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Oleoylchitosans (O-chitosans), with different molecular masses and degrees of substitution (DS),
were synthesized by reacting chitosan with oleoyl chloride. The FT-IR suggested the formation of an
amide linkage between amino groups of chitosan and carboxyl groups of oleic acid. The viscosity of
O-chitosan sharply increased with the increase of concentration, whereas that of unmodified chitosan
rose only slightly. This increase was stronger as the increase of hydrophobicity (DS) and molecular
mass of the polymer. The critical aggregation concentration (CAC) of O-chitosans with DS 5, 11,
and 27% were 79.43, 31.6, 10 mg/L, respectively, and the CAC of samples with molecular masses
of 20, 38, 300, and 1100 kDa were 50.1, 74.93, 125.9, and 630.9 mg/L, respectively. All of the
O-chitosans could reduce surface tension slightly. Nanoparticles were prepared using an O/W
emulsification method. Mean diameters of the polymeric amphiphilic nanoparticles of O-chitosans
with DS 5 and 11% were around 327.4 and 275.3 nm, respectively.
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INTRODUCTION

Amphiphilic copolymers consisting of hydrophilic and hy-
drophobic segments can form micelle structures with the
hydrophobic inner core and the hydrophilic outer shell in
aqueous media. The hydrophobic inner core is surrounded by a
hydrophilic outer shell, which provides a stabilizing interface
between the micelle core and the aqueous environment (1,2).
These polymeric nanoparticles exhibit unique characteristics,
depending on their hydrophobic/hydrophilic constituents, such
as unusual rheological features, a nanoscale hydrodynamic
radius with core-shell structure, and thermodynamic stability
(3, 4). Polymeric micelles have received special attention due
to their potential application and academic interest in many
interdisciplinary fields (5, 6). Because the hydrophobic core and
hydrophilic shell need to be biodegradable and nontoxic, many
investigations of hydrophobic polymers are focused on natural
biomaterials.

Chitosan,R-(1-4)-2-amino-2-deoxy-R-D-glucan, is a partially
deacetylated form of chitin, an abundant natural polysaccharide
present in crustacean shells. Its unique characteristics such as
positive charge, biodegradability, biocompatibility, nontoxicity,

and rigid linear molecular structure make this macromolecule
ideal as a drug carrier and delivery material (7, 8). There have
been many reports of hydrophobic modifications of chitosan
and nanoparticle formation by self-aggregation in aqueous
solution (9, 10). These modifications can introduce hydrophobic
groups into chitosan and produced chitosan amphiphilic poly-
mers. Some of these chitosan amphiphilic derivatives can form
nanosized self-aggregation in aqueous media (11). Long-chain
fatty acyl derivatives of chitosan are novel hydrophobic
modifications that can form nanoparticles. Few studies on the
effect of structure of the chitosan amphiphilic derivatives on
the formation of nanoparticles have been carried out. Moreover,
through adjusting the structure of the amphiphilic copolymers
(the molecular weight and the ratio of hydrophobic group to
hydrophilic group) (12), the size and morphology of the
polymeric micelles may be easily controlled.

In this paper, oleoylchitosans (O-chitosans) with different
molecular masses and degrees of substitution (DS) were
prepared. The molecular structures of O-chitosans were analyzed
by FT-IR. The effects of molecular mass and DS of O-chitosan
on the structure, rheological properties, and formation of
nanoparticles were measured by viscosity, surface tension, and
fluorescence methods. Nanoparticles were prepared using an
O/W emulsification method. The morphology and size of
nanoparticles were measured by transmission electron micros-
copy (TEM) and dynamic light scattering (DLS).
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MATERIALS AND METHODS

Materials. Chitin, degree of deacetylation) 82% and molecular
mass) 1100 kDa, was made from crab shell and obtained from Biotech
Co. Pyrene, oleoyl chloride, pyridine, chloroform, methylene chloride,
ethanol, acetic acid, and sodium tripolyphosphate (STPP) were
purchased from Sigma Chemicals and used without further purification.

