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ABSTRACT: Three different kinds of nanoparticles for
paracellular transport were prepared using a simple and
mild ionic-gelation method. Sodium tripolyphosphate (TPP)
as crosslinking agent was added into three kinds of solu-
tions, which were chitosan solution, physical blending solu-
tion of chitosan, and glycidyl trimethylammonium chloride
(GTMAC), and O-(2-hydroxyl) propyl-3-trimethyl ammo-
nium chitosan chloride (O-HTCC) solution respectively.
O-HTCC was synthesized by coupling of GTMAC to chito-
san whose functional groups of the NH2 groups were pro-
tected. The nanoparticles were characterized by transmis-
sion electron microscopy, atomic force microscopy, photon
correlation spectroscopy, and zeta potential measurement.
The results showed that increasing TPP concentration pro-
moted the size of chitosan nanoparticles, a decrease in the

size of O-HTCC nanoparticles incurred on the contrary. The
size of O-HTCC nanoparticles is slightly bigger than that of
pure chitosan nanoparticles, and smaller than that of phy-
sical blending nanoparticles (PBN). Bovine serum albumin
(BSA), as a model protein drug, was incorporated into the
nanoparticles. Compared with chitosan nanoparticles and
PBN, high BSA loading efficiency (87.5%) and loading
capacity (99.5%) are achieved by quaternized chitosan
(O-HTCC) nanoparticles, and the release profile of BSA
from nanoparticles has an obvious burst effect and a slowly
continuous release phase followed. � 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 105: 552–561, 2007
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INTRODUCTION

Today, drug delivery seems to be the topic of inter-
est with a better understanding of the basics in
chitin and chitosan chemistry, mainly chemical mod-
ifications, biodegradation, effects on various tissues,
distribution to various body organs, mucoadhesion,
association of chitosan with inorganic compounds,
and advanced technological transformations. The
key considerations that justify this interest are that
chitosan is biocompatible and does not elicit adverse
reactions when in contact with human cells. Chito-
san can be degraded by ubiquitous enzymes in the
human body, and oligomers can activate macro-
phages and stimulate synthesis of hyaluronan. More-
over, they provide building blocks for the recon-
struction of extracellular matrix components. On the
other hand, chitosan is recognized by tumor cells,
and therefore, it can bring drugs to their targets

selectively. Chitosan is a safe and friendly substance
for the human organism; therefore, medical and
pharmaceutical applications can easily be worked
out with joint efforts from specialists in various
fields. However, these activities are limited to acidic
conditions because of its poor solubility above pH
� 6.5, where chitosan starts to lose its cationic
nature.1–4 Chitosan is generally insoluble under physi-
ological conditions because of a strongly hydrogen-
bonding network structure. Thus, further investiga-
tions for the biological activities and development
have been restricted. Water solubility is important in
applications of chitosan as a pharmacologically active
agent, and researchers have focused on the prepara-
tion of chitosan derivatives soluble in water over a
wide pH range. Various water soluble compounds
were synthesized by chemical modification.5,6 The N-
carboxymethylated, N,O-sulfated, and N-trimethylated
chitosan derivatives showed reasonable low electric
resistance.7 Recently, Minoru Morimoto have synthe-
sized carbohydrate-branched chitosan derivatives to
get water solubility and novel biological activates.8,9 A
carbohydrate is one constituent of organisms and is a
key molecule in an intercellular recognition and adhe-
sion.10 Highly cationic chitosan was prepared. Curti
et al.11 reported an alternative method exploring
functionalized compounds such as choline dichlor-
ide carrying the preformed trimethylammonium
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group that can react with chitosan to yield highly cati-
onic chitosan. N-[(2-Hydroxy-3-trimethyl-ammonium)-
propyl] chitosan chloride (HTCC) was prepared by
reacting chitosan with glycidyl trimethylammonium
chloride (GTMAC). HTCC structure is shown in
Figure 1.12

