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This work investigated the polyanion-initiated gelation process in fabricating chitosan-tripolyphosphate
(CS-TPP) nanoparticles intended to be used as carriers for delivering tea catechins. The results
demonstrated that the particle size and surface charge of CS-TPP nanoparticles could be controlled
by fabrication conditions. For preparation of CS-TPP nanoparticles loaded with tea catechins, the
effects of modulating conditions including contact time between CS and tea catechins, CS molecular
mass, CS concentration, CS-TPP mass ratio, initial pH value of CS solution, and concentration of
tea catechins on encapsulation efficiency and the release profile of tea catechins in vitro were
examined systematically. The study found that the encapsulation efficiency of tea catechins in CS-
TPP nanoparticles ranged from 24 to 53%. In addition, FT-IR analysis showed that the covalent
bonding and hydrogen bonding between tea catechins and CS occurred during the formation of CS-
TPP nanoparticles loaded with tea catechins. Furthermore, studies on the release profile of tea
catechins in vitro demonstrated that the controlled release of tea catechins using CS-TPP nanoparticles
was achievable.
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INTRODUCTION

Tea, rich in catechins, is one of the most widely consumed
beverages in the world. The principal catechins in tea leaves
(Camellia sinensis L.) are (-)-epigallocatechin 3-gallate (EGCG),
(-)-epicatechin 3-gallate (ECG), (-)-epigallocatechin (EGC),
and (-)-epicatechin (EC). Tea catechins have received great
attention due to their biological activities, such as antioxidant
and antitumor activities (1, 2). On the other hand, the oral
bioavailability of tea catechins is known to be low, <2-5% (3, 4).
Due to strong systemic clearance, the half-life of tea catechins
is short (5). It has been reported that the ingestion of tea
catechins increased the antioxidant capacity of human plasma,
whereas the concentration of tea catechins in plasma decreased
rapidly (6). To resolve this problem, it is therefore essential to
design an effective delivery system for tea catechins.

Chitosan (CS) is the deacetylated form of chitin and
composed of glucosamine, known as 2-amino-2-deoxy-(1f4)-

�-D-glucopyranan. It is considered to be the most widely
distributed biopolymer as a cationic, nontoxic, biodegradable,
and biocompatible polyelectrolyte. CS has been extensively
investigated for its potential applications in the food, cosmetics,
biomedical, and pharmaceutical fields (7). Due to their subcel-
lular and submicrometer size, CS nanoparticles can penetrate
deep into tissues through fine capillaries and cross the fenestra-
tion present in the epithelial lining. This allows efficient delivery
of therapeutic agents to target sites in the body (8–10). For the
preparation of CS nanoparticles, the ionotropic gelation method
is commonly used. Under the acidic conditions, the -NH3

+

protonized from -NH2 of CS can interact with an anion such
as tripolyphosphate to form microgel particles (11, 12). Ionic
cross-linking of CS and tripolyphosphte (TPP) represents an
advantageous method for preparing of drug-loaded nanoparticles
because of its mild process of obtaining nanoparticles with a
controlled size and satisfactory encapsulation capacity for
macromolecules and drugs. In addition, reversible physical
cross-linking by electrostatic interaction, instead of chemical
cross-linking, makes it possible to prevent the toxicity of
reagents and other undesirable effects (10, 13).

The physicochemical properties of nanoparticles are important
in determining the physiological functions and stability of CS-
TPP nanoparticles loaded with drugs. The particle size of
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nanoparticles is one of the most significant determinants in
mucosal and epithelial tissue uptake and intracellular trafficking
(14). Surface charge is another important determinant in not
only the stability, mucoadhesiveness, and permeation enhancing
effect of the nanoparticles (15, 16) but also the ability of
nanoparticles to escape from the endolysosomes (17). Some
reports are found in the literature on controlling the fabrication
parameters to modulate the physicochemical aspects of CS-TPP
nanoparticles for the delivery of macromolecules such as genes
and proteins in therapeutics (10, 18, 19). However, little
information on CS nanoparticles loaded with bioactive polyphe-
nolic antioxidant is available (20). The present study was
therefore made to investigate the possibility of producing CS-
TPP nanoparticles loaded with tea catechins by the ionotropic
gelation method. Employing techniques such as particle size
and zeta potential analysis, Fourier transform-infrared spectros-
copy (FT-IR), transmission electron microscopy (TEM), and
high-performance liquid chromatography (HPLC), we were able
to examine effects of various preparation conditions on particle
size, surface charge (zeta potential), polydispersity index (PDI),
encapsulation efficiency, and release profile of tea catechins in
CS-TPP nanoparticles.

