxan-2-one (TMC) was
urchased from Adamas Corporation (Shanghai local agent, China).
tannous octate (Sn(Oct)2, Aldrich) was distilled prior to use. 1,1′-
ioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR)
as purchased from Biotium (Invitrogen, USA). Coumarin 6, 3-(4,5-
imethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT),
as purchased from Sigma (St. Louis, MO,  USA). Cellulose ester
embranes (dialysis bag) with a molecular weight cut off value

MWCO) of 3500 (Greenbird Inc., Shanghai, China) were used in
ialysis experiments. Deionized (DI) water was produced by a Mil-

ipore water purification system (Millipore Corporation, USA). All

he other solvents were analytical or chromatographic grade.

U87MG cells were obtained from Shanghai Institute of Cell Biol-
gy. It was cultured in special Dulbecco’s modified Eagle medium
DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS,
armaceutics 420 (2011) 385– 394

Gibco). Balb/c nude mice (4–5 weeks old) of 20 ± 2 g body weight
and female Sprague–Dawley (SD) rats (200 ± 20 g) obtained from
Experimental Animal Center of Fudan University. All animal proto-
cols were approved by the Fudan University Institutional Animal
Care and Use Committee. Mice were housed under standard
humane conditions and had access to food and water ad libitum.

2.2. Preparation of MPEG–PTMC NP

MPEG–PTMC block copolymer was synthesized by the ring-
opening polymerization with modified condition compared to the
described previously (Zhang et al., 2006b). The details of the synthe-
sis procedures as well as the NMR  characterizations of the resulting
copolymers can be found in the online version of this article as
Supplementary Materials.

MPEG–PTMC nanoparticles were prepared through the
emulsion/solvent evaporation technique according to the
procedure described elsewhere (Zhang et al., 2004). Namely,
40 mg of MPEG–PTMC and different amounts of PTX in 1 ml
dichloromethane added into 5 ml  of 0.6% sodium cholate aqueous
solution were slowly poured into the solution and then sonicated
at 200 W on ice using a probe sonicator (Xin zhi Biotechnology
Co. Ltd., China). The emulsion formed was added drop-wise on
30 ml of sodium cholate 0.3% under rapid magnetic stirring. After
that, dichloromethane was  evaporated by rotary vacuum at 40 ◦C.
Nanoparticles were then centrifuged at 14,000 rpm at 4 ◦C for
45 min. After discarding the supernatant, nanoparticles were
resuspended in 1 ml  of physiological saline and kept at 4 ◦C for
further use.

The preparation of fluorescein-labeled NP was  the same as that
of PTX-loaded nanoparticles, except that 16 �l coumarin 6 or 80 �l
DiR (1 mg/ml stock solution in dichloromethane) was  additionally
added to dichloromethane containing copolymers before emulsi-
fication. Then, the free coumarin 6 or Dir was removed via CL-4B
column (Hanhong Chemica Co. LTD, China).

2.3. Characterization of the nanoparticles

2.3.1. Particle size, surface charge and morphology
Particle mean size, size distribution and zeta potential of the

NP were determined by dynamic light scattering (DLS) using a
Zeta Potential/Particle Sizer NicompTM 380 ZLS (Pss. NicompTM,
Santa Barbara, USA). The analyses were performed with 5 mW
He–Ne laser (632.8 nm)  at a scattering angle of 90◦ at 25 ◦C. Each
freshly prepared sample was  diluted to the appropriate concentra-
tion using DI water to avoid multi-scattering phenomena and was
placed into a quartz cuvette. The reported experimental result of
each sample was  expressed as a mean size ± SD for three separate
experiments. The morphological examination of NP was observed
by transmission electron microscope (TEM) (JEOL JMPEG-PTMC-
1230, Japan) at an acceleration voltage of 200 kV after negative
staining with phosphotungstic acid solution (2%, w/v).

