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Abstract

This study describes the preparation of mucoadhesive alginate/chitosan microparticles containing prednisolone intended for colon-specific
delivery. Two methods have been used for the preparation of the particles: the one-step method is the method in which prednisolone was dispersed
within sodium alginate solution and this dispersion was then dropped in a solution containing both calcium chloride and chitosan. The two-step
method consisted also of the dispersion of prednisolone in alginate solution and then dropping this dispersion into a solution containing calcium
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hloride, the particles were then transferred to a chitosan solution. The concentration of sodium alginate solution at 2% (w/v), various concentrations
f calcium chloride solution (0.5–1.0%, w/v), chitosan solutions (0.5, 1.0 and 1.5%, w/v) and prednisolone drug load (2, 5, 10 and 15%, w/v) have
een used. The results for both preparation methods show that the particle size and drug content were mainly depending on the amount of the
rug concentration and not the amount of chitosan and calcium chloride. The in vitro mucoadhesive tests for particles prepared from both methods
ere carried out using the freshly excised gut of pigs. The particles prepared by the one-step method exhibited excellent mucoadhesive properties

fter 1 h test. Increased chitosan concentrations from 0, 0.5, 1.0 to 1.5% (w/v) resulted in 43, 55, 82 and 88% of the particle remaining attached
n the gut surface after 1 h, respectively. However, the particles prepared by the two-step method showed significant less mucoadhesion under the
ame experimental conditions. At chitosan concentrations of 0, 0.5, 1.0 and 1.5% (w/v) the amount of particles remaining attached to the mucosal
urface of the pig gut after 1 h was 43, 3, 11 and 11%, respectively. The prednisolone release at a pH of 6.8 after 4 h was between 63 and 79% for
he particles prepared by the one-step method and between 57 and 88% for the particles prepared by the two-step method with a prednisolone drug
oad of 5 and 10% (w/v), respectively. The results show that depending on the preparation method these chitosan coated alginate particles show
ifferent mucoadhesiveness whereas their other properties are not statistically significant different.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Colonic drug delivery systems have been widely studied for
he last decade due to the recently recognized importance of
his region of the gastrointestinal tract for drug absorption. The
enefit of those delivery systems are that they can be applied
oth for local and systemic drug delivery (Kinget et al., 1998;
alabresi and Chanber, 1992). Among the different approaches

o achieve colon-specific drug delivery, the use of chitosan pro-
ides great promise due to its non-solubilty at pH values higher
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than 6.5 which prevail in the jejunum and the ileum of the gut
whereas the colonic pH value is in the range of 5.5–6.0 and
chitosan then gets soluble again and will release the incorpo-
rated drug substances. A suitable dosage form then could be
an enteric coated gelatin capsule containing chitosan or chi-
tosan coated microparticles which are released in the colon.
Because it is well known that such enteric coated delivery
systems for colon targeting release their drug content often
before reaching the colon, chitosan due to its insolubility in
the ileum will prevent undesired drug release in this part of the
gut. In its hydrated form, chitosan also shows good mucoad-
hesive properties (Fiebrig et al., 1994, 1995; Takeuchi et al.,
1996). There has been increasing interest in the study on algi-
nate/chitosan microparticles as carriers for controlled release
of proteins and drugs for its biocompatible, biodegradable and

378-5173/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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114 S. Wittaya-areekul et al. / International Journal of Pharmaceutics 312 (2006) 113–118

mucoadhesive properties (Vandenberg and De La Noue, 2001;
Mi et al., 2002).

Chitosan has been shown to interact with mucin (Fiebrig
et al., 1994, 1995), and liposomes coated with chitosan have
also been shown in vivo to have a prolonged residence time
in the GI tract of rats in comparison to uncoated liposomes
(Takeuchi et al., 1996). Microparticles with a chitosan gel core
and a polycation–polyanion membrane have been widely inves-
tigated in connection with various applications. Alginate, a neg-
atively charged polysaccharide with high charge density is the
most commonly used polyanion for microparticles production
and has been reported to be mucoadhesive as well (Craig and
Tamburic, 1997; Gomez and Wee, 1998). The alginate/chitosan
microparticles can be produced by different methods (Huguet
and Dellacherie, 1996; Daly and Knorr, 1988). However, most of
the reports focused on preparation methods of microparticles and
characteristics of drug release. The mucoadhesive properties,
one of the important feature of alginate/chitosan microparticles
used in the drug delivery system, were rarely included in these
studies.

