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a  b  s  t  r  a  c  t

Polymeric  nanoparticles  (NPs)  have  great  potential  application  in  achieving  targeted  delivery  of  anti-
cancer  drugs.  Paclitaxel  (PTX)  loaded  NPs  were  developed  using  biodegradable  methoxy  poly  (ethylene
glycol)–poly  (ε-caprolactone)  (MPEG–PCL)  diblock  copolymer  by solid  dispersion  technique  without  toxic
organic  solvent.  The  lyophilized  powder  has  been  stored  at room  temperature  for  more  than  six  months
and  still  unchanged.  PTX-loaded  MPEG–PCL  nanoparticles  (PTX-NPs)  displayed  that  the  highest  drug  load-
ing of  PTX  was about  25.6%  and  entrapment  efficiency  was  over  98%,  and  the  optimized  average  diameter
and  polydispersity  index  (PDI)  were  about  27.6  ± 0.1  nm  and  0.05,  respectively.  Moreover,  experimental
results  shown  PTX-NPs  had  sustained-release  effects  and  its curve  fitting  followed  the  Higuchi  model.
mphiphilic diblock copolymer
PEG–PCL

olid dispersion technique

The  maximum  tolerated  dose  (MTD)  of  PTX-NPs  after  single  dose  in  Balb/c  mice  was  above  80  mg  PTX/kg
body  weight  (b.w),  which  was  2.6-fold  higher  than  that  of Taxol® (30  mg PTX/kg  b.w).  The  levels  of  PTX
administrated  PTX-NPs  had  obvious  distinction  to  Taxol® in  plasma,  liver,  spleen,  kidneys,  lungs,  heart
and  tumor.  Especially,  the  concentration  of  PTX  in  tumor  administrated  PTX-NPs  was  higher  than  admin-
istration of  Taxol®. All  results  suggested  that  we  had  contrived  a  simple,  biodegradable,  effective  and

y  syst
controllable  drug  deliver

. Introduction

Due to poor water solubility of many therapeutic compounds,
heir applications to clinical research were greatly restricted. Pacli-
axel (PTX) is a natural anticancer drug, which is effective in treating
varian cancer, breast cancer, stomach cancer, lung cancer, thyroid
ancer, non-small cell lung cancer, AIDS related Kaposi’s sarcoma,
tc. (Wall, 1998). However, because of its poor aqueous solubility
nd low therapeutic index, the clinical applications are extremely
imited. Clinical applications of PTX (Taxol®) are usually formu-
ated based on Cremophor EL (527 mg/mL) and ethanol (Vyas and
ittorio, 1995). Unfortunately, serious side effects are associated
ith alcohol-based solvents and Cremophor EL, such as severe
ypersensitivity reactions (Weiss et al., 1990), peripheral neuropa-
hy (Rowinsky et al., 1993), etc., which are not well tolerated for
atients (Terwogt et al., 1997).

To date, numerous techniques have been attempted to improve
he solubility of PTX, such as self-emulsion (Chu et al., 2009), inclu-

ion compound (Liu et al., 2003; Yigitbasi et al., 2004; Zhang et al.,
005), liposomes (Wu et al., 2006), nanosphere (Gao et al., 2008;
aucher et al., 2010; Hammady et al., 2009; Miglietta et al., 2000;

∗ Corresponding author. Tel.: +86 28 85164063; fax: +86 28 85164060.
E-mail address: anderson-qian@163.com (Z. Qian).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.05.014
em  for  paclitaxel.
© 2011 Elsevier B.V. All rights reserved.

Mu  et al., 2010; Musumeci et al., 2006; Ravi Kumar et al., 2004;
Wang et al., 2007; Zhang et al., 1996), nanoparticles (Dong and Feng,
2004; He et al., 2007; Lee et al., 2008; Li et al., 2008; Önyüksel et al.,
2009; Yadav et al., 2007; Zhang et al., 2005), etc. Polymeric nanopar-
ticle (NP) is a very promising drug delivery system, which has
attracted many researchers’ attention. Many papers about copoly-
mer  nanoparticles have been published (Chan et al., 2009; Gao et al.,
2008; Gaucher et al., 2010; Kim et al., 2001; Matsumura, 2008; Mu
et al., 2010; Wang et al., 2007; Zhang et al., 1996), only a limited
number of products have been successfully used in clinical research
(Kim et al., 2001; Matsumura, 2008). The reasons, apart from the
toxicity and cost of materials, ascribe to be that many new tech-
nologies or concepts were within academia and were not suitable
for scaling up.

