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ABSTRACT

Folate modified chitosan micelles were synthesized for cancer-specific targeting and drug delivery.
Receptor-mediated uptake and drug delivery were characterized in vitro and in a small animal model
of cancer after loading with hydrophobic fluorescent dyes as drug models. Hydrophilic succinic anhy-
dride and hydrophobic octaldehyde were reacted with chitosan respectively to form amphipathic
N-succinyl-N'-octyl chitosan (SO-chitosan). SO-chitosan was covalently modified with folate to form
folate-modified N-succinyl-N'-octyl chitosan (folate-SO-chitosan). The folate-SO-chitosan micelles were
obtained through self-assembling and maintained a stable core-shell structure with average diameter
of about 136 nm up to 15 days. The prepared folate-SO-chitosan micelles displayed a good drug load-
ing content (12.17%), entrapment efficiency (69.32%) and sustained release behavior for the model drug
fluorescein. The in vitro cellular uptake and in vivo tumor targeting ability of the folate-SO-chitosan
micelles were evaluated by fluorescence microscopy and near infrared imaging, respectively. In vitro and
in vivo results demonstrated enhanced targeting behaviors in a folate receptor positive tumor model
(Bel-7402), which suggests that the folate-SO-chitosan micelles are promising tumor targeting carriers

for hydrophobic diagnostic agents as well as anti-tumor agents.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Targeted nano-scaled drug delivery systems are the subject
of intense as targeted carriers of therapeutics and/or diagnos-
tics agents to diseased tissues, which enables improved systemic
performance efficiency as well as reduced adverse effects. Chi-
tosan, an abundant natural biopolymer, is a popular choice for
basis of some nano-scaled drug delivery systems. Chitosan-based
nanoparticles (Calvo, Remunan, Vila, & Alonso, 1997), microspheres
(Rege, Shukla, & Block, 1999), hydrogels (Mi et al., 1999), films
(Tomihata & Ikada, 1997), fibers (Hirano, Zhang, Nakagawa, &
Miyata, 2000) and tablets (Rege, Garmise, & Block, 2003) have
shown advantages such as high biocompatibility, bio-degradation,
hydrophilicity, and low toxicity toward mammalian cells (Felt, Buri,
& Gurny, 1998; Illum, 1998). Active hydroxyl and amine groups
in the backbone of chitosan allow simple chemical modification
to form a large variety of multifunctional structures including
micelles. Chitosan-based micellar systems are known to possess
great potential in biological applications by introducing hydropho-
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bic and/or hydrophilic groups to the chitosan backbone. For
example, the water-soluble micellar shell provides a steady inter-
face between the insoluble core and the external circumference.
This shell also enables micelle to maintain in vivo long circula-
tion (Rosler, Vandermeulen, & Klok, 2001; Wei, Cheng, Zhang, &
Zhuo, 2009). The hydrophobic core creates a friendly microenviron-
ment for incorporated lipophilic drugs. For these reasons, micellar
drug delivery systems have been widely studied as the delivery
vehicles for genetic material (Hu, Zhao, & Yuan, 2006), peptides
(Park et al., 2004) and anti-tumor drugs (Zhang, Ding, Yu, & Ping,
2007).

Of note, polymeric micelles exhibit the ability to accumulate
at the solid tumor site by the so-called enhanced permeation
and retention effect (Maeda, Bharate, & Daruwalla, 2009). Such
passive targeting can increase the accumulation of the drugs or
imaging agents in tumor site, however the spread of the agents
in other tissues is still a concern and the tumor specificity by
this mechanism is limited. In order to selectively deliver the
micelles to tumor tissues, active targeting through tumor-specific
antigen/antibody and ligand/receptor interaction has been widely
investigated (Gan & Feng, 2010; Saad et al., 2008). Among these
strategies, we chose to modify the surface of chitosan micelles
with folic acid to deliver attached cargoes to folate receptor pos-
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Fig. 1. Synthesis of folate-modified N-succinyl-N'-octyl chitosan: (A) activation of folate; (B) synthesis of N-succinyl-N"-octyl chitosan and folate-SO-chitosan.

itive cancer cells. Folate receptor is highly expressed in several
human tumor cells including cancers of the ovary, breast, liver,
kidney, uterus, testis, brain, colon and lung (Hilgenbrink & Low,
2005). Folate and folate conjugates can bind to the folate receptor
with high affinity and enter cells by receptor-mediated endocy-
tosis (Leamon & Low, 2001; Sabharanjak & Mayor, 2004). Since
the folate receptor-mediated endocytosis was discovered, folate-
based candidates have been widely used for targeted drug delivery,
especially in the research field of molecular imaging (Corot et al.,
2008; Kamaly, Kalber, Thanou, Bell, & Miller, 2009). However,
no report has been found to conjugate folate to amphiphilic chi-
tosan micelles for targeted delivery of anticancer drugs/diagonsitic
agents.