This study focuses on the development of microparticles with
an alginate core and chitosan coatings containing prednisolone
as a model drug. The developed microparticles consist of pred-
nisolone microcrystals entrapped within sodium alginate and
coated with chitosan as an outer layer. Alginate/chitosan micro-
spheres were prepared by complex coacervation using sodium
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w/v) was then suspended thoroughly into the alginate solu-
tions by a homogenizer. The alginate/prednisolone mixture was
dropped through a 0.45 mm syringe needle at a dropping rate
of 1.0 ml/min. Two different procedures were used: the one-
step method was by dropping the alginate/prednisolone mixture
directly into a solution of calcium chloride (0.5–1.0%, w/v)
mixed with chitosan (0.5–1.5%, w/v). The two-step method
was by dropping the alginate/prednisolone mixture into calcium
chloride solution (0.5–1.0%, w/v), followed by a membrane
forming step where the particles were suspended in a solution of
chitosan (0.5–1.5%, w/v). The microparticles were allowed to
harden for at least 2 h before washing them twice with distilled
water, and were then dried at room temperature.

2.3. Characterization of the prednisolone microparticles

2.3.1. Determination of prednisolone content in
microparticles

The prednisolone content was determined by dissolving
100 mg of microparticles in 0.2 M phosphate buffer pH 6.8 under
sonication for at least 1 h until the microparticles were com-
pletely dissolved. After dissolution, the samples were filtered
and analyzed spectrophotometrically at 242 nm (Model Gray
1E, Australia). The results are expressed as the amount of pred-
nisolone in 100 mg of microparticles.
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lginate as a gel core. Two principally different procedures were
sed: a one-step method where a complex coacervate membrane
s formed at the interface between the alginate and chitosan solu-
ions when the alginate solution is dropped directly into a solu-
ion of calcium chloride mixed with chitosan. The other method
s a two-step method which comprises the formation of alginate
eads stabilized with calcium alginate, followed by a membrane
orming second step where the beads are suspended in a solution
f chitosan. This work also focuses on the in vitro evaluation of
he mucoadhesive properties of alginate/chitosan microparticles
ontaining prednisolone using a pig intestine device attached to
he USP disintegration apparatus.

. Materials and methods

.1. Materials

High molecular weight chitosan (MW 474 kDa) with a
eacetylation degree of 96% was purchased from Aqua Premier
o., Ltd. (Chonburi, Thailand). Low viscosity sodium alginate

viscosity 250 cps, 2%, w/v) was purchased from Sigma–Aldrich
nc. (St. Louis, MO, USA). Micronized prednisolone, Cibacron
rilliant red 3B-A, and calcium chloride were purchased from
luka AG (Switzerland).

.2. Preparation of microparticles

Alginate/chitosan microparticles were prepared by complex
oacervation using sodium alginate as a gel core. All alginate
olutions (2%, w/v) were prepared by dissolving sodium alginate
n de-ionized water. Micronized prednisolone powder (2–15%,
.3.2. Scanning electron microscopy
The surface morphology of the microparticles was examined

sing scanning electron microscopy (SEM LEO 1455VP, Cam-
ridge, UK). The samples were mounted directly onto the SEM
ample holder using double-sided sticking tape and were gold
pray-coated.

.3.3. Particle size determination
Measurements of the particles size distributions and mean

iameters of the microparticles were carried out with an opti-
al microscope (Olympus, Germany). Fifty randomly chosen
icroparticles were taken to measure their individual shape

nd size. Microparticles were visualized under 4× magnifica-
ion and the diameter noted using a microscope equipped with

calibrated slide-mounted tracing device permitting accuracy
f ±50 �m. The Feret’s diameters were registered for irregular
ized microparticles.

.3.4. Colorimetric determination of chitosan in aqueous
olution

A colorimetric method for the determination of chitosan in an
queous solution was described by Muzzarelli (1998). A solution
f Cibacron brilliant red 3B-A dye was prepared by dissolving
50 mg of the powder in 100 ml deionized water. Five milliliter
f the stock solution were diluted to 100 ml with 0.1 M glycine
ydrochloride buffer. The final concentration of the dye solution
as 75 �g/ml. To prepare the standard curve, a stock solution
f 0.5% (w/v) chitosan (15, 30, 45, 60, 80, 100, 150, 200 and
50 �l) was filled into test tubes, followed by addition of dif-
erent volumes of buffer to reach 300 �l. Then 3 ml aliquots of
ye solution were added to each tube. The absorbance values
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were measured spectrophotometrically at 575 nm. The aqueous
chitosan solutions were tested before and after the preparation
of microparticles by both preparation methods. The difference
amount of chitosan before and after preparation of the micropar-
ticles was calculated as the amount of chitosan bound to the
alginate cores of the microparticles.

