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a b s t r a c t

O-carboxymethylated chitosan (OCMC) was firstly hydrophobically modified with various deoxycholic
acid (DOCA) to obtain a novel kind of amphiphilic polymer, and then covalently bound with folic
acid (FA) to develop a new potential cancer-targeted drug delivery system. Structural characteriza-
tions of the conjugates were investigated using FTIR, 1H NMR and XRD. The physicochemical properties
of self-aggregates in aqueous media were studied by 1H NMR, zetasizer, zeta potential, fluorescence
eywords:
-carboxymethylated chitosan
eoxycholic acid
olic acid
elf-aggregates

spectroscopy, and transmission electron microscopy (TEM). The mean diameter of self-aggregates
in PBS solution (pH 7.4) decreased with the degree of substitution (DS) of DOCA increasing. Zeta
potential of self-aggregates exhibited near −20 mV in PBS solution (pH 7.4), indicating these nanoparti-
cles were covered with negatively charged OCMC shells. The critical aggregation concentrations (cac)
of the conjugates were dependent on the DS of DOCA and were significantly lower than those of
low molecular weight surfactants. TEM images demonstrated that the shape of self-aggregates was

spherical.

. Introduction

Recently, amphiphilic polymers consisting of hydrophilic and
ydrophobic moieties have received increasing interest because of
heir potential biotechnological and pharmaceutical applications
Gref et al., 1994; Kataoka, Harada, & Nagasaki, 2001; Tobio, Gref,
anchez, Langer, & Alonso, 1998). In an isotropic aqueous solution,
arious amphiphilic polymers spontaneously form micelles or self-
ggregates which are promoted by intra- and/or intermolecular
ssociation between hydrophobic segments, primarily to minimize
nterfacial free energy (Akiyoshi, Deguchi, Moriguchi, Yamaguchi, &
unamoto, 1993; Kataoka et al., 2001; Mortensen, 2001; Nagasaki,
asugi, Yamamoto, Harada, & Kataoka, 2001). These polymeric
icelles or self-aggregates consist of the inner core of hydropho-

ic segments and the outer shell of hydrophilic segments, and this
ore–shell structure has been recognized as a promising delivery
arrier because the hydrophobic core can serve as a reservoir for

arious hydrophobic bioactive agents (Kataoka, Kwon, Yokoyama,
kano, & Sakurai, 1993; Kataoka et al., 2001; Nagasaki et al., 2001).
lso, these polymeric micelles exhibit the unique characteristics,
uch as unusual rheological feature, small hydrodynamic radius,
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and thermodynamic stability (Huh et al., 2000; Kakizawa, Harada,
& Kataoka, 2001; Tae, Kornfield, Hubbell, & Lal, 2002). Therefore,
in the past decades, many efforts have been made to develop some
novel amphiphilic polymers such as amphiphilic block copolymers
(Kabanov et al., 1995; Lee et al., 1999; Nagasaki et al., 2001; Poppe,
Willner, Allgaier, Stellbrink, & Richter, 1997) and hydrophobically
modified polymers (Huh et al., 2000; Kim et al., 2000) which form
compact micellar structure in an aqueous media self-assembly. In
recent years, much attention has been paid to natural polysac-
charides, such as chitosan, dextran and pullulan, which can been
hydrophobically modified with alkyl chains and bile acids to form
nanosized micelles or self-aggregates as drug delivery systems
(Akiyoshi et al., 2000; Kuroda, Fujimoto, Sunamoto, & Akiyoshi,
2002; Na & Bae, 2002; Yuan, Li, Zhu, & Woo, 2006). In particular,
self-aggregates of hydrophobically modified chitosan are formed in
an aqueous solution, showing as a promising potential carrier for
hydrophobic drugs and genes (Kim et al., 2001; Kwon et al., 2003;
Yuan, Li, & Yuan, 2006).

Chitosan, the N-deacetylated derivative of chitin, is a copoly-
mer of glucosamine and N-acetyl-d-glucosamine linked together

by ˇ(1,4) glycosidic bonds. Recently, researchers concentrated on
chitosan as a drug (Lee, Kim, Kwon, & Jeong, 2000; Ruel-Gariepy,
Leclair, Hildgen, Gupta, & Leroux, 2002; Zhang & Zhang, 2002) or
gene (Kim et al., 2001; Koping-Hoggard et al., 2001; Lee, Kwon,
Kim, Jo, & Jeong, 1998) carrier because of its biocompatibility,

ghts reserved.
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X-ray diffraction (XRD) spectrometry was obtained using an
XD-3A powder diffractometer (D/Max r-B, Rigaku, Japan). A Cu K�
F. Wang et al. / Carbohydrat

iodegradability, low toxicity and good availability. However, the
oor solubility of chitosan in biological solution (pH 7.4) is a major
rawback for its extended application in drug delivery systems.

