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ABSTRACT

Transferrin/PEG/O-carboxymethyl chitosan/fatty acid/paclitaxel (TPOCFP) micelles were tested for suit-
ability as a drug carrier characterized by low cytotoxicity, sustained release, high cellular uptake, and
site-specific targeted delivery of hydrophobic drugs. Characterization, drug content, encapsulation effi-
ciency, and in vitro drug release were investigated. When the feeding amount of paclitaxel (PTX) was
increased, the drug content increased, but loading efficiency decreased. TPOCFP micelles had a spher-
ical shape, with a particle size of approximately 140-649 nm. In vitro cell cytotoxicity and hemolysis
assays were conducted to confirm the safety of the micelles. Anticancer activity and confocal laser scan-
ning microscopy (CLSM) were used to confirm the targeting efficiency of target ligand-modified TPOCFP
micelles. Anticancer activity and CLSM results clearly demonstrated that transferrin-modified TPOCFP
micelles were quickly taken up by the cell. The endocytic pathway of TPOCFP micelles was analyzed
by flow cytometry, revealing transfection via receptor-mediated endocytosis. These results suggest that
PTX-encapsulated TPOCFP micelles may be used as an effective cancer-targeting drug delivery system

for chemotherapy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Chemotherapy is a commonly used strategy for cancer treat-
ment. Nevertheless, the use of a chemotherapeutic agent can
be limited by poor solubility, low stability, short half-life, poor
physiochemical properties, and high toxicity in normal cells and
tissues (Hong et al., 2010). A drug delivery system (DDS) repre-
sents a method for optimizing the efficient administration of a
pharmaceutical compound to achieve a therapeutic effect, partic-
ularly in cancer therapy (Wang and Recum, 2011). In the design
of a drug delivery system, drug absorption, drug distribution, and
drug release profile should be considered, while aiming to opti-
mize therapeutic effects, patient convenience, and safety. Recently
research on drug delivery system has focused on determining the
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optimal speed of drug release and improving targeting ability so
as to enhance drug delivery capability (Liu et al., 2008). There-
fore, the development of drug delivery systems (DDS) has taken
various forms, including micelles (Yokoyama, 1992), liposomes
(Senior, 1987), monoclonal antibodies (Huennekens, 1994), macro-
molecules (Vincent Lee et al., 1995), and targeting ligands (Perales
etal., 1994). Each of these methodological approaches has aimed to
prolong and maintain efficient plasma concentrations of the mate-
rials and maximize site-specific targeting.

Targeting to specific cells or tissues is a characteristic of a DDS,
and necessary for preventing nonspecific delivery into healthy cells
or tissues and minimizing potential side effects identified from
in vitro or in vivo analyses. Previously reports have described
surface modifications of carrier materials that improve their tar-
geting ability (Perales et al., 1994). In addition, Sahu et al. (2011a,
2010, 2012) reported that targeting ligand (as a folic acid) mod-
ified amphiphilic biodegradable polymers significantly enhances
the cellular uptake by targeting ligand and effectively delivered
anticancer drug as a doxorubicin.

Transferrin (TF), a naturally existing protein, has received sig-
nificant attention in the development of drug targeting systems.
TF has biodegradable, nontoxic, and non-immunogenic properties,
and can achieve site-specific targeting due to the high levels of TF
receptors (TfR) present on the cell surface (Qian et al., 2002). The


dx.doi.org/10.1016/j.ijpharm.2013.09.021
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2013.09.021&domain=pdf
mailto:jmk8856@sunchon.ac.kr
mailto:jwnah@sunchon.ac.kr
dx.doi.org/10.1016/j.ijpharm.2013.09.021

J.-P. Nam et al. / International Journal of Pharmaceutics 457 (2013) 124-135 125

TfR facilitates iron uptake into vertebrate cells through a cycle of
endo- and exocytosis of TF (Richardson and Ponka, 1997). Elevated
expression of TfRs in malignant cells has been attributed to their
requirement for high concentrations of iron for growth (Huebers
and Finch, 1987). TF/TfR-mediated cellular events have also been
exploited in carrier systems that deliver therapeutic drugs and
genes into malignant cells that overexpress TfR (Li and Qian, 2002).
In this study, the surface of the micelle was modified by attaching
TF, to facilitate receptor-mediated endocytosis via the TfR.

PTX is an anticancer drug that stabilizes microtubules, there-
fore interfering with the normal breakdown of microtubules during
cell division. PTX has demonstrated significant antitumor activ-
ity in clinical trials when tested against a broad range of solid
tumors, especially non-small lung cancer, metastatic breast can-
cer, ovarian cancer and advanced forms of Kaposi’s sarcoma (Kim
et al.,, 2001; Singla et al., 2002). However, PTX has serious side
effects including allergic reactions, neurotoxicity, hypersensitivity,
nephrotoxicity, and labored breathing in patients, caused by the
Cremophor EL-based formulation that is used counter the poor sol-
ubility of PTX (Yao et al., 2011). Therefore, many researchers have
studied alternative formulations that include nanoparticles, lipo-
somes, dendrimers, micelles, polymeric drugs, and microspheres
as replacements for Cremophor EL.

