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Abstract—Composite microcapsules based on polyelectrolytes and nanoparticles of iron oxides are synthe-
sized, and the release of encapsulated high-molecular dextran under the influence of a low-frequency alter-
nating magnetic field due to the magnetomechanical actuation of nanoparticles in a polymer shell is investi-
gated. As a result of the chemical condensation of ferrous and ferric iron, single-domain magnetic spherical
Fe;0,4 nanoparticles are synthesized and characterized by transmission electron microscopy, dynamic light
scattering, powder X-ray diffraction, and Mdssbauer spectroscopy. Polyelectrolyte microcapsules from poly-
allylamine hydrochloride and sodium polystyrene sulfonate are modified with magnetic nanoparticles due to
electrostatic adsorption on an oppositely charged polyelectrolyte layer. Dextran, labeled with tetramethyl
rhodamine-5-isothiocyanate (TRITC-dextran), is used as the model substance for encapsulation; it is incor-
porated into CaCOj particles (soluble cores for the formation of capsules) by coprecipitation. The capsule
samples are examined by scanning electron microscopy, dynamic light scattering, and fluorescence confocal
microscopy. The capsules are exposed to an alternating magnetic field with an amplitude of 100 mT and fre-
quencies of 30—110 Hz. The content of labeled dextran in the shell of the microcapsules and the supernatant
is determined using fluorimetry and fluorescence confocal microscopy. The duration of exposure and the fre-
quency of the magnetic field, at which the maximum release of dextran from composite capsules is achieved,
are established. Exposure to a low-frequency alternating magnetic field can lead to significant deformation of
the shell of polyelectrolyte microcapsules modified with magnetic nanoparticles and successful release of the
encapsulated substance.

Keywords: layer-by-layer adsorption, calcium carbonate, polyelectrolyte microcapsules, single-domain mag-
netic nanoparticles, iron oxide, Brownian relaxation of the magnetic moment, magnetomechanical actua-

tion, low-frequency alternating magnetic field
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INTRODUCTION

At present, the development of encapsulation sys-
tems and the targeted delivery of different substances
followed by the controlled and/or gradual release of an
encapsulated substance is an important issue in medi-
cine and biotechnology. There are various delivery
systems, including liposomes [1], micelles [2], vesicles
[3], but polyelectrolyte microcapsules [4], developed
by E. Donath and G. B. Sukhorukov in 1998, are of
specific interest. Such capsules are being intensively
studied and applied for the encapsulation and delivery
of some biologically active substances in vitro and
invivo [5, 6]; in particular, polyelectrolyte capsules
are promising for vaccine delivery [7—9].

Substances are released from polyelectrolyte cap-
sules due to diffusion; the diffusion rate depends on

the characteristics of encapsulated molecules (for
example, on the size of the molecule), the properties
of the polymer complex forming microcapsules, the
shell thickness, and some other parameters [10]. The
controlled release of substances implies the use of trig-
gers that initiate this process in composite microcap-
sules having shells functionalized with suitable mole-
cules and/or nanoparticles. The following triggers can
be used: the action of enzymes [11], an ultrasonic field
[12, 13], microwave field [14], and laser radiation [15,
16]. An alternating magnetic field can affect the
release of the content of composite capsules and their
integrity [17, 18].

When magnetic nanoparticles are placed in an
alternating magnetic field, chaotically oriented mag-
netic moments will turn in one direction. Depending
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on the characteristics of the nanoparticles and mag-
netic-field parameters, two types of magnetic-
moment relaxation are distinguished. In the first case,
the magnetic moment rotates, and the nanoparticle
remains stationary which is Néel relaxation leading to
heating of the environment. The phenomenon of mag-
netic hyperthermia is based on Néel relaxation [18,
19]. However, an increase in temperature can affect
both thermosensitive biologically effective particles
and surrounding tissues.