t was reported that, the water solubility of chitosan could be
dvanced by various approaches such as quaternization of the
mino group, carboxymethylation, and pegylation. Glycol modified
hitosan with a stable nanoparticle structure in physiological con-
itions show a good water solubility and biocompatibility (Kwon
t al., 2003; Park et al., 2004; Son et al., 2003). Carboxymethylation
s considered as a method to improve the water solubility for many
olysaccharides. O-carboxymethylated chitosan (OCMC), a kind of
arboxymethylated derivative of chitosan, contains –COOH and
NH2 groups in the molecular structure and is prepared by chemical
eactions of chitosan and monochloroacetic acid. The good biocom-
atibility, bioactivity, antibacterial activity, stability and aqueous
olution property of OCMC have been reported in some early papers
Chen & Park, 2003; Chen, Du, Tian, & Sun, 2005; Liu, Guan, Yang,
i, & Yao, 2001). Deoxycholic acid (DOCA), a main component of
ile acid, contains the hydrophilic moieties such as the carboxyl
roup at the end of the branched side chain of carbon atoms and the
ydroxyl groups at both 3� and 12� positions and the hydropho-
ic cyclopentenophenanthrene nucleus in its molecule. DOCA can
orm micelles in water because of its amphiphilicity, which plays
n important role in the emulsification, solubilization, and absorp-
ion of cholesterol, fat, and vitamins in the body (Enhsen, Kramer,

Wess, 1998). Thus, it was expected that the introduction of
OCA into the OCMC would induce self-association to form self-
ggregates.

However, this kind of self-aggregates could not escape from the
eticuloendothelial system (RES), and would be scavenged by the
ononuclear phagocyte system (MPS). Moreover, the inadequate

ptake of the self-aggregates at tumor sites will decrease the effect
f the administered drug dose, and non-specific accumulation in
ealthy tissues can lead to toxic side effects, limiting the maxi-
um dosage that can be safely used. These constraints prevent

rug-loaded self-aggregates from achieving the potential thera-
eutic effect which might otherwise be attained (Han et al., 2009).
o achieve cancer-targeted drug delivery, several methods have
een attempted, one strategy is the utilization of unique molecular
arkers that are specifically overexpressed within the cancerous

issues. It is well known that folate receptor (FR), folate-binding
rotein, is overexpressed on the surface of many human epithelial
ancer cells, including cancers of the ovary, kidney, uterus, colon,
nd lung, but rarely found on normal cell surface (Liu, Wiradharma,
ao, Tong, & Yang, 2007; Lu & Low, 2003; Zhang, Kohler, & Zhang,
002). Folic acid (FA) is appealing as a ligand because it is useful for
argeting cell membranes and enhancing endocytosis of nanoparti-
les via the FRs (Chan, Kurisawa, Chung, & Yang, 2007; Park, Lee, &
ee, 2005). Importantly, FA conjugates, which are covalently deriva-
ive via its �-carboxyl group, can retain a strong affinity toward
ts receptor, and the mechanism of cellular uptake of FA conju-
ates by FRs is similar to that of FA chemicals (Chan et al., 2007).
ecycling of FRs in target cells can lead to transporting more FA
onjugates (Wang et al., 1997). So far, many researches have been
eported on FA conjugated polymeric micelles, macromolecules,
anoparticles and liposomes for the targeted delivery of anticancer
gents or genes (Lee & Low, 1994; Lee, Na, & Bae, 2003; Mansouri,
uie, Winnik, Shi, & Lavigne, 2006; Oyewumi, Yokel, Jay, Coakley,
Mumper, 2004; Zhao, Yue, & Lanry, 2008).
In our study, OCMC was firstly hydrophobically modified with

OCA, then covalently bound with FA to develop a new cancer-
argeted drug delivery system. Herein, we investigated the effects
f degree of substitution (DS) and pH of the medium on the

ormation of self-aggregates in detail, and the physicochemical
haracteristics of self-aggregates in aqueous media were also
tudied.
mers 84 (2011) 1192–1200 1193

2. Materials and methods

2.1. Materials

OCMC (Mn = 8.5 × 104, degree of deacetylation = 90%, degree
of carboxymethylation = 85%) was purchased from Hong Hai
Biotechnology Co., Ltd. Qingdao (China). DOCA, FA, 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), and
pyrene were obtained from Sigma Co. (USA). N-Hydroxy succin-
imide (NHS) was purchased from Alfa Aesar (USA). All reagents
were analytical grades and used without further purification. Water
was purified by distillation, deionization, and reverse osmosis
(Milli-Q plus) .

