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Tetrandrine (Tet), a bis-benzylisoquinoline alkaloid, has recently been reported as a novel anti-cancer
agent in vitro and in vivo by inducing apoptosis with the formation of reactive oxygen species (ROS)
and the activation of ROS-dependent c-Jun NH2-terminal kinase (JNK) and caspase-3. However, applica-
tion of Tet is limited for its insolubility. Accumulated evidences raise the possibility of developing nano-
scale delivery systems of Trojan strategy with improved solubility, stability and cytotoxicity of lipophilic
Tet. Here, we reported first a simple way to produce Tet-loaded nanoparticles based on amphiphilic block
copolymer. The controlled release pattern of Tet-loaded nanoparticles (Tet-np) was characterized by
in vitro release experiments. Cytotoxicity tests proved anti-tumor effect of Tet-np against Lovo cells.
Moreover, doses of Tet-np during lower concentrations (1–8 lg/ml) led to more cell inhibition than
equivalent doses of free Tet did (1–8 lg/ml). It was further presented that the higher uptake efficiency,
more reactive oxygen species (ROS) generation, and the stronger activation of ROS-dependent c-Jun
NH2-terminal kinase (JNK) and caspase-3 were induced by the equivalent dose of Tet delivered by nano-
particles. Although the present results suggested that Tet-np could be a potential useful chemotherapeu-
tic tool, intensive researches are still warranted.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Many chemotherapeutics induce the death of cancer cells
through elevating the level of intracellular reactive oxygen species
(ROS) [1]. Overproduced ROS aim at various targets including pro-
teins, lipids and nucleic acid so as to injury cells, which also stim-
ulate proapoptotic signal molecules such as c-Jun-NH2-kinase [2],
activate p38 and p53 protein pathway [3], or trigger the mitochon-
drial apoptotic cascade [4].

Latest studies revealed that tetrandrine (Tet), a bis-benzyliso-
quinoline alkaloid, isolated from the root of Stephania tetrandra,
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had anti-tumor capacity both in cultured tumor cells and animal
models [4–11]. Tet can effectively induce oxidative stress leading
to elevated intracellular ROS [7–9]. Then ROS-dependent c-Jun N-
terminal protein kinase (JNK) and caspase-3 are sequentially acti-
vated by elevated ROS [1,4,8,9], which results in the apoptosis of
tumor cells. Applications of this potential anti-cancer agent are,
however, restricted by the low bioavailability caused by its physi-
cal properties [4–12].

Recent progress in drug delivery has focused on improving
drug delivery for malignant disease by nanomedicine and poly-
mer techniques. Among them, amphiphilic block copolymer-
based polymeric micelles can self-assemble into nanoparticles
with hydrophilic outer shells and hydrophobic inner cores [13].
These nanoparticles capture hydrophobic drug in the cores and
disperse easily in solution with the protection of hydrophilic
shells, which are easy to be internalized by cells [13]. Drug-
loaded polymeric nanoparticles were proved to be a valuable
controlled delivery system for passive-targeting administration
of therapeutics by virtue of endocytosis in vitro and the En-
hanced Permeability and Retention (EPR) effect in vivo [13,14].
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It has also been used to enhance gene or protein delivery effi-
ciency [13].

The lipophilicity of Tet raises the possibility of developing Tet-
loaded biodegradable polymeric micelles delivery systems.
Whether or not the Trojan strategy of nanoparticle-based Tet deliv-
ery can effectively induce intracellular ROS accumulation and stim-
ulate activation of ROS-dependent JNK and caspase-3 is unclear.

