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In this study, a novel amphiphilic copolymer designed as N-octyl-N-phthalyl-3,6-0-(2-hydroxypropyl)
chitosan (OPHPC) were synthesized and then conjugated with folic acid (FA-OPHPC) to produce a targeted
drug carrier for tumor-specific drug delivery. OPHPC and FA-OPHPC were characterized by FT-IR, TH NMR,
13C NMR and elemental analysis. Paclitaxel (PTX) loaded OPHPC micelles (PTX-OPHPC) with well-defined
spherical shape and homogeneous distribution exhibited drug-loading rate ranging from 33.6% to 45.3%
and entrapment efficiency from 50.5% to 82.8%. In the cellular uptake studies, PTX-OPHPC brought about

Ic(?i/x;g;i’f: asignificantly higher amount of PTX accumulated in human breast adenocarcinoma cell line (MCF-7 cells)
Paclitaxel compared with Taxol®. Moreover, the cellular uptake of PTX in PTX loaded FA-OPHPC micelles (PTX-FA-
Micelles OPHPC) was 3.2-fold improved in comparison with that of PTX-OPHPC. The results revealed that OPHPC

micelle might be a promising drug carrier for promoting PTX cellular uptake and FA-OPHPC micelle could
be used as a potential tumor-targeted drug vector.
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© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays polymeric micelles have received tremendous atten-
tion over the past decades due to the applications in drug delivery
(Felt, Buri, & Gurny, 1998; Huo et al., 2012; Rekha & Sharma, 2009;
Saboktakin & Tabatabaie, 2010), diagnostic imaging (Trubetskoy,
1999), photodynamic therapy (Nishiyama, Morimoto, Jang, &
Kataoka, 2009), combination chemotherapy (Kano et al., 2007) and
so on. As some studies point out, chitosan-based carriers have
become one of the most promising drug vectors that have gained
increasing interest as a safe delivery system for improving the sol-
ubility of water-insoluble drugs (Amidi & Hennink, 2010). In recent
years, a great number of amphiphilic chitosan derivates have been
developed as drug carriers with various functional groups, such as
hydrophobic groups (stearic acid (Ye et al., 2008), linoleic acid (Tan
& Liu, 2009), cholic acid (Ngawhirunpat et al., 2009) and deoxy-
cholic acid (Lee, Kim, Kwon, & Jeong, 2000)) and hydrophilic units
(glycol (Kim et al., 2008), poly(3-malic acid) (Zhao et al., 2009),
carboxymethyl (Wang et al., 2008)).

An ideal drug delivery system based on modified chitosan with
optimized design and compositions should ensure proper size
(<200nm in diameter) for enhanced permeability and retention
(EPR) effect; low critical micelle concentration (CMC) for bet-
ter stability; enhancement on the solubility of water-insoluble
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drugs in aqueous system; nontoxicity against normal cells; high
cellular uptake by tumor specific targeting (Leong et al., 1998;
Maruyama, 2002; Yoo, Doshi, & Mitragotri, 2011). In our previous
studies, N-octyl-O-sulfate chitosan (NOSC) and its derivates have
been developed as a series of promising drug delivery systems
by physically entrapping various hydrophobic antitumor drugs.
Paclitaxel (PTX) loaded NOSC micelles had the similar antitumor
efficacy as Taxol® but with lower toxicity in intravenous injection
and higher bioavailability in oral administration (Mo, Jin, et al.,
2011; Mo, Xiao, Sun, Zhang, & Ping, 2011; Zhang et al., 2008). In
addition, we also developed PEGylated NOSC, N-alkyl-N-trimethyl
chitosan (Zhang, Ping, Zhang, & Shen, 2003), N,0-acyl-N-trimethyl
chitosan chloride (Chen, Ding, Qu, & Zhang, 2008) and N-octyl-N-
(2-carboxyl-cyclohexamethenyl) chitosan (Liu, Li, Jiang, Zhang, &
Ping, 2010) for drug delivery over past years.

Use of polymeric carriers is also gaining momentum in drug
delivery for active tumor targeting (Backer et al., 2005; Li et al.,
2004; Nasongkla et al., 2004; Szebeni, Muggia, & Alving, 1998).
To date, taking advantage of different expression levels of cer-
tain protein between normal and tumor cells, a diverse range of
pilot molecules for cell-specific drug delivery have been avail-
able. For instance, polymeric micelles conjugated with folic acid
(Moghimi, Hunter, & Murray, 2001; Wang et al., 2010), galactose
(Liu, Yu, Chen, Zhang, & Zhang, 2011; Wu et al., 2009), anisamide
(Nakagawa, Ming, Huang, & Juliano, 2010), cNGR (Son, Singha, &
Kim, 2010) and monoclonal antibody (Torchilin, Lukyanov, Gao, &
Papahadjopoulos-Sternberg, 2003; Yu et al., 2009) showed more
accessibility to certain tumor cells than respective non-targeted
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micelles. However, the water solubility of carrier might decrease
after linking with a number of hydrophobic ligands, which pre-
sented adverse effects on drug delivery. Therefore, good solubility
of carriers in both water and organic solvent was a positive fac-
tor which enabled us to select appropriate interactions in more
alternative solvents and enhance the reaction activity of further
modification. Despite considerable efforts to excellent water sol-
ubility in developing drug delivery, little chitosan derivates with
good solubility in organic system was reported in drug delivery
field.

