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Ovarian cancer is one of the most common carcinomas and causes lots of deaths in the world.
Honokiol (HK), a natural product, was proved to be a potent anti-tumor agent, however the
hydrophobicity of HK limited its application. In this work, we investigated the anti-tumor efficacy
of honokiol nanoparticles (HK-NPs) and honokiol nanoparticles-loaded thermosensitive hydrogel
(HK-NPs/hydrogel) on ovarian cancer in vitro and in vivo. HK-NPs with small particle size and high
drug loading were prepared, and HK-NPs/hydrogel with a sol-gel transition temperature at about
body temperature was also obtained. In addition, HK-NPs and HK-NPs/hydrogel showed a
sustained release behavior of HK in vitro. HK-NPs could effectively inhibit proliferation of SKOV3
tumor cells in a dose- and time-dependent manner and induce apoptosis of tumor cells in vitro.
Furthermore, compared with controlled groups, HK-NPs and HK-NPs/hydrogel dramatically
inhibited growth of tumors and prolonged the survival of mice bearing ovarian peritoneal
carcinomatosis (OPC), and the effects of HK-NPs/hydrogel were more obvious than HK-NPs

(P < 0.05). Intraperitoneal chemotherapy with HK-NPs/hydrogel significantly inhibited
proliferation activity and angiogenesis of tumors and increased apoptosis and necrosis in tumor
tissues. Therefore, our results suggested that HK-NPs/hydrogel may have great potential in clinical

applications in the treatment of OPC.

1. Introduction

Ovarian cancer is the most lethal and the second most common
gynecologic malignancy in the United States, which accounts for
nearly half of all gynecological cancer deaths.! The majority of
patients with ovarian cancer presenting advanced stages of the
disease are treated with a combination of surgery and
intravenous systemic paclitaxel and platinum-based chemother-
apy.? The high incidence of chemotherapy resistance limits the
effect of chemotherapy. Therefore, new treatment strategies are
needed to increase the effectiveness of conventional cytotoxic
chemotherapy and to overcome chemo-resistance with minimal
toxicity.”
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Although multicenter, randomized, phase III clinical trials
have shown that intraperitoneal (IP) chemotherapy is superior to
standard intravenous chemotherapy for patients with small
volume, residual, advanced epithelial ovarian cancer,* % and that
IP chemotherapy for advanced ovarian cancer improves both the
overall and disease-free survival,” there are several barriers to
implementation of this treatment into clinical practice, including
toxicity concerns and a lack of technical expertise with the
peritoneal infusion device.®™'°

The root and stem bark of magnolia officinalis has tradition-
ally been used to treat thrombotic stroke, gastrointestinal
complaints, anxiety and nervous disturbance by Chinese people.
Honokiol (HK) is one of the major phenolic constituents of
magnolia bark. In recent years, the pharmacological effects of
HK have been demonstrated, such as acting as an anti-oxidant,
an antithrombolytic and antibacterial agent and causing inhibi-
tion of xanthine oxidase as well as showing anxiolytic effects.
The remarkable anti-tumor effects of HK were also revealed.
Previous reports proved its activities on human colon cancer,'!
neuroblastoma,'? osteosarcoma,'® breast cancer,'* melanoma
cells,'® pancreatic cancer cells,'® hepatocellular carcinoma cells,'”
leukemia cells,'® lung cancer!® and ovarian cancer,?*?! in which
the induction of apoptosis may be involved.

However, due to the poor water-solubility, HK was dissolved
in dimethyl sulfoxide (DMSO) for research in most studies. Its
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application in clinical practice was greatly restrained. In order to
develop the aqueous formulation of HK, HK-NPs were prepared
by emulsion solvent evaporation in our laboratory.

As a controlled drug delivery system (DDS) for IP chemother-
apy, biodegradable poly(ethylene glycol)-poly(e-caprolactone)-
poly (ethylene glycol) (PEG-PCL-PEG, PECE) thermosensitive
hydrogel was synthesized in previous work.??>2* PECE hydrogel
is a free-flowing sol at room temperature and becomes a non-
flowing gel at body temperature, serving as a drug depot in situ.
Instead of a peritoneal infusion device, thermosensitive PECE
hydrogel is an injectable DDS.

The present study aimed to determine whether (1) HK-NPs
could inhibit the growth of ovarian cancer SKOV3 cells in vitro
and in vivo and (2) as a novel controlled dosage form, the
polymeric matrix HK-NPs/hydrogel for IP chemotherapy pro-
longed the survival of mice bearing ovarian peritoneal carcino-
matosis (OPC) and showed more obvious anti-tumor effects.

2. Materials and methods
2.1 Materials, cell lines, and animals

Pluronic® F127 (Sigma, USA), poly(ethylene glycol) methyl ether
(MPEG, Aldrich, USA), e-caprolactone (e-CL, Aldrich, USA),
hexamethylene diisocyanate (HMDI, Aldrich, USA), stannous
octoate (Sn(Oct),, Sigma, USA), propidium iodide (PI, Sigma,
USA), RNase A (Sigma, USA), DMSO (Sigma, USA), 3-(4,5-
dimethyl-2-thiazolyl)-2, 5-diphenyl-2 H-tetrazolium bromide (methyl
thiazolyl tetrazolium, MTT, Sigma, USA), Roswell Park Memorial
Institute 1640 medium (RPMI 1640, Gibico, USA), L-glutamine
(Gibico, USA), fetal bovine serum (FBS, Gibico, USA), amikacin
(TaKaRa, USA), trypsin (Invitrogen, USA) and in situ cell death
detection kits (Roche, Switzerland) were used as received. Primary
antibodies were mouse anti-CD34 Class II (Gene Tech) and mouse
anti-proliferating cell nuclear antigen (PCNA) clone PC 10
(Invitrogen). Secondary antibodies for colorimetric immunohisto-
chemical analysis were biotinylated goat anti-rat immunoglobulin
and goat anti-mouse IgG (BD Biosciences Pharmingen). The
substrate buffer was 3-amino-9-ethylcarbazole (AEC) substrate kit.
All other reagents used were all analytical reagents.

