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Impact of High-Frequency Ultrasound on Nanocom-
posite Microcapsules: In Silico and In Situ
Visualization®

V.F. Korolovych,** O.A. Grishina,” O.A. Inozemtseva,* A.V. Selifonov,” D.N. Bratashov,”
S.G. Suchkov,* L.A. Bulavin,” O.E. Glukhova,* G.B. Sukhorukov¢ and D.A. Gorin*¢

The impact of high-frequency (1.2 MHz) ultrasound with power density 0.33 W/cm? on the mi-
crocapsule nanocomposite shells with embedded zinc oxide nanoparticles was investigated by
exploring modeling simulation and direct visualization. For the first time the sonication effect has
been monitored in situ on individual microcapsules upon exposure of its aqueous suspension to
ultrasound. The stress distribution on the microcapsule shell for impact of ultrasound with high
(1.2 MHz) and low (20 kHz) frequency at two fixed intensities (0.33 and 30 W/cm?) has been
modeled. As shown in silico and experimentally the nanocomposite microcapsules were de-
stroyed more effectively by action of high-frequency (1.2 MHz) ultrasound in comparison with low

frequency (20 kHz) one with the same power density.

Introduction

The development of drug delivery systems (DDS) with sensitivity
to external stimuli has both potential applications in biomedical
fields as well as fundamental importance in materials science 1=>.
The modern DDS require responsiveness to external impacts of
different nature. The main problems of DDS development are:
drug loading or incorporation in DDS structure, study of DDS
biodistribution after different type of injection (intravascular, in-
tramuscular, in skin), DDS immobilization in required place or
controlled motion (passive and active targeting), the problem of
barriers crossing inside the body (for example Blood-Brain Bar-
rier) and controlled release of drug in response to external ac-
tions of physical, chemical or even biological nature. Also de-
velopment of modern DDS requires some labeling to monitor its
distribution inside the body. All these problems demand com-
bination of different active components inside the single DDS.
The one of well developed approaches to achieve such combi-
nation is based on L-b-L assembly of oppositely charged poly-
electrolyte molecules or nanoparticles on the microparticle sur-
face with following dissolution of template microparticle®?. It
allows incorporation of different structural and active materials
inside the single composite capsule or core-shell microparticle®.
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The functionality of obtained microcapsules is defined by con-
trolled size, shape, shell composition and thickness'®!>. The
polyelectrolyte microcapsules stand out among other DDS due to
the attractive properties: biocompatibility, high stability in bio-
logical fluids, high encapsulation efficiency for the biologically
active substances, the possibility of shell modification, biodegra-
dation and surface functionalization®%16-21. However, effective
local and non-invasive methods of controlled release of the mi-
crocapsule content in the defined location inside the human body
are still under development. The problem of remote triggering
the drug release from DDS had a number of solution developed
up to now. The possible approaches are based on using optical
radiation?2-24 EM fields2®, ultrasound26-28 chemical trigger-
ing of release®® and specific biochemical reactions 830, Physical
release triggering implies solving the main problem: the ampli-
tude of physical fields inside the body should be high enough to
make it possible, but the same field values should be obtained in
high scattering media and be safe for surrounding tissues. So,
the development of novel smart materials and DDS based on it
with high sensitivity to physical impacts is the most important
area of research in current drug delivery technologies. One of
the most promising methods of such release is based on the use
of ultrasound action2®, Intensive growth of ultrasound applica-
tions in medicine including HIFU (high intensity focused ultra-
sound) paves the way for producing delivery carriers with sen-
sitivity to ultrasound due to it’s high penetration depth into the
human body and possibility to focuse it precisely®!-32, Moreover,
ultrasound has been approved for many medical procedures, such
as hyperthermia, enhancing dissolution of thrombi, acceleration
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of the bone fractures healing, transdermal drug delivery and in-
tracorporeal lithotripsy33-3. The power density and the penetra-
tion ability of HIFU are suitable to destroy the microcapsules and
release the encapsulated substance.

