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ABSTRACT: Taxol-loaded nanoparticles were prepared
by solvent-evaporation technique with methoxy-added
methoxy poly(ethylene glycol)-b-poly(e-caprolactone)
(MPEG-b-PCL) (PEG wt % ¼ 18.5%) as drug carrier and
MPEG-b-PCL (PEG wt % ¼ 86.8%) as the additive in the
outer aqueous phase. The MPEG-b-PCL copolymers were
synthesized via ring-opening polymerization of e-caprolac-
tone using Novozym 435 as biocatalyst. As a newly used
additive in the outer aqueous phase, only 0.1% (w/v)
MPEG-b-PCL with relatively high-PEG content was
needed. The effects of feed ratio of taxol to copolymer
(w/w, 5–20%) on the characters of nanoparticles and in
vitro drug release were investigated. The fabricated nano-
particles reached the highest encapsulation efficiency of
52.5% 6 3.9% when the feed ratio was 10%. The nano-

particles presented a core-shell structure in aqueous solu-
tion, and their hydrodynamic diameter ranged from 75 to
105 nm. Transmission electron microscopy and atomic force
microscope investigations exhibited that the nanoparticles
had fine spherical shape and narrow particle size distribu-
tion. The size of nanoparticles did not change distinctly
after incubation in pH 7.4 phosphate-buffered solution
(PBS) and pH 7.4 PBS with 10% fetal bovine serum at 37�C
for 24 h. The nanoparticles with drug loading around 5%
could achieve a sustained drug release for 7 days. VC 2011
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INTRODUCTION

Taxol (paclitaxel) is one excellent natural antineoplas-
tic drug against a wide spectrum of cancers, including
breast and ovarian cancers.1,2 Taxol has extremely
poor solubility in aqueous media. To improve its solu-
bility, an adjuvant called Cremophor EL (50 : 50 etha-
nol-polyoxyethylated castor oil) has to be added in
the taxol injection (TaxolV

R

), which may cause serious
side effects, such as hypersensitivity reactions, neph-
rotoxicity, neurotoxicity, and cardiotoxicity.3–5 Many
dosage forms, such as liposomes, microspheres, nano-
particles, and polymeric micelles, are thus investigated

to overcome the problems caused by Cremophor EL.6–9

Among them, nanoparticles of biocompatible and bio-
degradable polymers have shown significant advan-
tages in enhancing therapeutic efficacy and reducing
systemic side effects.10–14

Conventional biodegradable polymeric nanopar-
ticles are rapidly removed from bloodstream by the
macrophages of the mononuclear phagocyte system
(MPS) after intravenous administration. This prevents
their application in controlled drug delivery and drug
targeting to tissues other than MPS. Nanoparticles
covered with poly (ethylene glycol) (PEG), however,
may evade MPS uptake, at least to some extent, which
exhibit prolonged residence in blood.15,16

Polymeric nanoparticles are usually produced by
solvent-evaporation technique. Many factors can
affect the nature of nanoparticles obtained, such as the
additive as emulsifier or stabilizer in the outer aque-
ous phase. One of the most commonly used additives
is poly(vinyl alcohol) (PVA), which can adsorb on the
surface of nanoparticles and not be easily washed out.
This may cause trouble in the purification of the prod-
ucts and thus influence the properties of the formed
nanoparticles.17,18 Besides, PVA is nondegradable and
cannot be used as excipient for intravenous adminis-
tration. Therefore, it is important to study novel
additives having excellent properties.19,20
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Some novel types of additives in the outer aqueous
phase, such as vitamin E TPGS (D-a-tocopheryl poly-
ethylene glycol 1000 succinate) and phospholipids,
have been investigated to prepare nanoparticles. The
size of the vitamin E TPGS emulsified nanoparticles
ranged from 300 to 800 nm,21 while that of phospho-
lipids emulsified nanoparticles ranged from 600 to
700 nm.19 In general, the nanoparticles with diame-
ters smaller than 200 nm can evade the reticuloen-
dothelial system and display enhanced permeability
and retention effects at solid tumor sites.22

poly (e-caprolactone) (PCL) is good biocompatible
and biodegradable, which has been widely used for
bioabsorbable suture and particulate drug-delivery
systems.23,24 In our study, the methoxy poly(ethylene
glycol)-b-poly(e-caprolactone) (MPEG-b-PCL) copoly-
mers with different PEG contents were synthesized
via ring-opening polymerization of e-caprolactone
(e-CL) using lipase as a nontoxic biocatalyst. We
tried to fabricate the taxol-loaded nanoparticles by
using the MPEG-b-PCL copolymers with a low-PEG
content as drug carrier and the MPEG-b-PCL copoly-
mers with a high-PEG content as the additive in the
outer aqueous phase. The fabricated nanoparticles
were covered with PEG chains in water, and their
hydrodynamic diameters ranged from 75 to 105 nm.

