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a b s t r a c t

Self-assembled polymeric micelles are widely applied in drug delivery system (DDS). In this study,
honokiol (HK) loaded micelles were prepared from biodegradable poly(�-caprolactone)-poly(ethylene
glycol)-poly(�-caprolactone) (PCEC) copolymers. Micelles were prepared by self-assembly of triblock
copolymer PCEC in distilled water triggered by its amphiphilic character without any organic solvent.
Drug loading and encapsulation efficiency were determined by adjusting the weight ratio of HK and
PCEC. The particle size and zeta potential distribution of obtained micelles were determined using Malvern
onokiol
icelle

hermo-sensitive
n vitro release behavior

laser particle sizer, and spherical geometry were observed on atomic force microscope (AFM). Otherwise,
the thermo-sensitivity of honokiol-loaded micelles was monitored. And the cytotoxicity results of drug
loaded micelles showed that the encapsulated honokiol remained potent antitumor effect. Moreover, in
vitro release profile demonstrated a significant difference between rapid release of free honokiol and
much slower and sustained release of HK-loaded micelles. These results suggested that we have success-
fully prepared honokiol-loaded micelles in an improved method which is safer and more efficient. The
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prepared micelles might b

. Introduction

Nanobiotechnologies are accelerating the identification and
valuation of drug candidates. In recent years, nanobiomaterials
uch as polymer-drug conjugates (Kopecek et al., 2001), liposomes
Takeuchi et al., 2004), nanoparticles (Vargas et al., 2004) and poly-

eric micelles (Ideta et al., 2005; Jang et al., 2006) have been
onsidered as potential carriers for hydrophobic drug delivery.
icelle, with intrinsic core-shell architecture demonstrates a series
f attractive properties in drug delivery systems for increasing drug
tability, drug solubility, and passive target effects (Croy and Kwon,
006). To date, an increasing number of studies have been focused
n micelles with anticancer drugs core-encapsulated in. Several

� This work was financially supported by National High-Tech Project (863
roject, 2007AA021902, and 2006AA03Z356), National Natural Science Founda-
ion (NSFC20704027), Sichuan Prominent Young Talents Program (07ZQ026-033),
nd Sichuan Key Project of Science and Technology (2007SGY019). And we would
ike to show our great thanks to Ms. Zheng Jing (Library of Chengdu University of
nformation Technology) for her kind help during the manuscript preparation and
roof-reading for this paper.
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ential carriers for honokiol delivery in cancer chemotherapy.
© 2008 Elsevier B.V. All rights reserved.

xamples of micelles as ideal drug carriers with tissue penetrat-
ng ability and controlled drug release have been reported (Lin et
l., 2006; Cai et al., 2007; Nakayama et al., 2007; Choi et al., 2006),
n particular, two micellar formulations, a paclitaxel-incorporated

icellar nanoparticle (PTX (NK105)) (Hamaguchi et al., 2007) and
polymeric micelle carrier system for doxorubicin (DOX (NK911))

Nakanishi et al., 2001), are currently being studied in phase I and
hase II clinical trials, respectively.

Micelles prepared from synthetic biodegradable block copoly-
ers are widely applied in drug delivery system (DDS) due to

heir core-shell geometry. Amphiphilic block copolymers are com-
rised of hydrophobic (water insoluble) and hydrophilic (water
oluble) parts. The hydrophobic segments become packed together
n aggregates (core) which serves as a potent nanocontainer
f hydrophobic compounds while hydrophilic domain (shell)
erves as a stabilizing interface of particles. Many biodegrad-
ble amphiphilic block copolymers based on aliphatic polyesters,
.g. poly(lactide)-poly(ethylene glycol) copolymers (PLA-b-PEG),

oly(lactide-glycolide)-poly(ethylene glycol) copolymers (PLGA-
-PEG), and poly(�-caprolactone)-poly(ethyleneglycol) copolymer
PCL-b-PEG) have been synthesized and frequently applied in DDS
ue to their great biocompatibility (Zhou et al., 2003; Shuai et al.,
003; Peng et al., 2008a). Emulsion solvent evaporation method

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:aderson-qian@163.com
dx.doi.org/10.1016/j.ijpharm.2008.10.027
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method. Briefly, the mean percentage of cell survival relative to
that of untreated cells was estimated from data from six individual
experiments. The concentration of samples at which cell killing was
50% (IC50) was calculated by curve fitting using SPSS software.
X. Wei et al. / International Journa

nd dialysis have been widely used to prepare micelles (Gou et
l., 2008a; Qiu and Bae, 2007). However, little work was done to
repare micelles without organic solvent just depending merely
n the self-assembly of block polymers in distilled water. The self-
ssembling motif being exploited can be of tremendous benefit for
he absence of organic solvent therefore lower toxicity and material
ost in synthesis and micellization.