Polymeric quaternary ammonium compounds have
received the most attention as biocidal polymers over
the years.6 Now, major concerns with the antimicro-
bial agents used for human are their safety toward
the human body. The antimicrobial activity of chito-
san against a variety of bacteria and fungi coming
from its polycationic nature, is well known.12

Biodegradable polymeric nanoparticles made from
natural or synthetic polymers have drawn significant
attention because of higher stability, maneuverability
for industrial manufacture, and opportunity for fur-
ther surface engineering.13 They can be tailor-made
to achieve both controlled drug release and site-
specificity by tuning the polymer characteristics and
surface chemistry.14–16 It has been established that
nanocarriers can get concentrated preferentially in
certain disease sites, such as solid tumor, by virtue
of the enhanced permeation and retention mecha-
nism.17 Once accumulated at the tumor site, they can
act as a local drug depot depending upon the
makeup of the carrier, thus providing a source for a
continuous supply of encapsulated therapeutic com-
pound into the tumor mass.18–21 To prolong the sys-
temic circulation time of the nanoparticles and hence
enhance their passive targeting efficiency, various
strategies that involve increasing positive charge on
the surface of nanoparticles and creation of a hydro-
philic sheath around the nanoparticles have been
employed.22,23 Quaternized chitosan has potential to
be used as an absorption enhancer across intestinal
epithelial cells due to its cationic nature, mucoadhe-
sive, and permeability enhancing property.24

On the basis of this previous information, the
major goal of the work presented here is to prepare
O-HTCC, which was synthesized by coupling of
GTMAC to chitosan, whose functional groups of the
NH2 groups were protected, and create new nano-
particles appropriately modified and to evaluate

their potential as protein carriers. O-HTCC nanopar-
ticles, chitosan nanoparticles and physical blending
nanoparticle (PBN) were prepared. Those quaterami-
nated by GTMAC display the highest adsorption of
endothelial cells due to quaternary aminonium
group of strongly electro-static attraction with the
negatively charged endothelial cells.25 The structure
of O-HTCC is given below (Fig. 2).

The physicochemical properties of these nanopar-
ticles were analyzed by FTIR, photon correlation
spectroscopy (PCS), zeta potential analysis, atomic
force microscopy (AFM), and transmission electron
microscopy (TEM). Bovine serum albumin (BSA)
was designated as the model protein. BSA-loaded
nanoparticles were prepared without any organic
solvents and high-energy sources and characterized
for their loading efficiency and loading capacity and
in vitro release behavior.

EXPERIMENTAL

Materials

Chitosan from a shrimp shell was purchased from
(Jinhu Co., China), deacetylation degree was 92%,
and molecular weight (Mw) was 670 kDa (M67).
BSA with Mw 68 kDa (M68) were purchased from
Sigma Chemical Co. (USA). GTMAC was obtained
from Dongying Guofeng Fine Chemical Co. (Shan-
dong, China). All other chemicals were of reagent
grade.

Preparation of O-HTCC

Conjugation of N-benzylidene chitosan

Chitosan was modified by the chemical conjugation
of benzoyl hydride in the presence of solvent, alco-
hol. Chitosan (3.0 g) was dissolved in 10% acetic
acid solution (100 mL). After the addition of benzoyl
hydride (15.8 g), the solution was stirred for another
hour, then placed for 20 h in vacuum (55–608C). The
polymer was adjusted to 7.0 with 1N NaOH solu-
tions. The resulting solution was filtered and precipi-
tate was washed with methanol several times.

Figure 1 HTCC structure.

Figure 2 Structure of O-HTCC.

PREPARATION OF CHITOSAN AND ITS DERIVATIVES 553

Journal of Applied Polymer Science DOI 10.1002/app



Synthesis of O-quaternary aminonium-N-
benzylidene chitosan

Isopropyl alcohol (50 mL) and glycidyl-trimethyl-
ammonium chloride (GTMAC) (9.0 g) were added to
the N-benzylidene chitosan (9.0 g). The resulting
mixture was stirred at 708C for 16 h. The precipitate
was washed with methanol and acetone in turn.

