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Introduction

Controlled-release drugs have many advantages over con-
ventional dosage forms, such as minimizing deleterious side
effects, prolonging the duration of activity, protecting sensi-
tive drugs from enzymatic or acidic degradation, taste mask-
ing, and targeted release. Thus, controlled-release technolo-
gies are of interest to the pharmaceutical industry in the de-
velopment of modern medications.[1] Many techniques have
been developed during the past few decades,[2] for example,
encapsulation, which is regarded as a versatile and feasible
approach. Various microstructures such as liposomes, micro-
gels, microemulsions and polymer micelles have been widely
employed as drug-delivery systems.[3] The specific require-
ments in this field make microencapsulation increasingly at-
tractive and competitive.
A recently developed layer-by-layer (LbL) self-assembly

technique was employed to fabricate nanoporous polyelec-
trolyte microcapsules, by which oppositely charged polyelec-
trolytes were adsorbed onto various colloid templates, fol-
lowed by removal of the template cores.[4] The permeability

of polyelectrolyte microcapsules can be adjusted by control-
ling the number of layers as well as the environmental con-
ditions.[5] The potential use of such microcapsules as drug
carriers for controlled drug release has already been consid-
ered.[6] The presence of a lipid layer on the microcapsule
wall provides the possibility to incorporate specific compo-
nents, such as targets, for the purpose of drug-targeted re-
lease.
In this work, HSA and DMPA were chosen as a pair to

fabricate multilayers onto drug crystals. HSA is a globular
protein of known crystal structure (Figure 1a). It is abundant
in human blood, where it is responsible for the transport of
metabolites around the body.[7] DMPA (Figure 1b), is the
important lipid component of biological membranes. Com-
plex films of proteins and lipids have unique biological
properties, which makes them of significant interest as a
model for biological membranes. Such films can be con-
structed at a planar or curved interface by using self-assem-
bly techniques.[8] With such a lipid/protein pair, the incorpo-
ration of membrane-specific components, such as receptor
channels, into the films for the purpose of molecular recog-
nition can be considered.
Ibuprofen is an acidic, nonsteroidal, anti-inflammatory

drug (Figure 1c). It has limited solubility in solutions of low
pH (<7), but is readily soluble in high pH (>7) solutions.[9]

Thus, the deposition of protein and lipid on ibuprofen crys-
tals under conditions of pH<7, and the release of ibuprofen
from the capsules performed in a simulated intestinal fluid
at pH 7.4, enabled us to demonstrate that the protein/lipid
multilayer could be used to encapsulate drugs that are suit-
able for sustained release.
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Abstract: Human serum albumin
(HSA) and l-a-dimyristoylphosphati-
dic acid (DMPA) were applied as a
pair to encapsulate ibuprofen micro-
crystals by means of a technique based
on the layer-by-layer (LbL) assembly
of oppositely charged species, for the
purpose of controlling drug release.
The successful adsorption of HSA and

DMPA multilayers onto ibuprofen
crystals was confirmed by optical mi-
croscopy. The drug release process, in a
solution of pH 7.4, was monitored by

optical microscopy and UV spectrosco-
py. The results revealed that the rate of
release of ibuprofen from HSA/DMPA
microcapsules decreased as the capsule
wall thickness and drug crystal size in-
creased, indicating that the permeabili-
ty of the microcapsules can be control-
led by simply varying the number of
HSA/DMPA deposition cycles.
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Results and Discussion

The surface of an ibuprofen crystal is negatively charged.
HSA is positively charged under conditions of pH 3.8 (lower
than its isoelectric point of
pH 4.8). For this reason, HSA
was used as the first layer to
coat the ibuprofen crystals.[10]

The crystals were encapsulated
with HSA (mixed with fluores-
cein isothiocyanate (FITC)-la-
beled HSA) and the successful
adsorption of the first layer
was confirmed by using optical
microscopy. Figure 2a shows
microscope images of the ibu-
profen crystal surface covered
with positively charged HSA.
The negatively charged DMPA
solution (containing fluores-
cently labeled nitrobenzoxa-
diazole dipalmitoyl phosphati-
dylcholine (NBD-DPPC)) was
then added to the drug crystal
suspension and the processes
repeated, resulting in the for-

mation of multilayers. The number of layers was determined
by the number of deposition cycles. Figure 2b displays the
microscope images of ibuprofen crystals encapsulated by
five layer pairs, in which DMPA forms the outermost layer.
The fluorescent rings of lipids reveal the successful encapsu-
lation of ibuprofen crystals by HSA/DMPA multilayers.
The release of ibuprofen crystals from HSA/DMPA mi-

crocapsules was induced by adding a buffer solution of
pH 7.4 to the microcapsule dispersion and was recorded as a
function of time (Figure 3a). It can be seen that, initially, the
individual microcrystals were well separated; however, with
the addition of a buffer solution of pH 7.4, they began to

Figure 1. a) Three-dimensional structure of the HSA molecule. b) Chemi-
cal structure of l-a-dimyristoylphosphatidic acid (DMPA). c) Chemical
structure of ibuprofen.