The influence of ultrasound power and treatment time on
destruction of polyelectrolyte microcapsule shells with differ-
ent composition and parameters has been investigated since
200615:27:36-40 [t was established that the integrity and shell
permeability of polyelectrolyte microcapsules depend on the du-
ration of ultrasonic exposure, its power and frequency as well as
the mechanical properties, thickness and chemical composition of
the shell3°. The mechanical properties of microcapsule shell can
be changed by variation of inorganic nanoparticle volume frac-
tion in the nanocomposite shell“l. Different types of nanoparti-
cles like silver38, gold 37:40 magnetite 3¢ and zinc oxide 1539 were
incorporated into the shells to control its mechanical properties,
change character of its interaction with ultrasound and in result
to make the microcapsule more sensitive to ultrasound.

Up to now the fastest shell destruction by ultrasonic action
was achieved by incorporation of ZnO nanoparticles into the
composite shell3?. However, the applied ultrasound parame-
ters were still too far from ones currently used in therapeutic
medicine 15:27:36-40  The safety requirements of ultrasonic treat-
ment and the potential possibility of using existing ultrasound
diagnostic devices for the microcapsule shells rupture force the
ultrasound parameters changing as well as microcapsule shell op-
timization. The modern trend is to increase ultrasound frequency
from tens3® to hundreds kHz*? and decrease the required power
from hundreds3® to a few Watts0, respectively.

So, the investigation of ultrasound impact with parameters as
much as possible similar to ones used in ultrasonic medical de-
vices and modeling of the ultrasound influence on mechanical
properties of microcapsules are highly actual tasks for develop-
ment of novel DDS based on polyelectrolyte microcapsules. Also
there are no known models for prediction the microcapsule be-
havior under the ultrasound impact. The stress distribution in
microcapsule shell under ultrasound action at different frequen-
cies and power densities should be modeled and visualized in sil-
ico. It can be done by using finite element simulation. Incorpo-
ration of inorganic nanoparticles inside the polyelectrolyte shell
could change the mechanical properties and character of ultra-
sound interaction with microcapsules (acoustic impedance) and
as result its sensitivity to ultrasonic action can be varied4!. The
main problem with it that we cannot directly measure the ultra-
sound effects on the shells, but only estimate object’s sensitivity
to the ultrasound by time of impact and percent of capsules which
saved integrity after the ultrasonic treatment. Some model should
be proposed and tested on the real destruction cases to evaluate
the details of this process and to investigate how the properties of
microcapsule shells and ultrasound parameters influence on the
microcapsule destruction. Also such model should allow compar-
ison of results obtained with different ultrasound parameters and
with different shell materials by decomposition of complex pro-
cess of ultrasonic treatment into more simple dependencies.

The aim of this work is to establish the mechanical model of ul-
trasonic action on composite microcapsules and to predict results
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of ultrasound treatment for capsules with different shell com-
position prepared using layer-by-layer approach. The proposed
simulation allows to test influence of the shell thickness and ul-
trasound parameters variation on sensitivity of capsules to ultra-
sound action. To prove the simulation correctness the optimized
capsules with structure based on the model predictions should
be made and tested for ultrasound sensitivity. For this goal we
choose microcapsule design containing ZnO nanoparticles that
was proposed in work3? as one of the best reported up to now.
We also try to visualize the impact of ultrasound on microcapsule
shell in situ and compare the results with our simulations.

1 Experimental Details

1.1 Materials

Poly(sodium styrene sulfonate) (PSS) (MW ~70 kDa),
poly(allylamine hydrochloride) (PAH) (MW ~70 kDa), sodium
chloride (NaCl), tetrahydrofuran, and ZnO nanopowder (6%
Al doped, less than 50 nm in size) were used without further
purification and purchased from Sigma Aldrich GmbH, Germany.
Monodisperse polystyrene cores with an average diameter of
10.25 £ 0.09 um were purchased from Microparticles GmbH,
Germany. The water used in all experiments was prepared in a
three-stage Millipore Milli-Q Plus 185 purification system and
had a resistivity higher than 18.2 MQ-cm.