O-HTCC preparation

The volume of 50 mL of 0.25 mol/L HCl alcohol so-
lution was added to O-quaternary aminonium-N-
benzylidene chitosan (3.0 g), and then under stirring
for 24 h at room temperature. After most of the alco-
hol was removed, 15 mL H2O was added to the mix-
ture, which was deposited by acetone. After being
dried in vacuum (808C), the O-HTCC was obtained.

Further purification of O-HTCC

O-HTCC (1.5 g) was dissolved in distilled water
(40 mL), and then the solution was poured into
adequate acetone to obtain the precipitate, which
was filtered and washed with acetone several times.
The obtained precipitate was dissolved in some dis-
tilled water once more, and dialyzed against distilled
water for 3 days, concentrated, precipitated in ace-
tone, and dried under vacuum at 808C for 48 h to
obtain the final pure product.

Preparation of chitosan nanoparticles, O-HTCC
nanoparticles, and PBN

The content of the quaternary ammonium salt
groups in the mixture was the same as that in
O-HTCC. The accurate value of mixture was found
for chitosan: GTMAC mole ratios 3.0 : 1.0. Chitosan,
O-HTCC, and the mixture of chitosan and GTMAC
were dissolved in acetic acid respectively. The con-
centration of three solutions was 1.0 mg/mL. Then,
under stirring at room temperature, 0.8 mL sodium
tripolyphosphate (TPP) aqueous solution with vari-
ous concentrations (0.5, 1.0, 2.0, 2.5, 3.0, 4.0, 5.0 mg/
mL) was added to 10 mL chitosan, O-HTCC and
blending of chitosan and GTMAC solution respec-
tively. Then samples were visually analyzed and
three different systems were identified: solution,
opalescent suspension, and aggregates. As tested in
corresponding experiments, the zone of the opales-
cent suspension should be a suspension of nanopar-
ticles we hope to acquire. It was found that when
the concentration of TPP was in the range of 1.0–4.0
mg/mL, different sizes of nanoparticles could be
obtained. When the concentration of TPP was below
1 mg/mL, solution was formed, and when the con-

centration of TPP was above 4 mg/mL, the aggre-
gates were obtained.

Preparation of BSA-loaded nanoparticles

BSA-loaded nanoparticles were formed upon incor-
poration of TPP (2 mg/mL) and chitosan, O-HTCC
and blending of chitosan and GTMAC solutions
(1.0 mg/mL) containing BSA (1.0 mg/mL). Chitosan,
O-HTCC, and blending of chitosan and GTMAC
were dissolved in 10 mL acetic aqueous solutions,
respectively. Then, 10 mg BSA was dissolved in
above three solutions in turn. Finally, 0.8 mL of TPP
solution was added to 10 mL of the above three
kinds of solution, opalescent suspension was formed
spontaneously under magnetic stirring at room tem-
perature. The opalescent suspension was kept under
stirring for 2 h.

Determination of BSA loading capacity
and loading efficiency of nanoparticles

Loading capacity and loading efficiency of the different
formations were determined by ultra-centrifugation of
samples at 20,000 � g and 158C for 30 min, the
amount of free BSA was determined in clear super-
natant by UV spectrophotometry at 280 nm using
supernatant of their corresponding nonloaded BSA
nanoparticles as basic correction. The BSA loading
capacity (LC) of nanoparticles and BSA loading effi-
ciency (LE) were calculated by using eqs. (1) and (2),
respectively:26

LC ¼ ðA� BÞ=C� 100 (1)

LE ¼ ðA� BÞ=A� 100 (2)

where A is the total amount of BSA in added solu-
tion, B is the total amount of BSA in supernatant
after centrifugation, and C is the weight of the nano-
particles measured after freeze-drying.

