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Metallized Polyelectrolyte
Microcapsules**
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Nanostructured inorganic or hybrid organic/inorganic com-
posites are important as they afford a direct connection be-
tween inorganic, organic, and biological materials. The ability
to organize inorganic, organic, and biological components in a
single composite material represents an interesting direction
for developing multifunctional materials possessing a wide
range of novel properties.m Among them, nanostructures with
hollow interiors have been intensively studied for their appli-
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cations as delivery and protection containers, fillers for bulk
composite materials, and materials with unique optical or
magnetic properties. Hollow nanostructures made of metals
show surface-plasmonic properties (especially Au, Ag, and
Cu) and catalytic activity superior to their solid analogs.[z] For
instance, Halas and co-workers have demonstrated the tuning
of the surface plasmon resonance band of a gold shell depos-
ited onto a dielectric core (SiO,) from A=600-1200 nm by
changing the core diameter and thickness of the gold shell
(for comparison, the surface plasmon resonance band of solid
gold nanoparticles can be adjusted by about 50 nm at around
4=520 nm).”?!

Hollow metal nanostructures are fabricated by coating the
surface of a sacrificial template (e.g., Ag, SiO,, polymer la-
tex).m However, the use of silica or polymer latexes as the
template core results in the non-uniformity of the metal shell
and makes the removal of the colloid templates without
breaking the metal shell difficult. Hence, the portion of intact
hollow metal structures is very low. Another more successful
approach has been developed by Xia and co-workers.! This
approach is based on the chemical substitution of silver atoms
on the surface of a silver template particle by other, more
electronegative metals (e.g., gold). As a result, the silver tem-
plate reacts directly with a dissolved metal (gold) salt and is
replaced by a hollow gold replica. Hollow gold nanostructures
of different morphologies (spheres, triangular plates, cubes,
rods, and wires) have been prepared by this metal-replace-
ment procedure.[4] The drawback of this method, however, is
the limited number of metals suitable for forming hollow re-
plicas: only Au, Pt, and Pd nanostructures can be successfully
synthesized, as other metals that are more electropositive
than Ag (like Fe, Co, and Ni) cannot be reduced by elemental
silver in a substitution reaction.

One of the recently developed protocols for inorganic syn-
thesis is the preparation of inorganic nanomaterials inside
spatially confined micrometer- or submicrometer-scale vol-
umes of defined shape. An organized reaction microenviron-
ment is employed to constrain and pattern inorganic precur-
sors and to perform the synthesis of inorganic composites in a
controllable and preselected way. A spatially confined micro-
volume allows one to carry out chemical syntheses under ther-
modynamic (energy) control, where the essential ingredients
are present in the initial reaction mixture and the synthesis in-
side confined reactors is conducted in a parallel fashion; i.e.,
simultaneously in 10°~10 compartments per milliliter.”! Spa-
tially confined micro- and submicroreactors avoid the influ-
ence of long-term kinetics, where the structure of the resulting
nanomaterial would be governed by kinetic factors, thus caus-
ing inhomogeneities. Different types of microreactors (e.g.,
micelles,[(’] liposomes,m microemulsions,[x] and gel microtem-
plates[g]) have been investigated and employed to synthesize
composite inorganic nanoparticles.

Layer-by-layer-assembled polyelectrolyte capsules have
been employed as excellent microreactors for carrying out the
synthesis of magnetite, YF3, and hydroxyapatite exclusively in
the inner volume.!"” It was found that the confined volume of
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the capsule microreactor affects the crystallinity, surface mor-
phology, and particle size of the resulting substances. In addi-
tion, polyelectrolyte capsules composed of polyelectrolyte/in-
organic shells have enhanced mechanical rigidity and maintain
their bulky shape after drying whilst retaining the encapsu-
lated compound inside.'!) Polyelectrolyte microcapsules were
first reported in 1998112 They are fabricated by layer-by-layer
adsorption of oppositely charged polyelectrolytes onto the sur-
face of template microparticles.[13] Polyelectrolyte capsules are
characterized by a high versatility of shell composition, facile
fabrication, and control over capsule permeability. Depending
on the size of the template particles, the capsule diameter can
be varied from 50 nm to 20 um or more. Besides polyelectro-
lytes, other materials (nanoparticles, biomaterials) could be
constituents of the capsule shell, thereby providing additional
functionalities (sensing, magnetism, fluorescence) and extend-
ing the applicability of the polyelectrolyte capsules.™*!