1.2 Simulation of ultrasound influence on microcapsule
shells

The finite element method#? implemented in the program com-
plex ANSYS Workbench 1343 was used for simulation of ultra-
sound influence on microcapsule shell. The model of microcap-
sule has spherical symmetry imposed on it. Diameter of micro-
capsules, shell thickness and mechanical parameters were initially
taken from3°. This bootstrap set of parameters was varied to in-
vestigate, how its change will vary the deformations of microcap-
sule shell. Taking into account the limitations imposed by avail-
able ultrasonic setup and L-b-L technology the optimized shell
structure was developed and later fabricated. The final calcula-
tion uses the AFM measured parameters for the experimentally
obtained structures and the ultrasonic setup developed to investi-
gate impact of high frequency ultrasound on microcapsules. The
calculation was done using hexahedral mesh with the maximum
size of elements no more than 30 nm. It should improve the
numerical convergence and minimize the influence of data sam-
pling and grid topology on obtained strain fields and deforma-
tions (Fig. 1 a, b, ¢). The microcapsule shell model included in
average 102 000 elements. The radial dimension of the model
corresponding to the shell thickness consisted of at least three
finite elements.

We assume the material properties of the shell to be linear
and isotropic. The values of the effective density and Young’s
modulus of the shell were taken from prior work3? for simi-
lar polyelectrolyte and nanocomposite microcapsules. For poly-
electrolyte capsules density was 1100 kg/m? and elastic modu-
lus 580 MPa, for composite capsules with three layers of ZnO it
was 4482.5 kg/m> and 27.1 MPa, correspondingly. The inter-
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Fig. 1 The finite element model of microcapsule shell: a — model of the
ultrasound impact on the microcapsule shell, b — model grid of the
microcapsule shell, c — model grid of the inner cavity of shell (k —
vector of acoustic pressure applied, Z — the axis of microcapsule
rotation, ¢ — the angle of microcapsule rotation)

nal volume of the capsule was considered to be filled with water.
Modeled microcapsules were placed into water at temperature of
37+0.5 °C (that corresponds to the value in the experiment).

Young modulus of polymer composite in this range of tem-
peratures should grow slowly proportional to logarithm of fre-
quency*4, but the change should be within error of its experimen-
tal measurement by AFM#°. So we considered this dependence
negligible in our case.

The harmonic analysis was carried out for simulation of the
microcapsule shell behavior under the influence of acoustic wave
with defined power density. The amplitude of the ultrasonic wave
was determined by the equation:

P2

=2
7

€3]
where Z; — acoustic impedance of aqueous medium, / — power
of ultrasound wave (W/cm?). The obtained acoustic pressure am-
plitude p was equal to 70 kPa by substitution of I = 0.33 W/cm?
in equation (1) and 0.67 MPa for intensity equal 30 W/cm?.
Frequency dependence in the model was introduced as external
driving force in form of harmonic normal pressure change exerted
by water on the capsule shell. The intensity of ultrasound in ex-
periment was recalculated for finite element modeling into ampli-
tude of water pressure change by equation (1) using the acoustic
impedance of the water media Z;. The frequency in our simu-
lation was the same as in experiment. We can consider capsule
shell as a kind of mass-on-spring with high damping due to water
media, so we expect resonant response to external driving force
with wide resonance curve. Resonant frequency for our compos-
ite capsules calculated from finite element modeling simulation
was in MHz range. So we selected experimental frequency to be
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slightly lower than the calculated resonant eigenfrequency of the
shell, but within width of resonant curve.

Linear mechanical model was used as a mathematical model
for determining the microcapsule shell response to the harmonic
load. This model quite well describes the real mechanical system
used in our experiment. The simplification has a negligible effect
on its behavior due to the fact that the external impacts on our
system cause a small deformations of the microcapsule shell. This
approach also was used to investigate strained-deformed state of
microcapsules during its pass through the elastic microchannel 4.
It was shown that linear model behavior was in good agreement
with the experimental data. The limitation of linear model is its
nonapplicability to the direct simulation of the destruction pro-
cess.

