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H
onokiol (HK) is a bioactive com-
pound extracted from Magnolia
officinalis (Chinese name-

,Houpo), which is used in traditional Chi-
nese and Japanese medicine.1,2 Extensive
research has shown that honokiol can in-
duce apoptosis, inhibit angiogenesis,
and suppress the growth of tumor, repre-
senting a promising approach for malig-
nancies treatment.2�5 But administration
of honokiol is greatly restrained due to
its poor water-solubility. Nanotechnology
provides an important method to over-
come such shortcoming of hydrophobic
drugs.6�10 After processed into nano-
particles, such hydrophobic drugs could
be well dispersed in water and form
stable suspension to meet the require-
ment of administration.

Hydrogels are special materials which
could absorb a considerable amount of wa-
ter. For decades, thermosensitive hydro-
gels have attracted increasing attention ow-
ing to their biocompatibility and their
remarkable response to environmental
stimuli.11�15 In this study, we prepared a
kind of biodegradable and injectable poly-
(ethylene glycol)-poly(�-caprolactone)-
poly(ethylene glycol) (PEG-PCL-PEG, PECE)
hydrogel controlled drug delivery system
which undergoes sol�gel�sol transition
with increase in temperature. The aqueous
solution of PECE copolymers is free-flowing
sol at ambient temperature and becomes
gel at body temperature. This sol�gel tran-
sition behavior of PECE hydrogel gives the
advantage of simply mixing it with pharma-
ceutical agents at room temperature in
which it then becomes an in situ gel-
forming controlled drug delivery system in
vivo at body temperature about 37 °C.

Malignant pleural effusions (MPE) occur
very frequently in patients with advanced
cancer, predominantly adenocarcinoma of
the lungs and other organs, and are associ-
ated with high morbidity and mortality. In
addition, the presence of MPE severely
compromised the patients’ life quality.16,17

Pleurodesis, indwelling pleural catheters
and chemotherapy are commonly used to
prevent symptomatic reaccumulation of
pleural fluid; however, these therapies are
nonspecific, often ineffective, and associ-
ated with morbidity.18,19 Clearly, a more ef-
fective therapy for malignant pleural effu-
sion is needed.

Herein, a novel drug delivery system
was designed for achieving a sustained re-
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ABSTRACT Honokiol (HK) can efficiently inhibit the growth of tumors. However, its clinical applications

have been restricted by its extreme hydrophobicity. We hope to improve its water solubility by nanotechnology.

And we wonder whether a novel honokiol nanoparticles-loaded thermosensitive poly(ethylene glycol)-poly(�-capro-

lactone)-poly(ethylene glycol) (PEG-PCL-PEG, PECE) hydrogel (HK�hydrogel) could improve the therapeutic

efficacy on malignant pleural effusion (MPE). To evaluate the therapeutic effects of HK�hydrogel on MPE, MPE-

bearing mice were administered intrapleurally with HK�hydrogel, HK nanoparticles (HK�NP), blank hydrogel, or

normal saline (NS) at days 4 and 11 after Lewis lung carcinoma (LLC) cells inoculation, respectively. Pleural tumor

foci and survival time were observed, and antiangiogenesis of HK�hydrogel was determined by CD31. Histological

analysis and assessment of apoptotic cells were also conducted in tumor tissues. HK�hydrogel reduced the

number of pleural tumor foci, while prolonging the survival time of MPE-bearing mice, more effectively, as

compared with control groups. In addition, HK�hydrogel successfully inhibited angiogenesis as assessed by

CD31 (P < 0.05). Histological analysis of pleural tumors exhibited that HK�hydrogel led to the increased rate of

apoptosis. This work is important for the further application of HK�hydrogel in the treatment of MPE.

KEYWORDS: honokiol · nanoparticles · biodegradable thermosensitive
hydrogel · intrapleural administration · malignant pleural effusion

A
RT

IC
LE

VOL. 3 ▪ NO. 12 ▪ FANG ET AL. www.acsnano.org4080



lease of hydrophobic anti-
cancer drug from the poly-
meric matrix. We then
investigated the possible ap-
plication of this drug delivery
system for the treatment of
experimental MPE by admin-
istrating the honokiol
nanoparticles-loaded PECE
hydrogel (HK�hydrogel) di-
rectly into the pleural cavity of
MPE-bearing mice. Our ex-
perimental results demon-
strated that such a strategy
as this allows the carrier sys-
tem to show a sustained re-
lease of honokiol in vivo as
well as improved therapeutic
effects on murine MPE.

