
*Corresponding author. Tel.: #49-331-567-9235; fax: #49-
331-567-9202.
E-mail address: voigt@mpikg-golm.mpg.de (A. Voigt).

Journal of Magnetism and Magnetic Materials 225 (2001) 59}66

Novel polyelectrolyte multilayer micro- and nanocapsules
as magnetic carriers

Andreas Voigt��*, Norbert Buske�, Gleb B. Sukhorukov�, Alexei A. Antipov�,
Stefano Leporatti�, H. Lichtenfeld�, Hans BaK umler�, Edwin Donath�,

Helmuth MoK hwald�

�Max-Planck-Institute of Colloids and Interfaces, D-14424 Potsdam/Golm, Germany
�Mediport Kardiotechnik GmbH, Wiesenweg 10, D-12247 Berlin, Germany

�Institute of Transfusion Medicine, Medical Faculty Charite& , Humboldt-University of Berlin, D-10098 Berlin, Germany

Abstract

Polyelectrolyte multilayer (PEM) capsules are introduced as versatile magnetic carrier systems. Superparamagnetic
magnetite is mounted to the multilayer shell itself or is a component of the capsule interior. The PEM is formed at
di!erent (decomposable) colloidal templates, e.g. melamine formaldehyde resin, glutaraldehyde "xed red blood cells,
emulsion oil droplets. The results are illustrated by transmission electron microscopy and confocal laser scanning
microscopy. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Polyelectrolyte multilayer (PEM) micro- and
nanocapsules were introduced [1,2] as an extension
of PEM on #at substrate surfaces [3}5]. When
decomposable colloids are used as templates they
can be removed after completion of the PEM coat-
ing and `hollowa capsules or shells are obtained
[6,7]. Surprisingly, they are very stable in di!erent
aqueous and organic solvents. Recently, the collo-
idal PEM were combined with superparamagnetic

magnetite [8}10]. Colloidal PEM are easily
fabricated in a layer-by-layer procedure [2,8]
which is algorithmic and iterative that means it can
be carried out continuously with a high degree of
automatization.More e!ective `single stepa formu-
lations based on complex precipitation are applied
now and can be used alone or in combination with
the layer-by-layer approach [11,12]. One of
the advantages of PEM capsules is their versatility
of physical and chemical properties by variation of
composition and fabrication as well as application
conditions. Several dozen of natural and synthetic
polyelectrolytes or other charged substances are
suitable as layer components, e.g. chitosan,
chitosansulfate, poly(L-lysine), poly(acrylic
acid), poly(diallyldimethylammonium chloride),
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dextransulfate, and proteins [13]. Many of them
can be functionalized to provide special surface
structures of biological or technical relevance. Also
inorganic [14] and organic nanoparticles, multi-
valent ions [15] or surfactants, e.g. lipids [16], are
selected materials for capsule layer construction.
Consequently, PEMmicrocapsules can be designed
with interesting optical, electrical, magnetic, cata-
lytic, biological, and mechanical peculiarities. They
are applied as containers for inorganic and organic
matter, e.g. drugs, or macromolecules [15,17].
Either the colloidal matter itself intended to be
encapsulated has served as template during the
PEM formation, or the hollow capsules are "lled
afterwards out of solution by precipitation [18] or
crystallization [17] into the capsule lumen, or by
polymer synthesis inside the capsule [19], or by
solvent exchange [20]. The release properties are
controllable by capsule composition and after-
treatment.
This publication presents both the direct incor-

poration of superparamagnetic magnetite into the
PEM itself as a `layera as well as its adsorption at
the template particle surface. It is shown, for the
"rst time, that single step PEM coating of the oil
phase of an unprotected unstable oil-in-water
emulsion results in a stable emulsion. The coating
has to be done out of an aqueous salt solution. The
oil phase contains "nely dispersed superparamag-
netic magnetite nanoparticles. The characterization
of the capsules is obtained by transmission electron
microscopy and confocal laser scanning micro-
scopy. Possible applications and further directions
of research are discussed with respect to the PEM
capsule family.

2. Materials and methods

Materials: The polyelectrolytes sodium
poly(styrenesulfonate), PSS, M

�
&70000 and

poly(allylamine hydrochloride), PAH, M
�

&50 000}65 000, were obtained from Aldrich and
used without further puri"cation. The water puri"-
cation (USF Seral, Germany) yields water of better
than 18.2M� cm. NaCl (ACS), rhodamine B (chlor-
ide), sodium #uorescein, glutaraldehyde, HCl (ACS)
and NaOH (ACS) were obtained from SIGMA.