Previously, we have successfully synthesized biodegradable
oly(�-caprolactone)-poly(ethylene glycol)-poly(�-caprolactone)
PCEC) triblock copolymer (Gou et al., 2008b; Jia et al., 2008). Mean-
hile, honokiol, a potent anti-cancer agent, had been extracted

Chen et al., 2007). Honokiol is an active component isolated and
urified from Chinese traditional herb magnolia which was demon-
trated to inhibit growth and induce apoptosis of different cancer
ell lines (Liu et al., 2008; Dikalov et al., 2008; Li et al., 2008), but
igh hydrophobicity therefore restrained its further application in
ancer chemotherapy. In this study, biodegradable honokiol-loaded
olymeric micelles were prepared from self-assembly of triblock
CEC copolymer, and were characterized in detail. The prepared
onokiol micelles might have great potential clinic application as a
ew dosage form.

. Experimental

.1. Materials

Poly(ethylene glycol) (PEG, Mn = 4000, Fluka, USA), �-
aprolactone (�-CL, Alfa Aesar, USA), Stannous octoate (Sn(Oct)2,
igma, USA), Dulbecco’s modified Eagle’s medium (DMEM, Sigma,
SA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
ide (MTT, Sigma, USA), and dimethyl sulfoxide (DMSO) were

sed without any further purification. Honokiol were isolated and
urified in our lab (Chen et al., 2007). All the materials used in
his article were analytic reagent (AR) grade and used as received
xcept honokiol.

.2. Synthesis of PCL-PEG-PCL (PCEC) copolymer

PCL-PEG-PCL (PCEC) copolymer with the designed molecular
eight of 6000 was synthesized by ring-opening polymerization

f �-CL and PEG (Mw = 4000) using Sn(Oct)2 as catalyst accord-
ng to our previous reports (Gou et al., 2008a). The obtained PCEC
opolymer was purified and kept in air-tight bags before further
pplication.

.3. Preparation of blank or honokiol-loaded PCEC micelles

Ten milligrams of PCEC was dissolved in 1 mL of distilled water
t 50 ◦C. Five minutes later, PCEC micelles formed due to thermal
nduced self-assembling. Then, the PCEC micelles were cooled to
7 ◦C for further application and characterization. Drugs loaded
CEC micelles were prepared by direct dissolution method assisted
y ultrasonication. As model drug, calculated amount of honokiol
as added into PCEC micelles solution at 37 ◦C under ultrasoni-

ation (JY92-2D, Ningbo Scientz Biotechnology Co., China). Thirty
inutes later, the suspension were ultracentrifuged and filtered
ith a syringe filter (pore size: 220 nm) (Millex-LG, Millipore Co.,
SA) to remove the insoluble drugs. And the filtrate was used for

urther application or characterization.
.4. Characterization of honokiol-loaded PCEC micelles

The particle size and zeta potential of prepared micelles was
etermined by Malvern Nano-ZS 90 laser particle size analyzer after
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m
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quilibration for 10 min. And all results were the mean of three
ndependent test runs.

The morphological characteristics of the nanoparticles were
xamined by Atomic Force microscope (AFM, SPA-400, Seiko Instru-
ents Inc, Japan). The obtained micelles were diluted with distilled
ater and placed on a mica surface. The surface morphology of
icelles was observed after dried at room temperature.

.5. Crystallographic study

Crystallographic assay was performed on honokiol-loaded
icelles powered by X-ray Diffractometer (X’Pert Pro, Philips,
etherlands) using Mo K� radiation.