Optical imaging provides a convenient way to study the in vitro
cellular uptake and in vivo dynamic distribution of drugs in small
animal subjects. In this study, we chose fluorescent dyes, fluores-
cein and ICG derivative, as two model drugs for in vitro celluar
study and in vivo targeting evaluation, respectively. To the best of
our knowledge, this is the first report of synthesis and evaluation
of folate-modified amphiphilic chitosan micelles for in vivo tumor
imaging and drug delivery.

2. Materials and methods
2.1. Materials

Chitosan was purchased from Aoxing Biotechnology Co. Ltd.
(Zhejiang, China), with deacetylation degrees of 90% and average
molecular weight (MW) of 10 kDa. Folic acid (folate, MW 441), N,N’-
dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS)
and methyl thiazolyl tetrazolium (MTT) were all purchased from
Sigma-Aldrich (St. Louis, USA). Indocyanine Green (ICG) deriva-
tive (MW 689) was prepared in our laboratory. Fluorescein was
purchased from Aladdin reagent (Shanghai, China). RPMI 1640
medium, folate-free RPMI 1640 medium, calf serum, penicillin,
streptomycin, trypsin and ethylenediaminetetraacetic acid (EDTA)
were all purchased from Invitrogen-Life Technologies (Carlsbad,
CA, USA). The other chemical reagents used in the study were all
commercially acquired from Shanghai Chemical Reagent Company
(Shanghai, China) with analytical reagent grade.

Human hepatoma cell line (Bel-7402), human lung carcinoma
cell line (A549) and human embryonic lung fibroblast cell line
(HELF) were all purchased from American Type Culture Collection
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(ATCC, Manassas, VA, USA). Athymic nude mice (nu/nu CD-1 male
and female) were purchased from SLAC Laboratory Animal Co. Ltd.
(Shanghai China).

2.2. Synthesis of folate-modified N-succinyl-N'-octyl-chitosan
(folate-SO-chitosan)

2.2.1. Preparation of N-succinyl-N'-octyl-chitosan (SO-chitosan)
SO-chitosan was synthesized using a previously reported
method (Xu et al.,, 2007). A schematic of the synthesis of SO-
chitosan is depicted in Fig. 1. Briefly, chitosan (1g) was reacted
with 3 g succinic anhydride dissolved in 17 mL acetone solution,
followed by constant stirring for 48 h at room temperature. After
the reaction, the resultant mixture was precipitated with 5% (w/v)
NaOH and then filtered. The precipitate (N-succiny-chitosan) was
washed with alcohol for three times and then dried under vac-
uum at 60 °C overnight. Next, N-succinyl-chitosan (1 g) was further
reacted with octaldehyde (1.02 g). After constant stirring for 4h,
1.6 mL NaBH4 solution (10 mg/mL) was dropwise added to the
mixture and followed by continuous stirring for 12 h. The product
solution (SO-chitosan) was neutralized with 5% (w/v) NaOH then
purified by dialysis (molecular weight cut off (MWCQO) 10000).

2.2.2. Preparation of folate-SO-chitosan

Folate-SO-chitosan was synthesized in two steps. Firstly, the
v-COOH group of folic acid (22 mg) was activated by DCC/NHS cata-
lyst systems (molar ratio of folate:DCC:NHS = 1:1.2:2) in anhydrous
dimethyl sulfoxide (DMSO, 2.5 mL) under the continuous stirring
in the dark for 12 h at room temperature. Secondly, the activated
folic acid was added dropwise into the above SO-chitosan solution
with stable stirring for 12 h. The activated y-COOH group of folic
acid was then reacted with the free amine group on the surface
of SO-chitosan to form folated-modified SO-chitosan. The product
was purified by dialysis (MWCO 10000) against distilled water for
further research.

2.3. Characterization of folate-SO-chitosan micelles

The UV-vis absorption spectra, fourier transform infrared (FTIR)
spectra and 'H nuclear magnetic resonance (!H NMR) spectra of
folate-SO-chitosan micelles were recorded by UV-vis spectropho-
tometer (JH 754PC, China), FTIR spectrometer (Nicolet ECO 2000,
USA) and NMR spectrometer (Bruker AV-500 NMR Spectrometer,
Germany), respectively.

The size distribution and morphology of non-drug loaded folate-
SO-chitosan micelles were characterized by Mastersizer 2000 Laser
Particle Size Analyzer (LPSA, Malvern, British) and transmission
electron microscope (TEM, Philips FEI Tecnai G2 20s-TWIN, the
Netherlands) with accelerated voltage of 200 kV, respectively.