1.3 Microcapsule preparation

An alternating adsorption of oppositely charged polyelectrolytes
and/or nanoparticles onto the surface of the polystyrene tem-
plate particles was used for polyelectrolyte and nanocompos-
ite microcapsule fabrication, respectively (see Supporting Infor-
mation Fig. S1). For adsorption we used aqueous solutions of
PAH and PSS with concentration of 2 mg/ml in the presence of
0.5 M NaCl. The adsorption time was 10 min per layer. Af-
ter each deposition step the core suspension was sedimented
by centrifugation and triply washed with deionized water. In
the same manner as polymer molecules, ZnO nanoparticles were
adsorbed onto the polyelectrolyte shell from 1 mg/ml aque-
ous colloid (pretreated by ultrasound during 5 min at 200 W)
instead of one or three positively charged polyelectrolyte lay-
ers. After formation of shell the polystyrene cores were dis-
solved in tetrahydrofuran (THF) during 24 h treatment. The
formed microcapsules were triply rinsed in THF to remove
the residual polystyrene and finally the hollow microcapsule
shells were rinsed three times in deionized water. The micro-
capsules with (PAH/PSS)s, (PAH/PSS),(ZnO/PSS)(PAH/PSS);
and (PAH/PSS),(Zn0O/PSS)3;(PAH/PSS) layer structure were ob-
tained.

1.4 Characterization

The microcapsules were characterized by optical microscopy,
SEM, CLSM, TEM and AFM techniques. ZnO nanoparticles were
also characterized by DLS methods. Measurement of the hydro-
dynamic size distribution for ZnO nanoparticles was performed
by dynamic light scattering (DLS) at 25°C with Zetasizer Nano
ZS (Malvern Ins. Ltd). The result represents the average of ten
subsequent runs.

The {-potential of the ZnO nanoparticles in aqueous solutions
was also measured with Zetasizer Nano ZS (Malvern Ins. Ltd).
The Smoluchowski approximation was used to convert the elec-
trophoretic mobility to {-potential. SEM images were obtained
with Tescan Mira scanning electron microscope. Drop of the
sample suspension was put onto the small silicon substrate and
dried. Images of composite microcapsules were taken with 30 kV
acceleration voltage using sample as is, the images of polyelec-
trolyte capsules were taken with 20 kV voltage using sputtering
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of thin layer of gold over sample to make it conductive. TEM
images were obtained using Libra-120 transmission electron mi-
croscope (Carl Zeiss, Germany) operating at 120 kV. The samples
were prepared by deposition of an aqueous suspension of cap-
sules onto the Formvar film supported by the copper grid. AFM
images of microcapsules were obtained with Ntegra Spectra mi-
croscope (NT-MDT, Russia) in tapping mode. For image acquisi-
tion NSG10 probes from NT-MDT with typical resonant frequency
around 220 kHz and tip curvature below 10 nm were used. The
samples were prepared by drying a drop of the microcapsules
aqueous suspension onto the surface of a coverglass slide. All sub-

sequent image processing was done with Gwyddion software 7.

1.5 Ultrasound exposure

An ultrasonic cell was constructed for investigation of the ultra-
sound influence on the fabricated composite microcapsules con-
taining ZnO nanoparticles in the shell structure as well as poly-
electrolyte ones used as control (Figure 2).