Templates: Acid decomposable melamine formal-
dehyde resin latex of a diameter of about 2.7�m
was obtained from microparticles GmbH, Berlin,
Germany. Glutaraldehyde "xed human red blood
cells were prepared as described in Ref. [21]. Super-
paramagnetic magnetite dispersion in iso-octane
(45mT}11% v/v) stabilized by 9-octadecenoic acid
was obtained from Mediport Kardiotechnik
GmbH, Berlin, Germany.
Membrane xltration equipment: Millipore/Ami-

con ultra"ltration cell 8200 was used together with
Millipore membrane "lters.
Emulsixcation: Dispersion of the magnetite

loaded octane was made by an Ultra Turrax T 25
basic from IKA Werke, Staufen, Germany.
Magnetite particles: All magnetite particles were

obtained from Mediport Kardiotechnik GmbH,
Berlin, Germany. They were prepared by co-pre-
cipitation of ferrous and ferric salts solution by
concentrated ammonium hydroxide and stabilized
by monolayers of cis 9-octadecenoic acid or
dodecanoic acid [22]. The octadecenoic acid stabil-
ized magnetite was homogeneously dispersed in
iso-octane and results in a 11% v/v ferro#uid. The
dodecanoic acid stabilized particles were further
coated by an ethoxylated C

��
alcohol with

9mol/mol ethoxy groups. These particles were dis-
persed in water of pH 7. This dispersion was puri-
"ed and surplus surfactant removed [23]. The
water base ferro#uid included about 5% v/v mag-
netite (sized 20}30nm), and the coated magnetite
particles provided a (stabilizing) negative Zeta-po-
tential.
Coating by membrane xltration: The details of the

method are given in Ref. [8]. Incubation and wash-
ing cycles were alternated in a membrane "ltration
equipment. The incubation medium consisted of
1 g/l polyelectrolyte in 0.5M NaCl or 0.2% v/v
magnetite dispersion in 0.25M NaCl. The incuba-
tion period was always longer than 5minutes. Each
incubation was followed by 2 washing cycles
minimum.
Coating of the melamine formaldehyde resin (MF)

latex: The negatively charged magnetite nanopar-
ticles were incubated with the bare positively
charged MF particles. This was followed by ad-
sorption of 7 layers PAH and PSS. By exposing the
coated system to 0.1MHCl theMF templates were
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decomposed into parts which were released from
the capsules. TEM images of the capsules were
taken.
Coating of glutaraldehyde xxed human red blood

cells (RBC): Four layers PSS and PAH were adsor-
bed to the RBC starting with PSS. The latter was
found empirically to result in a better performance
of the fabrication procedure and quality of the
product. After that the incubation in 0.2% v/v
magnetite suspension was carried out. Four layers
of PAH and PSS followed to enclose the magnetite
into the shell itself. The outermost layer is PSS.
Coating of magnetite-in-octane-in-water emulsion:

To 10ml of 2.5 g/l PSS and 2.0 g/l PAH in 0.1%
w/w NaOH (0.1M NaCl) 2ml of the magnetite-
octane suspension was added. The system was
emulsi"ed by the Ultra Turrax at low intensity for
about 1min and then stopped. Under slight shak-
ing there was added continuously 0.1%w/wHCl to
neutralize the suspension during about 1minute.
This procedure resulted into a stable emulsion.
Confocal Laser Scanning Microscopy: Images

were obtained by the Leica Confocal Laser Scann-
ing Microscope TCS SP using 100�oil immersion
Aristoplan and 40�C Plan objectives.
Transmission electron microscopy (TEM): The

samples were dried on a carbon coated copper grid
and the images taken with the Philips CM-12
microscope at an acceleration voltage of 120 kV.

