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Combination of adsorption by porous CaCO3 microparticles
and encapsulation by polyelectrolyte multilayer films

for sustained drug delivery

Chaoyang Wang, Chengyi He, Zhen Tong∗, Xinxing Liu, Biye Ren, Fang Zeng
Research Institute of Materials Science, South China University of Technology, Guangzhou 510640, China

Received 16 September 2005; received in revised form 26 October 2005; accepted 5 November 2005
Available online 15 December 2005

Abstract

Combination of adsorption by porous CaCO3 microparticles and encapsulation by polyelectrolyte multilayers via the layer-by-layer (LbL)
self-assembly was proposed for sustained drug release. Firstly, porous calcium carbonate microparticles with an average diameter of 5�m were
prepared for loading a model drug, ibuprofen (IBU). Adsorption of IBU into the pores was characterized by ultraviolet (UV), infrared (IR),
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hermogravimetric analysis (TGA), Brunauer–Emmett–Teller (BET) experiment and X-ray diffraction (XRD). The adsorbed IBU amouΓ was
5.1 mg/g for one-time adsorption and increased with increasing adsorption times. Finally, multilayer films of protamine sulfate (PRO) a
oly(styrene sulfonate) (PSS) were formed on the IBU-loaded CaCO3 microparticles by the layer-by-layer self-assembly. Amorphous IBU lo

n the pores of the CaCO3 microparticles had a rapider release in the gastric fluid and a slower release in the intestinal fluid, compared wit
BU crystals. Polyelectrolyte multilayers assembled on the drug-loaded particles by the LbL reduced the release rate in both fluids. In
olymer/inorganic hybrid core-shell microcapsules were fabricated for controlled release of poorly water-soluble drugs. The porous
articles are useful to load drugs in amorphous state and the polyelectrolyte multilayer films coated on the particle assuage the initial be.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Various drug delivery systems, such as liposomes, micelles,
mulsions, polymeric micro/nanoparticles etc., have been show-

ng great promise in controlled and targeted drug delivery
Benita, 1996; Allen and Cullis, 2004; Brigger et al., 2002;
orchilin, 2005). These techniques are capable of controlling
he rate and duration of drug delivery and/or targeting the drug
o the specified cell or tissue. Recently, porous inorganic mate-
ials are emerging as a new category of host/guest drug delivery
ystems due to some interesting features of biological stability
nd controlled release property. These materials possess vast
mounts of nanopores that allow the inclusion of drugs in them.
everal porous minerals have been used including synthetic zeo-

ite (Fisher et al., 2003), silica xerogel materials (Suzuki et al.,
001; Kortesuo et al., 2001; Otsuka et al., 2000; Charnay et al.,
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2004), porous hollow silica nanoparticle (Li et al., 2004), porous
hydroxyapatite (Kim et al., 2004), porous silica–calcium pho
phate composite (El-Ghannam et al., 2005), porous calcium ca
bonate microparticle (Volodkin et al., 2004a,b) and other porou
ceramics. Some novel controlled release carriers have
developed.Suzuki et al. (2001)reported a thermo-respons
silica-poly(N-isopropylacrylamide) hybrid gel as a carrier
Brilliant Blue F for controlled drug delivery.Kortesuo et a
(2001)have used porous silica xerogel to entrap dexmede
dine, and have evaluated the release rate from the matrix.Otsuka
et al. (2000)investigated the surface-modification of silica
with the silane coupling to improve the surface affinity to
oily medicine, phytonadione. However, a rapid release du
the whole process, especially an initial burst release has
observed in some cases when inorganic porous particles
used as the drug host.Charnay et al. (2004)reported that th
ibuprofen (IBU) was nearly completely released only during
initial 60 min from porous silica material, MCM 41.Li et al.
(2004)found that about 70% Brilliant Blue F was released
ing the initial burst release from the porous silica nanoparti
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oi:10.1016/j.ijpharm.2005.11.004



C. Wang et al. / International Journal of Pharmaceutics 308 (2006) 160–167 161

Fig. 1. Schematic representation for combination of adsorption by porous CaCO3 microparticles and encapsulation by polyelectrolyte multilayer films for drug
release.

One possibility for reducing the release rate and suppressing the
initial burst is encapsulating the drug-loaded particles with thin
polymeric films.

