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a b s t r a c t

Calcium alginate (CA) beads loaded with intercalated complexes of propranolol HCl (PPN) and mag-
nesium aluminum silicate (MAS), which serve as microreservoirs, were prepared using an ionotropic
gelation method. The surface and matrix morphology, drug entrapment efficiency, thermal behavior,
mechanical properties, and PPN release of the CA beads were characterized. The results showed that
the molecular interaction of MAS with PPN and sodium alginate (SA) resulted in PPN–MAS intercalated
complex particles as microservoirs and denser matrix structure formation in the CA beads. The small
particles of the PPN–MAS complexes were embedded on the surface and in the matrix of the CA beads,
which was revealed using SEM and EDX. The PPN entrapment efficiency of the PPN–MAS complex-loaded
CA beads was significantly higher than that of the PPN-loaded CA beads. Increased MAS content caused
an increase in PPN entrapment efficiency, thermal stability, and the strength of the CA beads. Moreover,
rug entrapment efficiency
rug release

the PPN–MAS complexes in the CA beads could remarkably reduce the initial burst of PPN release as well
as its release rate in both 0.1 M HCl and phosphate buffer at pH 6.8, depending on the MAS content added.
Additionally, the PPN–MAS complex-loaded CA beads also produced a sustained release pattern of PPN
in simulated gastro-intestinal conditions. In conclusion, the CA beads containing drug–clay intercalated
complexes as microreservoirs could enhance drug entrapment efficiency, reduce initial burst release and
modulate drug release. Furthermore, these beads represent a promising oral drug delivery system for

onic d
highly water-soluble cati

. Introduction

In oral drug delivery systems, the dosing of drugs in multiple-
nits has been found to have advantages over single-unit dosage
orms (Bechgaard & Nielsen, 1978). Multiple-unit dosage forms are
ften composed of numerous particles that are contained in a tablet
r a capsule. The small particles are mixed with the contents of the
astro-intestinal (GI) tract and are distributed over a large area.
herefore, high local concentrations of the drug are avoided, and
he risk of local irritations is reduced. Additionally, multiple-units
re less variable and less dependent on gastric transit time, which
esults in a reproducible bioavailability of the drug.

Small beads have been used as drug carriers to prepare oral
ultiple-unit capsules intended for sustained release dosage forms

Takada & Yoshikawa, 1999). These beads can be prepared using

n ionotropic gelation method, where polysaccharides are cross-
inked to form an insoluble gel bead. Sodium alginate (SA), which
s a naturally occurring non-toxic polysaccharide found in marine
rown algae, is one of the polysaccharides employed to fabricate

∗ Corresponding author. Tel.: +66 43 362092; fax: +66 43 202379.
E-mail address: thaned@kku.ac.th (T. Pongjanyakul).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.02.038
rugs.
© 2010 Elsevier Ltd. All rights reserved.

small beads. Gelation of SA occurs when uronic acids (�-l-guluronic
and �-d-mannuronic acids) are cross-linked with divalent cations,
such as calcium ions (Draget, 2000). Gelation occurs when the
extended chain sequences of these acids adopt a regular twofold
conformation and dimerize by chelating calcium, forming the so-
called ‘egg-box’ structure (Grant, Morris, Rees, Smith, & Thom,
1973). Each calcium ion takes part in nine coordination bonds with
each oxygen atom, resulting in a three-dimensional network of
calcium alginate (CA). This phenomenon has been applied to the
preparation of CA beads for use as a drug delivery system, by drop-
ping the drug-containing SA dispersion into a calcium chloride bath
(Østberg, Lund, & Graffner, 1994; Sugawara, Imai, & Otagiri, 1994).
The CA beads could protect an acid-sensitive drug from gastric juice,
and the drug was consequently released from the beads in the intes-
tine (Fernández-Hervás, Holgado, Fini, & Fell, 1998; Hwang, Rhee,
Lee, Oh, & Kim, 1995).

A low entrapment efficiency of water-soluble drugs in the CA
beads is a problem for developing CA beads as a drug delivery sys-

tem (Lee, Min, & Cui, 1999). This is largely due to the leakage of drug
molecules from the wet beads during the cross-linking process. To
solve this problem, the incorporation of water-soluble polymers,
such as chondroitin sulfate (Murata, Miyamoto, & Kawashima,
1996), konjac glucomannan (Wang & He, 2002), gelatin (Almeida

http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:thaned@kku.ac.th
dx.doi.org/10.1016/j.carbpol.2010.02.038
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Almeida, 2004), sodium starch glycolate (Puttipipatkhachorn,
ongjanyakul, & Priprem, 2005), and xanthan gum (Pongjanyakul

Puttipipatkhachorn, 2007a), have been used to improve drug
ntrapment efficiency by reinforcing CA beads due to complex for-
ation of SA with such water-soluble polymers. An alternative

pproach involves the use of water insoluble materials for rein-
orcement of the CA beads. Due to the formation of a complex
etween the carboxyl groups of SA and the amino groups of chitin,
ater insoluble chitin has previously been added to the beads to

etard drug release (Murata, Tsumoto, Kofuji, & Kawashima, 2003).
urthermore, complexes formed between an amine drug and a syn-
hetic cation exchange resin have been applied as a drug carrier in
he CA beads (Halder, Maiti, & Sa, 2005).