Previously reported amphiphilic block copolymer-based nano-
particles, composed of polycaprolactone (PCL) and polyethylene
glycol (PEG) [13], were chosen to develop a controlled drug deliv-
ery system containing Tet. The physical characterizations and the
delivery efficiency of nanoparticles to Lovo cells based on couma-
rin-6 loaded nanoparticles were evaluated. We further studied
the discrepancy of in vitro cytotoxicity, intracellular ROS induction
and the activation of ROS-dependent JNK and caspase-3 between
Tet-np and free Tet. According to the results, we propose the
hypothesis that delivery of Tet via nanoparticles might effectively
induce ROS generation and therefore activate proapoptotic signal
molecules in cancer cells.
2. Materials and methods

2.1. Materials

Tetrandrine was kindly provided by Zhejiang Haizheng Pharm-
ceutical Co., Ltd. According to our previous work [15,16], PCL20k–
PEG4k nanoparticles were applied in the following procedure for
their higher drug loading content and encapsulation efficiency. Hu-
man colon–rectum cancer cell line, Lovo cell line, was obtained
from Shanghai Institute of Cell Biology (Shanghai, China). Cell cul-
ture material (RPMI Media 1640, fetal bovine serum, etc.) was from
Invitrogen (Carlsbad, CA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) and 2,7-dichlorofluoroescin diace-
tate (H2DCF-DA) were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). All other chemicals were of analytical grade and
used without further purification.

2.2. Methods

2.2.1. Formulation of nanoparticles
Tet-loaded nanoparticles were prepared by a nanoprecipitation

method as described previously with minor modification [15,16].
Briefly, 10-mg mPEG–PCL block copolymers and a predetermined
amount of Tet were dissolved in 2 ml acetone. The obtained organ-
ic solution was added dropwise into 10 times volume of distilled
water under gentle stirring at room temperature. The solution
was dialyzed in a dialysis bag (molecular weight cut-off 12kd, Sig-
ma–Aldrich Corp., St. Louis, MO, USA) to remove acetone thor-
oughly. The resulted bluish aqueous solution was filtered
through a 0.22-lm filter membrane to remove non-incorporated
drugs and copolymer aggregates. Coumarin-6-loaded nanoparti-
cles were prepared by replacing Tet with coumarin-6. Drug-free
nanoparticles were produced in a similar manner without adding
drugs. Solutions of drug-loaded nanoparticles and empty nanopar-
ticles were then lyophilized for further utilization.

2.2.2. Characterization of nanoparticles
Atomic force microscopy (AFM, SPI3800, Seiko Instruments, Ja-

pan) and transmission electron microscope (TEM, JEM-100S Japan)
were used to visualize nanoparticles. Fourier transform infrared
spectra (FTIR) were measured by a Perkin-Elmer Paragon 1000
Fourier transform spectrometer. In all cases, 64 scans at a resolu-
tion of 2 cm�1 were used to record the spectra. Mean diameter
and size distribution were measured before lyophilization by pho-
ton correlation spectroscopy (DLS) using a Brookheaven BI-9000AT
instrument (Brookheaven Instruments Corporation, NY, USA). Zeta
potential was measured by the laser Doppler anemometry (Zeta
Plus, Zeta Potential Analyzer, Brookhaven Instruments Corpora-
tion, NY, USA).

2.2.3. Drug loading content (DLS) and encapsulation efficiency (EE)
The concentration of Tet was assayed on a Shimadzu LC-10AD

(Shimadzu, Japan) HPLC system equipped with a Shimadzu UV
detector and an agilent C-18, 5 lm, 200 mm � 4.6 mm RP-HPLC
analytical column. The mobile phase was consisting of methanol
(spectral grade, Merck, Germany)/double-distilled water/ethyla-
mine (90/10/0.05, v/v/v) pumped at a flow rate of 1.0 ml/min with
determination wavelength of 282 nm. The concentration of Tet
was determined based on the peak area at the retention time of
4.83 min by reference to a calibration curve. The following equa-
tions were applied to calculate the drug loading content (Eq. (1))
and encapsulation efficiency (Eq. (2)).

