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a b s t r a c t

To establish a satisfactory delivery system for local delivery of Tetradrine (Tet), four kinds
of core-shell nanoparticles were prepared from di-block copolymer of methoxy poly(ethylene
glycol)–polycaprolactone (MePEG–PCL) and tri-block copolymer of polycaprolactone–poly(ethylene
glycol)–polycaprolactone (PCL–PEG–PCL). The physiochemical traits of the four kinds of nanoparticles
including morphology, particle size, zeta-potential, drug-loading content, stability, and in vitro release
profile were studied. We also evaluated the four kinds of nanoparticles by in vitro cellular uptake experi-
ment, cytotoxicity assay against LoVo cells, and biocmpatibility study. Histoculture Drug Response Assay
lock copolymer
etradrine
omposition
DRA

(HDRA), a more predictive method usually used to evaluate chemosensitivity was firstly applied in our
study to evaluate the antitumor potency of polymeric nanoparticles. The current study showed that all
the four kinds of copolymers exhibited remarkable in vitro antitumor effects, especially in HDRA assay.
The configuration and composition of the copolymers were important for the properties and functions
of the nanoparticles. Nanoparticles prepared from the di-block copolymer with a particle size around
300 nm and the hydrophobic composition about 80% was determined as the most effective drug carrier

for further studies.

. Introduction

The nanoparticulate carriers developed from amphiphilic
opolymers for the delivery of antitumor therapeutics have drawn
ntensive attention since 1990s with a lot of novel drug deliv-
ry systems developed (Pridgen et al., 2007; Gref et al., 1994;
ataoka et al., 2001; Langer, 1990). These drug carriers have the

ollowing advantages: (1) enhancing the solubility of hydropho-
ic agents; (2) releasing the antitumor agents in a sustainable
attern; (3) the PEG outer shell of the nanoparticles can reduce

urface absorption of proteins and imparts “stealth” to nanoparti-
les (Pridgen et al., 2007); and (4) preferable biocompatibility and
iodegradability. Therefore, a large number of block copolymers
ith different compositions for the delivery of chemotherapeutic

gents, genes, and molecular-targeted drugs etc. have been devel-

∗ Corresponding author. Tel.: +86 25 83107081; fax: +86 25 83107081.
E-mail address: baoruiliu@nju.edu.cn (B. Liu).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.06.007
© 2009 Elsevier B.V. All rights reserved.

oped and the total number is still growing (Pridgen et al., 2007).
Among various copolymers, nanoparticles made of PEGylated
block copolymer with good biocompatibility, such as PEGylated
poly(lactide) (PLA) (He et al., 2007; Vila et al., 2005), poly(dl-
glycolide-co-lactide) (PLGA) (Moffatt and Cristiano, 2006; Yang et
al., 2007)and poly(caprolactone) (PCL) (Gong et al., 2008) have been
widely studied and applied.

Locoregional chemotherapy is an effective treatment as much
higher drug concentrations can be achieved at the site of bulk tumor
and the drug induced cytotoxicity will be enhanced. (Kerr and Los,
1993; Power et al., 2008). Locoregional administration is especially
important for metastatic and end-stage tumors as they are usually
not able to be removed by surgical resection. The sustained-release
drug delivery systems have been reported to improve the antitumor
efficacy of low molecular weight agents used for local administra-

tion by overcoming the problem that free agents fail to achieve long
retention in tumor tissue (Harper et al., 1999) and by attenuating
local and systemic side effects (Li et al., 2008). Moreover, a recent
clinical study revealed that weekly administration of RAD001,
an mTORC1 inhibition, failed to treat cancers ideally because the

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:baoruiliu@nju.edu.cn
dx.doi.org/10.1016/j.ijpharm.2009.06.007
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udden blockage of mTOR pathway led to activation of MAPK
athways through feedback loops. Meanwhile, when RAD001 was
reated in a low dose, high frequency pattern, the MAPK pathway
as not activated (Carracedo et al., 2008). This report shed light

n the prospect of sustained-release drug delivery systems in the
elivery of newly developed molecular-targeted agents.