The human ovarian cancer cell line, SKOV3, derived from a
papillary serous cystadenocarcinoma of human ovary,? was
purchased from American Type Culture Collection (ATCC,
Rockville, Maryland) and grew in RPMI 1640 with 10% FBS,
2 Mm L-glutamine and 0.1 mg ml™! Amikacin, at 37 °C in a
humidified atmosphere of 5% CO,.

Female athymic nude mice (BALB/c), 6-8 weeks old, were
purchased from the Vital River Lab Animal Technology Co., Ltd.
(Beijing, China). Mice were housed and maintained in a specific
sterile environment in the Laboratory Animal Center, National
Key Laboratory of Biotherapy and Cancer Center, Sichuan
University, and cared for in accordance with current guidelines.
All the studies were approved and supervised by the Sichuan
University Institutional Animal Care and Use Committee.

2.2 Perparation and characterization of honokiol nanoparticles
(HK-NPs)

HK-NPs were prepared by the emulsion solvent evaporation
method described in our previous work.?® In brief, HK crystals

(Sikehua Biotechnology, Chengdu, China) were dissolved in
ethyl acetate, and the solution was induced into a Pluronic®
F127 aqueous solution. Excessive stirring allowed this mixture to
form an oil-in-water emulsion. When ethyl acetate was
evaporated in a rotatory evaporator, HK-NPs were obtained.

Drug loading (DL) and encapsulation efficiency (EE) of HK-
NPs were determined as follows. Briefly, 10 mg of lyophilized
HK-NPs were dissolved in 0.1 mL of acetonitrile. The amount of
HK in the solution was determined by high performance liquid
chromatography (HPLC). The DL and EE of HK-NPs were
calculated according to eqn (1) and (2):

Drug

DL=——°>"—
Polymer + Drug

x 100% (1)

Experimental drug loading
EE= . -
Theoretical drug loading

x 100% )

The particle size of prepared HK-NPs was determined by a
Malvern Nano-ZS 90 laser particle size analyzer after equilibra-
tion for 10 min. All results were the mean of three test runs, and
all data were expressed as the mean + standard deviation (SD).

The morphological characteristics of the HK-NPs were
examined by a transmission electron microscope (TEM,
H-60091V, Hitachi, Japan). The HK-NPs were diluted with
distilled water and placed on a copper grid covered with
nitrocellulose. The sample was negatively stained with phospho-
tungstic acid and dried at room temperature.

2.3 Perparation and characterization of hydrogel and HK-NPs
loaded hydrogel (HK-NPs/hydrogel)

Biodegradable PECE triblock copolymer was synthesized in our
laboratory by ring-opening polymerization as described pre-
viously.?” The obtained PECE copolymers were characterized by
Fourier transform infrared spectroscopy (FTIR, NICOLET
200SXV, Nicolet, USA), 'H nuclear magnetic resonance spectro-
scopy ("H-NMR, Varian 400 spectrometer, Varian, USA) and
gel permeation chromatography (GPC, Agilent 110 HPLC,
USA).

To prepare HK-NPs/hydrogel, PECE copolymer was dis-
solved well in water at a certain temperature and cooled to 4 °C
to form injectable and biodegradable thermosensitive hydrogel.
Then, the obtained HK-NPs were mixed with PECE hydrogel to
form the HK-NPs/hydrogel composite, and the concentration of
PECE copolymer was kept at 30% wt.

The sol-gel-sol phase transition behaviors of thermosensitive
PECE hydrogel and HK-NPs/hydrogel were studied using a test
tube-inverting method with a 4 ml tightly screw-capped vial with
an inner diameter of 10 mm. The sol-gel-sol transition was
visually observed by inverting the vials, and conditions of gel and
sol were defined as “no flow” and “flow” in one minute
respectively. The volume of the hydrogel samples containing
different contents of HK-NPs was kept at 1 mL in total
regardless of the micelles content. The hydrogel samples were
slowly heated at a heating rate of 1 °C min~', from 4 °C to the
temperature when precipitation occurred.

In vitro release behaviors of HK from HK-NPs or HK-NPs/
hydrogel were investigated by a modified dialysis method.
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HK-NPs or HK-NPs/hydrogel (30 wt%) were placed in a dialysis
tube (molecular mass cutoff is 3.5 kDa), and HK solution in
DMSO (1 mg mL™") was used as the control. The dialysis tubes
were incubated in 10 mL of PBS (pre-warmed to 37 °C, pH =
7.4) containing Tween 80 (0.5% wt) at 37 °C with gentle shaking
(100 rpm). The media were displaced by pre-warmed fresh PBS
at a predetermined time. After centrifugation, the supernatant of
the removed release media was collected and stored at —20 °C
until analysis. The released drug was quantified using HPLC. All
results were the mean of three test runs, and all data were
expressed as the mean + SD.