Now the greatest challenge in developing cancer drugs is to
deliver them to the target tumor tissues with lower systemic toxi-
city. Because tumor tissues have abnormal blood vessels with large
pores, NPs in the range of 10–100 nm can leak into the surround-
ing tumor tissue, which was known as enhanced permeability and
retention (EPR) effect (Maeda et al., 2000). It allowed NPs to pas-
sively accumulate in the tumor to reduce the side effects of cancer
drugs.
Amphiphilic block copolymers are composed of hydropho-
bic and hydrophilic segments. In aqueous solution, they can
self-assemble to form core-shell micellar nanostructures with
hydrophobic segments (core) serving as the nanocontainer of

dx.doi.org/10.1016/j.ijpharm.2011.05.014
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:anderson-qian@163.com
dx.doi.org/10.1016/j.ijpharm.2011.05.014
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ydrophobic compounds and hydrophilic domain (shell) serving as
 stabilizing interface of NPs. The size of polymeric micelle is typi-
ally in range of 10–100 nm.  So far, various preparation approaches
uch as dialysis (Cha et al., 2009; Gong et al., 2009; Letchford et al.,
009; Sheikh et al., 2009), oil-in-water (Jaromin et al., 2006), sol-
ent evaporation (Chavanpatil et al., 2006; Jackson et al., 2004;
in et al., 2007; Li et al., 2009; Mo  and Lim, 2005; Westedt et al.,
007), co-solvent evaporation (Jette et al., 2004; Misra et al., 2009),
reeze-drying method (Fournier et al., 2004), and etc., have been
eveloped. However, many current papers focus exclusively on
tudies of pharmacy stability (clarify or precipitation), while ignor-
ng the preparation process, especially the chemical stability of
rugs or using many toxic organic solvents during the prepara-
ion process, these factors led to its difficulty to promote the use of
xisting technology. Therefore, in the future researchers should pay
ore attention to the preparation process of NPs. With the devel-

pment of nanoscience, many hurdles of drug formulations can be
vercome in the future.

In present work, the MPEG–PCL diblock copolymers shows
 wonderful combination with PTX. This PTX-loaded MPEG–PCL
anoparticles (PTX-NPs) and preparation technology are better
han PTX formulations previously reported (Beletsi et al., 2008;
hang and Chu, 2008; Dong et al., 2010; Dong and Feng, 2004,
007; Duan et al., 2006; Gryparis et al., 2007; Katsikogianni and
vgoustakis, 2006; Kim and Lee, 2001; Ko et al., 2007; Lee et al.,
008; Ngawhirunpat et al., 2009; van Hasselt et al., 2009; Wu et al.,
006; Xiong et al., 2008; Zhang et al., 2005). The PTX-NPs was pre-
ared through solid dispersion technique without organic solvent,
nd the lyophilized powder without cryoprotector can be easily re-
ispersed in water. PTX-NPs may  be an excellent PTX formulation
hat may  enter market in the future.

. Materials and methods

.1. Materials

Monomethoxy poly(ethylene glycol) (MPEG, Mn = 750, 2000,
nd 5000, Aldrich, USA), ε-caprolactone (ε-CL, Alfa Aesar, USA),
tannous octoate (Sn(Oct)2), Dulbecco’s modified Eagle’s medium
DMEM), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
romide (MTT) and Paclitaxel were purchased from Sigma (USA).
ehydrated alcohol, dimethylformamide (DMF), tert-butyl alco-
ol, dichloromethane (DCM) and petroleum ether were purchased

rom Kelong Chemicals (Chengdu, China). TAXOL® (Bristol-Myers
quibb, USP). The animals were purchased from the Laboratory
nimal Center of Sichuan University (Chengdu, China). The ani-
als were housed at temperature of 20–22 ◦C, relative humidity

f 50–60% and 12 h light-dark cycles. Free access to food and water
as allowed. All animals would be in quarantine for a week before

reatment. All animals care and experimental procedures were con-
ucted according to Institutional Animal Care and Use guidelines.

.2. Methods

.2.1. Synthesis of diblock copolymer
MPEG–PCL copolymers with different molecular weight ratios

f MPEG/PCL were synthesized by ring-opening polymerization
ccording to previous report (Wei  et al., 2009). The obtained
PEG–PCL copolymers were purified and kept in air-tight bags

efore further application. The macromolecular weight (Mn) was
haracterized by proton nuclear magnetic resonance (1H NMR)
pectroscopy.
.2.2. Preparation of PTX-NPs

.2.2.1. Preparation of PTX-NPs with different Mn  ratios of MPEG–PCL.
t 40 ◦C, ninety-two milligrams of MPEG–PCL copolymer with dif-
harmaceutics 414 (2011) 251– 259

ferent macromolecular weights and eight milligrams of PTX were
dissolved in 3 ml  of dehydrated alcohol under vigorous stirring.
After all contents were dissolved, the solution was  evaporated on
a rotary evaporator under reduced pressure at 60 ◦C. When alco-
hol was  evaporated, homogenous coevaporation was  obtained. PTX
was distributed in polymeric carriers as amorphous form. Then the
coevaporation was  dissolved in water at 65 ◦C to create PTX-NPs
solution, and the solution was filtered with a 0.22 �m filter to gain
a clarified solution. Then the solution was lyophilized in a freeze
dry system to receive dried PTX-NPs powder.