Tetradrine (Tet, Supplementary Fig. 1), a bis-benzylisoquinoline
lkaloid isolated from the dried root of Hang-Fang-Chi (Stepha-
ia tetrandra S. Moore), is well known as its antitumor effect in
itro and in vivo. (Wang et al., 2004a). Our previous study has
roved the in vivo antitumor effect of Tet by local administration
Tu et al., 2008). Despite its potential in cancer treatment, the poor
ater-solubility and toxicities (especially the ulcer caused by local

dministration, Supplementary Fig. 2) hampered further applica-
ions of Tet. To enhance the efficacy and attenuate the side effects,
n this study, biodegradable amphiphilic copolymers PEGylated PCL

ere synthesized for local delivery of Tet.
The objectives of this study are two. First, we prepared and

valuated the antitumor effect of PEGylated PCL nanoparticles load-
ng Tet; second, PEGylated PCL copolymers can be synthesized

ith different configurations (di-block copolymers and tri-block
opolymers) and various compositions (different PEG/PCL ratios),
hich influences the properties of the copolymers and the effec-

iveness of nanoparticles. In order to define which composition
as the fittest for the delivery of Tet, four kinds of PEGylated

CL copolymers were synthesized. The physiochemical properties,
ytotoxicity and in vitro biocompatibility of the nanoparticles pre-
ared from the four kinds of copolymers were compared. We also,

or the first time, applied histoculture drug response assay (HDRA),
more predictive method evaluating chemosensitivity to evaluate

he effectiveness of the nanoparticles made of different kinds of
opolymers in order to define the most satisfactory one for further
tudy.

. Materials and methods

.1. Materials

Tetradrine was obtained as a powder with a purity of >98%
Jiangxi Yibo Pharmaceutical Development Company, China).

ethoxy-polyethyleneglycol (MePEG, Mw: 4 kDa), methoxy-
olyethyleneglycol (MePEG, Mw: 2 kDa), polyethyleneglycol (PEG
w: 6 kDa), polyethyleneglycol (PEG Mw: 10 kDa) (Sigma, USA)
as dehydrated by azeotropic distillation with toluene, and

hen vacuum dried at 50 ◦C for 12 h before use. �-Caprolactone
�-CL, Aldrich, USA) was purified by drying over CaH2 at room
emperature and distillation under reduced pressure. Coumarin-6
Aldrich, USA), Stannous octoate (Sigma, USA), poly(vinyl alcohol)
PVA, polymerization degree 500 and alcoholization degree 88%,
hanghai Dongcang International Trading Co. Ltd., China), RPMI
640 (Gibco, USA), calf blood serum, (Lanzhou Minhai Bioengi-
eering, China), and dimethylthiazoly-2,5-diphenyltetrazolium
romide (MTT, Amersco, USA) were used as received. Acetonitrile
nd Methanol (Merck, Germany) were of HPLC grade. All the other
hemicals were of analytical grade and were used without further
urification.

.2. Synthesis of MePEG and PCL block copolymers

MePEG–PCL di-block and PCL–PEG–PCL tri-block copolymers

ere synthesized by a ring opening copolymerization as Zhang et al.
reviously described with slight modifications (Zhang et al., 2004).
riefly, predetermined amount of �-CL was added into a polymer-

zation tube containing MePEG or PEG and stannous octoate (0.1%,
/w). The tube was then connected to a vacuum system, sealed
rmaceutics 379 (2009) 158–166 159

off, and placed in an oil bath at 130 ◦C for 48 h. Then the crude
copolymers were dissolved with dichloromethane (DCM) and pre-
cipitated into an excess amount of cold ethyl ether to remove the
un-reacted monomer and oligomer. The precipitates were then fil-
tered and washed with water several times before thoroughly dried
at reduced pressure.

A total of four kinds of block copolymers with various ratios of
PEG/PCL were synthesized (two MePEG–PCL di-block copolymers
and two PCL–PEG–PCL tri-block copolymers). The number-average
molecular weight (Mn), weight-average molecular weight (Mw)
and molecular weight distribution of these block copolymers
were measured by gel permeation chromatography (GPC) (Waters
244, Milford, MA, USA) with tetrahydrofuran (THF) as the elu-
ent at a flow rate of 1 mL/min. Calibration was accomplished
using monodispersed polystyrene standards with a molecular
weight range from 800 to 124,000 g/mol. The composition of
the copolymers was determined by 1H NMR spectra in deuter-
ated chloroform solution, using a Bruker MSL-300 spectrometer
(Faellanden, Switzerland) with tetramethylsilane as an internal
standard.

2.3. Preparation of nanoparticles

Tet-loaded nanoparticles were prepared by single o/w emulsion
and solvent evaporation method according to the description of
Tewes et al. (2007) with modification. Briefly, 20 mg of each copoly-
mer and a certain amount of Tet were dissolved in 1 mL of DCM.
The mixture was emulsified in 3 mL of aqueous PVA solution at
5% (w/v) by sonication (XL2000, Misonix, USA) for 30 s (17.5 W)
to obtain an o/w emulsion. This emulsion was then diluted in
8 mL of aqueous solution containing 1% (w/v) PVA and left under
mechanical stirring for 2 h to remove DCM. The resulted solution
was filtered to remove non-incorporated Tet. Blank nanoparticles
were produced in the same manner without adding Tet. Finally,
nanoparticle suspensions were freeze dried with 3% mannitol and
stored at 4 ◦C.

