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Abstract

A chitosan based delivery system has been developed for the controlled release of polyphenolic antioxidants such as
catechin. Placebo and catechin entrapped particulate delivery systems were prepared using the sodium tripolyphosphate
ionic crosslinking technique. The particles have been characterised by transmission electron microscopy, particle size
and charge distribution analysis, Fourier Transform infrared spectroscopy, differential scanning calorimetry and entrap-
ment efficiency studies. These studies gave an understanding of the physico-chemical interactions that influence the bio-
polymer during particle formation and entrapment of catechin. The in vitro release of catechin was carried out in
enzyme-free simulated gastric and intestinal fluids. Although nanoparticles could be formed by the crosslinking technique
used, there was aggregation behaviour observed after retrieval and freeze-drying of the particles as shown by transmission
electron microscopy. Both the placebo and catechin-loaded particles had mean particle size range of about 4.27–6.29 lm
after freeze-drying and were charged. Fourier Transform infrared spectroscopy, differential scanning calorimetry studies
indicated minor structural interactions between catechin and chitosan matrix. Entrapment efficiency of the particles ranged
between 27% and 40%. In vitro release studies indicated that the release of catechin in simulated gastric and intestinal fluids
was between 15% and 40%, depending on the structural interactions between catechin and the chitosan matrix.
Crown Copyright � 2007 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Phenolic compounds have over 8000 various
structures but the main feature is one aryl ring with
a hydroxyl group on it [1]. The major sources of
polyphenolic compounds in diet are found in fruits
and beverages, especially in tea and coffee [2].
Among these polyphenolic compounds, catechin
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which is a flavonoid, creates a centre of consider-
ation due to its noticeable antioxidant activity.
Numerous studies have proven that catechin has
various types of pharmacological properties includ-
ing anti-oxidative, anti-inflammatory, anti-muta-
genic, anti-carcinogenic, antiangiogenic, apoptotic,
anti-obesity, hypocholesterolemic, anti-arterioscle-
rotic, anti-diabetic, anti-bacterial, anti-viral, and
anti-aging effects [3]. On the other hand, some stud-
ies showed that the antioxidant activity of catechin
decreased dramatically when it is exposed to
Elsevier Ltd. All rights reserved.
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alkaline pH as in the human intestine. Record and
Lane in 2001 [4] have demonstrated that the incuba-
tion of green and black tea at alkaline pH could
cause rapid decline of concentration of catechin,
but with a lesser reduction in antioxidant activity
and polyphenol concentration. This is probably
due to the formation of dimers as suggested by
Yoshino et al. [5]

The function and concentration of catechin in
human plasma after ingestion has also been studied.
It was concluded by Nakagawa et al. in 1999 that
catechin-incorporated plasma is highly resistant to
Cu2+-dependant in vitro lipid peroxidation. This
denoted that ingestion of catechin helps to increase
the antioxidant capacity of human plasma, thereby
reducing the risk of cardiovascular disease by pre-
venting oxidative modification of plasma lipopro-
teins. However, the decrease in concentration of
catechin was moderately rapid in the plasma [6].

With the objective of protecting catechin in intes-
tinal conditions and also to increase the plasma con-
centration levels of catechin by controlled/sustained
release, an entrapment technique was utilized in this
investigation. Catechin was encapsulated using
chitosan. Chitosan is a biomaterial which is both
biodegradable and biocompatible. It is a cationic
polysaccharide and is next to cellulose in abundance
in nature. It is being chosen as a drug delivery sys-
tem in the treatment of various diseases due to its
biocompatible and mucoadhesive properties [7].
Furthermore, chitosan can also induce sustained
release of the encapsulated bioactive due to its
mucoadhesive property. This helps in increasing
the transport of molecules across mucosal barriers
[8]. However, chitosan is only soluble in acidic envi-
ronment which decreases the availability of bioac-
tive in the small-intestine. Therefore, many studies
have been directed towards modified chitosan to
overcome this negative aspect and release of the bio-
active in the small-intestine. Xu and Du [9], Hong
et al. [10] have prepared chitosan nanoparticles
based on chitosan and tripolyphosphate. They trea-
ted bovine serum albumin (BSA) as a model protein
entrapped into the particles and altered different
factors such as temperature, pH, ratio of chitosan
to tripolyphosphate, concentration of BSA and
molecular weight of chitosan to enhance the entrap-
ment efficiency and release profiles.