RESULTS
Preparation and

Characterization of HK�NP and
HK-Hydrogel. Emulsion solvent
evaporation method was
used to prepare HK�NP. Fig-
ure 1A showed that the aver-
age particle size of HK�NP
was 33.34 � 2.52 nm, and
polydisperse index (PDI) was
0.036. HK concentration of prepared HK�NP is 14.7 mg/
mL, which is determined by HPLC. Figure 1B shows the
TEM image of the HK�NP prepared. The TEM image re-
vealed that HK�NP is monodispersed, thus confirming
the spherical shape of HK�NP in solution. The MTT as-
say was performed to evaluate the toxicity of HK�NP
and free honokiol to investigate whether nanoparticle
influenced the cytotoxicity of honokiol. Both HK�NP
and free honokiol at various concentrations significantly
inhibited the growth of LL2 cells in a dose-dependent
manner. Figure 1C presents the in-
fluence of drug concentration on
cell viability of LL2 cells. The re-
sult indicates that the cytotoxic-
ity of the HK�NP is comparable
to that of free honokiol even
though honokiol was released in
an extended behavior.

The PECE copolymer was pre-
pared by ring-opening copolymeri-
zation and coupling reaction. Chemi-
cal structure and molecular weight
and distribution were characterized
by 1H NMR, FTIR, and GPC, which was
reported in our previous article.15

FTIR and 1H NMR results indicated
that the PECE triblock copolymer de-

signed by controlling the feed composition were

prepared successfully. The number-average molecu-

lar weight (Mn) and PEG/PCL ratio of PECE copolymer

were calculated from 1H NMR spectrum. Mn of PECE

triblock copolymer was 3408 (480�2448�480). And

the Mn and polydispersity (PDI) of PECE copolymer

determined by GPC were 4391 and 1.30, respectively.

As shown in Figure 2A, at low temperature, the hy-

drogel is an injectable flowing sol, and forms a non-

flowing gel at body temperature.

Figure 1. Preparation and characterization of HK�NP. (A) Particles size distribution spectrum of pre-
pared HK�NP. The average particle size of prepared HK�NP was 33.34 � 2.52 nm. (B) TEM image of pre-
pared HK�NP. (C) In vitro tumor cell growth inhibition assay of LL2 cells. LL2 cells were exposed to dif-
ferent concentrations of free honokiol or HK�NP for 48 h, respectively. Error bars represent the standard
deviation (n � 6).

Figure 2. Preparation and characterization of HK�hydrogel (A) Photograph of HK�hydrogel at
room temperature (right) and at 37 °C (left), respectively. At the concentration of 25 wt %,
HK�hydrogel was free-flowing solution under 30 °C and became gel at body temperature to
form in situ gel-forming controlled drug delivery system. (B) In vitro drug release profiles of free
honokiol, HK�NP, and HK�hydrogel in PBS solution at pH 7.4. Error bars represent the stan-
dard deviation (n � 3).
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Figure 2B presents the in vitro release profiles of

free honokiol, HK�NP, and HK�hydrogel in PBS. In

comparison with the release profile of free honokiol or

HK�NP, the release rate of honokiol from hydrogel is

much slower followed by a sustained release for up to

1 week. It was observed that only 10% of honokiol re-

leased from HK�hydrogel within 72 h, whereas free

honokiol or HK�NP released approximately 91% or

33% into the outside media, respectively. This delay of

drug release indicates their potential applicability in

drug carrier to minimize the exposure of healthy tis-

sues while increasing the accumulation of therapeutic

drug in the tumor site.

Therapeutic Effects of HK-Hydrogel on MPE Formation and
Pleural Tumors Dissemination. To determine the therapeu-

tic effects of HK�hydrogel on MPE formation, C57BL/6

mice were inoculated with 2 � 105 LLC cells intrapleu-

rally and treated with HK�hydrogel, HK�NP, hydrogel,

or NS. To evaluate the presence of pleural effusions in

the living animal, we performed CT on animals at day 16

after intrapleural tumor cells injection. The representa-

tive results were shown in Figure 3. Free-floating bilat-

eral pleural effusions were clearly visible on CT scans

of three control groups (Figure 3A,B,C). In contrast, ma-

lignant pleural effusions of the group administrated

with HK�hydrogel were not very clearly visible on CT

scans (Figure 3D).

At the time of harvest (18 days), pleural effusions of

the three control groups could be directly visualized

through the diaphragm, often sur-
rounding tumor foci. The pleural tu-
mors were found to reside equally
on the visceral and parietal pleura
(Figure 4A,B,C). However, the vol-
ume of pleural effusions and the
number of pleural tumor foci de-
crease obviously with administra-
tion by HK�hydrogel (Figure 4D).
Histology confirmed that pleural tu-
mors consisted of adenocarcinoma-
tous cells growing on the pleural sur-
faces (Figure 4E,F).