2.2.2.2. Preparation of PTX-NPs with different methods. (1) Dialysis
method. PTX-NPs were prepared according to the method reported
previously (Kim and Lee, 2001): PTX (8 mg)  and MPEG–PCL (92 mg)
were dissolved in 10 ml DMF. Then the solution was transferred
into a dialysis tube (Spectrapore, MWCO3500) to dialyze against
distilled water for 24 h. The outer solution was exchanged at appro-
priate time interval. After 4000 r/min centrifuged, the supernatant
solution was  filtered with a 0.22 �m filter to gain a clarified solution
and then freeze-dried to obtain the resultant drug-loaded powder.
The dried powder was rehydrated with water before application.

(2) Solid dispersion technique. The process for the preparation of
PTX-NPs was  the same as the method of preparation of PTX-NPs
with different Mn  ratios of MPEG–PCL.

(3) Freeze-drying PTX (8 mg)  and MPEG–PCL (92 mg) were dis-
solved in 4 ml  tert-butyl alcohol (TBA)/water (v/v, 3:1) mixed
solution. The solution was  filtered with a 0.22 �m filter to gain
a clarified solution and then freeze-dried. The dried power was
rehydrated with water before application (Fournier et al., 2004).

2.2.3. Characterization of PTX-NPs
2.2.3.1. Drug loading, entrapment efficiency and yield. The amount
of nanoparticles was  first dissolved in acetonitrile to destruct its
package status and filtered through 0.22 �m filter to obtain a
clear solution, then the sample solution was  determined at 227 nm
using reverse-phase High Performance Liquid Chromatography
(RP-HPLC) with a C18 column (4.6 mm × 150 mm – 5 �m, Grace
Analysis column), with acetonitrile/water (48/52, v/v) as eluent
solution. Drug-loading (DL), entrapment efficiency (EE) and yield
(Y) were obtained by the following calculation equations:

DL % = Amount of PTX determined in micelle
Amount of PTX determined + copolymer

× 100% (1)

EE % = Amount of PTX loaded in micelle
Amount of PTX in feed

× 100% (2)

Y % = Amount of freeze-dried powder
Amount of PTX and copolymer in feed

× 100% (3)

The characterization of PTX-NPs such as particle size, zeta poten-
tial and polydispersity index (PDI) were characterized by Malvern
Nano-ZS 90 laser particle size analyzer after equilibration for
10 min. The stability of the NPs was evaluated based on the Particu-
late Matter in injections of USP Pharmacopoeia, each sample should
be inspected without observable foreign and particulate matter in
its solution. The morphological characteristics of PTX-NPs were
examined by transmission electron microscope (TEM, H-6009IV,
Hitachi, Japan): nanoparticles were diluted with distilled water and
placed on a copper grid covered with nitrocellulose. The samples
were negatively stained with phosphotungstic acid and dried at
room temperature.
2.2.3.2. Crystallographic study. Crystallographic assay was per-
formed on PTX powder, blank MPEG–PCL copolymer, physical
mixture of PTX and MPEG–PCL, and PTX-NPs freeze-dried powder
by PHILIPS X-ray Diffraction (XRD, X’Pert Pro, MPDDY 1291) using
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u K� radiation. Samples were scanned from 5◦ to 40◦ at a scan-
ing speed of 1◦/min and a step size of 0.05◦ 2�. The X-ray tube was
perated at a potential of 40 kV and a current of 35 mA.

.2.4. In vitro drug release behavior
In vitro release behavior of PTX from PTX-NPs was  developed

y dialysis method, which was shown as follows: 1 ml  of reconsti-
uted PTX-NPs freeze-dried powder with water (equal to 1.0 mg  of
TX) and 1.0 ml  of PTX solution in DMSO (1 mg/ml) were placed
n dialysis bags (molecular mass cut off is 8–14 kDa). The dialysis
ags were incubated in 40 ml  of phosphate buffer (pH = 7.4) con-
aining Tween80 (0.5%, w/v) at 37 ◦C with 100 r/min stirring, 2 ml
f medium was drawn and replaced by fresh incubation medium
t predetermined time points. The sample solution was  centrifuged
ith 6000 r/min for 10 min  to get supernatant. The drug in super-
atant was quantified by the same method of DL. All results were
he mean of three test runs, and all data were expressed as the

ean ± S.D.