The concentration of HK was determined by HPLC (Waters
Alliance 2695) and samples were diluted before measurement.
The solvent delivery system was equipped with a column heater
and a plus autosampler. Detection was done with a Waters 2996
detector. Chromatographic separations were performed on a
reversed phase C;g column (4.6 x 150 mm-5 um, Sunfire
Analysis column). And the column temperature was kept at
28 °C. Acetonitrile/water (60/40, v/v) was used as the eluent at a

flow rate of 1 mL min~ .

2.4 In vitro cell proliferation assay

Colorimetric assays were performed to evaluate the activity of
HK-NPs and free HK using the standard MTT assay.®%® In
vitro cytotoxicity of Pluronic® F127 and PECE copolymer was
also tested. SKOV3 cells incubated in 96-well plates were treated
with the indicated concentration of HK-NPs, free HK,
Pluronic® F127 and PECE copolymer for 24 h and 48 h.
Cells not treated with reagents were used as negative controls.
Optical densities (OD) at a wavelength of 570 nm were
quantified on an enzyme-labeled instrument (Microplate
Reader 3550-UV, BIO-RAD). The mean percentage of cell
survival relative to that of untreated cells was estimated from
data of six individual experiments, and all data were expressed as
the mean + SD.

2.5 DNA fragmentation assay

DNA cleavage and fragmentation was analyzed by agarose gel
electrophoresis as previously described.>® SKOV3 cells were
treated with either 12.5 pg mL ™! or 20 pg mL ™" of HK-NPs for
36 h. Cells were harvested, washed with PBS, lysed with 200 mL
lysis buffer (50 mM Tris-HCI pH = 8, 20 mM EDTA, 0.25%
Nonidet P-40), and then RNase A was added to a final
concentration of 200 pg mL ™! and further incubated in a water
bath at 37 °C for 90 min. After addition of proteinase K to a
final concentration of 300 pg mL ™! and incubation in a water
bath for another 90 min, 15 puL. DNA samples were diluted with
4 pL loading buffer and an apoptotic DNA ladder (Invitrogen)
were electrophoresed (50 V for 2 h) on 1.5% agarose gel. The gel
was then stained with 0.1 pg mL ™! ethidium bromide and viewed
using a gel imaging system (Gel Doc 1000, BIO-RAD & Video
Copy Processor, Mitsubishi).

2.6 Propidium iodide (PI) DNA staining

The morphological detection of chromosomal DNA stained with
PI was used to confirm the apoptotic effect of HK-NPs. SKOV3
cells incubated in 6-well plates were treated with 12.5 mg mL ™!

of HK-NPs, Pluronic® F127 and PECE copolymer in 2 mL
RPMI-1640 for 48 h. 2 mL RPMI-1640 without treatment
reagents were added as controls. After removal of the
compounds, cells were rinsed with PBS, fixed with pre-chilled
70% ethanol for 30 min at room temperature, rinsed with PBS
twice and stained with 0.5 mL PI (5 ug/mL in PBS) for 10 min.
Chromatin fluorescence was observed under fluorescence micro-
scopy (TE2000-U,Nikon) at excitation 535 nm/emission 615 nm
wavelengths. Apoptotic cells demonstrated cytoplasmic and
nuclear shrinkage and chromatin condensation.

2.7 Flow cytometry assay

To further confirm the apoptotic effect of HK-NPs, a flow
cytometry assay was performed. SKOV3 cells cultured in 6-well
plates were treated with 12.5 mg mL~! of HK-NPs, Pluronic®
F127, and PECE copolymer in 2 mL RPMI-1640 for 48 h. 2 mL
RPMI-1640 without treatment reagents were added as the
control. When cells were harvested, they were washed with
PBS, fixed with pre-chilled 70% ethanol for 30 min, pretreated
with 20 uL RNase I (250 pg mL™!) and stained with 200 pL PI
(50 pg mL™ Y for 30 min. Cell apoptosis was analyzed with a
flow cytometer (EPICS Elite ESP, Beckman Coulter, USA).3%!

2.8 In vivo mouse model and treatment plan

Before the treatment of HK-NPs, the maximum tolerated dose
(MTD) of HK-NPs based on intraperitoneal injection was
determined using athymic nude mice. We found that the MTD of
HK-NPs was 200 mg Kg™!, and when the dose of HK-NPs was
higher than 30 mg Kg ™!, mice showed signs of uncomfortable-
ness. Therefore, 10 mg Kg~ ! was chosen in the in vivo anti-tumor
experiments.

To establish the in vivo OPC mouse model,*> SKOV3 cells
were harvested during the log growth phase and injected
subcutaneously in the backs of five nude mice at a concentration
of 5 x 10° cells/0.1 mL of serum-free RPMI-1640. Six weeks
later, when the diameters of tumors on the backs of the mice
were approximately 1-1.5 cm, the five mice were sacrificed.
Tumors were harvested by excising the necrotic tissue and
connective tissue, which was then minced into <1 mm? small
particles that could be drawn smoothly using a 14-gauge needle.
12 mL serum-free RPMI-1640 was added. Forty mice were
injected intraperitoneally with 0.3 mL of the tumor suspension,
which was vigorously vibrated before each injection.