Layer-by-layer (LbL) self-assembly technique has been
a powerful tool for the micro-encapsulation (Caruso, 2001;
Peyratout and Dahne, 2004; Decher and Schlenoff, 2003), where
polyelectrolyte multilayer films were elaborated on various par-
ticles through alternating deposition of oppositely charged poly-
electrolytes mainly due to the electrostatic attraction (Sun et
al., 2005). This micro-encapsulation via LbL showed potential
applications in biochemistry, pharmacy, controlled release, cos-
metic and catalyst by several approaches (Decher and Schlenoff,
2003; Liang et al., 2004). The first approach was directly
using proteins, e.g., bovine serum albumin (BSA) (Caruso and
Möhwald, 1999), glucose oxidase (GOD) (Schuler and Caruso,
2000), urease (Liang et al., 2005) and superoxide dismutase
(SOD) (He et al., 2005), as the depositing species to prepare
bioactive core-shell particles. The second approach was directly
coating drug microcrystals, such as ibuprofen (Qiu et al., 2001;
An et al., 2004), furosemide (Ai et al., 2003), Vitamin K3,
insulin (Dai et al., 2004), dexamethasone (Pargaonkar et al.,
2005; Zahr et al., 2005) and indomethacin (Ye et al., 2005a)
with polyelectrolyte multilayer films for prolonged release. The
third method was removal of the template particles to fab-
ricate hollow polyelectrolyte multilayer capsules and drugs,
enzymes, or other biomacromolecules were loaded into these
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the different purpose of fabricating microcapsules by remov-
ing the sacrificial CaCO3 core after deposition (Volodkin et al.,
2004a,b; Sukhorukov et al., 2004).

2. Materials and methods

2.1. Materials

Sodium poly(styrene sulfonate) (PSS, Aldrich, MW 70,000),
protamine sulfate (PRO, Sigma), ibuprofen (Juhua Group
Corporation Pharmaceutical Factory, China), CaCl2·H2O and
Na2CO3 (Guangzhou Chemical Factory, China) were used
without further purification. Highly purified water was
obtained by deionization and filtration with a Millipore
purification apparatus (resistivity higher than 18.2 M� cm).
Other chemicals were all analytical reagents and used as
received.

2.2. Preparation of porous CaCO3 microparticles

Porous CaCO3 microparticles were prepared by rapid mix-
ing of equal volume of CaCl2 and Na2CO3 aqueous solutions.
Typically, 0.2 M CaCl2 was rapidly poured into an equal vol-
ume of 0.2 M Na2CO3 solution (containing 4 g/L PSS) at room
temperature. After vigorous agitation with a magnetic stirrer,
the precipitate was filtered off, thoroughly washed with pure
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ollow capsules for the delivery (Mao et al., 2005; Tiourin
nd Sukhorukov, 2002; Ye et al., 2005b). Another method i
ncapsulating the drug/organic or inorganic composites h
articles with polyelectrolyte multilayer films to control t
elease.

In this work, we have proposed a new combination me
or sustained drug release of adsorption by porous Ca3
icroparticles and encapsulation of the drug-loaded micro

icles with polyelectrolyte multilayer films formed by the L
elf-assembly.Fig. 1illustrates the fabricating procedure of t
ovel drug delivery system. IBU was selected as a model
ince its properties were well documented and widely use
n anti-inflammatory drug. Furthermore, it is lipophilic with
olecular size suitable for inclusion within the pores of CaC3
icroparticles. The porous inorganic particles will enhance
rug loading with the capillary force of the nanopores and
olyelectrolyte multilayer shells will reduce the release rate
ssuage the initial burst release. Similar combination of p
lectrolyte multilayer films formed with the LbL assembly a

he core of porous CaCO3 microparticles has been reported
-

s

ater, and dried in air. The course of the reaction was obs
ith a light microscope. The simple procedure results in hi
omogeneous spherical porous CaCO3 microparticles with a
verage diameter of 5�m.

.3. Drug loading

Before loading, CaCO3 microparticles were washed w
cetone and dried in a vacuum oven at 50◦C. 0.2 g of dried
aCO3 microparticles were soaked in 5 mL IBU solution
0 mg/mL in a closed batch to prevent evaporation of the
id. Five solvents of dimethylsulfoxide (DMSO), dimeth

ormamide (DMF), dimethylacetamide (DMA), ethanol a
exane were used for loading. Afterward, the suspen
as brought to equilibrium under gentle stirring for 2
onger loading time did not increase the amount of I

