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Abstract

‘We present a facile method for the encapsulation of nanoparticles’ (NPs) systems within the interior space of bio-polyelectrolyte microshells.
The microshells, constructed by alternate adsorption of alginate sodium (ALG) and chitosan (CHI) onto the surface of colloidal templates and
subsequent removal of cores, allow the polystyrene (PS) or SiO, nanoparticles (NPs) adsorbed into the internal shells through a simple mix
process, as confirmed by confocal laser scanning microscopy (CLSM), and scanning electron microscopy (SEM) analysis. The NPs-filled micro-
shells form the rigid spherical shape in contrast to the flat and folded structure of microshells at the dry state prior to filling. The interior of NPs-
encapsulated microshells was directly visualized by transmission electron microscopy (TEM) image of microtomed slices and cross-section
SEM image. The loading amount of NPs in a shell composed of (ALG/CHI)s was determined in two media i.e. H;O and 0.1 M NaCl, and
the results showed that the loading amount of the former is greater than that of the latter. The possible encapsulation mechanism is also
discussed. The hybrid materials with NPs core and bio-polyelectrolyte shells have potential application for controlled-release drug delivery

and catalysis.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The layer-by-layer (LbL) self-assembly technique firstly
introduced by Iler in the sixties has been widely applied to fab-
ricate multilayer ultrathin organic or hybrid films with tailored
architecture and properties [1—4]. Recently, the technique has
been well developed for the creation of novel microshells with
defined internal volume and customized physicochemical prop-
erties [S—7]. The fabricated three-dimensional shells, produced
by the LbL adsorption of polyanions and polycations onto the
surface of colloidal templates and subsequent removal of
templates, possess several features including the tailored wall
thickness on a nanoscale range, the ordered wall composition,
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as well as the controlled size and shape, and hence leading to
be potentially applicable as new soft-shell cages in areas such
as drug delivery, biosensor, enzyme protection, micro-reactor
and catalysis [8,9].

Considerable efforts have been devoted to the nanoscale
encapsulation of various species in preformed microshells
adjustable to the specific application. The assembled hollow
shells composed of synthetic polyelectrolytes such as poly-
(allyamine hydrochloride) (PAH) and poly(styrene sulfonate)
(PSS) or poly(diallyldimethylammonium chloride) (PDDA)
and PSS, have been filled with low molecular weight dyes
or macromolecules such as PSS, PAH, enzyme and high mo-
lecular weight molecules like dextran by changing the perme-
ability of hollow shells via altering the bulk pH values or salt
concentrations [10]. Recently, Gao et al. reported a successful
encapsulation of macromolecules with ultrahigh molecular
weight, for example dextran 2000 kD into PSS/PDDA micro-
shells by means of utilizing the swelling—shrinking features of
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PSS/PDDA shells in response to external environment stimuli
[11]. However, up to date, a significant challenge still remains
in incorporating functional nanoparticle systems into the
microshells in a controlled manner, and thus preventing the
exploration of the various applications with the formed hybrid
and functional structures.

Natural polysaccharides such as chitosan (CHI) and algi-
nate sodium (ALG) have been widely investigated for applica-
tions in coating membranes, controlled-release drug delivery
and biomaterials owing to their proven biocompatibility and
safety [12—15]. CHI is a naturally occurring cationic polymer
derived from partially deacetylated chitin, which is extracted
and isolated from the abundant shells of crustacean. ALG is
an anionic polymer composed of a naturally occurring block
copolymer of two monosaccharide units obtained from marine
brown seaweed. The ALG/CHI polyelectrolyte complex
(PEC) systems are commonly developed as a complex planar
membrane and an ALG gel bead coated with CHI, which place
some limitations in controlling the membrane thickness on
a nanometer scale and characterizing the encapsulating PEC
membrane precisely [16,17]. Recently, we have constructed
a natural and biocompatible polyelectrolyte microshell by
using ALG and CHI as building blocks with the LbL self-
assembly technique [18,19]. The fabricated ALG/CHI shells
were found to have several intriguing advantages over the con-
ventional polyelectrolyte microshells composed of PSS—PAH
or PSS—PDDA, including super mechanical/chemical/thermal
stabilities and enhanced structure transformation of shell walls
in response to external microenvironment. Moreover, sponta-
neous depositions of organic substances within ALG/CHI
shells, such as polyelectrolyte PSS, doxorubicin, and dye
molecules have been achieved so far.