Seven days after the intraperitoneal tumor suspension injec-
tion, mice were randomly assigned to six treatment groups (n =
10 per group, 5 for tumor growth inhibition study and 5 for
survival periods study): 200 uL normal saline (NS) was injected
intraperitoneally once weekly, 200 pL blank nanoparticles in
PECE hydrogel (NPs/hydrogel) was injected intraperitoneally
once weekly, 200 pL free HK (containing HK 10 mg kg™ ') was
injected intraperitoneally once weekly, 200 nL. HK-NPs (con-
taining HK 10 mg kg~ ") was injected intravenously (iv) once
weekly, 200 pL HK-NPs (containing HK 10 mg kg™ ') was
injected intraperitoneally once weekly, and 200 pL. HK-NPs/
hydrogel (containing HK 10 mg kg~ ') was injected intraper-
itoneally once weekly. For the tumor growth inhibition study,
mice (5 mice per group) were monitored for general health status
every day, the mice were weighed every 3 days, and they were
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sacrificed on day 31. Tumor distribution and tumor weight were
recorded. Tissue specimens were fixed in formalin for paraffin
embedding. Immunohistochemical analysis was performed. To
further study the therapeutic effect against ovarian cancer,
survival times of the mice were observed (5 mice per group).

Mice treated with HK-NPs and HK-NPs/hydrogel were
investigated for potential toxicity. The fur, appetite, status and
behavior were observed. Tissues of the heart, lung, liver, spleen,
kidney, and intestine were fixed in 10% buffered formalin solution
and embedded in paraffin. Sections were stained with hematoxylin
and eosin (H&E) and examined under light microscopy.

2.9 Apoptotic tumor cells detection

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) staining was performed with an in situ cell
death detection kit according to the manufacturer’s directions
(Roche). Images of the representative tissue sections were taken
by using an OLYMPUS BX600 microscope and a SPOT FIEX
camera. The number of TUNEL-positive cells was counted in 10
random 0.011 mm? fields at x 400 magnification.

2.10 Immunohistochemical determination of CD34 and PCNA

Paraffin embedded tumor tissue was sliced into sections for
quantification of microvessel density (MVD) and PCNA using the
labeled streptavidin-biotin method.** The primary antibody was
rat anti-mouse CD34 (Gene Tech) and the secondary antibody
was biotinylated goat anti-rat immunoglobulin (BD Biosciences
Pharmingen). Images of tumor tissue and microvessels were taken
by an OLYMPUS BX600 microscope and SPOT FIEX camera. A
single microvessel was defined as a discrete cluster or single cell
that stained positive for CD34, and the presence of a lumen was
required for scoring as a microvessel. To quantify MVD, 10
random 0.159 mm? fields at x 100 magnification were examined
for each tumor (one slide per mouse, five slides per group) and
counted by two independent investigators in a blinded fashion.

The slides for immunohistochemistry of PCNA were treated in
the same way but the primary antibody was mouse anti-human
PCNA (Invitrogen) and the secondary antibody was biotinylated
goat anti-mouse IgG (BD Biosciences Pharmingen). To quantify
PCNA expression, the PCNA labelling index (PCNA LI) was
calculated as the number of PCNA-positive cells/total number of
cells counted under x400 magnification in five randomly
selected areas in each tumor sample.

2.11 Statistical analyses

The statistical analysis software SPSS13.0 for Windows (SPSS
Inc., Chicago, IL) was used. The results are recorded as mean +
SD. ANOVA were employed for multiple group comparisons.
The nude mice survival time were curved by the Kaplan-Meier
method and analysed by a log-rank test. P < 0.05 was considered
statistically significant.

3 Results

3.1 Preparation and characterization of HK-NPs

HK was encapsulated into F127 nanoparticles using an emulsion
solvent evaporation method. According to Fig. 1A and B,

average particle size, polydispersity (PDI), and zeta potential of
obtained HK-NPs were 33.36 + 2.42 nm, 0.045 4+ 0.018, and
—0.270 + 0.127 mV, respectively. Fig. 1C shows the TEM image
of HK-NPs, and the TEM image revealed that HK-NPs were
monodisperse with spherical shapes. The diameter of HK-NPs
observed by TEM was in good agreement with the results of the
particle size. The appearance of prepared HK-NPs is presented
in Fig. 1D, and a stable and homogeneous solution of HK-NPs
could be observed. Moreover, the HK-NPs can be lyophilized
into a powder form without any adjuvant, and the re-dissolved
HK-NPs are stable and homogeneous. The drug loading and
encapsulation efficiency of the prepared HK-NPs are 14.92 +
0.06% and 99.13 + 0.31%, respectively.

3.2 Preparation and characterization of HK-NPs/hydrogel

A biodegradable PECE triblock copolymer was successfully
synthesized,** and the molecular weight of PECE copolymer,
calculated from "H-NMR spectra, was 3408 (PEG/PCL = 960/2448).

PECE hydrogel based on a central PCL block and end PEG
blocks exhibited a temperature-dependent sol-gel transition
(lower transition) and gel-sol transition (upper transition). The
hydrogel is a free-flowing sol at low temperature, but converts
into non-flowing gel at body temperatures about 37 °C. After
HK-NPs were well incorporated into hydrogel at low tempera-
ture, the injectable homogeneous HK-NPs/hydrogel was
obtained (Fig. 2A-a). With increase of temperature, HK-NPs/
hydrogel became an opaque gel at 37 °C (Fig. 2A-b).

The sol-gel-sol phase transition diagram of HK-NPs/hydrogel
is presented in Fig. 2B. The hydrogel system had lower critical
gelation temperature (LCGT, the temperature at which the lower
sol-gel phase transition occurs), and upper critical gelation
temperature (UCGT, the temperature at which the upper gel-sol
phase transition occurs). When different amounts of HK-NPs
were incorporated into the hydrogel, the effect of the amount of
HK-NPs on the sol-gel transition temperature was investigated
and the result is shown in Fig. 2B. With an increase in amount of
HK-NPs, the LCGT decreased slightly and the UCGT increased
gradually, which meant the gelation window became wider. The
sol-gel phase transition behavior of the PECE copolymer-based
thermosensitive hydrogel is associated with micellar aggregation.
The incorporated polymeric nanoparticles may interact with the
micellar structure of the hydrogel, thus affecting the phase
transition temperature of the hydrogel system.

