
P

M
c

C
S
a

C
b

c

a

A
R
R
A
A

K
M
T
M
C

1

t
G
M
2
m
(
p
S
2
t
L
b

o
J
f

(

0
d

International Journal of Pharmaceutics 429 (2012) 113– 122

Contents lists available at SciVerse ScienceDirect

International  Journal  of  Pharmaceutics

jo ur nal homep a ge: www.elsev ier .com/ locate / i jpharm

harmaceutical  Nanotechnology

agnetic  micelles  as  a  potential  platform  for  dual  targeted  drug  delivery  in
ancer  therapy

hi  Huanga,  Zhaomin  Tanga,  Yangbo  Zhoub, Xiaofeng  Zhouc, Yong  Jinc,  Dan  Lia,  Ying  Yanga,
haobing  Zhoua,b,∗

School of Materials Science and Engineering, Key Laboratory of Advanced Technologies of Materials, Ministry of Education, Southwest Jiaotong University, Chengdu 610031, PR
hina
School of Life Science and Engineering, Southwest Jiaotong University, Chengdu 610031, Sichuan, PR China
Interventional Therapy Department, The Second Affiliated Hospital, Soochow University, 215004 Suzhou, PR China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 12 November 2011
eceived in revised form 3 March 2012
ccepted 4 March 2012
vailable online 8 March 2012

eywords:
icelles

a  b  s  t  r  a  c  t

The  magnetic  nanomicelles  as  a  potential  platform  for dual  targeted  (folate-mediated  and  magnetic-
guided)  drug  delivery  were  developed  to enhance  the  efficiency  and  veracity  of drug  delivering  to  tumor
site.  The  magnetic  nanocarriers  were  synthesized  based  on superparamagnetic  iron  oxide  nanoparti-
cles  (SPIONs),  biocompatible  Pluronic  F127  and  poly(dl-lactic  acid)  (F127-PLA)  copolymer  chemically
conjugated  with  tumor-targeting  ligand-folic  acid (FA)  via  a facile  chemical  conjugation  method.  Dox-
orubicin  hydrochloride  (DOX·HCl)  was  selected  as  a  model  anticancer  drug  to  investigate  the in vitro
drug release  and  antiproliferative  effect  of  tumor  cells  in  vitro and  in  vivo  in  the presence  or  absence  of
argeted drug delivery
agnetic nanoparticles

ancer therapy

an  external  magnetic  filed  (MF)  with  strength  of  0.1 T.  The  Alamar  blue  assay  exhibited  that  these  mag-
netic  nanomicelles  possessed  remarkable  cell-specific  targeting  in  vitro.  Additionally  this  smart  system
enabling  folate  receptor-mediated  uptake  into  tumor  cells,  showed  strong  responsiveness  to MF.  The
primary  in  vivo  tumor  model  study,  which  was  carried  out  in  VX2  tumor-bearing  male  New  Zealand
white  rabbits,  demonstrated  that  the  nanomicelles  could  be  guided  into  tumor  site  more  efficiently  by
application  of MF,  and  further  represented  significant  therapeutic  efficiency  to solid  tumor.
. Introduction

Magnetic materials in nanoscale could provide exciting advan-
age for targeted drug delivery (Lee et al., 2009; Zhu et al., 2008;
autier et al., 2011), magnetic resonance imaging (Fan et al., 2011;
a  et al., 2007), bioseparation (Zhuo et al., 2009; Wang et al.,

006), biosensor (Wang et al., 2010; Liu et al., 2008) and hyperther-
ia  (Hou et al., 2009). Superparamagnetic iron oxide nanoparticles

SPIONs) as the typical magnetic nanoparticles are also becoming
rominent. Although, bare SPIONs exert some toxic effects, coated
PIONs have been found to be relatively nontoxic (Lewinski et al.,
008), they were approved by the US Food and Drug Administra-

ion (FDA) due to the quite benign toward humans (Ke et al., 2010;
ee et al., 2007; Lattuada and Hatton, 2007). Additionally, they can
e guided and maintained to the precise location with external
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magnetic field. Furthermore, magnetic actuation has been explored
for ‘distant’ control and site targeted delivery. Thus, integration of
SPIONs with biological molecules and therapeutics creates smart
materials with advanced properties (Wu et al., 2010; Kim et al.,
2010).