Drug loading content ð%Þ

¼Weight of the drug in nanoparticles
Weight of the nanoparticles

� 100% ð1Þ

Encapsulation efficiency ð%Þ

¼Weight of the drug in nanoparticles
Weight of the feeding drugs

� 100% ð2Þ
2.2.4. In vitro release of Tet-loaded nanoparticles
For in vitro release detection, 10 mg lyophilized Tet-loaded

nanoparticles were suspended in 1 ml of 0.1 M phosphate-buffered
saline (PBS, PH 7.4). The solution was then placed into a pre-
swelled dialysis bag with a 12-kDa molecular weight cut-off (Sig-
ma) and immersed into 20 ml 0.1 mol/l PBS, pH 7.4, at 37 �C with
gentle agitation. One milliliter samples was withdrawn from the
incubation medium and measured for Tet concentration as de-
scribed earlier. After sampling, equal volume of fresh PBS was
immediately added into the incubation medium. The concentra-
tion of Tet released from the nanoparticles was expressed as a per-
centage of the total Tet in the nanoparticles and plotted as a
function of time.

2.2.5. Nanoparticle uptake by Lovo cells
Coumarin-6 was utilized as fluorescent marker to assess the

efficiency of nanoparticle uptake by tumor cells. About 5 � 105

Lovo cells was seeded in 6-well plates with RPMI 1640 supple-
mented with 10% calf blood serum and allowed to adhere at
37 �C with 5% CO2 for 24 h prior to the assay. The medium was then
replaced with 10 ml fresh RPMI 1640 containing coumarin-6
loaded nanoparticles (indicated by dose of coumarin-6). After 4-h
incubation, the cell monolayers were rinsed three times with PBS
buffer to remove excess nanoparticles. The cells were viewed and
imaged under a fluorescence microscope (Carl Zeiss LSM 410, Goet-
tingen, Germany) using a FITC filter. By repeating the above-men-
tioned procedure while changing coumarin-6 concentration (5, 15,
30, 60 lg/ml), cells were incubated with different doses of couma-
rin-6-loaded nanoparticles, then collected for the quantitative
analysis of nanoparticle uptake indicated by coumarin-6 content.
The cell lysates were reconstituted in 500 ll methanol and soni-
cated for 30 s at 5w to extract the fluorescent dye from the nano-
particles. The samples were centrifuged at 12,000 rpm for 10 min
at 4 �C, and 400 ll of the supernatants were collected for HPLC
analysis. The concentration of coumarin-6 was assayed on a Shi-
madzu LC-10AD (Shimadzu, Japan) HPLC system equipped with a
Shimadzu fluorescence detector (Model RF-10AXL; Ex(k) 450 nm/
Em(k) 490 nm) and an agilent C-18, 5 lm, 200 mm � 4.6 mm RP-
HPLC analytical column. The mobile phase was consisting of aceto-
nitrile (spectral grade, Merck, Germany)/double-distilled water/1-
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heptane sulfonic acid sodium salt (65/35/0.005, v/v/v) pumped at a
flow rate of 1.0 ml/min. The concentration of coumarin-6 was
determined based on the peak area by reference to a calibration
curve. The efficiency of nanoparticle uptake was calculated from
the amount of coumarin-6 detected in the cell and total added.

2.2.6. In vitro cytotoxicity studies
Cytotoxicity of Tet-loaded nanoparticles against Lovo cells was

assessed by MTT assay [15]. Briefly, cells were seeded in 96-well
plates with a density around 5000 cells/well and allowed to adhere
for 24 h prior to the assay. Cells were exposed to a series of equiv-
alent doses of free Tet or Tet-loaded nanoparticles (1, 2, 4, 8, 16,
32 lg/ml) at 37 �C. After 48 h of incubation, cold PBS (pH 7.4)
was utilized to wash the cells carefully and then 50 ll of MTT indi-
cator dye (5 mg/ml in PBS, pH 7.4) was added to each well and
incubated for 2 h at 37 �C in the dark. The medium was withdrawn,
and 200 ll acidified isopropanol (0.33 ml HCl in 100 ml isopropa-
nol) was added to each well and agitated thoroughly to dissolve
the formazan crystals. Absorption was measured at 550 nm in
Microkinetics reader BT2000, and obtained values were expressed
as a percentage of the controls.
Fig. 1. Characterization of Tet-loaded nanoparticles. (A) TEM image of mPEG–PCL nanop
tetrandrine, empty nanoparticles and tetrandrine-loaded nanoparticles. (D) Cumula
interpretation of the references to colour in this figure legend, the reader is referred to
2.2.7. Detection of intracellular ROS
H2DCF-DA was used to detect intracellular generation of ROS

