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Bovine  serum  albumin  protein
nanoparticles  were  synthesized  by
coacervation  process.
BSA  and  SiO2 particles  could  be
encapsulated  by multilayered  poly-
electrolyte  films.
Higher  �-potential  of  BSA  helps
to  keep  the  polyelectrolyte  chains
unfolded.
Smooth  capsulation  layers  could  be
formed over  BSA  nanoparticles.
Nature  of  polyelectrolyte  determines
the nature  of  surface  charge  and  �-
potential.
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a  b  s  t  r  a  c  t

Employing  layer-by-layer  (LbL)  technique  we  could  encapsulate  both  organic  and  inorganic  nano-  and
microparticulate  substrates  by multilayer  polyelectrolyte  films  of variable  thicknesses.  It has  been
observed  that  the  uniformity  of  the polyelectrolyte  multilayer  does  not  depend  severely  on  the chemical
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nature  of  particulate  substrate;  rather  it depends  on  the initial  surface  charge  density  or  �-potential  of
their  bare  surface.  Higher  �-potential  of  organic  albumin  nanoparticles  helps  to  keep  the  polyelectrolyte
chains  unfolded.  On the  other  hand,  a lower  �-potential  of  inorganic  microparticles  such  as  SiO2 induces
a  folding  of dangling  polyelectrolyte  chains,  forming  domains  of their  aggregates  or  complexes  at  the
particle  surface,  making  the  encapsulating  multilayer  inhomogeneous.
rotein nanoparticle

. Introduction

Encapsulation process has been traditionally exploited in the
reparation of micro- and nano-capsules containing biologically
ctive agents such as drugs, foods, and nutrients. Depending on

he preparation process, those nanostructures can be classified as
anospheres and nanocapsules. While a spherical polymeric nano-
tructure with drug impregnated at its surface is called nanosphere
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the particle containing drug at its interior is called nanocap-
sule [1,2]. For therapeutic applications, those polymeric nano- or
microcapsules must be biodegradable [3]. During the past decade,
several bio-polyelectrolytes, such as polysaccharides, polypeptides
or polynucleotides, which are highly biodegradable both in vitro
and in vivo, have been utilized for the fabrication of capsules [4].
However, after reaching at target sites, the nanocapsules need to
release their encapsuled drugs in controlled fashion. Among the
variety of drug releasing processes, those with remote functional-

ities, e.g. by external stimulations such as light [5–12], ultrasound
[13], and magnetic field [14] are very much interesting for con-
trolled drug release after administration. Another innovative way
to achieve this goal in pharmacology can be by designing polymer
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anoparticles with enhanced oral bioavailability containing pep-
ides and proteins, as about 90% of all the nutrients, electrolytes,
nd water get absorbed in the small intestinal region of the gas-
rointestinal tract [15,16]. The entrapment of active molecules
ithin polymeric nanoparticle would offer the protection of drug
olecules against in vivo degradation by the surrounding environ-
ent after oral administration, and their undesired release [17].
The layer-by-layer (LbL) technique implemented by Decher

18] was initially applied for the construction of multilayered
olyelectrolytes over flat substrates. The technique is based on
he electrostatic attraction of oppositely charged polyelectrolytes
dsorbed on solid surfaces. Adsorption of polyelectrolyte over

 solid surface depends strongly on the cooperative interaction
etween the particle and the polyelectrolyte, apart from the influ-
nce of ionic strength of the solution, pH of the solution, and the
orosity of the solid surface (substrate) [19–22]. These parame-
ers can give rise to many forces such as steric, solvation, and
ydrophobic, which control the behavior of end product. Later, the
ethod LbL has been utilized to encapsulate solid or liquid col-

oidal substrates. Several colloidal substrates, such as melamine
ormaldehyde particles [23], SiO2 microparticles [24–26], and car-
onate microparticles such as MnCO3, CdCO3, and CaCO3 [27,28]
ould be encapsulated using this technique. Most of these encap-
ulations were made under moderate temperature and pH values,
ithout using any solvent that may  cause damage to the encapsu-

ating substrates. The method is advantageous for the fabrication
f multilayer charged polyelectrolyte films, the thickness of which
an be controlled just by the variation of number of formed lay-
rs. Controlling the thickness of encapsulating layer is very much
mportant for drug delivery through polymer capsules.