Cancer remains one of the world’s most devastating diseases.
However, currently anti-cancer drug, which suffer from limited
efficacy and side effects, often kill healthy cells and cause toxicity
to the patient (Peer et al., 2007). In recent years, the targeted drug
delivery systems have been extensively studied in cancer treat-
ments. It can deliver the drug to anticipated target site thereby
reducing the drug toxicity and increasing the therapeutic efficacy
(Peer et al., 2007; Munniera et al., 2008). SPIONs especially in tar-
geted drug delivery have been investigated because of their novel
abilities to target the specific locations, consequently minimizing
severe side effects taken from anti-cancer drug (Yu et al., 2008).
The drug loaded SPIONs can be guided and concentrated in antici-
pated targeting site by application of an external magnetic field,
consequently, the therapeutic effects of drugs can be enhanced

(Won et al., 2005; Allen and Cullis, 2004; Pradhan et al., 2010).
Recently another strategy for enhancing the efficiency of drug
delivery would be to conjugate the targeting ligands to SPIONs sur-
face. To maximize targeting efficiency, various targeting ligands,

dx.doi.org/10.1016/j.ijpharm.2012.03.001
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:shaobingzhou@swjtu.cn
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1 al of P

s
s
r
t
p
s
b
l
S
c
g
d
t
d
T
d
f

f
t
w
n
m
p
p
w
a
l
i
i
fi
o
d
t
b
e

2

2

P
S
K
r
a
o
r
c

r
r
P
p
fi
M
fi
t
a
m

o

14 C. Huang et al. / International Journ

uch as small peptides and aptamers, can be chosen for the cell-
pecific targeting strategies. Besides, a surface marker (antigen or
eceptor) should be overexpressed on the targeted cells relative
o the normal cells (Lee et al., 2009; Peer et al., 2007). One of the
romising targeting ligands in cancer treatments is folic acid (FA),
ince folate receptors exhibit limited expression on healthy cells,
ut over-expressed in a range of tumor including breast, ovarian,

iver and kidney cancers (Peer et al., 2007; Zhang et al., 2010). The
PIONs binding of FA ligands can be efficiently taken up by specific
ell via receptor-mediated cellular uptake. This folate receptor tar-
eted delivery is very effective in vitro, however, it failed to increase
rug concentrations in tumors in vivo due to the heterogeneity of
umors and the accessibility of tumor cell surface targets to the
rug delivery system (Pradhan et al., 2010; Lowery et al., 2011).
herefore, Park (2010) thinks that the true targeted delivery of drug
elivery systems in vivo has not been achieved, and only a small
raction of the administered particles reach the target site.

Design of the novel nanofabricated systems is greatly expected
or targeted drug delivery. Herein, the fabrication of multifunc-
ional magnetic nanomicelles for targeted drug delivery system
as investigated. The formulation of the drug loaded magnetic
anomicelles include the FDA-approved biocompatible copoly-
ers Pluronic F127 and poly (dl-lactic acid) (PLA–F127), which can

rolong circulation time of nanocarriers in the body and enhance
ermeability at the tumor site (Huang et al., 2011), folate moiety,
hich exhibits strong tumor-actively targeting capability, DOX·HCl

s a model anticancer drug, which causes DNA damage via interca-
ate in DNA and interacts with topoisomerease II when accumulate
n the cell nucleus (Pradhan et al., 2010).The targeting effects were
nvestigated in vitro by the uptakes of tumor cells and normal
broblast cells of the DOX-loaded nanomicelles in the presence
r the absence of a permanent magnetic field. Additionally, the
rug-loaded magnetic nanomicelles could be guided to anticipated
argeting site by application of a permanent magnet in VX2 tumor-
earing male New Zealand white rabbits, thereby the therapeutic
ffects of drug were improved obviously.

. Experimental

.1. Materials

The F127-PLA polymer ligands modified SPIONs (SPIONs@F127-
LA) were prepared as our previous reports (Huang et al., 2011;
un et al., 2007). Folic acid (FA) was purchased from Chengdu
eLong Chemical Reagent Company (Sichuan, China) and used as
eceived. Pluronic F127 was purchased from Aldrich (USA) and used
s received. Poly(dl-lactic acid) (PLA, Mn  600) was synthesized as
ur previous report (Zhou et al., 2004). Alamar blue cell viability
eagent was purchased from Invitrogen (USA). DOX·HCl was pur-
hased from Zhejiang Hisun Pharmaceutical (China).