2.4. Drug loading and in vitro drug release

Two hydrophobic model drugs, fluorescein and ICG deriva-
tive, with different hydrophobicities, were chosen in this study to
investigate the drug loading and release properties of folate-SO-
chitosan. Each model drug (5 mg) was firstly dissolved in 0.5 mL
DMSO and then dropwise added to 5 mL PBS solution (containing
25 mg folate-SO-chitosan) respectively under magnetic stirring at
room temperature. Then, the solutions were placed into a dialy-
sis tube (MWCO 10000) against 2L distilled water for 24 h. After
dialysis, centrifugation (12,000 rpm x 10 min) was carried out to
remove the deposition of unloaded model drugs. In order to deter-
mine the entrapment efficiency of folate-SO-chitosan for the two
model drugs, the drug loaded micelle solutions were lyophilized,
dissolved in DMSO, and analyzed by measuring the absorbances of
the resultant solutions at the absorption peaks of the two model

drugs, respectively. The entrapment efficiency and drug loading
content were calculated according to the following equations:
entrapment efficiency =(mass of drug loaded in micelles/mass of
drug fed initially) x 100%; drug loading content=(mass of drug
loaded in micelles/mass of drug loaded micelles) x 100%.

The release profiles of model drugs from folate-SO-chitosan
micelles in vitro were tested by a dialysis method. Drug (flu-
orescein/ICG derivative) loaded folate-SO-chitosan solution was
dialyzed (MWCO 10000) against phosphate buffered saline (PBS)
in dark environment at 37 °C. The released model drug (fluores-
cein/ICG derivative) in the incubation buffer was collected and the
aliquots taken from the dialysate were replaced with fresh PBS at
predetermined time intervals to keep the volume constant dur-
ing the assay. The concentration of the released model drugs was
determined by UV-vis spectrophotometer.

2.5. Optical characterization of free and entrapped ICG derivative

Absorbance and fluorescence spectra of free and entrapped ICG
derivative were measured by UV-vis spectrophotometer and S2000
spectrometer (Ocean Optics, USA), respectively. The photostability
of free and entrapped ICG derivative was evaluated by measuring
their relative fluorescence intensity under continuous exposure to
the laser for 1 h, with 5 min interval for data acquisition.

2.6. In vitro cytotoxicity study

Bel-7402, A549 and HELF cells were cultured continuously at
37°C in a humidified atmosphere containing 5% CO, in folate-
free RPMI 1640 medium supplemented with 10% (v/v) calf serum,
penicillin (100 U/mL) and streptomycin (100 p.g/mL) in wells of 96-
well plate. 200 wL RPMI 1640 medium containing SO-chitosan or
folate-SO-chitosan with particular concentrations (0.0625, 0.125,
0.25, 0.5, 1, 2mg/mL) was added into each well in a 96-well
plate. After incubation for 48 h, the RPMI 1640 medium with poly-
mers was replaced by 180 wL fresh RPMI 1640 medium and 20 L
MTT solution (5 mg/mL). After incubation for another 4 h, culture
medium was removed and 200 pL DMSO was added into each
well. The optical density (OD) was measured at 570 nm (deter-
mination wavelength) and 630 nm (background wavelength) with
a Microplate Reader Model 550 (BIO-RAD, USA). Cell viability
(%) =(OD¢reated/ODcontrol) X 100%, where ODyeateqd Was obtained in
the presence of SO-chitosan or folate-SO-chitosan and ODyp 01 Was
obtained in the absence of SO-chitosan or folate-SO-chitosan.

2.7. Determination of folate receptor expression level by reverse
transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was extracted from freshly isolated A549/Bel-7402
cells using RNeasy kit. Three micrograms of RNA from each cell
was converted into ¢cDNA with SuperScript™ III Reverse Tran-
scriptase. Then 1 L cDNA was used for PCR amplification using
folate receptor-specific primers: the forward primer, 5-ACACC-
AGCCAGGAAGCCCATA-3/, the reverse primer, 5-GAGCAGCCA-
CAGCAGCATTAG-3'. 5 uL products (563 bp) were used for 2% (w/v)
agarose gel electrophoresis.

2.8. Invitro cellular uptake evaluated by fluorescence microscopy
and flow cytometer

Bel-7402 and A549 cells were cultured in the 24-well plates
for the cell internalization study of folate-SO-chitosan micelles.
0.5mL fresh folate-free RPMI 1640 medium containing 100 pg
fluorescein-loaded SO-chitosan or folate-SO-chitosan micelles was
added into each well. After incubation for 6 h, the medium was
removed and cells were washed with PBS solution three times.
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Then, 0.5 mL PBS solution was added in each well. The fluorescent
images of the cells were observed under excitation at 488 nm using
the fluorescence microscopy (Olympus BX60, Japan).