EXPERIMENTAL

Materials

e-CL was obtained from Acros Organic, dried over cal-
cium hydride (CaH2), and distilled under vacuum just
before use. MPEG (Mn ¼ 5000) from Fluka was used
as received. Taxol of 99.0% purity was kindly supplied
by Yunnan Ziyun Biotechnology Co. (China). Novo-
zym 435 (Immobilized lipases from Candida antarctica)
was purchased from Novozymes and dried in vacuo at
room temperature for 24 h. PVA was obtained from
Sinopharm Chemical Reagent Co. (Shanghai, China).
Methanol used as mobile phase in high-performance
liquid chromatography (HPLC) was purchased from
Shanghai Xingke Biochemistry Co. (China).

Lipase-catalyzed synthesis of MPEG-b-PCL

The amphiphilic diblock copolymers composed of
MPEG and e-CL were synthesized as described previ-
ously.25 A predetermined amount of MPEG was intro-
duced into a 100-mL round-bottomed two-necked
flask with 60-mL dried toluene. Residual water in the
solution was removed by azeotropic distillation,
resulting in 20 mL of MPEG/toluene solution (mono-
mer versus toluene ¼ 1/2 v/v). Novozym 435 (10 wt
% of monomers) and e-CL were transferred into the
flask. The flask was then closed with a rubber stopper
and immersed into an oil bath at 70�C with stirring
for a predetermined time. Reactions were terminated

by adding excess cold dichloromethane and remo-
ving the enzyme by filtration. Then, the filtrate was
concentrated under reduced pressure to obtain the
crude copolymers. The copolymers were further puri-
fied by reprecipitation (dichloromethane as a good
solvent and cold methanol as a poor solvent) and
dried in vacuo at room temperature.

Preparation of taxol-loaded MPEG-b-PCL
nanoparticles

Taxol-loaded methoxy poly(ethylene glycol)-b-poly
(e-caprolactone) (MPEG-b-PCL) nanoparticles were
prepared by solvent-evaporation method. First, 100 mg
MPEG-b-PCL-1 (PEG wt % ¼ 18.5%) and taxol (5, 10,
15, or 20 mg) were added and dissolved in 8 mL of
dichloromethane. The resulting organic solution was
added to 80 mL of ultrapure water containing 0.1%
(w/v) MPEG-b-PCL-2 (PEG wt % ¼ 86.8%) or 2% PVA,
which kept stirring for 1.5 h at 20�C and for another 3 h
at 40�C. The stirring rate was 800 rpm. Afterward, the
possible nonincorporated drug particles and large
aggregates were separated by centrifugation at 5000
rpm for 20 min. The supernatant was ultracentrifu-
gated at 50,000 rpm for 60 min at 4�C to obtain the
nanoparticles (Optima L-80XP, Beckman Coulter), and
the obtained nanoparticles were washed three times
with ultrapure water. The final products were lyophi-
lized for 48 h.

Characterization of copolymers

FTIR spectra of polymers were recorded on a Perkin–
Elmer Paragon 1000 FTIR spectrophotometer using
KBr pellet technique.