2.2. Modification of OCMC with DOCA

The course of reaction was shown in Scheme 1a. The OCMC
(0.25 g) was dissolved in distilled water (25 mL), followed by dilu-
tion with methanol (75 mL). Different amounts of activated DOCA
(0.0115–0.345 mol/mol sugar residues of OCMC) were added and
stirred until the solutions were optically transparent. To activate
the carboxylic acid groups of DOCA in dried DMSO, equal amounts
(1.5 equiv./DOCA) of EDC and NHS were added into the solution,
which allowing the formation of an amide linkage by the reaction
with primary amino groups in OCMC. The resulting solution reacted
by stirring for 36 h at room temperature. Then, the reactant mix-
ture was dialyzed against the excess amount of water/methanol
mixture (1 v/4 v) for 3 days using a dialysis tube (molecular cut off
12,000), followed by lyophilization to obtain DOMC conjugates.

2.3. Synthesis of DOMC–FA conjugates

Folate was attached to the surface amino groups of DOMC via a
carbodiimide reaction as described by Mansouri et al. (2006) and
Yang et al. (2010) (Scheme 1b). Briefly, FA (0.25 or 0. 5 mol/mol
sugar residues of DOMC) was dissolved into a mixture of anhydrous
DMSO (5 mL) and triethylamine (TEA, 0.5 mL), and activated by
equal amounts (2 equiv./FA) of EDC and NHS under nitrogen anhy-
drous conditions for 2 h at room temperature. The DOMC (0.25 g)
was dissolved in distilled water (25 mL), followed by dilution with
methanol (25 mL). Stirred until the solutions were optically trans-
parent, then activated FA was added dropwise to DOMC solution.
The resulting mixture was stirred at room temperature for about
24 h under nitrogen atmosphere to let FA conjugate onto chitosan
molecules, and then titrated to pH 9.0 with 0.1 M NaOH to termi-
nate the reaction. The solution was dialyzed first against phosphate
buffer (PBS, pH = 7.4) for 3 days to remove excess of unreacted sub-
strates and then against distilled water for 3 days. The polymer was
isolated by lyophilization. The final product DOMC–FA was a yellow
dry powder and the purity quotient was detected by HPLC analysis
(Agilent 1100 Series, USA). All the processes were operated in the
dark.

2.4. Characterization of the polymers

The chemical structures of OCMC and DOMC conjugates were
analyzed using a Fourier transform infrared (FT-IR) spectropho-
tometer (KBr pellets, BRUKER VERTEX70, Germany) and 1H NMR
spectra of the OCMC, DOMC and DOMC–FA were measured in D2O
or D2O/DMSO-d6 (3:1, v/v) using a 600 MHz spectrometer (Inova-
600, Varian, USA).
radiation at 40 kV and 100 mA was used. Diffractograms were per-
formed from the initial angle 2� = 3◦ to the final angle 2� = 50◦ with
the steps of 0.02◦, at a scanning speed of 4◦/min (2�).
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Scheme 1. The mod

.5. Determination of degree of substitution

.5.1. DOCA content
The amount of DOCA covalently bounded to OCMC was

etermined spectrophotometrically according to the procedure
escribed by Yuan, Li, and Yuan (2006), Nichifor and Carpov (1999).
riefly, the polymer sample (4–10 mg) was accurately weighed in
n ampoule and dissolved in 0.5 mL DMSO, then 0.5 mL 60% aque-
us acetic acid solution and 9.0 mL water/sulfuric acid (65/50, v/v)
ere successively added. The content of the ampoule was homoge-
ized, heated at 70 ◦C for 30 min, then cooled to room temperature.
he UV (UV-2102PCS, UNICO, Shanghai, China) absorbance at
78 nm was measured against a blank containing the same compo-
ents as the sample but without the polymer. Individual calibration
urves of absorbance versus DOCA concentrations were made. The
egree of substitution (DS, mol%, expressed as mole DOCA/100
ugar residues of OCMC) was calculated according to the following
ormula:

S = c/MDOCA

(m − c)/MOCMC

here c is the content of the DOCA determined from the cor-

esponding calibration curve; m is the amount of the modified
olymers used in experiment; MDOCA is the molecular weight of the
OCA residue; MOCMC is the molecular weight of units OCMC units

Ugl). The DS values were also determined from 1H NMR spectra
Yuan, Li, & Yuan, 2006).
n process of OCMC.