2.4. In vitro release studies

Drug release profiles from alginate/chitosan microparticles
containing prednisolone with an accurately weighed amount of
microparticles were obtained using USP dissolution apparatus II
(Erweka, Germany). The study conditions were set at a stirring
speed of 75 rpm, dissolution medium volume of 500 ml at 37 ◦C.
The dissolution medium was 0.2 M phosphate buffer pH 6.8 as a
representative of the intestinal pH. At fixed intervals, an aliquot
of 5 ml was withdrawn for analysis of prednisolone. The medium
was replaced with fresh dissolution medium at each interval.
The samples were filtered and analyzed spectrophotometrically
at 242 nm. The results measured in triplicate are expressed as a
percentage of the drug released.

2.5. Measurement of in vitro mucoadhesive properties

The in vitro evaluation of the mucoadhesive properties of
the microcapsules was carried out using the proximal portion of
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Fig. 1. The average Feret’s diameter of alginate microparticles prepared with
2% (w/v) sodium alginate, 0.5 and 1.0% (w/v) CaCl2, and 2, 5, 10, and 15%
(w/v) prednisolone.

from 0.5 to 1% (w/v) resulted in comparable particle size and
drug content. These results revealed that the calcium chloride
concentration of 0.5% (w/v) was sufficient to form the gel net-
work.

The particles prepared by the one-step method gave approxi-
mately the same particle size and drug content as those prepared
by the two-step method (P < 0.05). In the one-step method, the
alginate network is formed by the reaction with both chitosan and
calcium ions, allowing also the diffusion of chitosan molecules
into the alginate gel core. The concentration of calcium ions
in the chitosan solution during the particle preparation had a
large effect on the ability of the microparticles to bind chi-
tosan (Gaserod et al., 1998). Their results suggested a higher
diffusion rate of chitosan molecules into the alginate core in
the presence of calcium chloride concentrations and resulting
in a higher porosity of alginate core. In the two-step method,
the alginate network is formed during the reaction with cal-
cium ions only followed by the wall formation with chitosan
molecules.

The quantitative determination of unbound chitosan in the
supernatant was done with Cibacron brilliant red 3B-A in diluted
aqueous solutions after removal of the microparticle residues.
This method proved to be suitable for the determination of
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ig’s large intestine. The freshly slaughtered large intestine was
ashed with physiological saline and attached on a microscopic

lide. Thirty pre-swollen microcapsules were brought in contact
o the intestine using the pressure of 25 g on the microscopic
lide for 2 min. The mucoadhesiveness of the microcapsules was
easured by connecting the prepared slide with the gut to the
SP disintegration apparatus (Van Kel Inc., NC, USA). The
articles were forced to wash off under the reciprocating motion
f disintegration apparatus in 900 ml phosphate buffer pH 6.8.
he number of particle remaining attached was counted after
5, 30, 45 and 60 min.

.6. Statistical analyses

All of the experiments were done in triplicate. One-way anal-
sis of variance (ANOVA) was performed to determine the
ignificant difference in each property among the formulations.
he differences were considered to be significant at a level of
< 0.05.

. Results and discussion

.1. Particle size and prednisolone content

Figs. 1 and 2 show that increasing concentration of pred-
isolone from 2, 5, 10 to 15% (w/v) in sodium alginate 2% (w/v)
ithout chitosan coating resulted in increasing particle sizes
hese results were expected since at the constant concentration
f sodium alginate of 2% (w/v), an increasing concentration of
rednisolone resulted in increased overall viscosity of the dis-
ersed system. The increased concentration of calcium chloride
ig. 2. The amount of incorporated prednisolone in alginate microparticles pre-
ared with 2% (w/v) sodium alginate, 0.5 and 1.0% (w/v) CaCl2, and 2, 5, 10
nd 15% (w/v) prednisolone, respectively.
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Fig. 3. The amount of chitosan bound to microparticles prepared by the one-step
and two-step method using 2% (w/v) sodium alginate, 0.5% (w/v) CaCl2, 0.5%
(w/v) chitosan, and 5% (w/v) prednisolone, respectively.