ncorporated. Subsequently, the IBU-loaded CaCO3 micropar-
icles were collected by centrifugation, washed with eth
o remove the adsorbed IBU on the external surface,
ried in a vacuum oven at 50◦C to completely evapora
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the solvents from the impregnated materials. Repeating the
loading process, we obtained the CaCO3 microparticles with
different adsorbed amounts of IBU. The IBU-loaded CaCO3
microparticles were ground into powder and loaded IBU was
extracted from the powder by ethanol for 24 h. After cen-
trifugation, the IBU concentration in the supernatant was
determined with ultraviolet (UV) absorbance at 222 nm (Qiu
et al., 2001) measured by a Hitachi U-3010 UV–vis pho-
tometer with the help of calibration curve describing the
absorbance–concentration relationship. The amount of incor-
porated IBU Γ expressed as milligram IBU/g CaCO3 was
evaluated. Thermogravimetric analysis (TGA) was also used
to determine the amount of loaded IBU from the weight loss
at the temperature corresponding to the loaded IBU thermo-
decomposition.

2.4. Encapsulation by polyelectrolyte multilayers

Polycation PRO and polyanion PSS were deposited on the
IBU-loaded CaCO3 microcapsules with the LbL self-assembly
in water. To prevent the loaded IBU from dissolving during the
LbL process, polyelectrolyte solutions and rinsing water were
saturated with IBU. The first layer was formed by the addition
of 5 mL of 2 mg/mL aqueous PRO solution containing 0.5 M
NaCl into 0.02 g of the IBU-loaded CaCO3 microparticles. The
mixture was incubated for 15 min under gentle shaking. The
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2.6. Characterization

For scanning electron microscopy (SEM), observation with a
Philips XL 30 at the acceleration voltage of 15 kV, samples were
prepared by dropping the particle suspension on a glass slide,
dried overnight, then sputtered with gold.

The specific surface area, porous volume and porous size dis-
tribution of CaCO3 microparticles were determined following
the Brunauer–Emmett–Teller (BET) method of nitrogen adsorp-
tion/desorption at−196◦C with an ASAP2010 surface area
analyzer (Micromeritics Instrument, USA).

Infrared (IR) spectra were measured with a Bruker Vector 33
on carefully dried samples embedded in KBr pellets. IBU-loaded
microparticles were ground to powder before measurement.

Thermogravimetric analysis curves of the samples were col-
lected with a thermoanalyzer (TG 209, NETZCH Co.) within a
temperature range of 24–900◦C and with the rate of increasing
temperature of 10◦C/min.

ζ-Potential of each adsorbing layer on the IBU-loaded
microparticles dispersed in pure water was determined with a
Brookhaven zeta-potential analyzer and theζ-potential value
was the average of three successive measurements.

Powder X-ray patterns were recorded using a Rigaku D/max-
3A instrument (monochromated Cu K� radiation). Typically, the
diffractogram was recorded in a 2θ range of 5–25оC.
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xcess polyelectrolyte was removed by three repeated refin
les of centrifugation (4000 rpm, 4 min)/washing/redisper
n water. The following PSS layer was deposited using the s
rocedure with 5 mL of 2 mg/mL PSS solution with 0.5 M Na
ubsequently, alternating PRO and PSS layers were depos

he identical way until the desired layer number was achie
hese encapsulated IBU-loaded microparticles were coll
y centrifugation, rinsed with pure water and then dried
acuum oven prior to the release experiment to remove the
dsorbed on the surface.

.5. In vitro release

Dried pure IBU microcrystals (2.5 mg), the IBU-load
aCO3 microparticles (30 mg,Γ = 64.1 mg/g from TGA, ca
.8 mg IBU) and the encapsulated IBU-loaded micropart
30 mg, ca. 1.8 mg IBU) were put in dialysis bags (cut-off M
000) with 10 mL release medium separately and then imm

n 390 mL release medium. The in vitro release was perfor
ith continuously stirring at 37◦C. Two different pH solution
ere used as the release medium as pH 1.2 solution (a sim
astric fluid, prepared by diluting a concentrated HCl solut
nd pH 7.4 solution (a simulated intestinal fluid, prepared
.02 M phosphate buffer). Because the saturation solubili

buprofen in pH 1.2 and pH 7.4 buffer solutions is 0.036
.14 mg/mL (Qiu et al., 2001), respectively, the IBU conce

ration in each release solution was far from saturation. T
illilitre solution was withdrawn from the release medium

ertain time intervals and the IBU concentration was determ
ith UV absorbance. The solution was then returned after
urement.
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. Results and discussion