The HepG2 (human liver carcinoma cells over-expressing folate
eceptor) and NIH3T3 (mouse fibroblast limit-expressing folate
eceptor) cells were purchased from Sichuan University (China).
ermanent magnetic field was provided by permanent magnets
laced directly underneath the cell culture plate. The magnetic
eld strength was measured by Gaussmeter (HT 201 Hengtong
agnetoelectricity, Co., Ltd., China). And two different magnetic

eld strength: the weaker magnetic field strength (M1) = 0.01 T and
he higher magnetic field strength (M2) = 0.1 T were obtained via

djusting the distance between cell culture plate and permanent
agnets.
All animal work was reviewed and approved by the Department

f Experimental Animals, Soochow University (Suzhou, China).
harmaceutics 429 (2012) 113– 122

2.2. Synthesis of SPIONs@F127-PLA–FA

The SPIONs@F127-PLA–FA was  prepared according to the
literature (Lin et al., 2009). In brief, 0.2 mmol  of FA was  dissolved
in dried dimethyl sulfoxide (DMSO), and activated by adding both
0.12 mmol  N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC) and 4-dimethy-laminopyridine (DMAP). The
mixture was  stirred overnight. Next, 0.1 mmol  3-(triethoxysily)
propyl isocyanate (TPI) was  added to the resultant solution
overnight. Then, 20 mg  SPIONs@F127-PLA and 10 �L Et3N were
added into the resultant solution overnight under nitrogen. Finally,
all products were collected with a magnet and washed several
times with ethanol and water. Then, freeze-dried and stored at
−4 ◦C for further use.

2.3. Characterization

FT-IR (Nicolet 5700) and UV–visible spectrophotometry (UV-
2550, Shimadzu, Japan) was performed to analyze the structure
of all samples. The morphology was  observed by TEM (HITACHI
H-700H) at an accelerating voltage of 175 kV. Particle size and
its distribution were determined by Particle Size Analyzer (ZETA-
SIZER, MALVERN Nano-ZS90). The maximum loading amount of
DOX·HCl in the magnetic nanomicelles was determined by Fluoro-
max  spectrometer (F-7000, HITACH, Japan).

2.4. Drug loading and in vitro release

The maximum loading amount of DOX·HCl was  determined by
serial addition of the magnetic nanomicelles to DOX·HCl solution.
The fluorescence of DOX·HCl was quenched when the compounds
were absorbed into the micelles (Yu et al., 2008; Guo et al., 2009).
The in vitro drug release from the magnetic nanomicelles was stud-
ied by using a dialysis membrane (MWCO  14,000) in an acetate
buffered solution (ABS, pH 5.1) and a phosphate buffered solu-
tion (PBS, pH 7.4). The DOX·HCl-loaded magnetic nanomicelles
were transferred to a dialysis membrane and immersed into 20 mL
PBS and ABS separately at 37 ◦C companying with a gentle shake.
At appropriate intervals, 1.0 mL release medium was  collected
and 1.0 mL  fresh buffer solution was  added back. The amount of
DOX·HCl release was determined by UV–visible spectrophotome-
ter.

2.5. In vitro cytotoxicity

NIH3T3 cells were cultured in DMEM medium supplemented
with 10% fetal bovine serum (FBS) at 37 ◦C in a 5% CO2 incubator.
And the HepG2 cells were cultured in RPMI 1640 medium sup-
plemented with 10% FBS at 37 ◦C in a 5% CO2 incubator. For the
cytotoxicity test, HepG2 cells were seeded in 24-well tissue cul-
ture plates at a density of 1 × 104 cells per well in medium. After
24 h, the culture mediums were replaced with medium containing
the various concentrations of the samples. The Alamar blue assay
was performed after a culture period of 1, 2 and 3 days. Each well
was added with 280 �L Medium 199 (Ml99), 10 �L FBS and 10 �L
Alamar blue agent for 4 h. Then the absorbance of the medium was
read at 570 nm with ELISA microplate reader (mQ×200, BIO-TEK,
USA) against a medium-blank with Alamar blue agent. The differ-
ence of the absorbances between E570 nm, cells and E570 nm, blank was
linear with the number and activity of the cells (Brien et al., 2000;
Martina et al., 2005).
2.6. Antiproliferative activity analysis

For the antiproliferative activity test, HepG2 cells were seeded
at 5000 cells per well in 96-well plates and were allowed to attach
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Fig. 1. Schematic route of synthesis of SPIONs@F127-PLA–FA (A); FT-IR spectra (B); UV–vis spectra, of SPIONs (1), SPIONs@F127-PLA (2) and SPIONs@F127-PLA–FA (3) (C);
TEM  images of SPIONs@F127-PLA (D) and SPIONs@F127-PLA–FA (E) (scale bar, 50 nm,  the inset is size distribution of the nanomicelles).