O-carboxymethyl chitosan (OCMCh) is a carboxymethylated
derivative of chitosan that possesses a CH,COOH modification at
the C6 position of chitosan. OCMCh has good biocompatibility,
bioactivity, antibacterial activity, solubility in aqueous solutions,
and stability properties that have been reported previously (Chen
and Park,2003; Liu et al.,2001; Chen et al.,2005). Therefore, OCMCh
is an extensively used in a wide range of biomedical field as a drug
carrier (Sahu et al., 2010, 2011b, 2012). However, OCMCh used in
our study was prepared using LMWSC which has free-amine group
unmodified with any functional group (Nah and Jang, 2002). It is
easy to modify with functional group because LMWSC with free
amine group has high reactivity. OCMCh increases the flexibility of
chitosan molecular chains in water (Yin et al., 2004), and has mul-
tifunctional groups such as NH, and COOH the latter created by
carboxymethylation. The multifunctional groups within of OCMCh
can be used for various modifications including linkages to proteins,
drugs, genes, targeting ligands, antibodies, and pH-sensitive bond.
Therefore, OCMCh has applications in the biomedical and pharma-
ceutical fields. In our previous reports, we prepared low molecular
weight OCMCh characterized its various functions using NMR (Nam
et al., 2008).

In the present study, the hydrophobic moiety fatty acid (FA, lau-
ric acid) was coupled to the NH, position of OCMCh using NHS
and EDC, creating the hydrophobic drug delivery carrier OCMCh-
FA (OCF). PTX was then encapsulated into the OCF micelle via
hydrophobic interactions. In addition, PEGylated transferrin (TP)
was covalently attached to OCF for specific-site target delivery
and receptor-mediated endocytosis. The drug content, encapsulat-
ing efficiency, and in vitro drug release of PTX-encapsulated OCF
micelles (OCFP) were investigated, and the particle size and mor-
phology of TP-conjugated OCFP (TPOCFP) were determined. The
targeting ability, hemolysis, and cytotoxicity of TPOCFP were inves-
tigated. The anticancer activities and endocytic pathway of TPOCFP
micelles were evaluated using the MTT assay and the FACS assay.

2. Materials and methods
2.1. Materials
O-carboxymethyl  chitosan  (OCMCh, Mw =12,000 Da,

degree of deacetylation greater than 95.0%) was prepared
as previously described. 1-Ethyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were
purchased from Sigma-Aldrich, Korea. Paclitaxel (PTX) was
purchased from Samyang, Korea. TfR-targeting peptides (TF,
THRPPMWSPVWPGGG-COOH) were synthesized using Fmoc
solid-phase methods on a Liberty microwave peptide synthesizer
(CEM Co., Matthews, NC). NH,-poly(ethylene glycol)-COOH (NH;-
PEG-COOH, Mw =3400) was purchased from SunBio, Korea. Red
blood cells (RBCs) were obtained from an inbred rat (Orientbio
Inc., Korea). LysoTracker and Hoechst 33258 were purchased
from Invitrogen. NHS-rhodamine was purchased from Thermo
Scientific. Dulbecco’s modified eagle medium (DMEM), Roswell
park memorial institute (RPMI)-1640, and fetal bovine serum were
obtained from Gibco (BRL, MD, USA). 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) and trypsin were
also purchased from Sigma-Aldrich (St. Louis, MO). All solvents
used in this investigation were of HPLC grade. All other chemicals
and solvents were analytical or reagent grade and used without
further purifications.

2.2. Methods

2.2.1. Cells and cell culture conditions

Human colon cancer cell lines (LoVo, DLD-1, CoLo 255, and HCT
119), human prostate cancer cells (PC3), human breast cancer cells
(SK-Br3), and human embryonic kidney cells (HEK 293) were main-
tained in RPMI-1640 or DMEM supplemented with 10% FBS at 37 °C
in a humidified atmosphere containing 5% CO,. Cells grown as a
monolayer were harvested by trypsinization (trypsin-EDTA). The
using cell lines, including LoVo, DLD-1, CoLo 255, HCT 119, PC3, SK-
Br3, and HEK 293, were purchased from KCLB® (Seoul, Republic of
Korea).

2.2.2. Synthesis of O-carboxymethyl chitosan (OCMCh)

OCMCh was synthesized according to a previously reported
method (Nam et al., 2008). In brief, 2 g of the low molecular weight
water-soluble chitosan (LMWSC) was immersed in 25 mL of 50%
(w/v) NaOH solution and alkalized for 24 h. The alkalized LMWSC
was filtered and then transferred into a flask. To this flask, 5g of
monochloroacetic acid dissolved in 25 mL of isopropanol was added
in a dropwise manner over 20 min. This flask was allowed to react
further for 8 h at room temperature. The reactants were subse-
quently filtered to remove the solvent. The filtrates were dissolved
in 100 mL of water and the pH was adjusted to 5.0 by using 1 N-HCI
solution. An excess amount of 80% ethanol was added to precipi-
tate the product. The precipitates were harvested by filtration and
rinsed 3 times with 80% ethanol followed by vacuum-drying at
room temperature.