2.4. Characterization of nanoparticles

2.4.1. Size and zeta potential analysis of the nanoparticles
Mean diameter and size distribution were measured by pho-

ton correlation spectroscopy (DLS) with a Brookheaven BI-9000AT
instrument (Brookheaven Instruments Corporation, USA). Zeta
potential was measured by the laser Doppler anemometry (Zeta
Plus, Zeta Potential Analyzer, Brookhaven Instruments Corporation,
USA). All measurements were performed at 25 ◦C. The values were
calculated from the measurements performed at least in tripli-
cate.

2.4.2. Morphology studies
Morphological examination of the nanoparticles was conducted

using JEM-100S (Japan) transmission electron microscope (TEM).
One drop of nanoparticle suspension was placed on a copper grid
covered with nitrocellulose membrane and air-dried before obser-
vation.

2.4.3. Drug-loading content and encapsulation efficiency
To determine the drug-loading content, the freeze-dried powder

of the nanoparticles was dissolved in acetonitrile. Tet concentra-

tion in the resulted solution was then determined by the ultraviolet
absorption at the wavelength of 280 nm, a strong absorption band
of Tet with reference to a calibration curve on a Shimadzu UV3100
spectrophotometer (Shimadzu, Japan). Then the total amount of the
drug in the nanoparticles could be calculated.
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microplate and the optical density (OD) of each well was measured
by the ELISA reader using test and reference wavelengths of 490 nm
and 630 nm. The viabilities of tissues were calculated according to
the following formula:
60 R. Li et al. / International Journal

Drug-loading content and encapsulation efficiency were
btained by the following equations:

Drug loading content (%)

= Weight of the drug in nanoparticles
Weight of the drug in nanoparticles

+ Weight of the copolymers used

× 100% (1)

Encapsulation efficiency (%)

= Weight of the drug in nanoparticles
Weight of the feeding drugs

× 100% (2)

.4.4. Stability evaluation
The freeze-dried powder of the Tet-loaded nanoparticles was

issolved in purified water and then kept at room temperature.
article sizes were determined by DLS every 3 days for 15 days to
valuate stability.

.4.5. In vitro release of tetradrine-loaded nanoparticles
The lyophilized Tet-loaded nanoparticles were suspended in

mL 0.01 M phosphate buffered saline (PBS) at pH 7.4 to form the
olutions containing Tet 500 �g/mL. The solution was then placed
nto a pre-swelled dialysis bag with a 12-kDa molecular weight
utoff (Sigma, USA) and immersed into 10 mL 0.01 M PBS of pH
.4 at 37 ◦C in a constant temperature shaker. Samples were with-
rawn periodically and replaced with the same amount of fresh
elease medium. The amount of released Tet were determined using
PLC (C18 column, Agilent Technologies, Ltd. the mobile phase

onsisted of methanol: water = 9:1, with 0.5% triethylamine. Flow
ate of 1 mL/min, the column temperature was 25 ◦C, the injection
olume was 20 �L, and the detector was fixed at a wavelength of
80 nm.)

.5. Particle cellular uptake studies

The cellular uptake studies were taken according to our previous
xperiences. (Hu et al., 2007). LoVo cells were seeded in the 24-well
late at a density of 5 × 104 cells per well. The medium was replaced
ith 1 mL medium containing coumarin-6 loaded nanoparticles

12.5 �g/mL in medium) at 80% confluence for cell density. Then
he plate was incubated for 0.5, 1, 2 or 4 h, the suspension was
emoved and each well was washed three times with PBS. Then
50 �L cell lysis solution (150 mM NaCl, 1% triton X-100, 0.1% SDS,
0 mM tris pH 8.0) was added to each well. 100 �L solution per well
as transferred to a 96-well plate (black). The fluorescence inten-

ities were determined by a microplate reader (Tecan SAFIRE, USA)
ith the excitation wavelength and emission wavelength 450 and

01 nm respectively. The cellular uptake efficiency was calculated
s follow:

ptake efficiency (%) = Isample − Inegative

Ipositive − Inegative
× 100% (3)

Isample, Ipositive and Inegative are the fluorescence intensities of
he sample, positive control (coumarin-6 loaded nanoparticles in
ell lysis solution) and negative control (blank cell lysis solution),
espectively. In these tests, each particle suspension was added to
our wells for each time interval.