Fig. 2. The Alamar blue assay of HepG2 cells growth on the different concentration of the magnetic nanomicelles without M2  (A) and with M2 (B).
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Fig. 3. Fluorescence spectra of DOX·HCl solution (0.1 mg  in 3 mL  of PBS solution) with increasing mass weight of SPIONs@F127-PLA–FA from bottom to top: 5.532, 3.688,
2 OX·H
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.459, 1.093, 0.728, 0.486, 0.324, 0.216, 0.144, 0.096 mg  (A); the release behavior of D
nd  loaded in magnetic nanomicelles without M2  (C) and with M2  (D) in HepG2 ce

or 1 day. The cells were treated either with the drug solution or
he drug-loaded magnetic nanomicelles at different doses with or
ithout permanent magnetic field. The antiproliferative activity

f drug loaded magnetic nanomicelles was determined by Alamar
lue assay.

.7. In vitro cellular uptake of the magnetic nanomicelles

For fluorescent microscope study, HepG2 cells were seeded
n 24-well tissue culture plates at a density of 1 × 104 cells
er well in the medium with or without permanent mag-
etic field. The drug-loaded magnetic nanomicelles dispersed

n the cell culture medium at drug concentrations of 2 �g/mL
ere added into the wells. After incubation with samples for

 h, the cells were fixed with 3% formaldehyde and washed
ith PBS. The internalization of all samples at different con-
ition was visualized by fluorescence microscope (Olympus

X51, Japan) and the relative fluorescence intensity was ana-
yzed using Image-Pro Plus 6.0 software. The samples were
hen examined with laser confocal scanning microscopy (CLSM)
Leica TCS SP2 Germany) and flow cytometry (Epics Elite EST,
SA).

Prussian blue staining was also performed to reveal the pres-
nce of iron cations with or without the referred magnetic
eld. After incubation with the samples at the concentra-
ions of 100 �g/mL for 6 h, the cells were fixed with 3%

ormaldehyde and washed with PBS, followed by the incuba-
ion with 2% potassium ferrocyanide in 6% hydrochloric acid
or 30 min. Then, the samples were examined with an optical

icroscope.
Cl over a 50 h period at pH 7.4 and 5.1 (B); antiproliferative effect of drug in solution

2.8. In vivo tumor accumulation and anti-tumor effect in
tumor-bearing rabbits

Animals, New Zealand white rabbits (2.5–3.0 kg), were accli-
matized at a temperature of 25 ◦C and a relative humidity of
40–70%, and given access to food and water ad libitum. A tumor
model was  established in New Zealand white rabbits bearing
VX2 tumor over-expressing folate receptors according to litera-
ture (Maeng et al., 2010). VX2 rabbit tumor nodule was  cut into
small pieces (about 1 mm × 1 mm × 1 mm)  and then implanted into
the both leg of rabbits. When the tumor nodules had reached a
volume of 18 mm × 13 mm × 10 mm (approximately 2 weeks post-
implantation), the in vivo experiment were performed.

24 rabbits were randomly divided into three groups, each
group had eight rabbits, and they are described as follow: (1)
control groups: rabbits were treated without any injection; (2)
SPIONs@F127-PLA–FA without M2:  rabbits were injected via the
ear vein with SPIONs@F127-PLA–FA (5 mg/kg per rabbits); and (3)
SPIONs@F127-PLA–FA with M2;  a permanent magnet (M2  = 0.1 T)
was placed at the tumor site of the rabbits leg. And then
the rabbits were injected via the ear vein with SPIONs@F127-
PLA–FA (5 mg/kg). For Prussian blue staining in vivo, after injection
SPIONs@F127-PLA–FA for 12 h, both tumor tissue of the con-
trol groups, SPIONs@F127-PLA–FA without M2  groups and the
PIONs@F127-PLA–FA with M2  groups were excised and stored in
10% formalin. Paraffin-embedded histological slices were stained
with Prussian blue staining (Kainthan et al., 2006). To estimate
the effect of drug loaded magnetic nanomicelles on suppressing

the growth of tumor under the condition of a permanent magnet,
the hematoxylin–eosin (HE) staining and the color Doppler ultra-
sound imaging (Mindray M5  color Doppler ultrasonography) were
carried out to localize and monitor the tumor issue. The rabbits
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Fig. 4. Confocal microscopy analysis (A) of HepG2 cells after 6 h incubation with magnetic nanomicelles without (0) or with M2  (scale bar, 50 �m).  The nuclei were stained
with  DAPI. Flow cytometry (B) of the uptake of magnetic nanomicelles by HepG2 cells for 6 h: (1) control group, (2) SPIONs@F127-PLA without M2,  (3) SPIONs@F127-PLA
with  M2,  (4) SPIONs@F127-PLA–FA without M2,  (5) SPIONs@F127-PLA–FA with M2 and (6) the corresponding relative fluorescence intensities.
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ig. 5. Prussian blue staining (A) of HepG2 cells after 6 h incubation with magnetic 