Magnesium aluminum silicate (MAS) is a mixture of natural
mectite clays, specifically montmorillonite and saponite (Kibbe,
000; Viseras, Aguzzi, Cerezo, & Lopez-Galindo, 2007). MAS has
layered silicate structure, and the surface of the silicate layer

ontains numerous silanol groups (SiOH), which are able to form
ydrogen bonds with other substances (Gupta, Vanwert, & Bogner,
003). The separation of the layered structures occurs when these
lays are hydrated in water, and the weakly positively charged
dges and the negatively charged faces of MAS are presented.
ue to the interaction of the silanol groups of MAS with the
arboxyl groups of SA, MAS has been used to improve the phys-
cal properties of CA beads (Puttipipatkhachorn et al., 2005).
ecently, MAS was used as an adsorbent for amine drugs to form
rug-MAS complexes. A simultaneous formation of small parti-
le drug-MAS complexes occurred when a MAS dispersion and a
rug solution were mixed, due to electrostatic interactions between
hese materials (Rojtanatanya & Pongjanyakul, 2010; Suksri &
ongjanyakul, 2008). Thus, the drug-MAS complexes obtained
rovided a sustained release pattern of the drug (Pongjanyakul,
hunawattanakul, & Puttipipatkhachorn, 2009; Rojtanatanya &
ongjanyakul, 2010). Therefore, it is possible that the drug-MAS
omplexes can be added to a SA dispersion before the cross-linking
rocess to prepare CA beads that contain drug-MAS complexes,
hich serve as drug microreservoirs. The resulting complexes may

nhance drug entrapment efficiency and modulate drug release.
Propranolol HCl (PPN), a secondary amine compound with high

ater solubility, was the first �-adrenoceptor-blocking drug to
chieve wide therapeutic use for the treatment of angina and
ypertension (Dollery, 1991). Due to the short half-life of PPN
3.9 h) (Dollery, 1991), PPN has been selected as a drug candi-
ate for developing multiple-unit sustained release dosage forms
Paker-Leggs & Neau, 2009). Moreover, PPN has previously been
eported to form small particle complexes with MAS (Rojtanatanya

Pongjanyakul, 2010). Therefore, the aim of this study was to
repare and investigate CA beads loaded with PPN–MAS com-
lexes that serve as microreservoirs. The SA dispersions containing
PN–MAS complexes formed with different MAS concentrations
ere prepared and characterized according to particle size, zeta
otential, and the amount of PPN adsorbed prior to cross-linking
sing different concentrations of calcium chloride. The surface and
atrix morphology of the PPN–MAS complex-loaded CA beads
ere investigated using a scanning electron microscopy and energy
ispersive X-ray analysis. Moreover, PPN entrapment efficiency,
hermal behavior, mechanical properties, and PPN release of the
eads were examined.

. Materials and methods
.1. Materials

MAS (Veegum®HV, Lot No. V-GHV-5H-367) and PPN (Batch
o. M080115) were purchased from the R.T. Vanderbilt Company,
rate Polymers 81 (2010) 409–419

Inc. (Norwalk, CT, USA) and Changzhou Yabang Pharmaceutical
Co., Ltd. (Jiangsu, China), respectively. SA (Manugel®DMF, Batch
No. 991131) was obtained from ISP Thailand Ltd. (Bangkok, Thai-
land). All other reagents used were of analytical grade and used as
received.

2.2. Preparation of PPN–MAS complex dispersions

A 4% (w/v) MAS suspension was prepared using hot water
and cooled to room temperature prior to use. Next, the 4% (w/v)
MAS suspension in 4.7, 9.4 or 18.8-ml volumes were mixed with
25 ml of the 1% w/v PPN deionized water solution in a beaker,
and then the PPN–MAS dispersions were adjusted to a final vol-
ume of 50 ml to yield MAS concentrations of 0.38, 0.75, or 1.5%
(w/v), respectively. The pH of all dispersions was approximately
7.6, which was measured using a pH meter (Ion Analyzer 250,
Corning, USA). Next, the dispersions were incubated at 25 ◦C for
24 h to allow PPN adsorption onto the MAS particles to equilibrate
and obtain complete formation of the PPN–MAS complexes. The
PPN–MAS complex dispersions were investigated as described in
Section 2.4.

2.3. Preparation of SA dispersions with PPN–MAS complexes

SA (0.75 g) was gently added to the PPN–MAS complex dis-
persions, which had been incubated at 25 ◦C for 24 h. The SA
dispersions with PPN–MAS complexes were incubated again at
25 ◦C for 24 h. Then, the dispersions obtained were characterized
and used to prepare the CA beads.

2.4. Characterization of PPN–MAS complex dispersions

2.4.1. Microscopic morphology studies
The morphology of the PPN–MAS complexes in the dispersions

was investigated using an inverted microscope (Eclipse TS100,
Nikon, Japan) and imaged using a digital camera (Coolpix 4500,
Nikon, Japan).

2.4.2. Particle size determination
The sizes of the MAS particles and the PPN–MAS complexes in

the dispersions were measured using a laser diffraction particle size
analyzer (Mastersizer2000 Model Hydro2000SM, Malvern Instru-
ment Ltd., UK). The samples were dispersed in 70 ml of deionized
water in a small volume sample dispersion unit and stirred at a rate
of 50 Hz for 30 s prior to measurement. The particle sizes in terms
of volume weighted mean diameter were then recorded.