2.5.2. FA content
The molar ratios of FA to amino groups in final conjugates were

determined by a UV/vis spectrophotometer using the molar extinc-
tion coefficient value of 6197 mol−1 cm−1 at � = 363 nm (Reddy &
Low, 1998). Briefly, accurately weighed folate derivative was dis-
solved in water and DMSO (1/1, v/v) to obtain a 0.02 wt.% DOMC–FA
conjugate solution, and then measured with UV/vis spectropho-
tometer. FA powder was dissolved and diluted to a series of gradient
FA standard solutions that were used to prepare the calibration
curve in the range of 5–35 �g/mL for further analysis. The degree
of substitution (DS), defined as the number of FA per 100 sugar
residues of OCMC was calculated according to the following for-
mula:

DS = c/MFA

(m − c − m1)/MOCMC

where c is the content of the FA determined from the correspond-
ing calibration curve; m is the amount of the modified polymers
used in experiment; m1 is the amount of the DOCA contained in
the modified polymers used in experiment; MFA is the molecular
weight of the FA; MOCMC is the molecular weight of OCMC units
(Ugl).
2.6. Preparation of self-aggregates

The DOMC and DOMC–FA conjugates were suspended in var-
ious pH phosphate-buffered saline (PBS) solution (identical ionic
strength = 0.2) under gentle shaking at room temperature for 8 h.
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he solution was then sonicated three times using a probe-type
onifier (JY92-IIUltrasonic Processor, Xinzhi, Linbo, China) at 90 W
or 2 min each, in which the pulse was turned off for 2 s with the
nterval of 4 s to prevent the increase of temperature. Then, the
olution of self-aggregates was passed through membrane filter
pore size: 0.45 �m, Millipore) and stored at 4 ◦C in refrigerator.

.7. Evaluation of particle size and zeta potential

The average particle size and size distribution of self-aggregates
ere determined using a Zetasizer (3000HS, Malvern Instruments

td, UK).
The zeta potentials of self-aggregates were measured with a zeta

otential analyzer (Brookhaven ZetaPALS, USA). The concentration
f self-aggregates was kept constant at 2.0 mg/mL in PBS solution.

.8. Measurement of fluorescence spectroscopy (pyrene)

To investigate the fluorescence spectroscopy characteristics, the
OMC and DOMC–FA suspensions were prepared by the same pro-
edure as mentioned for preparation of the aggregates above. The
otential of self-aggregates property and the critical aggregation
oncentration (CAC) of the DOMC and DOMC–FA conjugates were
stimated by the probe fluorescence technique (Gao et al., 2008),
sing pyrene as a hydrophobic probe. Briefly, a certain amount of
yrene solutions (3 × 10−4 M) in acetone were added to a series of
ials, and followed by evaporation to remove the acetone. Then,
arious conjugates suspensions, of which concentration ranged
rom 1.0 × 10−4 to 2.0 mg/mL, were added to each vial and soni-
ated in an ultrasonic bath (KQ3200E, China) for 3 h to equilibrate
he pyrene and the nanoparticles, and then left undisturbed to cool
vernight at room temperature. The final concentration of pyrene in
ach sample was 6.0 × 10−7 M. To obtain pyrene emission spectra,
he slit widths for excitation and emission were set at 5 and 2.5 nm,
espectively. The emission spectra of pyrene were performed at a
ange from 350 to 500 nm using a fluorescence spectrophotometer
F-2500, Hitachi, Japan) at the excitation wavelength of 334 nm and
n integration time of 4 s/nm.

.9. Transmission electron microscopy (TEM) observation

The morphology and size of self-aggregates were observed using
transmission electron microscope (TEM) (H-7000, Hitachi, Japan).
drop of sample solution (2 mg/mL) was placed onto a 300-mesh

opper grid coated with carbon. After 2 min, the grid was tapped
ith a filter paper to remove surface water, followed by air drying

nd negatively stained with 2% phosphotungstic acid for 30 s. The
rid was dried at room temperature and then observed by TEM.

. Results and discussion

.1. Synthesis and characterization of DOMC and DOMC–FA
onjugates

For the synthesis of DOMC and DOMC–FA conjugates, EDC
nd NHS reacted with a carboxyl group of the DOCA and FA,
espectively, to initially form an active ester intermediate, which
ovalently attached to a primary amine group of the OCMC to form
n amide bond, thus producing a novel kind of targeted amphiphilic
olymer. In the FT-IR spectra (data not shown), the characteristic
bsorption bands of OCMC appeared at 1597 cm−1, assigned to the

–H bending vibration of the primary amine group, which covered

he amide I and II band and showed the high degree of deacety-
ation of OCMC. For the DOMC spectrum, compared with natived
CMC, the absorption band at 1601 cm−1 was evidently decreased,
nd there were two new absorption peaks for the C O group. The
mers 84 (2011) 1192–1200 1195

peak at about 1635 cm−1 was ascribed to the amide I band stretch-
ing vibration and the peak at about 1726 cm−1 was due to the
carboxyl characteristic peaks in protonated form (Sandula, Kogan,
Kacurakova, & Machova, 1999). These results are evidence of the
conjugation of DOCA onto OCMC by acylation of amide linkages.
Also, the presence of DOCA in DOMC was verified by the charac-
teristic peaks of DOCA appearing at 0.5–2.5 ppm in the 1H NMR
spectra (Kim et al., 2005). As shown in Fig. 1, compared with the
spectrum of OCMC (Fig. 1a) and DOCA (Fig. 1b), the signals of DOCA
in DOMC (Fig. 1d) at 0.53, 0.74, 0.77 and 0.78 ppm were correspond
to the protons of CH3 groups at positions 18, 19 and 21 of the steroid
skeleton of DOCA, respectively (Yuan, Li, & Yuan, 2006).