2.2.3. Fatty acid-modified OCMCh (OCF)

OCMCh (100mg) was dissolved in 10 mL of deionized water.
FA, the hydrophobic moiety of lauric acid C12 (9.1 mg), was dis-
solved in 3 mL of ethanol. EDC (26.1 mg) was added dropwise into
the FA/ethanol solution while stirring at room temperature. After
10 min, NHS (15.6 mg) was added dropwise into the EDC/FA solu-
tion while stirring at room temperature for 1 h. The NHS-activated
FA solution was slowly added dropwise into the OCMCh solution
while stirring at room temperature for 24 h. After 24 h, the FA-
modified OCMCh (OCF) was precipitated with 80% ethanol. The
precipitated material was dried at room temperature and then dis-
solved in 10 mL of distilled. The resulting solution was dialyzed
against distilled water for 2d by using a 3500 g/mol molecular
weight cut-off (MWCO) dialysis membrane to remove the unre-
acted materials, and then lyophilized.
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2.2.4. Preparation of PTX-encapsulated micelles

PTX-encapsulated OCF micelles (OCFP) were prepared by
hydrophobic interaction using sonication (Wang et al., 2007). OCF
was dispersed in water while shaking gently at room temperature
for 30 min. PTX (5 and 10 mg) was dissolved in 1 mL of acetone, and
then added to the dispersed solution of OCF while shaking gently
at room temperature for 30 min. This step was followed by sonica-
tion for 30 min in an ice bath using a probe-type sonifier (Automatic
Ultrasonic Processor VCX-400/600, USA) at 30 W, with a pulse func-
tion of 2.0 s on and 3.0 s off. The final solutions were filtered through
a 0.8-pm filter (Millipore) to remove insoluble product and dust.
Then, powders of PTX-encapsulated OCF micelles (designated OCFP
5 and OCFP 10, for 5 and 10 mg of encapsulated PTX, respectively)
were obtained by lyophilization.

2.2.5. Synthesis of transferrin-polyethylene glycol (TP)

The target ligand for TfR, TF (48 mg), was dissolved in 5 mL of dis-
tilled water. EDC (11.7 mg) was added dropwise into the TF solution
while stirring at room temperature. After 10 min, NHS (7.0 mg) was
added dropwise into the EDC-TF solution while stirring at room
temperature for 1h. The NH,-PEG-COOH form of PEG (100 mg)
was dissolved in 20 mM HEPES buffer. The NHS-activated TF solu-
tion was slowly added dropwise to the PEG solution while gently
stirring at room temperature for 2 h. After 2 h, TF-conjugated PEG
(TP-COOH) solution was dialyzed against distilled water for 2 d by
using a 3000 g/mol MWCO dialysis membrane to remove unreacted
transferrin, EDC, and NHS. The final product was obtained through
lyophilization.

2.2.6. TP-modified OCFP micelles

TP-modified OCFP micelles (TPOCFP) were prepared by ion-
complexation between the COOH position of TP and NH; position
of OCFP. The TP solution was added dropwise into the OCFP solution
while stirring at room temperature for 30 min. After 30 min, TPOCFP
micelles were used to confirm cellular uptake, investigate cytotox-
icity, in vitro drug release, and anticancer activity, and utility in a
flow cytometry assay. The final amount of TP that was modified
was 1%.

2.2.7. Characterization of OCFP and TOCFP micelles

The prepared OCFP was characterized by 'H NMR and Fourier
transform infrared spectroscopy (FT-IR). The 'TH NMR spectra of
products were measured in deuterium oxide (D,0) and dimethyl
sulfoxide (DMSO) using a 400 MHz NMR spectrometer (AVANCE
400FT-NMR 400 MHz, Bruker). OCMCh, OCF, OCFP 5, and OCFP 10
(5 mg of each) were dissolved in 0.5 mL of D, 0. In addition, OCFP 5
and OCFP 10 (5 mg of each) were dissolved in 0.5 mL of the cosolvent
D,0/DMSO (2:8) to decomplexed nanoparticles, and the products
were assessed using an NMR spectrometer.

OCMCh, OCF, OCFP 5, OCFP 10, as well as the physical mixture
of OCF and PTX (1 mg each) were mixed with 100 mg of KBr (1:100,
weight ratio). FT-IR spectra were obtained on an 8700 FT-IR spec-
trophotometer (Shimadzu, Japan) using the powder form of each
micelle on KBr discs ranging from 400 to 4600 cm™!.

The average particle size and size distribution of OCFP
and TPOCFP micelles were determined using an ELS-8000
electrophoretic LS spectrophotometer (NICOMP 380 ZLS zeta
potential/particle sizer; Otsuka Electronics Inc., Japan) equipped
with a He-Ne laser beam at a wavelength of 632.8 nm at 25°C
(scattering angle of 90°). A sample solution (1 mg/mL) was used for
the particle measurement (HE. 013.016-ALU cell adapter) without
filtering.

To observe the morphology of the micelles, 2 uL of OCFP or
TPOCFP micelles suspended in deionized water were placed on a
carbon film coated on a copper grid and stained with 1% uranyl
acetate for 30s. The grid was allowed to dry for 10 min and then

examined with a JEOLJEM-2000 FX-II transmission electron micro-
scope (TEM).

The PTX concentrations of OCFP and TPOCFP micelles were
determined using HPLC analysis (Liang et al., 2012). The HPLC sys-
tem consisted of a mobile phase delivery pump (LC-20AD HPLC
pump, Shimadzu, Japan) and a UV detector (SPD-20A, UV/vis detec-
tor, Shimadzu, Japan). For separation of components, a ZORBAX
300SB-C18 reverse-phase column (250 mm x 4.6 mm, 5 jvm, Agi-
lent Technologies Inc., USA) was used. The mobile phase was
composed of acetonitrile and water at a ratio of 40:60 (v/v). The
flow rate and column temperature were setat 1.0 mL/minand 30 °C,
respectively. The UV absorbance was determined at 227 nm with an
injection volume of 20 pl. The drug concentration of PTX was cal-
culated from standard curves. The assay was linear over the tested
concentration range. The drug contents (DC) and encapsulating effi-
ciency (EE) were calculated as following:

Weight of the drug in micelles

DC% = Weight of the feeding polymer and drug

100

_ Weight of the drug in micelles

EE% = Weight of the feeding drug x 100

2.2.8. Profile of PTX release from TPOCFP in vitro

The profile of PTX release from TPOCFP micelles was measured
as follows. TPOCFP 5 and TPOCFP 10 (1 mg each) were dissolved in
phosphate buffer (pH 5.2, 6.4, and 7.4) at each time point (0.5-48 h).
The solution was added into the ultra-cellulose filter (Regener-
ated Cellulose 3000 MWCO, Microcon YM-10), and centrifuged at
12,000 rpm for 10 min and the amount PTX measured using HPLC.