[1] by modification. Briefly, Lovo cells (2 � 105) were cultured with
Tet or Tet-np at the equivalent Tet does of 4 lg/ml. After 48-h incu-
bation, cells were incubated with 5 mM H2DCF-DA for 30 min.
After washing three times with cold PBS, the intensity of fluores-
cence was determined by a fluorescence spectrophotometer under
an emission wavelength at 535 nm (H2DCF-DA), while an excita-
tion wavelength at 485 nm. The obtained values were expressed
as folds of the controls. According to green fluorescence of DCF,
typical images of intracellular ROS generation were obtained. The
lighter the fluorescence, the greater the ROS generation.

Another indicator, dihydroethidium (DHE), was used to confirm
the ROS generation in cells by different agents. The method was
similar to that of H2DCF-DA except that the concentration of
DHE was 10 lM. Emission wavelength was 610 nm and excitation
wavelength was 535 nm.

2.2.8. Western blot analysis
Lovo cells (1 � 106) were cultured under the same conditions as

in the in vitro ROS studies with Tet or Tet-np at the equivalent Tet
articles. (B) AFM image of mPEG–PCL nanoparticles. (C) The FTIR spectrums of free
tive in vitro release profile of tetrandrine from mPEG–PCL nanoparticles. (For
the web version of this article.)
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does of 4 lg/ml for 48 h. Protein levels of JNK1, p-JNK and procas-
pase-3 were analyzed by Western blot as described previously
[17,18]. Briefly, cell lysates were prepared, electrotransferred,
and then immunoblotted with anti-JNK1 (Santa Cruz Biotechnol-
ogy), anti-phosphate-JNK (Sigma, USA) and anti-procaspase-3
(Santa Cruz Biotechnology). For phosphoprotein detection, cells
were washed with ice-cold PBS containing 1 mM Na3VO4 and
1 mM NaF, and lysed in a buffer (20 mM Tris–Cl (pH 8.0),
137 mM NaCl, 10% glycerol, 1% TritonX-100, 1 mM Na3VO4, 1 mM
NaF, 2 mM EDTA, 200 nM aprotinin, 20 mM leupeptin, 50 mM phe-
nanthroline, 280 mM benzamidine-HCl) [17]. Detection was per-
formed with Western blotting reagent ECL (Amersham), and
chemiluminescence was exposed by the filters of Kodak X-Omat
films. After normalizing the bands with the actin control, Image
Pro Plus (Media Cybernetics, Silver Spring, MD, USA) was applied
to perform the quantification analysis.

2.2.9. Caspase-3 activity assay
Lovo cells at a density of 1 � 106 cells/well were cultured under

the same conditions as in the in vitro ROS studies and Western blot
analysis. Determination of caspase-3 activity was performed by the
caspase colorimetric protease assay kit (Keygen Biotech, Nanjing,
China) by following the manufacturer’s instruction. The optical
density was measured at 405 nm. The obtained values were ex-
pressed as folds of controls.

2.2.10. Statistical analysis
Data were expressed as the mean ± SD of three independent

experiments. Statistical analysis for the comparison of relative
groups was based on student’s t-test or one-way ANOVA analysis
with SPSS 11.5 software (SPSS, USA). Significance was accepted at
the 0.05 level of probability.

3. Results and discussion

3.1. Characterization of nanoparticles

The morphology of Tet-loaded nanoparticles was characterized
by TEM and AFM. Both images showed the spherical shape of the
polymeric nanoparticles with a smooth surface (Fig. 1A and B).
DLS was utilized to determine the size and zeta potential of Tet-
loaded nanoparticles. As shown in Table 1, the sizes are less than
100 nm. In accordance with previous reports, zeta potential test
showed that Tet-loaded nanoparticles exhibit a negative zeta po-
tential slightly below 0 mv, which indicated PEG outer shell is
capable to screen the surface charge in certain degree [19,20].
The FTIR demonstrated that Tet is successfully incorporated into
the nanoparticles [21,22]. From the spectrum of free Tet, some
characteristic peaks could be obtained, such as 1510 cm�1, which
obviously localized in the spectrum of Tet-loaded nanoparticles
(Fig. 1C). The hydrophobicity of Tet and the satisfied affinity be-
tween Tet and the hydrophobic core (PCL) [23,24] result in high
loading efficiency. By varying the feeding ratio of copolymer and
Tet, the highest drug loading content of Tet into mPEG4k–PCL20k
Table 1
Mean particle size and drug load efficiency of two kinds of nanoparticles.