Herein we report our present study on preparation, charac-
terization and in vitro evaluation of N-octyl-N-phthalyl-3,6-0-(2-
hydroxypropyl) chitosan (OPHPC) (OPHPC) and folate-modified
OPHPC (FA-OPHPC). By introducing phthalyl units, OPHPC obtained
good solubility in organic solvents, which could be linked with
hydrophobic targeting ligands such as folic acid readily. PTX was
selected as model drug because of its outstanding antineoplas-
tic efficiency against various cancers (Carney, 1996; Rowinsky,
Eisenhauer, Chaudhry, Arbuck, & Donehower, 1993; Tishler, Geard,
Hall, & Schiff, 1992).In this paper, we investigated the improvement
on solubility of PTX in aqueous medium using modified chitosan
and evaluated the enhancement on cellular uptake of PTX by PTX
loaded OPHPC micelles (PTX-OPHPC) and PTX loaded FA-OPHPC
micelles (PTX-FA-OPHPC). Moreover, the internalization mecha-
nism of PTX-FA-OPHPC and PTX-OPHPC were studied.

2. Experimental
2.1. Materials

Chitosan was purchased from Nantong Shuanglin Biochemical
Co. Ltd. (China), with a deacetylation degree of 92% and viscosity
average molecular weight of 70 kDa. Phthalic anhydride, propyl-
ene oxide and folic acid were offered by Sinopharma group Co. Ltd.
(Shanghai, China). PTX was obtained from Yew Pharmaceutical Co.
Ltd. (Jiangsu, China). NP-40 Cell lysis buffer and BCA protein assay
kit were provided by Beyotime Institute of Biotechnology (Jiangsu,
China). Dulbecco’s modified Eagle medium (D-MEM, high glucose),
fetal bovine serum (FBS), penicillin-streptomycin solution, phos-
phate buffered saline (PBS) were purchased from Thermo Fisher
Scientific Inc (HyClone®, USA). All other chemicals and reagents
were analytical grade.

2.2. Synthesis of amphipathic chitosan derivatives

N-octyl-N-phthalyl-3,6-0-(2-hydroxypropyl) chitosan (OPHPC)
was prepared by introducing octyl and phthalyl groups to NH, on
C2 and 2-hydroxypropyl groups to OH on C3 and C6 of the glu-
cosamine units in chitosan, respectively.

2.2.1. Preparation of N-octyl chitosan (OC)

The suspension of Chitosan (1.0 g, 6 mmol) in 30 mL of methanol
was stirred vigorously at room temperature for 30 min, then octanal
(6 mL, 37 mmol) was dropped into the suspension and the mixture
was stirred at the same temperature for 12 h. At the end of this
time, NaBH,4 (380 mg, 10 mmol) was slowly added to the resulting
pale-yellow mixture in batches. After stirring for further 24 h, the
suspension was filtrated and the residue was washed with water,
water/methanol (1/1,v/v), methanol and diethyl ether successively.
The product was dried at 60 °C under vacuum overnight to obtain
1.87 g crude product as a pale-yellow solid.

2.2.2. Synthesis of N-octyl-N-phthaly! chitosan (OPC)

0OC (805 mg, 3.27 mmol) was dissolved in 5 mL of DMF at room
temperature followed by addition of phthalic anhydride (663 mg,
4.48 mmol) under nitrogen atmosphere. The mixture was stirred

at 90°C for 6 h, then cooled to room temperature and poured into
20 mL water with mechanical agitation. The resulting solid was
filtered and washed with 80 mL water, and dried to give 1.6g of
OPC.

2.2.3. Synthesis of N-octyl-N-phthalyl-3,6-0-(2-hydroxypropyl)
chitosan (OPHPC)

OPC (0.5g, 1.65 mmol) was suspended in 2.5mL 50% (W/W)
sodium hydroxide solution, then 5 mL of DMF was added dropwise
and the mixture were stirred vigorously at 40°C for 1h. Propyl-
ene oxide (5mL, 71.6 mmol) was dropped into suspension slowly
and kept stirring for 10 h. Then the reaction mixture was poured
in 80 mL ice water with mechanical agitation, and then neutralized
to pH 7 with 10% hydrochloric acid solution. The filtrated solution
was dialyzed against distilled water for 3 days using a dialysis bag
(Lvniao Co. Ltd, molecular weight cut-off range (MWCO) of 10,000).
120 mg pale yellow powder was obtained after freeze drying finally.