Features of MPE Generated in C57BL/6
Mice 18 Days after Intrapleural
Administration. After mice were sacri-
ficed by cervical dislocation and
MPEs were harvested, we evaluated
the characteristics of pleural fluid in
four groups of C57BL/6 mice (n � 10
mice/group). The physical, cellular,
and biochemical characters of the
MPE obtained from mice of the four
groups were presented (Figure 5).
The pleural fluids of four groups all
appeared hemorrhagic but did not
coagulate, and after centrifugation
the supernatants were straw col-

ored, but the colors of the MPE in the three control
groups were clearly deeper than that of the
HK�hydrogel group (data not shown). As shown in Fig-
ure 5A, the mean MPE volume was clearly reduced in
the HK�hydrogel group (204.6 � 27.3 �L) as compared
with that in the HK�NP (507 � 58.2 �L, P � 0.05), hy-
drogel (629.7 � 62.5 �L, P � 0.05) or NS group (603.4 �

49.5 �L, P � 0.05). As compared with the HK�NP (pleu-
ral tumor foci, 7.43 � 0.79, P � 0.05; tumor cells in
MPE, 9.17 � 0.59, � 103/�L, P � 0.05), hydrogel (pleu-
ral tumor foci, 11.28 � 3.1, P � 0.05; tumor cells in MPE,
15.87 � 0.56, � 103/�L, P � 0.05), or NS group (pleural
tumor foci, 11.58 � 2.72, P � 0.05; tumor cells in MPE,
16.21 � 0.87, � 103/�L, P � 0.05), the significant reduc-
tions in the number of pleural tumor foci and tumor
cells of MPE were observed in the HK�hydrogel group
(pleural tumor foci, 4.02 � 0.64; tumor cells in MPE, 5.23
� 0.48, � 103/�L) (Figure 5B). Obviously, the number
of red blood cells of MPE in the HK�hydrogel group
(3.87 � 0.51, � 103/�L) was lower than that in the
HK�NP (4.63 � 0.25, � 103/�L, P � 0.05), Hydrogel
(5.69 � 0.37, � 103/�L, P � 0.05) or NS group (5.28 �

0.32, � 103/�L, P � 0.05) (Figure 5C). Biochemical assay
indicated that the levels of total protein and LDH in
MPE of the Honokiol (total protein, 36.48 � 2.57 g/L, P
� 0.05; LDH, 4521 � 237 IU/L, P � 0.05), hydrogel (to-
tal protein, 39.40 � 3.02 g/L, P � 0.05; LDH 6263 � 410
IU/L, P � 0.05) or NS group (total protein, 42.93 � 2.43
g/L, P � 0.05; LDH 6634 � 426 IU/L, P � 0.05) were sig-

Figure 3. Representative CT imaging of malignant pleural effusions (transverse) After LLC
cells inoculation, four groups of MPE-bearing mice were intrapleurally administered with 35
mg/kg HK�hydrogel at days 4 and 11, or honokiol, hydrogel, NS, respectively. At day 16 af-
ter LLC cells inoculation, transverse CT images of the three groups of mice showed that free-
floating bilateral pleural effusions (mpe) were more clearly visible on CT scans in the mice of
the two control groups administered with honokiol (C), hydrogel (B), or NS (A) as compared
with that of the HK�hydrogel group (D).
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nificantly higher than those in the HK�hydrogel group

(total protein, 32.53 � 2.77 g/L; LDH, 3047 � 198 IU/L)

(Figure 5D,E). In addition, VEGF protein level in MPE of

the HK�hydrogel group (515.7 � 38.2 pg/mL) was de-

creased about 4-fold below that in the pleural fluids

from the HK�NP (1731 � 45.3 pg/mL, P � 0.05), hydro-

gel(2216.6 � 94.5 pg/mL, P � 0.05) or NS groups (2270

� 124 pg/mL, P � 0.05) (Figure 5F).

To determine whether intrapleural administration

with HK�hydrogel in this MPE model could decrease

vascular permeability, we measured leakage of Evans’

blue dye into the pleural space. The results indicated

that the absorbance values at a wavelength of 630 nm

of HK�hydrogel group (A630nm, 0.053 � 0.004; P � 0.05)

was obviously lower than that in the HK�NP (A630nm,

0.163 � 0.016; P � 0.05), hydrogel (A630nm, 0.30 � 0.03;

P � 0.05), or NS group (A630nm, 0.33 � 0.04; P � 0.05)

(Figure 5G).

