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Natural microshells of alginateechitosan: Unexpected stability
and permeability
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Abstract

We utilized alginate sodium (ALG) and chitosan (CHI) as wall components to construct a natural and biodegradable polyelectrolyte micro-
shell by the electrostatic self-assembly technique. The resultant ALGeCHI shells were found to maintain intact spherical shape in different
poly(styrenesulfonate sodium) (PSS) bulk concentrations (maximal detection concentration 20.0 wt%). Compared with the shells composed
of PSS and poly(allylamine hydrochloride) (PAH) that collapse or deform at a 4 wt% or more than 4 wt% PSS concentration, the ALGe
CHI shells display higher stability. Meanwhile, the permeability of the ALGeCHI shells prior to and after incubation in PSS solutions was
directly traced by the fluorescence recovery after photobleaching (FRAP). The composition of the ALGeCHI shells themselves is thought
to be responsible for the differences in the stability.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Layer-by-layer (LBL) self-assembly [1] of oppositely
charged polyelectrolytes onto dissolvable colloidal particles
has been utilized to create ultrathin microshells (micro-
capsules) with particular advantages, e.g., the tailored wall
thickness on a nanometer-scale range, the ordered wall
composition, as well as the controlled size and shape [2].
Both the preparation and behavior of such shells primarily
composed of synthetic polyelectrolytes such as poly(styrene-
sulfonate sodium) (PSS) and poly(allylamine hydrochloride)
(PAH) have been reported in much detail and reviewed [3].
For practical and biomedical applications, the use of polysac-
charides instead of synthetic polyelectrolytes seems an attrac-
tive alternative.

* Corresponding authors. Tel.: þ86 10 64448472; fax: þ86 10 64434784.

E-mail addresses: taoxia@yahoo.com (X. Tao), chenjf@mail.buct.edu.cn

(J.-F. Chen).
0032-3861/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2006.06.038
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 [4e6]. CHI is a natural cationic polymer de-
rived from chitin N-deacetylation. ALG is an anionic polymer
composed of a naturally occurring block copolymer of two
monosaccharide units obtained from marine brown algae.
The ALGeCHI polyelectrolyte complex (PEC) systems are
commonly developed as a complex planar membrane and an
ALG gel bead is coated with CHI [7e9], which places some
limitations in controlling the membrane thickness on a nano-
meter-scale and characterizing the encapsulating PEC mem-
brane precisely. Recently, we have constructed a natural and
biocompatible polyelectrolyte microshell by using ALG and
CHI as building blocks with the LBL self-assembly technique
and investigated the photostability of the shells during the
oxidative reaction, together with the accumulation ability of
organic substances in aqueous solutions [10].

In the present study, the properties of the ALGeCHI
shells were further studied and compared with the typical
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polyelectrolyte shells made of PSS and PAH. Unexpectedly,
the stability of the ALGeCHI shells in different media, e.g.,
PSS polyelectrolyte solutions with different concentrations
was larger. Also, the permeability of the ALGeCHI shells
prior to and after incubation in PSS solutions was directly
traced by the fluorescence recovery after photobleaching
(FRAP). The composition of the shells themselves is thought
to be responsible for the differences in the stability.

2. Experimental section

2.1. Materials

ALG (Mw¼ 12,000e80,000) was obtained from Sigma,
Canada. CHI (Mw¼ 30,000) was obtained from Primex
Biochemicals, Norway. PSS (Mw¼ 70,000) and PAH
(Mw¼ 70,000) were obtained from Aldrich. Melamine formal-
dehyde particles (MF particles) (4.89� 0.14 mm) were pur-
chased from Microparticles GmbH, Germany. FITC-albumin
and 6-carboxyfluorescein (6-CF) were purchased from Sigma.
All chemicals were used as received. Millipore water was used
throughout the study. For reference, the chemical structures of
ALG and CHI are shown below.
centrifuging (2500 g, 2 min) and washing three times with
water.

Equal amounts of microshell suspension (aged for appro-
priate two days) and PSS solution of different concentrations
were mixed together and incubated for 60 min.

2.3. Characterization

Confocal micrographs were taken with an LSM 510 confo-
cal microscope (Carl Zeiss Inc.) equipped with multiple laser
lines from UV to infrared for excitation of fluorophores. For
FRAP measurements, the laser beam was focused onto
a spot inside the whole shell. The interval between the image
scans varied depending on the duration of the recovery. Recov-
ery was considered complete when the intensity of the photo-
bleached region stabilized.