While chitosan has been extensively exploited as
an encapsulant material for drug entrapment, there
appears to be no previous study on catechin as bio-
active. Studies intended to complex polysaccharides
such as chitosan with polyphenols in order to attain
the release of polyphenols in vivo found that the
process might be reversible [10,11].

Considering the function in metabolic processes
as well as properties of polyphenols manifested
in vitro, entrapment using chitosan is expected to
protect catechin from interactions with the food
matrix and also to allow controlled release in the
gastrointestinal tract. Hence in the current study,
chitosan is used as an encapsulant material for
entrapment of catechin. Both catechin loaded and
un-loaded particles were prepared with the inter
and intra-molecular ionic crosslinking of the amino
groups of chitosan and phosphate groups of sodium
tripolyphosphate (STP). Both the placebo and cate-
chin entrapped particles were characterized by,
particle size distribution analysis, zeta potential
measurements, Fourier Transform infrared spec-
troscopy (FTIR), differential scanning calorimetry
(DSC) and entrapment efficiency studies. The
in vitro release of catechin was carried out in simu-
lated gastric and intestinal fluids (SGF and SIF).

2. Experimental

2.1. Materials

Chitosan (molecular weight, 630 kDa) with 90%
degree of deacetylation was obtained from Swift
chemical company, Australia. STP (NaP3O10) was
from AJAX Chemicals, Sydney, Australia. Catechin
[(2R,3S)-2-(3,4-dihydroxyphenyl)-3,4-dihydro-1 (2H)-
benzopyran-3,5,7-triol (+)-catechin hydrate, (minimum
98% by TLC)] was purchased from Sigma–Aldrich,
Australia. Folin-Ciocalteu’s reagent (2 M) was from
Sigma–Aldrich, Australia. All other reagents were of
analytical grade and used as received.

2.2. Methods

2.2.1. Particle formation

2.2.1.1. Placebo chitosan particles. 1% (w/w) chito-
san solution was prepared using aqueous acetic acid
(2% v/v) and the pH was adjusted to 4.7 with 1 M
sodium hydroxide. STP (0.5% w/v) solution was
added dropwise to the chitosan solution in a fixed
weight ratio of chitosan:STP (2.5:1, 5:1, 7.5:1 and
10:1). Chitosan particles were formed spontane-
ously when adding STP solution to the chitosan
solution while stirring. Particles were separated by
centrifugation using Beckman Model J2-MC centri-
fuge at 9820g for 30 min. The supernatant was
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stored for further analysis. Chitosan particles were
rinsed with distilled water and centrifuged under
the same conditions. The particles were then
freeze-dried by Dynavac FD-5 freeze drier
(�40 �C) for around 24 h and stored at 4 �C.
2.2.1.2. Preparation of catechin loaded chitosan

particles. An appropriate amount of catechin (10%
w/w of chitosan) dissolved in absolute ethanol
(0.5–0.8% v/v of chitosan solution) was added to
the chitosan solution and followed the same
procedure as for the preparation of placebo par-
ticles.
2.2.2. Characterisation
Particle size distribution was studied by Malvern

Zeta Sizer Nano Series, Nano-ZS. Transmission
electron microscopy of chitosan and catechin-
loaded chitosan particles was carried out by placing
the microspheres in an aqueous medium and
ultransonicating for 5 min to produce a suspension.
A drop of the suspension was placed on a #200
mesh copper grid which was coated with a carbon
coated Formvar film and allowed to evaporate in
air. Once evaporated the samples were placed in a
JEOL 2010 TEM for imaging. The accelerating
voltage used was 100 kV and the images were taken
on a Gatan electron energy loss spectrometry
(EELS) system using a 6 eV energy slit.