To quantify the uptake of the SO-chitosan and folate-SO-
chitosan micelles to the different tumor cells, a flow cytometer
was used (Beckman Coulter, USA). 2 mL folate-free RPMI 1640
medium containing 400 g fluorescein-loaded micelles was added
into each well containing 10° Bel-7402 or A549 cells. Then, the cul-
ture medium was removed and the cells were incubated in 2 mL
of PBS containing 10% (v/v) calf serum. After 6 h of incubation, the
medium was removed and the cells were washed 3 times with 2 mL
of PBS. The cells were detached by 0.25% (w/v) trypsin, resuspended
in 500 p.L of PBS and analyzed by the flow cytometer immediately.

For folate competition assay, Bel-7402 cells were firstly incu-
bated in folate-free RPMI 1640 supplemented with 10% (v/v) calf
serum for 24 h and then exposed to 1 mM free folic acid for 30 min
before adding 2 mL medium containing fluorescein-loaded folate-
SO-chitosan (400 .g). After that, cells were treated in the same way
as described above.

2.9. Invivo tumor targeting ability of folate-SO-chitosan micelles
evaluated by NIR imaging system

The athymic nude mice used in this study were 4-6 weeks
old and weighed at about 18-22 g. Each mouse was anesthetized
with isoflurane before being injected subcutaneously under left
armpit with 0.1 mL sterile PBS containing 3 x 106 tumor cells (Bel-
7402 cells or A549 cells). After the mean diameters of tumor mass
reached 2-5 mm in volume, the mice were used for in vivo imag-
ing studies. All animal experiments were carried out in compliance
with the Animal Management Rules of the Ministry of Health of the
People’s Republic of China (document no. 55, 2001), the guidelines
for the Care and Use of Laboratory Animals of China Pharmaceutical
University and Principles of Laboratory Animal Care (NIH publica-
tion #85-23, revised in 1985).

Twenty-five athymic nude mice bearing tumor were evenly and
randomly divided into five groups. Each mouse was injected via
tail vein with 200 pL free ICG derivative, ICG derivative-loaded
SO-chitosan micelles or ICG derivative-loaded folate-SO-chitosan
micelles (containing 10 wg ICG derivative). The design of this
study was described in detail as follows: (a) each Bel-7402
tumor-bearing mouse was injected with 10 pg free ICG deriva-
tive; (b) each Bel-7402 tumor-bearing mouse was injected
with ICG derivative-loaded SO-chitosan micelles; (c) each Bel-
7402 tumor-bearing mouse was injected intravenously with
ICG derivative-loaded folate-SO-chitosan micelles; (d) each A549
tumor-bearing mouse was injected with ICG derivative-loaded
folate-SO-chitosan micelles; (e) each Bel-7402 tumor-bearing
mouse was injected with ICG derivative-loaded folate-SO-chitosan
micelles, with prior injection of free folic acid (2 wmol) for compe-
tition assay.

The dynamic behavior of folate-SO-chitosan was monitored by
the self-built NIR imaging system, which was introduced in details
in our previous work (Chen et al., 2008; Zhang, Chen, Xu, & Gu,
2008). The subjected mouse was firstly anesthetized and imaged at
predetermined intervals (0 min, 5min, 1h, 6h, 12 h, 24 h, 48 h and
72 h) post-injection. All fluorescence images were acquired with
1-s exposure (f/stop =4).

To confirm the in vivo distribution of folate-SO-chitosan or SO-
chitosan micelles, mice were sacrificed 24 h post-injection. The
excised organs and tissues (heart, liver, spleen, lung, kidney and
tumor) were also non-invasively imaged by the self-built NIR imag-
ing system.

To quantitatively measure the targeting ability of folate-
SO-chitosan, the tumor to background ratio (TBR) was cal-
culated with definition as: TBR=(tumor signal —background

signal)/background signal. The NIR fluorescence signal per selected
region (5mm?2) was measured based on the analysis of region of
interest (ROI, tumor or normal tissue) from the obtained NIR flu-
orescence images. The tissue distribution of folate-SO-chitosan or
SO-chitosan micelles in excised tissues was also quantified by the
same protocol.

2.10. Statistical analysis

To find out the difference between two independent samples, t-
test was used using SPSS (Version 11.5, SPSS Inc., USA). The means
were judged to be different when P<0.05 and significantly different
when P<0.01.

3. Results and discussion
3.1. Synthesis and identification of folate-SO-chitosan

As described in the method section (Fig. 1), the long chain alkyl
groups served as hydrophobic moieties and succinyl groups served
as hydrophilic moieties were respectively reacted to the amino
groups in chitosan to form SO-chitosan. Then the SO-chitosan was
modified with folate by amide bond.