2.2.4. Preparation of folic acid (FA) modified OPHPC (FA-OPHPC)
2.2.4.1. Activation of FA (FA-NHS). The synthesis was performed by
a modified procedure according to reported literature (York et al.,
2009).Briefly, FA (0.5 g, 1.14 mmol) was dissolved in 10 mL of DMSO
with stirring until complete dissolving, and then N,N-dicyclohexyl
carbodie (DCC) (2.34g, 11.4mmol) and N-hydroxy succinimide
(NHS) (0.7 g, 6.1 mmol) were added to the FA solution. The solu-
tion was allowed to stir at room temperature in the dark for 24 h,
and then filtered, washed with cold ether. The product was dried
under vacuum to yield yellow solid (0.68 g, 94%).

2.2.4.2. Synthesis of FA-OPHPC. OPHPC (65.1 mg) was dissolved in
6 mL of DMSO with stirring for 30 min, and then FA-NHS (651 mg,
1.14 mmol) was added to the OPHPC solution. After stirring at room
temperature under nitrogen for 48 h, the solution was poured into
60 mL of water with vigorously stirring, and filtrated solution was
dialyzed in distilled water for 3 days with dialysis bag (MWCO of
10,000). The dialyzed solution was freeze-dried to obtain 72.1 mg
auratus powder.

2.2.5. Synthesis of N-octyl-N,0-(2-hydroxypropyl) chitosan
(OHPC)

0C(1.23 g, 5mmol) was suspended in 5 mL 50% (W/W) sodium
hydroxide solution, then 5 mL of DMF was added dropwise and the
mixture were stirred vigorously at 40°C for 1h. Propylene oxide
(8 mL, 114.5 mmol) was dropped into suspension slowly and kept
stirring for 12 h. Then the reaction mixture was poured in 80 mL
deionized water with mechanical agitation, and then neutralized
to pH 7 with 10% hydrochloric acid solution. The filtrated solution
was dialyzed against distilled water for 3 days using a dialysis bag
(MWCO of 10,000). 56 mg pale yellow powder was obtained after
freeze drying finally.

2.3. Characteristic of chitosan derivatives and assay of
physicochemical properties

2.3.1. Fourier transform infrared spectroscopy (FT-IR)
FT-IR spectra was recorded with KBr pellets on a Fourier trans-
form infrared spectrometer (Nicolet 2000) at room temperature.

2.3.2. Nuclear magnetic resonance spectroscopy (NMR)
NMR spectra was recorded on a Bruker AVANCE-300 spectrom-
eter operating at 300 MHz at room temperature.
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2.3.3. Elemental analysis

Elemental analysis was performed on a Vario EL III elemental
analyzer. According to the data, the DS of octyl, phthalyl, and 2-
hydroxypropyl group was calculated.

2.3.4. WAXD assay

WAXD spectra was obtained with XD-3A powder diffraction
meter with Cu Ka radiation at a voltage of 40kV and a current of
30 mA. The scanning rate was 5°/min and the scanning range of 26
was from 5° to 40° at room temperature.

2.3.5. TG analysis (TGA)

TGA was reported on chitosan and chitosan derivates using a
Netzsch TG 209 F1 Libra® Thermal Analyzer. Experiments were
performed with samples under a dynamic nitrogen atmosphere
flowing at a rate of 50 mL/min and at a heating rate of 10°C/min.

2.3.6. Measurement of critical micelle concentration (CMC)

The CMC values of OPHPC, FA-OPHPC and OHPC were measured
by surface tension instrument (DCAT 21, Dataphysics, Germany).
The surface tension values of OPHPC at various concentrations
range from 0.25 to 158 wg/mL were measured at room tempera-
ture. Then, a curve based on log C and surface tension as abscissa
and ordinate respectively was plotted.

2.3.7. Gel permeation chromatography (GPC) analysis

The MW distribution of OPHPC was determined by GPC (Shi-
madzu, Kyoto, Japan) equipped with a refractive index detector
(RID-10A, Shimadzu, Kyoto, Japan) and columns (G4000PWxI, TSK-
GEL, TOSOH, Japan). Deionized water was used as eluent at flow rate
of 1 mL/min. The column temperature was maintained at 35°C.

2.3.8. Solubility analysis

50 mg of OPHPC was dissolved in 2 mL of deionized water, DMF
and DMSO at 25 +2°C, respectively. Samples were shaked vigor-
ously every 5min, and then observed turbidity after 30 min. Test
samples with clear solution and no visible particular matter were
regarded as dissolve totally.