2)  (scale bar, 50 �m),  and the schematic illustration (B) of drug delivery of SPION

ere given two intravenous doses administered every week. On
ach treatment day, permanent magnetic field was applied for 2 h
fter injection with SPIONs@F127-PLA–FA. After administration for

 weeks, the tumor tissue was excised for HE staining and examined
y color Doppler ultrasound imaging.

. Results and discussion

.1. Characterization of the magnetic nanomicelles

The fabrication of SPIONs@F127-PLA–FA was illustrated in
ig. 1A. Firstly, SPIONs coated with OA were obtained by the classi-

al chemical coprecipitation method. Later, SPIONs@F127-PLA was
ynthesized via ligand exchange with F127-PLA copolymer, after
hat FA was conjugated to the SPIONs@F127-PLA by condensa-
ion reaction between terminal hydroxyl groups of F127-PLA and
icelles without (0) or with permanent magnetic field at different strength (M1  and
7-PLA–FA under the magnetic field.

carboxyl groups of FA. To demonstrate the successful synthesis
of SPIONs@F127-PLA–FA, the FT-IR was carried out, and Fig. 1B
represented the FT-IR spectrum of SPIONs, SPIONs@F127-PLA and
SPIONs@F127-PLA–FA. In Fig. 1B1, the peaks at 2918 cm−1 and
2847 cm−1 were ascribed to the –CH3 and –CH2– of OA, and the
peak at about 593 cm−1 was  due to the vibration of Fe–O. In Fig. 1B2,
the peaks in the range of 1250–1000 cm−1 were attributed to C–O–C
stretching and –CH2– rocking vibrations in the PEO–PPO–PEO
chains of F127 (Jain et al., 2009), and the peak at 1755 cm−1 due
to the ester band in SPIONs@F127-PLA. In Fig. 1B3, the peaks in the
range of 1534–1694 cm−1 belonged to aromatic ring stretch in the
pyridine and benzene ring of FA (Setua et al., 2010). To further verify

the successful synthesis of SPIONs@F127-PLA–FA, UV–visible spec-
trum was  also performed at each step of the synthesis. In Fig. 1C,
the peaks at wavelength 278 nm were considered as characteristics
of FA due to the aromatic ring in SPIONs@F127-PLA–FA (Bagalkot
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t al., 2006). TEM and particle size analyzer were used to observe
he morphology and particle distribution of SPIONs@F127-PLA and
PIONs@F127-PLA–FA (Fig. 1D and E). Both samples aggregated to
orm clusters which composed of small iron oxide nanoparticles
ith a size about 10 nm,  furthermore, the size distribution showed

hat the z-average diameter values of the SPIONs@F127-PLA and
PIONs@F127-PLA–FA were 236 nm and 265 nm,  respectively.

.2. Cytotoxicity analysis

To examine the cytotoxicity of the magnetic nanomicelles stim-
lated with or without permanent magnetic field, HepG2 cells were

ncubated with all samples in the concentrations ranging from 25
o 300 �g/mL for 1 day. As can be seen in Fig. 2A and B, both
PIONs@F127-PLA and SPIONs@F127-PLA–FA showed no toxicity
t all tested concentrations in the presence or absence of perma-
ent magnetic field (M2), by contrast, the cell viability decreased
hen incubation with unmodified SPIONs at the concentration of

00 �g/mL. The results indicated that the toxicity of SPIONs would
e reduced after modification with the biocompatible polymer, and
here was little influence on cell viability in the presence of a mag-
etic field.

.3. Drug release behaviors

The maximum loading amount of DOX·HCl in the nanomicelles
an be obtained by testing the intensity of auto-fluorescence of
he drug. When a fixed concentration of DOX·HCl was  incubated
ith increasing amounts of SPIONs@F127-PLA–FA, the sequential
ecreases in the native fluorescence spectrum of DOX·HCl were
bserved. In Fig. 3A, the maximal quenching of DOX·HCl fluores-
ence was achieved with approximate 0.1 mg  DOX·HCl to 5.532 mg
PIONs@F127-PLA–FA, indicating that the optimal loading amount
f DOX·HCl to SPIONs@F127-PLA–FA were about 1.8%.

