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Abstract

Multilayer biogenic capsules with a micrometer scale were fabricated by self-assembly of proteins and lipids at the interface of
emulsion droplets. The optical microscopy images demonstrate that spherical capsules at a fluid interface have uniform walls and the
dried capsules possess a high mechanical strength. The hollow shells obtained provide a novel class of assembly with encapsulating

drug molecules based on the layer-by-layer technique.
© 2004 Elsevier Inc. All rights reserved.
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Microencapsulation is an imperative technology in
pharmacy and medicine. Great attention has been paid
to develop encapsulation techniques for the purpose of
controlled release and drug delivery [1]. Recently de-
veloped novel system like colloidosomes are permeable
capsules composed of colloid particles [2,3]. Polyelec-
trolyte capsules, by coating size controlled templates
with alternating polyelectrolyte adsorption and followed
by removal of the templated cores, have been considered
as a new type of nanoporous capsules [4-7]. For such a
system, however, if core dimensions approach the per-
sistence length and charge density for sufficient coating,
this is especially demanding for biocompatible materials.
For drug release and delivery in the medical and phar-
maceutical areas it is realized that the coating materials
of biocompatible capsules, prepared from biological
molecules, would be of great advantage. Meanwhile, the
encapsulation of drugs, proteins or enzymes requires a
controlled way in physical structures, especially the
compatibility and permeability.

Therefore, as an important extension of shell
materials, the preparation of biogenic capsules with
properties as good as hitherto for synthetic polymers is
the next challenge. Proteins or their mixtures with lipids
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as efficient encapsulation materials can meet perfectly
the demand of this application.

An adsorption layer of protein can obviously alter the
properties of a surface. In emulsion systems, the addi-
tion of a low molecular weight surfactant like phos-
pholipids interacting with the adsorbed protein layer at
the interface serves as a stabilizer or an emulsifier [8-10].
Such a model system has been created by using a pen-
dent drop technique, in which one drop of lipid chlo-
roform solution was pumped precisely via a pipeline to
the tip of a Teflon capillary and immersed into aqueous
protein solution [11]. Co-adsorption of two components
from immiscible solvents at the liquid/liquid interface
reduces the competition of adsorption. In our previous
work it has been demonstrated that such a complex can
form a stable multilayer film [11,12].

Materials and methods

Human serum albumin (HSA) glycated (95%+) and L-o-Phospha-
tidic acid, dimyristoyl (approx 98%) (DMPA) were used as purchased
from Sigma without further purification. Chloroform with 99% purity
was obtained from Acros. All the water used in the experiments was
three-stage Millipore grade, which has a resistivity higher than
18.2MQcm.

HSA was dissolved in phosphate buffer solution at pH 3.8 with a
concentration of 1.0 mg/mL. The net charge of HSA can be modified
by pH around the isoelectric point (4.8). As much as 1.25mg DMPA
was dissolved in a mixed solvent (CH;OH:CHCl; =1:1, v/v) at a
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certain concentration and then the organic solvent was removed by
evaporation in a rotavap at 35 °C. Afterwards DMPA was redispersed
into pure water and diluted to the concentration of 0.025mg/mL.
Fluorescence microscopy images were obtained by Olympus IX 71.

Results and discussion

Here, we report on the fabrication of hollow protein/
lipid capsules through self-assembly with sizes over
submicrometer to micrometer scale and with typical
biological and permeability features. By mixing dye
molecules, rhodamine B, into the lipid/chloroform so-
lution we have observed the dye distribution in the
aqueous phase and demonstrated the penetration of
the dyes through the walls of lipids/protein capsules.
The fabrication process is very likely analogous to the
emulsion process (Fig. 1). L-a-Phosphatidic acid, di-
myristoyl (DMPA) chloroform solution is mixed with
HSA buffer solution to form an immiscible fluid. A tiny
solubility of chloroform in water could be diminished by
a prior treatment [13]. By acute shaking, both HSA and
DMPA (mixed with NBD labeled DPPE) adsorb on the
surface of an emulsion droplet [11,12]. After the droplet
surface is completely covered by the proteins and lipids,
capsules exclusively are formed from biomaterials
(Fig. 2). The microscopy image in Fig. 2A with fluor-
escently labeled walls shows well-defined capsules. The
initially formed capsules possess a broad size distribu-
tion. The capsule size can be adjusted by centrifugation.
The packing of HSA/DMPA complex films at the
droplet surface affects the formation rate and stability of
the capsules. The electrostatic interaction between
DMPA and HSA may stabilize the interfacial layers and
allow full coverage of the droplet [11,12]. A suitable
ratio of the volume fraction of HSA to DMPA may lead
to a complex film forming at the interface easily and
tending to bend towards a spontaneous curvature. In
addition, both concentrations of HSA and DMPA also
determine the formation time and the stability of the
capsules. The capsule size depends in some sense on the
shaking. Too mild stirring will produce larger capsules.
The adsorption of protein and lipids onto the interface
of emulsion droplets is a typical self-assembly process
and the assembled film can be very thick. This has been
verified by a fully packed oil surface with polyelectrolyte
[14-16].