Nanoparticles Particle
size
(nm)a

Polydispersity Zeta
potential
(mV)

DLC (%)b EE (%)c

mPEG4k–
PCL20k

75.3 ± 4.9 0.14 ± 0.04 �6.1 ± 1.4 18.2 ± 2.1 92 ± 2.6

a The SD value was for the mean particle size obtained from the three mea-
surements of a single batch.

b DLC = drug loading content.
c EE = encapsulation efficiency.
nanoparticles was detected as 18.2 ± 2.1% and the encapsulation
efficiency was more than 90% (Table 1).
3.2. In vitro release of Tet-loaded nanoparticles

Fig. 1D shows the sustained release profile of Tet-loaded nano-
particles. An initial burst of more than 50% release in 5 h indicated
that like other core–shell delivery systems, the affiliation of certain
drugs to the surface of the nanoparticles is unavoidable. In the fol-
lowing period, release of Tet was observed in a sustained manner
from nanoparticles. Finally, 5 days incubation with PBS caused a
total 80% higher release. These data indicated that incorporated
Tet could be released from the core–shell structure of polymeric
nanoparticles, and the Tet-loaded nanoparticles might be a poten-
tial controlled release system for cancer therapy.
3.3. Uptake of nanoparticles by Lovo cells

Fig. 2A and B revealed the cellular uptake of coumarin-6-loaded
nanoparticles. It was obvious that 4-h incubation was sufficient for
Lovo cells to uptake nanoparticles that were localized in the cyto-
Fig. 2. Uptake of coumarin-6-loaded nanoparticles by Lovo cells and Cctotoxicity of
tetrandrine (Tet) and tetrandrine-loaded nanoparticles (Tet-np) against Lovo cells.
(A and B) Microscopic images of Lovo cells incubated with coumarin-6-loaded
nanoparticles (A: bright field; B: fluorescent field. Magnification = 200�). (C) The
efficiency of nanoparticle uptake by Lovo cells with different concentration of
coumarin-6. (D) Cytotoxicity of tetrandrine (Tet) and tetrandrine-loaded nanopar-
ticles (Tet-np) against Lovo cells after 48-h incubation. Statistics was performed by
one-way ANOVA analysis (Fig. 2C) and student’s t-test (Fig. 2D). � Means p < 0.05.
Values represents Mean ± SD (n = 3). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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plasm indicated by the fluorescence of coumarin-6 (Fig. 2B). Quan-
titative analysis showed that the uptake efficiency of nanoparticles
by Lovo cells was significantly influenced by the concentration.
Low concentration resulted in substantially high uptake efficiency,
while increasing concentration led to reduced uptake efficiency
(DF = 3, F = 9.78, p < 0.05, ANOVA) (Fig. 2C). Possible explanation
would be that nanoparticles were uptaken by cells through endo-
cytosis. When the concentration of nanoparticles is beyond satura-
ble capacity of cell endocytosis, the uptake efficiency will not
increase with the concentration elevating [25].
3.4. In vitro cytotoxicity of nanoparticles to Lovo cells