In the present communication, we investigate a new approach
(the so-called “photocatalytic” approach) for the fabrication of
both hollow and filled metal spheres that can be extended to
other shapes and morphologies (rods, cubes, etc.). This ap-
proach is based on the spatially confined metallization of either
the shell or the interior of polyelectrolyte capsules, which act as
non-sacrificial template microreactors. Fabrication of nano-
structured Ni spheres was taken as an example of the wider
range of metals, as compared to the metal-replacement ap-
proach, capable of being used to form hollow structured com-
posites possessing interesting optical and magnetic properties.

The loading of polyelectrolyte capsules with metal nanopar-
ticles could be carried out either by electrostatic adsorption
during capsule assembly (employing the nanoparticles as one
of the charged monolayers) or by direct synthesis in the
microcapsules from the corresponding salts. The use of pre-
formed inorganic nanoparticles (oxides, gold) as adsorbed
shell monolayers has been demonstrated previously.pb’m]
However, pre-formed nanoparticles aggregate inside the shell,
and the mechanical properties of the capsule/pre-formed com-
posites are similar to the properties of the individual compo-
nents. In comparison, during the in-situ synthesis of nanosized
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metals, a different morphology of the metal and synergetic ef-
fects of the confined microvolume are expected.

The metallization of polyelectrolyte capsules was per-
formed in two stages to achieve homogeneous formation of
Ni nanoparticles accelerated by the presence of the catalyst at
the reaction site. In the first stage, a sublayer of heteroge-
neous TiO,/Pd catalytic centers was synthesized at the desired
parts of the polyelectrolyte [poly(allylamine)/poly(styrene
sulfonate), PAH/PSS] capsule. TiO, nanoparticles (4 nm)
were then incorporated into the polyelectrolyte capsules to
trigger the subsequent photochemical formation of catalyti-
cally active 1-2 nm Pd clusters on the surface (Fig. 1; a—b
and a—e). Depending on the pH of the surrounding solution,
TiO; can be adsorbed into the PAH/PSS shell (pH 5; Fig. 1,
a—b) or be captured in the capsule volume (pH 2.5; Fig. 1,
a—e). Active Pd clusters were produced by photocatalytic
deposition of palladium (under UV irradiation") from a
10~ M PdCl, solution onto the incorporated TiO, nanoparti-
cles for 2 min (Fig. 1, b—c and e—f). This TiO,/Pd catalytic
sublayer is necessary for fabrication of a uniform nanoparticu-
late Ni layer in the following stage, which is the electroless
nickel plating. Nickel deposition was carried out using a hypo-
phosphite-based nickel plating bath!"®! in order to obtain a
fine-grained nickel deposit in a slightly acidic medium
(pH=6) and with moderate heating of the solution (55°C);
the deposition time was 2 min (Fig. 1; c—d and f—g). As a re-
sult, Ni deposition occurred exclusively on the sites where the
TiO,/Pd catalyst was present to form polyelectrolyte capsules
made of a dense polyelectrolyte/nano-Ni shell. Note that the
direct metallization (without photoinduced formation of the
catalytic sublayer) of the polyelectrolyte capsules activated by
adsorption of Pd*" ions in the shell, followed by their reduc-
tion by hypophosphite, leads to the formation of large nickel
aggregates that are weakly bound to the surface of the capsule
(results not shown).

Transmission electron microscopy (TEM) images of the ul-
tramicrotomed composite polyelectrolyte/nano-Ni capsules
are shown in Figure 2. Figure 2a shows capsules containing re-
duced Ni nanoparticles only in the shell and not in the inner

TiO:/Pd

Figure 1. Schematic illustration of the synthesis of the composite polyelectrolyte/nano-Ni capsules at pH 5 and pH 2.5.
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Figure 2. TEM image of the polyelectrolyte/nano-Ni capsules with Ni
nanoparticles synthesized a,b) only in the shell and c,d) in both the
shell and capsule microvolume. The samples were ultramicrotomed into
ultra-thin sections (30-100 nm in thickness) using a Leica Ultracut UCT
ultramicrotome.