We also evaluated the cellular uptake of the nanoparticles qual-
tatively. LoVo cells were seeded onto the glass covers placed
n a 6-well plate with RPMI 1640 supplemented with 10% calf

erum at the density of 5 × 104 cells per well. After incuba-
ion at 37 ◦C in a humidified atmosphere with 5% CO2 for 24 h,
ells were exposed to medium containing coumarin-6 loaded
anoparticles (12.5 �g/mL). After incubation for 0.5, 1, 2, 4 h,
ach glass cover was washed 3–4 times with PBS at 4 and
rmaceutics 379 (2009) 158–166

37 ◦C respectively. Then the cells were observed under a fluo-
rescence microscopy (Olympus BX-51, wide band Blue excitation,
exciter filter BP450-480, dichroic beamsplitter DM500, barrier filter
BA515).

2.6. In vitro cytotoxicity studies and biocompatibility studies

The in vitro cytotoxicity of the drugs was determined by stan-
dard MTT assays using human colon cancer cell line LoVo. Briefly,
cells were seeded in a 96-well plate at a density of 5000 cells per
well 24 h prior to the assay. Then cells were exposed to a series
of doses of free Tet, or Tet-loaded nanoparticles. After incubation,
20 �L of 5 mg/mL MTT solution was added to each well and the plate
was incubated for 4 h, allowing the viable cells to transform the yel-
low MTT into dark-blue formazan crystals, which were dissolved in
200 �L of dimethyl sulphoxide (DMSO). The optical density (OD) of
each well was measured by an ELISA reader (ELX800 Biotek, USA)
using test and reference wavelengths of 490 and 630 nm, respec-
tively. Cell viability was determined by the following formula:

Cell viability(%) = OD (test well)
OD (reference well)

× 100% (4)

The in vitro compatibility of the blank nanoparticles was also
determined by MTT assays using LoVo and human liver cell line
LO2.

All the results obtained from MTT assays were confirmed by
repeating the experiment on at least three independent occasions
and testing in triplicate each time.

2.7. Histoculture Drug Response Assay (HDRA)

The HDRA was performed according to the description of
Fakhrejahani et al. (2007) and Kodera et al. (2006) with slight mod-
ifications. Tissue sample was collected at surgery from a patient
with gastric cancer (carida adenocarcinoma) in the Department
of Gastroenterological Surgery, Drum-Tower Hospital. The exper-
imental application of HDRA was approved by the Institutional
Research Committee, and written informed consent was obtained
from the patient. The fresh specimen was sampled from the primary
lesion immediately after gastrectomy, stored in transportation solu-
tion (RPMI 1640 medium supplemented with 20% fetal calf serum,
containing 100 IU/mL penicillin and 100 �g/mL streptomycin.) and
delivered directly to the lab. The specimen was washed twice in
saline, immersed in Hank’s solution, and then divided into pieces
of around 15 mg. The tissue was placed in a 24-well plate, into which
1-cm-square gelatin sponges had been immersed in RPMI 1640
medium supplemented with 20% fetal calf serum and amikacin sul-
phate 100 IU/mL containing free Tet or Tet-loaded nanoparticles at
three concentrations. Four pieces of tumor specimen were incu-
bated without any drug as control. The tissue was then cultured for
7 days at 37 ◦C with 5% CO2. A mixed solution of 100 �L of 0.6 mg/ml
collagenase Type I and 100 �L of 5 mg/mL MTT in 100 mg/mL
sodium succinate was added. After incubation for another 24 hours,
MTT-formazan was extracted by 1 mL of DMSO and 100 �l of the
solution from each well was transferred to the wells of a 96-well
Tissue viability (%) = OD (test)/Weight (test)/mg
OD (Coontrol)/Weight (Control)/mg

×100% (6)
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Table 1
Chemical structure of polymers.

Sample (nCL/nEG)a (nCL/nEG)b Mn
b Mw

c Mn
c Pd (Mw

c/Mn
c) Hydrophobic ratiob

MP-2: MePEG2K–PCL4K 0.77 0.76 5938 8060 4720 1.71 66.32%
MP-4: MePEG4K–PCL20K 1.93 1.90 23691 43763 25826 1.69 83.11%
P-6: PCL20K–PEG6K–PCL20K 2.57 2.48 44576 67368 42816 1.57 86.53%
P-10: PCL18K–PEG10K–PCL18K 1.39 1.35 44893 77634 45017 1.72 77.77%

Pd: polydispersity (defined as the ratio of weight-average molecular weight to the number-average molecular weight). n: number of the molecules. Hydrophobic ratio was
calculated according to the following formula: hydrophobic ratio = (Mn

b − Mn (PEG))/Mn
b × 100%.

a Feeding ratio.
b Determined by 1H NMR.
c Determined by GPC.

Table 2
Diameters and zeta potential of the nanoparticles.