BSA release from the nanoparticles in vitro

The in vitro BSA release profiles of chitosan nanopar-
ticles, O-HTCC nanoparticles, and PBN were deter-
mined as follows: the BSA-loaded nanoparticles sep-
arated from 18 mL suspension were placed into test
tubes with 6 mL of 0.2 mol/L phosphate saline cush-
ion liquid (PBS), and incubated at 378C under stir-
ring. At appropriate intervals, samples were ultra-
centrifuged, and 3 mL of the supernatant was
replaced by fresh medium. The amount of BSA
released from the nanoparticles was evaluated by
UV spectrophotometry.
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Physicochemical characterization of chitosan
nanoparticles, O-HTCC nanoparticles, and PBN

The size and morphological measurements of the
nanoparticles were performed by TEM-100CXII and
AFM (Nanoscope E, Digital Instrument). The average
particle size and size distribution were determined by
PCS with a Malvern Zetasizer Nano S (Malvern
Instruments Limited, United Kingdom). Zeta potential
measurements of nanoparticles were performed by
microelectrophoresis apparatus (Model BDL-B, Shang-
hai, China). IR spectra of chitosan, O-HTCC and
O-HTCC nanoparticles, were taken with KBr pellets
on Perkin–Elmer spectrum on FTIR.

RESULTS AND DISCUSSION

Physicochemical characterization of O-HTCC
nanoparticles

FTIR study

In this experiment, O-HTCC was dialyzed against
distilled water for 3 days. GTMAC that did not react
with chitosan would be removed out from the sys-
tem, and then there would be no special absorption
band of GTMAC in the IR spectra of O-HTCC. In
Figure 3, the IR spectra of native chitosan and the
O-HTCC are shown. The absorption band at 1656
cm�1 in native chitosan was referenced as amide I
bands, and the absorption band at 1606 cm�1 was
ascribed to the N��H bending mode in the primary
amine. The absorption band of ��NH2 in O-HTCC
still existed, but shifted to the place at 1647 cm�1,
suggesting that N-alkylation in chitosan did not
occur. Acetylamino I 1656 cm�1 overlapped with
NH2-associated band at 1647 cm�1. Compared with
chitosan, O-HTCC produced a band at 1487 cm�1,
which was attributed to the methyl groups of ammo-
nium.27 In addition, we can see that the absorption

band at 1096 cm�1, which was caused by
CH2��O��CH2 of O-HTCC, was very obvious. This
indicates that the reaction happened. The spectrum
of O-HTCC nanoparticles is different from that of
O-HTCC matrix. The intensity of 1487 cm�1 peak
disappears and a new peak of 1545 cm�1 appears,
which showed that TPP was linked with ammonium
groups and ��Nþ(CH3)3 of O-HTCC in nanopar-
ticles. Hydroxyl group absorption of chitosan at 1243
cm�1 almost disappears in O-HTCC nanoparticles,
which indicates that free hydroxyl groups form
hydrogen bonding.25

1H NMR analysis

Figure 4 shows the 1H NMR spectra of the chitosan
and the O-HTCC. The proton assignment of chitosan
[Fig. 4(A)] is as follows: d2.95 ¼ CH (carbon 2 of chi-
tosan); d3.3–3.7 ¼ CH (carbon 3–6 of chitosan); d4.2–4.5

Figure 3 FTIR of (B) chitosan, (C) O-HTCC, and (D) O-
HTCC nanoparticles.