2.4. Preparation and characterization of PTX-OPHPC

2.4.1. PTX detecting

PTX concentrations were measured by HPLC (Shimadzu,
LC-2010A HT, Japan). The mobile phase was a mixture of
methanol and water (75/25, v/v). The column was Diamond C18
(4.6 mm x 250 mm) with 5 um particles. The samples were deliv-
ered at a flow rate of 1.0mL/min and detected at a wave length
of 227 nm. The column temperature was maintained at 30°C and
injected volume of the sample was 20 L.

2.4.2. Preparation of PTX-OPHPC

PTX-OPHPC were prepared using dialysis method. Briefly, 6 mg
of PTX in 222 pL ethanol was dropped into the solution of 10 mg of
OPHPC in 2.5 mL water with magnetic stirring vigorously at room
temperature. After the addition, the mixture was dialyzed against
distilled water for 4h at room temperature using dialysis mem-
brane (10,000 MW cutoff) and this dialysis procedure was repeated
at least three times after replacing dialysis medium. The micel-
lar solution was filtered with a 0.22 wm pore-sized microfiltration
membrane, and then the PTX concentration of micelles was ana-
lyzed by HPLC and the resulting solution was finally freeze-dried.

The PTX-loading rate and entrapment efficiency in micelles
were calculated by the following equations:

drug-loading rate (%) = Ci x Vq

Wfreeze—dried micelle

x 100 (A1)

G xVy

entrapment efficiency (%) = x 100 (A.2)

where Cq, Gz, V1, V2, Whreeze-dried micelle 30d Wprx represented the
PTX concentration of freeze-dried micelles reconstituted in water,
the PTX concentration of micellar solution, the volume of freeze-
dried micelles reconstituted in water, the volume of micellar
solution, the weight of freeze-dried micelles and the weight of PTX
added, respectively.

2.4.3. Characterization of PTX-OPHPC

The size and zeta potential of PTX-OPHPC were measured by a
Zeta potential analyzer (Zeta Plus, Brookhaven, USA). TEM analysis
was obtained with JEM-200CX (JEOL Ltd., Japan) and AFM study was
performed by VEECO Dimension 3100 Atomic Force Microscope.

2.5. Cells culture

MCEF-7 cells (or L-O2 cells) were obtained from the cell bank of
Chinese Academy of Sciences. The cells were cultured in D-MEM
(or 1640) with 10% (v/v) FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin in an incubator at 37 °C under an atmosphere of 5%
CO, and 90% relative humidity. The cells were subcultivated every
4-5 days (at 80% confluence) using trypsin at a split ratio of 1:6.

2.6. Cytotoxicity studies

The cells were seeded at a density of 1 x 10° cells per well in 96-
well plates (Costar, USA). After 80% confluence, the culture medium
was removed and 200 p.L of the following test solutions (100 L
of FBS free culture medium with 100 pL of samples at various
concentrations) and negative control (100 L of FBS free culture
medium with 100 pL of culture medium) were added into the
wells. After further cells culture for 24 h, 20 L of 5 mg/mL (3-(4,5-
dimethylthiazol-2-yl)-2,5-iphenyltetrazolium bromide (MTT) PBS
solution was added into each well, and then the cells were stained
at 37 °C for 4 h. Thereafter, the medium was removed, and the cells
were mixed with 150 L of DMSO. The absorbance was measured at
570 nm by an ELISA (Thermo Scientific, USA). Relative cell viability
(R%) was calculated as follows:

absorbancetest

RfpY= —mM0———————
absorbance qntrol

x 100% (B.1)

2.7. Cellular uptake studies

In order to evaluate the enhancement on cellular uptake of PTX
by OPHPC micelles and the active targeting property of FA-OPHPC
micelles on MCF-7 cells. The following works were performed.

2.7.1. MCF-7 cells enhanced accumulation of PTX by PTX-loaded
modified chitosan micelles (PTX-M)

The cells were seeded into 24-well plates at a proper den-
sity. After 24 h of incubation (at 80% confluence), the medium was
removed. The cells were treated with different concentrations of
PTX in PTX-OPHPC and PTX-FA-OPHOC respectively. 400 L of test
solutions were added in the well, and then removed after cultur-
ing at 37°C for 2 h. Subsequently, the cells were washed by 4°C
PBS thrice, and cultured with 160 L of NP-40 cell lysis buffer for
15 min. The contents of PTX in MCF-7 cells were tested by HPLC
and the cells protein was detected by BCA protein assay kit. Uptake
ratio (U%) was calculated as the following equation.

Uy — Lrxincells 1009

(C.1)
chlls protein

where Qprx in cells aNd Qcelis protein F€Presented the amounts of PTX
in MCF-7 cells and cells protein, respectively.
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Fig. 1. Synthesis of OHPC, OPHPC and FA-OPHPC.