.2.5. Cell viability assay
In vitro cytotoxicity of the drugs was determined by standard

TT  assays using murine breast cancer cell 4T1. In addition, the
ytotoxicity of blank copolymer material was also tested using
uman embryonic kidney 293 cells (HEK293) and L929 cells. Pri-
arily, cells were plated at a density of 1 × 104 cells per well in

00 �l of DMEM medium in 96-well plates and grown for 24 h.
he cells were then exposed to a series of different concentra-
ions of blank polymeric material, free PTX, Taxol® and PTX-NPs
or 48 h. After that, 20 �l MTT  solution (5 mg/ml) was added to
ach well and the plates were continue incubated for another 4 h,
llowing the viable cells to transform the yellow MTT  into dark-
lue formazan crystals, which were dissolved in 160 �l of dimethyl
ulphoxide (DMSO). The optical density (OD) of each well was mea-
ured at 570 nm by an ELISA microplate reader (ELX800 Biotek,
SA), respectively. Cell viability (CV) was determined by the fol-

owing formula:

V (%) = OD(test well)
OD(reference well)

× 100% (4)

ll the results obtained from MTT  assays were confirmed by repeat-
ng at six individual experiments, and all data were expressed as the

ean ± S.D.

.2.6. In vitro hemolytic test
In vitro hemolytic study of PTX-NPs was performed. Briefly,

.5 ml  of blank MPEG–PCL polymer (50 mg/ml) and 2.5 ml  of
TX-NPs (0.4 mg/ml, obtained from the maximum recommended
herapeutic dose for human), 0.8 mg/ml, 1.0 mg/ml, 1.6 mg/ml  of
TX in normal saline were added into 2.5 ml  of rabbit erythro-
yte suspension (2%) in normal saline at 37 ◦C. Normal saline and
istilled water were employed as negative and positive control,
espectively. Three hours later, the erythrocyte suspensions were
entrifuged and the color of the supernatants was compared with
ontrols. If the supernatant solution was absolute achromatic, it
as implied that PTX-NPs did not induce any hemolysis. In contrast,

he PTX-NPs would induce hemolysis if the supernatant solution
as red.

.2.7. Maximum tolerated dose (MTD)
MTD  studies for PTX-NPs and clinically used formulation

TAXOL®) were carried out in healthy Balb/c female mice. In the
ingle dose study, healthy female mice were conducted with 6 ani-

als per group. Ten groups of mice received i.v. injection of 15,

5, 35, 45 mg  PTX/kg b.w of TAXOL® and 30, 40, 60, 80, 100 mg
TX/kg b.w of PTX-NPs and normal saline as a control through tail
ein. The volume given i.v. was 0.2–0.3 ml.  The MTD  was defined
harmaceutics 414 (2011) 251– 259 253

as the allowanced of a median body weight loss of approximately
15% of the control and cause neither death due to toxic effects nor
remarkable changes in the general signs within one week after
administration (Discher and Eisenberg, 2002).

2.2.8. Pharmacokinetic and tissue distribution studies
Healthy SD mice (6 weeks, 200 ± 20 g) were injected through

the tail vein with 4 mg/kg (consulted with the clinical dose for
human) of Taxol® and PTX-NPs. Then withdrew blood from the
rat tail vein at 0.083, 0.5, 1, 2, 4, 6, 8, 10, 12, 24 h, and samples
were centrifuged at the rate of 10,000 r/min and harvested 100 �l
of upper plasma to determine. The blood concentration–time curve
was calculated. The determined approach was as follows: 100 �l
samples of plasma were mixed with 20 �l of levonorgestrel solu-
tion in methanol (29.4 �g/ml) as the internal standard and then
added 300 �l of ethyl acetate–hexane (1:1 v/v). The samples were
vortexed at the rate of 2500 r/min for 5 min, and then centrifuged at
the rate of 12,000 r/min for 10 min. After that the organic layer was
transferred to a clean tube and evaporated to dryness under blow-
ing nitrogen gas at 40 ◦C. The extraction residue was reconstituted
in 50 �l of methanol and centrifuged at the rate of 16,000 r/min for
5 min, and 20 �l of upper solution was  injected into the HPLC sys-
tem. The determined approach of HPLC was the same as the method
of LE.