2.3.2. Determination of PTX-loading content and encapsulation
efficiency

To investigate the drug loading content (DLC%) and encapsula-
tion efficiency (EE%), different amounts of PTX were co-dissolved
with MPEG–PTMC in the preparation process of NP. The NP/PTX
were diluted by acetonitrile and the concentration of PTX was
measured via HPLC conducted by using a Shimadzu HPLC sys-
tem equipped with a reversed-phase column (Gemini 5 �m C18,
200 mm × 4.6 mm,  Phenomenex, California, USA), a LC-10ATVP

pump, a SPD-10AVP UV detector (Shimadzu, Kyoto, Japan) and a
HS2000 interface (Hangzhou Empire Science & Tech, Hangzhou,
China) operated at 227 nm.  The mobile phase was  a mixture of
acetonitrile and water (60:40, v/v), the flow rate was  1.0 ml/min,
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nd the detection wavelength was 227 nm.  Sample solution was
njected at a volume of 20 �l. The HPLC was calibrated with stan-
ard solutions of 0.5–50 �g/ml of PTX dissolved in acetonitrile
correlation coefficient of R2 = 0.9998). The limit of quantification
as 0.5 ng/ml. The coefficients of variation (CV) were all within

.8%. The drug loading content (DLC%) and encapsulation efficiency
EE%) were obtained by the equations as follows:

LC % = Amount of PTX in NP
Amount of the feeding polymer and PTX

× 100%

E% = Amount of PTX in NP
Amount of the feeding PTX

× 100%

.4. In vitro release profiles

The in vitro release behaviors of PTX from the NP/PTX were
onitored in an aqueous medium containing 1 M sodium salicy-

ate by dialysis method (Liebmann et al., 1994). In brief, 1 ml  of
P/PTX solution (containing 0.1 mg  PTX) was introduced into a dial-
sis bag (MWCO  = 3,500 Da, Greenbird Inc., Shanghai, China) and
he endsealed dialysis bag was submerged fully into 80 ml  of 1 M
odium salicylate solution at 37 ◦C with stirring at 120 rpm for 48 h.
t appropriate time intervals (0, 15 and 30 min  and 1, 2, 4, 6, 8,
0, 12, 24 and 48 h), 1 ml  aliquots were withdrawn and replaced
ith an equal volume of fresh medium. 2 ml  of dichloromethane

DCM) was used to extract the released PTX, and after the DCM
as evaporated, the pellet was reconstituted in 1 ml  of acetoni-

rile/water (60:40, v/v) for HPLC measurement. PTX released from
tock solution and Taxol injection were also conducted under the
ame condition as controls. The concentration of PTX in samples
as determined by HPLC as described above with correction for

he volume replacement.

.5. Physical status of PTX in the NP

The physical state of PTX loaded in the NP freeze dried and
he pristine PTX was investigated by DSC (DSC 204, NETZSCH,
ermany) under nitrogen atmosphere at flow rate of 20 ml/min.
0 mg  NP/PTX was heated from 20 to 280 ◦C at speed of 10 ◦C/min.
ndium was used as the standard reference material to calibrate the
emperature and energy scales of the DSC instrument (Hu et al.,
007).

.6. In vitro cellular uptake of nanoparticles

Fluorescent nanoparticles were prepared by incorporating
oumarin 6 instead of PTX in the formulations as described in Sec-
ion 2.2. Twelve-well plates were seeded with 105 U87MG cells per
ell and the cells were incubated at 37 ◦C for 24 h to allow cell

ttachment. After 24 h, the medium was replaced by coumarin 6-
abled NP for 30 min, 1 h and 2 h. After incubation, the nanoparticles

ere removed and the wells were washed with ice-cold PBS and
hen visualized under fluorescent microscope (Leica DMI  4000B,
ermany).

.7. In vitro cytotoxicity assay

U87MG cells in the logarithmic growth phase were seeded at
,000 cells/well in DMEM supplemented with 10% (v/v) fetal calf
erum, 100 U/ml penicillin and 100 �g/ml streptomycin in 96-well

lates, and cultured at 37 ◦C with 5% CO2 under fully humidi-
ed conditions. After 24 h of incubation, cells were treated with
00 �l medium containing either respective drug samples—free
rug dissolved in DMSO, NP/PTX and Taxol injection with various
armaceutics 420 (2011) 385– 394 387

concentration or excipient—the blank MPEG–PTMC NP and Cre-
mophor EL with concentration ranging from 0.1 to 1000 �g/ml.
After 72 h incubation, MTT  was added to the medium to a final
concentration of 0.5 mg/ml  and the cells were then put back to the
incubator for another 4 h. Afterwards, 200 �l of DMSO was added
to each well to dissolve any purple formazan crystals formed. The
plates were vigorously shaken before measuring the relative color
intensity. The absorbance at 570 nm of each well was  measured by
a microplate reader (Tecan Safire 2, Switzerland).