unknown concentrations of chitosan in the course of technical
operations where chitosan is consumed, for instance during the
preparation of polyelectrolyte complexes (van der Merwe et al.,
2004). A formulation of 5% (w/v) sodium alginate, 5% (w/v)
prednisolone, 0.5% (w/v) calcium chloride and 0.5% (w/v) chi-
tosan was used to study the effect of the amount of chitosan able
to be attached around the alginate/predinosolone core depending
on the preparation method one or two. Fig. 3 shows the amount
of chitosan bound to the microparticles. These results reveal that
the particle prepared by the one-step method has significantly
less chitosan binding (1.54%, w/w) to its alginate core com-
pared to those prepared by the two-step method (3.71%, w/w).
These results can be explained by the fact that when the one-step
method is used, both the positively charged chitosan molecules
and the positively charged calcium ions are competing with the
negative charges on the surface of the alginate core. Using the
two-step method firstly the calcium ions can crosslink the algi-
nate core surface. In the second step, the chitosan molecules can
attach themselves to the left positive charge of the alginate core
and the adhering chloride ions at the particle surface. By means
of this second step process a thicker and well packed chitosan
layer around the alginate particle is formed in comparison to
the one-step method where the chitosan molecules retain their
flexibility.
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Fig. 4. SEM micrograph of a microparticle prepared with 2% (w/v) sodium
alginate, 0.5% (w/v) CaCl2, and 0.5% (w/v) chitosan; (a) 5% (w/v) prednisolone
and (b) 10% (w/v) prednisolone.

3.3. In vitro release behavior of the microparticles

The in vitro release profiles of prednisolone from micropar-
ticles containing 2% (w/v) sodium alginate, 5 and 10% (w/v)
prednisolone and 1% (w/v) of chitosan prepared by the one-
step and the two-step method were investigated in phosphate
buffer pH 6.8. Fig. 5 showed that after 4 h, the release of pred-
nisolone from the microparticles with the prednisolone loading
of 5 and 10% (w/v) were 79 and 63% for the one-step method,
respectively, and 88 and 57% for the two-step method, respec-
tively. At pH 6.8, the alginate/chitosan microparticles containing
prednisolone were swollen but did not dissolve. The results sug-
gested that the microparticles containing 5% (w/v) prednisolone
exhibited faster water uptake and swelling of the microcores
than those containing 10% (w/v) prednisolone in the formula-
tions. Independent of the preparation method the microparticles
showed controlled release of prednisolone. At a loading of 5%
(w/v) prednisolone 75–80% was released after 4 h. With a load-
ing of 10% (w/v) about 60% of the drug was released at the same
time.
.2. Surface morphology of the microparticles

The SEM analysis revealed that the microparticles pre-
ared in this study were mostly spheres with rough surfaces.
ig. 4 shows the appearance of the white spots on the sur-
ace of alginate/chitosan microparticles when increasing the
oncentration of prednisolone from 5 to 10% (w/v). Presum-
bly, those spots represent predinisolone crystal precipitation
t the particle surface. However, this drug precipitation could
nly be seen at the sodium alginate particle’s surface, whereas
he particles coated with chitosan either with the one-step

ethod or with the two-step method did not show prednisolone
recipitation.
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Fig. 5. The release profiles of prednisolone from microspheres prepared
from 2% (w/v) sodium alginate and 1% (w/v) chitosan; (5P/2S = 5% (w/v)
prednisolone with two-step; 10P/2S = 10% (w/v) prednisolone with two-step;
5P/1S = 5% (w/v) prednisolone with one-step; 10P/1S = 10% (w/v) prednisolone
with one-step).