Preparation and Characterization of O-chitosan.Chitosan was
degraded by the method of acetic acid hydrolysis, and viscosity
molecular mass was calculated by using an Ubbelohde Viscosimeter
referenced from Chen (13). Different molecular mass chitosan samples
are shown inTable 1. O-chitosan was prepared by reacting chitosan
with oleoyl chloride referenced from Zong (14). The O-chitosans with
different DS were prepared by controlling the feed ratio of chitosan to
oleoyl chloride. O-chitosans with different molecular masses were
prepared using the chitosans of different molecular masses. The degree
of N-acylation, which can be defined as the number of oleic acid groups
per 100 anhydroglucose units of chitosan, was evaluated according to
an FT-IR method (15).

The FT-IR spectra of chitosan and O-chitosan were recorded on an
Avater-360 Fourier transform infrared spectrometer (Nicolet) at 20°C
following the method of Shigemasa et al. (16). For the IR spectroscopic
analysis, 2 mg of the samples was mixed with 100 mg of KBr and
made into pellets.

Rheology Behavior of O-chitosan.The rheological measurements
were carried out with an Ubbelohde viscometer with a capillary diameter
of 0.55 mm, within the range of polymer concentration from 0.3 to 5.0
g/L (17). Relative viscosity (ηr) is the ratio of the time of the solution
to that of the pure solvent (ηr ) t/t0, wheret is the flow time of the
solution andt0 is the flow time of the solvent). The variation of the
relative viscosity with polymer concentration is presented inFigures
4 and5.

Surface Tension Measurement.The aggregation behavior of the
O-chitosan at the air-water interface was determined by the measure-
ments of surface tension. The surface tension measurements of chitosan
and O-chitosan solutions at various concentrations were carried out on
a Krüss K12 Processor Tensionmeter with the plate method of Wilbelmy
at 30( 0.1 °C. All of the solutions were kept at room temperature for
1 day before surface tension measurement (18).

Measurement of Fluorescence Spectroscopy.Pyrene, used as a
hydrophobic probe, was used at the final concentration was 2µM. The
mixture was incubated for 3 h in awater bath at 65°C and shaken in
a BS-10 shaking water bath overnight at 20°C. Pyrene emission spectra
were obtained using a Shimadzu RF-5301PC fluorescence spectropho-
tometer. The probe was excited at 343 nm, and the emission spectrum
was collected in the range of 360-500 nm at an integration time of
1.0 s. The excitation and emission slit openings were 15 and 1.5 nm,
respectively.

Preparation of Self-Aggregation Nanoparticles.Thirty milligrams
of O-chitosan was dissolved in 10 mL of 0.1 M acetic acid solution.
Methylene chloride (3%, v/v) was added to the O-chitosan acetic acid

Figure 1. Chemical structure of oleoylchitosan (O-chitosan).

Figure 2. FT-IR of chitosan and O-chitosans with different DS: (a) chitosan
(mol mass ) 38 kDa); (b) O-chitosan (DS 5%); (c) O-chitosan (DS 11%);
(d) O-chitosan (DS 27%).

Table 1. Oleoylchitosan Samples with Different Degrees of
Substitution (DS) and Molecular Masses

series sample DS (%) mol mass (kDa)

1 1 5 20
2 5 38
3 5 300
4 5 1100

2 2 5 38
5 11 38
6 27 38

Figure 3. FT-IR of O-chitosans with different molecular masses: (a) 1100
kDa; (b) 300 kDa; (c) 38 kDa.

Figure 4. Viscosity of chitosan and O-chitosans with different DS.
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solution with stirring and homogenized (5 min, 13000g) with an Ultra-
Turrax T-25 dispersing machine. Methylene chloride was chosen
because of its ability to diffuse into the aqueous phase at a rapid rate,
facilitating particle formation upon evaporation. The solution was held
under vacuum for 30 min at 20°C to remove methylene chloride, and
then 1 mL of 0.25% STPP solution was added as a cross-linking reagent
(19).