3. Results

The results obtained by the stepwise layer-by-
layer PAH/PSS/magnetite coating are presented in
Figs. 1 and 2. In Figs. 3 and 4 the single step surface
precipitation of PAH/PSS onto the magnetite
loaded octane emulsion droplets is illustrated.
In Fig. 1, #uorescence images of sodium #uor-

escein labeled PAH/PSS capsules (eight layers) on
glutaraldehyde "xed human red blood cells are
shown. There are two populations visible which are
di!erent with respect to their #uorescence light
intensities. The brighter ones are doped with super-
paramagnetic magnetite particles as a separate
layer between fourth and "fth PAH layers. The
darker ones are not magnetized. The situation is
vice versa with respect to labeling by rhodamine

B chloride (not shown here). By inspection of Figs.
1a}1d the motions of the brighter capsules, in con-
trast to the stationary darker ones, are clearly vis-
ible. They respond to the variation of the magnetic
"eld applied to the system.
In Fig. 2, the transmission electron microscopy

images of PAH/PSS capsules (seven layers) are
presented.MF latex of 2.7�m diameter was used as
template. Negatively charged 9-octadecenoic acid
protected magnetite nanoparticles are adsorbed to
the latex. Then seven PAH/PSS layers are con-
secutively adsorbed and e!ectively con"ne the
magnetite. After that the core is decomposed by
0.1M HCl. In Figs. 2a and b large clusters of
magnetite nanoparticles are seen. In Fig. 2b also
smaller patches can be recognized. The system is
still superparamagnetic because the capsules separ-
ate if the applied magnetic "eld is switched o!. The
same result was obtained for capsules prepared
from the system presented in Fig. 1 by decomposi-
tion of the "xed human red blood cell core.
In Figs. 3 and 4, the situation after the single step

surface precipitation of polyelectrolytes PAH and
PSS on the magnetized octane droplets is illus-
trated. The #uorescence images with rhodamine
B chloride (Fig. 3a) and sodium #uorescein (Fig. 3b)
point to rather thick and inhomogeneous surface
layers. This is supported by Fig. 4 which makes the
surface layer detectable under transmission light
conditions even without #uorescence.
In Fig. 3c, an applied magnetic "eld is collecting

the droplets into chains which are oriented in par-
allel to the "eld direction. The droplets undergo no
coalescence process even after prolongation of the
"eld action to several minutes. After switching o!
the "eld the chains fall apart and the droplets
separate from each other. The beginning of this
process is illustrated in Fig. 3d. The emulsion
is stable for a time period of approximately 1 week
at 43C.

4. Discussion

The magnetization of the microcapsules can be
done at di!erent sites. One can form intrinsic mag-
netite layers inbetween the polyelectrolyte layers or
one can coat the template with magnetite "rst be-
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Fig. 1. Fluorescence image of #uorescein (sodium salt) labeled PAH/PSS multilayer capsules (eight layers) on "xed human red blood
cells. Brighter capsules contain superparamagnetic magnetite particles as separate layer between fourth and "fth PAH layers. The
scalebar corresponds to 12 �m. Figs. 1a}d illustrate di!erent positions and/or orientations of magnetite containing capsules caused by
variation of an applied magnetic "eld. The darker capsules without magnetic properties are stationary.

fore polyelectrolyte layer formation starts. The lat-
ter results in a magnetic innermost layer of the
capsule shell after template removal. It is also pos-
sible to encapsulate core particles which are al-
ready magnetized inside their volume. These results
are all demonstrated.
We present, for the "rst time, the encapsulation

of magnetic oil droplets by surface precipitation of
polyelectrolytes out of aquous salt solutions. Des-
pite of no further "xation of the capsules, (e.g.,

crosslinking) the obtained stability with respect to
coalescence in the presence of the magnetic "eld is
surprisingly high. The droplets aggregate under the
action of the "eld but do not fuse. If the magnetic
oil droplets are protected by surfactants only the
applied magnetic "eld leads to remarkable phase
separation within a few minutes.
Another way of coating the oil microdroplets is

given by the layer-by-layer procedure (in contrast
to the presented one-step one). It also leads to
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Fig. 2. Transmission electron microscopy images of PAH/PSS
multilayer capsules are (seven layers) originally formed on
melamine formaldehyde resin latex as spherical template of
2.7�m diameter. The core was removed by acid decomposition.
Fig. 2a shows large clusters and Fig. 2b, in addition, also smaller
clusters of magnetite particles. The capsules are still super-
paramagnetic. The scalebar corresponds to 1.2 �m.