2.7.2. Endocytosis pathways of PTX-M 3. Results and discussion

To investigate the endocytosis pathways of PTX-M, MCF-7 cells
was pre-incubated with inhibitors of various endocytosis at safe 3.1. Synthesis and characterization of OPHPC and FA-OPHPC
concentrations for 30min at 37°C as follows: (1) inhibitor of

folate receptor-mediated endocytosis: 441 pg/mL of folic acid, (2) OPHPC was synthesized in a simple and controllable manner
inhibitor of clathrin-mediated endocytosis: 154 mg/mL of sucrose, by covalently linking octyl, phthalyl and 2-hydroxypropyl groups
(3) inhibitor of caveolae-mediated endocytosis: 54 g/mL of genis- with the backbone of chitosan; FA-OPHPC was prepared using a
tein, (4) inhibitor of macropinocytosis: 133 pwg/mL of amiloride. DCC/NHS conjugation method as presented in Fig. 1. The number-

Following the pre-incubation, the cells were further treated with average molecular weight (Mn) of OPHPC was 330,000 measured
freshly prepared PTX-OPHPC and PTX-FA-OPHPC in the presence utilizing GPC instrument. The solubilities of OPHPC in water, DMF

of the corresponding inhibitor for 2 h, respectively. Subsequently, and DMSO were more than 25 mg/mL.
the cells were washed with 4 °C PBS thrice, and the amounts of PTX The structures of chitosan derivatives were identified by FT-IR,
in MCF-7 cells were assayed by HPLC and the cells protein were TH NMR and '3C NMR spectra.
detected by BCA protein assay kit. Compared with chitosan (CS), as shown in Fig. 2(A), the charac-
teristic peak (1594 cm~1) representing amino groups deformation
2.8. Statistical analysis was weakened and the new peaks positioned at 2926, 2862 and
1385cm~! were appeared, which suggested that octyl groups
Data are given as mean + S.D. Statistical significance was tested were introduced into amino groups of chitosan. The appearance of

by two-tailed Student’s t-test. Statistical significance was set at ~ new intensive peaks at 1676 and 1620 cm~! could be attributed
*P<0.05, and extremely significance was set at **P<0.01. to the amide and benzene ring of phthalyl groups. The peak
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Fig. 2. Chemical structure characterization of OPHPC and FA-OPHPC. (A) FT-IR spectrum of chitosan and its derivatives, (B and C) 'H NMR spectrum of OPHPC and FA-OPHPC

and (D and E) 13C NMR spectrum of OPHPC and FA-OPHPC.

at 1086cm~! from 6-OH of chitosan was disappeared, and the
new signal at 1116cm~! was assigned to the 2-hydroxypropyl
groups. It was indicated that 2-hydroxypropyl groups were mainly
introduced into 6-OH groups of chitosan. All of these suggested
that the OPHPC was synthesized successfully. Some new inten-
sive peaks were observed in the FT-IR spectra of FA-OPHPC. The
peak at about 1760 cm~! might represent the ester bond, and the

signal at 1620cm~! was attributed to the aromatic ring of the
folate and phthalyl segments. These results confirmed that folate
moieties were conjugated with OPHPC. The peaks of octyl and 2-
hydroxypropyl groups were found in Fig. S1 (A), but no signal of
phthalyl aromatic ring was detected. It suggested that the chem-
ical structure of OHPC was in accordance with our design (see
supplementary data, Fig. S1(A)).
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Fig. 2(B and C) showed the 'H NMR spectra of OPHPC in D,0 and
FA-OPHPC in DMSO-d6. Fig. 2(B) depicted the '"H NMR spectrum of
OPHPC, the signals at § (ppm) 1.3-0.8 and 3.2 were assigned to the
H of octyl segments. The peaks at § (ppm) 7.5-7.4 were attributed to
H11 and H12, which were identified that OPHPC contained phtha-
lyl moieties. The signals at § (ppm) 3.5-3.3 and 1.2 were attributed
to H8, H9 and H10 of 2-hydroxypropyl groups. The peaks repre-
senting the backbone of chitosan were appeared at § (ppm) 4.5-3.6
and 3.3, which were in accordance with the results from reported
paper (Monier, Wei, Sarhan, & Ayad, 2010). The 'H NMR spectra
of FA-OPHPC was shown in Fig. 2(C), chemical shifts from folate
moieties were observed at § (ppm) 8.6-6.6, which were assigned
to the aromatic protons of folic acid, indicating the successful con-
jugation of FA moieties to chitosan. Moreover, the signal of phthalyl
aromatic ring was not observed in Fig. S1 (B). It suggested that the
OHPC was synthesized successfully (see supplementary data, Fig.
S1 (B)).