MATERIALS AND METHODS

Materials. CS of five different molecular masses (30, 50, 100, 150,
and 300 kDa), derived from crab shell was obtained from Golden-
Shell Biochemical Co. Ltd. (Hangzhou, China). The degree of deacety-
lation was 90% for all. Folin-Ciocalteu reagent and sodium tripoly-
phosphate were purchased from Sigma-Aldrich. Product of tea catechins
extracted from green tea was obtained from Nanjing Sorun Herbal
Technology Development Co. Ltd. (Nanjing, China). The HPLC
standards of EGCG, ECG, EGC, and EC were purchased from
Funakoshi Co. Ltd. (Tokyo, Japan). All other chemicals were of
analytical grade.

General Procedure for Preparation of Nanoparticles. CS-TPP
nanoparticles were prepared according to the procedure reported
previously (18, 21). Briefly, CS was dissolved in 1% (w/v) acetic acid
solution with sonication until the solution was transparent. The aqueous
solution of TPP was obtained at a concentration of 0.8 mg/mL. As a
consequence of the addition of TPP solution to a CS solution with
stirring at room temperature, the formation of CS-TPP nanoparticles
started spontaneously via the TPP-initiated ionic gelation mechanism.
For the preparation of CS-TPP nanoparticles loaded with tea catechins,
the aqueous solution of tea catechins was added into CS solution for
an appropriate time before the addition of TPP solution. The nanopar-
ticle suspensions were immediately subjected to further analysis and
applications.

Characterization of Nanoparticles. The morphological character-
istics of nanoparticles were examined by a high-performance digital
imaging TEM machine (JEOL H-7650, Hitachi High-Technologies
Corp.). One drop of the suspension was stained with 2% (w/v)
phosphotungstic acid, placed on a copper grid, and allowed to evaporate
in air. Once evaporated, the samples were placed in a TEM for imaging.
The accelerating voltage used was 100 kV, and the images were taken
on a Gatan electron energy loss spectrometry system using a 6 eV
energy slit.

The measurements of particle size, PDI, and zeta potential of
nanoparticles were performed on a Zetasizer Nano-ZS (Malvern
Instruments) on the basis of dynamic light scattering (DLS) techniques.
FT-IR was carried out according to the potassium bromide pellet method
on a Tensor-27 (Bruker) in the range of 500-4000 cm-1.

Evaluation of Tea Catechin Encapsulation. CS-TPP nanoparticles
loaded with tea catechins were carefully transferred into an Amicon
Ultra-15 centrifugal filter device (Millipore Corp.) made up of a
centrifuge tube and a filter unit with low-binding Ultracel membrane
(10000 MWCO). After centrifugation at 4000g for 30 min, free tea
catechins penetrated through the Ultracel membrane into the centrifuge
tube, and the CS-TPP nanoparticles loaded with catechins in the filter

unit were obtained and then freeze-dried by a Labconco Freeze-Dry
System (Labconco Corp.). The ultrafiltrate in the centrifuge tube was
collected for further analysis. The amount of tea catechins in ultrafiltrate
was determined according to the Folin-Ciocalteu method (22). The
encapsulation efficiency of tea catechins was calculated using the
formula below:

% encapsulation efficienty)
total amount of catechins- amount of catechins in ultrafiltrate

total amount of catechins
×

100

In Vitro Release of Tea Catechins. The CS-TPP nanoparticles
loaded with tea catechins obtained from the centrifugation were further
used to determine in vitro release profiles of tea catechin. First, the
nanoparticles in the filter unit were diluted by deionized water to 2.0
mL. Then the filter unit was sealed and placed in a water bath with the
temperaature maintained at 37 °C. At specified collection times, the
filter unit was placed back into the Amicon Ultra-15 centrifugal filter
device and centrifuged at 4000g for 30 min. The nanoparticles in the
filter unit were treated repeatedly as described elsewhere above. The
amount of tea catechins in each ultrafiltrate was determined by HPLC
as we previously described (23). The total released tea catechins mass
Mi at time i was calculated using the formula

Mi )CiVi +ΣCi-1Vi-1

where Ci is the concentration of one kind of tea catechins in the
ultrafiltrate at time i and Vi is the ultrafiltrate volume.

Statistical Analysis. All experiments and analyses were performed
in triplicate. The data were compared by one-way analysis of variance
(ANOVA) using the SAS Software for Windows V8. The significant
difference (P < 0.01) between sample means was further determined
by Duncan’s multiple-range test.

RESULTS AND DISCUSSION

Preparation of CS-TPP Nanoparticles. CS-TPP nanopar-
ticles can easily be prepared upon the mixing of TPP solution
with CS solution under stirring, because the obtainment of
nanoparticles is based on an ionic gelation technique between
positively charged CS and negatively charged TPP. It is
noteworthy that many researchers have explored the capacity
of CS-TPP nanoparticles to associate peptides, proteins, oligo-
nucleotides, and plasmids DNA for potential pharmaceutical
applications. As the physicochemical features of CS-TPP
nanoparticles may affect the stability as a result of stable ionic
interactions and biological performance of nanoparticles loaded
with target molecules, it is important to elucidate the effect of
preparation conditions on particle size or stability of CS-TPP
nanoparticles. Therefore, we investigated the effects of CS
molecular mass, CS concentration, CS-TPP mass ratio, and
initial pH value of CS solution on particle size, PDI, and surface
charge of CS-TPP nanoparticles before studying the fabrication
parameters for CS-TPP nanoparticles loaded with tea
catechins.

Effect of CS Molecular Mass. Figure 1A shows the
influence of CS molecular mass on the particle size and PDI of
the CS-TPP nanoparticles. There was no noticeable difference
(P > 0.01) among the particle sizes when three CS molecular
masses of 50, 100, and 150 kDa were used. However, the
particle size decreased from 201.4 to 169.0 nm (P < 0.01) as
the CS molecular mass increased from 30 to 50 kDa, and it
rebounded to 309.7 from 173.3 nm (P < 0.01) in correspondence
to the increase of CS molecular mass from 150 to 300 kDa.
This phenomenon may be related to the shearing degradation
of CS during the magnetic stirring of the mixture of CS and
TPP (19). The mechanism of polymer shearing degradation is
proposed as the polymer sheared along the direction of shearing
flow; as a consequence, the strong elongated flow encountered
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by the polymer may bring sufficient energy to disrupt the
molecules. The shear stress to which the polymer is exposed
exceeds a critical value specific to the polymer (19, 24).
Therefore, the polymer has to be long enough to be entangled
and stretched by the shearing force. It can be presumed that the
length of the 30 kDa CS molecule is not long enough to be
sheared to degrade into small fragments engaged in the
formation of CS-TPP nanoparticles.

The PDI of CS-TPP nanoparticles increased from 0.164 to
0.294 in correspondence to the increase of CS molecular mass
from 30 to 300 kDa, and all of the values of PDI were below
0.3. The results indicate that a homogeneous dispersion of CS-
TPP nanoparticles is obtained. However, the heterogeneity
became higher and higher as CS molecular mass increased,
which may also be related to the polymer shearing degradation.
The CS with high molecular mass is likely to be degraded to
various fragments with different dimensions, which led to the
obtained nanoparticle being more heterogeneous.

The same trend as the particle size and PDI changes as a
function of the molecular mass could also be observed in the

change in surface charge of the CS-TPP nanoparticles (data not
shown). The chitosans with different molecular masses (degree
of deacetylation ) 90%) should have different available cationic
groups, the higher molecular mass having more available
cationic groups, resulting in the higher surface charge. These
results are similar to those obtained by Gan et al. (10) and Wu
et al. (25).