Fig. 2 Experimental setup for ultrasound treatment of microcapsules:

1 — microscope slide, 2 — bath for an aqueous suspension of
microcapsules, 3 — microscope objective, 4 — ultrasonic transducer,

5 — high-frequency-connector for transmitting the signal from oscillator,
6 — light source, 7 — reference ultrasonic transducer, 8 —
high-frequency-connector to an oscilloscope for signal’s frequency and
power monitoring

Ultrasonic cell consisted of the piezoceramic ultrasonic trans-
ducer (4) in acoustical contact with the bath for suspension of
microcapsules (2) on a microscope slide (1). Ultrasonic genera-
tor IL10 ("Ultrasonic technique — INLAB", Russia) was used for
ultrasound excitation. The ultrasound with frequency of 1.2 MHz
was used in our experiment. Reference transducer (7) was placed
onto the glass slide to measure the obtained ultrasonic intensity
in the aqueous suspension of microcapsules. The power density of
ultrasound was 0.33 W/cm? which is an allowed value for diag-
nostic applications. To observe ultrasound effect on microcapsule
shells microscope objective was immersed into the bath with mi-
crocapsules suspension. Images were captured by video camera
attached to the microscope external port.

2 Results and Discussion

We employed a finite elements mechanical model to test influence
of the shell thickness and ultrasound parameters variation on sen-
sitivity of capsules to ultrasound action. The calculated distribu-
tion of deformation on the microcapsule surface at different ul-
trasound power densities and frequencies for microcapsules with

shell of different thickness is shown on Fig. 3. Numerical simu-
lations demonstrated decrease of equivalent stresses and strains
arising in the microcapsule shell with higher thickness for both
polyelectrolyte and nanocomposite microcapsules (Fig. 3). It was
found that in the case of THF as template solvent nanocomposite
microcapsules with three layers of ZnO particles were subjected to
lower stress and less deformation under similar ultrasonic action.
Exposure of the microcapsules to the ultrasound with frequency
of 20 kHz and power density of 30 W/cm? causes the amplitude
of deformation to be equal to 68 nm and 270 nm for microcap-
sules prepared with THF and DMF, respectively (Fig. 3 f, h). The
similar trend was observed in the behavior of nanocomposite mi-
crocapsules with one ZnO layer.

Timescale for simulation of ultrasonic impact on the shell was
2 seconds that corresponds to two cycle’s assessment of stress-
strain state of the shell. During the first cycle strains and stresses
in the initial moment of impact on the shell were calculated. The
second cycle of calculation allowed us to estimate the relative
growth of shell fatigue.

Fig. 3 (a, b) shows that the polyelectrolyte microcapsules (with-
out ZnO nanoparticles) were insensitive to the ultrasound treat-
ment with both low and high frequency at given power density.
In this case the maximum deformation of the shell for capsules
obtained by THF treatment was less than 80 nm and equivalent
stresses were distributed homogeneously over the shell surface
(the difference between the maximum and minimum stress is
not exceeding 1.6 MPa). The maximum equivalent stress was
6.2 MPa.

The microcapsules in our simulation were intact at the
time moment corresponding to 1 sec of ultrasonic treatment.
This result is in good agreement with our experimental data
as well as previously reported experiments!®3°.  Simula-
tion of ultrasound impact on nanocomposite microcapsules
(PAH/PSS),(ZnO/PSS)3(PAH/PSS) obtained with THF treat-
ment, demonstrated that microcapsules were less sensitive to the
effects of ultrasound at low frequency. For example, sonication
at low frequency and power density causes nonsignificant defor-
mation (the maximum amplitude of shell vibrations was less than
40 nm) that is shown in Figure 3 e. The increasing of the ultra-
sound power density led to the obvious increase of the shell defor-
mation (the maximum amplitude of shell vibrations was 326 nm)
(Fig. 3 ).