Transmission Electron Microscopy. The morphology of the
nanoparticles was observed by TEM with a JEM-2010. Solution of
O-chitosans 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.

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

Statistical Analyses.The assays were performed at least in triplicate
on separate occasions. The data collected in this study are expressed
as the mean value( standard deviation.

RESULTS AND DISCUSSION

Preparation and Characterization of O-chitosan. The
O-chitosans with different DS and molecular masses are shown
in Table 1. The structure of O-chitosan is shown inFigure 1.

The infrared spectra of chitosan and O-chitosan with different
DS are shown inFigure 2. Compared to the IR spectrum of
chitosan, the spectra of O-chitosan exhibited many alterations:
The absorption at 3000-3600 cm-1 (OH, NH2) decreased, and
the band at 1570 cm-1 (δ N-H of amide) decreased, whereas
prominent bands at 1655 cm-1 (ν CdO) and 1555 cm-1 (δ
N-H of amide II) were observed. The peaks at 2924 cm-1 (νas

CH2), 2854 cm-1 (νs CH2), 1464 cm-1 (δ CH2), and 1182 cm-1

(twisting vibration of CH2) were stronger and sharper in the

high DS sample, and their intensity was proportional to the DS
value. These results confirmed that the chitosan was substituted
with oleoyl (20).

The infrared spectra of O-chitosans having different molecular
masses (38, 300, and 1100 kDa) are shown inFigure 3. All of
the spectra of different molecular mass O-chitosans had similar
profiles, which was consistent with an earlier study that the
spectra of different molecular mass chitosans had no obvious
differences (21). The results showed that O-chitosan samples
made from the method we used had no obvious change in
molecular structure.

Rheology Behavior of O-chitosan.The relative viscosity of
O-chitosans with different DS (5, 11, and 27%) in 0.2 M HCl
is shown inFigure 4. The viscosity of O-chitosan was always
somewhat higher than that of unmodified chitosan. The viscosity
of O-chitosan sharply increased with the increase of concentra-
tion, whereas that of unmodified chitosan rose only slightly.
This increase was stronger as the DS increased. Moreover, the
concentration at which this increase was marked compared with
the chitosan curve decreased when the DS increased. This was
due to the presence of interactions between polymer chains. The
formation of hydrophobic domains detected on a molecular level
was accompanied by an increase of the viscosity of aqueous
solutions of polymer. An association process leading to the
formation of bridges between neighboring flower aggregates
occurred as the polymer concentration increased (22, 23). A

Figure 5. Viscosity of O-chitosans with different molecular masses.

Table 2. Surface Tension of Oleoylchitosansa

surface tension (mN/m)

series sample 1 g/L 5 g/L 10 g/L

1 2 71.10 ± 0.01 68.35 ± 0.01 67.19 ± 0.03
3 71.30 ± 0.02 68.45 ± 0.01 67.09 ± 0.08
4 71.50 ± 0.04 68.64 ± 0.06 67.2 ± 0.06

2 chitosan 71.60 ± 0.02 68.53 ± 0.03 67.23 ± 0.01
2 71.10 ± 0.01 68.35 ± 0.01 67.19 ± 0.03
5 69.10 ± 0.02 66.38 ± 0.04 64.4 ± 0.02
6 67.10 ± 0.05 61.34 ± 0.02 61.01 ± 0.03

a Values are means ± standard deviation (n ) 3).

Figure 6. Peak I3/I1 ratio of pyrene fluorescence as a function of
O-chitosans with different DS in 1% (v/v) acetic acid.

Figure 7. Peak I3/I1 ratio of pyrene fluorescence as a function of
O-chitosans with different molecular masses in 1% (v/v) acetic acid.
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connecting network was then formed from the percolation of
bridges leading to a large increase in the solution viscosity.
Hence, we could suggest that these hydrophobic domains played
the role of junction zones, which linked multiple polymer
molecules together in an intermolecular aggregate. Therefore,
O-chitosan demonstrated a behavior typical of many associating
polyelectrolytes.