.1. Preparation of porous CaCO3 microparticles

Preparation of CaCO3 nano and microparticles has bee
ubject of many studies due to its great importance in biotec
gy, medicine, materials science, as well as its wide applica

n industry and many other fields.Fig. 2 displays SEM photo
f different magnifications for our CaCO3 microparticles pre
ared with a simple and reproducible procedure. Uniform
pherical CaCO3 microparticles with a rather narrow size d
ribution from 4 to 6�m can be observed fromFig. 2a. Their
urface morphology presented inFig. 2b and c looks very roug
ith a great number of carbonate nanoparticles on it. Abun
hannel pores with size about 20 nm can be seen in the C3
icroparticles fromFig. 2c.
PSS plays a very important role in the preparation.

aCO3 microparticles would have a broad size distribution
ggregation if there were no PSS added. Usually, the s

cal CaCO3 microparticle will turn to rhombohedral calc
icrocrystal after several weeks of storage in water at room
erature because of recrystallization (Volodkin et al., 2004a,b).
hile the microparticles prepared with PSS have no obv

hape change during 6 months of storage in water. Nega
harged PSS is adsorbed on the surface of carbonate nan
les constituting the porous CaCO3 microparticles and preven
he recrystallization. Volodkin et al. found that more than 8
f just-prepared porous CaCO3 microparticles without dispe
ants recrystallized after storage overnight in water (Volodkin et
l., 2004a). The morphology of the microcrystals formed a
ecrystallization was similar to that of usual CaCO3 microcrys-
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Fig. 2. SEM photos of different magnifications for CaCO3 microparticles: (a) overview, (b) single particle and (c) enlarged part of a particle.

tals. When the microparticles were dispersed in the solution of
polyelectrolytes (PSS, PAH) or proteins, less than 10–20% of
the microparticles changed into microcrystals after overnight
storage. High stability of the CaCO3 microparticles in water is
very important for the following LbL self-assembly.

3.2. IBU loading

Adsorption of IBU into the porous CaCO3 microparticles
was performed in the solvents of different polarities. IBU can
be adsorbed from all these five solvents and the amount of one-
time adsorptionΓ determined by UV is summarized inTable 1.
Γ increases with the decrease in the solvent polarity expressed
by the dielectric constantε with an exception of the adsorp-
tion from DMSO. AlthoughΓ from hexane was attractive, we
did not select hexane as the solvent in the following experi-
ments owing to the toxicity of possibly residual hexane for the
pharmaceutical usage. Ethanol was chosen as the adsorption sol-
vent in the following work because of its reasonableΓ value of
45.1 mg/g, convenience and non-toxicity.Charnay et al. (2004)
also reported the solvent polarity effect on the IBU loading with
mesoporous MCM 41 and found the highestΓ value of 590 mg/g
from hexane. The surface affinity of porous materials has signif-
icant effects on the adsorption capability to the drug (Otsuka et
al., 2000). However, the effect of adsorbed PSS on IBU loading
has not been investigated in this work because stable and porous
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without obvious new bands, which indicates that IBU adsorp-
tion in CaCO3 is of physical.Fig. 4 depicts TGA curves for
the CaCO3 microparticles, free IBU, and IBU-loaded CaCO3
microparticles loaded one and three-times from IBU ethanol
solution. The CaCO3 microparticles started to lose weight at
700◦C and lost about 40% weight at 750◦C. Free IBU started
to lose weight at 120◦C and lost its weight completely at 230◦C.
The loaded IBU started to lose weight at 420◦C, 300◦C higher
than that of free IBU. TheΓ evaluated from the TGA curvec for
the one-time loading is 33.9 mg/g, lower than 45.1 mg/g deter-
mined by UV absorbance. The reason seems to be that most
adsorbed IBU stays in the pores and not at the external sur-
face enhancing the resistance to the thermo-decomposition and
that the decomposed IBU residues remain in the pore inner of
the porous CaCO3 microparticles and cannot completely escape

F c)
I

aCO3 microparticles cannot be fabricated without adding P
hich should be used as reference.
The IR spectra of the CaCO3 microparticles, free IBU an

BU-loaded CaCO3 microparticles are shown inFig. 3. The IR
pectrum of the IBU-loaded CaCO3 microparticles reflects th
haracteristic absorption bands of IBU and calcium carbo

able 1
dsorption of IBU into porous CaCO3 microparticles from different solvents

olvent ε (25◦C) Γ (mg/g)

imethylsulfoxide 46.7 37.6
imethylformamide 37.8 29.3
imethylacetamide 37.8 37.7
thanol 24.5 45.1
exane 1.88 87.3
 ig. 3. IR spectra of (a) CaCO3 microparticle, (b) IBU microcrystal and (

BU-loaded CaCO3 microparticle.