2.4.3. Zeta potential measurement
The zeta potential of the MAS particles and the PPN–MAS com-

plexes in the dispersions were measured using a laser Doppler
electrophoresis analyzer (Zetasizer Model ZEN 2600, Malvern
Instrument Ltd., UK). The samples were kept at 25 ◦C, and the
dispersions were diluted using deionized water to obtain the appro-
priate concentrations (count rates >20,000 counts per second) prior
to measurement.

2.4.4. Determination of PPN adsorbed onto MAS
The clear supernatants of the dispersions were collected, diluted

with deionized water, and then filtered through a 0.45-�m cellu-

lose acetate membrane. The amount of PPN in the supernatants was
analyzed using an UV–vis spectrophotometer (Shimadzu UV1201,
Japan) at a wavelength of 289 nm. The amount of PPN adsorbed onto
the MAS was calculated as the difference between the amount of
PPN added and the amount of PPN in the supernatant.
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.4.5. Rheological studies of composite dispersions
Rheological properties and viscosity of the dispersions were

tudied using a small sample adapter of a Brookfield Digi-
al Rheometer (Model DV-III, Brookfield Engineering Labs Inc.,
toughton, MA) at 32 ± 1 ◦C. A rheogram of the samples was
btained by plotting the shear rate and the shear stress from various
evolution rates when a spindle (no. 34) was used. To characterize
he type of flow of the samples, the following exponential formula
as used (Martin, 1993):

N = �G (1)

og G = N Log F − Log � (2)

here G, F, N and � are shear rate, shear stress, exponential constant
hat defines the type of flow, and viscosity coefficient, respectively.
he N value is approximately unity, indicating Newtonian flow,
hereas increasing of the N value more than unity represents pseu-
oplastic flow of the dispersions.

.5. Preparation of beads

PPN–MAS complex-loaded CA beads were prepared by dropping
he SA dispersions containing PPN–MAS complexes that were pre-
ared in Section 2.3 through a nozzle (1.2 mm inner diameter) into
.5, 1.0, or 2.0% (w/v) calcium chloride solution (80 ml) with gen-
le agitation. The gel beads were cured in this solution for 30 min,
ashed 2 times with 20 ml of deionized water, blotted to remove

xcess water, and dried at 50 ◦C for 24 h. To prepare blank beads
nd PPN-loaded CA beads, the 1.5% SA dispersions without and
ith 0.5% PPN, respectively, were prepared, and bead preparation
roceeded as described above.

.6. Characterization of beads

.6.1. Particle size analysis
The particle size of the beads was determined using an opti-

al microscope (Nikon, Japan). One hundred beads were randomly
elected, and their Feret diameters were measured.

.6.2. Determination of drug entrapment efficiency
The beads were ground using a mortar and pestle, and 100 mg

f the ground beads was dispersed in 50 ml of 2 M HCl. The mix-
ure was sonicated for 30 min and incubated at 37 ◦C for 24 h. The
olution was then filtered, and the PPN content was assayed using
n UV–vis spectrophotometer (Shimadzu UV1201, Kyoto, Japan) at
wavelength of 289 nm. The entrapment efficiency was calculated
ccording to the ratio of actual to the theoretical drug content in
he beads (Wang & He, 2002).

.6.3. Scanning electron microscopy (SEM) with energy
ispersive X-ray (EDX) analysis

The surface and matrix morphology of the beads were observed
sing scanning electron microscopy (SEM). The samples were
ounted onto stubs, which were then sputter coated with gold

n a vacuum evaporator and photographed using a scanning elec-
ron microscope (Jeol Model JSM-6400, Tokyo, Japan). Additionally,
he surface chemical analysis of the samples was investigated by
DX analysis (Link ISIS series 300, Oxford Instruments, England).
he characteristic X-rays emitted and elemental information of the
amples were recorded.
.6.4. Differential scanning calorimetry (DSC)
DSC thermograms of the samples were recorded using a differ-

ntial scanning calorimeter (DSC822, Mettler Toledo, Switzerland).
ach sample (2.0–2.5 mg) was accurately weighed into a 40-�l alu-
rate Polymers 81 (2010) 409–419 411

minum pan without a cover. The measurements were performed
over 30–450 ◦C, heating at a rate of 10 ◦C min−1.

2.6.5. Fourier transform infrared (FTIR) spectroscopy
FTIR spectra of the samples in KBr discs were recorded with

a FTIR spectrophotometer (Spectrum One, Perkin Elmer, Norwalk,
CT). Each sample was gently triturated with KBr powder at a weight
ratio of 1:100 and then compacted into a disc using a hydrostatic
press at 10 tons for 5 min. The disc was placed in the sample holder
and scanned from 4000 to 450 cm−1 at a resolution of 4 cm−1.

2.6.6. Mechanical property of beads
The method for determining the mechanical property of the

beads was modified from a previous reported by Edwards-Lévy
and Lévy (1999). Analysis of the mechanical property of the beads
was carried out using a texture analyzer (TA.XT plus, Stable Micro
Systems, UK) with a 50-kg load cell equipped with a cylindrical
probe of 6 mm in diameter. One bead was placed on the platform
at room temperature. The probe was positioned to touch the bead,
recorded as the initial position, and then the probe flattened the
bead at a constant speed of 1.0 mm s−1. The probe was removed
when the bead was reduced to 50% of its original height. The force
and percent displacement was plotted, and the maximum force at
50% displacement, which represents the strength of the beads, was
reported.