2.2.9. Invitro cell cytotoxicity and anticancer activity

The cell cytotoxicity and anticancer activity of PTX-
encapsulated OCFP 5 and OCFP 10 micelles, free drug (PTX in
DMSO), and target ligand (TP)-modified TPOCFP 5 and TPOCFP 10
micelles were assessed using an MTT assay in against various cell
lines (both normal cells and cancer cells). The experiment was
carried out as follows: 50 pl of cells in the growth phase were
seeded into a 96-well micro plate at a density of 5 x 103 cells/well.
The DMEM and RPMI 1640 were supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. Cells were
incubated at 37°C in a humidified atmosphere containing 5% CO,.
When the cell confluence reached 75%, the cells were treated
with select agents for 24 h at the equivalent drug concentrations
of 0.002-0.125 mg/mL. After incubation, 10 ul of MTT solution
(5mg/mL in PBS) was added to each well, and the plate was
incubated for an additional 2 h at 37°C. At the determined time,
unreacted MTT was removed by aspiration. After removing the
MTT-containing medium, the formazan crystals formed in live cells
were dissolved with 100 il DMSO. Finally, the absorbance was
measured at 570 nm (optical density) and 670 nm (for background
subtraction). The relative cell viability (%) was calculated according
to the following equation: OD value =(OD 560-0D 670)

(OD sample — OD blank)

(OD control — OD blank) x 100

Relative cell viability (%)=

2.2.10. In vitro hemolysis test

The hemolysis test evaluates in vitro hemolytic activity of
PTX-encapsulated TPOCFP 5 and TPOCFP 10 micelles following pro-
longed exposure with blood. The method for the hemolysis assay
has been previously described by Burtetal. (1999). Inbred rat whole
blood was used within 24 h after removing fibrinogen and wash-
ing 2 times in Dulbecco’s phosphate buffered saline (D-PBS). After
each washing, the supernatant was discarded and cells were pel-
leted by centrifugation at 2000 rpm for 5 min. The final pellet was
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Fig. 1. Scheme of FA-coupled OCF with coupling agent for hydrophobic interaction with hydrophobic drug.

diluted with D-PBS to obtain an 8% suspension (v/v). For analysis,
various concentrations of TPOCF5 and TPOCFP 10 micelles were dis-
persed in D-PBS and 100 w1 of the mixture was added to a microfuge
tube together with 100 w1 of an 8% erythrocyte suspension. The
final concentration of TPOCFP 5 and TPOCFP 10 micelles ranged
from 0.625 to 1 mg/mL. Following this step, an incubation time of
4h at 37°C was tested. After this period of incubation, the sam-
ples were centrifuged at 2000 rpm for 2 min, and the supernatant
was carefully collected taking care not to disturb the pellet. The
absorbance of the supernatant was measured with D-PBS (negative
control/NC) and 0.1% triton-X (positive control/PC) at 414 nm (Ver-
saMax ELISA Microplate Reader; StakMax®, USA). The hemolytic
levels were expressed as a percentage of hemolysis. The degree of
hemolysis was calculated according to the following equation:

(ODsample - ODNC)

- " %100
(ODpc — ODnc)

Hemolysis (%) =

2.2.11. Analysis of micelle distribution using confocal
laser-scanning microscopy

In order to analyze cellular distribution, OCFP and TPOCFP
micelles were examined with confocal laser-scanning microscopy
(CLSM). OCFP and TPOCFP were labeled with NHS-rhodamine
(10 M) and endosomes were labeled with LysoTracker Green
DND-189 (1 wM). Subsequent to the addition of the complexes, the
cells were incubated for 1 h and then washed with PBS (2 x 1 mL).
Cells were pre-incubated with Hoechat 33258 probes to detect
intracellular localization of micelles. Localization of rhodamine-
labeled micelles was then determined using an inverted LSM510
laser scanning microscope (Carl Zeiss, Gottingen, Germany). To
detect rhodamine-labeled micelles, LysoTracker, and DAPI, the
405 nm lines of the diode laser and the light of 511 and 543 nm
helium neon lasers were directed over a UV/488/543/633 beam
splitter. Images were recorded digitally using a 512 x 512 pixel
format.

2.2.12. Flow cytometry assay (FACS)

Flow cytometry (FACSCanto II, BD, USA) was used to analyze
both cellular uptake and endocytic pathways of rhodamine-labeled
OCFP and TPOCFP micelles. CoLo-255 cells were seeded in 6-
well plates and incubated for 24 h. Following incubated, the cells
were rinsed twice with fresh medium, and different cellular entry
inhibitors such as chlorpromazine, indomethacin, sodium azide,
and colchicin were added to each well. After incubation for 2 h,
the inhibitors were removed OCFP or TPOCFP micelles were added,
and cells were incubated at 37°C for 4 h. At the end of the incu-
bation period, the cells were washed with PBS and a stripping
solution, trypsinized, and collected into 15 mL centrifuge tubes for
FACS analysis.