1H-NMR measurements by using a Mercury plus
400 spectrometer were used to characterize the
copolymers and blank nanoparticles. One weight
percent sample solution in CDCl3 with 0.03 v/v%
tetramethylsilane as an internal standard or 0.5 wt %
blank nanoparticle solution in D2O was used for the
measurements.
The gel permeation chromatography (GPC) analy-

ses for the copolymers were performed at 40�C
using a Waters HPLC system equipped with a
model 1525 binary HPLC pump, a model 2414
refractive index detector, and a series of StyragelTM

columns (HR3 and HR4). Tetrahydrofuran was used
as an eluent at a flow rate of 1.0 mL/min. The GPC
system was calibrated with polystyrene standards.
The solubility of copolymers was measured by

adding an excess amount of copolymer sample in
5-mL doubly distilled water and stirring the copoly-
mer aqueous system at 37�C in a water bath for
48 h, so that dissolution equilibrium was reached.
The undissolved copolymer samples were separated
by centrifugation, lyophilized, and weighed. The
solubility data were obtained by weight subtraction.
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Measurement of encapsulation efficiency

The taxol content of nanoparticles was determined in
triplicate by HPLC, equipped with a variable wave-
length detector (SPD-10ADVP, Shimadzu, Japan).
Three milligrams of lyophilized nanoparticles were
dissolved in 1 mL of dichloromethane. A nitrogen
stream was introduced to evaporate the dichlorome-
thane, and 10 mL of methanol/water (75/25, v/v)
was then added. The solution was ultrasonicated for
20 s and then centrifuged for 10 min at 10,000 rpm.
The supernatant was collected for HPLC analysis.
HPLC analysis was carried out under the following
condition: DiamonsilTM C18 column (250 mm �
4.6 mm, 5 lm, Dikma Technologies, Beijing, China),
wavelength fixed at 227 nm, and mobile phase
composed of methanol and water (75/25, v/v). The
linearity of the response was verified over the concen-
tration range of 0.1–100 lg/mL (r2 ¼ 0.999).

Particle size and zeta potential

The hydrodynamic diameters of nanoparticles were
measured by DLS technique, using a Malvern Instru-
ment Zetasizer Nano-S with scattering angle of 173�

and 632-nm red laser at 25�C. The zeta potential
of nanoparticles was measured by Particle Size
Analyzer (90 Plus Model, Brookhaven Instruments)
at 25�C. All the analyses were run in triplicate.

Morphology of nanoparticles

Transmission electron microscopy (TEM, JEM-2010/
INCA OXFORD) and atomic force microscope
(AFM, Bio Scope, Veeco Instruments) were used to
determine the morphology of nanoparticles. A drop
of nanoparticles solution containing 1 wt % phos-
photungstic acid was placed on copper grid and
dried before measurement by TEM at an acceleration
voltage of 200 kV. Sample for AFM measurement
was prepared as given below: a drop of nanopar-
ticles solution was placed on a freshly cleaved mica
substrate and rapidly frozen by liquid nitrogen; the
frozen solution on a mica wafer was lyophilized for
48 h to remove water.

Stability of nanoparticles

The stability of taxol-loaded MPEG-b-PCL nanopar-
ticles in ultrapure water at 4�C, pH7.4 phosphate-
buffered solution (PBS 7.4) or PBS 7.4 containing
10% (v/v) fetal bovine serum (FBS 7.4) at 37�C, was
evaluated by measuring the particle size.

In vitro release of taxol

Four milligrams of taxol-loaded MPEG-b-PCL nano-
particles were dispersed in 26 mL of PBS 7.4 contain-
ing 1% (w/v) Tween 80 in a capped centrifuge tube.

Tween 80 was used to increase the solubility of taxol
in the release medium to make it under the sink
condition and reduce the association of drug with the
container surface. The tube was placed in a shaking
incubator (100 rpm) at 37�C. At the predetermined
time intervals (i.e., 1, 3, 5, 8, 16, 24, 48, 72, 96, 120, 144,
and 168 h), the tube was taken out from the incubator,
and then the solution in tube was ultracentrifuged at
60,000 rpm for 15 min to separate the nanoparticles.
After 4 mL of supernatant was withdrawn and 4 mL
of fresh release medium was added, the precipitated
nanoparticles were redispersed in release medium by
shaking the tube for continuous release studies. The
withdrawn supernatant was analyzed by HPLC.

