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Abstract An oleic acid-grafted chitosan oligosaccharide
(CSO-0A) with different degrees of amino substitution
(DSs) was synthesized by the 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDC)-mediated coupling reac-
tion. Fourier transform infrared spectroscopy (FT-IR)
suggested the formation of an amide linkage between
amino groups of chitosan oligosaccharide and carboxyl
groups of oleic acid. The critical aggregation concentra-
tions (CACs) of CSO-OA with 6%, 11%, and 21% DSs
were 0.056, 0.042, and 0.028 mg-mL, respectively.
Nanoparticles prepared with the sonication method were
characterized by means of transmission electron micro-
scopy (TEM) and Zetasizer, and the antibacterial activity
against Escherichia coli and Staphylococcus aureus was
investigated. The results showed that the CSO-OA
nanoparticles were in the range of 60-200nm with
satisfactory structural integrity. The particle size slightly
decreased with the increase of DS of CSO-OA. The
antibacterial trial showed that the nanoparticles had good
antibacterial activity against E. coli and S. aureus.

Keywords chitosan oligosaccharide, nanoparticles, anti-
microbial activity

1 Introduction

Chitosan, poly[B-(1-4)-linked-2-amino-2-deoxy-D-glu-
cose], is the N-deacetylated product of chitin, which is a
major component of arthropod and crustacean shells such
as lobsters, crabs, shrimps, and cuttlefishes. Chitosan and
its derivatives have been identified as hydrophilic, non-
toxic, biodegradable, antibacterial, and biocompatible and
are widely accepted as active materials with antifungal
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activity (Hirano and Nagao, 1989; Kendra et al., 1989;
Uchida et al., 1989; Roller and Covill, 1999; Ben-Shalom
et al., 2003), antibacterial activity (Jeon and Kim, 2000;
Choi et al., 2001; Helander et al., 2001; Liu et al., 2001;
Chung et al., 2003), and antitumor activity (Suzuki et al.,
1986; Koide, 1998; Mitra et al., 2001; Qin et al., 2002; Qin
et al.,, 2004). Even though chitosan has very strong
functional properties in many areas, its high molecular
weight, high viscosity, and insolubility at physiological pH
values (7.2—7.4) may restrict its uses in vivo.

However, the chitosan depolymerization products, i.e.,
low-molecular-weight chitosan (chitosan oligosaccharide,
CSO), could overcome these limitations and hence find
much wider applications in diversified fields (Vishu Kumar
et al., 2004). With respect to antibacterial activity, chitosan
oligosaccharide is superior to chitin since the former
possesses a lot of polycationic amines, which interact with
the negatively charged residues of macromolecules at the
cell surface of bacteria (Young and Kauss, 1983) and
subsequently inhibit the growth of bacteria. The anti-
bacterial effect of chitosan oligosaccharide has been shown
to be greatly dependent on the species of bacteria,
concentration, pH, and so on. In addition, the water-
soluble chitosan oligosaccharides may be advantageous as
antibacterial agents in in vivo systems compared to water-
insoluble chitosan. Chitosan oligosaccharide-based nano-
particles can be easily formed through self-aggregation.
They have been synthesized as drug carriers as reported in
previous studies and have also been employed as a gene
carrier to enhance gene transfer efficiency in cells (Hu et
al., 2006a, 2006b). However, the antibacterial activity of
chitosan oligosaccharide nanoparticles has been seldom
reported. The unique character of nanoparticles due to their
small size and quantum size effect enables chitosan
oligosaccharide nanoparticles to exhibit superior activities.

In this study, the oleic acid-grafted chitosan oligosac-
charide (CSO-OA) copolymers with various degrees of
amino substitution (DSs) were synthesized, and their
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molecular structures were analyzed by Fourier transform
infrared spectroscopy (FT-IR). Nanoparticles were pre-
pared using a sonication method. The morphology and size
of nanoparticles were measured by transmission electron
microscopy (TEM) and dynamic light scattering (DLS).
Escherichia coli and Staphylococcus aureus were chosen
to be models for the antibacterial assay of nanoparticles.
The influences of DS of CSO-OA, concentration of the
nanoparticles, and pH of the solution on the antibacterial
activity of nanoparticles were also examined.