The UV spectra of chitosan, SO-chitosan, folate and folate-SO-
chitosan (Fig. 2A) show that folate-SO-chitosan had both the end
absorption of chitosan and the characteristic absorption peaks of
folate (280 and 362 nm), which confirmed the folate modification
of SO-chitosan.

The FTIR spectrum of SO-chitosan shows a new peak at
1563 cm™! relative to chitosan spectrum (Fig. 2B). This peak is usu-
ally caused by secondary amines, suggesting some of the amino
groups of chitosan were substituted (Aoki, Nishikawa, & Hattori,
2003). The absorption band at 1729cm~!, the specific peak of
carbonyl groups, testified to the presence of the succinyl group
(-NHCOCH,CH,COOH). The new peaks at 2927 and 2857 cm™!,
were attributed to methyl groups due to the long alkyl chain
(-NH-CH,-(CH;)g-CH3) and indicated the reaction of octaldehyde
to chitosan (Xu et al., 2007). Comparing the FTIR spectra of folate
with that of folate-SO-chitosan, the appearance of the peak at
1607 cm~! in the spectrum of folate-SO-chitosan was attributed
to benzene ring of the folate.

Comparing the 'H NMR spectra of chitosan in D,0 and DCl and
SO-chitosan in D50 (Fig. 2C), the new signals at (1.28, 1.52) ppm
and 0.86 ppm were assigned to the methene hydrogen and methyl
hydrogen of N-alkyl group (-NH-CH,-(CH,)g-CH3), respectively.
And the new signals at the range of 2.04-2.53 ppm belonged to
the methene hydrogen of the succinyl group (-COCH,CH,COOH).
In contrast to the 'H NMR spectra of SO-chitosan, the further res-
onance signals at 4.39, 6.89, and 7.71 ppm were found in the 'H
NMR spectra of folate-SO-chitosan in D,0, which confirmed the
existence of folate residues.

From the results of UV, FTIR, and 'H NMR spectra, we concluded
that a part of the amino groups of chitosan were substituted by
octyl, succinyl groups and folate, respectively.

3.2. Size and morphology of folate-SO-chitosan micelles

Fig. 3A and B show that the average diameters for folate-
SO-chitosan and SO-chitosan micelles were about 136nm
(135.69 £ 28.86 nm, mean =+ SD, similarly hereinafter) and 199 nm
(199.41 £22.92 nm), respectively. The stability of the folate-SO-
chitosan was also investigated in our research. The mean diameters
of folate-SO-chitosan micelles in PBS (pH 7.4) determined at 0, 1, 3,
5,7 and 15 days post-synthesis were about 137, 142, 144, 149, 150
and 150 nm, respectively (Fig. 3C), which suggested that the micelle
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nanoparticles had satisfactory stability in simulated physiological
condition.

From TEM images (Fig. 3D), the average sizes of folate-SO-
chitosan and SO-chitosan micelles were both about 90 nm (TEM
image of SO-chitosan micelles not shown here). The self-assembled
micelles were well dispersed as individual nanoparticles with a
near-spherical shape.

Diameters of chitosan-based nanoparticles were determined by
several parameters: the content of hydrophobic groups (octyl),
the hydration of nanoparticles and the charge density of the
main chain. After hydrophobic substitution, a core-shell spher-
ical structure of chitosan-based nanoparticle was established
because of the hydrophobic association of octyl groups. This
kind of core-shell structure was further strengthened and tight-
ened after hydrophilic substitution with succinyl groups. Thus,
the SO-chitosan micelle formed through self-assembling. Without
the hydrophobic/hydrophilic substitution, the chitosan macro-
molecules would be form a long line because of the positive
charge caused by amine groups, which would make the solution
very sticky. One succinic anhydride molecule could consume one
“~NH,"” and create a “~COO~", and the newborn “~COO~" could fur-
ther neutralize the positive charge of another “~NH,”. The decrease
of the positive charges on the polymer backbone could decrease
the tensile force in the backbone of chitosan and reduce the diam-
eter of the micelles. Because of the similar consumption of amine
groups by folate, folate-SO-chitosan micelles had smaller diameter
(135 nm) compared with that of SO-chitosan micelles (200 nm). So
it was speculated that the surface charge does affect the particle
size. In addition, the sizes of chitosan micelles measured by LPSA
were larger than those observed by TEM. This might be caused by
the evaporation of water during the sample preparation of TEM. The
dehydration process likely resulted in the shrinkage of the parti-
cles (Giacomelli, Schmidt, & Borsali, 2007; Morita, Horikiri, Suzuki,
& Yoshino, 2001).