The results of in vitro cytotoxicity tests were showed in Fig. 2D.
Blank nanoparticles were nearly non-toxic to cells with the inhibi-
tion rate less than 8% even at a high nanoparticle concentration of
500 lg/ml (data not shown). Both Tet and Tet-loaded nanoparticles
displayed similar dose-dependent cell inhibition effects after 48 h.
Noticeably, Tet-loaded nanoparticles showed significantly stronger
cytotoxicity than equivalent dose of Tet when the doses were be-
low 8 lg/ml (p < 0.05, t-test). For instance, 4 lg/ml Tet-loaded
nanoparticles resulted in near 35% cell inhibition, while the same
dose of Tet caused about 20% cell death. However, at equivalent
doses over 8 lg/ml, Tet-loaded nanoparticles induced similar cell
inhibition with Tet. Previous reports supported the current find-
ings not only by investigating the cellular uptake efficiency of fluo-
Fig. 3. Detection of intracellular ROS by DCFH and DHE. Fluorescence images of Lovo ce
production. A1–D1: DCF fluorescence images of Lovo cells treated with different agents.
A2: Control containing vehicle. B1 and B2: Empty nanoparticles (E-np). C1 and C2: Tet (4
ml). E: Intracellular fluorescence intensity (E1: DCF fluorescence; E2: DHE fluorescence)
p < 0.05 vs. control (one-way ANOVA). # Represents p < 0.05 vs. Tet (one-way ANOVA) (n
referred to the web version of this article.)
rescence but also by determining the cytotoxicity of drug-loaded
nanoparticles at low concentrations [25,26]. Based on the above re-
sults, low Tet dose of 4 lg/ml was chosen to further elucidate the
superiority of Tet-np over free Tet at low concentration through
detection of ROS level, Western blot analysis of p-JNK and JNK
and in vitro assay of caspase-3 activation.
3.5. Detection of ROS level

Recent studies have demonstrated that some anti-tumor che-
mopreventive drugs induce tumor cell death via ROS generation.
Overproduction of intracellular ROS is one of the mechanisms in-
volved in Tet-mediated apoptosis of cancer cells [2,4]. In our exper-
iment, ROS were detected by H2DCF-DA in cells treated with Tet
and Tet-np. As shown in Fig. 3A, Lovo cells as control and treated
with empty nanoparticles (E-np) had weak background fluores-
cence resulting from cell metabolism [1], while treatment with
either Tet or Tet-np greatly increased the population of Lovo cells
with bright DCF fluorescence, which indicated the increase in
intracellular ROS. Quantitative analysis of intracellular ROS level
demonstrated that there was no significant difference between
control and treatment with E-np, but incubation with Tet or Tet-
np elevated intracellular ROS level to 3.4- or 5.1-folds of control
(DF = 3, F = 6.78, p < 0.05, ANOVA), respectively (Fig. A1–E1). More-
over, Tet-np (4 lg/ml) induced higher intracellular ROS accumula-
tion than equivalent dose of free Tet (p < 0.05, ANOVA). The role of
lls treated with different agents. The brighter the fluorescence, the greater the ROS
A2–D3: DHE fluorescence images of Lovo cells treated with different agents. A1 and
lg/ml). D1 and D2: Tet-loaded nanoparticles (Tet-np, at an equivalent dose of 4 lg/
of Lovo cells treated with above agents. Values represents Mean ± SD. � Represents

= 3). (For interpretation of the references to colour in this figure legend, the reader is



Fig. 4. Effects of tetrandrine (Tet) and tetrandrine-loaded nanoparticles (Tet-np) on activation of JNK and caspase-3 in Lovo cells (Lovo cells were treated with same agents as
those defined in ROS detection). (A) Western blot analysis of p-JNK and JNK. Left: gel image; right: bargraph representing the semi-quantification of gel image (p-JNK/JNK)
normalizing the band with the actin control. (B) Western blot analysis of procaspase-3. Left: gel image; Right: bargraph representing the semi-quantification of gel image
(procaspase-3) normalizing the band with the actin control. (C) Activation analysis of caspase-3. Values represents Mean ± SD. � Represents p < 0.05 vs. control (one-way
ANOVA). # Represents p < 0.05 vs. Tet (one-way ANOVA) (n = 3).
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ROS acted in the tetrandrine-induced apoptosis complied with the
determination of the viability of Lovo cells treated with Tet or Tet-
np (4 lg/ml) for 48 h.