In this paper we describe our new attempts to extend the
capability and generality of ALG/CHI shells for the encapsu-
lation of entity NPs. We find that polystyrene (PS) and SiO,
can be easily loaded in the interior of the ALG/CHI shells
by simply mixing a suspension solution of the ALG/CHI shells
and a suspension solution of NPs overnight at room tempera-
ture. The inner structure and morphology of NPs-filled shells
was investigated by CLSM, TEM and SEM measurements.
The encapsulation process was also discussed. This study
provides a novel facile method for the encapsulation of NPs
or macromolecules with large geometric structure in defined
bio-polyelectrolyte microshells.

2. Experimental
2.1. Materials

ALG (M, =12,000—80,000) was obtained from Sigma,
Canada. CHI (M, =30,000) was obtained from Primex
Biochemicals, Norway. PSS (M, =70,000) and PAH (M, =
70,000) were obtained from Aldrich. Melamine formaldehyde
(MF) particles with a diameter of 4.89 £ 0.14 um were pur-
chased from Microparticles GmbH, Germany. Fluorescent-
labeled polystyrene (PS, 28 nm in diameter, green fluorescing
1% solid) NPs were purchased from Duke Scientific

Corporation, USA. SiO, particles (~280 nm) were prepared
according to Ref. [20]. Polystyrene particles with a diameter
of ca. 260 nm were synthesized by emulsion polymerization.
All chemicals were used as-received. Millipore water was
used throughout the study.

2.2. Shell fabrication

The method for the shell fabrication is taken from Ref. [18].
Briefly, an alginate solution or a chitosan solution with a charge
opposite to that of MF templates or the last layer deposited
was added to a template colloidal solution for 1 h, followed
by three repeated centrifugation/washing/redispersion cycles
with dilute aqueous NaCl. After five dilayers of ALG/CHI
were adsorbed, the coated particles were treated in HCI to
decompose the MF cores. The produced MF decomposition
products and excess HCI were washed off until neutral pH
was established by centrifugation and water wash. The out-
most layer in this study is always the positively charged
CHI. The as-prepared shells are centrifuged, and then re-dis-
persed in phosphate buffer saline (PBS) solution in stock.

2.3. Entrapment of nanoparticles in shells

Equal amounts of a microshell suspension (aged for appro-
priate two days) and a nanoparticle suspension were simply
mixed together overnight at room temperature to obtain the
filled shells.

2.4. Characterization

Field emission scanning electron microscopy (FE-SEM,
XL-30 FEI Inc., USA) was utilized to observe the morphol-
ogies of hollow shells and NPs-filled shells. FE-SEM images
were obtained by drying a drop of dispersion on a sample
holder in air at room temperature, followed by sputter coating
a thin gold layer on as-prepared specimens. FE-SEM was
operated at 15 kV.

To view the interior of the filled shells, the NPs-loaded
shells were dried and then embedded in epoxy resins holders.
Ultrathin sections (30—100 nm in thickness) were obtained
using a Leica ultracut UCT ultramicrotome. Copper grids
were used to support the thin sections and a Japan Hitachi
H-800 TEM was employed for analysis. The cross-sections
of the filled shells were obtained by using a glass cutter to
scratch the embedded specimens for further SEM analysis.

Confocal micrographs were taken with an LSM 510 confocal
microscopy (Carl Zeiss Inc.) equipped with a 100x oil immer-
sion objective with a numerical aperture of 1.4. The microshells
in an aqueous environment were visualized by FITC-PS with
the excitation wavelength of 488 nm.