The versatility of the LbL method has also allowed the pro-
uction of hollow microcapsules by dissolving inorganic colloidal
ubstrates in acids such as hydrochloric acid (HCl), tetrahydrofu-
an (THF), hydrogen fluoride (HF), and ethylene diamine tetracetic
cid (EDTA) [28]. Apart from thickness, the permeability of these
icrocapsules depends on the structure and molecular weight of

he constituting polymer(s). Their internal cavities could be loaded
ith different drug molecules such as biomedicine [29,30], DNA

31], and proteins [32,33] for different applications. To facilitate the
elease of those drug molecules from microcapsules, the thickness
f the capsule walls should be less than 10 nm,  which can only be
chieved through LbL technique. Dong et al. [34] have shown that
he capsule structure is dominated by two critical factors: the wall
hickness, and the core decomposition condition. At optimized core
emoval conditions, capsule permeability has seen to be strongly
ependent on wall thickness, which could be controlled by the vari-
tion of solvent quality (i.e. salt concentration) or the number of
ilayers. The critical multilayer thickness for capsule preparation
as about 10 nm.

On the other hand, interest for synthesizing protein nanoparti-
les (PNPs) has increased many folds in recent years due to their
mportant functionalities in biomedicines such as good biocompat-
bility and integrity with ultrathin polyelectrolyte microreservoir
emplates. Using pectin as a pharmaceutical additive for the sup-
ression of albumin nanoparticle agglomeration, they could be
sed as drug delivery systems, specially for antitumoral drugs,
ntibiotics, and gene delivery vehicles [33,35,36]. Different meth-
ds have been utilized to synthesize PNPs. The most popular
mong them are coacervation [35–37], and emulsion [36,38,39].
oacervation is the mostly used method producing stable pro-
ein nanoparticle of controlled size in the 100–200 nm range. It is
elieved that protein nanoparticle have higher intercellular recep-

ion than micrometric particles [40] due to their higher specific
urfaces (surface to mass ratios). While the colloidal stability of
NPs with high specific surface is a big concern for their practical
pplications, due to nanometric size they have the ability to cross
hysicochem. Eng. Aspects 434 (2013) 253– 259

biological barriers. On the other hand, due to higher surface area,
they make better and efficient contacts with living cells, facilitating
a rapid release of delivered drug.

Among the common proteins, albumin is the one which contains
in high concentration in human blood, synthesized in liver from
dietary protein. Its presence in blood plasma creates an osmotic
force that maintains fluid volume level in the vascular space.
Though albumin has a short half-life, low albumin in blood is a
sign of poor health and a predictor of a bad outcome. Application of
albumin in medicine is mainly due to its surface functional groups
such as thiol, amino- and carboxylic, which can form bonds with cell
membrane. Due to the selective bonding nature of these functional
groups, albumin gets accumulated at albumin arthritic and tumor
sites [41,42], and hence used as a targeted drug delivery agent for
releasing specific drugs, e.g. antitumor drugs.

While encapsulating inorganic particles such as SiO2 with suit-
able semipermeable functional polymer is important for producing
nanocapsules, functionalization of the surface of organic particles
such as albumin with suitable bio-polyelectrolyte is necessary for
their targeted delivery in living body. In this regard, though several
efforts have been made to cover inorganic and organic nano- or
microparticles by multilayered polyelectrolytes [27–29], control-
ling the thickness, surface charge and final shape of the particles,
which depend both on the nature of substrate particle and the used
polymer, had never been easy.

In the present article, we  tried to fabricate polyelectrolyte multi-
layer films of alternating charges over silica and albumin particles
by LbL technique to tailor their surface charge of desired polarity.
Effects of multilayer polyelectrolyte encapsulation of the micro-
/nanoparticles on their morphology and surface charge density
have been studied.

2. Experimental

2.1. Materials

Albumin from bovine serum (BSA), sodium polystyrenesul-
fonate (PSS, MW ∼ 7.0 × 104 g/mol), polyallylamine hydrochloride
(PAH, MW ∼ 5.6 × 104 g/mol), glutaraldehyde (8% solution) and
Tween 20 were purchased from Sigma–Aldrich. All the chemicals
were utilized as received without further purification. PSS and PAH
solutions were prepared using deionized water (18 m�).

2.2. Fabrication of albumin nanoparticles

The albumin nanoparticles (ANPs) were prepared by a coac-
ervation method based on the precipitation of albumin form its
homogeneous solution by the addition of a non-solvent, followed
by their chemical stabilization. For this purpose, we used an aque-
ous solution of BSA at 2 wt% (pH 9) and ethanol as desolvating
agent, keeping the ethanol/water ratio 4:1. The nanoparticles were
obtained through drop-wise addition of non-solvent (ethanol) and
the addition of 100 �l of 8 wt% glutaraldehyde (GA) solution once
the solution became turbid. Addition of GA induces a cross linking
of the free amine groups, which helps to stabilize the ANPs. The
reaction was  performed at room temperature (24 ◦C) under mag-
netic stirring for 3 h. After this time, the ANPs were washed three
times by centrifugation at 10,000 rpm for 20 min using deionized
water.