Effect of CS Concentration. Figure 1B shows the effect of
CS concentration on the particle size at two different CS
molecular mass values, 50 and 300 kDa. The particle size
increased linearly with the increase of CS concentration within
the experimental range. The particle size rose sharply ac-
companied by an increase in CS concentration at the molecular
mass of 300 kDa. A similar result has been reported by Grenha
et al. (26), who showed that a higher concentration of CS
solution formed larger sized particles. A similar trend was
observed in the change of PDI with the increase of CS
concentration (data not shown), indicating that the homogeneity
of CS-TPP nanoparticles became weaker as the CS concentration
increased.

Figure 1C shows the effect of CS concentration on the zeta
potential of CS-TPP nanoparticles. Within the tested range, the
zeta potential of CS-TPP nanoparticles increased linearly with
CS concentration. It is known that the formation of CS-TPP
nanoparticles is based on the interaction between the protonized
-NH3

+ in CS and the polyanionic phosphate groups in TPP.
The surface charge of the CS-TPP nanoparticles is determined
by the degree of neutralization of -NH3

+ by the polyanionic
phosphate groups. At the same degree of deacetylation, the
higher CS concentration means more total available -NH3

+ in
CS molecules. Compared with low CS concentration, there may
be more unneutralized -NH3

+ on the surface of nanoparticles
formed with high CS concentration. Therefore, the zeta potential
should increase with the increase of CS concentration. In
addition, the larger nanoparticle size and higher PDI at higher
CS concentration may also contribute to the higher amount of
unneutralized -NH3

+. More unneutralized -NH3
+ led to

stronger intramolecular repulsion, making the CS chain stretch
to result in larger nanoparticles. However, Gan et al. (10)
reported that the zeta potential of CS-TPP nanopaticles de-
creased with increasing CS concentration, which may be due
to the differences in molecular masses and deacetylation degrees
of the CS used.

Effect of CS-TPP Mass Ratio. CS-TTP mass ratio is another
important factor influencing the characteristics of the formed
CS-TPP nanoparticles. Gan et al. (10) reported that the particle
size and the zeta potential increased linearly with the increasing
CS-TPP mass ratio. However, an opposite trend in particle size
was found in the present study. As shown in Figure 2A, the
particle size decreased linearly with the increasing CS-TPP mass
ratio. A similar result has been reported lately that the particle
size declines as the CS-TPP mass ratio increases from 2:1 to
5:1 (28). It was observed that the formed nanoparticle suspension
became more and more turbid as the CS-TPP mass ratio
declined. Even opalescent floccules occurred when the CS-TPP
mass ratio declined to 1.5:1, indicating the formation of large
particles. A similar phenomenon has been reported that ag-
gregates with large diameter are formed when the CS-TPP mass
ratio is down to 1.25:1 (25, 27). It is known that the ability of
CS to quickly gel on contact with TPP relies on the formation
of inter- and intramolecular cross-linking between the amino
groups and the phosphate groups. When the CS-TPP mass ratio
was high (the available quantity of TPP was small), TPP might
dominantly inter- and intramolecular cross-link with CS to form

Figure 1. Effect of CS molecular masses from 30 to 300 kDa on particle
size (9) and polydispersity index (2) of CS-TPP nanoparticles (A). (CS
concentration ) 1.5 mg/mL; CS-TPP mass ratio ) 6:1; pH 4.5.) Effect
of CS concentration from 0.5 to 2.5 mg/mL on particle size (B) and zeta
potential (C) of CS-TPP nanoparticles (CS molecular mass ) 50 (2)
and 300 (9) kDa; CS-TPP mass ratio ) 6:1; pH 4.5).
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small monoparticles. As the CS-TPP mass ratio declined, the
available quantity of TPP increased accordingly, and the
superfluous TPP would link the monoparticles to form larger
nanoparticles. This may also be confirmed by the changes in
zeta potential and PDI of CS-TPP nanoparticles. As shown in
Figure 2B, the zeta potential decreased sharply as the CS-TPP
mass ratio decreased from 5:1 to 3:1, which might be caused
by the screening of cation on the particle surface during the
linkage or aggregation of the nanoparticles. On the other hand,
a slow increase in zeta potential was observed as the CS-TPP
mass ratio increased from 5:1 to 7:1, which might be due to
less neutralization of the protonated amino groups in CS
accompanied with less ionic cross-linking. In addition, the PDI
of the nanoparticle suspension increased as the CS-TPP mass
ratio declined from 7:1 to 3:1 (data not shown), which might
be caused by the formation of the linkage or aggregation of the
nanoparticles.