RESULTS AND DISCUSSION

Characterization of MPEG-b-PCL copolymers

Methoxy poly(ethylene glycol)-b-poly(e-caprolactone)
(MPEG-b-PCL) copolymers with different PEG
contents were synthesized via ring-opening polymer-
ization of e-CL using Novozym 435 as biocatalyst and

Figure 1 (a) FTIR spectrum of MPEG-b-PCL-1 copoly-
mers; (b) 1H-NMR spectrum of MPEG-b-PCL-1 copolymers
in CDCl3.
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MPEG as initiator. The structure of the resulting
copolymers was confirmed by FTIR, 1H-NMR, and
GPC. The FTIR spectrum of MPEG-b-PCL-1 is shown
in Figure 1(a). The peaks at 1730 and 1190 cm�1 were
attributed to the C¼¼O stretching vibration and CAO
bonds of the ester group in PCL,26 respectively. The
peak at 1110 cm�1 was assigned to symmetric stretch-
ing vibration of CAOAC bonds in PEG.27 Figure 1(b)
shows the typical 1H-NMR spectrum of MPEG-
b-PCL-1 copolymer. The peaks at 3.65 ppm corre-
sponded to protons at (b) in the PEG segments, and
the peaks at 4.05 ppm were attributed to protons at
f in the PCL segments. Based on the peak area ratio,
the PEG wt % in copolymer was calculated.28 The
molecular weights calculated from NMR data
(MNMR) of the copolymers agreed well with the theo-
retical molecular weight based on the feed ratio
(Mtheo, see Table I). The copolymers showed unimo-
dal GPC curves (data not shown). The polydispersity
indices obtained from GPC analysis were small
(see Table I), indicating narrow molecular weight
distribution.

The solubility data of the copolymers are also listed
in Table I. MPEG-b-PCL-1 with low-PEG contents had
low solubility. However, MPEG-b-PCL-2 with high-
PEG contents were highly water soluble. It was
difficult to measure its solubility, because gel would
form when the copolymer concentration was high.

Effect of the additive in the outer aqueous phase

The solvent-evaporation technique was applied in
this study to fabricate nanoparticles. The additive
in the outer aqueous phase plays a key role in the
formation of uniform organic droplets and in the
stabilization of the droplets during solvent evapora-
tion. It also prevents the aggregation of the formed

nanoparticles. As listed in Table II, when no addi-
tives were in the outer aqueous phase, no nanopar-
ticles but only large aggregates could be obtained.
We could obtain nanoparticles with small size
when PVA or MPEG-b-PCL-2 was introduced as the
additive in the outer aqueous phase. During the
experiment, it was observed that the nanoparticles
prepared using PVA as additive could not be com-
pletely dissolved in dichloromethane, which affected
the measurements of drug contents and drug-encap-
sulation efficiency. It might be because that PVA
could not be completely washed out of the nano-
particles and PVA was poorly soluble in dichloro-
methane. Unlike PVA, MPEG-b-PCL-2 was easily
washed out. The nanoparticles prepared using
MPEG-b-PCL-2 as additive were soluble in dichloro-
methane. Thus, we chose MPEG-b-PCL-2 as a novel
additive to explore the properties of the taxol-loaded
MPEG-b-PCL-1 nanoparticles. The chemical composi-
tion of the nanoparticles by using MPEG-b-PCL-1 as
matrix material and MPEG-b-PCL-2 as the additive in
the outer aqueous phase was analyzed by 1H-NMR.
The PEG wt % of the nanoparticles was 20.8%,
almost the same as that of MPEG-b-PCL-1 (18.5%). It
was suggested that the formed nanoparticles were
only composed of MPEG-b-PCL-1, while MPEG-
b-PCL-2 was not incorporated into the nanoparticles.
The core-shell structure of the nanoparticles was

investigated by comparing the 1H-NMR spectra of
nanoparticles in CDCl3 and in D2O. The spectrum of
blank nanoparticles in CDCl3 was the same as that
of MPEG-b-PCL-1 copolymer, in which the peaks of
PEG and PCL blocks were all sharp and strong. But
the peaks of PCL blocks, in the spectrum of the
blank nanoparticles in D2O (Fig. 2), became weak
and broad while the peak of PEG blocks was still
sharp and strong. These results indicated that the

TABLE I
Characterization of MPEG-b-PCL Copolymers

Copolymers
PEG wt %
in feed

PEG wt %
in producta Mtheo

b MNMR
a

Polydispersity
(Mw/Mn)

c
Yield
(%)

Water solubility
(mg/mL)

MPEG-b-PCL-1 20 18.5 25,000 27,000 1.4 94 1.64 6 0.10
MPEG-b-PCL-2 85 86.8 5,900 5,800 1.1 92 Gel formed at 365

a Calculated by 1H-NMR.
b Calculated by the feed ratio.
c Determined by GPC.