3.3. Drug loading and in vitro drug release of folate-SO-chitosan
micelles

Two hydrophobic compounds, fluorescein and ICG derivative,
were chosen as model drugs on account of their different solubili-
ties in aqueous solution. The excitation and emission wavelengths
for the fluorescein and ICG derivative are 488/525 and 760/808 nm,
respectively. The fluorescence ranges of these two model drugs
make them suitable for in vitro cellular study under microscopy
(fluorescein) and in vivo targeting evaluation under optical imaging
system (ICG derivative), respectively.

When the weight ratio of model drugs and folate-SO-chitosan
was 1:5, folate-SO-chitosan had optimal drug loading content of
12.17 £0.63% for fluorescein, but it had drug loading content of just
6.33 +0.54% for ICG derivative. This micellar system also had bet-
ter entrapment efficiency for fluoresein (69.32 +3.32%) than that
for ICG derivative (33.79 +3.06%). Theoretically, the binding force
of a drug is the determining factor for the drug loading content
and entrapment efficiency within a micelle and is directly related
to the drug’s hydrophobicity. However, the drug loading content
and entrapment efficiency for ICG derivative were less than that
of the less hydrophobic fluorescein. This phenomenon could be
explained through the drug loading process. In fact, drug load-
ing for the micelles is a dynamic process of drug from the outer
medium entering the inner hydrophobic core. The ICG derivative
with poor solubility may have precipitated during the dropwise
addition into the aqueous phase of chitosan micelles. Precipitation
would then result in lower entrapment into the core of folate-
SO-chitosan micelles. As a result, lower drug loading content and
entrapment efficiency were realized for ICG derivative as a result
the drug loading process for folate-SO-chitosan micelles.
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The in vitro release profiles of fluorescein and ICG derivative
from micelle nanoparticles are exhibited in Fig. 4A. An apparent
initial burst release was observed in the release profile of fluores-
cein. About 65% of fluorescein was released within the first 10 h.
After the initial burst release, the drug release profiles switched
to a slow release phase. More than 90% of the loaded fluorescein
released from micelle nanoparticles at 75h post-dialysis. How-

ever, ICG derivative loaded folate-SO-chitosan system had nearly
no initial burst release and it had a much lower release speed. The
cumulative release rates of ICG derivative from micelle nanoparti-
cles at 10 and 75 h were just 7 and 26%, respectively.

These results showed that the release rate of model drugs
decreased with the decrease of drug solubility. That is, the release
rate of fluorescein was higher than that of ICG derivative. This result
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Fig. 4. (A) Release kinetics of fluorescein-loaded folate-SO-chitosan micelles and ICG derivative-loaded folate-SO-chitosan micelles in PBS (pH 7.4, 37 °C). Inset: The release
kinetics of the initial 75 h. Data were given as mean =+ SD (n=3). Optical characterization of free ICG derivative and ICG derivative-loaded folate-SO-chitosan: (B) absorbance

spectra; (C) fluorescence spectra; (D) photo stability.
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is consistent with a similar report by another group (Seidenberger,
Siepmann, Bley, Maeder, & Siepmann, 2011).

In addition, the binding force of ICG derivative to micelle is
stronger than that of fluorescein because of its higher hydropho-
bicity, which also induced a lower release rate for ICG derivative
from folate-SO-chitosan carrier than that of fluorescein.

3.4. Optical characterization of entrapped ICG derivative

ICG derivative is a hydrophobic dye with absorbance peak
at 783 nm and maximum emission at 808 nm. It could be eas-
ily entrapped into folate-SO-chitosan by hydrophobic association
effect. The spectra of absorption and emission for ICG derivative and
ICG derivative loaded folate-SO-chitosan are depicted in Fig. 4B and
C.The optical properties of ICG derivative did not change much after
the entrapment. However, ICG derivative had much better pho-
tostability after being entrapped by folate-SO-chitosan (Fig. 4D).
The satisfactory photostability of entrapped ICG derivative made it
more suitable to trace the dynamic process of folate-SO-chitosan
in the mouse model evaluated by optical imaging.

3.5. Cytotoxicity assay of folate-SO-chitosan micelles

MTT assay was performed to investigate the cytotoxicity of
folate-SO-chitosan micelles. The effects of the micelles concentra-
tion on the proliferation of HELF, A549 and Bel-7402 were studied
(Fig. 5A). Results demonstrated that there were no significant
decreases in cell viability even at a concentration of micelles as high
as 2 mg/mL. The proof of little or no-cytotoxicity of chitosan-based
micelles were also reported elsewhere (Cao et al., 2007).