The model for high frequency and lower power US treatment
demonstrated maximum of shell deformation to be equal 750 nm
(Figure 3 j), that is similar to results for low frequency US with
power density 30 W/cm?. Such cyclical impact can alter through
shell diffusion parameters and cause shell destruction with cer-
tain chances. The non-uniform distribution of the equivalent
stresses in the shell of nanocomposite microcapsule (maximum
stress was 80 MPa) appeared with increasing the power density
of ultrasound treatment at 1.2 MHz. This should lead to the de-
struction of the nanocomposite microcapsule in 1 sec time. The
simulation data were in agreement with experimental demonstra-
tion of capsule shell destruction. Also similar results were already
obtained for biological cells in water media under ultrasonic ac-
tion modeled using analytical approaches 484,
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Fig. 3 The deformation distribution in polyelectrolyte microcapsule shells with thickness 17 nm (a, b) and 32 nm (c, d) under the influence of low
(20 kHz) and high frequency (1.2 MHz) ultrasound at power density 0.33 W/cm?. The deformation distribution for nanocomposite microcapsule shells
with thickness 256 nm (e, f, i, j) and 97 nm (g, h, k, 1) under ultrasound influence with given parameters
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Using the simulation we established that the ultrasound fre-
quency of 20 kHz caused strong deformation of the shell surface.
But in this case the microcapsule shell had time to relax and as
the result the equivalent stresses were distributed more or less
uniformly without the shell integrity damage. The high frequency
ultrasound action caused high values of stresses in the nonrelax-
ing microcapsule shell resulting in destruction of the capsule.

The shell of microcapsule in our model has uniform thickness
and homogeneous distribution of zinc oxide nanoparticles in the
polymer matrix. In general, it is not always so. Different types
of defects can be considered. The first one is local decreasing
of shell thickness. The thinner patch of the capsule shell should
have higher oscillation amplitude under ultrasonic action with
the similar parameters. The second type of defects is local fluc-
tuation of density in the microcapsules shell as result of nonho-
mogeneous distribution of zinc oxide nanoparticles that form ag-
gregates. The local fluctuation of density in the microcapsules
shell should change force applied to its surroundings. Any weak
spot will be torn by ultrasound pressure variation earlier than uni-
form capsule wall. So, the developed finite element model shows
upper limit for intensity required to open the capsule. Obtained
non-uniform capsules should have higher sensitivity to ultrasound
action in comparison with the model based on assumptions of
uniform thickness and homogeneous distribution of zinc oxide
nanoparticles in the polymer matrix of microcapsule shell.

To prove the simulation correctness the optimized capsules
with structure based on the model predictions were fabricated by
layer-by-layer assembly approach and tested for ultrasound sen-
sitivity. ZnO nanoparticle suspension in water (with 1 mg/ml
concentration and pH 7.7, pretreated with ultrasound during
1 min at 200 W power) was used to produce the nanocom-
posite microcapsule shells. The mean hydrodynamic size of
ZnO nanoparticles was about 130 +60 nm (PDI 0.44) and ¢-
potential was 28 +6 mV at given pH (see Supporting Information,
Fig. S2 a, b). ZnO nanoparticles were incorporated into the mi-
crocapsule shell instead of the one or three positively charged
poly(allylamine hydrochloride) (PAH) layers in the middle of
layer structure resulting in (PAH/PSS),(ZnO/PSS)(PAH/PSS);
and (PAH/PSS),(ZnO/PSS)3 (PAH/PSS).

SEM images of microcapsules at different magnifications with
and without ZnO nanoparticles are presented in Fig. 4 (a, b, ¢)
and Fig. 4 (d, e, f), respectively. SEM images of nanocom-
posite and pure polymer microcapsules showed that the mi-
crocapsules were collapsed after drying. Dried microcapsules
showed some diameter shrinking and were not strongly aggre-
gated (Fig. 4 (a, b)).

Composite capsules (Fig. 4 b, ¢) are more inhomogeneous in
surface morphology with inclusions up to hundred nanometers in
size in comparison with smooth surface of pure polyelectrolyte
microcapsule (Fig. 4 e, f). The SEM data (Fig. 3 b, e) are con-
firmed by TEM investigation (Fig. 5 a, b).