2.8. In vivo pharmacokinetic study

Fifteen male Sprague–Dawley (SD) rats weighting 200 ± 20 g
were randomly assigned to three groups for pharmacokinetic
investigation. Group 1 and 2 received an i.v. injection of Taxol or
NP/PTX through the tail vein, respectively, at an equivalent dose
of 5 mg/kg PTX vs the body weight. At time points of 0 (pre-dose),
5, 15 and 30 min, 1, 2, 4, 8, 12 and 24 h post injection, blood sam-
ples (0.5 ml)  were collected from the orbital vein and centrifuged
at 1000 × g for 10 min  to obtain plasma. The plasma was stored at
−70 ◦C prior to analysis by HPLC. Liquid–liquid extraction was  per-
formed prior to analysis. Briefly, 200 �l samples of plasma were
mixed with 3 ml  of diethyl ether containing 50 �l of 1.0 �g/ml
diazepam as an internal standard. The samples were extracted on
vortex-mixer for 2 min  and then centrifuged at 6000 × g for 10 min.
Next, the organic layer was  transferred to a clean tube and evapo-
rated under a gentle stream of nitrogen. The extraction residue was
reconstituted in 100 �l acetonitrile and centrifuged at 1500 × g for
5 min  before HPLC analysis. The pharmacokinetic parameters were
calculated using the DAS (Drug and Statistic for Windows) software
(version 2.0).

2.9. Tissue distribution of MPEG–PTMC NP

Non-invasive and real-time NIR imaging systems was  used
to monitor the biodistribution of MPEG–PTMC NP. The intracra-
nial U87MG glioblastoma model was  established by inoculation of
4 × 105 cells (in 5 �l PBS) into the right striatum (1.8 mm lateral,
0.6 mm anterior to the bregma and 3 mm of depth) of male Balb/c
nude mice by using a stereotactic fixation device with mouse adap-
tor. Brain tumor-bearing mice were intravenously injected with
100 �l DiR-labeled MPEG–PTMC NP (DiR encapsulation content
0.2%) 14 days after inoculation, while control group was  injected
with physiological saline. At pre-determined time points, the mice
were sacrificed and their major organs and blood were harvested.
Each organ was  rinsed with PBS three times and put into the board.
Fluorescent images were captured using the MaestroTM in vivo
imaging system (CRI, Inc., Woburn, MA;  excitation: 700–950 nm,
emission: 780 nm long-pass). The MaestroTM optical system con-
sists of an optical head that includes a liquid crystal tunable filter
(LCTF, with a bandwidth of 20 nm and a scanning wavelength range
of 500–950 nm)  with a custom designed, spectrally optimized lens
system that relays the image to a scientific-grade megapixel CCD.
The tunable filter was automatically stepped in 10 nm increments
from 700 to 950 nm while the camera captured images at each
wavelength with constant 1 s exposure. The resulting images (spec-
tral cube, containing a spectrum at every pixel) were loaded into
MaestroTM 2.10 software and analyzed.

The tissue distribution of MPEG–PTMC NP was quantified by
measuring the ratio of NIR fluorescence intensity recorded as total
photons per centimeter squared per steradian per dissected organs.
2.10. Intracranial tumor accumulation of MPEG–PTMC NP in vivo

In vivo real-time fluorescence imaging analysis was  used to
evaluate the effect of tumor accumulation of MPEG–PTMC NP. The
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ntracranial U87MG glioblastoma model was established as fore-
oing, and the control mice were treated similarly with PBS only
without U87MG cells). The intracranial U87MG tumor-bearing

ice and the control mice were, respectively, injected with Dir-
abeled NP via tail vein 12 days after inoculation. The mice were
nesthetized and placed on an animal plate heated to 37 ◦C. The
uorescent scans were performed at various time points (1, 6, 12,
4 and 48 h) post i.v. using the CRI In Vivo Multispectral Imaging
ystem.

.11. In vivo anti-glioblastoma evaluation

The survival times of brain tumor-bearing mice were inves-
igated using Balb/c nude mice of 20 ± 2 g body weight. The
ntracranial U87MG glioblastoma model was established as
escribed above. The mice were randomly divided into four groups
nd treated with 100 �l of physiological saline, blank NP, Taxol and
P/PTX (all of 10 mg/kg PTX to body weight) days 8, 10 and 12 post-

noculation. The body weight was monitored and the survival times
ere recorded.