Successful synthesis of the folate residue with DOCA grafted
OCMC was confirmed by a 1H NMR spectroscopy. Compared with
the 1H NMR spectra of DOMC and FA (Fig. 1e), the appearance of sig-
nals at 6.5–9.0 ppm in the 1H NMR spectrum of DOMC–FA (Fig. 1f)
is attributed to the resonance of the folate aromatic protons. The
signal at 8.58 ppm is corresponded to the proton at the 7-position of
the pterin ring of FA, and for the signals at 7.56 and 6.71 ppm which
are due to the FA proton from the H13/15 and H12/16, respectively
(Wan, Sun, & Li, 2008). They revealed the couple of the folate residue
to the DOMC. Also, the singles of DOCA were observed in DOMC–FA
conjugates, that is to say, there are DOCA molecules in both DOMC
and DOMC–FA conjugates.

By this coupling reaction, various DOMC conjugates with dif-
ferent DS of DOCA were prepared by controlling the feed ratio of
DOCA to OCMC. The DS is in the range from 3.6 to 6.9 per 100 sugar
residues of OCMC in this experiment, and good agreement of the
results obtained by the two methods (UV and NMR) were observed.
The relevant signals of folate were much weaker than the broad and
strong proton signals of DOCA and OCMC residues. Therefore, for
more accurate evaluation, the DS of folate was assessed by UV spec-
troscopy as described in Section 2. The grafting degrees of DOCA of
DOMC and folate of DOMC–FA are listed in Table 1.

In order to investigate the changes of the microstructure
between OCMC and its derivative, X-ray diffraction experiments
were performed. The X-ray diffraction patterns of the OCMC (a),
DOCA (b), DOMC7 (c), FA (d) and DOMC–FA2 (e) are displayed
in Fig. 2. Native OCMC had diffraction at 2� = 20.5◦ and 2� = 22.4◦

which was assigned to the crystal form. The diffraction curve of
DOCA exhibited a sharp peak at 2� equals 10.8◦, 13.5◦, 14.1◦, 15.0◦,
16.1◦, 17.9◦and 19.1◦, and FA had sharp peaks at 2� equals 10.7◦,
12.9◦, 16.2◦, 16.8◦, 19.1◦, 26.5◦, 26.9◦ and 27.6◦. In contrast to OCMC,
the peak at 2� = 20.5◦ disappeared and the intensity and location of
peaks were changed obviously in the diffraction pattern of DOMC7,
indicating a less ordered structure and crystal defects. However,
the DOMC–FA2 showed no sharp diffraction peaks at all and the
intensity of peaks was much weaker. These results indicated that
the crystalline structure of OCMC had been completely disrupted,
proving DOCA and FA were coupled to OCMC.

In this experiment, the degree of deacetylation of OCMC was
90%. Although DOCA and OCMC were reacted by stirring for 36 h
in solution, the maximum degree of substitution of DOCA was
6.9%. That is to say, there were still 83.1% of free amino groups
on the surface of OCMC, which could conjugate with FA. The DS
of FA increased with the increasing in the feed ratio of FA, which
indicated that the DS of DOCA had no effect on FA coupled to
OCMC.

3.2. Self-aggregation of DOMC and DOMC–FA conjugates
The DOMC, composed of hydrophilic OCMC and hydrophobic
DOCA, was characterized using 1H NMR in different solvent sys-
tems including both D2O and D2O/DMSO-d6 (3:1, v/v) (Fig. 1). For
the 1H NMR results in D2O/DMSO-d6 (3:1, v/v) (Fig. 1d), an available
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Fig. 1. 1H NMR spectra of DOCA in DMSO-d6 (a), OCMC in D2O (b), DOMC in D2O
(c), DOMC in D2O/DMSO-d6 (3:1, v/v) (d), FA in DMSO-d6 (e) and DOMC–FA in
D2O/DMSO-d6 (3:1, v/v) (f) at 25 ◦C.
Fig. 2. WAXD spectra of OCMC (a), DOCA (b), DOMC7 (c), FA (d) and DOMC–FA2 (e).
Results indicated that DOCA and FA coupled to OCMC.