volume. Here, TiO, nanoparticles were adsorbed at pH 5,
where they cannot penetrate the polyelectrolyte shell;"”) there-
fore, the Pd/TiO, catalytic centers must be located only in the
capsule shell. The shells of the thus-metallized capsules are
dense and composed of closely packed 6-9 nm Ni particles.
Decreasing the pH of the colloidal solution during the TiO,
adsorption and Pd photodeposition step to 2.5 (Fig. 1; reac-
tion sequence a—g) opens the polyelectrolyte shell so that
TiO, nanoparticles can be captured inside the capsule, where
they do not aggregate or precipitate because of charge stabili-
zation. This allows one to synthesize Ni nanoparticles not only
in the capsule shell but also in the inner capsule volume. As
shown in Figure 2c, the resulting polyelectrolyte/nano-Ni cap-
sules are completely filled with Ni nanoparticles. There is a
considerable difference in the shape and size between the
nickel particles reduced in the shell and those in the interior
volume of the capsule. Ni wires of about 10 nm in diameter
and 100-200 nm long are formed in the capsule volume,
whereas only small, spherical Ni nanoparticles about 7 nm in
diameter are obtained in the capsule shell. A similar forma-
tion of Ni rods inside the confined microvolume of nanotubes
has been reported by Bando et al.l'8! This different particle
morphology can be explained by the different conditions of
crystallization in the capsule shell and inner volume, as shown
previously for the synthesis of hydroxyapatite and magnetite
inside polyelectrolyte capsules.'®) The small size and inner
composition of the polyelectrolyte capsule affects the crystal
structure and composition of the nanomaterial formed inside,
which, as a consequence, can acquire specific properties that
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differ from those of the corresponding nanomaterials pre-
pared by conventional synthetic methods. The composite
nature of the Ni-containing polyelectrolyte capsules was
also confirmed by energy dispersive X-ray (EDX) analysis
(Fig. 3). Reduced Ni nanoparticles, Ti from TiO, nanoparti-
cles, C, S, Na, and K from the PAH/PSS shell, and P from the
hypophosphite derivative are observed in the EDX spectrum
of the Ni capsules. The saturated magnetization of Ni nano-
particles entrapped inside the polyelectrolyte capsule is
around 35 Am’kg™ at a magnetic field of 1 T. The coercivity
value is 155 Oe (1 Oe=79.57 Am™).

The inorganic scaffold made of Ni nanoparticles in the capsule
shell prevents capsule collapse after drying, producing stable,
spherical metal capsules with morphologies and sizes reminis-
cent of those of the original polyelectrolyte capsules in solution
(Fig. 4b), while polyelectrolyte capsules without the metal
framework collapse to give flat, pan-like structures (Fig. 4a).
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Figure 3. EDX analysis of polyelectrolyte/nano-Ni capsules. The EDX spec-
trum reveals nickel at 7.477 eV; Ni, Ti from TiO,, C, S, Na, and K from the
polymer shell, and P from the hypophosphite derivative are also observed.

Figure 4. Scanning electron microscopy (SEM) images of a) the initial
PAH/PSS capsules and b) polyelectrolyte/nano-Ni capsules with Ni
nanoparticles in the shell.
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Metal-polyelectrolyte capsules are capable of embedding
different organic and bioorganic materials (drugs, polymers,
enzymes, etc.) inside as they exhibit a synergistic superposi-
tion of the properties of the metal and polyelectrolyte phases.
The permeability and release properties of the metallized cap-
sules were investigated by employing fluorescein isothiocya-
nate (FITC)-labeled dextran (weight-average molecular
weight M,,=2000 kgmol™) as a probe. The open state for
FITC-labeled dextran was observed at pH values below 3,
whereas, at pH values above 4.5, dextran macromolecules
cannot penetrate the capsule shell and remain entrapped
(Fig. 5). As seen in Figure 5, the fluorescence signal has an
even distribution throughout the whole capsule volume, which
indicates the presence of freely floating FITC-labeled dextran
inside the metallized capsules. Decreasing the pH to 2 leads
to the release of the encapsulated dextran into the solution.
The residual fluorescence observed from the capsule shell is
due to the dextran molecules adsorbed on the shell, while all
freely floating dextran was removed from the capsule volume.
A similar permeability vs. pH dependence has been pre-
viously observed for PAH/PSS capsules.[m

In conclusion, we have demonstrated that both hollow and
filled Ni capsules can be synthesized by a “photocatalytic” ap-
proach with polyelectrolyte (PAH/PSS) capsules of 2.2 um di-
ameter as template microreactors. This approach has several
advantages over the other protocols employed to fabricate
hollow metal micrometer- and submicrometer-sized objects
(approx. 98 % yield, facile fabrication of template microreac-
tors, and spatially resolved metal formation), and is widely ap-
plicable to the generation of particulate hollow metal struc-
tures involving different electropositive metals (Fe, Co, Zn,
etc.). Depending on the synthetic route, the composite poly-
electrolyte/nano-Ni capsules contain Ni nanoparticles either
in the shell or in both the shell and the capsule interior vol-
ume. Because of the different crystallization conditions in the
capsule shell and volume, Ni nanorods of about 10 nm in di-
ameter with a length of 100-200 nm were formed inside the
capsules, whereas only small spherical Ni nanoparticles of
about 7 nm were obtained in the capsule shells. The metal-
lized polyelectrolyte shell is pH sensitive and possesses pH-
controlled permeability. The present metallized polyelectro-

increase
pH

MATERIALS

lyte capsules could be used for galvanic deposition of metal—-
polymer composites, and are also of interest in optical and
magnetic devices, as micrometer-sized catalysts containing
nanostructured active materials, and as delivery microcontai-
ners with shells sensitive to electromagnetic radiation. In the
latter case, however, the toxicity of the metal nanoparticles
should be considered. The magnetic and catalytic properties
of the nano-Ni composite capsules, as well as the crystalliza-
tion conditions inside the polyelectrolyte capsules, are cur-
rently under investigation.