The TEM images of composite microcapsule (Fig. 5 a, b) show
that the ZnO nanoparticles tended to form large non-spherical ir-
regular shaped aggregates in the microcapsule shell up to hun-
dred nanometers in size with high density packing. The av-
erage size of ZnO nanoparticle aggregates measured by TEM

Fig. 4 SEM images of nanocomposite microcapsules with
(PAH/PSS),(ZnO/PSS);(PAH/PSS) layer structure (a, b, c) at different
magnifications and polyelectrolyte microcapsules with (PAH/PSS)g layer
structure (d, e, f)

(Fig. 5 ¢, d) is similar to that of initial colloid measured by DLS.
The value in the both cases is higher than reported in3° despite
the fact that we used the same ZnO nanoparticles from the same
supplier. This can be caused by lower ultrasound power during
ZnO pretreatment in our experiment.

Fig. 5 TEM images of polyelectrolyte microcapsule with (PAH/PSS)¢
layer structure (a), nanocomposite microcapsule with
(PAH/PSS),(ZnO/PSS);(PAH/PSS) layer structure (b, c) at different
magnifications and ZnO nanoparticles (d) used for microcapsule shell
fabrication

The AFM method was used for the quantititive characterization
of microcapsules morphological parameters such as the average
shell thickness, the effective thickness of one ZnO nanoparticle
layer, the average shell roughness (R,) and the size of ZnO aggre-
gates in composite shell after drying (Fig. 6). At least three differ-
ent capsules were measured from each sample and the data were
averaged. For the parameter estimation imaging artifacts were
removed, base plane of the substrate was subtracted and flat-
tened as much as possible with methods available in Gwyddion
data processing software. Diameter for flattened dried capsule
was evaluated by selecting the whole capsule as grain, measuring
its projected surface area and recalculate it to the equivalent disk
diameter. The shell roughnes was measured as R, value for rel-
atively flat parts of the collapsed shell double layer similar to1°.
Shell thickness was determined by evaluating height distribution
for the same flattened areas, measuring the peak maximum posi-
tion and substracting the average height of substrate background
(the maximum position of the first peak on heigh distribution his-
togram of the whole image). The shell thickness was determined
as the difference between the substrate surface and the thinnest
planar part of the collapsed microcapsule. The average size of
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ZnO nanoparticle aggregates from AFM measurement calculated
from particles projected area in lateral dimension is about 160 nm
that has a good agreement with TEM (see Fig. 5) and DLS (see
Supporting Information, Fig. S2) data.
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Fig. 6 AFM height data of nanocomposite (a) and polyelectrolyte (b)
microcapsules. Height distribution function for the whole image (red)
and double layer part (blue, scaled x0.25) (c) and height profile along
line 1 (d); Height distribution function (e) and profile along line 1 for
polyelectrolyte microcapsule (f)

AFM data show that the average shell thickness for the col-
lapsed polyelectrolyte microcapsule was two times less than re-
ported before3?, 17 and 32 nm, correspondingly (see Table 1).
This can be explained by strong dehydration of polyelectrolyte
layer as the result of core dissolution by THF in comparison with
DMEF. Nevertheless, the average shell thickness for nanocompos-
ite microcapsules was higher than previously reported value3®. It
can be caused by using different ultrasound power for ZnO col-
loid pretreatment that was 600 W in work3? and 200 W in our
experiment. This can provide a large difference in size distribu-
tion of nanoparticle aggregates in colloid. The hypotesis was also
confirmed by effective thickness of one ZnO layer (see Table 1)
calculated from AFM data. So the effective shell thickness for
nanocomposite microcapsule corresponds to the average size of
nanoparticle aggregates (slightly less for three ZnO layer struc-
ture probably due to packing the large particles in higher layers
into concave places between underlying particles).

In the work by Kolesnikova et al.3° some microcapsules shell
diameter enlargement was observed after drying the suspension.
Besides, the dried shells exhibit flattened shape without folds typ-
ical for dried microcapsules. So the composite layer in this case
had high elasticity for extension. In our experiments the com-
posite capsule shells kept its size upon drying. The characteristic
thick folds were observed on the microcapsule shell with ZnO
layers. Even though our experiment data cannot be directly com-
pared with work3? because we used larger ZnO nanoparticles and
lower power for ultrasound pretreatment of ZnO nanoparticles,
there are solid reasons to presume that the main differences in
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microcapsules shell properties are caused by using different sol-
vents to remove the template core.