3. Results and discussion
Well-constructed ALG/CHI microshells were prepared

using a colloidal templating LbL. procedure as described in
Section 2. Fig. 1(a) gives a SEM image of empty shells
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Fig. 1. SEM images of hollow shells of (ALG/CHI)s (a), SiO,-loaded (ALG/CHI)s shells (b) and PS-loaded (ALG/CHI)s shells (c). The dried hollow shell re-
sembles a deflated balloon. The dried particle-loaded shell looks like a filled balloon.

composed of (AIG/CHI)s. These thin microshells adopt folded
and deformed morphology on the substrate. The size of the
crumpled shells at the dry state is slightly larger than the orig-
inal MF template size of 4.9 um, which has also been observed
in the polyelectrolyte microshells of PSS/PAH or PSS/PDDA
[21]. After the hollow shells were aged at ambient temperature
for two days, a suspension of the (AlG/CHI) shells was mixed
with a solution of nanoparticles (NPs) overnight and directly
observed under SEM without further separation. Fig. 1(b and
c) shows SEM images of NPs-filled (ALG/CHI) shells, in
which inorganic SiO, and organic polystyrene (PS) NPs
were chosen as modeling loading particles. Surprisingly,
instead of flat and folded shell structures in SEM images,
the mixing process formed rigid sphere aggregations with
some nanoparticles sitting on or partially embedded in the
main sphere surface. This observation strongly indicated that
NPs can migrate across the shell walls and then stay in the
interior during the mixing process. It is worth mentioning
that the diameter of NPs-loaded shells at the dry state is ap-
proximately 2.5 pm for SiO, NPs and 1.7 pm for PS NPs,
which is significantly smaller than the original template size
of 4.9 um. Meanwhile, the NPs-filled shells, even if at the
dry state, still maintain spherical shape integrated. All these
observations suggest that the ALG/CHI shells just like an elas-
tomer possess strong mechanical property.

The filled shells can be obtained by centrifuge, to remove
superfluous NPs present in the suspension solution. To gain
direct insight into the filled shell interior, the NPs-loaded
shells were embedded in epoxy resin and then treated with
an ultramicrotome to obtain ultrathin sections or a glass cutter

to obtain cross-sections for further analysis. Fig. 2(a) presents
a TEM image of ultramicrotomed SiO,-loaded shells.

In this image SiO, particles with a size of ca. 280 nm are
seen as dark areas; bright areas in the interior of the shells
are originated from drop-off of some SiO, particles in prepar-
ing the ultrathin slice sample. TEM analysis confirms that
SiO, NPs are mainly entrapped in the inner space of the
shells. Although the outer profile of the NPs-encapsulated
shells is discerned as a spherical shape as a whole, the struc-
ture of shell walls is difficult to perceive owing to low contrast
of organic materials i.e. the shells (ALG & CHI) and the
embedding materials (epoxy resin used here). Fig. 2(b) shows
a cross-section SEM image for SiO,-loaded shells. Evidently,
SiO, NPs indeed enter into the (ALG/CHI) shell interior and
the spherical profile of NPs-loaded shells, which is in agree-
ment with TEM image of ultramicrotomed slice (Fig. 2(a)),
was also observed.

The amount of unencapsulated NPs remaining in the super-
natant liquid was estimated by centrifuging, drying and weigh-
ing up. Thus, the loading amount of NPs into the shells was
obtained by the difference between the initial amount of
NPs latex added and the amount of unloaded NPs from the
supernatant liquid. We made a comparison for the encapsula-
tion of particles in different media such as H,O and NaCl, in
which the encapsulation amount may be expressed with
weights of particles per shell. The loading result is shown in
Table 1. In pure water, the encapsulated amount for the SiO,
NPs is 6.0 x 10> pg/shell, and for the PS NPs, the encapsu-
lated amount is 0.8 x 1073 pg/shell. Whereas in NaCl media,
the encapsulated amount is 3.5 x 107> pg/shell for SiO, NPs