Zeta potential measurements of the particles were
done using the auto titrator connected to the Nano-
ZS. FTIR was carried out by the potassium bromide
pellet method on Excalibur Series FTS 3500GX in
the 500–4000 cm�1 range. DSC was carried out by
Perkin–Elmer Pyris Series DSC 7 with an initial
purge of nitrogen at a heating rate of 5 �C min�1.
2.2.2.1. Entrapment efficiency. Entrapment efficiency
was calculated using the formula given below.
% Entrapment efficiency¼Total amount of catechin taken for entrapment�amount of catechin in the supernatant

Total amount of catechin taken for entrapment
�100
The entrapment efficiency was calculated by esti-
mating the un-entrapped catechin by the total phen-
olics assay using the Folin-Ciocalteu method [12].
The un-entrapped catechin in the supernatant of
each loaded sample was assayed in triplicate and re-
sults presented as mean ± SD of three independent
experiments.
2.2.2.2. In vitro release. Enzyme free SGF and SIF
were prepared according to the US pharmacopoeia
[13] and stored at 4 �C before use. Enzyme-free SGF
was prepared by dissolving 1 g of sodium chloride
and 3.5 ml of concentrated hydrochloric acid
(36%) in deionised water and made up to a volume
of 500 ml in a volumetric flask.

For the preparation of enzyme-free SIF, 0.2 M
sodium hydroxide was prepared by dissolving
800 mg of sodium hydroxide pellets in deionised
water and making the volume up to 100 ml. Potas-
sium dihydrogen phosphate (680 mg) was dissolved
in deionised water and the volume was made up to
25 ml. 7.7 ml of 0.2 M sodium hydroxide was added
to 25 ml of potassium dihydrogen phosphate solu-
tion and mixed. The solution pH was adjusted to
6.8 with 0.2 M sodium hydroxide. The volume was
made up to 100 ml with deionised water.

Both the placebo and catechin-loaded chitosan
particles were incubated at 37 �C and with continu-
ous shaking at 100 rpm in SGF and SIF separately
for 2 and 3 h respectively. These conditions are fol-
lowed as given in the pharmacopoeia to simulate the
stomach and the small-intestine. The samples were
filtered using 0.2 lm syringe filter and analysed for
catechin by the total phenolics assay. All the release
studies were conducted in triplicate and results
presented as mean ± SD of three independent
experiments.

3. Results and discussion

3.1. Preparation of chitosan particles

The preparation of chitosan particles is based on
an ionic gelation technique between positively
charged chitosan and negatively charged tripoly-
phosphate at room temperature [9,14,15]. In the ori-
ginal STP solution, the OH� ions competed with
P3O�5

10 ions to react with the protonated amino
group of chitosan on the surface of beads as soon
as the chitosan droplets come into contact with
the STP solution. After the formation of a gelled
outer layer, the resistance for the larger P3O�5

10 ions
to diffuse through the gelled film into the inside
matrix was higher than the resistance of OH� ions
to diffuse into the beads, due to the smaller molecu-



Fig. 2. TEM of catechin-loaded chitosan particles prepared using
chitosan:STP ratio of 2.5:1.
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lar size of OH�. So, the gelling mechanism of
chitosan beads was mainly dependent on coacerva-
tion-phase inversion due to the neutralization of
protonated amino groups of chitosan accompanied
with low ionic crosslinking. The in-liquid curing
mechanism of chitosan beads gelling in STP solu-
tion could be easily modified from pH-dependent
coacervation to ionic crosslinking reaction by
adjusting the pH value of STP solution [16].

There are several advantages of using this
method including the use of aqueous solutions, for-
mation of smaller particles, manipulation of particle
charge by the variation in pH and the possibility of
entrapment of proteins or DNA during particle for-
mation [7]. There are some potential drawbacks in
this method such as the relatively weak interactions
between chitosan and STP under low and high pH
conditions. This may cause disintegration of parti-
cles under such conditions.
3.2. Characterization

TEM of the particles has indicated the formation
of aggregates of the formed particles. Although the
particle size of most of the individual particles was
below 100 nm as shown in the micrographs (Figs.
1 and 2), formation of aggregates could not be pre-
vented for both the placebo and catechin-loaded
particles after drying. The formation of an aggre-
gate of four distinctive single particles with clear
joining boundaries formed alongside the regular
geometry of the proximate polyhedron (pentagon
and hexagon) shaped particles has been reported.
This study also suggests the nucleation through
ionic gelation followed by semi-crystal formation
and growth. BSA-incorporated particles were found
Fig. 1. TEM of chitosan particles prepared using chitosan:STP
ratio of 2.5:1.
to have spherical geometry [17]. However the parti-
cle geometry for both placebo and catechin-loaded
particles in our studies seemed to be spherical when
single particles were observed under TEM. The loss
of sphericity on formation of aggregates is also evi-
dent in our studies. This may be attributed to the
distortion of particle morphology in the aggregated
state on drying during sample preparation for TEM
studies.
3.2.1. Particle size distribution analysis
Particle size has a crucial impact on the in vivo