Particular attention should be paid to using a non-
heating low-frequency magnetic field (frequency 1 to
1000 Hz) that has greater penetrability into tissues,
ease of dosing and control, greater locality, and safety
compared to a heating magnetic field [20]. When the
magnetic moment is motionless relative to the
nanoparticle in a low-frequency magnetic field, and
the nanoparticle rotates in magnetic fields, it is called
Brownian relaxation. This process does not lead to
noticeable heat release, and the main channel of
energy dissipation is deformation-mechanical (mag-
netomechanical activation) [17, 21, 22]. To date, only
a few works have been devoted to the effect of low-fre-
quency alternating magnetic fields on polyelectrolyte
microcapsules [17, 22].

This work aims to synthesize composite microcap-
sules based on biodegradable polyelectrolytes and
Fe,O, nanoparticles and to study the released encap-
sulated molecules of high molecular weight dextran
under the effect of a low-frequency alternating mag-
netic field due to the magnetomechanical activation of
nanoparticles in a polymer shell.

EXPERIMENTAL
Materials

The following analytical-grade chemicals were
used without additional purification: calcium chloride
dihydrate CaCl,"2H,O (Acros Organics, USA), anhy-
drous sodium carbonate Na,CO; (ITW Reagents,
USA), sodium chloride NaCl, polysterene sodium
sulfonate (PSS) (M, = 70 kDa), polyallylamine
hydrochloride (PAH) (M,, = 50 kDa) ), TRITC-dex-
tran (M,, = 65—85 kDa), iron chloride tetrahydrate
FeCl,-4H,0, ferric chloride hexahydrate FeCl;6H,0,
disodium salt dihydrate ethylenediaminetetraacetic
acid (EDTA) produced by Sigma Aldrich, Germany.
Water was purified using a Milli-Q Plus system.6.

Synthesis of Fe;0, Nanoparticles

Iron-oxide nanoparticles were synthesized by the
chemical precipitation of Fe3* and Fe?* ionsina 2 : 1
molar ratio from an aqueous solution with the addition
of ammonia hydrate [23]. To prevent aggregation, we
stabilized the nanoparticles by citrate ions with a neg-
ative charge.
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Synthesis of Polyelectrolyte Microcapsules

The microcapsules were synthesized using the
layer-by-layer adsorption method on calcium-car-
bonate particles [4]. To obtain calcium-carbonate par-
ticles and include dextran labeled with tetramethyl-
rhodamine-5-isothiocyanate (TRITC-dextran) into
microcapsules by coprecipitation, 615 pL each of
CaCl, and Na,CO; (1 mol/L) aqueous solutions and
2 mL of the TRITC-dextran (2 mg/mL) solution were
taken. The formed crystals of calcium carbonate cap-
tured TRITC-dextran, which resulted in its enclosure
inside the particles. To adsorb the nanoparticles,
100 uL of an aqueous suspension of nanoparticles (the
concentration (~2.3 x 10¥ pieces) was calculated from
the reaction equation [23]) was added to each test tube,
mixed in a shaker for 15 min, and rinsed once. To dissolve
calcium-carbonate particles, 1 mL of an aqueous solu-
tion of EDTA disodium salt (0.2 mol/L) was added to the
sample, mixed in a shaker for 15 min, centrifuged, and
the supernatant was removed. The process was repeated
three times; the obtained microcapsules were rinsed with
deionized water three times. The concentration of
microcapsules—~6.9 x 10% pieces—was calculated
from the equation of the reaction of calcium-carbon-
ate formation. The composite shell had the following
structure: PAH/PSS/PAH/MNP/PSS/PAH/PSS
(MNP is magnetic nanoparticle).

Effect of a Low-Frequency Alternating Magnetic Field
on Composite Microcapsules

To release TRITC-dextran from polyelectrolyte
microcapsules, a TOR MFG 01/12 alternating-mag-
netic-field generator (Nanomaterials, Russia) was
used. The microcapsules were affected by a continu-
ous alternating magnetic field with an amplitude of
100 mT and a frequency of 30—110 Hz. The experi-
ment was carried out on four series of samples at an
exposure frequency of 30, 50, 77, and 110 Hz. The
microcapsule sample was divided into five pieces
(including the reference sample); then, the test tubes
with composite microcapsules were placed in the
working area of the magnetic-field generator using a
special holder. The concentration of microcapsules in
each test tube was ~1.4 x 10% pieces; each series of
samples was exposed to the magnetic field for 60 min.
Each test tube was centrifuged, the supernatant was
taken, and the fluorescence intensity was measured
using a Cary Eclipse fluorescence spectrophotometer
at the fluorescence excitation wavelength of TRITC-
dextran 552 nm.