Fig. 3B shows the in vitro release behaviors of DOX·HCl at dif-
erent pH values over 50 h. The release profiles presented that
PIONs@F127-PLA–FA had exhibited a sustained release behavior
t pH 7.4, the amount of DOX·HCl released from SPIONs@F127-
LA–FA reached 37.08%, on the other hand, the release behavior
f DOX·HCl proceeded much faster at pH 5.1 than pH 7.4, which
as in agreement with previous reports (Bagalkot et al., 2006; Chen

t al., 2009; Yang et al., 2008). Approximately 93.1% of the drug was
eleased from SPIONs@F127-PLA–FA at pH 5.1. This might be due to
he final concentration of DOX·HCl in the environmental solution
etermined by its solubility which was pH-dependent (Chen et al.,
009).

.4. Antiproliferative effect of the DOX·HCl-loaded magnetic
anomicelles

The antiproliferative effect of the DOX·HCl-loaded magnetic
anomicelles were determined by Alamar blue assay. Fig. 3C and

 exhibited that both of the DOX·HCl-loaded magnetic nanomi-
elles and free DOX·HCl had a dose-dependent effect on HepG2 cell
ntiproliferative with or without the magnetic field (M2). Without
2 the IC50 values of free DOX·HCl, DOX·HCl-loaded SPIONs@F127-

LA and DOX·HCl-loaded SPIONs@F127-PLA–FA were 0.2 mg/mL,
 mg/mL  and 0.6 mg/mL, respectively. By contrast, with M2
he IC50 values of free DOX·HCl, DOX·HCl-loaded SPIONs@F127-
LA and DOX·HCl-loaded SPIONs@F127-PLA–FA were 0.2 mg/mL,
.5 mg/mL  and 0.4 mg/mL, separately. The cell viability of the
ancer cells with free DOX·HCl was lower than that with DOX·HCl-

oaded magnetic nanomicelles at the same concentration with
r without M2.  The reason may  be that the magnetic nanomi-
elles could decrease the toxicity of the drug applied due
o the controlled and sustained efficacy of the drug release,
harmaceutics 429 (2012) 113– 122 119

consequently, they also would increase the maximum tolerance
dose (MTD). When exposing the drug with high concentration
instantly in blood, it was presumed to be toxic not only for the
cancer cells but also for the normal cells (Liu et al., 2010). Addi-
tionally, the cell viability of DOX·HCl-SPIONs@F127-PLA was higher
than DOX·HCl-SPIONs@F127-PLA–FA at the same condition. The
result suggested that SPIONs@F127-PLA–FA bearing the FA could
be targeted to the HepG2 cells which over-express folate recep-
tors. Therefore the concentrations of drug inside tumor cells would
increase through receptor-mediated targeting (Cheng et al., 2011).
On the other hand, in the presence of M2,  the cell viability of
DOX·HCl-SPIONs@F127-PLA and DOX·HCl-SPIONs@F127-PLA–FA
were decreased obviously (according to IC50 values), and the differ-
ence of the cell viabilities between all samples were reduced. These
results indicated that the treatment efficacy of the drug would be
enhanced by application of M2,  when subjected to the magnetic
field, the nanomicelles were attracted to be oriented and targeted
to the cells directly.

3.5. The targeted drug delivery of the DOX·HCl-loaded magnetic
nanomicelles

To examine the intracellular delivery of the DOX·HCl-loaded
magnetic nanomicelles, all samples were incubated with HepG2
cells and NIH3T3 fibroblast cells with or without different mag-
netic field strength (M1  and M2)  at different incubation period. In
Supporting information, Fig. SA–D showed the fluorescence images
and the relative fluorescence intensities at different conditions.
The intrinsic fluorescence (red) of the DOX·HCl-loaded magnetic
nanomicelles were observed in some areas of NIH3T3 cells after
incubation for 6 h, both samples showed the similar fluorescence
intensities in the absence of magnetic field, meanwhile, the flu-
orescence signal became more stronger while the magnetic field
strength increased gradually (Fig. SA).  It was worthily noticed that
there were no distinct difference between DOX·HCl-SPIONs@F127-
PLA and DOX·HCl-SPIONs@F127-PLA–FA at the same conditions,
and the relative fluorescence intensities also confirmed these
results. Fig. SB–D showed the fluorescence images and the rel-
ative fluorescence intensities of HepG2 cells incubated with the
DOX·HCl-loaded magnetic nanomicelles at different incubation
period. Comparing those data, we could found that the fluorescence
signal was  enhanced with increasing incubation time, and the flu-
orescence signal of DOX·HCl-SPIONs@F127-PLA was  weaker than
DOX·HCl-SPIONs@F127-PLA–FA at the same conditions, moreover
the fluorescence signal dramatically increased with the magnetic
field strength being increased.