Fig. 2(D and E) showed the 13C NMR spectra of OPHPC and FA-
OPHPC. In Fig. 2(D), the signals at § (ppm) 55.7, 58.1, 69.1, 71.1,
78.2 and 99.8 were detected, which were assigned to the C2, C6,
C3, C5, C4 and C1 of chitosan, respectively. The peaks at  (ppm)
40.5-14.8 might belong to the octyl groups, and the signals at §
(ppm) 131.5-128.1 were attributed to the phthalyl aromatic ring.
The most specific carbon signals of amide were found at § (ppm)
168-152. The peaks of 2-hydroxypropyl groups were detected at
S (ppm) 80.7, 67.7 and 26.4. In Fig. 2(E), the signals of aromatic
ring from FA moieties were appeared at § (ppm) 181.7-171.2,
153.7-142.5 and 126.3-110.2. All of these results indicated that
the chemical structures of OPHPC and FA-OPHPC were certified.

The DS of various groups were calculated by comparing the C
and N molar ratio obtained by elemental analysis for each chitosan
derivative. The increase in the molar ratio suggested the increasing
carbon in monosaccharide of chitosan chain, since each constitu-
tional repeating unit included only one nitrogen (Miwa et al., 1998).
In our previous researches, DS of octyl groups at 60% exhibited the
best drug loading capacity (Yao, Zhang, Ping, & Yu, 2007). To inves-
tigate the influence of physicochemical properties on OPHPC with
various DS of phthalyl and 2-hydroxypropyl groups, we controlled
different DS of phthalyl and 2-hydroxypropyl groups by varying
reaction time. In addition, the DS of each substituent group exam-
ined as the following equations:

DS of octyl groups = C/N (mol)gc — C/N(mol)chitosan (D.1)

DS of phthalyl groups = C/N (mol)gpc — C/N(mol)gc (D.2)

DS of 2-hydroxypropyl groups = C/N(mol)gpypc — C/N(mol)gpc
(D.3)

The final DS of octyl, phthalyl, 2-hydroxypropyl and FA groups
at 0.6, 0.29, 1.06 and 0.05 were used in the cellular studies, respec-
tively.

The crystallization of chitosan, OPHPC and FA-OPHPC were
assayed by WAXD pattern as presented in Fig. 3(A). Chitosan had
two reflections appearing at 260 =5° and 20°. It is clear that peaks
of OPHPC and FA-OPHPC decrease at 20=5° and 20° followed by
incorporation of substituent groups into the amino and hydroxyl
of chitosan. It indicated that chitosan might decrease the abil-
ity of forming intermolecular hydrogen bonds and then result in
being amorphous after introduction of various groups, which cor-
responded to the results reported by previous study (Li et al., 2009).

The TGA spectra of chitosan, OPHPC and FA-OPHPC were shown
in Fig. 3(B). Chitosan showed slow weight loss starting from 60
to 250°C due to the decomposition of polymer with low molec-
ular weight. Because most of the polymers with low molecular

E“
£
-
i a
‘WW-M%MMb
] c
10 20 30
20
100 | 89T B
90 | : |
‘
Tk 250C|
70
& (. 300C
60 | N
b
50 ;
40
50 100 150 200 250 300 350
Temperature ('C)
80
M C
601
]
Z
£ 404
2
204
CMC
u
0 T T T
-4 -3 -2 -1 0]
LogC (mg/mL)

Fig. 3. Physiochemical properties of chitosan derivatives. (A) Patterns of WAXD pat-
terns of (a) chitosan, (b) OPHPC and (c) FA-OPHPC, (B) TGA images of (a) chitosan,
(b) OPHPC and (c) FA-OPHPC, (C) the plot of surface tension vs log C for OPHPC in
water at 25°C (DS of octyl, phthalyl and 2-hydroxypropyl groups are 0.60, 0.29 and
1.06, respectively).

weight were removed by dialysis, OPHPC and FA-OPHPC exhib-
ited a slow weight loss up to about 100 °C which might result from
the presence of moisture, but no weight loss occurred at the later
stage. However, a rapid weight loss was observed between 250 and
300°C, which was attributed to the abolition of octyl, phthalyl and
2-hydroxypropyl segments. The following weight loss after 300°C
was assigned to the decomposing of chitosan backbone (Yao et al.,
2007).

3.2. CMC characteristics

In our previous study, phthalated chitosan presented a perfect
solubility in organic solvents. We inferred from such phenomena
that water-soluble chitosan derivates might also obtain excellent
solubility in organic solvents after incorporation of phthalyl groups.
Therefore, phthalyl groups were linked with NH, of chitosan and
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Table 1

Formulation characterizations of PTX-OPHPC with different ratios of PTX and OPHPC (W/W).
PTX/OPHPC (W/W) Size (nm) PI Zeta (mV) DEE (%) DLE (%)
2/10 106.2 + 0.8 0.134 + 0.015 —24.83 £ 1.04 51.8 £ 0.9 34.1 £ 0.7
4/10 103.6 £ 0.4 0.107 + 0.01 -26.43 £ 1.59 50.5 + 1.7 336+13
6/10 104.2 £ 0.7 0.133 + 0.017 —25.78 +2.48 773 £ 1.1 43.6 £ 0.8
8/10 1332+ 1.2 0.171 + 0.004 —29.69 + 1.22 74.7 £ 0.9 428 £ 05
10/10 153.1 £ 0.9 0.175 + 0.023 -29.57 £1.23 828+ 14 453 + 1.2