Figure 2. Microscope images of encapsulated ibuprofen crystals a) after
adsorption of HSA mixed with 20% FITC-HSA as the first layer, and
b) after adsorption of five layer pairs, in which DMPA mixed with 5%
NBD-DPPC was the outermost layer. Left, fluorescence image; right,
transmission image.

Figure 3. a) The dynamic release of ibuprofen from HSA/DMPA microcapsules. b) Dissolution process of bare
ibuprofen crystals. The experiments were performed in a buffer solution of pH 7.4.
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dissolve and shrink, making the surrounding HSA/DMPA
shells more visible. The HSA/DMPA shells maintained the
shape of the crystals throughout the release process until
the dissolution of ibuprofen was complete. It is clear that
the ibuprofen molecules diffuse out of the capsule through
the capsule wall, rather than being released on breaking a
capsule, indicating that the HSA/DMPA microcapsules are
permeable to small molecules. The shapes of the hollow cap-
sules remain basically the same as those of the original crys-
tals, demonstrating that the capsules are very flexible and
have high elastic strength.
As a control experiment, the process of dissolution of

bare ibuprofen crystals of similar size was also recorded
(Figure 3b). This showed that, following the addition of a
buffer solution of pH 7.4, the bare crystals dissolved faster
than the encapsulated crystals. Comparison of an encapsu-
lated crystal (blue circle in Figure 3a), with a bare crystal of
similar size (approximately 20 mm), revealed that the com-
plete dissolution of the bare crystal took only 30 s, whereas
the encapsulated crystal required 2.5 min. This clearly dem-
onstrates that HSA/DMPA microcapsules act as a barrier,
prolonging the release time of the ibuprofen crystal.
To obtain more quantitative release data, the release pro-

files were measured on ensembles by using UV spectroscopy
(Figure 4a). These results show that, whereas the bare crys-
tal was partially dissolved after 25 s, coating it with five and
ten layer pairs increased the dissolution half-time to 50 and
75 s, respectively. This indicates that the HSA/DMPA capsu-
les can substantially sustain the release of the encapsulated
substances. The drug release time decreases as the number
of coating layers increases. These times may not be suffi-
cient for specific pharmaceutical applications; however, it
has been shown that by reducing the pH, the release times
can be increased by up to 3 orders of magnitude.[6]

The rate of drug release also depends on the size of the
ibuprofen crystals. The half-times of release for the 15 mm
and 36 mm ibuprofen crystals from ten layer pairs of HSA/
DMPA capsules were 75 and 130 s, respectively (Figure 4b).
This indicates that the release rate of the ibuprofen crystals
from the capsules decreases with increasing ibuprofen crys-
tal size. The faster release for smaller crystals is due to their
higher surface area to volume ratio; the smaller crystals
have a much greater surface area in contact with the buffer
solution and, thus, they dissolve more quickly.In fact, the re-
lease of the encapsulated ibuprofen crystals takes place by
two simultaneous processes; the dissolution of the ibuprofen
crystals and the diffusion of the ibuprofen molecules out of
the capsules. Thus, the wall thickness of the HSA/DMPA
microcapsules, that is, the number of HSA/DMPA layers,
will also influence the release rate. This can be quantified by
calculating the permeability coefficient (P) by using Equa-
tion (1),[11]

P ¼ ðDct=DtÞVd
Sðc0�ctÞ ð1Þ

in which P (cm2 s�1) is the permeability coefficient of the
capsule membrane, S is the effective surface area of the dis-
persed capsules, d (cm) is the thickness of the capsule wall,