Effect of Initial pH Value of CS Solution. As a weak base
polysaccharide, CS is insoluble at neutral and alkaline pH
solutions. However, when it is dissolved in acidic medium,
usually in 1% or 0.1 M acetic acid, the solubilization occurs by
protonation of the -NH2 group on the C-2 position of the
D-glucosamine repeat unit, whereby the polysaccharide is
converted to a polyelectrolyte in acidic media. Therefore, the
ionic cross-linking process for the formation of CS-TPP
nanoparticles is pH-dependent, providing opportunities to
modulate the formulation and properties of CS-TPP nanoparticles.

To study the effect of the initial pH value of the CS solution
on particle size and zeta potential, CS-TPP nanoparticles
prepared with 50 kDa CS at a fixed CS-TPP mass ratio of 5:1
at two different CS concentrations (0.5 and 1.5 mg/mL) were
examined at different pH values of CS solution. The variations
in particle size and zeta potential with the pH value of the
CS solution are shown in Figure 3. Both the smallest particle
sizes and the lowest zeta potentials occurred at pH 4.5 for both

CS concentrations used. The particle size and zeta potential
decreased as the pH value increased from 3.6 to 4.5. Afterward,
the particle size increased as the pH value rose from 4.5 to 5.5,
but the zeta potential first increased as the pH rose to 5.0 and
then decreased again as the pH increased to 5.5. A similar trend
was also reported in another research paper (13). Below pH
4.5, the stronger protonation of the -NH2 moiety led to a higher
zeta potential and a stronger intramolecular repulsion, making
the CS chain stretch and resulting in larger nanoparticles. Up
to pH 4.5, the comparatively weak interaction between CS and
TPP led to the formation of larger nanoparticles (20). As the
pH value rose to 5.0, the relatively noncompact cross-linking
between CS and TPP caused less neutralization of the -NH3

+

group, resulting in the rise of the zeta potential. However, the
protonation of the -NH2 at pH 5.5 in CS molecules was
essentially so weak that the zeta potential declined sharply.

Characterization of CS-TPP Nanoparticles. Figure 4A
shows the morphological characteristic of CS-TPP nanoparticles
by TEM image. CS-TPP nanoparticles were regularly spherical
in shape. Figure 4B shows a typical size distribution profile of
the nanoparticles with a mean diameter of 128.5 nm in a narrow
size distribution (PDI ) 0.185). Particle charge is a stability-
determining parameter in aqueous nanosuspensions. Generally,
a zeta potential of (30 mV is required as a minimum for a
physical stable nanosuspension solely stabilized by electrostatic
repulsion (29). The zeta potential of the CS-TPP nanoparticles
prepared in the present study was about +42.5 mV (Figure
4C).

Encapsulation Efficiency and Release of Tea Catechins.
CS-TPP nanoparticles loaded with tea catechins were prepared
according to a procedure similar to that used for the preparation
of CS-TPP nanoparticles. From the extensive ongoing research
in protein encapsulation in CS nanoparticles, it is possible to
modulate the protein encapsulation efficiency and release rate
by adjusting CS molecular mass, concentration of protein or

Figure 2. Effect of CS-TPP mass ratio on particle size (A) and zeta
potential (B) of CS-TPP nanoparticles. [CS molecular mass ) 50 kDa;
CS concentration ) 0.5 (2) and 1.5 (9) mg/mL].