2.2.13. Statistical analysis

Statistically significant differences were determined using Stu-
dent’s t-test, or one-way analysis of variance (ANOVA), with p
values of <0.05 indicating statistically significant differences.

3. Results
3.1. Characterization of OCFP and TPOCFP micelles

The FA-modified OCMCh was synthesized by chemical reaction
with coupling agent for hydrophobic drug incorporation (Fig. 1).
The OCF formed self-assembled micelles by hydrophobic interac-
tion with a core-shell structure (Fig. 2). In addition, TPOCFP micelles
were prepared to confirm receptor-mediated endocytosis between
TF and the TfR present at the surface of the cancer cell.

The characterization of OCFP and TPOCFP was conducted using
TH NMR, FT-IR, dynamic light scattering (DLS) and TEMs. The 'H
NMR result for OCFP is shown in Fig. 3. The proton peaks of OCMCh
from position C1 to C7 were classified between 2.8 and 5.0 ppm, and
peak assignments were as follows (Fig. 3A): C1 position, 4.7 ppm;
C2 position, 2.8 ppm; C3-C6 position, 3.2-3.6 ppm; C7 position,
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Fig. 2. Schematic illustration of PTX-encapsulated TPOCFP for hydrophobic drug
delivery.

HOOCZ2CON266 HOH,C_ HOOCH,COHAC,

3.7 ppm; acetyl group position, 2.1 ppm. In Fig. 3B, the proton peaks
of FA from position a to K were classified between 0.5 and 3.5 ppm,
and peak assignments were as follows: a position, 1.3 ppm; b-e
positions, 0.8 and 1.2 ppm; f, g, I, and j positions 2.1 and 2.3 ppm;
k position, 3.3 ppm. In Fig. 3C, the proton peaks of OCMCh and
FA were assigned. In addition, the proton peaks of position C7
OCMCh and the position of FA were shifted due to the FA modi-
fication of OCMCh. Fig. 3 indicates that FA was produced during
the coupling reaction. Fig. 4 shows the proton peak of hydropho-
bic drug-encapsulated OCFP by 'H NMR. As in Fig. 4C, the proton
peak of PTX, encapsulated in OCF by hydrophobic interactions, did
not appear in the D,0 solvent. On the other hand, as indicated in
Fig. 4D, the proton peak of PTX appeared in the D,0/DMSO (2:8)
solvent after decomplexation by sonication.

As shown in Fig. 5, OCMCh, OCF, OCFP 5, OCFP 10, and the
physical mixture (OCF with PTX) have intrinsic absorption peaks
from 450 to 3500 cm~!. The absorption peaks of C—H at 1250 cm™!,
N—Hat1510cm~!, NH, at 1640cm~"!, and C=0 at 1610 cm~! were
characteristic of OCMCh (Fig. 5A). In comparison with OCF, the
absorption peaks of C=0 at 1640 cm~! were increased due to the
carboxyl group of FA coupled to the NH;, group of OCMCh (Fig. 5B).
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Fig. 3. 'H NMR spectra of OCMCh (A), FA (B), and OCF (C) in D0 of NMR solvent.
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Fig. 4. 'H NMR spectra of OCF (A), PTX (B), OCFP (C) in D,0, and OCFP (D) in D,O/DMSO cosolvent (2:8) for decomplexation of OCFP micelles.
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Fig. 5. FT-IR spectra of OCMCh (A), OCF (B), OCFP 5 (C), OCMF 10 (D), PTX (E), and
OCF-PTX (physical mixture) (F).
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The profiles of PTX-encapsulated OCFP 5 and 10 were similar to OCF,
while the physical mixtures possessed all of the absorption peaks
of OCF and PTX. These 'H NMR and FT-IR results demonstrated
that PTX was successfully encapsulated into the OCF complex by
hydrophobic interactions.

The particle size and morphology of OCFP and TPOCFP micelles
were measured by DLS and TEM (Fig. 6). OCF, OCFP 5, and TPOCFP
5 had a uni-modal particle size distribution, while OCFP 10 and
TPOCFP 10 had a di-modal particle size distribution. Table 1 shows
that when the feeding amount of PTX and modified TFPEG was
increased, particle size was increased due to hydrophobic drug
being inserted into the core of OCF micelles, and OCFP being coated
by TFPEG. The particle size of OCFP and TPOCFP micelles ranged
from around 140 to 649 nm. Both OCFP and TPOCFP micelles have
spherical shapes and smooth surfaces (Fig. 6). In addition, the
observed particle size has similar particle size as indicated by the
DLS results. The physicochemical characterization and drug incor-
porating parameters of TPOCFP 5 and 10 micelles are summarized
in Table 2. When the feeding amount of PTX was increased, the
drug content was increased, while the incorporating efficiency
decreased. In addition, the yields were >85%.

3.2. Invitro drug release profile of TPOCFP micelles

In order to describe the release profile of PTX, the total amount
of PTX released from TPOCFP in media as a function of pH was deter-
mined using HPLC. As shown in Fig. 7, PTX was slowly released from
TPOCFP micelles according to the pH of the media (pH 5.2, 6.4, and
7.4). The accumulated release rate was less than 50% within 48 h.
The release of TPOCFP micelles at pH 5.2 was faster than that of
TPOCFP micelles at pH 6.4 or pH 7.4. In addition, the release of
TPOCFP 10 was much slower than that of TPOCFP 5. However, this
difference was not statistically significant. Interestingly, the burst-
like release of TPOCFP 5 and TPOCFP 10 micelles at pH 5.2, 6.0,
and 7.4 was not obvious. This phenomenon indicates that PTX was
effectively encapsulated into the OCF.