Nanoparticles Diameter (nm) Polydispersity Zeta potential (mV)

MP2 190.3 ± 1.7 0.173 ± 0.039 −0.04 ± 0.04
M
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P4 285.8 ± 4.2 0.054 ± 0.085 −11.47 ± 0.64
6 333.7 ± 4.2 0.199 ± 0.043 −12.88 ± 1.65
10 444.3 ± 7.0 0.210 ± 0.016 −7.85 ± 1.40

.8. Statistical analysis

Statistical analyses of data were done using Student’s t test. The
ata are listed as mean ± SD, and values of P < 0.05 were accepted
s a statistically significant difference.

. Results

.1. Copolymer synthesis and characterization

The molecular weight of the copolymers can be obtained from
H NMR data by comparing the peak intensities of the methylene
rotons of the oxyethylene units of PEG to the methylene of PCL.
he feeding ratio and calculated molecular weight are summarized

n Table 1. The nomenclature of these copolymers was referred to
he feed ratio. It was observed that calculated molecular weight
as consistent with the feed ratios. As to GPC analysis, only one
eak appeared in the GPC curve (data not shown), indicating that
ll the impurities were removed after purification. Mw and Mn were
lso listed in Table 1. The polydispersity of the copolymer (defined
s Mw/Mn) was around 1.6. The Mn obtained from the GPC chro-
atogram confirmed the calculated NMR values.

.2. Characterization of PCL–PEG nanoparticles

.2.1. Size, zeta potential and morphology studies
The particle size and size distribution of the Tet-loaded nanopar-
icles in aqueous solution were determined by DLS and the
esults are displayed in Table 2. The particle size was pre-
ented as P10 > P6 > MP4 > MP2. Zeta potential of four kinds of
anoparticles was also listed in Table 2. All the nanoparticles are
egatively charged. The particle size and zeta potential of the blank

able 3
he influence of drug feeding on drug-loading content and encapsulation efficiency.

eeding ration (Tet/copolymer) Copolymer 5

rug-
oading
on-
ent

MP2
MP4 1
P6 1
P10 1

ncapsulation
ffi-
iency

MP2 3
MP4 4
P6 8
P10 9
Fig. 1. TEM image of MP4 nanoparticles.

nanoparticles were not significantly different from the Tet-loaded
nanoparticles (data not shown).

Fig. 1 presents the TEM pictures of the nanoparticles prepared by
MP4. It could be observed that most of the nanoparticles exhibited
a spherical shape and the size was 200–250 nm in diameter, which
was in coincidence with the data from DLS (around 280 nm). So was
the morphology of the nanoparticles made from the other three
copolymers (figures not shown).

3.2.2. Drug-loading content and encapsulation efficiency
Table 3 listed the drug-loading content and encapsulation effi-

ciency of each kind of nanoparticles at different Tet feedings. With
the increasing of feeding, the drug-loading content increased firstly
and then decreased (except for MP2). For the four kinds of nanopar-
ticles, maximum encapsulation efficiencies were in the group with
minimum feeding drug. In the following study, the feeding ratio
was 10 mg/20 mg (Tet/copolymer) for MP2 and 7.5 mg/20 mg for
the other three copolymers.
3.2.3. Stability evaluation
Fig. 2 shows the particle sizes’ change of Tet-loaded nanopar-

ticles within 15 days. The particle size of MP2 and P10 decreased

mg/20 mg 7.5 mg/20 mg 10 mg/20 mg

8.89% 10.56% 14.97%
0.25% 14.38% 13.01%
7.25% 20.45% 16.08%
8.61% 24.60% 19.08%

9.01% 31.48% 35.20%
5.64% 44.93% 29.88%
3.38% 68.54% 38.32%
1.44% 87.02% 47.15%
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Fig. 2. Stability study of the nanoparticles. The diameter of the nanoparticles was
determined by DLS and the data were presented as mean ± SD. Where bars are not
shown, SD is less than the height of the points.
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ticles at all tested concentrations. (Fig. 8). This difference seemed
ig. 3. In vitro release profile of Tet from the four nanoparticles. The data were
resented as mean ± SD. Where bars are not shown, SD is less than the height of the
oints.

lightly (Day 0 vs. Day 15 190.3 ± 1.7 nm vs. 160.8 ± 14.0 nm, P < 0.05,
44.3 ± 7.0 nm vs. 395.3 ± 4.5 nm, P < 0.05, respectively.) The parti-
les size of MP4 and P6 did not change significantly (Day 0 vs. Day
5, P > 0.05).

.2.4. In vitro release of Tet-loaded nanoparticles
The release profiles of different Tet-loaded nanoparticles were

nvestigated in PBS solution at 37 ◦C. Fig. 3 shows the cumulative
n vitro release of Tet from the four kinds of nanoparticles. All
anoparticles exhibited a fast release of Tet at the initial stage and
sustained release in the following time.