Figure 3. Effect of the initial pH values of CS solution on particle size
(A) and zeta potential (B) of CS-TPP nanoparticles. [CS molecular mass
) 50 kDa; CS concentration ) 0.5 (2) and 1.5 (9) mg/mL].
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CS, and CS-TPP mass ratios as well as the concentration of
the ionic cross-link agent. However, studies on encapsulation
efficiency and release are relatively few for the case of
polyphenol as a target molecule (20). Therefore, we investigated
the effects of modulating conditions (contact time between CS
and tea catechins, CS molecular mass, CS concentration, CS-
TPP mass ratio, initial pH value of CS solution, and concentra-
tion of tea catechins) on encapsulation efficiency and release
in vitro of tea catechins of CS-TPP nanoparticles loaded with
tea catechins.

Effect of Contact Time between CS and Tea Catechins.
The highest encapsulation efficiency of tea catechins appeared
after the mixture of tea catechins and CS was gently stirred for
30 min before the addition of TPP solution (data not shown).
As we can see from the results of FT-IR (Figure 5), the covalent
bonding and hydrogen bonding between tea catechins and CS
occurred during the formation of nanoparticles loaded with tea
catechins. Therefore, it can be presumed that the encapsulation
efficiency of tea catechins should be time-dependent for the full

interaction between tea catechins and CS. Therefore, all of the
following mixtures of tea catechins and CS for studying
encapsulation efficiency were gently stirred for 30 min before
the addition of TPP solution.

Effect of CS Molecular Mass. Figure 6A shows that the
encapsulation efficiency of tea catechin tended to increase from
25.84 to 47.37% and then to decrease to 35.95% in cor-
respondence to the CS molecular mass increasing from 50 to
150 kDa and to 300 kDa, respectively, at the CS concentration
of 1.5 mg/mL. The effect of CS molecular mass on the
encapsulation efficiency may be in correlation with the different
spread length of CS chain in the solution. For CS molecular
masses of 50 and 150 kDa, the molecular chain should be fully
extended in the solution at pH 4.5 because of the electrostatic
repulsion between protonized amine groups presented along the
molecular chain. The extended CS chains might offer more
reactive sites for the formation of hydrogen bonds with tea
catechins. Therefore, the tea catechin encapsulation efficiency
increased as the molecular mass went up from 50 to 150 kDa.

Figure 4. Characteristics of CS-TPP nanoparticles: (A) TEM image of CS nanoparticles; (B) size distribution; (C) zeta potential distribution.
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However, when the molecular mass was up to 300 kDa, the
encapsulation efficiency of tea catechins declined, possibly due
to the steric hindrance caused by the bend and intertwist of the
much longer spread chain.

In correspondence with the encapsulation efficiency, studies
on tea catechin release in vitro showed that both the release
kinetics and the total release of tea catechins at isothermal
conditions (37 °C) first increased as the molecular mass
increased from 50 to 150 kDa and then decreased when the
molecular mass increased to 300 kDa (Figure 6B). It has already
been reported that the release rate is usually drug concentration
gradient driven (27). A high quantity of loaded tea catechins
led to a wide concentration gap between CS-TPP nanoparticles
and the release medium, which caused a high release rate.
Therefore, the release rate varied according to the different
encapsulation efficiencies. There was a dramatic reduction in
tea catechin release after 12 h, and further release of tea
catechins required the swelling and degradation of the compact
CS-TPP nanoparticles. Hence, the results indicate that the CS-
TPP nanosystem is suitable for controlling the release of tea
catechins.

Effect of CS Concentration. The encapsulation efficiency
of tea catechins increased linearly with the increase of CS
concentration (Figure 6A). It has been reported that the
encapsulation efficiency of bovine serum albumin (BSA) in CS-
TPP nanoparticles decreased with increasing CS concentration,
which was caused by the higher viscosity in the case of higher
CS concentration (18). In contrast, the present study found that
the encapsulation efficiency had a positive linear relationship
with the increased CS concentration. This may be explained
by the differences in chemical structure and molecular masses
between BSA and tea catechins. As a macromolecule, protein
has a complex three-dimensional conformation. The highly
viscous nature of the gelation medium easily hindered the
transfer of the BSA, whereas the tea catechin molecules, with
one-dimensional conformation and small molecular mass
(200-500 kDa), were structurally simpler than the protein
molecule, which could easily escape from the encapsulation.
Therefore, the highly viscous CS solution could prevent the tea
catechin molecules from escaping the encapsulation of CS
molecules, leading to a greater encapsulation efficiency.