. Results and discussion

.1. Particle size, size distribution, morphology and zeta potential

The mean diameter of NP was about 49 nm with narrow distri-
ution (PDI between 0.10 and 0.18) (Fig. 1A and Table 1). Loading NP
ith PTX did not visibly affect particle size and size distribution. The

eta potential value of empty NP in 0.001 M NaCl solution (pH 7.4)
as −4.06 ± 1.4 mV.  The zeta potential of the NP/PTX was  slightly

ower than that of blank NP. Morphology of polymer NP/PTX was
bserved by TEM and the image showed that NP/PTX were regu-
arly spherical in shape. The dehydration and shrinkage of the NP
uring the process for TEM observation might lead to the smaller
iameter compared with the results from DLS. In the TEM photos,
PEG corona” on the NP surface could be observed (Fig. 1B).

.2. Drug encapsulation efficiency and drug loading content

With increasing PTX feeding ratio, the encapsulation efficiency
ecreased, however, the drug-loading content first increased and
hen decreased. Therefore, maximum encapsulation efficiency
as in group with minimum drug-loading content. Fortunately,

he drug-loading content could reach 6.17 ± 0.44% along with
4.3 ± 4.3% encapsulation efficiency when the PTX feeding ratio
as 6.54%.

.3. In vitro drug release behavior of NP/PTX

Prior to conducting the release assays, PTX release from stock
olution and Taxol injection were assessed as controls. It was found
hat >95% PTX in the stock solution and nearly 87% of PTX in Taxol
njection were released within the first 3 h. This suggested that PTX
ould freely diffuse through the dialysis membrane. As observed in
ig. 1C, the release behavior of PTX from NP/PTX exhibited a bipha-

ic pattern characterized by a fast initial release during the first 3 h,
ollowed by a slower and continuous release. This result showed
hat NP carriers could not only solubilize the poorly soluble drugs,
ut also sustain PTX release. In comparison to the reported data

able 1
articles size and zeta potential of the nanoparticles (n = 3).

Nanoparticles Size (nm) Polydisperity Zeta potentional (mv)

Blank NP 49.3 ± 2.8 0.11 ± 0.03 −4.06 ± 1.4
NP/PTX 49.5 ± 3.1 0.15 ± 0.06 −3.68 ± 1.1

Fig. 1. Particle size and size distribution of PTX-loaded MPEG–PTMC nanoparti-
cles by DLS (A); TEM image of PTX-loaded MPEG–PTMC nanoparticles, the bar is
100 nm (B); release profiles of PTX from of MPEG–PTMC nanoparticles in 1 M sodium
salicylate medium at 37 ◦C. Each point represents the mean ± standard deviation
(n  = 3).
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Fig. 2. Differential scanning calorimetry (DSC) therm

n similar systems, our nanoparticles loaded PTX exhibited much
aster release rate than the nanoparticles encapsulated dexametha-
one reported by Zhang et al. (2006a), and possible reasons of the
iscrepancy might be the different copolymer molecular weight
nd nanoparticles preparation method, and the distinct diffusion
eatures of PTX and dexamethasone from nanoparticles. Moreover,
he presence of high percentage of PEG segment in copolymer

atrix, which reduced the hydrophobic interactions of the copoly-
er  and PTX, induced easier soakage and penetration of water into

anoparticles. All these factors could accelerate the release of PTX
rom nanoparticles.
.4. Physical status of PTX in the NP

DSC thermograms of the PTX and the PTX-loaded nanoparticles
ere shown in Fig. 3, from which we can see that an endothermic

ig. 3. Cell uptake of coumarin 6-labeled NP after incubating at 37 ◦C for 30 min  (A), 60 m
xamined by fluorescent microscopy. Concentration of nanoparticles of all samples was
For  interpretation of the references to color in this figure legend, the reader is referred to
s of PTX and PTX-loaded PEG-PTMC nanoparticles.

melting peak was  exhibited at 226.7 ◦C for the pristine PTX (Fig. 2).
This peak disappeared for the PTX-loaded nanoparticles, indicating
that PTX formulated in the nanoparticles existed as an amorphous
state or a solid solution in the polymer matrix.