.6. In vitro drug release behavior

In vitro release behavior of honokiol from drug loaded PCEC
icelles was studied using the modified dialysis method, which
as shown as following: 0.5 mL of honokiol-loaded PCEC micelles

olution was placed in a tube covered with a dialysis membrane
molecular weight cutoff is 8–10 kDa and the dialysis area is 1 cm2),
nd 0.5 mL of honokiol solution in DMSO (1 mg/mL) was used as
ontrol. The dialysis tubes were incubated in 20 mL of PBS (pre-
armed to 37 ◦C, pH 7.4) containing Tween80 (0.5%) at 37 ◦C with

entle shaking, and the media were displaced by pre-warmed
resh PBS at predetermined time. The released drug was quanti-
ed using reverse-phase High Performance Liquid Chromatography
RP-HPLC) with a C18 column (4.6 mm × 150 mm–5 �m, Sunfire
nalysis column), with acetonitrile/water (60/40, v/v) as eluent
olution.

.7. Cell viability assay

A549 cells were plated at a density of 1 ×104 cells per well in
00 �L of DMEM medium in 96-well plates and grown for 48 h.
he cells were then exposed to a series of honokiol-loaded PCEC
icelles at different concentrations for 48 h, and 0.5 mL of honokiol

olution in DMSO (1 mg/mL) was used as control. Then, viability
f cells was measured using the methylthiazoletetrazolium (MTT)
ig. 1. Photographs of several solutions. (A) Water, at 25 ◦C; (B) blank PCEC micelles
t the concentration of 10 mg/ml(w/v), at 25 ◦C; (C) honokiol-loaded PCEC micelles
t the concentration of 10 mg/ml(w/v), at 25 ◦C; (D) Freeze-dried honokiol-loaded
icelles at the concentration of 10 mg/ml(w/v), at 4 ◦C; (E) Re-dispersed freeze-

ried honokiol-loaded micelles at the concentration of 10 mg/ml(w/v), at 25 ◦C.
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Table 1
Drug loading and encapsulation efficiency of the obtained micelles at various weight
ratio.

Code HK/PCEC (w/w) Drug loading (%) Encapsulation efficiency (%)

S1 1:20 2.7 53.6
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ig. 2. Particle size (61 nm) and zeta potential (−0.502 mV) distribution spectra of
repared HK-loaded PCEC micelles.

. Result

.1. Characterization of honokiol-loaded micelles

Honokiol-loaded micelles in the present study were prepared
y self-assembly of triblock PCEC copolymer. During the prepara-
ion of honokiol micelles, we were able to adjust the drug loading
nd encapsulation efficiency by varying the honokiol/PCEC weight

atio. With increase in honokiol content, a reasonable increase in
rug loading was observed, leading to a decrease in encapsulation
fficiency (Table 1), which might be because the dissolved PCEC
as not enough to coat and stabilize more amounts of honokiol
icelles.

A
1
f
c

Fig. 3. The AFM image of prepare
2 2:20 4.8 50.0
3 3:20 6.4 44.0

he amount of HK in the solution was determined by HPLC.

The appearance of prepared honokiol micelles suspension was
hown in Fig. 1 and the clear solution could be observed. We
hose the honokiol-loaded micelles with HK/PCEC of 2:20 and the
btained micelles were characterized in detail. The average particle
ize of obtained honokiol micelle was about 61 nm (Fig. 2A). Also,
he zeta potential of prepared honokiol micelles was −0.502 mV
nd zeta potential distribution spectrum could be seen in Fig. 2B.
eanwhile, Fig. 3 shows the AFM image of the prepared micelles.

he AFM image revealed that PCEC micelle is flattned round
pecies, thus confirming the spherical shape of micelles in solu-
ion. The diameters of the polymeric micelles observed by AFM
ere in good agreement with the determination of the particle

ize.

.2. Crystallographic study

Crystallographic assay was performed by XRD and the result was
resented in Fig. 4. In comparison with XRD diagram of honokiol,
he absence of specific diffraction peak in diagram of HK-loaded

icelle indicated that honokiol was amorphously encapsulated
ithin their core-shell structure, thus forming stable micelles in

queous media.

.3. Thermo-sensitivity

The thermo-sensitive property of blank PCEC micelles in aque-
us solution was shown in Fig. 5. The particle size of PCEC micelles
ecreased accordingly with rise in temperature from 4 ◦C to 50 ◦C.

nd at 37 ◦C, the particle size reached an average diameter around
50 nm. Hence, the size of prepared micelle offers the possibility
or the application to the body via direct injection into the blood
irculation, making them potential for therapeutics delivery carrier.

d HK-loaded PCEC micelles.
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Fig. 4. X-ray diffraction spectra. (A) Honokiol crystal; (B) blank PCEC micelles; and
(C) prepared honokiol-loaded PCEC micelles.