solvent for dissolving both OCMC and DOCA, all the characteris-
tic peaks of the DOMC conjugates were clearly observed, whereas
the characteristic proton peaks of DOCA, including 18-CH3, 19-
CH3, 21-CH3 and methylene–methine, significantly decreased in
D2O (Fig. 1c). It indicated that the molecular motion of hydropho-
bic DOCA in DOMC was limited because of the formation of
self-aggregates in D2O, thus causing proton signal shielding or

peak broadening of DOCA. This trend in the 1H NMR spectra was
consistent with other amphiphilic polymers that form micelles
or nanoparticles in the aqueous phase (Kim et al., 2000; Kim,
Lee, Kwon, Chung, & Jeong, 2002; Kwon et al., 2003). So, the

Table 1
Properties of DOCA hydrophobic-modified OCMC and FA conjugations in PBS solu-
tion (pH = 7.4).

Samplea DSb (%) Xc (%) dd (nm) PId �e (mV) CACf (mg/mL)

DOMC4 3.6 6.08 383.5 0.351 −17.03 0.0655
DOMC5 4.7 7.79 321.7 0.327 −16.53 0.0569
DOMC6 5.6 8.85 290.0 0.372 −16.27 0.0438
DOMC7 6.9 11.04 231.1 0.365 −16.23 0.0273
DOMC–FA1 6.8 11.04 212.5 0.259 −15.98 0.0257
DOMC–FA2 14.3 11.04 179.4 0.345 −15.22 0.0227

a In DOMC conjugates, where the number indicates the DS of DOCA; the DOMC–FA
conjugates were produced by DOMC7 with different amounts of FA.

b Degree of substitution expressed as mole DOCA (in DOMC) and FA (in DOMC–FA)
per 100 sugar residues of O-carboxymethylated citosan.

c Weight fraction of DOCA.
d Mean diameter and polydispersity indices measured by a Zetasizer.
e The � potential of the DOMC and DOMC–FA conjugated in PBS solution(pH = 7.4)

at 2 mg/mL.
f Critical aggregation concentration determined by fluorescence spectroscopy.
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on the DS, was in a good agreement. A similar finding has been
ig. 3. Histograms of the size distribution of self-aggregated nanoparticles (DOMC7
a) and DOMC–FA2 (b)). Compared with DOMC7, DOMC–FA2 has a narrow size
istribution.

OMC–FA conjugates, composed of the hydrophilic chain OCMC
nd hydrophobic segment DOCA, must self-aggregates in aqueous
edia to form core–shell structured nano-micelles. The micellar

ore was assembled by a hydrophobic effect of the DOCA, while the
ydrophilic chain OCMC comprised the brush-like structured shell
f the micelles, and FA, the targeting group, which dissolved in the
edium was on the surface of the nano-micelles.
The size and size distribution of self-aggregates of DOMC and

OMC–FA conjugates with different DS in a PBS solution (pH = 7.4)
ere measured by a Zetasizer. As shown in Table 1, the mean sizes

f self-aggregates of DOMC were in the range of 231–383 nm and
OMC–FA were slightly smaller with the size of 179–212 nm. Obvi-
usly, the size of self-aggregates decreased as the DS increased,
ndicating formation of more dense hydrophobic cores because of
he enhanced hydrophobic interaction between DOCA attached to
CMC. The polydispersity indices (PI) of self-aggregates were rel-
tively low (0.259–0.372), implying a narrow size distribution for

ll formulations. As shown in Fig. 3, the DOMC7 (a) and DOMC–FA2
b) self-aggregates in PBS solution (pH 7.4) have a mean diameter
f 231 nm and 179 nm, respectively, with a unimodal size distri-
ution. Overall, the sizes of self-aggregates based on DOMCs were
mers 84 (2011) 1192–1200 1197

larger than those based on DOCA-modified chitosan (161–180 nm)
(Lee, Jo, Kwon, Kim, & Jeong, 1998), but smaller than those based
on DOCA-modified glycol chitosan (245–450 nm) (Kim et al., 2005).
The different solubility among chitosan, OCMC and glycol chitosan
should affect the size of self-aggregates. Moreover, the different
molecular weight might be another possible reason; for example,
the increase in the molecular weight of chitosan was demonstrated
to increase the size of self-aggregates because of the rigidity of
the chitosan chain (Kim et al., 2001; Kwon et al., 2003). From the
data listed above, it was clear that self-aggregates of DOMC–FAs
showed slightly smaller size and narrower size distribution than
those of DOMC7, which illustrated that FA had a relatively weaker
hydrophobicity in the media of PBS solution (pH = 7.4) and might
involve in the formation of self-aggregates like DOCA. However,
as the DS of FA increased, the size of self-aggregates of DOMC–FA
decreased more slowly compared with DOMC which depended on
the DS of DOCA. It was indicated that, most of the folic acid were
dissolved in the media and on the surface of self-aggregates as a
targeting group. This will be confirmed in our future work.