a very stable emulsion. In this case one has to start
the coating procedure with PSS (or another more
amphiphilic polyelectrolyte). Then one adds further

layer-forming polyelectrolytes one after the other
into the weakly stirred system with or without
intermediate separation and washing steps (results
not shown).
In contrast to most precipitation processes the

presence of salt is essential for the formation of
polyelectrolyte multilayers of appropriate material
density and amount. Frequently [25], and also in
the studied case, the surface layer exhibits gel-like
behavior. This is similar to the polyelectrolyte
couple PSS/poly(vinylbenzyltrimethylammonium
chloride) (PVBTAC) in the ternary solvent
acetone/sodium bromide/water we have recently
studied with respect to surface precipitation on
solid colloids [11]. The latter system could not be
successfully transferred to the studied octane sys-
tem. In both solvents, the alkaline aqueous salt
solution and the ternary acetone/sodium bro-
mide/water, the polyelectrolytes are not reacting
with each other but their reaction can be induced
by changing the solvent quality. There is a di!er-
ence in the two systems which has to be explored
further. Probably, the hydrophobic interaction of
the polyelectrolytes with the oil/water interface is
strongly modi"ed by the presence of acetone.
The extension of the longevity of the studied

emulsion can be obtained by hardening and "x-
ation of the surface gel, e.g. by glutaraldehyde
which is reacting with the amino-groups of the
PAH and is forming intra- and intermolecular
bridges. Other procedures usually done for gel sta-
bilization are also of use [24].
The layer-by-layer approach adds stable and

strongmagnetic properties. The amount of magnet-
ite coupled to the capsules exceeds in weight the
amount of polyelectrolytes themselves. This is al-
ready obtained forming one layer of magnetite.
Meanwhile, we have formed capsules with three
layers of magnetite each separated from each other
by three layers of polyelectrolyte (data not shown).
As we expected, the presented procedure without
new aspects was su$cient for successful formation
of this more complex capsule type.
A very interesting new e!ect with respect to #u-

orescence modi"cation by magnetite incorporation
is demonstrated. The magnetized and non-magnet-
ized capsules are identical with respect to their
volume and surface properties. The magnetization
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Fig. 3. Light microscopy images of PAH/PSS stabilized octane-in-water-emulsion. 9-octadecenoic acid protectedmagnetite is dispersed
in the octane phase. Fig. 3a shows the #uorescence image of rhodamine B chloride labeled capsules coating the oil droplets and Fig. 3b
that of the capsules labeled by sodium #uorescein. The scalebars in (a) and (b) correspond to 5 �m. Fig. 3c illustrates the emulsion under
the in#uence of the magnetic "eld applied from above in the pictures plane. In Fig. 3d, the same system is shown about 2 s after switching
o! the magnetic "eld. The droplet chains break and the droplets start to separate. The scalebars in (c) and (d) correspond to 50 �m.

is not seen at the surface of the capsule which was
recently demonstrated by scanning force micro-
scopy measurements (not shown). Nevertheless, the
magnetized capsules are brighter in #uorescein #u-
orescence and darker in rhodamine #uorescence
than the comparable non-magnetized ones. Conse-
quently, one recognizes the magnetized capsules by
inspection of their #uorescence properties alone.
Magnetic and #uorescence properties are highly

correlated with each other. The reason for this
favorable combination is not clear but may be
caused by defects that the magnetite nanoparticles
add to the polyelectrolyte network. This could lead
to exposure of additional binding sites for negative-
ly charged #uorescein and repulsive interaction
with positively charged rhodamine B. We expect
that this phenomenon can be exploited for (im-
munological) sensoring and detection tests and for
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Fig. 4. Light microscopy image of the coated emulsion of Fig. 3.
The thick surface coat of PAH/PSS gel-like precipitate around
the droplets is visible. The scalebar corresponds to 2 �m.

studying interactions and packing architecture of
particles.
The red blood cell templates are decomposed by

the deproteinizer NaOCl. This is done under alka-
line conditions. Strong alkaline conditions are also
applied to keep the polyelectrolyte couple
PSS/PAH not reacting with each other before coat-
ing. These transient alkaline conditions normally
destroy the magnetite. The experimental results,
however, do not show such disadvantageous e!ect.
This can be caused by e!ective shielding of the
magnetite from the medium. The protective layers
as well as the oil environment in the case of emul-
sion drops constitute, presumably, a barrier to the
chemical attack. We assume further that magnetite
cluster formation and interaction with the polyelec-
trolyte multilayer are protecting su$cient magnetic
material and preventing its destruction during the
30-min incubation period with the deproteinizer.
The connection of magnetic properties with col-

loidal PEM leads to a promising magnetic carrier
system. Like a `Legoa system all imaginable combi-
nations of polyelectrolyte, nanoparticles, dyes and
other interesting substances, e. g. antibodies, can be
combined to result in very complex (on the

nanometer scale) or very simple PEM capsules.
They can be adapted to di!erent demands, e. g.
medium conditions. Their stability, longevity, re-
lease properties and biocompatibility are control-
lable.
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