3.5. Uptake characteristic of nanoparticles by U87MG cells
in vitro

Coumarin 6-labeled nanoparticles (the in vitro release kinetics
of coumarin 6-loaded NP (drug-loading content 0.04%) indicated
that less than 0.5% of coumarin 6 released from the NP within
48 h, data are shown in the online version of this article as

Supplementary Materials were used to investigate cellular uptake
characteristic, the results of which were shown qualitatively using
fluorescent images. U87 MG  cells treated with coumarin 6-labeled
NP exhibited fluorescent intensity corresponding to incubation

in  (B) and 120 min  (C) and at 4 ◦C for 30 min  (D), 60 min  (E) and 120 min (F) was
 adjusted to 300 �g/ml. Green: coumarin-labeled NP. Original magnification: 20×.

 the web  version of the article.)



3 l of Pharmaceutics 420 (2011) 385– 394

t
e
c
w
e

3

M
a
c
(
p
a
h

p
f
f
p
c
s
A
a
o

3

i
N
T
f
c
C
s
c
s
o
u
i
a

Fig. 4. Viability of U87MG cells as a function of varying concentrations of excipients
90 X. Jiang et al. / International Journa

ime (Fig. 3A–C). The cellular uptake of coumarin 6-labeled NP
xhibited a time-dependent mode. In addition, cellular uptake of
oumarin 6-labeled NP at 4 ◦C (Fig. 3E-F) was inhibited compared
ith that at 37 ◦C. Therefore, the cellular uptake of NP was also

nergy-dependent.

.6. Cytotoxicity assay

In the concentration ranges (0.1–1000 �g/ml) of blank
PEG–PTMC NP, no cytotoxicity was observed (Fig. 4A). However,

t the concentration of 1 mg/ml, Cremophor EL displayed signifi-
ant cytotoxicity, which was well consistent with previous reports
Xin et al., 2010; Liebmann et al., 1994), and this effect might be
artly due to the cytostatic action of Cremophor EL. In addition,
t the identical concentration, Cremophor EL also exhibited much
igher cytotoxicity than MPEG–PTMC copolymer.

The in vitro cytotoxicity of NP/PTX was also investigated, com-
ared with that of the free drug and Taxol injection. After incubation
or 72 h, the IC50 values were 0.069 �g/ml for free PTX, 0.058 �g/ml
or Taxol and 0.051 �g/ml for NP/PTX, respectively (Fig. 4B). Com-
ared with free drug and Taxol injection, NP/PTX displayed similar
ytotoxicity. However, it should be noticed that in the case of Taxol
ignificant effect could be attributed to the excipient Cremophor EL.
nd thus, PTX-entrapped polymer NP represented slightly higher
ctivity than those of free PTX and Taxol in inhibiting the growth
f U87MG cells.

.7. In vivo pharmacokinetic study

The blood clearance curves for paclitaxel loaded in NP after
ntravenous administration to SD rats are shown in Fig. 5. The
P/PTX showed initial high blood circulating levels compared to
axol, while paclitaxel formulated in Taxol was quickly removed
rom the circulating system at 6 h after administration. On the
ontrary, NP/PTX exhibited a markedly delayed blood clearance.
ompartmental analysis of the plasma concentrations showed a
ignificant change in pharmacokinetic parameters of PTX in NP
ompared to that of commercial formulation (Table 2). It was
hown that NP/PTX could extend the elimination half-life (t1/2ˇ)

f Taxol from 4.19 h to 12.19 h (P < 0.01). Meanwhile, the area
nder the paclitaxel plasma concentration-time curve (AUC0→∞)

ncreased by about 7.17-fold for NP/PTX compared to Taxol. In
ddition, MRT  for the formulations of NP/PTX was 5.85-fold higher

Fig. 5. Plasma concentration–time curves of Taxol and NP/PTX after i.v
(MPEG–PTMC and Cremophor EL) (A); in vitro cytotoxicity of different formulations
of  PTX against U87MG cells (B). Each point represents the mean ± standard deviation
(n  = 3).
than Taxol (P < 0.01). In contrast, CL for NP/PTX was  significantly
lower than that of Taxol implying a longer retention of the drug
in blood circulation. Although Taxol can alter the biodistribution
of PTX as a result of entrapment of the drug into the circulating

. administration to SD rats at the same 5 mg/kg PTX dose (n = 5).
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Table 2
Comparative pharmacokinetic parameters of PTX formulations.