Treatment with HK�Hydrogel Inhibited Tumor Vascularization.

To better understand the mechanism by which treat-

ment with HK�hydrogel inhibited MPE formation,

the microvessel density of four groups was mea-

sured. Pleural tumors distributed between visceral

and parietal pleural surface were har-
vested, fixed in formalin, and paraffin-
embedded sections were stained with
anti-CD31 antibody. Immunohistochemis-
try demonstrated reduction of microvessel
density in HK�hydrogel group relative to
the three control groups (Figure 6).

Therapeutic Effects on Apoptosis. To explore
the role of HK�hydrogel on apoptosis of
pleural tumor cells, tumor resections were
subjected to terminal dUTP nick end label-
ing (TUNEL) assays for respective determina-
tion of apoptotic index. HK�NP treatment af-
fected the apoptosis rate of tumor cells
(Figure 7B), whereas the density of apop-
totic cancer cells increased after administra-
tion of HK�hydrogel (Figure 7A). Data repre-
sent the mean apoptotic index � standard
deviations of cancer cells as percent normal-
ized to apoptotic index of cancer cells (Figure
7E).

Treatment with HK�hydrogel Improved Survival
Time. Life span analysis (Figure 8) showed that
control animals that received the hydrogel
and NS treatment survived 18 and 16.5 days
on average, while HK�NP group survived
24.9 days on average. In contrast, treatment
with HK�hydrogel resulted in a significant
increase in life span (P � 0.01, Figure 6), and
50% of the animals still survived at day 35 af-
ter treatment.

DISCUSSION
Malignant pleural effusion is a very common, diffi-

cult to treat, and debilitating occurrence in patients

with cancer. Strategies such as sustained and localized

therapy may have the potential to improve the efficacy

of medical treatment.20 The present study explored

the feasibility of using novel nanoparticles-loaded ther-

mosensitive hydrogel based on biodegradable PECE co-

polymer for controlled release of honokiol, and the

therapeutic effects of this drug delivery system for

the treatment of experimentally-induced MPE. Our

results showed that intrapleural administration of

HK�hydrogel would efficiently increase tumor cell apo-

ptosis, decrease pleural vascular permeability, and re-

duce new blood vessel formation in pleural tumors.

HK is a multifunctional drug which can induce apo-

ptosis, suppress tumor growth, and inhibit angiogene-

sis, and it has great potential in disease therapy espe-

cially in cancer therapy.21�23 A rapid separation

approach had been developed using high-capacity

high-speed counter-current chromatography (high-

capacity HSCCC) to isolate and purify honokiol from

Houpu by Chen et al. in our laboratory.24 However, its

Figure 4. Representative malignant pleural tumors in C57B/6 mice after
intrapleural administration. At day 7 after the completion of treatment
as described in the Experimental Details, mice (n � 10 mice/group)
were sacrificed by cervical dislocation, MPEs were gently aspirated, and
chest walls were opened. Lung and chest wall explants showed mul-
tiple tumor foci (arrows) on the parietal and visceral pleura. Significantly
decreased number of pleural tumor in HK�hydrogel treated group (D)
as compared with the NS (A), hydrogel (B), or honokiol (c) groups were
shown (h: heart). Section (�200) through a small visceral pleural Lewis
lung cancer implantation stained with hematoxylin and eosin shows
that pleural tumors consisted of adenocarcinomatous cells (E), and tu-
mors grew on the pleural surface (F).
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further application was restrained due to its great hy-

drophobicity. To overcome such a shortcoming of

honokiol crystal, we prepared novel HK�NP.10 The ob-

tained HK�NP could be well-dispersed in water, and it

is stable. The maximum concentration of HK�NP was

up to 25 mg/mL. The average particle size of prepared

HK�NP was 33.34 nm and the nanoparticles have a

small negative zeta potential (about �0.385 mv) close

to neutral.