Fig. 4. Morphologic patterns: (A) TEM and (B) AFM images of PTX-OPHPC.

controlled at DS of 29%. The CMC values of OPHPC and OHPC were
analyzed by surface tension method to evaluate the aggregation
behavior of OPHPC in deionized water and identify the contribu-
tion of phthalyl groups in CMC performance. The plot of surface
tension against log C for OPHPC in water at 25°C was shown in
Fig. 3(C). The concentration corresponding to the point of inter-
section on the curve represented CMC value of OPHPC, which was
calculated to be 7.7 p.g/mL. However, OHPC might not form micelles
because the surface tension of OHPC had no significant change at
test concentration range from 6.4 to 400 p.g/mL, which indicated
that 29% of phthalyl was necessary to obtain a low CMC for OPHPC
(see supplementary data, Fig. S2 (A)). In this study, OPHPC can
self-assemble micelles easily in aqueous solution at relatively low
concentration, which suggested that our materials might endure
the dilution in vivo potentially. The CMC of FA-OPHPC was also
detected to be about 8 pg/mL by the same method, showing a sim-
ilar result to that of OPHPC (see supplementary data, Fig. S2 (B)).

3.3. Preparation and characterization of PTX-OPHPC and
PTX-FA-OPHPC

PTX-OPHPC and PTX-FA-OPHPC were prepared by general dial-
ysis method at room temperature. The size and zeta potential of
PTX-OPHPC and PTX-FA-OPHPC were analyzed with dynamic light
scattering (DLS) at room temperature. As shown in Table 1, vari-
ous feeding ratios of the drug to carrier (W/W) showed different
performances in size, zeta potential, drug-loading efficiency (DLE)
and drug-encapsulating efficiency (DEE). Finally, the PTX-OPHPC
formula with feeding ratio of PTX to OPHPC, which exhibited a
small particle size, relative high DLE and DEE, was decided to be
6/10 in following studies. Furthermore, TEM and AFM images in
Fig. 4 showed that PTX-OPHPC were nearly spherical with average
size as well as narrow distribution and dispersed homogeneously
in aqueous medium, which accorded with the results from DLS.
PTX-FA-OPHPC showed similar behavior to PTX-OPHPC in the mor-
phological studies (see supplementary data, Fig. S3).

When the degrees of crystallization of polymer increased, con-
formations were more stable (Yao et al., 2007). It suggested that
the drug-loaded capability of OPHPC were highly relative to crys-
tallization of carrier. The evidence could be observed in Fig. 3(A),
OPHPC and FA-OPHPC displayed good solubilization of PTX because
chitosan modifications could rotate their backbones more easily
than chitosan. In addition, lower crystallization might promote the
affinity between the inner part of micelles and hydrophobic drugs.

3.4. Cytotoxicity studies

To investigate the potential cytotoxicity against the normal cell
lines and the influence of phthalyl groups in cytotoxicity, the anti-
proliferation of OHPC, OPHPC and FA-OPHPC were gauged using
MTT assay. As shown in Fig. 5, OPHPC and FA-OPHPC displayed
little cytotoxicity against L-O2 cells with the concentration from
31.25 to 500 pg/mL. Furthermore, no remarkable difference in the
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Fig. 5. Cytotoxicity of OHPC (DS of octyl and 2-hydroxypropyl groups are 60%
and 106%, respectively), OPHPC (DS of octyl, phthalyl and 2-hydroxypropyl groups
are 60%, 29% and 106%, respectively) and FA-OPHPC (DS of octyl, phthalyl, 2-
hydroxypropyl and FA groups are 60%, 29%, 106% and 5%, respectively) against L-O2
cell line at various concentrations (n=6).
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Fig. 6. MCF-7 cellular uptake studies. MCF-7 cellular uptake of PTX: (A) at different time with 50 pwg/mL PTX (n=3), (B) with 75, 150 and 300 pg/mL PTX for 2h (n=6,
**P<0.01 vs PTX-OPHPC at the same time). Relative uptake efficiency of PTX-M: (C) PTX-OPHPC and (D) PTX-FA-OPHPC with 50 wg/mL PTX in the absence or presence of

various endocytosis inhibitors (n=3; *P<0.05, **P<0.01 vs control).

cytotoxicity of OPHPC and FA-OPHPC at the same concentration
was observed, suggesting that FA moieties did not influence the
cytotoxicity. Although incorporation of phthalyl groups was criti-
cal to improve the solubility of chitosan modifications and kept an
excellent drug-loaded capability, OHPC displayed a lower cytotox-
icity against L-O2 cells in comparison with OPHPC, indicating the
increase of cytotoxicity after introduction of phthalyl groups. These
results demonstrated that OPHPC and FA-OPHPC were persuasive
for the potential application as safe drug vehicles.