Figure 4 1H NMR spectra of (A) chitosan and (B) O-HTCC in CD3COOD and D2O.
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¼ CH (carbon 1 of chitosan).26 The proton assign-
ment of O-HTCC [Fig. 4(B)] is as follows: d2.95 ¼ CH
(carbon 2 of chitosan). A new peak at 3.35 ppm,
which originates from the 1H NMR spectra of CH2

(O��CH2), is due to mainly characteristic methylene
protons of the reacted chitosan hydroxyl group with
quat ammonium salts.28 This peak shows the pres-
ence of major functional groups linked to chitosan,
and peak at 3.1 ppm is belong to three methyl pro-
tons of quat ammonium salt. The reaction happened
between hydroxyl group on 6-C of chitosan and
GTMAC. The degree of substitution (DS, %) value
was determined from the relative ratio of the peak
area of carbon 1 of O-HTCC at 4.2–4.5 ppm and the
peak area of carbon 10 of O-HTCC at 3.1 ppm
(methyl protons of trimethylammonium group), as
seen in Figure 4. The DS increased gradually with

reaction time and reached at the maximum value
(33.3%) after 16 h, which indicates that the epoxide
groups of GTMAC reacted with hydroxyl groups of
the chitosan.

TEM analysis

At room temperature, an alkaline phase (pH ¼ 7–9)
containing TPP was added into an acidic phase (pH
¼ 4–6) containing chitosan, then nanoparticles were
formed immediately upon mixing of the two phases
through inter and intra molecular linkages created
between TPP phosphates and chitosan amino
groups. Nanoparticles with varying characteristics
can be obtained with different concentrations of chi-
tosan and TPP, as well as by changing the relative

Figure 5 TEM of nanoparticles (A) pure chitosan (TPP 4 mg/mL) and (B) pure chitosan (TPP 1 mg/mL).

Figure 6 TEM of O-HTCC nanoparticles (A) TPP 4 mg/mL and (B) TPP 1 mg/mL.
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volumes of the acidic and alkaline solutions. How-
ever, to produce a high yield of stable and solid
nanometric structures, the chitosan: TPP weight ratio
should normally be within the range 3 : 1 to 6 : 1.29

The conditions for the formation of high yield nano-
particles with a particular nanometric size may vary
significantly depending on the purity, acid salt, and
molecular weight of chitosan employed. Conse-
quently, the formulation parameters should be opti-
mized for each individual chitosan type.30,31

The formation of nanoparticles is only possible for
some specific concentration of chitosan and TPP, too
high chitosan concentration (2.0 mg/mL) led to clear
solution, no nanoparticles formation, and too high
TPP concentration (5.0 mg/mL) led to aggregates
with large size. As shown in Figure 5, the higher the
initial concentration of TPP, the larger size of the
chitosan nanoparticles, the size of nanoparticles is
about 10 nm when the TPP concentration is 1 mg/
mL, and when the TPP concentration is 4 mg/mL,
the size of nanoparticles becomes larger to be about
100 nm. Figure 6 shows the size of O-HTCC nano-
particles increasing with decreasing TPP concentra-
tion, whose conclusion is different from that of the

above chitosan (Fig. 5). At the same condition (TPP
2.0 mg/mL), chitosan nanoparticles are about 50–80
nm in size and more spherical and smoother com-
pact morphological characteristic; chitosan nanopar-
ticles modified by GTMAC are about 250 nm in size
and more spherical and smoother but not compact
morphological characteristic; nanoparticles are 500
nm in size and in irregular shape (Fig. 7), under con-
ditions of physical blending of chitosan and
GTMAC.

AFM analysis

The nanoparticles size, shape, and distribution could
be observed from the AFM experiment. The self
aggregates are spherical in shape and have a smooth
surface (Figs. 8 and 9), whereas the mean diameter
and size distribution are a little bit different from the
TEM results. This might be due to the different con-
ditions for sample preparation. For example, while
the sample for TEM measurement was prepared by
dispersing the particles in distilled water and then
deposited on Formvar-coated 200–300 mesh copper
grids and determined immediately in the hydrated

Figure 7 TEM of nanoparticles (A) chitosan, (B) O-HTCC, and (C) physical blending of chitosan and GTMAC: TPP 2
mg/mL.