2.3. Polymer encapsulation of ANPs and SiO2 microparticles

The albumin and SiO2 particles were encapsulated by poly-

electrolyte multilayers using the LbL method. For the case of ANP
encapsulation, the polyelectrolyte solutions were prepared at pH
7.0 maintaining the concentration of PAH, PSS and salt (NaCl) at
1.0 mM,  0.5 mM,  and 0.1 M,  respectively. Initially 1.0 mL  of PAH
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Fig. 1. Typical SEM images of (a) bare, (b) 3 PAH–PSS bilayer-capped silica particles, and (c) size distribution histogram of bare silica particles and its log-normal fitting.
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, (1)
oughening of the particle surface on bilayer formation is clear from the micrograp

olution was added drop-wise (200 �L/min) to an aqueous suspen-
ion of ANP (0.01 wt%) under magnetic agitation. This mixture was
eft unagitated for another 10 min. After this time, the ANP–PAH

ere separated by centrifugation at 10,000 rpm and washed by
eionized water three times. On achieving the PAH adsorption
ver ANPs, the PSS solution was added. After a 10 min  aging time,
he particles were separated and washed following the same pro-
edure mentioned earlier. Once the PAH–PSS bilayer is formed
ver the ANPs, the LbL procedure was repeated to obtain six
AH–PSS bilayers. Similar procedure was followed to encapsulate
iO2 microparticles in aqueous suspension with 0.1 wt%; neverthe-
ess in this case we used 10 mM and 5.0 mM concentrations of PAH
nd PSS solutions, respectively.

.4. Characterization of the micro- and nanoparticles

The morphology of the polymer coated and uncoated particles
as studied in a JEOL JSM-6610LV scanning electron microscope

SEM) with a pre-centered W hairpin filament, operating at 15 kV.
he samples for SEM study were prepared by dispersing the col-
oidal samples over silicon substrate (2 mm × 2 mm)  and drying in
ir.
.5. Transmission electron microscopy (TEM)

Aliquots of the samples were dispersed over copper microgrids,
hose surfaces were made hydrophilic by glow discharge process,
and dried at room temperature. After that, the samples were stained
with 1% uranyl acetate for 30 s and dried with filter paper. A JEOL
JEM-1230 transmission electron microscope operating at 80 kV was
utilized to inspect the samples.

2.6. �-Potential

The �-potential values of the polyelectrolyte coated and
uncoated ANPs and SiO2 particles were measured in a MALVERN-
ZEN 3600 Zetasizer. Electrophoretic mobility of each sample was
measured at least five times dispersing them in deionized water.
The essence of a classical micro-electrophoresis system is a cell with
electrodes at either end to which a potential is applied. Particles
move toward the electrode of opposite charge, and their velocity
is measured. This velocity expressed per unit field strength is con-
sidered as its electrophoretic mobility of the particles. With this
knowledge we  can estimate the �-potential of the particles using
the Henry equation:

2ε�f (ka)
where UE is the electrophoretic mobility, ε and � are the dielectric
constant and viscosity of the dispersion medium, respectively, and
f (ka) the Henry’s function, which involves Debye length (k) and
radius (a) of the colloidal particles.
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Table 1
Variation of adsorbed PSS concentration over the surface of SiO2 microparticles with
the number of formed PAH–PSS bilayers.

No. of PAH–PSS
bilayers

Absorbance at
225 nm

PSS adsorbed
concentration
(mM)

1 0.681 0.0216
2  0.2186 0.0281
ig. 2. Variation of �-potential of the silica surface with the number of alternating
AH and PSS capping layers. Alternate variation of surface charge suggests a stepwise
rowth of multilayers.

. Results and discussion

Fig. 1 shows the typical SEM images of SiO2 particles before
nd after the assembly of three PAH–PSS bilayers. As can be seen
n Fig. 1a, the bare SiO2 particles are well dispersed, of uniform
ize with smooth surfaces. Average diameter of the particles esti-
ated from their size distribution histogram (Fig. 1c) was about

.968 ± 0.036 �m.  On covering the microparticles with PAH–PSS
ilayers (Fig. 1b), their surfaces become rough. The observed mor-
hology change suggests the polyelectrolytes adsorbed on SiO2
urface form domains.