3.3. Invitro cytotoxicity and hemolytic potential

In order to investigate the cytotoxicity of OCFP, TPOCFP, and
free PTX, we have performed a cytotoxicity study using HEK 293
cells in an in vitro MTT assay. Following an incubation period of

48 h, we observed that when the encapsulated drug concentration
of OCFP and TPOCFP was increased from 0.002 to 0.125 mg/mL, cell
viability did not decrease to >80%, while free PTX decreased the
cell viability (Fig. 8A). This result clearly demonstrated that the OCF
carrier system decreased the cytotoxicity of PTX.

In order to determine whether TPOCFP micelles are safe for
intravenous administration, the hemolytic potential of TPOCFP
micelles was evaluated using a modified method of Burt et al.
(1999). As shown in Fig. 8B, the drug concentrations tested in the
assay ranged from 0.625 to 1 mg/mL. Hemolysis resulting from
exposure to TPOCFP 5 or TPOCFP 10 was less than 5% at all drug
concentrations, a rate suggesting very low hemolytic activity. The
instability of carrier in the blood is considered to be one of the seri-
ous limitations in the therapeutic use of cationic polymers (Yang
et al,, 2012; Kainthan et al., 2006). However, OCMCh possesses a
negative charge due to the carboxyl group. In addition, the NH,
group of OCMCh was modified by fatty acid and target ligand.
Therefore, the TPOCFP carrier encapsulating PTX using OCMCh has
a low rate of hemolysis due to its reduced positive charge.

3.4. In vitro anticancer activity of OCFP and TPOCFP in various
cancer lines

The MTT assay was employed to measure anticancer activity of
OCF-PTX and TPOCF-PTX. The various cancer cells, including colon
cancer, prostate cancer, and breast cancer cells, were treated with
various formulations of OCFP and TPOCFP micelles at concentra-
tions ranging from 0.002 to 0.125 mg/mL. The anticancer activity of
OCFP and TPOCFP micelles are shown in Fig. 9. Except for the HCT
119 cells (Fig. 9C), the IC59 was 0.625 mg/mL of drug in all cancer
cells. In the HCT 119 cells, the IC5g was 0.125 mg/mL. The anticancer
activity of OCFP and TPOCFP micelles in LoVo, DLD-1, and PC3 cells
was <20% at 0.125 mg/mL. However, other cells (CoLo 255, HCT 119,
and SK-Br3 cells) showed more than 20% viability. In addition, when
the amount of PTX incorporated into OCFP and TPOCFP micelles at
5-10 mg was increased, cell viability was decreased.

In comparison, cell viability of the OCFP was greater than
TPOCFP. This result demonstrated that TPOCFP was effectively
taken up into the cell by receptor-mediated endocytosis facilitated
by the TF ligand of TPOCFP and the TfR present on the surface of the
cancer cell.

3.5. Analysis of cellular uptake of OCFP and TPOCFP by CLSM

The confocal laser scanning microscopy (CLSM) study permitted
the evaluation of the efficiency of intracellular uptake of TPOCFP
as a function of target ligand in PC3 cells. In this study, FACS was
conducted on using PC3 cells line to compare the effect of inter-
nalization by target ligand. As in Fig. 10, cellular uptakes of OCFP
and TPOCFP were differently shown according to amount of PTX
and treated amount of OCFP and TPOCFP into the cells. When
the amount of encapsulated PTX and the feeding amount were
increased, the fluorescence intensity of rhodamine and LysoTracker
were increased. The TF-modified TPOCFP micelles were located
in the nuclei of cells. However, the TF-unmodified OCFP micelles
were observed to have a perinuclear location. These results clearly
demonstrated the effect of target ligand, in that the TPOCFP micelles
modified with target ligand had faster uptake into the nuclei of cells
compared to the OCFP nanoparticles that were unmodified by tar-
get ligand. This phenomenon is hypothesized to reflect the effect
of targeting mediated by binding of the TF-coupled TPOCFP to TfR
present on the surface of cancer cells. Fig. 10 clearly shows this phe-
nomenon in a merged image of OCFP 10 (100 p.g/wL) and TPOCFP
10 (100 pg/pL).
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Table 1

Particle size of various micelles by DLS analysis.

Sample Amount of polymer (mg) Amount of drug (mg) Particle size (nm)
Ls Int. (IS) Wt conv. (wt) No conv. (no)
OCF - - 282.9+61.6 246.24+52.7 220.44+39.9
OCFP 5 80 5 295.6+101.6 219.6+66.7 181.3+42.1
OCFP 10 80 10 75+12.6 368.0+117.5 68.6+12.3 270.0+87.7 62.8+10.6 214.7 £54.6
TPOCFP 5 80 5 333.9+121.7 239.24+76.4 196.0+45.8
TPOCFP 10 80 10 145.2 +128.8649.4+209.3 128.4+26.4477.5+151.9 114.8+21.7388.5+92.6




J.-P. Nam et al. / International Journal of Pharmaceutics 457 (2013) 124-135 131
Table 2
Characterization of PTX-encapsulated TPOCFP micelles.
Sample Amount of polymer (mg) Amount of drug (mg) Particle size (nm) Drug content (%) Encapsulation efficiency (%) Yield (%)
TPOCFP 5 80 5 333.9+121.7 2.1 32 90.4
TPOCFP 10 80 10 145.24+128.8 2.9 22.6 85.3
368.0+117.5