Figure 8 AFM image of O-HTCC nanoparticles: (A) TPP (4 mg/mL), (B) TPP (2.5 mg/mL), and (C) TPP (2.0 mg/mL).
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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state, the sample for AFM was prepared in distilled
water, and then deposited on sheet mica.32

Figure 8 shows the size of O-HTCC nanoparticles
increasing with decreasing TPP concentration. At the
same condition (TPP 2.0 mg/mL), the dimensions of
chitosan nanoparticles, O-HTCC nanoparticles, and
PBN were different, chitosan nanoparticles (about
75 nm) < O-HTCC nanoparticles (about 100 nm)
< PBN (about 300–400 nm) (Fig. 9). The conclusion
is the same as the result from the TEM. The size of
O-HTCC nanoparticles is increasing with decreasing
TPP concentration, which may be due to the compact
structure. In TPP gelation process, there are three types
of ionic interactions that contribute to the crosslinked
networks of O-HTCC nanoparticles: electrostatic attrac-
tion between the electro-positive amino hydrogen of
chitosan and the electro-negative anion of TPP, junc-
tion formed by tripolyphosphoric and ��Nþ(CH3)3 of
O-HTCC and repel force between ��Nþ(CH3)3. Com-
petition between three kinds of force exists during
gelation process at the same time. When the TPP con-
centration is low, repel force between ��Nþ(CH3)3 is
the strongest.25 The structure of O-HTCC nanoparticles

is looser, and the size of nanoparticles is larger than
that of high TPP concentration.

PCS measurement

Figure 10 showed the results of nanoparticle size
characterization by PCS, which is a dynamic light
scattering method. In contrast to smaller and larger
O-HTCC nanoparticles and PBN to be present at
random demonstrated by TEM and AFM, PCS analy-
sis, suggesting the unimodal size distributions, pro-
vides consistency above general law. PCS assigns
average sizes of O-HTCC nanoparticles and PBN as
� 265.4 and 516.6 nm, [Fig. 10(A,B)] respectively. Of
course, the results from PCS are similar to that from
TEM and AFM. However, the PCS value is a bit
higher than that of TEM and AFM. One explanation
for the differences can be ascribed to the underlying
principles of their measurement methods. The con-
trast of TEM and AFM pictures allows only the visu-
alization of the nanoparticles’ core; conversely, PCS
assesses the hydrodynamic radius of analytes.33

Figure 9 AFM image of nanoparticles of (A) pure chitosan, (B) O-HTCC, and (C) physical blending of chitosan and
GTMAC: TPP 2.0 mg/mL. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

Figure 10 PCS analysis of nanoparticles of (A) O-HTCC and (B) physical blending of chitosan and GTMAC: TPP 2.0 mg/
mL. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Zeta potential measurement

Zeta potentials are often used as an important
parameter in explaining the electrostatic surface

interaction in adsorption.34 Zeta potentials so deter-
mined from the fragments in the samples were used
to represent the zeta potentials of the sample beads
in solutions of the same pH values.35

Figure 11 Zeta potential profiles of O-HTCC nanoparticles solution (A) x-potential 50.2 mV (TPP 1 mg/mL), (B) x-potential
47.8 mV (TPP 2 mg/mL), (C) x-potential 34.1 mV (TPP 3 mg/mL), and (D) x-potential 4.6 mV (TPP 4 mg/mL). [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

PREPARATION OF CHITOSAN AND ITS DERIVATIVES 559

Journal of Applied Polymer Science DOI 10.1002/app



Figure 11 shows with the TPP concentration
increasing from 1 to 4 mg/mL, the zeta potentials of
O-HTCC nanoparticles solution is decreasing from
50.2 to 4.6 mV. So the repel force between
��Nþ(CH3)3 became weaker, then the size of nano-
particles is decreasing. The conclusion from TEM
and AFM was verified by zeta potentials in the step.