164 C. Wang et al. / International Journal of Pharmaceutics 308 (2006) 160–167

Fig. 4. TGA curves of (a) CaCO3 microparticle, (b) IBU microcrystal and
CaCO3 microparticles after IBU loading one time (c) and three-times (d).

Table 2
Characteristics of porous CaCO3 microparticles before and after IBU loading

SBET (m2/g) Vmes(cm3/g)

Before loading 40.02 0.23
After loading 24.44 0.17

easily. TheΓ evaluated from the TGA curved for the three-time
loading is 64.1 mg/g, indicating the adsorbed amount increased
with multiple loading processes.

BET analysis was carried out in order to determine the change
in specific surface area, pore volume, and pore size distribution
of the porous CaCO3 microparticles before and after loading
IBU three-times and the results are shown inTable 2andFig. 5.
The density of calcium carbonate is 2.7 g/cm3, so the surface
area of solid spherical particles with a diameter of 5�m is only
0.44 m2/g. The surface areaSBET of present CaCO3 microparti-
cles is 40.02 m2/g, about 100 times of the solid CaCO3 particles.
The pore volumeVmesis 0.23 cm3/g and the specific volume of
solid CaCO3 calculated from its density is 0.37 cm3/g. There-
fore, the pore in the porous CaCO3 microparticle takes about
38.3% of the total particle volume. After loading IBU, the sur-
face areaSBET decreases to 24.44 m2/g and the pore volumeVmes
is reduced to 0.17 cm3/g as known fromTable 2. TheΓ value for

F (b)
I

Fig. 6. XRD pattern of (a) IBU microcrystal and (b) IBU-loaded CaCO3

microparticle.

three-time loading is estimated as∼51 mg/g from the decrease
in pore volume and density of IBU (assumed as 1 g/cm3), which
is smaller than 64.1 mg/g estimated from the TGA data.

The pore size distribution of the CaCO3 microparticles before
and after IBU loading is presented inFig. 5. The volume of small
pores decreases more than that of large ones after IBU loading.
This is due to the high surface free energy and easy being filled
of the smaller pores. Therefore, when the CaCO3 microparticles
were immersed in IBU solution, the IBU will be preferentially
adsorbed into the smaller pores.

The surface areaSBET of CaCO3 microparticles prepared by
Volodkin et al. (2004a,b)without adding any dispersants was
8.8 m2/g, much smaller than that of our CaCO3 microparticles
of 40.02 m2/g. The dispersant PSS has an important contribution
to the largeSBET due to the loose packing of the as-formed crystal
carbonate with PSS absorption.

The X-ray diffraction of pure IBU and the IBU-loaded CaCO3
microparticles is plotted inFig. 6. There is not any diffraction
peak for the loaded IBU appearing at low 2θ and the diffrac-
tion of calcium carbonate does not exist in this 2θ range. Thus,
the present result means that IBU adsorbed in the CaCO3 pore
channels is in the amorphous state without crystallization, oth-
erwise the diffraction peaks of IBU crystals should be observed
(Charnay et al., 2004). This is in agreement with the consid-
eration of crystallization within a confined space, which has
shown that the crystallization can occur only when the pore size
i es of
t
b in the
p

3
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ig. 5. Pore size distribution of CaCO3 microparticles before (a) and after
BU loading.
s much larger than the molecule size, e.g., about 20 tim
he molecule length (Sliwinska-Bartkowiak et al., 2001). This
ecomes another evidence that most adsorbed IBU stays
ore inner and not at the external surface.