The change of the mean diameter of DOMC7 and DOMC–FA2
self-aggregates as a function of concentration of conjugations in
PBS solution (pH = 7.4) were investigated (data not shown). The
size of self-aggregates was scarcely affected by the concentration of
DOMC7 and DOMC–FA2 in the range of 0.5–5 mg/mL. It is concluded
that the interparticle interaction between self-aggregates is almost
negligible. Considering the biomedical uses of self-aggregates as a
drug delivery system in the body, it is very important that the size
of self-aggregates in PBS solution (pH = 7.4) is independent on the
concentration of amphiphilic polymers (Lee, Jo, et al., 1998).

The analysis of zeta potential, which was the electric potential at
the plane of shear, was a useful tool to predict the physical storage
stability of colloidal systems. The nanoparticles had the higher zeta
potential value, indicating the better stability of this colloidal sys-
tem (Teeranachaideekul, Souto, Junyaprasert, & Muller, 2007). In
our study, the zeta potential values of all self-aggregates were neg-
ative, about −16 mV (Table 1), which indicated that nanoparticles
were covered with negatively charged carboxyl groups of OCMC.
Also, the absolute value of zeta potential of the self-aggregates
decreased in PBS, which might be due to that electrolytes in PBS
screen the negative charges in the OCMC backbone (Gao et al.,
2008). These results implied that self-aggregates were electrostat-
ically stabilized with negative OCMC shells. In general, the zeta
potential values higher than −30 mV signify long-term stability of
aqueous dispersion. However, despite a zeta potential below the
critical value of −30 mV, nanoparticles can have the same long-
term stability, in case the sterical hindrance layer is sufficiently
thick (Müller & Jacobs, 2002; Müller, Jacobs, & Kayser, 2001).

Fig. 4 shows the morphology of self-aggregates in the transmis-
sion electron microscope photographs. Since all the samples have
similar images, the images of DOMC7 (a) and DOMC–FA2 (b) were
chosen as sample. TEM observation confirmed that self-aggregates
composed nanoparticles with a uniform size distribution and their
shapes were near spherical. The mean diameter of self-aggregates
appeared to be a little different from the results determined by
zetasizer measurement, which could primarily be ascribed to the
change of self-aggregates during the drying procedure for the
preparation of TEM specimen. Since zetasizer method involves the
measurement of size in the hydrated state, whereas TEM images
obtain the size at the dried state of the sample. Hence, the size
observed by TEM method was smaller than the size measured
by zetasizer method. However, the general tendency, depending
reported by other authors (Jiang, Quan, Liao, & Wang, 2006; Prabha,
Zhou, Panyam, & Labhasetwar, 2002).

OCMC, which is a derivative of chitin, was obtained via a
carboxymethylation reaction from chitosan. As an amphiphilic
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ig. 4. TEM images of self-aggregates of DOMC7 (a) and DOMC–FA2 (b) (2 mg/mL).

olyelectrolyte, it has weak base cationic (–NH3
+) groups and also

ontains weak acid anionic (–COO−) groups. The effects of pH of the
edium on the aggregation of the modified OCMC are important.
s shown in Table 2, the particle size of DOMC7 and DOMC–FA2
hanged in PBS solution of different pH values, owing to the pro-
onation of amino groups and deionization of carboxyl groups. The
elf-aggregates of the modified OCMC in PBS solution at pH 6.8
ave a smaller mean diameter than those in PBS solution of other
H values. The possible reason is that the pH 6.8 was close to the

soelectric point of modified OCMC, so, the amino groups were
ell-protonated and the surface carboxyl groups were deionized in

BS solution of pH 6.8. Consequently, the hydrophobic interaction
ounteracted the electrostatic repulsion, resulting in the formation
f smaller self-aggregates. It is indicated that the modified OCMC
ad a certain pH sensitivity.

.3. Critical aggregation concentration of self-aggregates

The aggregation behavior of DOMC and DOMC–FA conjugates
n the aqueous media was determined using a probe fluorescence
echnique in the presence of pyrene as a fluorescence probe. If poly-

eric micelles are formed in an aqueous solution, pyrene molecules
referably locate inside or close to the hydrophobic micro-domains

f micelles rather than the aqueous phase, resulting in different
hotophysical characteristics (Amiji, 1995; Wilhelm et al., 1991).
herefore, the fluorescence emission spectra of pyrene incorpo-
ated into self-aggregates of DOMC and DOMC–FA were obtained

able 2
roperties of DOCA hydrophobic-modified OCMC and FA conjugations in PBS solu-
ions of different pH.