In vitro release of BSA from the nanoparticles

BSA loading capacity and loading efficiency profiles
obtained from the chitosan and modified chitosan
are illustrated by Figure 12 and Table I. O-HTCC
nanoparticles have the highest loading capacity and
efficiency, and the lowest x-potential (34.1 mV).

The preliminary protein release test from chitosan
or O-HTCC nanoparticles in vitro proves that they
had a sustained release form as shown from Figure 13.
We chose pH 7.4 PBS as release medium, which sim-
ulates body fluid according to the literatures.36,37

The in vitro protein release profiles obtained for each
formulation showed several phases compositions.38

A first initial burst release of 15–80% is due to the

drug desorption from the particles surface. The burst
release of BSA occurred instantaneously, which indi-
cates the burst released BSA residues on the surface
of chitosan nanoparticles, O-HTCC nanoparticles,
and PBN. The burst release is less pronounced (15%
of amount) for chitosan nanoparticles than for modi-
fied chitosan nanoparticles (42% of amount for
O-HTCC and 80% of amount for PBN). The lower
burst release from nanoparticles with highly cross-
linked nanoparticles suggests that main BSA mole-
cules are encapsulated inside the matrix, highly
crosslinked networks enhance encapsulation. A pla-
teau for the following one day results from the diffu-
sion of the drug dispersed in the polymer matrix. A
constant sustained release of the drug results from
the diffusion of the protein through the polymer
wall as well as its erosion.35

This difference in the release rate could be attrib-
uted to the reduced interaction between BSA and
polymer, or due to the lower BSA loading of these
nanoparticles. In addition, the in vitro release of BSA
from nanoparticles containing different BSA loadings
indicated that the percentage of BSA released over
the time was higher for those formulations contain-
ing a lower protein loading. Consequently, these
results show that there are possibilities of modulat-
ing the release rate of proteins simply by adjusting
the composition of the chitosan nanoparticles or
their protein loading.

CONCLUSIONS

A number of chitosan-based colloidal systems have
been revealed as very promising carriers for bioac-
tive macromolecules. These systems boast some

Figure 12 BSA loading capacity and efficiency of nano-
particles of (A) chitosan, (B) O-HTCC, and (C) physical
blending of chitosan and GTMAC: TPP (2.0 mg/mL).

TABLE I
Physicochemical Properties of Three Kinds

of Nanoparticles Made with Chitosan with the
Same Amounts of TPP (2 mg/mL)

Zeta
potential
(mV)

BSA loading
efficiency (%)

Loading
capacity (%)

CS NPs 54.2 6 1.6 20.2 14.4
O-HTCC NPs 34.1 6 1.6 87.5 99.5
Physical
blending NPs 41.7 6 1.6 15.1 17.7

Figure 13 BSA release profiles from nanoparticles made
by (B) O-HTCC, (C) physical blending of chitosan and
GTMAC, and (D) chitosan.
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attractive features, such as mucoadhesion and their
capacity for the association and delivery of delicate
molecules. In this study, quaternized chitosan
(O-HTCC) and its nanoparticles were prepared suc-
cessfully. The degree of substitution was measured
by 1H NMR, and it was 33.3%. TEM and AFM dem-
onstrate and confirm that an increase in the size of
chitosan nanoparticles with increasing TPP concentra-
tion. Conversely, a decrease in the size of O-HTCC
nanoparticles occurs with increasing TPP concentration
and under the same conditions, chitosan and O-HTCC
nanoparticles are more spherical in shape. Spherical
O-HTCC nanoparticles with a small diameter (about
250 nm) can be prepared by an ionic gelation method.
These nanoparticles have narrow size distribution and
positive surface charges. It is found that the surface
charge of nanoparticles is lower when the TPP concen-
tration is higher. High BSA loading efficiency (87.5%)
and high loading capacity (99.5%) are achieved by
O-HTCC nanoparticles, and the release profile of BSA
from nanoparticles has an obvious burst effect and a
slowly continuous release phase followed.
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