The relative viscosity of different molecular mass (20, 38,
and 300 kDa) O-chitosans is shown inFigure 5. The viscosity
rose with the increase of polymer concentration, particularly
for high molecular mass samples. The viscosity of high
molecular mass O-chitosan was greater than that of the low
molecular mass one. The trend was similar to the chitosans with
different molecular masses (24). Although there were interac-
tions between polymer chains, hydrogen bonds, electrostatic
bonds, and hydrophobic interactions, the molecular mass was
the main factor that affected the viscosity of O-chitosan. There
were more entangled junctions in solution of high molecular
mass samples, and the chains of high molecular mass O-
chitosans were less flexible than those of lower molecular mass
ones.

Surface Tension of O-chitosan.Due to their amphiphilic
structure, O-chitosans also had potential surface and interfacial
properties. O-chitosan was dissolved in 0.1 M acetic acid

solution for surface tension measurements. The surface tensions
of O-chitosans with different DS (5, 11, and 27%) are shown
in Table 2. It was shown that the surface tension of O-chitosan
decreased with the increase of DS. The surface tensions of
samples of 10 g/L with DS 5, 11, and 27% were 67.19( 0.05,
64.4 ( 0.02, and 61.01( 0.03 mN/m, respectively. More
amphiphilic polymers got to the surface of the solution with
the increase of DS of the hydrophobic groups, so the ability to
decrease the surface tension improved. These phenomena were
confirmed by the fluorescence measurement. The product with
high DS had more hydrophobic groups and might have more
possibility to adsorb alkyl side chains, forming dense packing
at the interface. The stiffness of the backbones and the charge
density for polyelectrolytes of O-chitosans also affected the
adsorption at the air-water interface.

The surface tensions of O-chitosans with different molecular
masses (38, 300, and 1100 kDa) are shown inTable 2. It was
shown that the surface tensions of different molecular mass
O-chitosans are similar, which was inconsistent with an earlier
study that in the solution of low molecular mass nonionic type
chitosan surfactant, the small space steric and small chain
flexibility of the backbones made the microstructure and
distribution of hydrophobic groups and hydrophilic groups more
balanceable, so the ability to decrease surface tension improved

Figure 8. Transmission electron microscopy photographs of O-chitosan nanoparticles with different DS: (a) DS 5% (30000×); (b) DS 11% (25000×).

Figure 9. Transmission electron microscopy photographs of O-chitosan nanoparticles with different molecular masses: (a) 1100 kDa (25000×); (b) 38
kDa (50000×).
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(25). The reason might be that all O-chitosan samples had only
a slight ability to decrease the surface tension, so the surface
tension of different molecular mass samples had no obvious
difference.

These results demonstrated that the introduction of hydro-
phobic substituents made the resulting derivatives more am-
phiphilic, which can decrease the surface tension. As the
concentration grows, more macromolecules unfold at the
interface and might adsorb irreversibly by “anchoring” their
multiple hydrophobic functional groups into the nonpolar phase.
However, different from low molecule surfactants, the O-
chitosan showed only a slight ability to decrease the surface
tension (26). The reason might be that for the amphiphilic
polymer, the hydrophobic chains of different O-chitosan mol-
ecules could associate to form aggregation in the solution while
they concentrated on the surface before the surface tension
reached the lowest value.

Fluorescence Spectroscopy.The semilogarithmic plots of
I3/I1 (I383/I372) versus concentration of O-chitosans with different
DS (5, 11, and 27%) and chitosan are shown inFigure 6. The
high DS O-chitosan had a more pronounced hydrophobic
character than the low DS sample. Poor ability to form micelle
aggregates was observed with the low substituted O-chitosan
(DS 5%). The critical aggregation concentration (CAC) value
determined in acidic aqueous media was 79.43 mg/L. In contrast
to this, the CAC values of samples with DS 11 and 27% were
31.6 and 10 mg/L, respectively. Increasing DS (5-27%) resulted
in a significant decrease of CAC. A higher degree of hydro-
phobic substitutions in the macromolecule of O-chitosan might
facilitate its self-aggregation, favoring hydrophobic interactions
and, thus, the formation of dense polymer aggregates.