2.2.8.1. Tissue distribution studies. 4T1 breast cancer cells (2 × 105

cells) were inoculated into female SPF Balb/c mice (8 weeks,
20 ± 2 g), when tumors were approximately 80–200 mm3 in size,
the mice were randomly divided into three groups (n = 75), Two
groups were given a single i.v. injection of 4 mg PTX/kg b.w of
Taxol® and PTX-NPs. The third group was injected with 10 mg
PTX/kg b.w of PTX-NPs. Five mice were sacrificed at 0.5, 2, 6, 12
and 24 h after drug administration. Samples of plasma, liver, kid-
ney, spleen, lung, heart, brain and tumor were harvested and stored
at −20 ◦C until detected. The concentrations of PTX in various tis-
sues at different time were calculated. The determined approach
was as follows: tissue samples were homogenized (ultra-turraxT10
basic, IKA, Germany) in 0.25 ml  normal saline first, then extracted
and determined as described above.

3. Results

3.1. Selection of MPEG–PCL copolymer and nanoparticles
preparative methods

Table 1 shows the result of preparation of PTX-NPs with different
Mn ratios of MPEG–PCL copolymer and different preparative meth-
ods. The result shown that MPEG2000–PCL2000 was very suitable to
prepare PTX-NPs, and the PDI was  only 0.10, which also proved
the NPs had an uniform particle size distribution. This experiment
verified the theory that the fraction (f) of the hydrophilic domain
relative to molecular weight is controlled within a certain range
(f > 0.42) generally form spherical micelles (Discher and Eisenberg,
2002).

Dialysis method is one of the most extensively used methods.
However, as the results of experiment as shown in Table 2, DL,  EE
and Y were not ideal. Last but most important, most of particle
sizes were more than 100 nm (Fig. 1), and these sizes cannot meet
the requirements of EPR effect. Compared with dialysis method,
freeze-drying is a simple, valuable tool to prepare nanoparticles. EE
was almost 100%. The mean size was  33.1 ± 0.5 nm, PDI was 0.17.
However, this procedure worked with poisonous organic solvent

TBA. This was  limited in practical applications.

By solid dispersion technique, PTX could be successfully incor-
porated into MPEG–PCL copolymer. The prepared NPs had the
highest DL (25.6%), EE (99.5%) and uniform size distribution
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Table  1
PTX-NPs prepared from MPEG–PCL copolymers with different molecular weight ratios.

MPEGx–PCLy Drug loading (%)a Encapsulation efficiency (%)a Particle size (nm) Polydispersity index Stability (25 ◦C)

MPEG750–PCL2000 – – – – –
MPEG2000–PCL2000 8.1 ± 0.1 99.3 ± 0.2 28.6 ± 1.1 0.10 ± 0.1 7 h
MPEG2000–PCL4000 8.3 ± 0.1 99.7 ± 0.3 153.5 ± 2.2 0.99 ± 0.1 4 h
MPEG2000–PCL8000 – – – – –
MPEG5000–PCL2000 8.1 ± 0.2 99.8 ± 0.3 406.1 ± 5.6 0.47 ± 0.2 5 h

X: MPEG Theoretical molecular weight.
Y: PCL Theoretical molecular weight.

a The amount of PTX in the solution was determined by HPLC.
“–”  PTX-NPs cannot be prepared or was extremely instable.
Data represent mean ± SD (n = 3).

Table 2
Nanoparticles preparation with different methods.

Method Drug loading (%)a Encapsulation efficiency (%)a Yield (%) Particle size (nm) Polydispersity index

Dialysis method 0.4 ± 0.9 5.4 ± 0.5 3.1 ± 1.2 42.3 ± 2.5 0.77 ± 0.1
Solid  dispersion technique 8.1 ± 0.3 99.3 ± 0.6 99.8 ± 0.5 28.6 ± 0.1 0.10 ± 0.2
Freeze-drying 8.3 ± 0.2 99.9 ± 1.1 99.97 ± 1.1 33.1 ± 0.5 0.17 ± 0.1

a The amount of PTX in the solution was determined by HPLC.
Data represent mean ± SD (n = 3).
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Fig. 1. The size distribution of PTX-NPs prepared by dialysis method.