Over past decades, in situ gel-forming controlled

drug delivery system has received considerable atten-

tion owing to the simplicity of pharmaceutical formula-

tion by solution mixing and the sustained ability of

drug delivery.25�28 The in situ gel-forming controlled

drug delivery system enables drugs to be easily mixed

and to form a depot by syringe injection at a target lo-

cation, in which the depot works as a sustained drug

delivery system. In particular, the thermosensitive

physical hydrogel based on synthetic block copoly-

mers has been extensively studied since its potential

biomedical applications in the in situ gel-forming con-

trolled drug delivery system.29�32 PCL and PEG are

both well-known FDA-approved biodegradable and

biocompatible materials, which have been widely used

in the biomedical field. Due to the combination of great

advantages of PEG and PCL, the PECE hydrogels have

great potential application as an in situ gel-forming con-

trolled drug delivery system. According to our previ-

ous work, no LD50 of the PECE hydrogel system could

be determined due to the great biocompatibility of PEG

and PCL.33 The maximal tolerance dose (MTD) of the

PECE hydrogel system is higher than 10 g/kg body

weight, which is much higher than the dose used as a

drug carrier. The results indicate that PECE hydrogel

might be a safe candidate for in situ gel-forming con-

trolled drug delivery system.

In the present studies, biodegradable PECE hydro-

gel was synthesized which undergoes a special ther-

mosensitive sol�gel�sol transition. The hydrogel is a

free-flowing sol at room temperature or below critical

gelation temperature (CGT), becomes gel at body tem-

perature, and could sustain long time periods for in situ

Figure 5. Features of MPE generated in C57BL/6 mice 18 days after intrapleural administration. At day 7 after the comple-
tion of treatment, mice (n � 10 mice/group) were sacrificed by cervical dislocation and blood was drawn from the retro-
orbital veins. Then, the abdominal walls of mice were cut down, the diaphragms were exposed, and MPEs were gently aspi-
rated using a 1-ml syringe. The volume of MPE was measured with the syringe. The mean MPE volume was clearly reduced
in the HK�hydrogel group as compared with the control groups (A). Tumor implantations on the pleura were counted by two
independent readers under a dissecting microscope, and the average number was used for data analyses. The number of
pleural tumor foci and tumor cells in MPE of the HK�hydrogel group were significantly reduced as compared with the con-
trol groups (B). The number of red blood cells in MPE of the HK�hydrogel group was lower than that in the three control
groups (C). Serum and pleural fluid samples were assayed for total protein content, LDH, and VEGF. The levels of total pro-
teins (D) and LDH (E) in MPE of the three control groups were significantly higher than those in the HK�hydrogel group. In
addition, VEGF protein level (F) in MPE of the HK�hydrogel group was significantly reduced about 4-fold as compared with
the honokiol group. To evaluate the pleural permeability of the mice, at day 7 after the completion of treatment, each mouse
(n � 8 mice/group) received 200 �L of 5 mg/mL Evans’ blue solution (total dose 1 mg) intravenously and was sacrificed 2 h
later. Pleural fluid and serum Evans’ blue concentration were determined by measuring absorbance at a wavelength of 630
nm in a spectrophotometer. The absorbance value in the MPE of the HK�hydrogel group was obviously lower than that in
the three control groups (G): (columns) mean value of each group; (bars) �SD; (�) P � 0.05 compared with NS, hydrogel or
honokiol group.
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drug release (Figure 1C). Honokiol nanoparticles-loaded

hydrogel composite system could release the drug in

an extended period at effective level in vivo. In addition,

the drug delivery system could reduce the burst re-

lease ratio of honokiol, which means that the complex

can reduce the toxic side-effects of honokiol and el-

evate tolerance and drug availability.

In the preliminary experiment, we performed a dose

gradient assay in vivo. Mice were divided into four

groups (n � 5) treated with hydrogel- loaded different

doses of HK (10, 20, 35, and 50 mg/kg). However, two

mice of the 50 mg/kg HK group died in the second day

after administration. Of the other three groups, the 35

mg/kg group had the best therapeutic effects. When

the HK dose was too high, the side-toxic effect was en-

hanced; when the HK dose was low, the anticancer ef-

fect was too low. As a result, the dose of HK at 35 mg/kg

was selected for further study in this work.

The present studies demonstrated that therapy
with HK�NP resulted in reduced pleural tumor foci,
whereas sustained honokiol treatment by intrapleural
administration of HK�hydrogel had the more effi-
ciently therapeutic effects and significantly improved
the survival rate(Figure 8). Compared with the non-
treated control (NS group), the MPE volume was re-
duced by 16% in the HK�NP treated group after the
completion of treatment and was reduced by 66.1% in
the HK�hydrogel treated group (Figure 5). Further-
more, control animals that received NS and hydrogel
treatment survived 16.5 and 18 days on average, re-
spectively. In contrast, HK�hydrogel treatment resulted
in about 2-fold increase in life span.