2.6.7. In vitro drug release studies
A USP dissolution apparatus I (Hanson Research, Northridge, CA)

was used to characterize the release of PPN from the beads. The
baskets were rotated at a rate of 50 rev. min−1 at 37.0 ± 0.5 ◦C. The
amount of beads added to 500 ml dissolution medium was equiv-
alent to 20 mg of PPN. The dissolution media used were 0.1 M HCl
and pH 6.8 phosphate buffer. The simulated gastro-intestinal con-
ditions used to measure drug release were performed using 0.1 M
HCl (500 ml) for 2 h, followed by pH 6.8 phosphate buffer (500 ml).
Samples (20 ml) were collected and replaced with fresh media at
various time intervals. The amount of PPN released was analyzed
spectrophotometrically at 289 nm (Shimadzu UV1201, Japan).

The PPN release kinetics from the CA beads in various dissolu-
tion media were investigated by fitting the PPN release data into
zero order and Higuchi’s models, which can be expressed using the
following equation:

Q = ktn (3)

Here, Q is the percentage of drug released at a given time (t), k is the
release rate and n is the diffusion exponent. The n value could be
defined as 0.5 and 1, which indicated the Higuchi’s and zero order
equation, respectively (Costa & Lobo, 2001). The release rate was
estimated by fitting the experimental drug release data into both
models and analyzed by linear regression analysis.

3. Results and discussion

3.1. Characteristics of PPN–MAS complexes

The PPN solution was mixed with different concentrations of
MAS to form the flocculates or complexes, as shown in Fig. 1a. This
phenomenon occurred due to the molecular interaction between
the negatively charged MAS and cationic PPN (Rojtanatanya &
Pongjanyakul, 2010). The characteristics of the PPN–MAS complex

dispersions are presented in Table 1. The MAS particle size was
4.81 ± 0.17 �m, whereas the mean particle sizes of the PPN–MAS
complexes ranged from 65.9 to 75.9 �m. The zeta potential of the
negatively charged complexes and the percentage of PPN adsorbed
onto MAS increased with increasing MAS concentration. This was
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ig. 1. Microscopic morphology of PPN–MAS complexes in distilled water without
a) and with 1.5% (w/v) SA (b).

ecause a fixed concentration of PPN was used in the disper-
ions and the increased MAS provided additional negative charges
nd higher adsorption sites for PPN. The incorporation of SA into
he PPN–MAS dispersions resulted in PPN–MAS complexes with
maller particle sizes and a higher percentage of PPN adsorbed
nto the MAS (Table 1). An explanation for the smaller particle
izes is shown in Fig. 1b. Specifically, the PPN–MAS complexes
ere broken into smaller particles because the negative charge of

A could interact molecularly not only with MAS (Pongjanyakul

Puttipipatkhachorn, 2007b) but also with the positive charge of

PN. However, the smaller particle sizes of the PPN–MAS com-
lexes possessed a larger surface area for PPN adsorption, and
herefore a higher percent of PPN was adsorbed.

able 1
haracteristics of PPN–MAS complexes and SA dispersions with PPN–MAS complexes.

Dispersion Particle size (�m) Zeta potential (mV) PPN

0.5% PPN–MAS dispersion
−0.38% MAS 75.9 ± 2.3 −6.2 ± 0.5 15.0
−0.75% MAS 65.9 ± 2.6 −18.5 ± 2.6 34.5
−1.50% MAS 66.1 ± 1.5 −26.2 ± 1.4 69.9

1.5% SA dispersion – – –
+0.5% PPN – – –
+0.5%PPN–MAS

−0.38% MAS 15.6 ± 0.3 −77.2 ± 2.9 27.9
−0.75% MAS 23.9 ± 0.5 −90.1 ± 2.4 47.3
−1.50% MAS 54.7 ± 1.2 −93.6 ± 2.9 77.4

ata are the mean ± S.D., n = 3.
rate Polymers 81 (2010) 409–419

The rheology of the 1.5% SA dispersion was Newtonian, with
an N value close to 1 (Table 1). The presence of PPN in the SA
dispersion increased the viscosity coefficient. This is likely due to
the partially electrostatic interaction of the negatively charged SA
with the cationic drug (Bertram & Bodmeier, 2006). The presence of
MAS in the dispersions seemed to increase the N value and the vis-
cosity coefficient of the dispersions. The PPN–1.5% MAS dispersion
with SA had the highest N value and viscosity coefficient, indicat-
ing that the interaction between MAS and SA could change the
rheological behavior from Newtonian to pseudoplastic flow and
could increase the viscosity of the dispersion in a manner similar to
previous studies (Pongjanyakul & Puttipipatkhachorn, 2007b). This
finding suggested that the formation of the PPN–MAS complexes
and the increase in viscosity of the dispersions might affect the
cross-linking process of the alginate beads in the calcium chloride
solution.

