











Fig. 6 TEM images of the microcapsules shells (fragments): a—sample 1-5; b—sample 1-10; c—sample 1-20; d—sample 2-5; e—sample 2-10;

f—sample 2-20.

Table 1 Structures and chemical composition of nanocomposite microcapsule shells, number of the iron oxide nanoparticles layers Nge3oa4,
number of gold nanoparticles layers N4, concentration of the gold nanoparticles Cy,, fill factor of the nanocomposite FFa,

Number, and structures of the samples Nre304 Nau Cay/um > FFay (%)
1-5, (PArg/DS)(PArg/Fe;04)(Parg/Au5),(PArg/DS) 1 2 33 x 102 26
1-10, (PArg/DS)(PArg/Fe;04)(Parg/Aul0),(PArg/DS) 1 2 43 x 10? 14
1-20, (PArg/DS)(PArg/Fe;0,4)(Parg/Au20),(PArg/DS) 1 2 2.6 x 10° 3
2-5, (PArg/DS)(PArg/Fe;0,4),(Parg/Aus)(PArg/DS) 2 1 13 x 102 10
2-10, (PArg/DS)(PArg/Fe;04),(Parg/Aul0)(PArg/DS) 2 1 2.3 x 10? 7
2-20, (PArg/DS)(PArg/Fe;0,),(Parg/Au20)(PArg/DS) 2 1 1.2 x 10? 1

Fig. 7 Schematic illustration of the gold nanoparticle penetration
into the polyelectrolyte layer of the microcapsule shell. The depen-
dence of the gold nanoparticle concentration on its size is displayed:
d—thickness of the polyelectrolyte layers, r—radius of the gold
particles.

separate particles is constant. As a consequence, the prob-
ability of nanoparticle adsorption onto the surface of the
polyelectrolyte layer will be lower for the nanoparticles
of a larger diameter giving rise to a sparse distribution of
nanoparticles.

Data presented in Table 1 show the dependence of the gold
nanoparticle concentration Cp,, and the fill factor of the
nanocomposite surface FF 4, on the nanoparticle layer number

Ny. The calculation shows that the fill factor FF, (evaluated
in percentages) is proportional to the nanoparticle concentra-
tion Cyp,. Also, an increase in the number of the nanoparticle
layers led to its higher concentration in the nanoparticle shell.
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Fig. 8 EDS quantitative analysis of gold and iron in the capsules
shells. Sample “0” is not included because of its insignificant concen-
trations of iron and gold.
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The EDS spectra (Fig. 8) of the nanocomposite shells agreed
with the results obtained from the evaluation of the concen-
tration of the nanoparticles using TEM images. Increasing the
number of the nanoparticle layers led to an increase of the
mass concentration. The maximum quantity of the gold
nanoparticles in the microcapsule shell composed of two layers
was observed for the 5 nm size. In the case of one gold
nanoparticle layer, the data show similar trends to those
described earlier in this paper for the QCM results.

Effect of magnetic field on the nanocomposite microcapsule
suspension

A constant magnetic field interacts with nanocomposite shells
through the magnetic nanoparticles embedded in them.*® This
interaction causes microcapsule movement from places with
low to those with high magnetic field strength. Thus, a local
capsule concentration increase is achieved by means of a
magnetic field. Thus, microcapsules can be concentrated and
manipulated by the magnetic field, Fig. 9. Two transparent
plastic cuvettes were filled with microcapsules suspensions and
placed next to each other. At the beginning of the experiment
microcapsules distribution was homogeneous in both cuvettes.
Subsequently, all capsules were attracted to the side of the
cuvette located next to the magnet. The residual liquid became
transparent. Color of suspension in the right cuvette remained
unchanged. Any distribution of color was not observed which
means that capsules distribution change in the left cuvette was
caused by magnetic field. Thus we have shown the possibility
of control the local concentration of capsules containing gold
and magnetite nanoparticles using magnetic field. It was
established that inclusion of only one layer is enough to
achieve capsule sensitivity to a magnetic field.

Effect of laser irradiation on the nanocomposite shells

The experiment in Fig. 10 clearly shows that laser irradiation
can be used to open microcapsules. In these experiments, the
capsules was first positioned in the field of view, Fig. 10a, at
the location of the laser beam. Then was switched on, Fig. 10b,
and microcapsule in the field of view was opened, Fig. 10c. The

Fig. 9 Microcapsules suspension affected by magnetic field. Magnet
was placed in front of the left cuvette. Change in suspension color is
observed in the left cuvette. This fact can be explained by change of
capsules distribution. Suspension color in the right cuvette remained
unchanged. Any distribution of color was not observed which means
that capsules distribution change in the left cuvette was caused by
magnetic field. Magnet (GX06 NdFeBa constant magnet, IBS
Magnet, Germany) was placed in front of the left cuvette.
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Fig. 10 Images of the capsule destruction process caused by the laser
impulse: a—capsule before irradiation; b—capsule during irradiation;
c—capsule after irradiation.

1 5um’ 5 um

overall conclusion is that the concentration of the gold nano-
particles in the microcapsule shell was sufficient to make them
sensitive to laser irradiation. We note that remote activation of
microcapsules with controllable delivery described in this
work is relevant for intracellular operations,22 and therefore
potential applications of such a system are anticipated in
bio-medicine.

Conclusions

We have fabricated multilayer capsules which are fully bio-
compatible and possess two functions: optically addressable
and susceptible to magnetic field. Combination of two sorts of
nanoparticles (magnetite and gold nanoparticles) in nano-
composite shells assembled by LbL resulted in tailoring different
functions. Mutual interference of physical response while two
sorts of nanoparticles were co-deposited was found to have
negligible effect as compared with absolute amount of particles
of each sort. A control over the motion of the microcapsules
by using a constant magnet and also a sensitivity of the
microcapsule shell to the laser irradiation for combined shells
were shown to have the responsiveness properties fairly as
whose one as for single component capsules. Nanoparticle
arrangement in polymer based shells was different for magne-
tite and gold nanopartcles. The gold nanoparticles of 5 nm size
were homogeneously distributed in the microcapsule shell,
while heterogeneous distribution was observed for the iron
oxide nanoparticles. The tendency of the iron oxide nano-
particles to agglomeration led to an enlargement of the insular
structures in the microcapsule shell. Overall, the number of
nanoparticles layers as deposited was found to be in incre-
mental correlation with final amount of nanoparticles in final
capsules as observed by electron microscopy. Gold nano-
particles of smaller size provide more dense and concentrated
deposition across capsule surface when gold nanoparticles of
bigger size.

In this research we demonstrate the biocompatibility of
polyelectrolyte LbL capsules can be successfully combined
with different physical functional properties brought by nano-
particles of different sorts assembled between the layers.
Whilst tailored in one entity the long lasting demand of
multifunctional delivery systems for biological application is
to be fulfilled.
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