fate of a particulate delivery system and hence con-
trol over particle size is of paramount importance
[18]. The polydispersity index (PDI) is a measure
of dispersion homogeneity and ranges from 0 to 1.
Values close to zero indicate a homogeneous disper-
sion while those greater than 0.3 indicate high hetero-
geneity. In the previous investigations, chitosan
nanoparticles could only be produced in a specific
concentration range of chitosan and STP, beyond
or below which either aggregation occurred or no
particles were formed [7]. Size and size distribution
of the chitosan–STP nanoparticles depend largely
on concentration, molecular weight, and conditions
of mixing, i.e., stirring or sonication. The chitosan–
STP nanoparticle colloidal system is thermodynam-
ically unstable, especially at unfavourable solution
pH conditions and at high particle concentrations,
because of high surface energy associated with the
nanoscale dimensions [17]. The mean particle dia-
meter and PDI of both placebo and catechin loaded
particles is given in Table 1.

The nanoparticles formed in this study were
found to aggregate on drying as evidenced by



Table 1
Zeta-average size and polydispersity index of chitosan particles
prepared using different weight ratios of chitosan:STP

Samples Average (lm) PDI

Chitosan placebo 2.5/1 5.80 ± 3.7 0.48 ± 0.47
Chitosan placebo 5/1 5.15 ± 3.7 0.77 ± 0.20
Chitosan placebo 7.5/1 6.29 ± 2.5 0.33 ± 0.19
Chitosan placebo 10/1 4.27 ± 2.4 0.62 ± 0.35
Chitosan loaded 2.5/1 4.71 ± 2.3 0.39 ± 0.23
Chitosan loaded 5/1 1.97 ± 1.3 0.31 ± 0.28
Chitosan loaded 7.5/1 4.00 ± 1.9 0.37 ± 0.16
Chitosan loaded 10/1 6.83 ± 4.9 0.23 ± 0.03
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TEM. These aggregates could not be completely
broken down even after sonication. The size distri-
bution was carried out using these sonicated sam-
ples. The Z-average size of the placebo chitosan
particles ranged between 4.27 and 6.29 lm. There
was a reduction in average particle size for the cat-
echin-loaded particles for particles prepared using
chitosan:STP ratios from 2.5:1 to 7.5:1 and the par-
ticle size was higher than placebo for particles pre-
pared using 10:1 ratio of chitosan:STP. The PDI
for catechin-entrapped particles was found to be
lower when compared to the placebo chitosan parti-
cles for most of the Ch:STP ratios.

The smaller mean diameter of catechin-loaded
chitosan particles prepared using 2.5:1–7.5:1 (chito-
san:STP) ratio when compared to the corresponding
placebo chitosan particles can be attributed to the
higher crosslinking density of these particles. This
may be explained due to matrix interactions
between the chitosan matrix and catechin which
enhances the crosslinking density resulting in reduc-
tion of particle diameters. These may be hydropho-
bic interactions mainly and some covalent linkages
may also occur. The amino group in chitosan
may react with the quinone ring of the oxidised cat-
echin molecule. These physicochemical interactions
between protein and polyphenols have been studied
extensively [19]. Similar interactions between chito-
san and catechin as shown in Fig. 3 may play a
major role on the particle properties and will be dis-
cussed further based on the FTIR and thermal anal-
ysis data obtained. The higher mean diameter of the
catechin loaded particles prepared using 10:1 of
chitosan:STP may be due to the entrapment of cat-
echin in the inner phase of the polysaccharide
matrix without much interaction with the matrix
[20]. The placebo particles were found to have much
smaller average particle diameter at this ratio which
may be due to higher charge density of the particles
which results in reduced aggregation effects.
3.2.2. Zeta potential

The zeta potential of placebo and catechin-
loaded particles was obtained in order to determine
the surface charge. The stability of the particles can
be analysed based on the zeta potential [21]. Higher
charge density on the particle surface produces
repulsive interactions between particles. This leads
to more uniform size distribution and also stability
of the particles against aggregation effects and also
on storage of emulsions.