PDI = 0.10) as shown in Table 2. Remarkable features of our
reparation procedure (Fig. 2) included the formation of a clear
olymer/drug solution without toxic organic solvent, moreover,
he alcohol could be recycled which can greatly reduce the cost of
roduction. Furthermore, the freeze-drying powder without cry-
protector could be stored at room temperature for more than six
onths and easy to be rehydrated with water. Unlike other drug
ncorporation methods, which contained toxic organic solvent or
ialysis steps or time-consuming emulsification, our preparation
eriod was too short to increase any related substances of PTX. Last
ut not least, the polymeric material had good biodegradability and

Fig. 2. Scheme of the solid dispersion t
Fig. 3. Effect of temperature on PDI and particle size of PTX-NPs (DL = 8%). Each point
represents mean ± SD. Error bars represent the standard deviation (n = 3).

the preparation technology was  easy to realize sterile manufactur-
ing in compliance with good manufacturing practice.
Besides the factors of drug loading and the length of the
hydrophobic segment, we  found the temperature had great influ-
ences on the particle size and PDI. Therefore, we studied the mean

echnique preparative procedure.
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ig. 4. Morphology of PTX-NPs. (A) Water, (B) Blank MPEG–PCL NPs (33 mg/ml), (C)
TX-NPs (DL = 8%), (D) PTX-NPs freeze-dried powder, (E) Re-dispersed freeze-dried
TX-NPs with water (DL = 8%).

ize and distribution of the nanoparticles under different prepa-
ation temperatures which were 45, 50, 55, 60, 65, 70, 75, 80 ◦C,
espectively, as shown in Fig. 3. The smallest mean particle size of
Ps was 27.2 nm and PDI was 0.07 at 75 ◦C. However, the tem-
erature is not good for chemical stability of PTX, so that the
emperature 65 ◦C was an optimal preparation temperature.

.2. Characterization of PTX-NPs
PTX-NPs were prepared by solid dispersion technique using
PEG–PCL copolymer. The highest DL was 25.6%, the particle size

ig. 5. PTX-NPs prepared by solid dispersion technique: (A) Particles size, (B) TEM
mage. Scale bars were 150 nm.
Fig. 6. Powder X-ray diffraction patterns for PTX and MPEG–PCL materials. (a)
PTX,  (b) Blank MPEG2000–PCL2000 polymer, (c) physical mixtures of PTX and
MPEG2000–PCL2000 (8:92), (d) PTX-NPs (DL = 8%).

ranged from 27.6 nm to 53.1 nm when the initial amount of PTX
was <28% (DL), and the particle size would increase gradually with
increasing amount of loaded PTX. In our experiments, the reconsti-
tuted solution (DL = 8.0%) was stable for 7 h at room temperature
(Table 3), and 7 h of stable time was  sufficient to meet the require-
ment of clinical infusion. Besides, the solution can be stable for 5
days at 4 ◦C, stable time became shorter with the increase of DL.
The reasons maybe that MPEG–PCL copolymer dissolved in solu-
tion was not enough to entrap and stabilize more PTX or hydration
layer which formed by MPEG was too thin to sustain its micellar
structure.

The appearance of PTX-NPs was shown in Fig. 4, and the clear
solution could be observed. The PTX-NPs (DL = 8%) was chosen to
characterize in detail. The mean size of PTX-NPs was about 27.6 nm
(Fig. 5A). Fig. 5B shows TEM image of PTX-NPs. The TEM image
clearly revealed that PTX-NPs were uniform and spherical shapes
in solution, and the sizes consisted with the result characterized by
Malvern Nano-ZS 90 laser particle size analyzer.

Crystallographic assay was performed by XRD and the result
was presented in Fig. 6. In comparison with XRD diagram of PTX,
blank MPEG–PCL copolymer, and physical mixtures of PTX and

MPEG–PCL copolymer (8:92), the absence of specific diffraction
peaks in diagram of PTX-NPs (DL = 8%) indicated that PTX was
completely encapsulated within their core-shell structure amor-
phously.

Fig. 7. In vitro release curve of PTX-NPs and free PTX solution. Each point represents
mean ± SD for three samples. Error bars represent the standard deviation (n = 3).
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Table  3
Drug-loading and encapsulation efficiency of PTX-NPs.

Sample no. Drug feeding (wt%) Drug loading (%)a Encapsulation efficiency (%)a Particle size (nm) Polydispersity index Stability

4 ◦C 25 ◦C

1 5.8 5.7 ± 0.8 98.3 ± 1.1 27.6 ± 0.2 0.05 ± 0.02 7 d 9 h
2  8.2 8.1 ± 1.1 98.8 ± 1.3 28.6 ± 0.1 0.11 ± 0.03 5 d 7 h
3  11.2 11.0 ± 1.2 98.2 ± 0.9 41.9 ± 2.9 0.39 ± 0.01 4 d 4 h
4 15.0  14.8 ± 0.9 98.7 ± 0.7 44.1 ± 1.1 0.21 ± 0.03 2 d 3 h
5 20.2  20.1 ± 1.3 99.5 ± 1.1 53.1 ± 2.2 0.43 ± 0.02 10 h 0.5 h
6  28.0 25.6 ± 1.5 91.4 ± 2.1 – – 1 h 0.15 h

“ tituted.
D

3

N
m
s
r
s
t
o
fi
fi
i
d

F
H
f
t

a The amount of PTX in the solution was determined by HPLC.
–”  PTX-NPs can be prepared, however, the freeze-drying powder cannot be recons
ata represent mean ± SD (n = 3).