V is the volume of the bulk solution, Dct/Dt is the concentra-
tion change per unit time, which can be evaluated from the
derivative of the fractional release curve, and ct and c0 are
the drug concentrations in the bulk solution and within the
capsules, respectively. We assumed that 1) the microcapsules
were cubic, with a mean size of 15K15K15 mm3, 2) c0 was
equal to the saturation solubility of ibuprofen in the buffer
solution, and 3) the average thickness of an HSA/DMPA
capsule was 10 nm (as confirmed by the single-particle light
scattering experiment[12]). By using Equation (1) we calculat-
ed the permeability coefficients for the capsules with five
((HSA/DMPA)5) and ten ((HSA/DMPA)10) layer pairs to be
3.7K10�10 and 2.0K10�10 cm2s�1, respectively. These values
are indeed a factor of 10 lower than those for polyelectro-
lyte capsules with the same number of layers ((PSS/PAH)5,
7.6K10�9 cm2s�1; PSS=polystyrenesulfonate, PAH=poly(al-
lylamine hydrochloride)).[13] Furthermore, the permeability
decreases with the increase in capsule thickness. This result
is consistent with that obtained from measuring the half-
time of drug release.

Figure 4. Release profiles of ibuprofen from HSA/DMPA capsules, per-
formed in a buffer solution of pH 7.4. a) 0, 5, or 10 layer pairs encapsulat-
ing small crystal cores, b) 10 layer pairs encapsulating small (15 mm) or
medium (36 mm) crystal cores.
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Conclusion

HSA and DMPA can be applied successfully as a pair to en-
capsulate ibuprofen microcrystals by using a method based
on the LbL assembly technique. In a simulated intestinal
fluid, the rate of release of the ibuprofen crystals from the
HSA/DMPA capsules can be clearly delayed. The permea-
bility of the microcapsules can be controlled by simply vary-
ing the number of HSA/DMPA deposition cycles. The retar-
dation effect can be increased by several orders of magni-
tude by decreasing the pH of the experimental conditions.
The bilayer structure formed on the HSA surface may pro-
vide a means to incorporate membrane-specific components,
such as channels and receptors, to improve targeted drug de-
livery and recognition.

Experimental Section

Materials : Ibuprofen powder (crystals) was purchased from TCI (Japan).
Fluorescein isothiocyanate conjugated human serum albumin (FITC-
HSA), human serum albumin (HSA, lyophilized powder protein ca. 95%
by biuret 66500 Da), fluorescently labeled nitrobenzoxadiazole dipalmi-
toyl phosphatidylcholine (NBD-DPPC), and l-a-dimyristoylphosphatidic
acid (DMPA) were purchased from Sigma. The water used in all experi-
ments was prepared in a three-stage Millipore Milli-Q Plus purification
system and had a resistivity greater than 18.2 MWcm.

An HSA solution was prepared by directly dissolving the weighed
amount of HSA powder in a buffer solution of pH 3.8. The aqueous
DMPA solution was prepared as follows: DMPA was dissolved in a so-
lution of chloroform/methanol (1:1). The solvent was evaporated in a ro-
tavap at 30 8C, and water was added up to a final lipid concentration of
0.025 mgmL�1. The aqueous lipid solution was then sonicated for 5 min.

The ibuprofen powder as received is composed of polydispersed white
crystals. This was finely ground with an agate mortar and the ground
crystals were fractionated by sedimentation into three fractions. The
mean crystal size and size distribution were estimated by measuring
more than 100 crystals, according to the method proposed by Jolivet and
co-workers.[14] The mean crystal size D, standard deviation s(D), and the
polydispersity index p of the fractions are listed in Table 1.

Encapsulation : HSA/DMPA multilayer encapsulation of ibuprofen crys-
tals was accomplished by the consecutive adsorption of oppositely
charged HSA and DMPA using the centrifugation technique. In each ex-
periment, ibuprofen crystals (50 mg) were dispersed in 2 mL of HSA so-
lution (1 mgmL�1, pH 3.8). The HSA was left to adsorb for 2 h, with oc-
casional shaking. The dispersion was then centrifuged at room tempera-
ture. The supernatant was removed carefully and the crystals were redis-
persed in pure water. The centrifugation and resuspension procedure was
repeated three times to remove the unadsorbed HSA from the solution
before the next lipid solution was added. The above process was repeated
until the desired number of coating layers was reached (Scheme 1).

Release experiments : The process of drug release was performed in a si-
mulated intestinal fluid (pH 7.4) prepared with phosphate buffer (0.02m).
The release measurements were performed on an Agilent-8453 UV/Visi-
ble spectrophotometer. The release of ibuprofen from protein and lipid
multilayer capsules was conducted in a 1-cm quartz cuvette with constant

magnetic stirring, and was monitored by using UV spectroscopy at a
wavelength of 260 nm. All release measurements were conducted at
room temperature.

Optical microscopy: The microscopic images and the release process of
individual drug crystals were recorded by using an Olympus AX-70
equipped with a CCD camera.
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