The average zeta potential of chitosan particles
(weight ratio of 2.5:1) was positive (52.75 mV to 0)
from pH 3 to 7.37, which indicates that free (non-
cross-linked) amino groups remained on the particle
surface. In principle, these surface groups have the
potential to be used for bioconjugation, to enable
targeted drug delivery of the particles [7]. The posi-
tively charged amino groups were almost neutral-
ized when the pH is higher than 7.3. The possible
explanation could be the lower level of crosslinking
of the amino groups in chitosan. The large particle
size of the placebo chitosan particles may be due
to the smaller number of ionic linkages between
chitosan and STP [7].

The positive surface charge of chitosan particles
results in higher stability of particles in suspension
through the electrostatic repulsion between parti-
cles. The positive charge of particles could also lead
to the interaction of particles in vivo with the cell
membrane of bacteria which is negatively charged
[22]. Zeta potential of the chitosan particles
decreased with the increasing pH value for each
sample. The zeta potential of pure chitosan at pH
3.0 was +56.1 mV and at pH 8.0 was +2.61 mV.
For chitosan particles, the zeta potential has
declined from +52.75 mV at pH 3.0 to �7.75 at
pH 8.0. The pKa for chitosan particles was 7.36.
However the pKa for pure chitosan did not appear
in the pH range of 3–8 as shown in Fig. 4.

The auto titration curves indicate the change in
zeta potential with changing pH conditions. The
lower pKa of chitosan particles when compared to
chitosan can be attributed to the crosslinking reac-
tion between the amino groups of chitosan and STP.

3.2.3. FTIR

The FTIR spectra of placebo and catechin-
loaded chitosan particles along with pure chitosan
used for their preparation are shown in Fig. 5.

According to Li [23], the peak between 3300 and
3450 cm�1 corresponds to stretching vibration of
hydroxyl, amino and amide groups in pure chitosan.



Fig. 3. Physicochemical interaction between chitosan, STP and catechin during particle formation.
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It is noticeable that this peak has moved to lower
wave numbers centered at 3169 cm�1 and became
broader and stronger in chitosan particles. This
indicates the interaction between these groups and
sodium tripolyphosphate and also due to hydrogen
bonding. Primary amines also show sharp peak
between 3500 and 3400 cm�1 which could be attrib-
uted to the asymmetric and symmetric stretching of
the N–H bonds. The peak in pure chitosan and
chitosan particles appears broad in this region due
to the contribution of O–H stretching peaks and
hydrogen bonding [24]. A slight variation of this
peak could also be seen after loading catechin.
The peak flattened in catechin loaded chitosan par-
ticles compared to chitosan particles, which could
possibly be due to the interaction of catechin with
the un-crosslinked amino groups in chitosan.

Another important change takes place in the
range of 1400–1800 cm�1. The shift of 1656 and
1600 cm�1 peaks in pure chitosan to 1643 and
1531 cm�1 in chitosan particles could be attributed
to the linkage between phosphate and ammonium
ions, and also reflects that the –CONH2 and –NH2

groups of chitosan are both crosslinked with sodium
tripolyphosphate molecule [25,26]. Similar shifts
were reported by Xu and Du [9]. The peak for
–NH2 bending vibration shifts from 1602 to
1534 cm�1. However for catechin-loaded particles,
the peak at 1643 cm�1 (–CONH2) changes to
1637 cm�1, peak at 1531 cm�1 (N–H bending)
remains the same. This indicates minor interactions
between hydroxyl groups in catechin and amide
group in chitosan crosslinked particles. The new
peak at 1208 cm�1 indicating P@O stretching [26]
appears in un-loaded chitosan particles and disap-
pears in catechin loaded particles, which could be
attributed to the change in structure of the matrix
after loading catechin.



Fig. 5. FTIR of chitosan, chitosan particles and catechin-loaded chitosan particles.
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The peak at 1029 cm�1 in placebo particles
shifted to 1078 cm�1 in catechin-loaded particles.
This peak is due to the symmetric stretch of C–O–
C (around 1020–1075 cm�1) [24]. The interactions
between chitosan matrix and catechin has lead to
the shift of the peak in catechin-loaded matrix.
Therefore, crosslinking between chitosan and STP
influences chitosan’s conformational structure
significantly.