Parameters Formulations

Taxol NP/PTX

t1/2(˛) (h) 0.31 0.28
t1/2(ˇ) (h) 4.19 12.29**

AUC0→t (�g/(L h)) 4608.46 21797.13**

AUC0→∞ (�g/(L h)) 6014.49 43140.96**

MRT  (h) 2.97 17.38**

CL (L/(h kg)) 0.83 0.12*

Vd (L/kg) 0.87 0.82

C
1
N
p
c
n
r
o
r
t
a

3

t

F
s
w
a

* P < 0.05, compared with Taxol.
** P < 0.01, compared with Taxol.

remophor EL micelles (Gelderblom et al., 2001; Sparreboom et al.,
999), the pharmacokinetic results indicated that the PEG–PTMC
P had much longer systemic circulation time and much slower
lasma elimination rate than those of Taxol. This long blood cir-
ulation could be illustrated by the stealth behavior of polymer
anoparticles induced by hydrophilic shell of PEG, which will
educe the absorption by plasma proteins and decrease the rate
f mononuclear phagocyte system (MPS) uptake. Therefore, these
esults illustrated the potential utility of PEG–PTMC nanopar-
icles as long circulating reservoir for hydrophobic anticancer
gents.
.8. Tissue distribution of MPEG–PTMC NP

Non-invasive and real-time NIR imaging systems could be used
o monitor the fate of drug-loaded nanocarriers in vivo, and aid in

ig. 6. White light and NIR fluorescence images of DiR-labeled NP (A); representative ex
acrificed at 1, 6, 12, 24 and 48 h after intravenous injection of DiR-labeled NP: a, brain; b,
ith  a red arrow (B); ratio of the relative fluorescence intensity in dissected organs as a fu

s  means ± standard deviation (n = 3). (For interpretation of the references to color in this
armaceutics 420 (2011) 385– 394 391

the identification of key factors influencing biodistribution, phar-
macokinetics and tumor accumulation of various drug carriers
(Park et al., 2007). At 1 h post-injection, strong fluorescence inten-
sities were observed in the liver and spleen, indicating a large
number of MPEG–PTMC NP subjected to uptake by RES (Fig. 6B).
Fortunately, after 12 h post-injection, NIR fluorescence intensity
in intracranial tumor tissue was  increased, whereas that in blood
and other organs, such as liver, spleen, lung and heart, was grad-
ually decreased. On the basis of organ imaging, mean fluorescence
intensities of heart, liver, spleen, lung, kidney, blood, and the illumi-
nated region of brains were calculated. Fig. 6C displays the detailed
quantitative results on tissue distribution and brain tumor regions
accumulation as a function of time. The fluorescence intensity in
the heart, liver, spleen, lung, and blood decreased similarly. The
NIR fluorescence intensities of MPEG–PTMC NP in brain tumor
regions reached a peak at 12 h post-injection, maintained about
12 h, and then decreased gradually. The significant tumor tar-
geting of MPEG–PTMC NP may  be interpreted by the long-term
blood circulation time. DiR-labled NP could even be detected in
the blood at 48 h post i.v., implying that drug-loaded nanoparti-
cles were relatively stable in the bloodstream. Indeed, brain tumors
have a compromised endothelial barrier which facilitates molecu-
lar transport. Long-circulating nanoparticles were found either to
accumulate at the margins of the brain tumor (Enochs et al., 1999;
Grabb and Gilbert, 1995) or to be taken up by the tumor cells and
macrophages in tumor. Additionally, the in vitro release kinetics
of DiR-loaded NP (drug-loading content 0.2%) was investigated by

dialysis method. It indicated that only less than 1% of DiR  released
from the NP within 72 h (data not shown). Therefore, it was  DiR-
labeled NP penetrated into tumor and major organs but not free
DiR in the real-time NIR imaging analysis.

 vivo NIR fluorescence images of dissected organs of mice bearing U87MG glioma
 heart; c, liver; d, spleen; e, lung; f, kidney; g, blood. The tumor location is specified
nction of time after intravenous injection of DiR-labeled NP (C). Data are presented

 figure legend, the reader is referred to the web version of the article.)
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Fig. 7. In vivo NIR fluorescence images of brain tumor-bearing mice and control mice after intravenous injection of DiR-labeled NP. The tumor location is specified with a
r ader is
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study could not only induce less systemic toxicity, but also increase
anti-tumor efficacy.