3.2. FTIR studies

The molecular interactions of SA, PPN and MAS in the CA
beads were investigated using FTIR spectroscopy. FTIR spec-
tra of SA powder showed peaks around 3435, 1615, 1418, and
1031 cm−1, reflective of O–H, COO− (asymmetric), COO− (sym-
metric), and C–O–C stretching, respectively (Pongjanyakul &
Puttipipatkhachorn, 2007a). The cross-linking process of SA with
calcium caused an obvious shift to higher wave numbers and a
decrease in the intensity of COO− stretching peaks. Additionally,
a change to lower wave numbers and a decrease in the intensity of
the C–O–C stretching peak of SA was observed (Fig. 2c). This indi-
cated the presence of an ionic bond between the calcium ion and
the carboxyl groups of SA and partial covalent bonding between
the calcium and oxygen atoms of the ether groups, and it is in
agreement with previous studies (Sartori, Finch, & Ralph, 1997). The
PPN-loaded CA beads caused a shift in the O–H, COO− (asymmetric),
and COO− (symmetric) stretching peaks to lower wave numbers,
suggesting that a molecular interaction between SA and PPN was
formed due to hydrogen bonding and electrostatic force. Further-
more, these results suggest that this interaction occurred before
the cross-linking process, which is in agreement with a previous
study (Lim & Wan, 1997). This finding can account for the changes
in the rheological properties of the SA dispersion with PPN. The
addition of MAS in the PPN-loaded CA beads caused a change in
the carboxylate peaks of SA. The Si–O–Si stretching peak of MAS
at 1015 cm−1 (Fig. 2b) became narrower and moved to a lower
wave number (Fig. 2e), suggesting that MAS could interact with SA
and PPN in the beads. Moreover, the PPN peaks at 775, 797, 1241
complex-loaded CA beads and were not observed in the spectra of
PPN-loaded CA beads. These results suggested that the PPN–MAS
complex-loaded CA beads might have a higher PPN entrapment
efficiency.

adsorbed (%) N Viscosity coefficient ([dyne cm−2]N s)

± 1.6 – –
± 0.6 – –
± 0.4 – –

0.98 ± 0.01 5.23 ± 0.22
1.04 ± 0.01 8.23 ± 0.29

± 3.2 1.06 ± 0.01 11.64 ± 0.38
± 0.4 1.06 ± 0.02 11.35 ± 1.07
± 0.3 1.87 ± 0.11 1,733.8 ± 795.4
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ig. 2. FTIR spectra of PPN powder (a), MAS powder (b), blank CA beads (c), PPN-
oaded CA beads (d), and PPN–1.5% MAS complex-loaded CA beads (e).

.3. Thermal behavior

The thermal behavior of the CA beads was characterized using
SC, as shown in Fig. 3. SA powder presented two decomposition
eaks at 258 and 351 ◦C (Fig. 3c). The blank CA beads presented
broad endothermic peak at 70 ◦C, and the exothermic peak of

A at 258 ◦C was absent (Fig. 3d). However, the second exother-
ic peak of the CA beads moved to a higher temperature (401 ◦C),

ndicating that the interaction of SA and calcium could enhance
he thermal stability of SA. The interaction of PPN and SA caused a
ecrease in the thermal stability of the CA beads, evidenced by the
hift of the exothermic peak to a lower temperature (Fig. 3e). The
resence of MAS in the PPN-loaded CA beads caused an increase

n the exothermic peak temperature (Fig. 3f and 3g). Moreover, an
ncreasing MAS content lowered the intensity of the exothermic
eak, and this peak was absent when 1.5% MAS was used (Fig. 3f–h).

hese data suggested that MAS could improve the thermal sta-
ility of the CA beads. Additionally, the DSC thermograms of the
PN- and PPN–MAS complex-loaded CA beads did not contain the
elting peak of PPN at 164 ◦C (Fig. 3b), suggesting that PPN was

ig. 3. FTIR spectra of MAS powder (a), PPN powder (b), SA powder (c), blank CA
eads (d), PPN-loaded CA beads (e), and CA beads containing PPN–MAS complexes
repared using 0.38 (f), 0.75 (g), and 1.5 (h) % MAS.
rate Polymers 81 (2010) 409–419 413

molecularly dispersed in the MAS silicate layers and the CA bead
matrix.

3.4. Particle size and morphology

The mean particle size of all the beads prepared ranged from
1.07 to 1.28 mm and tended to increase with increasing content of
MAS. The CA beads were spherical and are shown in the SEM pho-
tographs in Fig. 4. The PPN-loaded CA beads showed small white
crystals throughout their surface and internal matrix (Fig. 4a and
b, respectively). In contrast, many dark circle regions on the sur-
face and in the matrix structure were observed in the PPN–1.5%
MAS complex-loaded CA beads (Fig. 4c and d, respectively). EDX
analysis was used to identify the main element of the dark cir-
cle regions in these beads. The results revealed that this region
showed an element pattern of Mg, Al, and Si (Fig. 5b), which was
obviously different than the pattern on the outside of this region
(Fig. 5a). This finding indicated that the dark regions on the surface
and in the matrix structure of the beads represented the PPN–MAS
complexes. Furthermore, this finding suggested that the PPN–MAS
complex-loaded CA beads were successfully prepared and the com-
plexes, which were embedded in the beads, could possibly act as
drug microreservoirs.

The presentation model of the PPN–MAS complex-loaded CA
beads is illustrated in Fig. 6. The CA beads consisted of the PPN–MAS
complex particles and the PPN molecules dispersed in the matrix.
MAS has a layered structure that is constructed from tetrahedrally
coordinated silica atoms fused into an edge-shared octahedral
plane of either aluminum hydroxide or magnesium hydroxide. The
PPN–MAS complexes were formed via cation exchange, hydro-
gen bonding, and water bridging interactions, allowing the PPN
molecules to intercalate into the MAS silicate layers (Rojtanatanya
& Pongjanyakul, 2010). Hence, this system is referred to as
PPN–MAS intercalated complex-loaded CA beads.