Table 1 Influence of solvent (DMF or THF) on the average shell
parameters of polyelectrolyte and nanocomposite microcapsules with
the following shell structures:

A) (PAH/PSS)¢; B) (PAH/PSS),(ZnO/PSS)(PAH/PSS)s;

C) (PAH/PSS),(ZnO/PSS);(PAH/PSS). The values in brackets
corresponds to polyelectrolyte layer thickness

Solvent DMF >° THF
Shell
Structures A B C A B C
Average shell
thickness (nm) 32 38 97 17 116 256
Average roughness
R, (nm) 8.6 43 25 4.6 59 116
Average shell
diameter (um) 10.2 11.1 13.1 11.0 9.9 9.0
Effective thickness of
one ZnO layer (nm) 2.7) 8.2 242 (1.4 100.6 81.1

Due to thicker microcapsule shell we expect slightly lower sen-
sitivity of our nanocomposite microcapsules to impact of low fre-
quency ultrasound as was shown by the model described above.

After characterization of microcapsules the effect of ultrasound
with frequency of 1.2 MHz and power density of 0.33 W/cm? on
the nanocomposite microcapsules dispersed in water was studied
with developed setup (see Fig. 2). The applied ultrasound power
density was below cavitation threshold for liquids and biological
tissues 33-3550,

Simulation and in situ video recording demonstrated the ro-
tation of microcapsules around the Z-axis under the influence
of ultrasound with wave vector along the k-direction shown on
Fig. 2 a. The purple gradient background on the Fig. 7 a indi-
cates the stabilization time for numerical model. Green gradient
corresponds to the simulation of the microcapsule behavior with
stable numerical model and optical microscopy visualization. The
capsule rotation can be explained by the interaction of the ultra-
sonic wave and the shell shape changes under the influence of
intrinsic vibrational eigenmodes at different time moments. The
result of visualized ultrasound treatment showed that about 75%
of the microcapsules were destroyed by sonication during the first
3 seconds of impact (Figure 7 b, ¢). Thus, we have shown that the
polyelectrolyte microcapsules with embedded ZnO nanoparticles
(nanocomposite microcapsules) can be destroyed by ultrasound
with frequency of 1.2 MHz and power density of 0.33 W/cm?
that allows using the similar microcapsules as potential DDS with
controlled release.

3 Conclusions

For the first time linear mechanical model of microcapsules for
visualization of the deformation and stress distributions in the
microcapsule shells with different composition and thickness un-
der impact of ultrasound with different parameters was proposed.
Simulations demonstrated that the increase of ultrasound power
and its frequency leads to increase of the equivalent stress on the
shell surface that can cause microcapsule destruction. Increasing
the microcapsule shell thickness reduces the deformations emerg-
ing on the surface. The proposed model of microcapsules behav-
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Fig. 7 The angle of microcapsule rotation around its axis under the
ultrasound influence (a). Still frames from the video recording
(Supplementary Movie) of the impact of high frequency ultrasound on
nanocomposite microcapsules before (b) and after 3 sec. of ultrasound
exposure (c)

ior under the ultrasonic treatment allowed us to optimize micro-
capsule shell properties and to achieve the possibility of applying
high frequency (1.2 MHz) ultrasound approved for human use at
power density of 0.33 W/cm? for the destruction of nanocompos-
ite microcapsules with three ZnO nanoparticles layers that was vi-
sualized in situ by optical microscopy in our experiment. It opens
the way to further using of such microcapsules in DDS intented
to use with HIFU setup. The DDS can be triggered to drug re-
lease in any depth inside the living system where ultrasound can
be focused without damaging surrounding tissue. However, the
developed model does not take into account the shape and size of
the discontinuities in the capsule shell that should be considered
in the future.
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