'
1.00um

Fig. 2. (a) TEM image of ultramicrotomed slice for NPs-loaded ALG/CHI shells; (b) cross-section SEM image for NPs-loaded ALG/CHI shells.
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Table 1
Loading behavior of nanoparticles (NPs) in the hollow (ALG/CHI)s shells®

NPs Pure water NaCl solution (0.1 M)
Si0, PS SiO, PS
Size 280+76 260+ 12 280 + 76 260 £+ 12
Concentration 100 10 100 10
of NPs [mg/ml]
Amount of NPs 7.1x5 12x5 7.1 x5 12x5
added” [mg]
Loading amount of NPs  6.0+0.2 0.8+£0.07 3.6+0.1 0.5+ 0.05

[x1073 gshell "

? In each experiment, 30 mg of MF particles were used to fabricate (ALG/
CHI)s shells, which corresponds to ~0.5 million of preformed shells. The
amount of unencapsulated NPs remaining in the supernatant liquid was
estimated by centrifuging, drying and weighing up. Thus, the loading amount
of NPs into the shells was obtained by the difference between the initial
amount of NPs latex added and the amount of unloaded NPs from the super-
natant liquid.

® To calculate the encapsulating amount of NPs in the shells, unencapsulated
NPs in five Eppendorf tubes were collected together, dried, weighed up, and
finally give an average result for two independent experiments.

and 0.5 x 102 pg/shell for PS NPs. Apparently, the loading
amount in H,O is greater than that in NaCl. It is understandable
because the addition of Na™ ions can enhance the electrostatic
interaction of the network structure composed of ALG and
CHI, which will inevitably arose the decrease of the permeabil-
ity of the shell walls, and hence at last leads to the reduction of
the loading amount [16]. Besides, from Table 1, one can also
see that the loading amount of NPs in the shells is proportional
to the initial concentration of the NPs added, and hence leads to
the SiO, NPs-loaded shells (2.5 um, in size) at the dry state
greater than PS NPs-loaded shells (1.7 um, in size) though
the size of SiO, NPs and PS NPs is similar.

In order to further clarify special encapsulation capability
of the (ALG/CHI) shells, we carried out the comparison exper-
iments on encapsulating NPs into the ALG/CHI, PSS/PAH or
PSS/PAH/ALG/PAH shells by CLSM observations, in which
FITC-labeled PS NPs with a diameter of ca. 28 nm was chosen
as the loading NPs. As shown in Fig. 3, more intense green
fluorescence was observed from shell interior rather than

from the bulk when a suspension of the AIG/CHI shells was
mixed with a solution of FITC-labeled PS NPs (for interpreta-
tion of the references to colour in this figure, the reader is
referred to the web version of this article). This result clearly
demonstrates that PS NPs can migrate across the layer wall
and enter into the shells without any means of assistance.
Concomitantly, the colour of the mix solution changed from
the initial yellow-green to yellowish, also suggesting that the
successful entrapment of FITC-labeled PS NPs inside the
shells. In addition, we carried out the encapsulation of fluores-
cent-labeled PS NPs in the (ALG/CHI); or (ALG/CHI), shells,
and found that PS NPs are also loaded in the interior of the
shells effectively by CLSM measurements except that the pro-
file of the loaded (ALG/CHI); shells is not very clear. For all
PS NPs-loaded shells no deformation or rupture was observed.
For the PSS/PAH or PSS/PAH/ALG/PAH shells, one can see
that FITC-labeled PS NPs were mainly concentrated on the
peripheral rings instead of the interior of the shells (Fig. 4).
The diameter of the (PSS/PAH);s or (PSS/PAH)/(ALG/PAH),
shells after being incubated with PS NPs is ca. 5.2 um similar
to the template size. Given the fact that no efficient encapsu-
lation for the PSS/PAH or PSS/PAH/ALG/PAH shells
occurred, the compositions and properties of the shells,
together with the charge density of the shell walls could be
considered to be responsible for the effective encapsulation
of NPs in the interior of the preformed shells.