3.5. Drug entrapment efficiency

The effect of the concentration of MAS on the ability of beads
prepared using 2% calcium chloride to efficiency entrap PPN is
shown in Fig. 7a. The drug entrapment efficiency of the beads signif-
icantly increased with increasing amounts of MAS. This observation
indicated that the PPN–MAS complexes formed in the dispersion
prior to cross-linking could enhance the drug entrapment efficiency
of the beads. Increasing the concentration of MAS in the dispersions
increased the amount of PPN adsorbed onto the MAS, resulting in
higher drug entrapment efficiency. Moreover, the interaction of
MAS with SA increased the barrier preventing water from leaking
from the beads during the preparation period (Puttipipatkhachorn
et al., 2005). This also could account for the reduction of drug lost
from the beads.

The PPN entrapment efficiency was also affected when beads
were formed with different concentrations of calcium chloride.
Increases in calcium chloride concentration resulted in decreased
drug entrapment efficiency of the PPN-loaded and the PPN–1.5%
MAS complex-loaded CA beads (Fig. 7b). It is possible that enhanced
bead shrinkage occurred during gelation under conditions with
higher concentrations of calcium chloride (Østberg & Graffner,
1994). This shrinkage could have lead to a shorter path length
for drug leakage, and therefore higher drug loss. Moreover, the
calcium ions could have exchanged with PPN in the PPN–MAS
complexes of the gel beads in a calcium concentration depen-

dent manner. As a result, the PPN–1.5% MAS complex-loaded
CA beads showed a greater decrease in drug entrapment effi-
ciency when compared with the PPN-loaded CA beads. These
results showed that the PPN–MAS complex-loaded CA beads pro-
vided remarkably higher drug entrapment efficiency due to the
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Fig. 4. Microscopic morphology and internal structure of PPN-loaded CA beads (a, b) and PPN–1.5% MAS complex-loaded CA beads (c, d) prepared using 2% calcium chloride.

Fig. 5. SEM micrograph focused on PPN–MAS complexes in PPN–1.5% MAS complex-loaded CA beads and EDX patterns of CA matrix (a) and PPN–MAS complexes (b).
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Fig. 6. Schematic presentation of PPN–

resence of the PPN–MAS complexes, which act as drug micro-
eservoirs.

.6. Mechanical property

The maximum force for 50% displacement was used to evaluate
he strength of the CA beads. The effect of MAS on the strength
f the beads using 2% calcium chloride is shown in Fig. 8a. The
aximum force for 50% displacement of the PPN-loaded beads

radually increased with increasing MAS content. This result indi-
ated that the interaction of SA and MAS could create a dense matrix
tructure that reinforced the strength of the CA beads. In addition,
he PPN–1.5% MAS complex-loaded CA beads were weaker when
ested under conditions of increasing calcium chloride concentra-
ion (Fig. 8b). It is probable that the higher concentration of calcium
hloride could rapidly cross-link with the denser network of CA
n the surface of the gel beads, leading to the slower diffusion
f calcium ions into the interior of the beads during the cross-
inking process. Moreover, a limited duration of time (30 min) for
he cross-linking process was used in this study. Thus, under high
oncentrations of calcium chloride, incomplete cross-linking in the
nterior of the beads may have occurred, resulting in the decreased
trength of the beads.

.7. In vitro drug release

The PPN release profiles of the CA beads containing PPN–MAS
omplexes prepared using various MAS concentrations in 0.1 M HCl
nd pH 6.8 phosphate buffer are shown in Fig. 9. The PPN-loaded
A beads gave the highest initial burst of drug release at 5 min
nd complete drug release in both media tested (Table 2). The ini-
ial burst of drug release of these beads in an acidic medium was
igher than the same beads in pH 6.8 phosphate buffer. In addition,

he initial burst release of the beads significantly decreased with
ncreasing MAS content (Table 2). The release of PPN from the CA
eads in 0.1 M HCl showed a strong correlation with the square root
f time (R2 > 0.95), indicative of a matrix diffusion controlled mech-
nism. In contrast, in the pH 6.8 phosphate buffer, the drug release
ntercalated complex-loaded CA beads.

displayed a good fit with respect to time (R2 > 0.95), suggesting zero
order release kinetics. These data indicated PPN release was depen-
dent on a polymer swelling mechanism. The rate of release and the
amount of PPN released at 10 h in both media are listed in Table 2.
Both PPN release parameters obviously decreased with increasing
MAS content. Moreover, a higher amount of PPN was released at
10 h in 0.1 M HCl, as compared to the amount released using pH 6.8
phosphate buffer.

The release of PPN from the PPN- and the PPN–MAS complex-
loaded CA beads in 0.1 M HCl and pH 6.8 phosphate buffer revealed
different release mechanisms and that were influenced by the type
of cation present in the release medium. It is probable that the
calcium ions in the CA beads were totally exchanged with hydro-
gen ions in the acidic medium, which lead to a unionized form
of the carboxyl groups of SA. This could have led to the forma-
tion of an insoluble alginic matrix bead for sustained drug release,
and therefore the drug release can be explained by a matrix dif-
fusion controlled mechanism. Alternatively, the CA beads could
have swelled in a sodium ion-rich medium (pH 6.8 phosphate
buffer). The swelling of the CA matrices would have occurred
via an exchange of cross-linking calcium ions with sodium ions
(Østberg et al., 1994). Thus, the partial formation of soluble SA
occurred. In addition, CA gels could be solubilized in the medium
containing phosphate ions, which acted as a calcium ion complex-
ing agent at pH levels above 5.5 (Remuñán-López & Bodmeier,
1997). For these reasons, the CA beads had higher water uptake
and demonstrated swelling properties in the pH 6.8 phosphate
buffer. Thus, the PPN release was controlled by swelling of the beads
(Pongjanyakul & Puttipipatkhachorn, 2007a; Puttipipatkhachorn et
al., 2005).