The release kinetics and the total release of tea catechins in CS-
TPP nanoparticles at isothermal conditions (37 °C) decreased with
increasing CS concentration (Figure 6C). The release profile of
the CS-TPP nanoparticles was affected by the encapsulation
efficiency and the structure of CS-TPP nanoparticles influenced
by CS molecular mass, deacetylation degree, CS concentration,

and the CS/TPP mass ratio (27). Figure 6C indicates a higher
encapsulation capacity with a lower release rate, suggesting that
the CS concentration was more important than the encapsulation
capacity. A similar result has also been reported by Xu et al. (27).
As mentioned above, higher CS concentration led to larger
nanoparticles (Figure 1B) and higher surface charge (Figure 1C).
Tea catechin molecules were likely to bind to larger CS-TPP
nanoparticles at multiple sites (18). In addition, membrane perme-
ability of the CS nanoparticles would be theoretically lower with
increasing CS concentration due to increased chain packing and
rigidity, as well as interchain bonding. All of the above factors
resulted in reduced burst effect and a slower release kinetic of the
tea catechins. There was also a dramatic reduction in tea catechin
release after 12 h, which is longer than that of protein (about 6 h)
(18). It might also contribute to the small and simple molecular
structures of tea catechins.

Figure 5. FT-IR spectra of CS, CS-TPP nanoparticles, and CS-TPP
nanoparticles loaded with tea catechins.

Figure 6. Effect of CS concentration (A) and CS molecular mass (B) (50
kDa,2; 150 kDa, 9; and 300 kDa, b) on the encapsulation efficiency
and release in vitro of tea catechins. (CS-TPP mass ratio ) 5:1;
concentration of tea catechins ) 1.0 mg/mL; pH 4.5.) Effect of CS
concentration (0.5 mg/mL, 9; 1.5 mg/mL, 2; and 2.5 mg/mL, b) on
subsequent tea catechins release profile (C). (CS molecular mass ) 150
kDa; CS-TPP mass ratio ) 5:1; concentration of tea catechins ) 1.0
mg/mL, T ) 37 °C).
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Effect of CS-TPP Mass Ratio. The effect of CS-TPP mass
ratio on the encapsulation efficiency was studied at the mass
ratios of 4:1, 5:1, 6:1, 7:1, 8:1, and 9:1 with 150 kDa CS. As
shown in Figure 7A, the encapsulation efficiency of tea
catechins decreased linearly from 45.14 to 32.23% as the CS-
TPP mass ratio increased. This is consistent with that of BSA
as target molecule in CS-TPP nanoparticles (18).

Tea catechin release kinetics and the total release at isother-
mal conditions decreased with the increase of CS-TPP mass
ratio from 4:1 to 8:1 (Figure 7B). As the CS-TPP mass ratio
decreased from 8:1 to 4:1, total release of tea catechins at 12 h
increased from 45.16 to 54.81%. This phenomenon might be also
reflected in the higher encapsulation efficiency of tea catechins at
lower CS-TPP mass ratio. This result is consistent with the
observation of BSA release in CS-TPP nanoparticles (18).

Effect of Initial pH Value of CS Solution. The encapsulation
efficiency of tea catechins with the varying initial pH values of
CS solution was investigated at pH 3.6, 4.0, 4.5, 5.0, 5.5, and
6.0. As shown in Figure 7C, the encapsulation efficiency of
tea catechins increased linearly from 38.96 to 66.96% with the
increasing initial pH values of CS solution. However, it was
observed that precipitation would occur soon after the formation
of nanoparticles prepared at pH 6.0, which might be caused by
the relatively weak interaction between CS and TPP. Consistent
with a previous paper (29), the present result suggests that it is
possible to obtain relatively higher entrapment efficiency of the
target molecule by careful control of the pH.