TABLE II
Effects of Additives in the Outer Aqueous Phase on Nanoparticles

Additive in the outer aqueous phase Hydrodynamic diameter (nm)a Solubility of nanoparticles in dichloromethane

None / No nanoparticles were obtained
2% (w/v) PVA 101.3 6 7.8 Not completely soluble
0.1% (w/v) MPEG-b-PCL-2 90.2 6 2.6 Soluble

a Determined by DLS and expressed as average 6 standard deviation (n ¼ 3).
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PEG and PCL blocks were all fully dissolved in
CDCl3; however, in D2O, PCL blocks were in a
highly condensed state, and the PEG chains highly
hydrated and extended away from the nanoparticle
surface. It was suggested that the nanoparticles pre-
sented core-shell structure composed of condensed
PCL cores and hydrated PEG shell in water.

Characterization of taxol-loaded MPEG-b-PCL
nanoparticles

Encapsulation efficiency, particle size, and zeta
potential

The encapsulation efficiency of taxol for the nano-
particles was measured. As shown in Table III, the
encapsulation efficiency reached the maximum of
52.5% 6 3.9% when the drug content in feed was
10%. It was reported that 2% (w/v) PVA was
needed to achieve the encapsulation efficiency of
4019 or 50%,29 while only 0.1% (w/v) MPEG-b-PCL-2
was needed to achieve the similar encapsulation
efficiency in our study. This implied that MPEG-b-
PCL-2 could be a more effective additive in the
outer aqueous phase than traditional PVA.

The size and size distribution of the taxol-loaded
nanoparticles were measured by DLS, and the data

were tabulated in Table III. All samples had a nar-
row polydispersity within 0.150, and the mean
hydrodynamic diameters ranged from 75 to 105 nm.
The drug loading did not have significant effect
on the nanoparticles size. It might be due to the
low-drug loading (1.86–5.62%).
The zeta potential of the taxol-loaded nanopar-

ticles was also characterized in order to determine
the surface charge property. Zeta potential can be an
important parameter for the stability of the nanopar-
ticles.30 In most circumstances, the higher the abso-
lute value of the zeta potential of the nanoparticles,
the larger the amount of charge on their surface,
which produces stronger repellent interaction among
the nanoparticles and thus results in higher stability.
As shown in Table III, all samples had negative zeta
potential and S2 had the highest absolute value.
Based on the results above, it was suggested that
the nanoparticles had the highest encapsulation
efficiency and stability when the drug content in
feed was 10%.

Morphology

As shown in the TEM images [Fig. 3(a) and (b)], the
blank and taxol-loaded MPEG-b-PCL nanoparticles
were all spherical in shape with uniform size distribu-
tion, the diameters of which were all in the range of
20–25 nm. This further indicated that the taxol loading
had no obvious effect on the size and shape of copoly-
mer nanoparticles, which could be attributed to the
low-drug loading. It could be found that the size of
nanoparticle measured by TEM was smaller than that
by DLS. The PEG chains on the nanoparticle surface
are solvated and extended away from the particle
surface in water; and the water molecules may go
along with the particles during diffusion. These will
all increase the particle size measured by DLS. The
nanoparticles measured by TEM are in dry state, and
the solvent drying leads to smaller sizes. Similar
results had been reported: TEM images of the solid
lipid nanoparticles showed that the diameters of
nanoparticles were around 50 nm while the hydrody-
namic diameter ranged from 124.67 to 156.67 nm as
determined by PCS.31 AFM image (Fig. 4) confirmed
the narrow particle size distribution in a broader
observing scope.

Figure 2 1H-NMR spectrum of blank MPEG-b-PCL-1
nanoparticles in D2O.