2 Materials and methods
2.1 Materials

Chitosan oligosaccharide (MW =5 kDa), with a degree of
deacetylation of 75%, was made from crab shell and
obtained commercially. Oleic acid, pyrene, and 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) were
purchased from Sigma Chemicals. All the other chemicals
used in the study were of analytical grade.

2.2 Synthesis of CSO-OA

Oleic acid (OA) was coupled to CSO by the formation of
amide linkages through the EDC-mediated reaction as
described in a previous study (Liu et al., 2007). Briefly,
CSO (1 g) was dissolved in 1% (w/v) aqueous acetic acid
solution (100 mL) and diluted with 85 mL methanol. OA
was added to CSO solution at 0.54 mol/L glucosamine
residue of CSO followed by a drop-wise addition of 15 mL
EDC methanol solution (0.07 g/L) while stirring at room
temperature. The 1:1 mol ratio of EDC to OA was used.
After 24 h, the reaction mixture was poured into 200 mL of
methanol/ammonia solution (7/3, v/v) while stirring. The
precipitated material was filtered; washed with distilled
water, methanol and ether; and then dried under vacuum
for 24h at room temperature. The DS, which can be
defined as the number of OA groups per 100 amino groups
of CSO, was evaluated according to the titration method
(Smith et al., 1980).

The FT-IR spectra of CSO and CSO-OA were recorded
on an FT/IR-430 Fourier Transform Infrared Spectrometer
(Jasco Co. Tokyo, Japan) at room temperature based on the
method of Shigemasa et al (1996). A pellet was formed
from 2 mg of samples and 100 mg of KBr. Data analysis
was carried out using Jwstda-32 (Windows xp).

2.3 Measurement of critical aggregation concentration

The critical aggregation concentration (CAC) was deter-
mined using pyrene as a fluorescence probe. Pyrene
partitioned preferentially in the hydrophobic core of
aggregates (micelles) and changed the photophysical
properties of the micelles under investigation. Pyrene

was first dissolved in acetone and then added to deionized
water to a concentration of 5x 107 mol/L. Acetone was
subsequently removed by reducing the pressure and
stirring for more than 5h at 30°C. The concentration of
CSO-OA in the water was varied from 0.0001 to 0.1 g/L.
The pyrene and CSO-OA in the water were conjugated and
equilibrated at room temperature for 1 day before
measurement. The fluorescence spectra were obtained at
room temperature using a fluorescence spectrophotometer
(Shimadzu RF-5301PC). The fluorescence excitation
spectra of pyrene were measured at a fixed emission
wavelength (Io,) of 343 nm. The emission spectrum of
pyrene was obtained at a fixed excitation wavelength (I.y)
of 390 nm.

2.4 Preparation of CSO-OA nanoparticles

Ten mg CSO-OA was suspended in 10 mL of phosphate
buffered saline (PBS) buffer (pH 7.4), and the suspension
was sonicated using a probe-type sonifier (Ultrasonic
homogenizer UH-600) at 20 W in an ice bath. The
sonication was repeated twice to get an optically clear
solution using pulse function (pulse on, 10.0 s; pulse off,
2.0s). The clear solution of nanoparticles was filtered to
remove dust.

2.5 Characterization of CSO-OA nanoparticles

The morphology of the nanoparticles was observed
by TEM with a JEM-2010. Solutions of CSO-OA
nanoparticles were placed onto a copper grill covered with
nitrocellulose. They were dried at room temperature and
then were examined using TEM by negative staining with
an aqueous solution of sodium phosphotungstate (Li et al.,
2007).