Effect of Concentration of Tea Catechins. Similar to
previous studies (18, 25), a correct linear pertinence between
the concentration of tea catechins and the size of the formed
nanoparticles was observed (data not shown). Interestingly,
the mean diameter of the CS-TPP nanoparticles loaded with
tea catechins was smaller (P < 0.01) than that of the
corresponding CS-TPP nanoparticles, which may be attribut-
able to a greater cross-linking density of the tea catechin-
loaded nanoparticles caused by the interactions between the
CS matrix and tea catechins (20). No significant variations
in zeta potential and PDI could be observed, which were
centered at +33.8 mV and 0.203, respectively.

FT-IR. The FT-IR spectra of CS, CS-TPP nanoparticles, and
CS-TPP nanoparticles loaded with tea catechins are shown in
Figure 5. It should be noted that there were three characterizing
regions between 3300 and 3500 cm-1, between 1500 and 1700
cm-1, and between 1000 and 1100 cm-1, respectively. The
cross-linking between CS and TPP and the interactions between
tea catechins and CS-TPP nanoparticles were identified with
FT-IR spectroscopy.

The peak between 3300 and 3450 cm-1 corresponds to the
stretching vibration of hydroxyl, amino, and amide groups in
CS (25). It could be noted that the peak at 3447.38 cm-1 in CS
shifted to a lower wavenumber (3394.40 cm-1) in CS-TPP
nanoparticles, indicating that the interactions among these groups
and TPP were also due to hydrogen bonding. Furthermore, a
more obvious variation of this peak could be seen after loading
with tea catechins. The peak shifted down to 3351.75 and
flattened in the tea catechin-loaded particles compared with the
corresponding CS-TPP nanopartcles, possibly due to the interac-
tions of tea catechins with the non-cross-linked amino groups
in CS.

Another essential change took place in the range of 1500 and
1700 cm-1. The shifts of the 1643.00 and 1600.62 cm-1 peaks
in CS to 1621.32 and 1560.94 cm-1, respectively, in CS-TPP
nanoparticles might be caused by the linkage between phosphate
and ammonium ion, which reflected that the -CONH2 and
-NH2 groups of CS were both cross-linked with TPP molecules.
A similar result has been reported by Zhang and Kosaraju (20).
However, the peak at 1621.32 cm-1 (-CONH2) shifted to
1617.44 cm-1 for CS-TPP nanoparticles loaded with tea
catechins, whereas the peak at 1560.94 cm-1 (N-H bending)
almost remained the same (1561.02 cm-1). This phenomenon
indicates the presence of minor interactions between the
hydroxyl groups in tea catechins and the amide group in CS
nanoparticles.

The last but not the least region was between 1000 and 1100
cm-1. The peak of 1083.21 cm-1 in theCS-TPP nanoparticles
shifted to 1079.38 cm-1 in tea catechin-loaded CS-TPP nano-
particles. This peak is related with the symmetric stretch of
C-O-C (30). The interaction between CS matrix and tea

Figure 7. Effect of CS-TPP mass ratio (8:1, b; 6:1, 9; and 4:1, 2) on
encapsulation efficiency (A) and release profile of tea catechin-loaded
CS-TPP nanoparticles (B). (CS molecular mass ) 150 kDa; CS
concentration ) 1.0 mg/mL; concentration of tea catechins ) 1.0 mg/
mL; pH 4.5, T ) 37 °C.) Effect of CS solution pH on encapsulation efficient
of catechin-loaded CS nanoparticles (C). (CS molecular mass ) 150 kDa;
CS concentration ) 1.0 mg/mL; CS-TPP mass ratio ) 5:1).
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catechins should lead to the shift of this peak in tea catechin-
loaded CS-TPP nanoparticles.

In conclusion, CS-TPP nanoparticles and CS-TPP nanopar-
ticles loaded with tea catechins were successfully prepared via
the ionic gelation method. It is concluded that the formation of
desirable CS-TPP nanoparticles and CS-TPP nanoparticles
loaded with tea catechins is possible by controlling the critical
fabricating parameters including CS molecular mass, CS
concentration, and CS-TPP mass ratio.
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