3.6. FACS analysis of the mechanism of cellular entry by OCFP and
TPOCFP

TF, used as a targeting ligand, has the potential to bind to TfR
present on the surface of cancer cells. Therefore, the cellular uptake
of rhodamine-labeled TPOCFP micelles was significantly greater
than rhodamine-labeled OCFP micelles (which did not possess
TP) due to the targeting potential of ligand-receptor binding
(Fig. 11A). However, cellular uptake was reduced by chlorprom-
azine (Fig. 11B). This result clearly showed that TPOCFP micelles
were taken up by receptor-mediated endocytosis. Colchicine,
sodium azide, and indomethacin did not reduce uptake TPOCFP
micelles.

4. Discussion

The polymeric micelle has the potential for encapsulating mate-
rials within its core. The inner core of these micelles is typically
hydrophobic, enabling successful encapsulation of hydrophobic
drugs, while its hydrophilic shells make the encapsulated mate-
rial soluble (Cho et al., 2008). Polymeric micelles include synthetic
natural polymers (such as peptide, chitosan, and hyaluronic acid),
synthetic polymers and pseudo synthetic polymers (such as
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synthetic polypeptides), all of which are broadly used for
hydrophobic drug delivery (Brocchini and Duncan, 1999). During
the past decade, natural polymers including chitosan-based poly-
meric micelles have been studied for their potential as drug delivery
vehicles (Qu et al., 2009; Yuan et al.,, 2010; Yu et al., 2012; Sahu
et al,, 2011b). Nevertheless, these reports used high molecular
weight chitosan, inrange that was >30 kDa. Certainly, the molecular
weight is important characteristic to consider in a delivery sys-
tem carrier. In the present study, low molecular weight chitosan
(<15kDa) was used as a component of a hydrophobic drug deliv-
ery system. The low molecular weight chitosan can be more easily
and quickly degraded in the body compared to high-molecular-
weight chitosan. In addition, PEG was conjugated to OCFP in order
to provide the carrier with desirable attributes associated with
PEGylation (such as the reduction or prevention of protein adsorp-
tion to increase a drug’s half-life within the body, prolonging the
activity of the drug, reducing the dosing frequency, and prolonging
the lifetime of the carrier in plasma) (Allen et al., 2002; Elbert and
Hubbell, 1996; Williams, 2008).

Cancer, a malignant neoplasm involving various diseases, is
globally the leading cause of death, with the number of patients
diagnosed with cancer increasing in developed countries. Paclitaxel
(PTX)is an anticancer drug that is a clinically effective treatment for
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Fig. 7. Cumulative release profile of PTX from TPOCFP 5 (A) and TPOCFP 10 (B) micelles in phosphate buffer (pH 5.2, 6.4, and 7.4) at each time point (0.5-48 h) by using HPLC.

m— PX
OCFP 5

140 -

120

100 -

80

60

40 -

Cell Viability (%)

20

7
7
7|
7]
U
7
Y
7
7
7|
7
7
7
A
7
7
7
4
7]
7
7
7]
7
“
%
7
Y
7
Y
7|
7
/]
7|
Y
Y
7|
7
7

R AN
ST ETTRTTRTETERTTET TR TRR TR TER R AET RIS
S TS ST TE S S TR TE TSR TR TR TR TR SRR EEE R ReR Ry
I S T T T T TR TR TR AETIEIE TR IRECTRS

S ESE S SR IR TR TR R T R IREERERRERSETS

0 | d | 1 L L ZBE] A
Control 0.002 0.0039 0.0078 0.0156 0.0313 0.0625 0.125

Conc. (mg/ml)

Hemolysis (%)

IS
o

vewwa TPOCFP 5
=z TPOCFP 10

»n
o

o

El=) = = = & - —

D-PIBS 0.625 0.125 0.25 05
Conc. (mg/ml)

1 0.1% Triton X

Fig. 8. In vitro cell cytotoxicity of the OCFP 5, OCFP 10, TPOCFP 5, and TPOCFP 10 in HEK 293 cell by MTT assay after incubation for 24 h (A) and hemolytic activity of TPOCFP

5 and TPOCFP 10 in RBC (B).



132 J.-P. Nam et al. / International Journal of Pharmaceutics 457 (2013) 124-135

. = PX
A OCFP 5§
” == OCFP 10
] ez TPOCEP S
~ === TPOCFP 10
R 100
N “ e
%‘ 80 - ney
= 1 ‘
T ol 1 ;
T 40 T
(& 4 7 /
20 4 5 : : b

Control 0.002 0.0039 0.0078 0.0156 0.0313 0.0625 0.12
Conc. (mg/ml)

440 5 == PX
C OCFP5
] s OCFP 10
. @ TPOCFP 5
-~ g m== TPOCFP 10
2 100 - / ;
< /
£ w0,
2
S 60 1 3 1
3 . / 5
o® f i
) 1
0 : i |
i el
AR MR MR A ARG I

0039 0.0078 0.0156 0.0313 0,0625 0,125
Conc. (mg/ml)

Control 0.002 0.