Experimental

Materials: Sodium poly(styrene sulfonate) (PSS, weight-average
molecular weight M, =70000 gmol™), poly(allylamine hydro-
chloride) (PAH, M,~50000gmol™), PdCl,, nickel acetate,
sodium acetate, fluorescein-isothiocyanate (FITC)-labeled dextran
(My=2000000 gmol™), HCI, and sodium hypophosphite were pur-
chased from Aldrich. The synthetic protocol for fabrication of the
2.2 um monodisperse MnCOj; template particles was adapted from a
previous synthesis [20], although it was carried out at higher tempera-
ture (70 °C). All chemicals were used as received. The water was pre-
pared in a three-stage Millipore Milli-Q Plus 185 purification system
and had a resistivity higher than 18 MQ cm™.

Hollow PAH/PSS capsules containing 0.1 mol L™ of monomer
units of PSS were prepared in two stages. In the first stage, a mixture
of template MnCOj particles and a 0.01 M solution of Y(NO3); was
made, and a 5 mgmL™" PSS solution was added dropwise. The assem-
bly of PAH/PSS multilayers on the top of the obtained MnCO3/PSS
particles was performed by the layer-by-layer technique from
2 mgmL™ PAH and 2 mgmL™ PSS solutions. After formation of the
PAH/PSS shells, the MnCOj core was dissolved in 0.1 M HCI. A more
detailed description of the synthesis of PAH/PSS capsules can be
found elsewhere [13].

The TiO, nanoparticles were fabricated following a previously pub-
lished procedure [21]. The inorganic precursor (TiCly) was hydrolyzed
by the addition of a 12.5 wt.-% aqueous ammonia solution with vigor-
ous stirring of the solution at 0°C. The precipitate was centrifuged,
washed with water, and, after adding nitric acid as a stabilizer, redis-
persed by sonication. The thus-prepared TiO, colloid (concentration:
7 gL!; average size of TiO, particles: 4 nm) did not exhibit any floc-
culation on standing for several months. Just before use, the acidity of
the TiO, colloid was decreased to pH 5.0 by dialysis. For impregna-
tion with TiO; particles, polyelectrolyte capsules were soaked in TiO,
colloid for three days at the corresponding pH and then washed thor-
oughly with water.

decrease
pH

Figure 5. Confocal fluorescence microscopy images demonstrating the permeability of the polyelectrolyte/nano-Ni capsules towards FITC-labeled dex-
tran (M,,=2000 kg mol™). The figure confirms that pH-controlled permeability is preserved in the composite polyelectrolyte/nano-Ni capsules.
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Electroless nickel deposition was performed at 55°C from a plating
solution containing nickel acetate (18 gL™"), sodium acetate (40 gL™),
and sodium hypophosphite (30 gL™).

FITC-labeled dextran was incorporated into the capsule volume by
varying the pH of the capsule suspension. Polyelectrolyte capsules
were mixed with 0.2 mgmL™ FITC-labeled dextran solution at pH 2
(at this pH, the capsule shell is permeable to dextran macromolecules
[17]). After 30 min of incubation, the pH was increased to 9 (at this
pH, the capsule shell is in its “closed” state [17]) and the capsules
were washed.

Characterization: For scanning electron microscopy (SEM) analysis,
a drop of sample solution was applied to a glass wafer and dried at
room temperature overnight. The material of the wafer did not influ-
ence on the morphology of the dried polyelectrolyte capsules. Then,
the samples were sputtered with gold and measurements were con-
ducted using a Gemini Leo 1550 instrument operating at an accelera-
tion voltage of 3 keV. To view the nanoparticles composing the interi-
or of the capsules, the samples were embedded in poly(methyl
methacrylate) and ultrathin sections (30-100 nm in thickness) were
obtained using a Leica Ultracut UCT ultramicrotome. Carbon-coated
copper grids were used to support the thin sections, and a Zeiss
EM 912 Omega transmission electron microscope (TEM) was em-
ployed for analysis. Confocal microscopy images of polyelectrolyte
capsules in solution were obtained on a Leica TCS SP scanning sys-
tem equipped with a 100 x oil-immersion objective and operating in
fluorescence mode. Energy dispersive X-ray (EDX) analysis was per-
formed with a Zeiss DSM 940 scanning electron microscope.
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