The initial burst release of PPN in the PPN-loaded CA beads was
significantly decreased when increased MAS content was used, sug-
gesting that the PPN–MAS complexes formed prior to cross-linking

to the CA beads could control drug release and reduce drug leach-
ing from the CA beads. However, the initial burst release in the
acidic medium was higher than the release in pH 6.8 phosphate
buffer. This was due to a faster PPN release of the PPN–MAS com-
plexes in 0.1 M HCl when compared to the pH 6.8 phosphate buffer
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Table 2
PPN release characteristics of PPN–MAS complex-loaded CA beads.

PPN-loaded CA beads 0.1 M HCl pH 6.8 phosphate buffer

Initial burst release
at 5 min (%)

Release rate (% min−1/2) PPN released at
10 h (%)

Initial burst release
at 5 min (%)

Release rate (% min−1) PPN released at
10 h (%)

Effect of MAS
−0% (w/v) MAS 86.2 ± 1.9 – 103.9 ± 2.8 62.2 ± 8.2 – 103.8 ± 2.4
−0.38% (w/v) MAS 42.2 ± 0.9 14.05 ± 0.05 (R2 = 0.952) 89.8 ± 0.7 15.5 ± 1.2 0.77 ± 0.02 (R2 = 0.955) 82.4 ± 2.5
−0.75% (w/v) MAS 23.4 ± 1.2 8.64 ± 0.08 (R2 = 0.982) 73.8 ± 1.1 8.41 ± 0.70 0.34 ± 0.02 (R2 = 0.997) 67.8 ± 0.2
−1.50% (w/v) MAS 10.7 ± 0.7 2.88 ± 0.02 (R2 = 0.979) 51.1 ± 0.5 2.65 ± 1.05 0.22 ± 0.01 (R2 = 0.987) 46.2 ± 0.6

Effect of CaCl2
−0.5% (w/v) CaCl 9.66 ± 0.54 3.33 ± 0.05 (R2 = 0.997) 54.3 ± 1.4 0.39 ± 0.57 0.17 ± 0.01 (R2 = 0.988) 56.0 ± 3.4

50.3 ±
51.1 ±

D

(
a
c
o
s
t
M

F
m

2

−1.0% (w/v) CaCl2 11.1 ± 1.5 2.82 ± 0.09 (R2 = 0.995)
−2.0% (w/v) CaCl2 10.7 ± 0.7 2.88 ± 0.02 (R2 = 0.979)

ata are the mean ± S.D., n = 3.

Rojtanatanya & Pongjanyakul, 2010). Moreover, the gel formation
nd swelling property of the CA beads in pH 6.8 phosphate buffer

ould retard initial drug release, resulting in the lower burst release
bserved in the pH 6.8 phosphate buffer solution. After the initial
tage of drug release, the PPN release rate also decreased as a func-
ion of the amount of MAS. In the case of the acidic medium, the

AS could have interacted with SA before the cross-linking process,

ig. 7. Effect of MAS (a) and calcium chloride concentrations used (b) on PPN entrap-
ent efficiency of CA beads. Each point is the mean ± S.D., n = 3.
1.1 1.95 ± 1.09 0.14 ± 0.01 (R2 = 0.982) 48.8 ± 0.3
0.5 2.65 ± 1.05 0.22 ± 0.01 (R2 = 0.987) 46.2 ± 0.6

which could reinforce the matrix structure of the CA beads, despite
the fact that the beads were exposed in an acidic medium. Increases
in the MAS content in the beads, resulted in denser matrix struc-
tures. Furthermore, increases in MAS content resulted in greater
particle sizes of PPN–MAS complexes in the CA beads (Table 1).

Additionally, the presence of MAS in the CA beads did not affect
water uptake but obviously reduced the swelling capability of the
CA beads in the pH 6.8 phosphate buffer (Puttipipatkhachorn et
al., 2005). These results revealed the rate of drug release of the

Fig. 8. Effect of MAS (a) and calcium chloride (b) concentrations used on mechanical
properties of PPN–MAS complex-loaded CA beads. Each value is the mean ± S.D.,
n = 10.
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Denser cross-linking at the surface of the beads occurred when
ig. 9. PPN release profiles of CA beads containing PPN–MAS complexes prepared
sing different MAS concentrations in 0.1 M HCl (a) and pH 6.8 phosphate buffer (b).
ach point is the mean ± S.D., n = 3.

PN–MAS complex-loaded CA beads decreased when higher MAS
ontent was used.