.3. Encapsulation of IBU adsorbed CaCO3 microparticles

In order to reduce the release rate and to assuage the
urst, PRO and PSS were alternately deposited on the

oaded CaCO3 microparticles via the LbL self-assembly. T
ncapsulation process was followed by theζ-potential shown in
ig. 7a. Theζ-potential is−16.7 mV for the bare IBU-loade
aCO3 microparticles, and then changes into 17.5 mV for
rst PRO layer and−37.2 mV for the first PSS layer. The obvio
witching ofζ-potential indicates successful alternating dep
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Fig. 7. (a)ζ-Potential as a function of adsorption step for PRO and PSS deposited
on the IBU-loaded CaCO3 microparticles; (b) SEM image of the IBU-loaded
microcapsules coated with five bilayers of PRO/PSS.

tion of the polycation PRO and polyanion PSS directly on the
IBU-loaded CaCO3 microparticles and the IBU-loaded micro-
capsules were encapsulated. SEM image of the IBU-loaded
microcapsules encapsulated with five bilayers of PRO/PSS is
presented inFig. 7b. The surface of the microcapsules looks
somewhat smooth and slight conglutination occurs among them.
This is owing to the bridging of oppositely charged PRO and PSS
chains adsorbed on the neighboring particles.

3.4. In vitro drug release

The IBU released from the particles was monitored with UV
absorbance of the release medium andFig. 8depicts the release
profiles of the IBU crystals, IBU-loaded CaCO3 microparticles
and encapsulated IBU-loaded CaCO3 microparticles in the sim-
ulated gastric fluid (pH 1.2) at 37◦C. The half release timet1/2
in this medium is 180, 70 and 100 min for the IBU crystals,
IBU-loaded CaCO3 microparticles and IBU-loaded microcap-
sules, respectively. The total release time for the correspondin
particles is 500, 250 and 500 min. The IBU crystal shows the
slowest release rate because its solubility in acidic solution
is very low (saturation solubility at pH 1.2 is 0.036 mg/mL)
and large aggregation of IBU crystals forms in the dialysis
bag. The IBU in porous CaCO3 microparticles is amorphous
(Fig. 6) and is adsorbed on the pore surface as a very thin film
which results in a rapid dissolution and then a rapid release. A

Fig. 8. Release profiles of (a) bare IBU microcrystals, (b) IBU-loaded CaCO3

microparticles and (c) IBU-loaded microcapsules with five bilayers of PRO/PSS
in simulated gastric fluid (pH 1.2) at 37◦C.

expected, the IBU-loaded microcapsules, i.e., the IBU-loaded
CaCO3 microparticles covered with five bilayers of PRO/PSS
have a considerable slow release rate for the polyelectrolyte mul-
tilayers on the particles obstruct the diffusion of loaded IBU into
the solution.

The release profiles of the particles in the simulated intestinal
fluid (pH 7.4) at 37◦C are shown inFig. 9. In this medium, the
half release timet1/2 is 12, 25 and 60 min for the IBU crystals,
IBU-loaded CaCO3 microparticles and IBU-loaded microcap-
sules, respectively, and the corresponding total release time is
150, 230 and 320 min. The release is much faster in this simu-
lated intestinal fluid because the IBU saturation solubility at pH
7.4 is 6.14 mg/mL, much higher than that in the simulated gastric
fluid (pH 1.2). What is important is that the initial release burst
has been assuaged and the release rate has been slowed down
with covering the polyelectrolyte multilayers on the IBU-loaded
CaCO3 microparticles.

Furthermore, the in vitro release was performed successively
in two simulated fluids: in the gastric fluid for 30 min and then
in the intestinal fluid for rest of the time in order to imitate
the process of oral administration (Fig. 10). The IBU-loaded

F CO
m /PSS
i

g

,
s

ig. 9. Release profiles of (a) bare IBU microcrystals, (b) IBU-loaded Ca3
icroparticles and (c) IBU-loaded microcapsules with five bilayers of PRO

n simulated intestinal fluid (pH 7.4) at 37◦C.
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Fig. 10. Release profiles of (a) IBU-loaded CaCO3 microparticles and (b) IBU-
loaded microcapsules with five bilayers of PRO/PSS in simulated gastric fluid
for the first 30 min and then in simulated intestinal fluid for rest of the time at
37◦C.

microcapsules display a slower release rate than that of the IBU-
loaded CaCO3 microparticles as 27.3% and 19.6% of IBU are
lost in the gastric fluid for the IBU-loaded CaCO3 microparticles
and IBU-loaded microcapsules, respectively. The total release
time for the corresponding particles is 220 and 420 min.

The in vitro drug release investigation found that the LbL
deposited polyelectrolyte multilayer is very efficient to reduce
the release rate and assuage the initial burst for drugs loaded
in porous inorganic microparticles. This approach to fabricat-
ing polymer/inorganic hybrid core-shell microcapsules loading
functional substances in the pores of inorganic cores demon
strates great promise for many biomedical and biotechnologica
applications, especially drug sustained release.
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