3.6. In vitro cellular uptake of folate-SO-chitosan micelles

To study the correlation of cell uptake of folate-SO-chitosan
micelles with the folate receptor expression, the folate receptor
expression levels in tumor cell lines Bel-7402 cells and A549 were
assayed by PCR, as showed in Fig. 5B. High folate receptor expres-
sion was always displayed in Bel-7402 cells, while there was nearly
no folate receptor expression in A549 cells.

In vitro cellular uptake of micelles was evaluated by fluores-
cence microscopy (Fig. 6A). Fluorescence images of groups a and
b (Fig. 6A) show that neither SO-chitosan nor folate-SO-chitosan
could enter A549 cells because of the low expression of folate
receptor on their surface. In contrast, remarkable fluorescence
was observed in Bel-7402 cells incubated with fluorescein-loaded
folate-SO-chitosan micelles (Fig. 6A, group d), whereas nearly
no fluorescence was observed in that for fluorescein-loaded
SO-chitosan (Fig. 6A, group c). The results were attributed to the dif-
ferent folate receptor expression levels of A549 cells and Bel-7402
cells, which indicated that the internalization of folate-SO-chitosan
into Bel-7402 is folate receptor-mediated. A competition study of
free folic acid with folate-SO-chitosan micelles for Bel-7402 cells
was also carried out to better understand the mechanism folate
receptor-mediated endocytosis. Because of the competitive bind-
ing of folic acid to folate receptor, the endocytosis of Bel-7402 cells
for folate-SO-chitosan micelles was distinctly blocked, and thus,
much weaker fluorescence (compared to group d) was observed in
group e (Fig. 6A).

To quantify the results of folate receptor mediated endocyto-
sis, the flow cytometric analysis was also applied to investigate
the cellular uptake behaviors of tumor cells (A549 and Bel-7402)
for micelles (SO-chitosan and folate-SO-chitosan). The results
acquired by flow cytometer had satisfactory correspondence with
that acquired by florescence microscopy (Fig. 6A-C). The results
showed that there was no significant difference for the uptake
of SO-chitosan and folate-SO-chitosan by A549 cells (Fig. 6C).
With the help of folate receptor, Bel-7402 cells could uptake
much more folate-SO-chitosan than SO-chitosan (nearly 10-fold,
P<0.001, Fig. 6C). And the endocytosis of folate-SO-chitosan was
decreased by more than 45% because of the competitive binding of
free folic acid to folate receptor (Fig. 6C, P<0.05).

All the results testified that the internalization of folate-SO-
chitosan into folate receptor positive tumor cells (Bel-7402) is a
kind of folate receptor mediated endocytosis, which could be effec-
tively and competitively blocked by free folic acid.

3.7. Invivo distribution and tumor targeting of
folate-SO-chitosan micelles

Fig. 7 shows the in vivo dynamic processes of ICG derivative
loaded folate-SO-chitosan and corresponding control samples in
tumor bearing (Bel-7402 or A549) athymic nude mice evaluated
by self-built NIR fluorescence imaging system. Images of group
a (Fig. 7A, the control group) show that free ICG derivative had
slightly targeting ability toward Bel-7402 tumor tissue. And images
of group b (another control group) indicated that ICG derivative-
loaded SO-chitosan micelles had a degree of passive targeting effect
for Bel-7402 tumor even without the help of folate. Apparent flu-
orescent signals could be observed from 24 to 48 h post-injection.
This passive targeting behavior of non-folate micelles for Bel-7402
tumor tissues was due to the enhanced permeation and retention
effect, which was caused by the leaky property of tumor tissues
(Iyer, Khaled, & Fang, 2006).

For group c, ICG derivative-loaded folate-SO-chitosan micelles
displayed apparent accumulation in Bel-7402 tumor tissues at
just 1 h post-injection. The fluorescence intensity in tumor persis-
tently enhanced and reached a maximum at 24 h post-injection.



H. Zhu et al. / Carbohydrate Polymers 86 (2011) 1118-1129 1125

| - |

Fig. 6. (A) Microscopy images and (B) flow cytometry histograms of cell uptake: (a) A549 cells incubated with fluorescein-loaded SO-chitosan micelles; (b) A549 cells
incubated with fluorescein-loaded folate-SO-chitosan micelles; (c) Bel-7402 cells mcubated with fluorescein-loaded SO-chitosan micelles; (d) Bel-7402 cells incubated with
fluorescein-loaded folate-SO-chitosan micelles; (e) Bel-7402 cells firstly incubated with free folic acid and then cultured with fluorescein-loaded folate-SO-chitosan micelles