In vitro drug release behavior of HK from HK-NPs and HK-
NPs/hydrogel were presented in Fig. 2C and free HK (dissolved
in DMSO) was used as the control. Compared with the rapid
release of free HK, a much slower and sustained release of HK-
NPs and HK-NPs/hydrogel were observed. Moreover, the
cumulative release rate of HK-NPs/hydrogel was much slower
than that of HK-NPs. These sustained drug release behaviors
indicated their potential applicability as a drug delivery system to
minimize the exposure of healthy tissues while increasing the
accumulation of therapeutic drug in the tumor site.

3.3 HK-NPs inhibit SKOV3 cell proliferation and induce apoptosis
in vitro

To identify the therapeutic potential of HK-NPs, SKOV3 cells
were cultured with HK-NPs for 24 h and 48 h. F127, the
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Fig. 1 Preparation and characterization of HK-NPs. A: Particles size distribution of HK-NPs. B: Zeta potential of HK-NPs. C: TEM image of HK-
NPs. D: Morphology of HK-NPs (left) and freeze-dried powder of HK-NPs (right).

composition of HK-NPs and PECE hydrogel were also
investigated (Fig. 3C and D). The anti-proliferative effect of
HK-NPs shows a dose-dependent response and a time-depen-
dent response. The effect of HK-NPs was better than that of free
HK dissolved in DMSO as shown in Fig. 3A and B. F127 and
PECE copolymers showed a very low cytotoxicity on SKOV3
cells.

A DNA fragmentation assay, in situ PI DNA staining, and a
flow cytometry assay were used to obtain indications that HK-
NPs induced apoptosis in SKOV3 cells. As a hallmark of cells
undergoing apoptosis in HK-NPs-treated SKOV3 cells, there
was a ladder-like pattern of DNA fragments observed on
agarose gels, which consisted of internucleosomal DNA frag-
ments of approximately 180-200 base pairs. SKOV3 cells treated
with 12.5 pg mL~" HK-NPs showed a DNA ladder, and a more
clear DNA ladder was observed in 20 pg mL~! HK-NPs-treated
cells. No DNA ladder was detected in the samples examined
from control cultures (Fig. 4).

SKOV3 ovarian cancer cells were seeded in six-well plates and
treated with RPMI-1640, PECE copolymer, F127 and HK-NPs.
Using fluorescence microscopy, HK-NPs were shown to induce
morphological changes in Pl-stained SKOV3 cells characterized

as apoptosis: a brightly red-fluorescent condensed intact or
fragmented nuclei, apoptotic bodies and reduction of cell
volume. However, these changes were seldom seen in RPMI-
1640-treated, PECE-treated or F127-treated cells (Fig. 5).

In addition, a flow cytometry assay of PI staining was used to
quantitate the apoptotic cells by observing sub-G1 (apoptotic)
cells. As a result, the percentage of sub-G1 cells was 63.7% in
HK-NPs-treated SKOV3 cells, versus 9.0% in the RPMI-1640-
treated group, 15.8% in the PECE-treated group and 16.4% in
the F127-treated group (Fig. 6). It was clearly evident that HK-
NPs induced a large amount of apoptotic cells. The results
obtained from the flow cytometry assay were consistent with
morphological changes seen by PI DNA staining and the DNA
fragmentation assay. These results were consistent with the fact
that HK-NPs induce apoptosis in vitro.

3.4 HK-NPs and HK-NPs/hydrogel inhibited OPC in vivo and
prolonged the survival time of tumor-bearing mice

We have shown that HK-NPs can inhibit SKOV3 cell prolifera-
tion and are capable of inducing apoptosis in vitro. This led us to
evaluate the intraperitoneal chemotherapy effect of HK-NPs and

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Characterization of the prepared HK-NPs/hydrogel composite. A: Morphology of HK-NPs/hydrogel (30% wt) at 10 °C (a) or 37 °C (b). B:
Effect of HK-NPs content on the sol-gel-sol transition temperature of PCEC hydrogel (30% wt). C: In vitro drug release profiles of free HK, HK-NPs,

and HK-NPs/hydrogel in PBS solution.

HK-NPs/hydrogel in the mouse model. When the OPC of human
ovarian cancer in nude mice was established, intraperitoneal
chemotherapy was started 7 days after tumor inoculation. Mice
were treated once weekly by injection with 200 pL NS, 200 uL
blank NPs/hydrogel (30 wt%), 200 puL free HK (containing HK
10 mg kg~ '), 200 pnL HK-NPs iv (containing HK 10 mg kg "),
200 pL HK-NPs (containing HK 10 mg kg~ ') or 200 pL HK-
NPs/hydrogel (containing HK 10 mg kg™ ') for 4 weeks.