Table 3
Median survival time for glioma implanted mice of different therapeutic groups.

Group Dose (mg/kg) Median (day) Log-rank test

vs saline vs blank NP vs Taxol

Saline – 21 – – –
Blank NP 153 21 P > 0.05 – –
ed  arrow. (For interpretation of the references to color in this figure legend, the re

.9. Intracranial tumor accumulation of MPEG–PTMC NP in vivo

As shown in Fig. 7, at all of the survey points, little flu-
rescence signal was detected in the brains of control mice.
owever, in intracranial tumor regions of glioblastoma-bearing
ice, MPEG–PTMC NP revealed significant tumor accumulation.

he fluorescence intensity exhibited time-dependent changes,
nd displayed a maximum fluorescence signal at 12 h post i.v.
he mechanism by which NP penetrated across BBB has so
ar not been totally explained. In our study, the results indi-
ated that blood–brain barrier (BBB) was partly impaired by
umor growth in xenograft glioblastoma model (the inocula-
ion method did not disrupt BBB), which is consistent with the
revious study (Xin et al., 2010; Zhan et al., 2010). And thus,
PEG–PTMC NP could target to high-grade glioma via EPR effect
here nanoparticles spontaneously accumulate in the pathological

rea due to PEG hydrophilic surface and long-term blood circula-
ion.

.10. In vivo antitumor efficacy

Fig. 8A represents Kaplan–Meier survival curves. After 1 week
reatment, the median survival time of mice treated with NP/PTX

27 days) was significantly longer than those of mice treated with
hysiological saline (21 days, P < 0.001), Taxol injection (24 days,

 < 0.05) and unloaded NP (21 days, P < 0.001) through log-rank
nalysis, respectively (Table 3). The result might be explained by
 referred to the web  version of the article.)

the increased local concentration of PTX in the tumor tissue via
EPR effect, prolonged blood circulation time and sustained release
profiles. Another reason could be that BBB was  destructed to some
extent upon tumor growth, even though it is still controversial (de
Vries et al., 2009; Fomchenko and Holland, 2006). The change in
body weight was also recorded in 11 days post i.v. because the
mice in physiological saline group died on day 19 after implan-
tation. At the identical days there was  much less body weight loss
in mice of NP/PTX group than that of mice in any other three groups
(Fig. 8B). Compared to physiological saline group, blank NP group
mice exhibited similar median survival time and weight loss during
the experimental period, indicating that MPEG–PTMC nanoparti-
cles were safe carriers. Taken together, NP/PTX developed in our
Taxol 10 24 * * –
NP/PTX 10 30 ** ** *

* P < 0.05.
** P < 0.01.
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Fig. 8. Kaplan–Meier survival curves of intracranial U87MG glioblastoma-bearing
mice treated with NP/PTX and Taxol at days 8, 10 and 12 (1 week treatment) after
inoculation (each dosing 10 mg/kg PTX). Arrows indicate the time of therapeutic
injections (A); changes in body weight of mice as a function of time in intracranial
U
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s
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G

Pego, A., Van Luyn, M.,  Brouwer, L., Van Wachem, P., Poot, A., Grijpma, D., Feijen, J.,
2003. In vivo behavior of poly(1,3-trimethylene carbonate) and copolymers of
87MG glioma-bearing mice (B) (n = 8).

. Conclusions

In this study, biodegradable nanoparticles were prepared
rom amphiphilic MPEG–PTMC diblock copolymer by the emul-
ion/solvent evaporation technique for controlled release of an
ntineoplastic drug (PTX). The optimized formulation with ideal
rug-loading content and encapsulation efficiency had the parti-
le size around 49 nm.  In vitro, PTX-loaded nanoparticles displayed
ustained release and noticeable anti-tumor efficacy slightly higher
han Taxol injection. The pharmacokinetic and biodistribution
tudies demonstrated that NP/PTX could significantly increase the
lood circulation time of PTX. In vivo real-time image also exhibited
ignificant brain tumor passive targeting. In addition, the thera-
eutic improvement of PTX-loaded nanoparticles in vivo against

ntracranial U87MG glioblastoma was also obtained based on the
ffect of passive tumor targeting. Taken together, MPEG–PTMC

anoparticles developed in this study may  be a potential delivery
ystem for improving the limited penetration of PTX in advanced
MB.
armaceutics 420 (2011) 385– 394 393
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