for competition assay (ai, by, c1, dy, eq: bright field images; ay, by, ¢z, da, e,: fluorescent microscopic images). (C) Mean fluorescence intensity of cells determined by flow
cytometry. Data were given as mean £SD (n=3) (**P<0.001, *P<0.05).
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Strong fluorescence could be still observed at 72 h post-injection.
Mice in group d were used as a folate receptor negative control
test. The images of group d showed that ICG derivative loaded
folate-SO-chitosan micelles had a degree of targeting ability for
folate receptor negative A549 tumor tissue, just similar to that of
non-folate SO-chitosan in the tumor model of Bel-7402. Folate-SO-
chitosan showed much better targeting for folate receptor positive
tumor model (Bel-7402) than that for folate receptor negative
tumor model (A549). In this study, a competitive binding test was
also designed and carried out for better understanding the folate
receptor mediated tumor targeting mechanism of folate-modified
micelles. Because of the competitive binding of free folic acid for
folate receptor expressed on the surface of Bel-7402 tumor cells,
there was not enough free folate receptor to mediate the endocy-

tosis of folate-SO-chitosan nanoparticles. There was no apparent
enhancement of fluorescence signal observed in the tumor site
during the first 6 h post-injection (Fig. 7A, group e). With the endo-
cytosis and metabolism of free folic acid, more and more folate
receptor could be used for binding folate-SO-chitosan particles.
Apparent signals were found in tumor site at 12 h post-injection
and the fluorescence intensity kept enhancing and reached the
maximum at 24 h post-injection (Fig. 7A). Folate-SO-chitosan had
the best targeting capability for folate receptor positive Bel-7402
with TBR up to 16.66 at 24 h post-injection, which was much bet-
ter than that for folate receptor negative A549 with TBR about 7.09
at 48 h (Fig. 7B). All the results testified that the in vivo targeting
behavior of this kind of folate-SO-chitosan micelle is folate receptor
mediated.
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assay. Data were given as mean +SD (n=5).
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Data were given as mean+SD (n=5) (*P<0.001).

To verify the in vivo biodistribution of ICG derivative-loaded
folate-SO-chitosan and SO-chitosan micelles monitored by NIR
imaging system, mice were sacrificed at 24 h post-injection and
ex vivo NIR fluorescence images of the excised tissues/organs
were conducted. As shown in Fig. 8A and B, folate-SO-chitosan
micelles showed significantly higher accumulation for folate
receptor positive tumor model (Bel-7402) than those for folate
receptor negative tumor model (A549) (243 a.u. for folate-SO-
chitosan in Bel-7402 and 105a.u. for folate-SO-chitosan in
A549, P<0.001). Compared with SO-chitosan micelles, folate-SO-
chitosan micelles also resulted in much better tumor targeting
with the higher fluorescence intensity in the Bel-7402 tumor
(243 a.u. for folate-SO-chitosan and 118 a.u. for SO-chitosan in Bel-
7402, P<0.001). All these results supplied a decisive evidence
of satisfactory tumor targeting capability of folate-SO-chitosan
micelles.

Previously, the Xu group reported doxorubicin-loaded SO-
chitosan micelles with effective anti-tumor activity (Xuetal.,2007).
Here we report folate-modified SO-chitosan micelles for enhanced
tumor-specific delivery and demonstrate in vivo tumor targeting
capability and dynamic distribution of SO-chitosan micelles in ani-
mals. Generally, the tumor targeting ability of nanoparticles may
be enhanced through enhanced permeation and retention effect.
In order to further improve the tumor targeting ability, folate-
modified SO-chitosan micelles were prepared in this study. It was
shown that the cellular uptake and unique accumulation behav-
ior in folate receptor positive tumors were significantly enhanced
after the modification of SO-chitosan micells with the active lig-
and, folate. This enhancement indicated that the tumor targeting
ability of folate-SO-chitosan micelles is mainly mediated by folate
receptor. In addition, because of the excellent tumor targeting
capability and the satisfactory biocompatibility of the folate-SO-
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chitosan micelles, other diagnostic agents could be loaded and
serve in the early tumor diagnosis for folate receptor positive
tumors by different imaging modalities, such as the commonly used
magnetic resonance imaging (MRI) and NIR optical imaging.

4. Conclusions

Folate-modified N-succinyl-N’-octyl chitosan micelles were
synthesized in this study and maintained stable structure up to
15 days with average diameter of 136 nm. Drug loading and release
results indicated that the folate-SO-chitosan micelles had the satis-
factory drug loading content, entrapment efficiency and sustained
release behavior for model drugs, in this case, fluorescent reporter
dyes. The tumor targeting effect of the folate-SO-chitosan micelles
was clearly demonstrated by NIR imaging system in folate receptor-
positive Bel-7402 tumor tissue, which indicated the potential
application of folate-SO-chitosan micelles in the targeted diagno-
sis and therapy to different kinds of folate receptor positive tumors.
The tumor targeting of anti-tumor therapy loaded in this delivery
system requires further research.
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