3.5. Cellular uptake studies

3.5.1. MCF-7 cells accumulation of PTX

Based on the natural high affinity of folate receptor protein
(FR), which is commonly over-expressed on the surface of many
human tumor cells such as brain, kidney, lung, and breast tumor
cells, folate-modified carrier would bind tightly to the FR and trig-
ger cellular uptake via receptor-mediated endocytosis (Goldstein,
Anderson, & Brown, 1979), MCF-7 cell line was chosen as the over-
expressed FR cell models for the following studies.

In the cellular uptake studies, the uptake of PTX in Taxol®, PTX-
OPHPC and PTX-FA-OPHPC by MCF-7 cells were assayed to evaluate
the uptake enhancement and potential ability of active targeting to
tumor cells. The cellular uptake kinetics were studied and results
were displayed in Fig. 6(A), PTX-OPHPC, PTX-FA-OPHPC and Taxol®
represented time-dependent pathway in cellular uptake and indi-
cated that PTX-M had a strong effect on promoting the MCF-7
cellular uptake of PTX. In Fig. 6(B), MCF-7 cellular uptake of PTX
with 300, 150 and 75 p.g/mL concentration of PTX-FA-OPHPC were
42.64+5.35, 29.38+8.32 and 15.23 +£4.23 pg/mg, which were
2.55-fold, 3.4-fold, and 2.22-fold higher than that of PTX-OPHPC at
the same concentration of PTX, respectively (**P<0.01), suggesting

that PTX-FA-OPHPC could act as an efficiently active targeted drug
delivery system in comparison with PTX-OPHPC.

3.5.2. Endocytosis pathways of PTX-M

Surface chemistry of micelles greatly impacts on endocyto-
sis pathway. Modulating the potential, shape, size and surface
modification of the particles could realize a specific internaliza-
tion pathway, such as the clathrin-mediated, caveolae-mediated or
receptor-mediated endocytosis (Lee et al., 2000; Maruyama, 2002).
In an effort to elucidate the potential uptake mechanisms involved
in the cellular uptake of the test micelles, the sucrose, genis-
tein, folic acid and amiloride were acted as the specific agents for
clathrin-mediated, caveolae-mediated, folate receptor-mediated
endocytosis and macropinocytosis respectively to investigate each
type of cellular uptake mechanism. As shown in Fig. 6(C and D), in
comparison with MCF-7 cellular uptake of PTX-M with 50 mg/mL
PTX without any endocytosis inhibitors as control, it demonstrated
that different endocytosis inhibitors presented different effects on
internalization of micelles into MCF-7 cells. Incubation of MCF-
7 cells with PTX-OPHPC in the presence of sucrose or genistein
resulted in the significant (*P<0.05) decrease of cellular uptake
of PTX, indicating that clathrin and caveolin were involved in the
internalization of PTX-OPHPC. However, after culture of PTX-FA-
OPHPC and folic acid with MCF-7 cells for 1 h, the cellular uptake of
PTX was extremely significant (**P<0.01) inhibited, suggesting that
PTX-FA-OPHPC could entry cells through folate receptor-mediated
pathway. Meanwhile, the cellular uptake of PTX was decreased
about 22% after treating with genistein, suggesting that the endocy-
tosis mechanism of folate conjugated micelles as a tumor targeting
drug delivery system also carried drugs into tumor cells via the
caveolae-mediated pathway, and such results were in accordance
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with the previous papers (Wang, Tiruppathi, Cho, Minshall, & Malik,
2011).

4. Conclusions

In this paper, OPHPC and FA-OPHPC were designed and syn-
thesized. The chemical structures and some physical properties
were characterized by 'H NMR, 13C NMR, FT-IR, elemental anal-
ysis, WAXD, GPC and TGA. The CMC and solubility of OPHPC in
water and organic solvents were improved by introducing phthalyl
groups. PTX-OPHPC with small particle size and narrow distribu-
tion were prepared, which showed that the apparent solubility of
PTX was increased by 4000-fold in comparison with that of free
PTX in aqueous medium. OPHPC and FA-OPHPC showed nearly
noncytotoxicity against L-O2 cells. In the cellular studies, PTX-
FA-OPHPC significantly improved the uptake of PTX compared
with PTX-OPHPC and Taxol®. Furthermore, we also illustrated
that folate moieties exhibited a direct impact on the internaliza-
tion mechanism. PTX-FA-OPHPC entered MCF-7 cells via folate
receptor-mediated and caveolae-mediated pathways, while the
internalization of PTX-OPHPC via clathrin-mediated and caveolae-
mediated pathways were observed. In conclusion, it suggested that
PTX-OPHPC exhibited significant enhancement on cellular uptake
and PTX-FA-OPHPC displayed a good active targeting ability to
MCF-7 cells.
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