MP2 presented the most prominent burst release (approxi-
ately 50% at the first 4 h and 75% at the first 24 h). The release

attern of P10 was the most sustainable with the smallest initial
urst rate (approximately 30% at the first 4 h and 55% at the first
4 h.).

.3. Cellular uptake studies
Particles loading fluorescent dyes are frequently used to study
ellular uptake (Desai et al., 1997; Hu et al., 2007; Panyam et al.,
003). Fig. 4 shows the cellular uptake of nanoparticles with regard
o different copolymers. As coumarin-6 was assumed to disperse
venly in the particles, the amount of particles was linearly pro-
Fig. 4. The LoVo cell uptake efficiencies for different nanoparticles at different time
intervals. The uptake effeicacies of the nanoparticles were presented as mean ± SD.
Where bars are not shown, SD is less than the height of the points.

portional to the fluorescence intensities in the cells. The cellular
uptake efficiency was given by the ratio between the amount of
particles taken up in cells and the amount of those in the control.
Time-dependent increase of uptake was observed for all nanopar-
ticles from 0.5 to 4 h. P10 nanoparticles showed the highest uptake
efficiency (12% at 4 h) while MP2 had the lowest uptake efficiency
(9% at 4 h). MP4 and P6 were engulfed into cells of a similar
amount.

These results were confirmed by fluorescence microscopy
observation. Fig. 5 showed the microscopic images of LoVo cells
incubated with MP4 nanoparticles with 0.5, 1, 2 and 4 h at 37 ◦C. It
can be observed that more particles were engulfed with time.

3.4. In vitro cytotoxicity of the nanoparticles and the
biocompatibility study

Fig. 6 showed the cytotoxicity of free Tet and four kinds of Tet-
loaded nanoparticles. It was observed that the cytotoxicity of Tet
was positively correlated to its concentration in all the groups. The
cytotoxicity of free Tet and Tet-loaded nanoparticles was similar
at the concentration of 4 �g/mL. As the concentration increased,
the difference of cytotoxicity between free Tet and the nanopar-
ticles became obvious. At the concentration of 16 �g/mL, all the
nanoparticles exhibited more prominent cytotoxicity than free Tet
(nanoparticles vs. free Tet P < 0.05 at 16 �g/mL).

According to in vitro biocompatibility studies, all the blank
nanoparticles exhibited little toxicity either on LO2 cell lines (Fig. 7)
or on LoVo cell lines (data not shown), which was also con-
firmed by the morphology of the cells observed under microscopy
(Supplementary Fig. 3). The result indicated that the copolymers
were nontoxic to both tumor tissue and normal tissue.

3.5. Histoculture Drug Response Assay (HDRA)

HDRA indicated that the antitumor effect of Tet-nanoparticles
on tumor tissue was more prominent than free Tet in all nanopar-
more obvious at lower concentrations. The nanoparticles made of
di-block copolymers exhibited more prominent antitumor effect
than those prepared from tri-block copolymers. Moreover, the
antitumor effect was negatively correlated with the particle size
especially at lower concentrations.
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Fig. 5. Fluorescence microscopic images of LoVo cells after 0.5, 1, 2 and 4 h, incubation w
nanoparticles in LoVo cells was visualized by FITC filter (magnification = 100×).
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ig. 6. The in vitro cytotoxicity of free Tet and four Tet-loaded nanoparticles to LoVo
ells at different concentrations. The cytotoxicity of the nanoparticles was deter-
ined by the viabilities of cells. The data were presented as mean ± SD. *The cell

iability of the nanoparticles was significantly different from those of the free Tet.

. Discussion

In the present study we synthesized di-block copolymers and
ri-block copolymers of PEGylated PCL with different PEG and PCL
ompositions. By evaluating their physicochemical properties and
ntitumor efficacy, we confirmed that the Tet-loaded nanoparti-
les exhibited satisfactory in vitro antitumor potency and identified
P4 as the most effective drug carrier for local administration of

et.
Unlike systemic drug delivery, nanoparticles with larger particle
ize have been reported to be more effective in local delivery (Tsai
t al., 2007). Therefore, we prepared the nanoparticles by the o/w
mulsion and solvent evaporation method rather than the nano-
recipitation method. According to our findings, the nanoparticles
repared by the emulsion method presented significantly bigger
ith different coumarin-6-loaded nanoparticles. The uptake of coumarin-6-loaded