Despite of vast experimental works performed using LbL tech-
ique, the details of multilayer formation is not fully understood,
pecially for a charged colloidal sphere. The formation of polyelec-
rolyte domains over the SiO2 microparticles in the present case is
robably due to a significant gain in entropy of the floating polyelec-
rolyte chains away from the substrate surface. The polyelectrolyte
hains away from the substrate surface have greater degrees of free-
om with respect to the chains near (or attached to) the substrate
urface, generating a cooperative interaction between the closer
nd far ends (with respect to the substrate), which leads to the for-
ation of polymer aggregates or polyelectrolyte complex on the

ubstrate surface. Through their theoretical studies, Messina et al.
43] have demonstrated the role of short range van der Waals like
ttraction between the surface charge of spherical substrates and
he oppositely charged adsorbed polymer chains. They found in
articular that below a certain value of the strength of the specific
an der Waals attraction, formation of globular polymer structures
s highly favorable, whereas for higher van der Waals attraction, a
at bilayer builds up. Therefore, the morphology of polymer layers
ver solid substrates depends on the interaction between the poly-
er  and the substrate surface. On forming four PAH–PSS bilayers

ver the microparticles of SiO2, we obtained polyelectrolyte layers
f about 50 nm average thickness, indicating the thickness of each
ilayer of about 12.5 nm.

�-Potential of the SiO2 microparticles was estimated after the
ormation of each bilayer. Variation of �-potential of the silica sur-
ace with the increase of layer number in the process of PAH–PSS
ilayer formation is shown in Fig. 2. It must be noted that the bilay-
rs over the silica particles were formed at pH 7 of the reaction

olution. As can be observed, the �-potential of the silica surface
lternates between positive and negative values on adding each
ayer of polyelectrolyte. As it could be expected, the nature of the
nal surface charge is determined by the nature of the formed
3  0.3821 0.0491
4  0.4432 0.0569

bilayer. In the present case, the surface �-potential of the particles
covered with a fixed number of PAH–PSS bilayer would be neg-
ative. The �-potential value for the bare SiO2 particles was  about
−23.28 mV.  On the formation of first polyelectrolyte (PAH) layer,
the �-potential of their surface changes the sign to positive, con-
firming the adsorption/attachment of PAH layer over the silica
surface. In our encapsulation process, the odd layer numbers are
associated with the formation of PAH layers and even layer num-
bers are associated with the formation of PSS layers over the SiO2
particles. As can be seen, all the �-potential values for the surfaces
terminated by PAH (odd layer numbers) layer are positive, varying
in between +58 and +70 mV.  On the other hand, all the �-potential
values for the surfaces terminated by PSS (even layer numbers) are
negative, varying in between −55 and −66 mV.

The concentration of polyelectrolyte adsorbed at SiO2 sur-
face was  determined from their optical absorption spectra in the
200–400 nm range, utilizing a Cary-500 UV-Vis spectrophotometer,
and comparing the absorbance with the calibrated absorbance of
PSS solution of different concentrations. The estimated concentra-
tions of adsorbed PSS after the formation of each PAH–PSS bilayer
are presented in Table 1. As can be seen, on increasing the number
of bilayers, the concentration of adsorbed PSS increases linearly
at the rate of 1.27 × 10−2 mM/PAH–PSS bilayer. Considering the
molecular weight of used PSS (∼7 × 104 g/mol), amount of used
SiO2 particles (0.1 wt%) and their average diameter (0.968 �m)  the
amount of PSS adsorbed in each bilayer over each silica particle was
calculated to be about 1.12 × 10−5 �g.

The results obtained so far indicate that the LbL method is a
useful technique for encapsulating inorganic colloidal particles. On
encapsulating the silica microparticles with four PAH–PSS bilayers,
their surface become rough due to the formation of polyelectrolyte
domains, and a maximum 0.0569 mM concentration of PSS could
be adsorbed, which is about 1.13% of the concentration of PSS in its
initial solution (5.0 mM).

4. Albumin encapsulation

As has been mentioned in Section 2, the ANPs were synthe-
sized by coacervation method, utilizing ethanol as a non-solvent
followed by crosslinking with glutaraldehyde. The SEM image of
the bare ANPs (Fig. 3a) reveals the formation of well dispersed
spherical particles with average diameter of about 131 ± 15 nm
(Fig. 3b). Addition of glutaraldehyde in the coacervation process
reduces the aggregation of albumin molecules desolvated with
ethanol. GA form cross-links with the ANPs forming covalent bond
between its aldehyde (CHO) groups and the terminal amino (NH2)
groups of cysteine protein (albumin) [44,45]. The formation of
cross-links provides stability to the albumin particles by decreasing
the protein–protein aggregation and thus preventing their precipi-
tation. As the main aim of this article is to study the encapsulation of
SiO2 and albumin particles by LbL process and control of their sur-

face charge, we will not discuss on either the coacervation process
or on the stability of ANPs in details.