140 - — FX
E OCFP5
| = OCFP10
20 szmm TPOCFP 5
-~ E== TPOCFP 10
o~ 100 7
< /
Z w0 /
N
= 60 4
> n i
° 40 g / f
&) 7 7 i
20 - / N
Control 0.002 0.0039 0.0078 0.0156 0.0313 0.0625 0.125

Conc. (mg/ml)

o = PX
B OCFPS
mmm OCFP 10
120 e TPOCFP S
-~ === TPOCFP 10
2 100
<
g 80
% H
S 60 - é
8 40 5 ‘
20 : il

Control 0.002 0.0039 0.0078 0.0156 0.0313 0.0625 0.12
Conc. (mg/ml)

mm PX
140
D ez OCFP 5
» mm OCFP 10
120 1 mmm TPOCFP 5
=~ = TPOCFP 10
2 100 -
S’
g 80 -
8
S 60
T 40 v
o /
20 - ‘

Control 0.002 0.0039 0.0078 0.0156 0.0313 0.0625 0.125
Conc. (mg/ml)

140 - = PX
F OCFP5
= OCFP 10
120 1 mmm TPOCFP 5
- === TPOCFP 10
32 100 -
N’
g 80
s
s 60 |
) ]
g
20 - ’

0039 0.0078 0.0156 0.0313 0.0625 0.12
Conc. (mg/ml)

Control 0.002 0
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(D), PC3 cell (E), and SK-Br3 cell (F) by using MTT assay after incubated for 24 h.

various solid tumors, including non-small cell lung cancer, breast
cancer, and ovarian cancer (Kim et al., 2001; Singla et al., 2002).
However, the use of PTX has been limited due to serious side effects
caused by Cremophor EL, which include allergic reactions, neuro-
toxicity, and nephrotoxicity in patients (Yao et al., 2011). Therefore,
in this study, PTX was encapsulated in OCF micelles via hydropho-
bic interactions between the hydrophobic ligand (FA) of OCF and
PTX, negating the need for Cremophor EL, and decreasing the cyto-
toxicity of PTX.

An increase in the variety of diseases affecting humans has
resulted in the emergence of increasingly novel therapeutic drug
carriers specifically designed as a treatment for a particular dis-
ease. An attractive strategy aimed at enhancing the cellular uptake
of drug carriers is to engineer these drug carriers to possess site-
specific recognition molecules. Transferrin can achieve site-specific
targeting due to the high concentration of their receptors present
on malignant cells (Richardson and Ponka, 1997; Huebers and
Finch, 1987). During the past decade, many researchers studied
transferrin conjugates in site-specific drug delivery system (Dufes

et al., 2004; Vaidya and Vyas, 2012; Anabousi et al., 2006). The
results from these studies show high cellular uptake of polymeric
vesicles by receptor-mediated endocytosis, mediated by transferrin
and the TfR. However, within these systems, the ligand is covalently
coupled onto preformed carriers, which has several disadvantages.
Unreacted end groups can remain, and unwanted interactions with
water molecules or with the drug itself can occur (Tomasina et al.,
2013). In this present study, a target ligand-PEG-chitosan based
carrier was synthesized to overcome this problem. This system,
where ligand is conjugated through via the flexible PEG, assigns
great flexibility and targeting efficiency of drug carrier.

The endocytic pathway, which mediates uptake of drug delivery
systems by the cell, is very important for understanding the process
of cellular uptake mechanisms, intracellular stability, and bioavail-
ability of therapeutic agents. Therefore, many researchers have
studied the endocytic pathway of various delivery carriers (Yuan
et al.,, 2010; Ruiz et al., 2011; Fu et al., 2013). Five major cellular
uptake mechanisms are distinguished, as follows: (1) phagocy-
tosis, (2) clathrin-dependent endocytosis, (3) caveolin-mediated
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endocytosis, (4) macropinocytosis, and (5) clathrin- and caveolin-
independent pathways (Khalil et al., 2006). Endocytosis can be
strongly inhibited with metabolic inhibitors such as indomethacin,
chlorpromazine, sodium azide, and colchicine. The agents used to
inhibit specific endocytic pathways are as follows: indomethacin
(10 wM, caveolin-mediated endocytosis); chlorpromazine (10 M,
clathrin-mediated endocytosis) (Chang et al., 2009); sodium azide
(100mM) and colchicine (15mM, energy dependent processes)
(Ruiz et al.,, 2011). Our FACS results showed that the TPOCFP
micelles were taken up into the cell via clathrin-mediated endocy-
tosis. This indicated that the transferrin associated with the TPOCFP
micelle effectively bound to TfR present on the surface of cancer
cells. In addition, CLSM provided evidence supporting clathrin-
mediated endocytosis as the pathway through which these micelles
are taken up by the cell.

In conclusion, we designed a novel drug carrier that is charac-
terized by low cytotoxicity, high cellular uptake, sustained release,
and site-specific targeting. The TPOCFP micelles satisfied all of these
conditions. The TPOCFP micelles have a spherical shape, with a
particle size of 140-649 nm. Drug release from TPOCFP micelles
was less than 50% over 48 h. The TPOCFP micelle is non-toxic and
has significant anticancer activity, as indicated by the MTT assay
using a variety of cancer cell lines. In addition, the TF component
of TPOCFP effectively targeted the TfR present on the surface of
the cancer cell, and which efficiently mediated uptake into the cell
through clathrin-mediated endocytosis. These mechanisms were
clearly demonstrated in CLSM and FACS analysis. The results of this
research indicate that the TP-conjugated TPOCFP micelles can serve
as an effective treatment for solid tumors by targeting delivery and
reducing toxicity and side effects of hydrophobic drugs. Additional
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studies are in progress to determine the in vivo efficacy of TPOCFP
micelles as a clinical therapy.
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