Fig. 5. Effect of temperature on particle size of blank PCEC micelles. PCEC micelles
at the concentration of 10% (w/w) were measured at various temperature. All results
were the mean of three test runs, each after an equilibration for 30 min. The particle
size shrank while temperature rises from 4 ◦C to 50 ◦C.

F
c

3

l
m
l
t
t
t
f

3

m
i
o
l
s
m
o

F
7

ig. 6. Cell viability of lung cancer A549 cells. A549 cells were exposed to different
oncentrations of free honokiol or HK-loaded micelles for 48 h, respectively.

.4. The cytotoxicity of honokiol-loaded micelles

The MTT assay was performed to evaluate the toxicity of drug-
oaded polymeric micelles and free HK to investigate whether

icelles influenced the cytotoxity of honokiol. Both free HK and HK-
oaded micelles at various concentrations significantly decreased
he viability of A549 cells in a dose-dependent manner. Fig. 6 shows
he influence of drug loading on cell viability. The result indicates
hat the cytotoxicity of HK-loaded micelles is comparable to that of
ree HK.

.5. In vitro release behavior of honokiol from PCEC micelles

Fig. 7 shows the release profiles of free HK and HK-loaded PCEC
icelles in PBS (pH 7.4, 37 ◦C). In comparison to free HK, a typ-

cal two-phase-release profile of HK-loaded PCEC micelles was
bserved. That is, a relatively rapid release in the first stage fol-
owed by a sustained and slow release over a prolonged time up to

everal weeks. It was found that only 23% HK released from PCEC
icelles within 24 h, while free HK released about 100% into the

utside media.

ig. 7. Drug release profiles of free HK and HK-loaded micelles in PBS solution at pH
.4.
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. Discussion

Various micelles occupy a huge area of research because they
ffer a vast range of possibilities for the use as vehicles for enzyme
ncapsulation (Chang and Prakash, 2001), gene therapy (Wang et
l., 2007; Kim et al., 2008), biosensors (Cao et al., 2002; Demers
t al., 2002), and mostly, hydrophobic drug delivery (Carstens
t al., 2008; Kim et al., 2001a; Sant et al., 2005). It has been
eported that paclitaxel (Genexol)-contained biodegradable poly-
eric micellar system (Genexol-PM) was newly developed by

sing monomethoxy poly(ethylene glycol)-block-poly(d,l-lactide)
mPEG-PDLLA) and paclitaxel (Hamaguchi et al., 2007). Also, novel
N-38–incorporated polymeric micelles, NK012, to eradicate Vas-
ular endothelial growth factor-secreting bulky tumors (Koizumi
t al., 2006) and cisplatin-incorporated polymeric micelles which
an eradicate solid tumors in mice have been successfully pre-
ared (Nishiyama et al., 2003). Recently, TNP-470, an inhibitor
f angiogenesis, was conjugated to monomethoxy-poly(ethylene
lycol)-polylactic acid (mPEG-PLA) to form polymeric micelles,
sing the oral route of administration, and inhibited the tumor
rowth in mice (Benny et al., 2008). Until now, several micellar
ormulations of antitumor drugs have been intensively stud-
ed in preclinical and clinical trials (Hamaguchi et al., 2007;
akanishi et al., 2001; Kim et al., 2004). In addition, the other
olymeric micelles such as poly(ethylene oxide)-b-poly[(R)-3-
ydroxy butyrate]-b-poly(ethylene oxide) PEO-PHB-PEG (Li et al.,
003), polyethylene glycol-phosphatidyl ethanolamine (PEG-PE)
Sawant et al., 2008), poly(ethylene glycol)-block-poly(aspartic
cid) (PEG-PAA) (Kakizawa et al., 2004), and etc, are also promising
anocarriers for drug or gene delivery.