The distribution size of nanoparticles was measured by
DLS with a Zetasizer 3000. All DLS measurements were
done at a wavelength of 632.8 nm and at 23°C.

2.6 Assays for antimicrobial activity

The antibacterial activity of CSO-OA nanoparticles was
measured according to the method described by Xing
(2008). The solution of CSO-OA nanoparticles (1000 mg/L)
with different DSs was first prepared with 0.1 mol/L acetic
acid, and then the pH was adjusted to 7.0 with 109% NaOH
solution. The minimum inhibitory concentrations (MIC) of
CSO-OA nanoparticles were determined by two-fold serial
broth dilution (Qi et al., 2004), described above, and the
optical density method. The control contained only
nutrient broth and 0.1 mol-L™" acetic acid without CSO-
OA nanoparticles. After adjusting pH to 7.0 with 10%
NaOH solution, all of the samples were inoculated under
aseptic conditions with 50 pL of the inoculums of bacteria
and incubated at 37°C for 24 h, and then the turbidity of the
cultured medium was mensurated at 610 nm. The lowest



Lu HUANG et al. Preparation, characterization, and antibacterial activity of CSO-OA nanoparticles 323

~AAAAaANAACOOH

oleic acid

EDC

H,COCHN
. HO ’
s F 0 0 oo
HO 0
m n
NH, OH

NHCOCH, HO
i HO 0
HO Y
X n NH2 m-x
OH

NH
/
=0

Fig. 1 Reaction scheme for the synthesis of the oleic acid-grafted chitosan oligosaccharide (CSO-OA). EDC: 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide.

concentration of CSO-OA nanoparticles that inhibited the
growth of bacteria was considered as the MIC. To examine
the effect of pH, the pH of the solution of CSO-OA
nanoparticles (1000 mg/L) with different DSs was adjusted
to 4.0, 7.0, and 10.0 with 10% NaOH solution. The
concentrations of both E. coli and S. aureus were adjusted
to about 10* CFU/mL with sterile distilled water. Four mL
CSO-OA nanoparticle solutions were added to 1 mL of the
cell suspensions. The same volume of sterile distilled water
was added to the control group. Samples were blended
fully and removed after 5min. Portions (50 uL) were
spread on triplicate nutrient agar plates and incubated at
37°C for 24 h, and then the numbers of colonies were
counted (Sudarshan et al., 1992; Choi et al., 2001).

2.7 Statistical analyses
The assays were performed at least in triplicate on separate

occasions. The data collected were expressed as the mean
valueststandard deviation.

3 Results and discussion

3.1 Synthesis and characterization of CSO-OA

OA was covalently coupled to an amino group of CSO
using EDC. Figure 1 shows the reaction scheme for the
synthesis of the CSO-OA. CSO-OA was synthesized via
the reaction of the carboxyl group of OA with the amino
groups of CSO in the presence of water-soluble EDC. The

remaining EDC could be easily removed by dialysis with
water, and the remaining OA was washed with ethanol. A
series of CSO-OAs with different DSs were obtained by
changing the free mole ratios of OA to CSO. The DSs of
CSO-OA were about 6%, 11%, and 21%, respectively,
determined by a titration method.

Conjugation was confirmed by infrared spectrum
(Fig. 2). Compared to the infrared spectroscopy (IR)
spectrum of CSO, the spectra of CSO-OA exhibited many
alterations: the absorption at 3000-3600 cm™ (-OH, -NH,)
became weaker, and the vibrational band corresponding to
primary amino groups at 1570 cm™' decreased. The peaks
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Fig. 2 Fourier transform infrared spectroscopy (FT-IR) of
chitosan oligosaccharide (CSO) and oleic acid-grafted chitosan
oligosaccharide (CSO-OA) with different degrees of amino
substitution (DSs). a: CSO; b: CSO-OA with 6% DS; c: CSO-
OA with 11% DS; d: CSO-OA with 21% DS. T: Transmittance.