size (200–400 nm) than those prepared by the nanoprecipitation
method (less than 100 nm) (Li et al., 2008; Zhang et al., 2007). The
zeta potential of MP4, P6 and P10 was around −10 mV, the absolute
value of which was slightly lower than the nanoparticles prepared
by the nanoprecipitation method (Hu et al., 2007; Zhang et al.,
2004). As the nanoparticles prepared by emulsion method are big-
ger in size, the density of the neutral PEG shell is lower. Moreover, as
PEG segment is uncharged and PCl segment is negatively charged,
the PCL segment in the copolymers contributes to their charged
state. It is obvious that the hydrophobic ratio (PCL composition)
of the copolymers is in negative correlation with the absolute val-
ues of their zeta potential, which can explain why MP2 was nearly
uncharged. As to the drug loading and encapsulation efficiency,
maximum drug-loading content and encapsulation efficiency were
observed when the feeding drug was of a suitable amount. This
indicated that too much feeding drug will lead to decrease of drug-
loading content by hampering the overall stability of the formed
nanoparticles after Tet reached the saturation solubility in the poly-
mer matrix (Zhang et al., 2004).

Micelles made of PEGylated PCL have been reported of preferable
stability in aqueous solution (Lin et al., 2003). The nanoparticles
prepared by emulsion method also exhibited good stability with
no dramatic change of particle size in all the nanoparticles. The
diameters of nanoparticles prepared from copolymers with lower
hydrophobic ratio (MP2 and P10) decreased slightly in 15 days. This
phenomenon seemed unexpected because PEG is thought to stabi-
lize the nanoparticles. In this study, we evaluated the stability of
Tet-loaded nanoparticles rather than blank nanoparticles, as Tet is
a hydrophobic agent, the interaction between Tet and PCL segment
may also contributed to the stability of the nanoparticles. This indi-

cated that the hydrophobic ratio around 80% was most suitable for
nanoparticles with good stability.

In the in vitro release study, P10 exhibited the most sustain-
able release pattern with the smallest burst release while MP2
showed the most prominent initial burst and rapid release of Tet
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Fig. 7. The in vitro toxicity of the four blank nanoparticles at different copolymer concen
cells. The data were presented as mean ± SD.
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(Fakhrejahani et al., 2007). As HDRA uses tumor tissue rather than
ig. 8. Histoculture Drug Resistance Assay (HDRA) study of free Tet and Tet-loaded
anoparticles. The data were presented as mean ± SD. Where bars are not shown,
D is less than the height of the points.

Fig. 3). All samples exhibited a fast release of Tet at the initial stage,
hich can be attributed to the release of Tet on the surface lay-

rs of the nanoparticles. Tet released from smaller nanoparticles
ore rapidly. Moreover, the nanoparticles prepared from tri-block

opolymers exhibited a more sustained-release pattern. However,
t was found that more Tet remained unreleased from the tri-block
anoparticles (approximately 20% for P6, 25% for P10) than that of
he di-block nanoparticles (approximately 10% for MP2 and MP4)
t 120 h. This may attribute to the differences between the “brush”
tructure for di-block copolymers and “mushroom” structure for
ri-block copolymers in aqueous solution as the “mushroom” struc-
ure could form a more effective conformational cloud. (Hu et al.,
007).

The cellular uptake of the nanoparticles is also an important
ttribute because small molecular drugs entrapped in the nanopar-
icles can enter the cells through endocytosis rather than passive
iffusion (Rosen and Abribat, 2005). Therefore, cellular uptake effi-
iency of drug-loaded nanoparticles affects the therapeutic effects.
rom Figs. 4 and 5, it was found that the cellular uptake of P10
anoparticles was the most efficient at all time points while the
ellular uptake proportion of MP2 was the lowest. A lot of factors
ave been reported to influence the uptake efficiency of nanopar-
icles including particle size (Zauner et al., 2001), cell lines and cell

ensities, hydrophobic proportion of copolymers, surface charge
tc. (Foster et al., 2001; Jung et al., 2000). According to our study,
article size was found to be the main character to determine the
ellular uptake efficiency. Moreover, the hydrophobic proportion of
trations. The cytotoxicity of the nanoparticles was determined by the viabilities of

the nanoparticles also influences the uptake efficiency, as MP4 and
P6 (different in particle size but similar in the hydrophobic ratio)
exhibited similar uptake proportion.