Figure 6. Inhibition of tumor vascularization by immunohis-
tochemistry with CD31. Pleural tumor angiogenesis was as-
sessed by immunohistochemical staining with anti-CD31 an-
tibody (brown) on paraffin-embedded sections of tumors
resected 7 days after the completion of treatment. Microves-
sel counting was done at �200. Tumors of the HK�hydrogel
group revealed only occasional, isolated microvessels (A).
At the same magnification, the section of representative im-
ages with well-formed capillaries surrounding nests of tu-
mor cells in hydrogel (C) or NS (D) control treated group.
HK�hydrogel treatment group displayed decreased mi-
crovessel as compared with the three control groups in pleu-
ral tumor tissues (E). (Columns) mean of microvessel per
high-power field; (bars) �SD; (�) P � 0.05 compared with
honokiol, hydrogel, or NS group.

Figure 7. TUNEL staining of pleural tumor tissues. Pleural
tumor tissues preparation and procedure for TUNEL
staining were described in Experimental Details. Repre-
sentative sections from pleural tumor tissue are pre-
sented: HK�hydrogel (A), honokiol (B), hydrogel (C), or
NS (D). Bar represented apoptotic index within tissue
from LL2 from 10 mice (E). (�) P � 0.05 compared with
honokiol, hydrogel, or NS group.

Figure 8. Survival advantage in Mice. Mice (10 mice per
group) were administered intrapleurally with the
HK�hydrogel at 35 mg/kg HK�hydrogel at days 4 and
11, or honokiol, hydrogel, or NS, respectively. Life span
analysis showed that neither hydrogel group nor NS
group survived 18 and 16.5 days on average. A signifi-
cant increase in survival in the HK�hydrogel group com-
pared with the three control groups (P � 0.01, by log-
rank test) was found in this mouse model.
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Although the mechanism by which HK�hydrogel

can inhibit the formation and progression of MPE re-

mained to be determined completely, the anti-MPE ef-

ficacy in vivo may in part result from sustained delivery

of honokiol, which may inhibit tumor cell proliferation

and limit the emergence of malignant cell populations,

more efficiently block the formation of new blood ves-

sels, and increase induction of the apoptosis in the pleu-

ral tumors. This suggestion is supported by the present

findings. HK�hydrogel did remarkably decrease mi-

crovessel density in pleural tumors compared to the

other three control groups (Figure 5). Previous studies

indicated that honokiol could down-regulate the ex-

pression of vascular endothelial growth factor (VEGF),34

which has been shown to play an important role in

the formation of exudative PEs, and VEGF blockage will

significantly reduce vascular permeability and pleural

fluid (PF) accumulation in a murine model of MPE.35�38

Our findings that decreasing microvessel density

and VEGF protein levels by administration with HK�

hydrogel coincide with previous reports. In addi-

tion, the more-apparent apoptotic cells in the tu-
mors treated with HK�hydrogel were found,
compared with the treatment with HK�NP alone or
no-treatment groups.2,34,37�40

CONCLUSIONS
In this paper, we successfully prepared a novel

honokiol nanoparticles loaded thermosensitive hy-
drogel based on biodegradable PECE copolymer
(HK�hydrogel). And the therapeutic effects of
HK�hydrogel in C57BL/6 mice model of MPE by in-
trapleural administration directly were investigated.
Our results showed that HK�NP could be dispersed in
water very easily, and the HK�hydrogel system can en-
hance the therapeutic effects and diminish the side ef-
fects of honokiol. According to our experiment, we
found that intrapleural administration of HK�hydrogel
could significantly inhibit the formation and progres-
sion of malignant pleural effusion. Given the uniformly
poor prognosis of patients with MPE, the findings pro-
vide an ideal scenario by which the future clinical trials
can be contemplated.

EXPERIMENTAL DETAILS
Materials. �-Caprolactone (�-CL, Alfa Aesar, USA), poly(ethyl-

ene glycol) methyl ether (MPEG, MW � 550, Aldrich, USA), stan-
nous octoate (Sn(Oct)2, Sigma, USA), hexamethylene diisocyan-
ate (HMDI, Aldrich, USA), pluronic F127 (Sigma, USA), and ethyl
acetate (Et Ac, KeLong Chemicals, China) were used without any
further purification. All the materials used in this article were ana-
lytic reagent (AR) grade and used as received. Honokiol was pu-
rified in our lab by L. J. Chen et al. using high-speed counter-
current chromatography, and the purity is above 99.5%.24