SFM images were recorded at ambient temperature by
using a Digital Instrument Nanoscopy IIIa in the tapping
mode. Samples were prepared by applying a drop of the shell
solution onto a freshly cleaved mica substrate. After the shells
were allowed to settle, the substrate was extensively rinsed
with Millipore water and then dried under a gentle stream of
nitrogen.
Alginate sodium (ALG)
COONa

OH

COONa COONa

H

O

H

H

HO

H

OH

H

O

H

COONa
O

O

O

H

H

O

HO

H

OH

H

O

H

OH
H

H

H

O

OH

H

OHH

H

H

O

O

H

H

HO

H

H

H

O

CH
2
OH

NH
2

O

H

H

HO

H

H

H

O

NH
2

CH
2
OH

Chitosan (CHI)
2.2. Preparation of shells and subsequent incubation in
PSS solutions

Alginate sodium solution (1.5 ml) (1 mg/ml in 0.5 M NaCl)
or 1.5 ml of chitosan solution (1 mg/ml in 0.2 M NaCl at pH
3.8), with a charge opposite to that of MF templates or the
last layer deposited, was added to a template colloidal solution
(0.3 ml), and was left to absorb for 1 h. The excess of added
species was removed after each layer was deposited by three
repeated centrifugation (2500 g, 3 min)/washing/redispersion
cycles with dilute aqueous NaCl. Typically, five (ALGe
CHI) bilayers were deposited. Hollow shells were obtained
by dissolving the MF cores with HCl (0.16 M, 40 min),
3. Results and discussion

A method describing the stability of polyelectrolyte micro-
shells has been built by CLSM studies on the deformation/rup-
ture of the shells upon incubation in PSS polyelectrolyte
solutions with different concentrations [11]. Fig. 1 shows
CLSM images of hollow shells consisting of 10 layers of
ALGeCHI in different PSS bulk concentrations after incuba-
tion for 60 min. A striking finding is that all the ALGeCHI
shells maintain their spherical shape intact even when the
PSS concentrations are increased upwards to 15.0 wt% (max-
imal detection concentration 20.0 wt%, not shown here). Com-
pared with the PSSePAH shells that collapse or deform at
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a 4 wt% or more than 4 wt% PSS concentration [12,13], the
ALGeCHI shells display more stability in the external media.

It has to be mentioned that in this study weakly cross-linked
MF particles with an average diameter of 4.9 mm were chosen

Fig. 1. CLSM images of hollow shells composed of (ALGeCHI)5 as a function

of the PSS (Mw¼ 70,000) bulk concentrations after incubation for 60 min. The

PSS concentrations represented as wt% are indicated in the insets. FITC-albu-

min was used to label the shells. Fluorescence intensity from the interior of the

shells can be eliminated by reducing the mixture time of a fluorescent label

reagent and a microshell suspension.
as removable templates, and that the resultant (ALGeCHI)5

shells after removal of MF cores in HCl expanded to a large
degree (ca. 8 mm in diameter, see control image in Fig. 1).
Though for the moment we cannot provide reasonable explana-
tion for the swollen shells, the cross-linked degree of MF parti-
cles themselves as well as the formation of the hydrogen bonds
between the two polysaccharides, and the hydrogen bonds
between the polysaccharides and water might be considered
as possible reasons [4,7,14]. Further work is needed to proceed
to investigate the detailed mechanism of the shell swelling.

To explore the shell structure changes before and after
incubation in PSS solutions, the SFM technique can be em-
ployed [15]. Fig. 2a and b displays SFM images (top view)
of the (ALGeCHI)5 shells before and after incubation in
8.0 wt% PSS for 60 min. Apparently, the interior of the incu-
bated shells is rather bright, indicating that PSS can cross the
layer barrier of the shell wall, and accumulate inside the shells.
Direct visualization in the above two cases was also provided
by SFM measurements on surface plot of the shells. A non-
incubated shell looks like a compressed plate (Fig. 2c), but
an incubated shell looks like a small hill (Fig. 2d), also sug-
gesting that a great deal of accumulation of PSS had occurred.