.3. In vitro drug release behavior

Fig. 7 showed the in vitro release profiles of PTX from PTX-
Ps and free PTX. Free PTX exhibited a rapid release behavior and
ore than 95% of drug was released within 32 h, thus it demon-

trated that the dialysis membrane had no effect on retarding the
elease of the drug from nanoparticles. In contrast, the experiments
howed only about 30% of initial loading amount released from
he PTX-NPs in 12 days. We  studied the release kinetics equations
f PTX-NPs, and the results were shown in Table 4. The results of
tting models of PTX-NPs in vitro release showed it had the best

t for the Higuchi model, because its coefficient is the largest. So

t demonstrated in vitro drug release behavior was dominated by
iffusion mechanism. However, the characteristic parameters of

ig. 8. (A) Cytotoxicity of blank MPEG–PCL polymer at different concentrations on
EK293 cells and L929 cells. (B) Cytotoxicity of free PTX, Taxol® and PTX-NPs at dif-

erent concentrations of PTX on murine breast cancer cell 4T1. Error bars represent
he standard deviation (n = 6).

Fig. 9. Hemolytic test: (A) distilled water as positive control; (B) normal saline as
negative control; (C) 50 mg/ml of blank NPs in saline solution; (D) 0.4 mg/ml of PTX

of  PTX-NPs in saline solution; (E) 0.8 mg/ml of PTX of PTX-NPs in saline solution; (F)
1.0 mg/ml  of PTX of PTX-NPs in saline solution; (G) 1.6 mg/ml of PTX of PTX-NPs in
saline solution.

drug release mechanism of n in Korsmeyer–Peppas was equal to
0.6186, between 0.45 and 0.89, this showed that PTX released from

the NPs was  actually a result of a combination of drug diffusion
and polymer materials corrosion degradation. Moreover diffusion-
controlled release behavior dominated in the release process.

Fig. 10. The blood concentration–time curve in mice plasma after i.v. administration
of  equal dose of 4 mg  PTX/kg b.w of Taxol® and PTX-NPs. Error bars represent the
standard deviation (n = 6).
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Fig. 11. Tissue distribution of PTX determined in Balb/c mice after i.v. administration o
of  Taxol® and PTX-NPs, the concentration of PTX at different time in mice plasma (A), h
administration 4 mg  PTX/kg b.w of Taxol® and 10 mg  PTX/kg b.w of PTX-NPs, the concent
deviation (n = 5).

Table 4
The release kinetics equations of PTX-NPs.

Model Equations r

Zero order: Mt = nt + K Mt = 0.0976t + 3.5953 0.9788
First  order: ln (100 − Mt) = nt + K ln(100 − Mt) = −0.0012t + 4.5708 0.9864
Higuchi: Mt = nt1/2 − K Mt = 1.7685t1/2 − 1.3531 0.9991
Korsmeyer–Peppas: ln Mt = n ln t − K ln Mt = 0.6186 ln t − 0.0869 0.9990

t: time; Mt: the cumulative release of the drug at t time; k: the kinetic constant; n:
the release exponent; r: correlation coefficients.
f Taxol® and PTX-NPs at different time. After i.v. administration 4 mg  PTX/kg b.w
eart (B), liver (C), spleen (D), lung (E), kidney (F), tumor(G), respectively. After i.v.
ration of PTX at different time in mice tumor (H). Error bars represent the standard

3.4. Cell viability assay

Blank MPEG–PCL polymeric material was evaluated for its cyto-
toxicity against HEK 293 and L929 cells with an MTT  assay. As
shown in Fig. 8A, the concentration causing 50% of cell killing
was about 3 mg/ml  calculated by curve fitting using SPSS software.
In vitro anticancer activity of PTX-NPs was performed by using
murine breast cancer cell 4T1 compared with free PTX and Taxol®.

Fig. 8B shows all three formulations of PTX had similar IC50, which
were approximate 18 �g/ml. The results demonstrated the PTX-
NPs had equivalent cytotoxic activity in vitro with free PTX and
Taxol®.
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.5. In vitro hemolytic test

In vitro hemolytic tests of PTX-NPs were performed using 2% rab-
it erythrocyte suspension. As shown in Fig. 9, the blank MPEG–PCL
opolymer (50 mg/ml) and the PTX-NPs (0.4 mg/ml, 0.8 mg/ml,

 mg/ml, 1.6 mg/ml  of PTX) in saline solution did not cause any
emolysis on rabbit erythrocyte comparing with the negative con-
rol (normal saline).