TABLE III
Drug Loading, Encapsulation Efficiency, Particle Size, and Zeta Potential of Taxol-Loaded MPEG-b-PCL Nanoparticles

Sample D/C (%) D.L. (%) E.E. (%) Hydrodynamic diameter (nm) Polydispersity Zeta potential (mV)

S1 5 1.86 6 0.17 37.2 6 3.4 90.4 6 13.7 0.097 �5.20 6 1.30
S2 10 5.25 6 0.39 52.5 6 3.9 87.1 6 1.7 0.100 �12.22 6 0.85
S3 15 5.62 6 0.26 37.5 6 2.6 98.8 6 1.4 0.071 �6.56 6 1.65
S4 20 5.26 6 0.24 26.3 6 1.2 75.4 6 0.8 0.147 �7.87 6 0.17

Values are expressed as average 6 standard deviation (n ¼ 3). D/C, feed ratio of drug to copolymer; D.L., drug loading
of the nanoparticles; E.E., encapsulation efficiency of taxol. The hydrodynamic diameters were determined by DLS.
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Stability

The change of particle size of taxol-loaded nano-
particles in ultrapure water with time at 4�C was
investigated by DLS to evaluate the stability of nano-
particles. From Figure 5, it can be found that the
average diameters of nanoparticles are in a range of
80–85 nm at all the time points, and the standard
deviation values are in a range of 1.1–8.7 nm; thus,
the particle sizes do not significantly vary for
15 days. The results suggested that disintegration or
aggregation of nanoparticles in aqueous solution did
not occur during the investigated period.

The stability of the nanoparticles in PBS 7.4 and
FBS 7.4 was also evaluated. As shown in Figure 6(a),
the hydrodynamic diameters did not vary signi-
ficantly with time, and most of the error bars
were short, indicating that the measured values of
hydrodynamic diameter had good precision. Thus, it
can be thought that the nanoparticles kept stable
in either PBS 7.4 or FBS 7.4 for 24 h at 37�C. The
result suggested that the nanoparticles were stable
in biological media, and the biomolecules in FBS

did not obviously interact with the nanoparticles.
Figure 6(b) showed that the hydrodynamic diame-
ters of the nanoparticles did not vary obviously in
PBS 7.4 for 0 or 1 day at different concentrations of
nanoparticles, ranging from 0.003% to 0.15% (w/v),
most of the error bars were short. This suggested
that the nanoparticles kept stable in PBS 7.4 at
various concentrations of nanoparticles [0.003%–
0.15% (w/v)].

In vitro release

The in vitro release profiles of taxol for the MPEG-
b-PCL nanoparticles are shown in Figure 7. All
nanoparticles with different drug loading (1.86–
5.62%) released paclitaxel rapidly at the beginning

Figure 3 (a) TEM image of blank MPEG-b-PCL-1 nano-
particles; (b) TEM image of taxol-loaded MPEG-b-PCL-1
nanoparticles with drug loading 5.62% (S3 in Table III).

Figure 4 AFM image of taxol-loaded MPEG-b-PCL nano-
particles. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 5 Hydrodynamic diameters versus time for the
taxol-loaded MPEG-b-PCL nanoparticles in ultrapure
water at 4�C. The diameters were measured by DLS, and
the y-error bars represent standard deviation.

TAXOL-LOADED NANOPARTICLES WITH MPEG-b-PCL 2391

Journal of Applied Polymer Science DOI 10.1002/app



then slowly during the later period. The burst
release of taxol might be ascribed to the fast dissolu-
tion of the drug located on the surface of the nano-
particles, while the slower and continuous release
might be attributed to the diffusion of the drug
encapsulated in the PCL core of the nanoparticles.
The nanoparticles with drug loadings around 5%
(S2, S3, and S4) could achieve a sustained release for
7 days. The release rate of taxol was dependent on
the drug loading. The release rate of S1 with drug
loading of 1.86% was distinctly faster than that of the
nanoparticles with drug loadings around 5% (S2, S3,
or S4). The cause might be that the drug presented
as a molecular dispersion inside the nanoparticles
at low,drug loading, while crystallization of drug
occurred inside the nanoparticles at higher drug
loading.32,33 The crystallized drug could dissolve and

diffuse more slowly into the outer aqueous phase
than molecular dispersion.15

CONCLUSIONS

In this study, taxol-loaded MPEG-b-PCL nanopar-
ticles were fabricated by solvent-evaporation
method. Two kinds of MPEG-b-PCL with different
PEG contents were applied as drug carrier and
additive in the outer aqueous phase, respectively.
We demonstrated that MPEG-b-PCL-2 with rela-
tively high-PEG content could be a novel and very
effective additive in the outer aqueous phase, result-
ing in high-encapsulation efficiency and excellent
properties of taxol-loaded nanoparticles.
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