Typical TEM images of ANPs encapsulated with four polyelec-
trolyte layers (two PAH–PSS bilayers) are shown in Fig. 4. As can be
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Fig. 5. Variation of the �-potential value of ANPs with the number of formed poly-
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ig. 3. (a) Typical SEM image of bare BSA nanoparticles obtained via coacervation
rocess and (b) their size distribution histogram with log-normal fitting.

een, the polymer-capped ANPs get agglomerated easily. Formation

f polyelectrolyte layer over the particles is very clear from the TEM
mage presented in Fig. 4b. The image shows a clear contrast differ-
nce between the internal and external parts of the encapsulated

ig. 4. Typical TEM images of albumin particles covered with 4 polyelectrolyte layers (
olyelectrolyte shell layers and (b) single submicron core–shell structure.
electrolyte layers. Charge inversion in very regular manner with the number of
capping layers indicates the formation of uniform polyelectrolyte layers.

particle, confirming the adsorption of polyelectrolyte at the surface
of ANPs and the formation of uniform shell layer. It must be noted
that in case of SiO2 microparticles, the polyelectrolyte shell was
irregular due to the formation of domains at particle surface.

�-Potential values of the multilayers formed on the ANPs are
shown in Fig. 5. The variation of �-potential value with the num-
ber of polyelectrolyte layers (PAH and PSS alternatively) was very
similar to the case of SiO2, with a charge reversal on the forma-
tion of each adsorbed layer. However, in this case, the �-potential
value for the bare ANPs revealed to be more negative (−31.22 mV)
in comparison with SiO2 microparticles. Addition of first polyelec-
trolyte layer (PAH layer) induced positive charge at the surface of
ANPs. On the other hand, the next polyelectrolyte layer (PSS layer)
induced a negative charge at their surface. In the fashion similar
to the earlier case (SiO2 microparticles), every odd numbered cap-
ping layer (correspond to PAH) revealed positive �-potential values
varying in between +49.5 and +49 mV,  and every even numbered
layer (correspond to PSS) revealed negative �-potential values vary-
ing in between −45 and −44 mV.  The magnitudes of �-potential of
the first and second bilayers were similar, which indicates the for-

mation of uniform multilayers at the surface of ANPs. Apart from
the differences of surface nature between the two types of studied
particles, it seems the smaller sizes of the ANPs are favorable for

2 PAH–PSS bilayers). (a) Agglomeration of nanocore–shell structures with darker
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he formation of uniform polyelectrolyte layers over them. It must
e noticed that the �-potential value for the naked ANPs is stronger
han the �-potential value of the naked SiO2 NPs.

The �-potential is related to the charge density and morphology
flat or roughness) of the adsorbed polyelectrolyte layer(s) on par-
icle surface. In the case of protein nanoparticles, a constant charge
ensity suggests the formation of uniform polyelectrolyte layer.
owever, in the case of silica particle, the multilayers were not
niform due to the formation of polyelectrolyte aggregates at their
urfaces, and hence the surface charge density was  not constant.
hese findings show how the nature of substrate (inorganic and
rganic) surface affects the formation of multilayer capping or the
harge distribution over them.

. Conclusion

We  have demonstrated that the LbL method can be effec-
ively used to encapsulate both inorganic and organic particles
f micrometer or nanometer size by polyelectrolyte multilayer
o control the nature of their surface charge. The thickness, and
ence indirectly the permeability of the encapsulation layer can
e controlled by controlling the number of formed polyelectrolyte

ayers. The synthesis of protein nanoparticles by coacervation
ethod is a versatile and easy way for fabricating nanoparti-

les of sizes below 170 nm.  The use of glutaraldehyde as cross
inking agent helps to prevent aggregation of nanoparticles in
olution, obtaining well dispersed nanoparticles with uniform
ize distribution. As the nanoparticle uptake by most of the cells
f human organisms is restricted to 50–200 nm size range, the
ncapsulated protein nanoparticle presented in this work could
e useful for cellular therapy. Furthermore, the protein nanopar-
icles obtained in this work and their encapsulation via the
elf-assembly of oppositely charged polyelectrolytes optimize the
ethod of fabrication of polymer capsules containing protein
olecules.
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