To further verify the influences of FA ligands and permanent
magnetic field (M2), the cellular uptake image of magnetic nanomi-
celles into HepG2 cells for 6 h incubation was directly visualized by
CLSM (Fig. 4A), and the corresponding quantitative cellular uptake
analysis was  determined by flow cytometry (Fig. 4B). As can be
seen, the red fluorescent color of all samples was found surround-
ing the nucleus obviously, which demonstrated that the magnetic
nanomicelles could carry and release drug into the cells following
the cancer cells internalization. And the presence of FA ligands and
the magnetic field enhanced the internalization of the magnetic
nanomicelles. In particular, it was  noticed that the cellular uptake
of the magnetic nanomicelles might depend more strongly on the
magnetic field rather than FA moiety, which was also demonstrated
by the flow cytometry analysis.

Fig. 4B exhibited that the relative fluorescence intensities
of control group, SPIONs@F127-PLA with or without M2, and

SPIONs@F127-PLA–FA with or without M2  were 5, 46, 32.5, 58.7
and 43.6, respectively. The result further confirmed the follow-
ing phenomena collectively: the cellular uptake efficiency of the
SPIONs@F127-PLA-FA was  enhanced significantly compared with
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ig. 6. Prussian blue staining (A) (magnification 400×): (1) the picture of rabbits be
LA–FA with M2, HE staining (B) (magnification 200×) and the color Doppler ultraso
2)  SPIONs@F127-PLA–FA with M2.

PIONs@F127-PLA under the same condition when incubation
ith HepG2 cells bearing over-expressed folate receptors, on the

ther hand, when incubation with NIH3T3 cells without over-
xpressed folate receptors, there was no remarkable difference
f cellular uptake efficiency between SPIONs@F127-PLA–FA and
PIONs@F127-PLA. That may  indicate that folate receptor targeting
ould enhance the cellular uptake efficiency of the nanomicelles

ia receptor-mediated endocytosis, thereby therapeutic efficacy
f anticancer drug was increased due to the shifting of drug dis-
ribution from the extracellular to the intracellular compartment
Pradhan et al., 2010; Liu et al., 2010). Meanwhile, the enhanced
ntracellular drug delivery under the action of the permanent mag-
etic field could be due to the following reasons: (1) the magnetic
anomicelles were orientated and sedimented at the cell surface;
2) the magnetic nanomicelles would be through the cell mem-
rane, and the endocytosis or other process were facilitated (Wu
t al., 2010; Pradhan et al., 2010). In addition, this result was  also
erified by following animal experiment.

Prussian blue staining was also performed to detect iron oxide
hich stains blue. In Fig. 5A, all the magnetic nanomicelles

ppeared blue due to the formation of Prussian blue precipitates
nside the cells, which indicated that all samples were internal-
zed into the cells. Simultaneously, the blue colour inside HepG2
ells was clearer in presence of FA and the permanent magnetic
eld (M1  and M2), suggesting that the larger amount of iron oxides
ere uptaken. Fig. 5B illustrated the process of the intracellular
elivery of DOX·HCl-SPIONs@F127-PLA–FA nanomicelles. Firstly,
he magnetic micelles was  guided and maintained to the cell sur-

ace by application of a magnetic field, and then bound to the cell
urface via the synergistic action of receptor-mediated endocytosis
nd magnetic force, and then internalization of the nanoparticles
y the specific endocytosis pathway (Zhang et al., 2009; Ganta et al.,
 tumor (2) control group, (3) SPIONs@F127-PLA–FA without M2, (4) SPIONs@F127-
mages (C) of the tumor tissues of the magnetic nanomicelles: (1) control group and

2008). After internalized into the cytoplasm, they were engulfed by
endosomes which formed via membrane invagination (Lee et al.,
2010). Finally, it accumulated in acidic lysosomes (pH 4–5) and the
release rate of the pH-dependent drug was accelerated (Zhou et al.,
2009).