The effect of the molecular mass (20, 38, 300, and 1100 kDa)
of O-chitosans on theI3/I1 ratio is shown inFigure 7. It was
shown that low molecular mass O-chitosan had a more
pronounced hydrophobic character than the high molecular mass
sample. Poor ability to form micelle aggregates was observed
with the high molecular massMW O-chitosan. The CAC values
of samples with molecular masses of 20, 38, 300, and 1100
kDa were 50.1, 74.93, 125.9, and 630.9 mg/L, respectively. For
the samples with different molecular masses, although the ratio
of hydrophobic group to hydrophilic group was similar, the
significant chain stiffness of the backbones and large space steric
of high molecular mass samples affected the aggregation
properties. It was reported in an earlier study that theI3/I1 ratio
of high molecular mass chitosan was higher than that of the
low molecular mass chitosan reported by Mansoor (27). This
means that the modification of the long-chain oleoyl group had
changed the property of chitosan severely.

TEM of the O-chitosan Nanoparticles.The morphology of
O-chitosan nanoparticles was investigated by TEM. The nano-
particles of O-chitosans with different DS are shown inFigure
8. Nanoparticles were seen in samples with DS 5 and 11%,
whereas they were not seen in the DS 27% sample. The
polymeric nanoparticles were nearly spherical in shape. In the
high DS sample, although the increase of DS might facilitate
its self-aggregation, which we had concluded from the result
of fluorescence spectroscopy, with high viscosity and low
solubility nanoparticles were not readily formed. Hence, we
could suggest that the increase of DS might facilitate the
formation of nanoparticles, but the DS should be not too large
to have a compromise between solubility and viscosity.

The TEM of nanoparticles of O-chitosans with molecular
masses of 38 and 1100 kDa is shown inFigure 9. Nanoparticles
were seen in samples with a molecular mass of 38 kDa, whereas

they were not seen in the sample with a molecular mass of 1100
kDa. In the high molecular mass sample, the significant stiffness
of the backbones and the high viscosity of the large molecule
made it very hard to form nanoparticles. Hence, we could
suggest that the decrease of molecular mass might facilitate the
formation of nanoparticles.

Size Distribution. From the results, O-chitosans with DS 5
and 11% were selected for further size distribution experiments
because of their good shape, low viscosity, and low surface
tension in aqueous solution.Figure 10 shows the size distribu-
tion of the nanoparticles formed by O-chitosans with DS 5 and
11% (3 g/L) in the 0.1 M acetic acid solution. The majority of
particles were around 327.4 and 275.3 nm in size. The size of
self-aggregates decreased as the DS increased, indicating
formation of denser hydrophobic cores in high DS sample (28).
This was consistent with the fluorescence spectroscopy findings.

Form the results of morphology and size distribution, we
could suggest that the increase of DS and decrease of molecular
mass might facilitate the formation of nanoparticles but that
the DS should be not too large to have a compromise between
solubility and viscosity.

Nevertheless, these results indicated that O-chitosan had a
hydrophobic core inside the self-aggregate, and these hydro-
phobic cores might be available to load various amphiphilic
and hydrophobic drugs into the self-aggregate.

In summary, the structure, rheological properties, and forma-
tion of nanoparticles of oleoylchitosans were affected by degree
of substitution and molecular mass. The viscosity of O-chitosan
sharply increased with the increase of concentration, whereas
that of unmodified chitosan rose only slightly. This increase
was stronger as the DS and molecular mass of the polymer
increased. The increase of DS and decrease of molecular mass
resulted in a significant decrease of critical aggregation con-
centration. All of the O-chitosans could reduce surface tension

Figure 10. Size distribution of O-chitosan nanoparticles with different
DS: (a) DS 11%; (b) DS 5%.
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slightly. Nanoparticles were prepared using an O/W emulsifica-
tion method. The mean diameters of the polymeric amphiphilic
nanoparticles of O-chitosans with DS 5 and 11% were around
327.4 and 275.3 nm, respectively.
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