Preparation of Honokiol Nanoparticles (HK�NP). A 60 mg portion of
HK was dissolved in 2 mL of EtAc to form HK solution. Then, the
HK�EtAc solution was introduced into 4 mL of F127 aqueous so-
lution (5%w/w) under stirring at approximately 15000 rpm by
T10 homogenizer (IKA, German). About 10 min later, the O/W
emulsion was formed. Then, the EtAc was evaporated in rotator
evaporator (BÜCHI, Switzerland) and HK�NP were obtained. The
HK�NP slurry was lyophilized, and the obtained powder was
stored at 4 °C before further use. Detection of particle size and
zeta potential, morphology study, and cytotoxicity assay of
HK�NP were conducted.10

Synthesis and Characterization of PECE Hydrogel. PEG-PCL diblock
copolymer was prepared by ring-opening copolymerization of
�-CL initiated by MPEG using stannous octoate as catalyst;
PEG�PCL�PEG triblock copolymer was synthesized by cou-
pling PEG�PCL diblock copolymer using HMDI as coupling
agent, which has been reported previously.15 The phase transi-
tion of PECE hydrogel was recorded using test tube-inverting
method. Conditions of gel and sol were defined as “no flow” and
“flow” in 1 min, respectively, when the test tube was inverted.
Each sample at the given concentration was prepared by disso-
lution in deionized water at the designated temperature. The
volume of the solution was kept 1 mL in total regardless of the
concentration. The hydrous samples were incubated in a water
bath at 0 °C for 20 min, and then slowly heated at a heating rate
of 0.5 °C/min, from 0 °C to the temperature when precipitation
occurred.

Preparation of Honokiol Nanoparticles-Loaded Hydrogel (HK�Hydrogel).
PECE copolymer was dissolved in normal saline (NS) at the des-
ignated temperature, and then the solution was kept at 0 °C. Af-
ter that, HK�NPs were added into the hydrogel solution to form
a homogeneous HK�hydrogel complex, and the concentration

of the hydrogel complex was adjusted to 25 wt % containing a
designed amount of honokiol.

In Vitro Drug Release Behavior of Honokiol. In vitro release behavior
of honokiol from nanoparticles or hydrogels was determined by
a modified dialysis method as follows: 500 �L of HK�NP solution
or HK�hydrogel solution (25 wt %) was placed in a dialysis tube
(molecular weight cutoff (MWCO) is 3.5 kDa, and the dialysis
area is 1 cm2), and 0.5 mL of honokiol solution in DMSO was used
as control. The concentration of HK in HK�hydrogel, HK�NP,
or HK�DMSO was kept at 1 mg/mL, respectively. The dialysis
tubes were incubated in 10 mL of PBS (prewarmed to 37 °C, pH
� 7.4) containing Tween80 (0.5 wt %) at 37 °C with gentle shak-
ing (100 rpm), and the release media were displaced by pre-
warmed fresh PBS at a predetermined time. The supernatant of
the removed release media were collected and stored at �20 °C
before further analysis. The released drug was quantified using
high-performance liquid chromatography (HPLC). All results
were the mean of three test runs, and all data were expressed
as the mean �SD.

Cell Culture, Animal Model, and Treatment Plan. The LLC cells were
purchased from the American Type Culture Collection (Manas-
sas, VA) and were cultured at 37 °C in 5% CO2�95% air using Dul-
becco’s modified Eagle’s medium (DMEM) with 10% fetal bo-
vine serum. Female (6�8 weeks old) C57BL/6 mice (purchased
from the Laboratory Animal Center of Sichuan University) were
acclimatized for 1 week. All animal care and experimental proce-
dures were approved by and conducted according to Institu-
tional Animal Care and Use guidelines.

For establishment of the MPE model, mice were anesthe-
tized using pentobarbital sodium prior to all procedures. LLC
cells (2 � 105) suspended in 50 �L of PBS were injected into the
pleural cavity through the intercostal space directly. The ani-
mals were observed until complete recovery. The procedure was
not associated with mortality or morbidity.

After LLC cells inoculation, mice were randomly divided into
four groups (n � 28 mice/group): (1) HK�hydrogel group,
each animal was intrapleurally injected with 35 mg/kg of
HK�hydrogel (150 �L) at day 4 and 11 (once a week, twice to-
tally); (2) HK�NP group, each animal was intrapleurally injected
with 35 mg/kg of HK�NP suspended in normal saline (150 �L) at
day 4 and 11 (once a week, twice totally); (3) hydrogel group,
each animal was intrapleurally injected with equal volume of
PECE hydrogel at day 4 and 11 (once a week, twice totally); and
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(4) NS group, each animal was intrapleurally injected equal vol-
ume of NS on the same schedule as mentioned above. The effec-
tive dose was chosen according to preliminary experiment.