324 Front. Biol. China 2009, 4(3): 321-327

at 2924 cm™ (3=CH,), 2854 cm™ (§=CH,), 1464 cm™
(8=CH,), and 1182 cm™ (twisting vibration of CH,) were
stronger and sharper in the latter. These results confirmed
that the CSO had been substituted with OA (Le Tien et al.,
2003).

3.2 Formation of CSO-OA aggregation

The aggregation behavior of CSO-OA in aqueous media
was investigated using a fluorometer in the presence of
pyrene as a fluorescent probe. The fluorescence of pyrene
is known to be sensitive to changes in the microenviron-
ment. When the micelles are formed in an aqueous phase,
pyrene molecules are preferentially located within or close
to the hydrophobic microdomain of the micelles. Conse-
quently, the photophysical characteristics of pyrene
molecules in a hydrophobic surrounding differ obviously
from those in an aqueous phase (Ananthapadmanabhan
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Fig. 3 Peak intensity ratio I3/1; (I343/139¢) of pyrene fluorescence
as a function of oleic acid-grafted chitosan oligosaccharide (CSO-

OA) with different degrees of amino substitution (DSs) in aqueous
phase
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et al., 1985). Figure 3 plots the intensity ratio I3/I;
(Iz43/13909) for the pyrene excitation spectra versus the
logarithm of CSO-OA concentration. The high-DS CSO-
OA had a more pronounced hydrophobic character than
the low-DS sample. The CAC values of the CSO-OA
decreased with the increase in the content of hydrophobic
OA because of the enhanced hydrophobicity. The CAC
was determined from the crossover point in the low-
concentration ranges. The CAC values determined in
aqueous media were in the range of 0.056—0.028 mg/mL
and decreased with increasing CSO-OA DS.

3.3 Characterization of CSO-OA nanoparticles

The morphological characteristics of the CSO-OA nano-
particles were evaluated by a TEM. Figure 4 shows a TEM
photograph of the CSO-OA nanoparticles dried at 25°C.
The shapes of the CSO-OA nanoparticles were observed to
be mostly spherical, and the range of diameters of these
nanoparticles was about 60—100 nm when dehydrated. The
size of self-aggregates decreased as the DS increased,
indicating the formation of denser hydrophobic cores in
high-DS samples. This was consistent with the fluores-
cence spectroscopic findings. These results indicated that
the hydrophobically modified CSOs were well dispersed in
aqueous media and that they formed a nanoparticle
structure (Esquenet et al., 2004).

Based on the above results, CSO-OA with 6% DS was
selected for further size distribution experiments. Figure 5
shows the size distribution of the nanoparticles formed by
CSO-OA with 6% DS in the distilled water. The majority
of particles were around 213nm in size. The mean
diameter and size distribution of self-aggregates appeared
to be a little different from the results obtained by TEM
measurement, primarily ascribed to the change of self-
aggregates during the drying procedure for the preparation
of TEM specimens; however, the general tendency was in
good agreement.
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Fig. 4 Transmission electron microscopic photographs of oleic acid-grafted chitosan oligosaccharide (CSO-OA) nanoparticles, original
magnificationx30 000. a: with 6% DS; b: with 11% DS; c: with 21% DS.
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Fig. 5 Size distribution of oleic acid-grafted chitosan oligosac-
charide (CSO-OA) nanoparticles with 6% degree of amino
substitution (DS) of chitosan oligosaccharide (CSO)