The last drug release parameter of the PPN- and the PPN–MAS
omplex-loaded CA beads was the amount of PPN released at
0 h. Complete PPN release was found only for the PPN-loaded
A beads in either release media. The PPN released at 10 h of the
PN–MAS complex-loaded CA beads in 0.1 M HCl was higher than
he release in pH 6.8 phosphate buffer, and this release parame-
er also decreased with increasing MAS content in the beads. The
igher percentage of PPN release from the PPN–MAS complexes in
cidic medium was because the PPN–MAS complexes were embed-
ed in the bead matrix (Rojtanatanya & Pongjanyakul, 2010). The
igher MAS content in the beads provided a greater affinity for
PN, resulting in a lower amount of PPN released at 10 h. Recently,
any researchers have reported that drug–clay complexes pro-

ide incomplete drug release (Joshi, Kevadiya, Patel, Bajaj, & Jasra,
009; Jung, Kim, Choy, Hwang, & Choy, 2008; Park et al., 2008).
his release behavior was also characteristic of alginate films con-
aining drug–clay complexes (Pongjanyakul & Suksri, 2009). Jung
t al. (2008) described that it is difficult for cations in the solu-

ion to exchange with drug molecules inside the MAS layers. This
on exchange process may result in zipping of the crystal edge
nd a shortening of the distance between the layers. However,
hese reports revealed that the ion exchange process between the
Fig. 10. PPN release profiles of PPN–1.5% MAS complex-loaded CA beads prepared
using different calcium chloride concentrations in 0.1 M HCl (a) and pH 6.8 phos-
phate buffer (b). Each point is the mean ± S.D., n = 3.

complexes and counter ions in the surrounding medium could
reach an equilibrium of drug release, which is similar to the drug
release behavior of drug-synthetic ion exchange resin complexes
(Borodkin, 1993).

The effect of the concentration of calcium on the release of PPN
from the PPN–1.5% MAS complex-loaded CA beads was also inves-
tigated and results are shown in Fig. 10. The increase in calcium
concentration for cross-linking did not influence the release pro-
files and parameters of PPN when using 0.1 M HCl as the media
(Fig. 10 and Table 2). These results are in agreement with a previ-
ous study by Østberg and Graffner (1994). These data suggested the
formation of the insoluble alginic matrix bead occurred rapidly and
a similar matrix structure was obtained. Combined these effects
could have lead to the similar release rates of PPN observed. In
contrast, in experiments using pH 6.8 phosphate buffer, the initial
burst release of the beads tended to increase with increasing cal-
cium chloride concentration (Table 2). This is possibly because the
drug molecules, which can leach out the wet beads during the gela-
tion process, may have accumulated at the surface of the wet beads.
higher concentrations of calcium chloride were used. The rate of
PPN release from the beads decreased with increasing calcium chlo-
ride concentration from 0.5 to 1% (w/v). However, an increase in the
rate of drug release was found when using 2% calcium chloride. This
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ig. 11. PPN release profiles of CA beads containing PPN–MAS complexes prepared
sing 0.75 and 1.5% MAS in simulated gastro-intestinal condition. Each point is the
ean ± S.D., n = 3.

esult suggested that exposing the beads to 2% calcium chloride
fter treatment with pH 6.8 phosphate buffer increased swelling
ue to incomplete cross-linking in the interior of the beads. Results
emonstrating the decreased strength of the beads support this
ypothesis (Fig. 8b). These conditions released the greatest amount
f drug.

Due to the fact that PPN was incompletely released in either
.1 M HCl or pH 6.8 phosphate buffer, simulated gastro-intestinal
onditions starting with 0.1 M HCl for 2 h followed by pH 6.8 phos-
hate buffer were used to investigate the amount of PPN released
rom the PPN–MAS complex-loaded CA beads. The release of PPN
rom the CA beads containing PPN–MAS complexes prepared using
.75 and 1.5% MAS proceeded continuously when the dissolution
edium was changed from acidic medium to pH 6.8 phosphate

uffer (Fig. 11). The swollen beads could be visualized when the
elease medium was changed to pH 6.8 phosphate buffer. This indi-
ated that the alginic matrix beads formed in the acidic medium
ould convert to SA allowing the sodium ions in the phosphate
uffer to exchange with drug in the PPN–MAS complexes, lead-

ng to higher amount of PPN release when compared with either
.1 M HCl or pH 6.8 phosphate buffer. This finding suggested that
he release of PPN could possibly take place continuously when
he PPN–MAS complex-loaded CA beads were transferred from the
tomach to the small intestine in the GI tract.

. Conclusions

This study demonstrated that the molecular interaction of MAS
ith PPN and SA resulted in PPN–MAS intercalated complex par-

icles and denser matrix structure formation in the CA beads. The
PN–MAS intercalated complexes formation enhanced PPN entrap-
ent efficiency and modulated PPN release in both acidic medium

nd pH 6.8 phosphate buffer. The PPN entrapment efficiency of the
PN–MAS complex-loaded CA beads was remarkably higher than

hat of the PPN-loaded CA beads. Increasing the MAS content of
hese beads resulted in an increase in PPN entrapment efficiency,
hermal stability, and strength of the CA beads. Moreover, the ini-
ial burst of PPN and its rate of release were decreased in the
PN–MAS complex-loaded CA beads, which was dependent on the
rate Polymers 81 (2010) 409–419

MAS content added. Additionally, the PPN–MAS complex-loaded
CA beads also demonstrated a sustained release pattern of PPN in
the simulated GI conditions. These results suggested that the CA
beads containing drug–clay intercalated complexes, which served
as microreservoirs, showed strong potential as an oral drug delivery
system for cationic drugs with high water solubility.
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