Sample pH dd (nm) PId CACf (mg/mL)

DOMC7 6.0 243.7 0.352 0.0287
6.8 222.5 0.335 0.0265
7.4 231.1 0.365 0.0273

DOMC–FA2 6.0 197.2 0.359 0.0241
6.8 168.9 0.339 0.0215
7.4 179.4 0.345 0.0227

d Mean diameter and polydispersity indices measured by a Zetasizer.
f Critical aggregation concentration determined by fluorescence spectroscopy.

Fig. 5. (A) Excitation spectra of pyrene in PBS solution (pH 7.4) in the presence of
DOMC7 and DOMC–FA2 (a) 0.5, (b) 0.25, (c) 0.1, (d) 0.05 (e) 0.01 and (f) 0.001 mg/mL.

The excitation wavelength was 334 nm, and the spectra were accumulated with an
integration time of 4 s/1 nm. (B) Intensity ratio (I372/I383) from pyrene excitation
spectra as a function of polymer concentration in PBS solution (pH 7.4): (�) DOMC7
and (�) DOMC–FA2.

at various concentrations in PBS solution (pH = 7.4), as shown in
Fig. 5A (DOMC7 and DOMC–FA2). The total fluorescence inten-
sity showed no significant changes at low concentration ranges
of self-aggregates. As the concentration increases, however, the
total emission intensity increases and especially the intensity of

the third highest vibrational band at 383 nm (I3) starts to drasti-
cally increase at a certain concentration of amphiphilic polymer.
This concentration is defined as a critical aggregation concentration
(CAC), meaning the threshold concentration of self-aggregates of
amphiphilic polymer by intra- or intermolecular association, which
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an be determined from the crossover point in the low concen-
ration ranges. Fig. 5B shows the intensity ratio (I372/I383) of the
yrene excitation spectra versus the logarithm of the DOMC7 and
OMC–FA2 concentration. The CAC values of the DOMC conjugates
ere in the range of 0.027–0.065 mg/mL, which decreased with the

ncrease in the content of hydrophobic DOCA because of enhanced
ydrophobicity (Table 1). The CAC values of DOMCs were lower
han those of low molecular weight surfactants, e.g., 1.0 mg/mL for
OCA (Kratohvil, Hsu, & Kwok, 1986) and 2.3 mg/mL for sodium
odecyl sulfate in water (Rahman & Brown, 2003), indicating the
OMCs were a novel kind of amphiphilic polymers and could

orm the stable self-aggregates in a aqueous media. The variation
endency of CAC values with DS of DOMCs is similar to that of DOCA-

odified chitosan (DCs) (Lee, Jo, et al., 1998) and DOCA-modified
lycol chitosan (GCDs) (Kim et al., 2005), however, the obtained
ac values are larger than those of DCs (0.013–0.045 mg/mL) which
ossess less hydrophobic DOCA. It suggested that the hydrophilic
ature of the OCMC backbone in DOMCs hampered significantly
he effective association among hydrophobic DOCAs. While, the
ac values of the DOMC–FA conjugates were slightly lower those
hat of DOMC7 (Table 1), which illustrated that FA had a barely
ydrophobic interaction in the media of PBS solution (pH = 7.4),
eaning that most of the FA were dissolved in the media and on

he surface of self-aggregates. Also, the CAC values of DOMC7 and
OMC–FA2 were different in PBS solution of different pH values

Table 2). The CAC values in PBS solution of pH 6.8 were lower than
hich were in PBS solution of other pH values and the reasons
ave been explained above. These results are consistent with our
revious findings in the particle size study.

. Conclusion

Novel kinds of amphiphilic polymer, namely, DOCA and FA mod-
fied OCMC, were prepared and various physicochemical properties
f these self-aggregates in aqueous phases were investigated. The
ean diameters of self-aggregates of DOMCs were in the range of

31–383 nm and DOMC–FAs were slightly smaller in the range of
79–212 nm, with a narrow and unimodal size distribution. The
ritical aggregation concentrations of DOMC conjugates were in the
ange of 0.027–0.065 mg/mL, and the CAC of DOMC–FA conjugates
ere slightly lower than that of DOMC7. The mean diameters and

he CAC values depended on the DS and changed with the pH value.
he size of self-aggregates is independent on the concentration of
mphiphilic polymers in physiological conditions. Results demon-
trated that self-aggregates with hydrophobic domain and targeted
roups on the surface were composed of multiple polymer chains.
he study of physicochemical properties suggests the potential
pplicability of self-aggregates to the pharmaceutical and biomedi-
al fields, especially being used as the delivery of anti-tumor drugs,
nd the further investigations are in progress.
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