As to in vitro evaluation, the cytotoxicity of both free Tet and
Tet-loaded nanoparticles increased as the drug concentration grew
from 4 to 16 �g/mL. The antitumor effect of the Tet-loaded nanopar-
ticles was similar to free Tet at lower Tet concentration while
the cytotoxicity of the nanoparticles was superior to free Tet at
higher concentrations. This superiority may mainly due to the
uptake of the nanoparticles and the sustained release of Tet inside
the cancer cells. Among the four kinds of nanoparticles, it was
found that P6 exhibited the most prominent cytotoxicity while P10
exhibited the mildest cytotoxicity. This difference was the most
prominent at 8 �g/mL because this concentration was inside the
steepest part of the dose-response curves (the inhibition rates
were around 50%). The differences of cytotoxicity among the four
kinds of nanoparticles can be mainly explained by the results
of in vitro release and cellular uptake studies: P10 exhibited the
most sustainable release pattern and only 60% Tet was released
from the nanoparticles at 48 h. Moreover, Tet exhibits its effect by
a variety of mechanisms including suppression of cell prolifera-
tion, promotion of apoptosis, anti-angiogenesis and reversion of
drug resistance (Wang et al., 2004), so the intracellular distribu-
tion and status of Tet will influence its effectiveness. As a result,
the size and conformation of the nanoparticles may also interact
with Tet and indirectly affect the antitumor potency of the delivery
system.

In the cytotoxicity assay, P6, MP2 and MP4 exhibited similar
antitumor effect. That is because MP4 and P6 were synthesized
with similar PCL composition and the two kinds of nanoparti-
cles was similar in size. Tet released from MP2 more rapidly, but
the cellular uptake of MP2 was inferior to that of P6 and MP4.
As MP2 was not as stable as MP4 and P6, and the sustained-
release pattern was important for the maintenance of drug at
tumor site in local delivery, MP4 and P6 were hence more suitable
candidates.

In order to determine which one is more preferable for Tet
delivery, we evaluated the antitumor potency of the different
nanoparticles using HDRA. HDRA was a technique to predict can-
cer patients’ response to chemotherapy, which has been shown to
correlate strongly with clinical outcome and survival of patients
monolayer cell culture, the microenvironment and microstructure
of the tumor tissue such as penetration of drug, the extracellular
pH values, interstitial fluid pressure, etc. (Minchinton and Tannock,
2007) can influence the effect of drugs. As a result, the antitumor
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valuation of drugs by HDRA is expected to be more predictive
han cytotoxicity assay. From this study, it is obvious that the
ffectiveness of the nanoparticles was superior to that of free Tet
specially at lower concentrations. The superiority of the nanopar-
icles attributes to several reasons, firstly, Tet released in a sustained
attern from the nanoparticles, which led to longer drug retention
nd better effect of Tet; secondly, in the HDRA model, the drug
hould firstly penetrate throughout the tissue and enter the tumor
ells to take effect. The nanoparticles may penetrate and taken by
he cancer cells more readily compared to free Tet. Moreover, among
he different nanoparticles, the results got from HDRA are not all
he same as those from cell cytotoxicity assay as there are more
actors affecting the antitumor effect. The penetration ability may
e an important factor. Generally, small water-soluble molecules
istribute most readily in the extracellular matrix, and therefore
fficiently diffuse around and between cells. That is why MP2 exhib-
ted the best effectiveness in HDRA. Also, the delivery of drugs is
lso determined by the drug supply; as a result, the influence of
enetration tends to be more evident at lower drug concentra-
ion, which explains the more prominent differences in HDRA at
ower Tet concentration. P6 in HDRA exhibited milder antitumor
ffect compared to MP4, which indicated that the nanoparticles
repared from di-block copolymers with PEG segment extended as
“brush” structure exhibited better penetration ability. As HDRA

s more a comprehensive model than cytotoxicity assay and more
apid and convenient than in vivo evaluation, we believe that
t is meaningful to apply HDRA into the evaluation of different
opolymers.

Among the four copolymers, MP4 exhibited prominent anti-
umor effect both for in vitro cytotoxicity assay and in HDRA.

oreover, MP4 nanoparticles were proved to be of good stability
nd sustained-release pattern. Take all the results in this study into
ccount, we initially choose MP4, the di-block MePEG–PCL copoly-
er with hydrophobic composition about 80% and Mw around

5000, as the most effective drug carrier for Tet. Obviously, this
onclusion should be eventually proved in vivo, which is part of
ur further studies.

. Conclusion

In the present study, core-shell structure PEGylated PCL
anoparticles was prepared from different copolymers by an emul-
ion method. By comprehensive evaluation, we concluded that the
et-loaded nanoparticles showed more prominent antitumor effect
han free Tet. The composition of copolymers can influence most of
he properties including the antitumor effect of the drug-loaded
anoparticles. Moreover, HDRA, a model used in the evaluation of
hemosensitivity, was proved to be a promising evaluation system
hen applied into the field of drug delivery. Nanoparticles prepared

rom the di-block copolymer MePEG4k-PCL20k with a particle
ize around 300 nm and the hydrophobic composition about 80%
as determined as the most effective drug carrier for further

tudies.
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