Several observation were made in the present study concerning
CEC, honokiol and self-assembly. We have successfully prepared
he honokiol micelles with small particle size, stable drug load-
ng and sustained drug release behavior by self-assembly. The
verage diameter of honokiol-loaded micelles was 61 nm, and the
eta potential (−0.502 mV) implied a nearly neutral surface charge.
hese, in combination with nanostructure of the micelles observed
y AFM, suggested that the prepared micelles were stable and
ould be well-dispersed in water (Fig. 1). The X-ray diffraction
nalysis revealed the micro-domain structure of honokiol in the
olymeric micelles. The spectrum showed a transformation of
onokiol from crystalline structure to amorphous micelles. Hon-
kiol may be suspended in water to form polymeric micelles due
o amphiphilicity of PCEC copolymers, hence, amorphous hon-
kiol molecules are essentially locked in the core-shell structure.
oreover, cytotoxicity results revealed that the honokiol-loaded
icelles remained the comparable anticancer effect even though

onokiol was released in an extended behavior. In comparison
ith free honokiol, the much slower release of honokiol from PCEC
icelles can be attributed to the molecular structural characteris-

ics of polymeric micelles. During the process, honokiol was first
eleased inside the hydrophobic core region of polymeric micelles
ecause honokiol was attached to PCL comprising the core region,
nd honokiol then diffused out from the micelle, eventually, into
he incubation medium. This delay of drug release indicates their
otential applicability in drug carrier to minimize the exposure of
ealthy tissues while increasing the accumulation of therapeutic
rug in the tumor site.

Amphiphilic molecules in water are the most studied example
f self-assembling molecules in selective solvents. The co-solvent

vaporation method and dialysis method (Huh et al., 2005) were
ntensively studied to form polymeric micelles. However during the
ormation, organic solvent, such as methanol (Qiu and Bae, 2007),
cetone (Peng et al., 2008b), or dimethylformamide (DMF) (Kim et
l., 2001b; Park et al., 2005; Hu et al., 2003) are widely used as

C

C

armaceutics 369 (2009) 170–175

he solvent for drugs and polymeric materials, eventually followed
y removal of organic solvents using evaporating, freeze drying, or
ialysis. To the best of our knowledge, little work has been done
o prepare polymeric micelles by dissolving copolymers in distilled
ater and heating without any other organics. This method could
e highly welcome in preparation of micelles due to absence of toxi-
ity organic solvents. Therefore, formulation of polymeric micelles
riggered by heating in distilled water could ensure the safety of

icelles both in the formation process and further clinical use.
Honokiol is a small molecule that has been demonstrated to

ave antiangiogenic and antitumor properties in diverse tumors
Yang et al., 2002; Fong et al., 2005; Hibasami et al., 1998). Recently,
ome studies have revealed the remarkable antitumor effects of
onokiol on human ovarian tumor SKOV3 and COC1 cells (Liu et
l., 2008), lung cancer CH27 cells (Yang et al., 2002), leukemia HL-
0 cells (Fong et al., 2005), Molt 4B cells (Hibasami et al., 1998),
tc. However, the application of honokiol is limited by its poor
olubility in water. In this study we have successfully prepared
onokiol-loaded micelles to increase the solubility of hydrophobic
herapeutic agents in water. Meanwhile, PCEC, a biodegradable tri-
lock copolymer with good biocompatibility, was adopted as drug
arrier (Zhou et al., 2003; Jia et al., 2008; Huang et al., 2004). The
ndings in the present study demonstrate that honokiol can be
ore-encapsulated in the micelles to form a stable particle with sus-
ained release behavior. Honokiol-loaded PCEC micelles also have
omparable cytotoxicity with free honokiol. These properties of
onokiol-loaded micelle suggest that it may be a potential new
osage form to deliver hydrophobic antitumor drugs.

. Conclusion

In this study, we have successfully prepared honokiol-loaded
CEC micelles in a novel method without any organic solvent. We
ere able to control the drug loading and encapsulation efficiency

y varying the weight ratio of HK and PCEC. The particle size,
eta potential and AFM image of the prepared micelle indicated its
tability and solubility. Moreover, XRD diagram suggested that hon-
kiol was amorphously enclosed in the core-shell architecture. The
ncapsulation of honokiol led to sustained release of the micelles
p to several weeks while the cytotoxicity remained comparable to
hat of free honokiol. The PCEC micelles could be well-dispersed in
ater, thus increasing the solubility of honokiol, hence, providing

he possibility for a new dosage form.
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