In this model, tumor nodules were distributed in the liver,
spleen, kidney, intestine, mesentery and pelvic cavity and some
of them were fused to masses in the NS and PECE hydrogel
groups. A few yellow ascites or bloody ascites were also
produced in these two groups. The tumor nodules were
significantly less and distribution was limited in the pelvic cavity
and mesentery in HK-NPs and HK-NPs/hydrogel groups, and
some necrosis was found. No obvious ascites were observed in
these two groups. Tumor weight was measured after the mice
were sacrificed. The mean tumor weight in HK-NPs/hydrogel-
treated mice was 0.22 + 0.05 g, versus 0.41 + 0.09 g in HK-NPs-
treated mice (P < 0.05), 0.72 + 0.07 g in HK-NPs iv-treated
mice (P < 0.05), 0.85 + 0.11 g in free HK-treated mice (P <
0.05), 1.49 + 0.19 g in blank NPs/hydrogel-treated mice (P <
0.05) or 1.53 + 0.10 g in NS-treated mice (P < 0.05), (Fig. 7A).
There was no significant difference in tumor weight between NS-
treated and blank NPs/hydrogel-treated mice (P > 0.05). HK-
NPs resulted in a decrease in the mean tumor weight compared

with HK-NPs iv, free HK, blank NPs/hydrogel and NS.
Furthermore, the HK-NPs/hydrogel group was found to be
superior to HK-NPs alone (P < 0.05). As shown in Fig. 7C,
histological analysis revealed that HK-NPs and HK-NPs/
hydrogel-treated tumors had increased cell necrosis.

The beneficial effects of intraperitoneal chemotherapy with
HK-NPs and HK-NPs/hydrogel on SKOV3 OPC models were
also revealed in the survival time (Fig. 7B). Mice with tumor
regression showed longer survival times. Survival of the tumor-
bearing mice treated with HK-NPs and HK-NPs/hydrogel was
significantly prolonged compared with the control therapies (P <
0.05). The HK-NPs/hydrogel group (median survival, 62 days)
had better effects on improving survival time than HK-NPs
alone (49 days, P < 0.05), HK-NPs iv (40 days, P < 0.05) or free
HK (42 days, P < 0.05). There was no significant difference in
survival time between NS-treated mice (31 days) and blank NPs/
hydrogel-treated mice (33 days, P > 0.05, by log-rank test).

3.5 Toxicity observation

No changes in gross measures, such as weight loss, the fur,
appetite, status and behavior were indicated in any of the
treatment groups (Supplementary Fig. 11). Furthermore, there
was no abnormal finding in H&E histological staining of the
heart, lung, liver, spleen, kidney and intestine in each group
(Supplementary Fig. 21).
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Fig. 3 Inhibitory effect of HK-NPs on the proliferation of SKOV3 cells was assessed by MTT assay. Cells (1 x 10* cells) were incubated with HK-
NPs or free HK at the indicated concentrations for 24 h (A) and 48 h (B). Cytotoxicity of F127 and PECE copolymer were also performed for 24 h (C)
and 48 h (D). Cell proliferation was expressed as a percentage of viable cells cultured in the absence of drugs. Data are represented as the mean + SD (n

= 3). The results are representative of three separate experiments.

2000

1000
500

Fig. 4 DNA fragmentation of HK-NPs-treated SKOV3 cells. Lane a:
size maker (100 bp DNA ladder). Lane b: SKOV3 cells were treated with
RPMI-1640. Lane c: SKOV3 cells were treated with HK-NPs
12.5 ug mL™'; a DNA ladder on agarose gels is viewed. Lane d:
SKOV3 cells were treated with HK-NPs 20 pg mL™'; a DNA ladder on
agarose gels is viewed clearly.

Fig. 5 PI stained fluorescence microscopy of apoptotic nuclei in HK-
NPs-treated SKOV3 cells. Cells were treated with RPMI-1640 (A), PECE
copolymer (B), F127 (C) and HK-NPs (D) at 12.5 ug mL ™! for 48 h. HK-
NPs induced the morphological changes characterized as apoptosis: a
brightly red-fluorescent condensed intact or fragmented nuclei, apoptotic
bodies and a reduction of cell volume. Original magnification x 200.
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NPs/hydrogel-treated groups (P > 0.05).

To detect the potential mechanisms of the anti-tumor effects of
HK-NPs and HK-NPs/hydrogel, we examined their effects on
apoptosis, angiogenesis and proliferation.

A TUNEL assay was applied to detect apoptosis of tumor
cells in tumor-bearing mice from each group. Viewed with
fluorescence microcopy (magnification, x 200), cell nuclei that
were stained dark red indicated apoptosis and were recorded as
TUNEL-positive nuclei. As shown in Fig. 8, in SKOV3 tumors,
the mean apoptotic index + SD of cancer cells treated with NS
was 4.80 +1.30% versus 520 + 2.39% in the blank NPs/
hydrogel-treated group, 18.60 + 4.20% in the free HK-treated
group, 16.90 + 3.80% in the HK-NPs iv-treated group, 31.40 +
7.13% in the HK-NPs-treated group and 54.40 + 6.88% in the
HK-NPs/hydrogel-treated group.
TUNEL-positive nuclei were found in the HK-NPs-treated
group and HK-NPs/hydrogel-treated group compared with the
NS-treated, blank NPs/hydrogel-treated, free HK-treated and
HK-NPs iv-treated groups (P < 0.05). Moreover, the use of HK-
NPs/hydrogel as a controlled drug delivery system had a better
apoptotic induction effect than HK-NPs alone (P < 0.05). There

Significant increases of

Fig. 6 Flow cytometry assay of Pl-stained SKOV3 cells. SKOV3 cells were treated with RPMI-1640 (A), PECE copolymer (B), F127 (C) and HK-NPs
(D) at 12.5 ug mL~" for 48 h.