For MPE growth study (n � 10 mice/group), at day 5 after the
final administration (day 16 after LLC cells inoculation), com-
puted tomography (CT) images were acquired for all the mice
in all four groups, and then at day 18 after LLC cells inoculation,
mice were sacrificed by cervical dislocation and blood was drawn
from the retro-orbital veins. Then, the abdominal walls of the
mice were cut down, and the viscera were retracted to visualize
the diaphragm. Pleural fluid was gently aspirated using a 1-ml sy-
ringe, and its volume was measured by the syringe. For histo-
pathological study, tumors, lungs, chest walls, and major organs
were inflated, explanted, and fixed with 10% neutral buffered
formalin.

The experiment for observation of survival advantage in-
cluded 10 mice per group, and mice without heartbeat and
breathing were determined to be dead. The other 8 mice per
group were used for pleural permeability assay.

Therapeutic Effects Evaluation of Model Animal Experiments. CT im-
ages were acquired on a Siemens Somatom Sensation16 using
a tube voltage of 120 kVp and current of 93 �A. Mice were un-
der anesthesia as described previously during imaging session.
The animal holder possessed four fiducial markers visible in CT,
which facilitated coregistration of the images using the SIENET
Sky-VA50B DICOM-CD Viewer (Siemens AG, Erlangen, Germany).

Because pleural tumors were evenly distributed between vis-
ceral and parietal pleural surfaces, only visceral implantations
were enumerated, excluding primary tumors at the injection site
that occurred occasionally. Pleural tumors were counted by two
independent and blinded readers under a dissecting micro-
scope, and the average number was used for data analysis. Mice
lungs, chest walls, and major organs were fixed in 10% neu-
trally buffered formalin for 24 h and 70% ethanol for 3 days. Tis-
sues were embedded in paraffin, and 5-�m-thick sections were
cut, mounted on glass slides, and stained with hematoxylin-
eosin (H&E). Pleural fluid and serum levels of glucose, total pro-
tein content, and lactate dehydrogenase (LDH) were determined
enzymatically on the Olympus AU400 Clinical Clinic Chemistry
analyzer (Olympus Diagnostic, Japan). Serum and pleural fluid
samples were assayed for vascular endothelial growth factor
(VEGF) using commercially available mouse ELISA kits (R&D Sys-
tems, Minneapolis, MN) according to the manufacturer’s
instructions.

Pleural Permeability Assay and Detection of Microvessel Density. Mice
of HK�hydrogel group (n � 8 mice/group, 18 ays 18 after LLC in-
oculation) and the other three groups respectively received 200
�L of Evans’ blue solution (5 mg/mL, total dose 1 mg) intrave-
nously and were sacrificed 2 h later. Evans blue concentration of
pleural fluid and serum were determined by measuring absor-
bance at 630 nm in a spectrophotometer.

Blood vessels in pleural tumors growing on the visceral and
parietal pleural surfaces of C57BL/6 mice were counted under
light microscope after immune staining of sections with poly-
clonal goat antimouse CD31 antibody (1:200; Santa Cruz Biotech-
nol Inc., Santa Cruz, CA) at 4 °C overnight, followed by incuba-
tion with biotinylated polyclonal rabbit antigoat antibody (1:200;
Vector Laboratories, Inc., Burlingame, CA). Positive reaction was
visualized using 3,3-diamino-benzidine as chromagen (DAB sub-
strate kit; Vector). Sections were counterstained with hematoxy-
lin and mounted with glass coverslips. Then sections were
visualized in an Olympus microscope. The results regarding an-
giogenesis were expressed as the absolute number of the mi-
crovessel per high-power field of three sections in each pleural
tumor, as described previously.41,42

Quantitative Assessment of Apoptosis. At day 18 after LLC cells in-
oculation, pleural tumor species were prepared as described
above. TUNEL staining was performed using an in situ cell death
detection kit (Roche Molecular Biochemicals) following the man-
ufacturer’s protocol, as previously described.41,42

It is based on the enzymatic addition of digoxigenin�
nucleotide to the nicked DNA by terminal deoxynucleotidyl
transferase. In tissue sections four equal-sized fields were ran-
domly chosen and analyzed. Density was evaluated in each field,
yielding the density of apoptotic cells (apoptosis index).

Statistics Analysis. Experiments were done at least in triplicate.
The statistic analysis was carried out using SPSS 13 (Chicago, IL,
USA). Data was assayed by ANOVA and Student’s t test. For the
survival time of animals, Kaplan�Meier curves were established
for each group, and the survivals were compared by the means
of log-rank test. Differences between means or ranks, as appro-
priate, were considered significant when yielding a P � 0.05.
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