3.6. Targeted delivery and therapeutic efficacy of drug loaded
magnetic nanomicelles in vivo

Preliminary in vivo tumor model study was  employed to check
whether the magnetic micelles possess targeting property in the
presence of an external magnetic filed. To validate the targeting
specificity of the magnetic nanomicelles in vivo, Prussian blue stain-
ing of the tumor tissues was  performed. As shown in Fig. 6A1,
the tumor was  implanted subcutaneously in the foot of rabbit. In
Fig. 6A2, the tumor issues without administration were stained
by Prussian blue staining, and the blue color was not found in
this area. In Fig. 6A3 and A4 those tumor tissues were eviscerated
after injected with SPIONs@F127-PLA–FA 12 h with or without a
magnetic field. As shown in Fig. 6A3 without the magnetic field,
Prussian blue staining appeared only in few regions, which indi-
cated that small amount of SPIONs@F127-PLA–FA diffused in blood
vessel in the absence of permanent magnetic field. In contrast, an
enrichment of the particles in tumor was found with Prussian blue
staining in Fig. 6A4 with the magnetic field (M2). It demonstrated
large amount of nanomicelles accumulated in the areas of tumor
due to the presence of M2.  It also indicated that the external mag-
netic field can guide the magnetic nanomicelles to targeted site.
HE staining of tumor tissues from rabbits was  shown in Fig. 6B.
In the control group, the tumor cells proliferated heavily, arrayed
regularly, and invaded the surrounding musculature. By contrast,
the tumor tissues revealed that a small area of tumor necrosis
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egion appeared in SPIONs@F127-PLA–FA treated in the presence
f M2  after 1 week administration, and the nanomicelles induced
xtensive tumor necrosis after 2 weeks administration. However,
ithout the magnetic field, there were only small area of tumor
ecrosis region appeared in the period of 1 and 2 weeks.

To further examine the therapeutic efficacy of drug loaded
PIONs@F127-PLA–FA in the presence of M2,  the rabbits bearing
X-2 tumor were treated with the DOX-loaded micelles (5 mg/kg
PIONs@F127-PLA–FA and 0.09 mg  DOX·HCl). The color Doppler
ltrasound imaging was carried out to localize and monitor the
umor. As shown in Fig. 6C1 and C2, before treating with drug,
he dimension of the tumor issues was 18 mm × 13 mm × 10 mm
Fig. 6C1), after treating with drug for 2 weeks, the dimension of
he tumor issues increased to 36 mm × 23 mm  × 15 mm (Fig. 6C2),
nd the morphology of the tumor issues became more irregular. It
as noteworthy that there was a cavum filled with necrotic liquid

n the center of the tumor issues (Fig. 6C2), which indicated that the
umor issues began to necrosis. The result also suggested that more
rug-loaded magnetic nanoparticles should be concentrated on the
umor site in the presence of the external field. If the nanoparticles
ere not guided by the field, they could be delivered passively to

umor site. Thus the concentration of drug must be low, which leads
o poor therapy effect to tumor.

The above primary pictures demonstrated qualitatively that the
agnetic nanomicelles can be guided to targeted site by the aid of

xternal magnetic field, and correspondingly the therapeutic effi-
acy of anti-tumor drug can be improved. These qualitative results
ere carried out with simply statistical analysis, which suggested

hat the dual targeting micelles can lead to better therapeutic
esults. Of course, based on them, in the future it will be very nec-
ssary and interesting to study in vivo antitumor function from the
hange of tumor volume, body weight loss, survival rate and the
mmunostaining of tumor sections systematically.

. Conclusion

In this work, the magnetic nanomicelles were successfully fabri-
ated for targeted drug delivery by incorporation of active targeted
igands and magnetic-guided superparamagnetic nanoparticles.
he cell viabilities studies displayed that the magnetic micelles
ere safe carriers as drug vehicles. The results from fluorescent
icroscopy, CLSM and flow cytometry indicated that the target-

ng efficacy of the folic acid modified magnetic nanomicelles was
nhanced for the HepG2 cells of over expression of folate receptors
nd unimproved significantly for the normal fibroblasts. In partic-
lar, the efficiency and veracity of drug delivery were improved
vidently in vitro and in vivo by application of a permanent mag-
etic field. In a word, the efficiency of the intracellular uptake of the
anomicelles could be enhanced by the aids an external magnetic
eld, and thus the therapeutic effect of drug could be improved.
herefore, the magnetic nanomicelles as nanocarriers possessed
reat potential for dual targeted drug delivery in cancer therapy.
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