.6. Maximum tolerated dose

The studies showed that with a single dose intravenous admin-
stration of 35 mg  PTX/kg b.w of Taxol®, the mice showed an
xtremely painful condition, and administration of 40 mg  PTX/kg
.w of Taxol®, the mice directly died. Therefore the MTD  of Taxol®

dministered was approximate 30 mg  PTX/kg b.w by the i.v. route.
owever, we were unable to find the MTD  of PTX-NPs formulations
dministered in a single dose because of the largest concentra-
ion of PTX in the formulations was 8 mg/ml  and the limitation of
njection volume was 0.3 ml.  When 80 mg  PTX/kg b.w was  adminis-
rated intravenously, the mice showed no painful condition. So we
tudied multiple doses of 60 mg  PTX/kg b.w twice in 1 h, the result
howed that the mice were in painful condition but still alive after
he administration of 120 mg  PTX/kg b.w of PTX-NPs. Therefore, the

TD  of PTX-NPs formulations was >80 mg  PTX/kg b.w (single dose)
nd <120 mg  PTX/kg b.w.

.7. Pharmacokinetic and tissue distribution studies

After administration of 4 mg  PTX/kg b.w of Taxol® and PTX-
Ps, the peak of plasma concentration (Cmax) obtained was
.80 ± 2.59 �g/ml and 1.60 ± 2.79 �g/ml, respectively. The time
f maximum concentration (Tmax) and the area under the
lasma concentration–time curve (AUC0–∞) were 0.74 ± 1.60 h,
2.00 ± 6.40 �g h/ml and 0.08 ± 0.02 h, 8.43 ± 2.38 �g h/ml for
axol® and PTX-NPs, respectively. The blood concentration–time
urve was shown in Fig. 10.  From the results of experiment, the
lood concentration of PTX-NPs in plasma was lower than Taxol®

t the same time. The cause may  be that PTX-NPs were distributed
o various tissues from blood vessels rapidly.

The concentration of PTX in various tissues at different time was
alculated, the results were presented in Fig. 11.  After i.v. adminis-
ration, PTX was soon distributed into various tissues in 0.5 h. The
esults shown the tissue distribution of PTX after i.v., administra-
ion of PTX-NPs was obviously different from that of Taxol®. The
oncentration of PTX administrated PTX-NPs was lower than that
f Taxol® at all time points in each normal tissues except liver. How-
ver, the concentration of PTX administrated PTX-NPs was  higher
han that of Taxol® in the tumor. Above all, administration of 10 mg
TX/kg b.w of PTX-NPs, the levels of PTX in the tumors increased
roportionally. These results signified PTX-NPs could reduce the
amage of PTX on normal tissue and side effects. Furthermore, it
ould improve antitumor efficacy through increasing the dose of
TX-NPs.

. Discussion

Chemotherapy, as a conventional treatment of cancer, was
idely used in clinical while the side-effects were very severe.

hus, many scientists were trying to find new drug delivery sys-
ems (DDS) which could reduce systemic circulation of the drug
eading to higher therapeutic efficacy and lower systemic toxic-

ty. Now we prepared PTX-NPs using biodegradable amphiphilic
iblock copolymer MPEG–PCL through solid dispersion technique
ithout organic solvent. Moreover, the DL and LE were higher

han PTX formulations reported previously (Kim and Lee, 2001;
harmaceutics 414 (2011) 251– 259

Letchford et al., 2009), and the particle size and uniform size dis-
tribution were extremely good without any special adjustment.
Meanwhile the results disproved the previous prediction which
PTX was  not highly compatible with PCL than PDLLA (Letchford
et al., 2009). In experiment, we  could not achieve PTX loading lev-
els of 20% using the dialysis method (Kim and Lee, 2001). Moreover,
the Y% of dialysis method was  very low. It may  be the differences of
hydrophobic block length which were responsible for the variable
PTX loadings. Furthermore, the results of pharmacokinectics and
tissue distribution studies revealed the nanoscale preparations of
paclitaxel had advantages over reducing toxicities and improving
therapeutic effect to treat solid tumors. It provided the potential
application in clinical research.

5. Conclusions

In this paper, we  have successfully prepared an injectable, bio-
compatible, biodegradable, targeted, safe, effective and controlled
release nanoscale preparation, which may  be significant to promote
more nanoscale preparations for hydrophobic drug to be applied
into clinical practice.
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