To confirm the ROS variation in Lovo cells exposed to different
agents, we use DHE as the indicator for the generation of ROS.
The results are similar to the outcome observed from H2DCF-DA.
As shown in Fig. 3A2–E2, Tet-np (4 lg/ml) induced higher intracel-
lular ROS accumulation than equivalent dose of free Tet (DF = 3,
F = 5.36, p < 0.05, ANOVA).
3.6. Activation of JNK

ROS are known to activate JNK or p38 MAPK, and activities of
these kinases are linked to apoptosis [1–4]. Western blot analy-
sis showed that total JNK protein did not change after treatment
with Tet/Tet-np while phosphate-JNK elevated, which indicated
that Tet-induced activation of pre-existing JNK. High intracellular
level of ROS induced by Tet/Tet-np companied by JNK activation
in Tet-inducing Lovo cell inhibition indicated that Tet-induced
ROS accumulation could activate JNK and might promote apop-
tosis. By normalizing the band with the actin control, the ratio
of p-JNK to JNK (p-JNK/JNK) indicated that Tet-loaded nanoparti-
cles at lower concentration (4ug/ml) led to more JNK activation
compared to equivalent dose of free Tet (DF = 3, F = 6.35,
p < 0.05, ANOVA) (Fig. 4A).
3.7. Activation of caspase-3

Intracellular ROS accumulation can directly trigger the apopto-
tic cascade [4], and the activation of caspases is important for tet-
randrine-induced apoptosis in various tumor cells [4,27]. Tet-
induced apoptosis is associated with intracellular ROS accumula-
tion, which mediates the activation of both the upstream cas-
pase-9 and the downstream effector caspase-3 [27]. Here, we
measured the activity of downstream effector caspase-3 in Lovo
cells treated with Tet or Tet-np. Western blot analysis showed that
48-h incubation with either Tet or Tet-np (4 lg/ml) resulted in a
decrease in the inactive proform of caspase-3 (procaspase-3) in
Lovo cells. Quantification analysis revealed that Tet-loaded nano-
particles at lower concentration (4 lg/ml) led to more decrease
in the inactive proform than equivalent dose of free Tet did
(DF = 3, F = 6.94, p < 0.05, ANOVA) (Fig. 4B). To quantify the activity
of caspase-3, we performed an in vitro assay by caspase colorimet-
ric protease assay kit as shown in Fig. 4C. When compared to con-
trol, treatment with Tet/Tet-np (4 lg/ml) for 48 h significantly
activated caspase-3 with about 8-fold increase and 13-fold in-
crease in caspase-3 activity, respectively (DF = 3, F = 5.69,
p < 0.05, ANOVA).

Obviously, Tet-np statistically surpassed Tet in activating ROS-
dependent JNK and caspase-3. Further studies are needed to clarify
the relation between JNK pathway and caspase-3 demonstrated in
Tet-inducing apoptosis.



Fig. 5. The Trojan strategy of nanoparticle-based Tet delivery can effectively lead to
higher cell death. Higher uptake efficiency underlied by endocytosis of low doses of
Tet-np than equivalent doses of free Tet probably counted for the discrepancy of
intracellular Tet accumulation, ROS levels and sequential activation of ROS-
dependent JNK and caspase-3, all of which would mediate the superior cytotoxicity
of Tet-np over free Tet. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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4. Conclusion

The current study reported a simple way to efficiently pro-
duce controlled releasing Tet-loaded nanoparticles by amphilic
mPEG-PCL block copolymers. The availability of Trojan strategy
for Tet delivery was proved in Lovo cells. Higher uptake
efficiency of low doses of Tet-np than equivalent doses of free
Tet mediated by endocytosis, which leading to more intracellular
Tet accumulation, inducing higher ROS level and stimulating
stronger activation of ROS-dependent JNK and caspase-3, can
underlie the result that Tet-loaded nanoparticles at lower doses
led to higher cell death than equivalent doses of free Tet in Lovo
cells (Fig. 5). The combination of Tet- and nanoparticle-based
delivery system may generate promising outcomes in cancer
therapy. It is undoubtedly, however, that the Trojan strategy of
developing Tet-containing nanoscale drug delivery system
warrants more intensive research.
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