To further verify if the wall texture changes of the shells oc-
curred upon incubating in PSS solutions, the ALGeCHI shells
were followed directly under CLSM. The dye 6-CF was used
as a probe. Fig. 3 shows typical FRAP measurements by
CLSM. A closed region (region of interest, ROI) in the interior
of the shells was chosen for the whole FRAP process. As
one can see, the changes in fluorescence intensity of the
closed region from top to bottom in two cases, i.e., prior to
(Fig. 3a) and after (Fig. 3b) the incubation undergo three
Fig. 2. SFM images of multilayer microshells of (ALGeCHI)5 (a) before and (b) after incubation in 8.0 wt% PSS. Typical 3-D views corresponding to (a) and (b)

are shown in (c) and (d).
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stages: (i) photochemical bleaching appearing as a dark center
inside the shell; (ii) recovery of the bleached fluorescence
from dark to strong; and (iii) stable fluorescence intensity in
the shell interior.

Corresponding to Fig. 3, the fluorescence intensity in the
shell interior after a bleach pulse as a function of time for
shells coated with (ALGeCHI)5 before and after incubation
in PSS is shown in Fig. 4. From the figure, one can see that
the fluorescence recovery time of the shells prior to incubation
is ca. 700 s; while after the shells are incubated in 8 wt% PSS
solution, the fluorescence recovery becomes only ca. 40 s,
which indicates the formation of large holes in the walls.

Fig. 3. Typical photochemical bleaching and recovery of the fluorescence of

fluorescein in the interior of (ALGeCHI)5 before (a) and after (b) incubation

in 8.0 wt% PSS.
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Fig. 4. The fluorescence intensity profile after a bleach pulse for (ALGeCHI)5

shells before (a) and after (b) incubation in 8.0 wt% PSS.
Assuming the transport is diffusive across the wall of thickness
d w 43 nm (obtained by SFM software analysis), the diffusion
coefficient can be estimated according to a method mentioned
in the literature [16], namely, 0.8� 10�12 cm2 s�1 for the
non-incubated shells and 1.4� 10�11 cm2 s�1 for the incu-
bated shells.

These results above demonstrated that the assembled shells
made of ALG and CHI possess high stability in different PSS
polyelectrolyte solutions. As a matter of fact, the shells are
also rather stable and remain intact in spherical shape in other
media, e.g., isothiocyanate-labeled PAH, fluorescein isothio-
cyanate-labeled albumin, and fluorescent-labeled polystyrene
nanoparticles (28 nm in diameter) as well, as evidenced by
CLSM measurements. Furthermore, these species can be accu-
mulated inside the shells in more amounts. As previously
reported [17], the species accumulated in the shells are more
likely to be 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 accumulation
(see Fig. 2). From these results we can speculate that different
from the usual PSSePAH shells that are impermeable for spe-
cies with large molecular weight such as negatively charged
albumin and nanoparticles, the ALGeCHI shells are perme-
able to various media. Thus, no deformation will be observed.

Compared with the PSSePAH shells, the higher stability
of the ALGeCHI shells should be attributed to the differences
in their architecture. Alginate sodium is a straight-chain poly-
saccharide composed of two monomers, mannuronic acid and
its C-5 epimer guluronic acid. Chitosan is a polysaccharide
polymerized by N-acetyl-D-glucosamine and glucosamine. The
ALGeCHI shells are obtained stepwise by the electrostatic
interaction of the carboxylic groups of ALG chains and the
amino groups of CHI, in which the cyclohexane rings are
directly linked to the carboxylic groups of ALG chains and
the amino groups of CHI. The cyclohexane rings themselves
are more flexible than the methylene groups connected to the
ammonium cations in PAH and the sulfonic acid anions in PSS
because of their different arrangements and conformations
in space. This is also in accord with a high elasticity, a larger
degree of expansion during construction (see Fig. 1).

The enhanced permeability after incubation in PSS was
ascribed to the rearrangement of the macromolecular layer
constituents [13]. This situation originates from the external
stimuli existent in the bulk solution, which might lead to
a more porous scaffold with open porosity on the wall archi-
tecture. These dye molecules can enter into the produced
pores, and then be in a different environment from those per-
meate into the ALGeCHI microshells. As a result, a different
intensity recovery profile from ALGeCHI without PSS
incubation may be anticipated (Fig. 4a).

4. Conclusions

The natural and biodegradable ALGeCHI hollow shell
constructed via the self-assembly technique possesses good
stability and elasticity. The unexpected higher stability of
the ALGeCHI shells than the PSSePAH shells in different
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media can be explained as the result of the differences in their
architecture. We expect that the shells may find wide utilities
in the biomedical field and other applications.
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