3.2.4. Differential scanning calorimetry

As shown in Fig. 6, the endothermic peak for
pure chitosan at 180 �C has shifted to a higher tem-
perature at 194 �C for chitosan particles (chito-
san:STP of 2.5). This could be due to the higher
crosslinking density of chitosan matrix [27] that
the increasing crosslinking could result in a shift
of the endothermic peak. The glass transition tem-
perature (Tg) of chitosan depends on a number of
factors like crystallinity, molecular weight and
degree of deacetylation. These characteristics may
vary according to the source and or method of
extraction. In the present study we have not
observed Tg for chitosan.
For both the placebo and catechin-loaded chito-
san particles, two endothermic peaks have been
observed. The peaks shift slightly from 194 and
242 �C in placebo to 197 and 238 �C in catechin-
loaded particles respectively. Pure catechin shows
an endothermic peak at 231 �C. The shift in endo-
thermic peaks of catechin-loaded chitosan particles
indicates some minor interaction of catechin and
the chitosan matrix. These minor interactions cor-
roborate with the peak shifts as observed in the
FTIR spectra.

3.2.5. Entrapment efficiency studies

Entrapment efficiency (EE) of catechin in chitosan
particles was estimated by an indirect method in
which un-entrapped catechin in the supernatant was
estimated. Some of the previous studies also reported
this method of estimating entrapment efficiency [9].
This method was chosen due to the difficulty in break-
ing down the particles or swelling the particles in dif-
ferent media. Similar results were also reported by
Shu and Zhu [28]. They examined the electrostatic
interactions on the controlled drug release properties
of chitosan–phosphates, chitosan–pyrophosphate



Fig. 6. DSC analysis of chitosan (dash dot); catechin (dot); placebo chitosan particles (solid); catechin-loaded chitosan particles (dash).
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and chitosan–tripolyphosphate films. They illustrated
that the swelling ratio of chitosan–tripolyphosphate
films was much smaller because of the greater charge
number of STP and hence the increased ability to
crosslink with chitosan. They pointed out that chito-
san–STP film could still retain its integrity for more
than 48 h even in the media as low as pH 1.5. Based
on these previous studies, there is an indication that
the catechin entrapped chitosan particles prepared
in this study have reinforced crosslinking density
due to the structural interactions of catechin and
chitosan matrix. Taking into consideration, the result
obtained from FTIR and the extremely low swelling
of the particles, it is quite possible that the –CONH2

and –NH2 groups in chitosan have interacted with
the tripolyphosphate groups in STP through ionic
bonding. The interaction between chitosan matrix
and catechin in catechin-loaded particles may also
contribute to enhanced crosslinking density of the
matrix.

From the results shown in Fig. 7, EE of catechin
ranged between 27.9% and 40.12%. It was not sig-
nificantly affected by the weight ratio of chito-
san:STP. It can be seen that the entrapment
efficiency increased slightly with the increasing
weight ratio of chitosan:STP, which could be due
to the higher levels of available amino groups in
the chitosan. These free amino groups may interact
with catechin thus increasing the EE. However there
is a considerable decrease of entrapment efficiency
at the weight ratio of 10:1. The mean particle size
of these particles has increased in this case indicat-
ing the reduced interactions between chitosan
matrix and catechin. This may be due to the com-
petitive inhibition of crosslinking reactions due to
the excessive amino groups being available at higher
concentration of chitosan.
3.2.6. In vitro release studies

The release profiles of catechin from chitosan
particles is shown in Fig. 8. The amount of catechin
released based on the total entrapped catechin, ran-
ged between 5% and 15% in SGF and 9% and 25%
in SIF, from particles prepared using different
weight ratios (2.5:1–10:1) of chitosan to STP.

In SGF, the increasing trend in release may be
due to the decreased crosslinking density of the par-
ticles. According to Shu and Zhu [28], increasing
STP concentration improved the stability of chito-
san–STP in SGF due to higher crosslinking density.
This could be another reason for the low release



Fig. 8. In vitro release of catechin from chitosan particles.
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both in SGF and SIF for particles with 2.5:1 ratio.
For the ratio 10:1, the release has increased. This
might be because for ratio 10:1, the crosslinking is
weaker than for ratio 7.5:1, the un-crosslinked
amino groups are able to be protonated in acidic
conditions. Therefore, the particle swelling will be
higher for 10:1 than for ratio 7.5:1. This enhanced
swelling will lead to higher release of entrapped
catechin