was no significant difference between the NS-treated and blank

3.7 HK-NPs and HK-NPs/hydrogel inhibited intratumoral
angiogenesis

Angiogenesis in tumor tissues was evaluated by quantifying
MVD. In paraffin embedded sections a single microvessel was
defined as a discrete cluster or a single cell staining positive for
CD34, and the presence of a lumen was required for scoring the
structure as a microvessel. 10 random 0.159 mm? fields at x 100
magnification were examined for each tumor. As shown in
Fig. 9, in SKOV3 tumors, MVD + SD of cancer cells treated
with NS was 61.20 + 5.12 versus 60.80 + 11.92 in the blank
NPs/hydrogel-treated group, 40.60 + 3.90 in the free HK-
treated group, 44.30 + 5.60 in the HK-NPs iv-treated group,
31.20 + 5.50 in the HK-NPs-treated group and 18.60 + 5.94 in
the HK-NPs/hydrogel-treated group. Significant inhibition of
angiogenesis in SKOV3 tumors was found in the HK-NPs-
treated and HK-NPs/hydrogel-treated groups compared with the
HK-NPs iv-treated, free HK-treated, blank NPs/hydrogel-
treated and NS-treated groups (P < 0.05). Moreover, HK-
NPs/hydrogel as a controlled drug delivery system appeared to
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have a better angiogenesis inhibition effect than HK-NPs alone
(P < 0.05). There was no significant difference between the NS-
treated and blank NPs/hydrogel-treated groups (P > 0.05).

3.8 HK-NPs and HK-NPs/hydrogel inhibited cell proliferation

Using immunochemistry with proliferating cell nuclear antigen
(PCNA), we detected cell proliferation activity. The microscopic
examination of PCNA staining of tumors showed weak PCNA
immunoreactivity in HK-NPs-treated and HK-NPs/hydrogel-
treated groups when compared with the control groups (Fig. 10).
In SKOV3 tumors, PCNA LI + SD of cancer cells treated with
NS was 75.0 + 8.94% versus 69.60 + 5.98% in the blank NPs/
hydrogel-treated group, 42.20 + 5.31% in the free HK-treated
group, 47.40 4+ 6.36% in the HK-NPs iv-treated group, 29.40 +
5.18% in the HK-NPs-treated group and 14.00 + 6.40% in the
HK-NPs/hydrogel-treated group. In SKOV3 tumors, the HK-
NPs-treated group and the HK-NPs/hydrogel-treated group
showed a decrease in cell proliferation compared with other

groups (P < 0.05). The HK-NPs/hydrogel showed a more
pronounced anti-cell proliferation effect than HK-NPs alone
(P < 0.05). There was no significant difference between the NS-
treated and blank NPs/hydrogel-treated groups (P > 0.05).

4 Discussion

Ovarian cancer is the leading cause of death from a gynecological
cancer.! Despite significant advances in modern surgical inter-
ventions and contemporary chemotherapy, the prognosis remains
poor. The 5-year overall survival rate of patients with the
advanced disease (stage III and IV) is only 15% to 25%. The
lack of effective screening methods means that approximately 70%
of patients present with the advanced stages of the disease. The
high incidence of chemotherapy resistance and low-volume
residual disease in initial surgery also reflects the high relapse
rate and mortality rate.® Ovarian cancer commonly spreads within
the peritoneal cavity. Most recent studies show that IP treatment
resulted in a significant increase in both progression-free and

This journal is © The Royal Society of Chemistry 2012

RSC Adv., 2012, 2, 7759-7771 | 7767


http://dx.doi.org/10.1039/c2ra20612a

Published on 27 June 2012. Downloaded on 25/10/2014 09:07:03.

View Article Online

G 80-
& 60
x
[}
T
£
o 404
S
2
Q.
2
< 20-
0- o
9 &
4 && Qz‘b
&S«

Fig. 8 TUNEL staining of tumor tissues from each group. Representative sections were taken from tumor tissue of NS (A), blank NPs/hydrogel (B),
free HK (C), HK-NPs iv (D), HK-NPs (E), and HK-NPs/hydrogel (F) treated groups, respectively. The percentage of apoptotic cells in HK-NPs
treatment groups markedly increased compared with controls (P < 0.05), with an even greater induction of apoptosis in the HK-NPs/hydrogel-treated

group (G).

overall survival of the patients.36 Although modern surgical
approaches could be supplemented by administration of che-
motherapy to the low-volume residual disease in the peritoneal
cavity, increased toxicity caused by the high-dose intraperitoneal
drug administration and catheter-related complications have been
reported, including neutropenia, neuropathy, infection, abdom-
inal pain, bowel perforation and bowel obstruction.>*” Many
patients have had to give up the assigned cycles of IP therapy
because of the adverse reactions.®

The present study explored the feasibility of using the novel
controlled-release drug-delivery system, HK-NPs/hydrogel, for
IP chemotherapy and the therapeutic effects of experimentally-
induced human ovarian cancer. HK is a multifunctional drug
and it was demonstrated to show great potential anti-tumor
activity. It has been reported to exhibit a potent cytotoxic
activity by inducing cell apoptosis in RKO, SW480, LS180,
CH27, H460 and H1299 cell lines in a dose- and time-dependent
manner. HK-mediated cytotoxicity occurred at a concentration
of 5 ng mL ! and above.*®* Previous studies in our laboratory

suggest a significant inhibitory effect of HK on the proliferation
of human ovarian cancer SKOV3 cells. The IC50 at 24 h was
determined to be 14-20 pg mL™'*° However, the high
hydrophobicity of HK limited its further clinical application.
To overcome this problem, HK-NPs were prepared. The
obtained HK-NPs could be well-dispersed in water and are
stable. The maximum possible concentration was up to
25 mg mL~'. The average particle size was about 33.36 nm
and the nanoparticles had a small negative zeta potential (about
—0.270 mV) close to neutral.?® In our study, HK-NPs showed no
significant difference in the cytotoxic activity compared with free
HK on SKOV3 cells. Furthermore, the cytotoxic effect was
enhanced by providing slow-release of an encapsulated drug,
resulting in sustained exposure to tumor cells.*!