ALG and CHI are two oppositely charged hydrophilic
natural polysaccharides. Interestingly, the constructed (ALG/
CHI)s shells in the phosphate buffer saline (PBS) solution
have a diameter of 8.2 £ 0.3 um (Fig. 5), which is remarkably
larger than the template size (4.9 pm). The highly expanded
shells of (ALG/CHI) are believed to be originated from the for-
mation of the hydrogen bonds between two polysaccharides
and the hydrogen bonds between the polysaccharides and
water [18,21—24], which will inevitably cause the formation
of a more porous scaffold with open porosity on the wall archi-
tecture that facilitates permeation of species with larger or rigid
structures, for example, nanoparticles. Also, the expanded
ALG/CHI shells are rather stable and have been verified to

Fig. 3. (a) After the ALG/CHI shells were incubated in fluorescent-labeled PS NPs suspension, irreversible entrapment of NPs in the shells occurred; (b) magnified

CLSM image of an individual PS NPs-loaded microshell.
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Fig. 4. CLSM images of hollow shells after being incubated with fluorescent-labeled PS NPs overnight: (a) (PSS/PAH)s and (b) (PSS/PAH)/(ALG/PAH),.

Fig. 5. CLSM image of hollow shells composed of (ALG/CHI)s templated
onto 4.9 pm, where FITC-albumin was used to label the shells. Note: fluores-
cence intensity of the FITC-albumin from the interior of the shells was elim-
inated by reducing the mixture time of a fluorescence label reagent and
a microshell suspension as well as rinsing with water.

possess good mechanical property based on the fact that the
ALG/CHI shells can remain intact spherical structure in PSS
solutions with different concentrations (upwards to 20.0 wt%)
[18]. Apart from these, residual charges from shell walls might
be considered as another important influence factor for the

effective encapsulation of NPs in the shells based on compara-
tive study results, that is, NPs can enter into the ALG/CHI shells
easily; while NPs are difficult to cross the layer barriers com-
prised of (PSS/PAH) or (PSS/PAH)/(ALG/PAH) due to the
existence of more residual charges upon choosing PAH rather
than CHI as a wall component (see Figs. 3 and 4).

Based on the above data and analysis, the encapsulation
process of NPs in the shells of ALG and CHI is schematically
outlined in Fig. 6. ALG and CHI both are natural and hydro-
philic hydrogels. The as-prepared ALG/CHI microshells pos-
sess several particular advantages over the conventional
synthesized microshells i.e. high swelling, elasticity and
strong mechanical property. When the (ALG/CHI) shells
were incubated in a nanoparticle suspension, several aspects
of factors should be simultaneously considered for the efficient
loading. (i) The highly expanded shells with enlarged holes on
the wall texture are permeable to PS or SiO, NPs. Thus, NPs
can cross the layer walls with low residual charges and enter
into the shells due to the existence of a concentration gradient
of NPs between the interior and exterior of the shells, and
finally establish equilibrium between NPs suspended in the
surrounding solution and within microshells. (ii) The network
architecture of ALG/CHI shell walls is mechanically stable
and shape-plastic, even upon loading relatively large rigid par-
ticles (280 nm SiO, and 260 nm PS used here). (iii) The
loaded NPs might be more likely to exist in an aggregated
or complex form so that the real concentration within the
interior of the microshells is lower than in the bulk solution,
thus promoting efficient encapsulation of NPs in the shells
[10,18].

*-0-0- 110

Fig. 6. Schematic illustration of the procedure for the encapsulation NPs in the LbL self-assembled ALG-CHI shells.
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4. Conclusion

We have developed a facile method for encapsulation of
nanoparticles in the bio-polyelectrolyte microshells. CLSM,
TEM and SEM were employed to verify the efficient encapsula-
tion of NPs in the shells. The encapsulation mechanism was also
discussed. The hybrid NPs core/bio-polyelectrolyte shells might
provide versatile applications as microcarriers in drug delivery
and controlled release, optical materials as well as catalysis.
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