In SIF, there are mainly two possible reasons for
the increasing trend in released catechin with the
increasing weight ratio of chitosan:STP. The first
factor is the entrapment efficiency. If the entrap-
ment efficiency is higher, then accordingly the
release will be increased. The second reason is that
the crosslinking density of the particles. If the trend
of catechin release in SIF is only dependent on
entrapment efficiency, such sharp rise in release
from the ratio of 2.5–7.5 will not be anticipated.
This can be implicated to weaker crosslinking with
increasing weight ratio of chitosan:STP. For sample
ratio of 10:1, the release is expected to increase
slightly because of further reduction in crosslinking
density, but the release was found to be lower than
for 7.5:1. This may be attributed to the lower
entrapment efficiency, which is much lower than
the particles prepared with 7.5:1 ratio. As such par-
ticles prepared using 10:1 ratio behaved differently
as discussed earlier under the PSD analysis when
compared to particles prepared with other ratios.

The cumulative release of catechin from particles
with 2.5:1, 5:1; 7.5:1 and 10:1 in SGF and SIF
amounts to 15.19%, 25.51%, 40.24% and 37.97%
respectively. The released amounts were not more
than 50%, which means there was still some catechin
available for further release. Since chitosan particles
are both mucoadhesive and also degradable in the
colonic environment, catechin could be further
released in large-intestine for prolonged periods.

FTIR analysis indicated that catechin has possi-
ble structural interactions with chitosan. This has
lead to reduced release. It has been suggested that
the interaction of polyphenols with chitosan may
be reversible, and at higher pH the release of poly-
phenols from the complex occurs [11]. This indicates
that after the release in stomach and small-intestine,
release due to the cleavage between catechin and
chitosan may occur in the large-intestine. There
may be release of more catechin due to the micro-
bial breakdown of the chitosan matrix.

The major factor to affect the absorption of pol-
yphenol is their ability to interact with dietary or
endogenous proteins in the gut [29]. As Piskula
and Terao [30] indicated that some of the catechins
delivered to the gut can be glucuronidated by the
glucuronosyl transferase in the mucosa of the intes-
tine. Consequently, protecting catechin from inter-
action with these enzymes and also different
components of the food matrix in gut is quite
important to increase the bioavailability of catechin.
From the current in vitro study, catechin was well
protected (up to 85%) in chitosan particles in SGF
for 2 h, and potentially a large percentage of cate-
chin goes down to intestine for absorption.

Yang et al. [31] demonstrated that after absorp-
tion, the catechins are widely distributed in all body
tissues with the highest concentration found in the
oesophagus, intestine and colon. Therefore, the lar-
ger the amount of catechin available in the large-
intestine, the higher the concentration of catechin
in the colon. By increasing the loading concentra-
tion of catechin, higher entrapment efficiency may
be achieved which in-turn increases the availability
of catechin in colon.

4. Conclusion

This present study has investigated the prepara-
tion of chitosan based particulate delivery systems
for the entrapment and controlled release of cate-
chin. Particle formation was achieved by an ionic
gelation technique.

Particles of different size distributions were
obtained using different weight ratios of chito-
san:STP. Due to the aggregation of the formed
nanoparticles as observed by TEM, the average size
range varied between 1.97 and 6.83 lm. It was dem-
onstrated that the weight ratio 5:1 has much pre-
ferred smaller particle size both in placebo and
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catechin-loaded system. The smaller particle size
and larger surface area is highly advantageous for
tailoring the delivery systems to reach various tar-
geted sites in the body. Chitosan particles character-
ized by FTIR and DSC confirmed that the particles
were formed through crosslinking between posi-
tively charged amino groups in chitosan and nega-
tively charged phosphate groups in STP. These
studies also indicated that both amido and amino
groups (–CONH2 and –NH2) were involved in the
crosslinking reaction. In addition, all the particles
formed by different ratios of chitosan:STP possess
positive zeta potential, which indicates that these
particles could be attached to the negatively charged
membranes of microorganisms or mucosa in the
gastro-intestinal tract to maintain prolonged con-
centration of catechin in vivo.

The entrapment efficiency study suggested that
the particles with weight ratio of 7.5:1 (chito-
san:STP) have the highest catechin loading capacity.
The particles prepared with the weight ratio of 2.5:1
(chitosan:STP) have the highest crosslinking density
and the least release both in stomach and small-
intestine. Hence there is a great potential for deliv-
ery systems with controlled release of catechin in
the upper GIT followed by release of the remaining
catechin in the large-intestine.
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