Fig. 2B is a fluorescence micrograph of an air-dried
hollow protein/lipid capsule that was produced by the
self-assembly of DMPA and HSA. The drying process
comprises an evaporation of the organic phase. It in-
duces folds in the protein/lipid capsules. The dried
protein/lipid capsule is transparent and possesses a high
mechanical strength. The protein/lipid filled capsules
maintain their original spherical shape. With fluores-
cence microscopy we have recorded the whole process of
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Fig. 1. Schematic illustration of the self-assembly process for HSA/
DMPA microcapsules. (A) An immiscible interface is produced by
HSA aqueous solution and DMPA chloroform solution. A complex
film has been formed steadily by electrostatic and hydrophobic inter-
action. (B) HSA adsorbs onto the surface of DMPA/chloroform
droplets via a gentle stirring. (C) After the droplet surface is completely
covered by the complex film, a multilayer elastic shell is obtained
through washing the coated droplets in buffer to remove the rest of the
nonadsorbed materials.
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Fig. 2. (A) Optical image of tens of microcapsules composed of fluo-
rescence labeled HSA and DMPA in an aqueous solution. HSA has
been dyed with rhodamine B, allowing visualization with fluorescence
microscopy. (B) The dried microcapsules made of HSA and DMPA.

formation of the dried capsules with time as shown in
Fig. 3. The capsules have been dyed with rhodamine B
during shaping to allow the visualization by fluorescence
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Fig. 3. Forming process of dried HSA/DMPA capsules obtained from solution. The capsules labeled with rhodamine B allowing visualization by

fluorescence microscopy.

microscopy. The fully packed surfaces covered by the
co-adsorption of proteins and lipids were formed on the
chloroform droplets in aqueous solutions containing
HSA. With increasing time the evaporated chloroform
leads to droplet shrinking and forming a folded surface.
Finally as the organic solvents were completely removed
hollow capsules with an elastic shell were obtained.
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The CD (A and B) and FTIR (C) spectrums of HSA
aqueous solution and dried HSA microcapsules are
shown in Fig. 4. The CD spectrum of HSA in a solution
exhibits typically a shape for a-helix rich secondary
structure (two minima at approximately 208 and
222nm) (Fig. 4A) [17-19]. In the dried state of HSA,
Fig. 4B shows no obvious variation of the o-helix
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Fig. 4. (A) CD spectrum of HSA aqueous solution; (B) CD spectrum of the dried HSA microcapsules; and (C) FTIR spectra of HSA aqueous

solution and the dried HSA microcapsules.
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structure in corresponding to the two minima peaks.
The IR spectrum of HSA in Fig. 4C also shows bands at
1652 and 1544 cm~!, which can be assigned to amide I
and amide II bands of a-helix rich secondary structure.
These bands are observed in the dried HSA microcap-
sules as well, indicating they have the similar composi-
tions.

The co-adsorption of proteins and lipids onto the
surface of an emulsion droplet is a self-assembly process
[11]. Multilayer biogenic capsules of HSA and DMPA
with a micrometer scale can be fabricated with such an
assembly. The optical microscopy images demonstrate
that spherical capsules at a fluid interface have uniform
walls and the dried capsules possess a high mechanical
strength. The hollow shells obtained create a novel class
of assembly system with encapsulation. The protein/
lipid complex film provides highly stable and elastic
shells that serve as a protecting coating for core mate-
rials [20]. Such HSA/DMPA capsules can be used po-
tentially to encapsulate many species like particles,
inorganic crystals or biological molecules with control-
lable permeability. The biomolecule pairing of HSA and
DMPA matches many requirements for encapsulation,
for instance, as drug carries. The obvious difference with
the polymer capsules is their biological features, which
are most likely biocompatible.
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