3.4. In vitro mucoadhesive properties of the microparticles

The in vitro mucoadhesive test was carried out using the for-
mulation of 5% (w/v) sodium alginate, 5% (w/v) prednisolone,
0.5% (w/v) calcium chloride, and various concentrations of chi-
tosan. The results of in vitro mucoadhesive tests are shown
in Fig. 6 where the particles prepared by the one-step method
exhibited excellent mucoadhesive properties after 1 h. It should
be mentioned that the pressure on the particles to adhere at
the gut wall is not realistic for the in vivo situation and the
results are only for the purpose of comparison of different for-
mulation to reveal some basic knowledge for the mucoadhesion
behavior of the particles. This study revealed that preparing
alginate/chitosan microparticles containing prednisolne by the
one-step method produced particles with sufficient amount of
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chitosan on the surface of the alginate particle cores. Blank cal-
cium alginate microparticles without a chitosan coating exhib-
ited by themselves some mucoadhesive properties as 43% of the
particles remained attached to the mucosal surface after 1 h. The
one-step coating of the particles with 0.5, 1.0 and 1.5% (w/v)
of chitosan enhanced the mucoadhesive properties to 52, 82 and
88% of the particles remaining attached after 1 h, respectively.
Increasing the chitosan concentration to more than 1.5% (w/v)
resulted in a too highly viscous solution not suitable for a good
coating of the alginate core of the particles.

On the other hand, the microparticles containing pred-
nisolone prepared by the two-step method exhibited poor
mucoadhesive properties with chitosan concentration from 0.5,
1.0 to 1.5% (w/v) resulting in 3, 11 and 11% of the particles
remaining attached in the isolated gut after 1 h, respectively.

There are several theories described in the literature that
might explain the mechanism of mucoadhesion between adhe-
sive materials and mucin. They included the theory of elec-
trostatic adsorption (van der Waals, hydrogen bonds), wetting,
diffusion and fracture theories (Mortazavi and Smart, 1995;
Burjak et al., 2001; Dobrozsi et al., 1999). Several in vitro
and in vivo tests were designed to evaluate the mucoadhesive-
ness, such as the rinsing method developed by Rangna Rao and
Buri (1989), the measurement of detachment forces in vitro and
measurements of the GI transit using radio-opaque micropar-
ticles, gamma scintigraphic technique, and the measurements
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ig. 6. The in vitro mucoadhesive tests of microparticles (AG = alginate,
AG/C0.5 = alginate with 0.5% chitosan, 1AG/C1.0 = alginate with 1.0% chi-
osan, 1AG/C1.5 = alginate with 1.5% chitosan prepared by the one-step method;
AG/C0.5 = alginate with 0.5% chitosan, 2AG/C1.0 = alginate with 1.0% chi-
osan, 2AG/C1.5 = alginate with 1.5% chitosan prepared by the two-step

ethod).
f the residence time of particles in the isolated intestinal loop
n rats. Most of the studies showed that the prerequisite for a
ood mucoadhesiveness of a polymer is its high flexibility of its
olymer backbone structure and of its polar functional groups.
uch a flexibility of the polymer chains, however, is reduced if

he polymer molecules are crosslinked either with each other
r with coagulation agents like calcium ions. Those micropar-
icles may show poor mucoadesiveness. This situation may be
he case with the two-step preparation methods where the chi-
osan molecules forming a wall around the alginate core are
ightly bound with each other and the calcium ions. Another
ituation prevails at the one-step method: here both chitosan
olecules and calcium ions are competing which each other at

he same time with the negatively charged groups of the algi-
ate molecules and this competition may result in that chitosan
olecules are only slightly bound and hence keep their flexi-

ility when the particles are suspended in aqueous milieu. As a
esult of this, they are able to interact with the mucus chains and
how good mucoadhesiveness. This is supported by a study of
uang et al. (2000) demonstrating that the adhesive capabilities
f hydrogels can be improved by tethering of long flexible chains
o a particle surface. The resulting hydrogels exhibit increased

ucoadhesive properties due to enhanced anchoring of the flex-
ble chains with the mucosa.

. Conclusion

This work demonstrates the effects of formulation and pro-
ess variables on particle size, drug content and drug release
nd especially on the mucoadhesiveness of microparticles made
rom alginate as a core and chitosan as the outer coating. The
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in vitro mucoadhesive study revealed that the one-step method
is advantageous to fabricate alginate/chitosan microcapsules
with excellent mucoadhesive properties for colonic drug deliv-
ery whereas the two-step method is not. More research will
be necessary to elucidate the mechanisms of chitosan particle
coating, however the important message of this investigation
is that changes in the manufacturing process of such chitosan
coated alginate particles can result in strong and even unexpected
changes in the particle’s surface properties. In order to obtain an
effective delivery system for colon delivery, these microparticles
have to be incorporated in a suitable drug carrier which releases
the microparticles in the colon with intact mucoadhesive prop-
erties.
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