3.4 Antimicrobial activity

3.4.1 Effect of concentration of nanoparticles on
antibacterial activity

Figure 6 shows the effect of concentration on the
antibacterial activity of CSO-OA nanoparticles against
E. coli and S. aureus. As the concentrations ranged from
1.95 to 15.63 mg/L, the optical density (OD) values were
not different between the experiment groups and control
group for both bacteria. With the increase in the concen-
tration, the antibacterial activities of the nanoparticle sam-
ples increased. When the concentration was higher than
62.5 mg/L for S. aureus, all nanoparticle samples showed
their antibacterial activity obviously. When the concentra-
tion reached 250 mg/L, almost all bacteria were killed.
Therefore, the MIC of all nanoparticle samples was
250 mg/L against S. aureus. For E. coli, when the nano-
particle concentrations were higher than 125 mg/L (sample
C) and 250 mg/L (samples A and B), they could kill almost
all of the bacteria. Thus, the MIC values of all nanoparticle
samples were 125 mg/L (sample C) and 250 mg/L
(samples A and B) against E. coli. These results indicated
that the antibacterial activity increased as the concentration
of nanoparticle samples increased, which was similar to its
raw material CSO (Jeon and Kim 2000; Liu et al., 2001).

3.4.2 Effect of DS of CSO-OA on antibacterial activities

The effect of DS of CSO-OA on the antibacterial activity
of nanoparticle samples against E. coli and S. aureus is also

E. coli
2.5r

2.0F

ODG 10nm

0.5r

0.0

control 1.95 3.01 7.81 15.6331.25 62.5 125 250 500

concentration/mg-L !

S. aureus
301

2.5

2.0r

ODG 10nm

0.0

control 1.95 3.91 7.81 15.6331.25 62.5 125 250 500

concentration/mg-L !

Fig. 6 Effect of concentration on the antibacterial activity of oleic
acid-grafted chitosan oligosaccharide (CSO-OA) nanoparticles
with different degrees of amino substitution (DSs) of chitosan
oligosaccharide (CSO) against E. coli or S. aureus. OD: optical
density.

shown in Fig. 6. No marked difference was found among
three nanoparticle samples tested in relation to S. aureus,
while sample C formed by CSO-OA with 21% DS
exhibited the most pronounced antibacterial activity
against E. coli. The results indicated that the antibacterial
activity increased as the DS of CSO-OA increased.

3.4.3 Effect of different pH conditions on antibacterial
activity

To examine the effect of pH on the antibacterial activity of
nanoparticles, pH values of 4.0, 7.0, and 10.0 were
selected. Figure 7 shows the effect of pH on the
antibacterial activity of nanoparticles against E. coli and
S. aureus. The antibacterial activity of nanoparticles
increased upon increasing the pH of nanoparticles from
4.0 to 7.0 and decreased with further increase to 10.0 for
both E. coli and S. aureus. All samples exerted complete
inhibitory effects at pH 7.0, indicating that almost no
bacteria existed under neutral condition. It was interesting
to find that the antibacterial activity of nanoparticles in
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Fig. 7 Effect of pH on the antibacterial activity of oleic acid-
grafted chitosan oligosaccharide (CSO-OA) nanoparticles with
different degrees of amino substitution (DSs) of chitosan
oligosaccharide (CSO) against E. coli or S. aureus

acidic and alkaline pH increased as the DS of CSO-OA
increased. This result is consistent with Fig. 6. The
nanoparticles with strong antibacterial activity at pH 7.0
could eliminate the effect of acetic acid on the bacterial
growth greatly.

4 Conclusions

In summary, CSO-OA with different DSs was successfully
synthesized. Due to their amphiphilic character, the
hydrophobized CSOs could form nanoparticles in aqueous
milieu easily. The mean diameters of the nanoparticles
were in the range of 60-200nm. The TEM images of
nanoparticles showed a spherical shape. Taking S. aureus
and E. coli as bacterial models, it was found that the
antibacterial activity increased as the concentrations of
nanoparticle samples and the DS of CSO-OA increased.
Furthermore, the nanoparticles showed complete inhibi-
tory effects at pH 7.0, indicating that almost no bacteria
existed under neutral conditions. It is anticipated that
CSO-OA nanoparticles could be applied broadly as
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antimicrobial agents in medicine for their high antibacterial
activity and acceptable biocompatibilities.
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