In situ gel-forming sustained drug delivery systems have
received considerable attention over past decades.*> The
thermosensitive hydrogel has been extensively studied for its
potential biomedical applications. The PECE hydrogel prepared
in this study was composed of PEG and PCL, which are widely
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Fig. 9 Inhibition of intratumoral angiogenesis assayed by CD34 staining of microvessels. Representative sections were taken from SKOV3 tumor
tissue of NS (A), blank NPs/hydrogel (B), free HK (C), HK-NPs iv (D), HK-NPs (E), and HK-NPs/hydrogel (F) treated groups. The number of
microvessels was significantly smaller in the HK-NPs-treated group compared with controls (P < 0.05), and in the HK-NPs/hydrogel-treated group a

better anti-angiogenesis effect was observed (G).

used in FDA-approved drug preparations. Based on previous
studies, the MTD of PECE hydrogel is higher than 10 g kg™
body weight, which is much higher than the dose used as a drug
carrier. PECE hydrogel seems a safe candidate for use as a
sustained drug delivery system. The special thermosensitive sol—
gel transition temperature of biodegradable PECE hydrogel was
nearly at 37 °C. It is a free-flowing sol at room temperature and
becomes gel at body temperature. Therefore, it can easily mix
with drugs and can be injected by syringe in vitro, while forming
a deposition at the target location in vivo.*> HK-NPs/hydrogel
could release HK in an extended period at effective levels in vivo,
thus avoiding its release in bursts when HK is delivered directly.

In our previous work, liposomal HK was prepared and used
for treatment of various tumors, such as lung cancer, colon
cancer and breast cancer. In this work, polymeric HK-NPs were
prepared and used for treatment of ovarian cancer, and in vitro
release behavior and therapeutic efficiency of HK-NPs, HK-
NPs/hydrogel, liposomal HK and liposomal HK/hydrogel were
investigated. In vitro release profiles showed that the release rate

of liposomal HK was faster than that of HK-NPs, but no
significant differences were observed between liposomal HK/
hydrogel and HK-NPs/hydrogel (Supplementary Fig. 31). For in
vivo tests, tumor weight in the HK-NPs group is significant lower
than that in the liopsomal HK group, but there is no significant
differences between liposomal HK/hydrogel and HK-NPs/
hydrogel (Supplementary Fig. 47).

The present studies demonstrate that intraperitoneal therapy
with HK-NPs resulted in inhibition of SKOV3 ovarian cancer
growth in vivo and significantly prolonged the survival time of
tumor-bearing mice, compared with the NS-treated and blank
NPs/hydrogel-treated controls. Besides, HK-NPs/hydrogel as a
sustained drug delivery system via intrapleural administration
was more efficient therapeutically and significantly improved the
survival rate. The in vivo anti-tumor mechanism of HK-NPs and
HK-NPs/hydrogel for ovarian cancer remains not completely
clear. A TUNEL assay was used to determine whether HK-NPs
and HK-NPs/hydrogel increased intratumoral apoptosis in vivo.
The result was consistent with the in vitro findings described
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Fig. 10 Inhibition of cell proliferation assayed by PCNA staining. Representative sections were taken from SKOV3 tumor tissue of NS (A), blank
NPs/hydrogel (B), free HK (C), HK-NPs iv (D), HK-NPs (E) and HK-NPs/hydrogel (F) treated groups. The PCNA-positive cells in HK-NPs and HK-
NPs/hydrogel groups were significantly less when compared with controls (P < 0.05), and the HK-NPs/hydrogel-treated group showed a better anti-cell

proliferation effect (G).

above and the apoptosis-inducing ability of HK reported
previously. 443

Angiogenesis plays an important role in tumor growth and
metastasis. The anti-angiogenic activity of HK-NPs and HK-
NPs/hydrogel were evaluated by quantifying MVD. We found
that HK-NPs and HK-NPs/hydrogel were efficient at blocking
the formation of new blood vessels in tumors. Moreover, HK-
NPs and HK-NPs/hydrogel could inhibit tumor cell proliferation
and limit the emergence of malignant cell populations, as
confirmed by PCNA staining, which was consistent with the in
vitro findings described above. In addition, more apparent anti-
tumor activities were found in the HK-NPs/hydrogel-treated
group than the HK-NPs-treated group in vivo. The sustained
delivery of HK may contribute to the better anti-tumor effect.

5 Conclusions

Even in light of the limitations (such as the incomplete
understanding of the anti-tumor mechanism of HK and the

relation between anti-tumor effect and sustained delivery of
HK), we can provide some important conclusions. Anti-tumor
and anti-angiogenesis effects of HK-NPs and HK-NPs/hydrogel
for treatment of human ovarian cancer by intraperitoneal
administration were investigated. Our results showed HK-NPs/
hydrogel, as a sustained drug delivery system, could enhance the
therapeutic effects and diminish the side effects of HK. This drug
delivery system with various potential anti-tumor abilities is
novel and is potentially an attractive intraperitoneal therapeutic
candidate for ovarian tumor treatment in clinical practice.
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