An alternating magnetic field with a frequency of
50 Hz was used to determine the optimal exposure
time of the microcapsules. The intensity of TRITC-
dextran fluorescence in composite microcapsules was
measured 2 h after the effect of the magnetic field
using a Leica TCS SPE confocal microscope (Leica
Camera AG, Germany).
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Fig. 1. Magnetic particles Fe;0,4: (a) TEM image, (b) histogram of the size distribution d, (c) powder XRD pattern, (d) depen-

dence of the zeta potential value on the pH.

RESULTS AND DISCUSSION

A Technai Osiris transmission electron microscope
(FEI, USA) and a Malvern Zetasizer ZS analyzer
(Malvern Panalytical, United Kingdom) were used to
determine the size of the synthesized nanoparticles.
Figure 1a presents a TEM image of the synthesized
Fe;0, nanoparticles. The shape of the nanoparticles
was close to spherical, and their average size was 13 =
1 nm according to the calculations of the TEM image
using Imagel software. The size distribution of the
nanoparticles obtained by dynamic light scattering is
given in Fig. 1b, which shows some agglomerates of
nanoparticles in the suspension and individual
nanoparticles. The hydrodynamic size of Fe;O,
nanoparticles is 85 £ 16 nm, which is several times
larger than the size obtained by electron microscopy.
Such behavior indicates the formation of the adsorp-
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tion layer of molecules and ions of the environment on
the surface of nanoparticles.

The powder X-ray diffraction patterns of the
nanoparticles (Fig. 1¢) were collected using a Rigaku
Miniflex 600 diffractometer (A = 1.5406 A). Accord-
ing to the JCPDS database (No. 89-4319), the reflec-
tions 220 (26 = 30.0°), 311 (26 = 35.2°), 400 (26 =
42.9°), 511 (26 = 56.9°), and 440 (26 = 62.5°) corre-
spond to the cubic crystal structure of the spinel typi-

cal for magnetite Fe;0, (space group Fd3m). The
average size of the coherent scattering area (estimated
by the Scherrer formula assuming the spherical shape
of the nanoparticles with constant K= 0.9) was 15 nm,
which agrees with the TEM data. The phase composi-
tion of the nanoparticles was studied by Mossbauer
spectroscopy in the transmission geometry using a
y-radiation source ’Co(Rh) and an MS-1104Em
spectrometer. Analysis of the Mossbauer spectra indi-

No. 1 2022
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Fig. 2. Magnetization curve of synthesized nanoparticles.

cated the presence of the magnetic phase maghemite
v-Fe,0;. The change in the zeta potential of Fe;O,
nanoparticles depending on the acidity of the dis-
persed phase (Fig. 1d) demonstrates an increase in the
modulus of the zeta potential as the pH increases from
2 to 7. Because a further increase in pH does not lead
to growth of the modulus of the electrokinetic poten-
tial, the nanoparticles on the polymer shells were
absorbed on a layer of polycation from a suspension of
nanoparticles at a neutral pH.

The magnetic properties of the Fe;O, nanoparti-
cles were determined from the hysteresis curve (Fig. 2)
obtained using an EG&G PARC vibrating sample
magnetometer (model 155). The coercive force was
1.06 = 0.01 kA/m, the specific saturation magnetiza-
tion was 38.7 A m?/kg, and the magnetic moment was
(2.4 £0.3) X 107" A m?. The hysteresis curve observed
at room temperature indicates that the Fe;0,
nanoparticles have a ferromagnetic nature. According

to existing ideas, the synthesized nanoparticles are sin-
gle-domain and can relax by the Brownian mecha-
nism in a low-frequency alternating magnetic field;
they can be used as mediators of local deformation due
to magnetomechanical activation [20]. For its imple-
mentation, the parameters of the nanoparticle (diam-
eter, material) and the magnetic field (amplitude-fre-
quency and space-time characteristics) are important.
Efficient magnetochemical activation requires low-
frequency alternating magnetic fields (less than 0.1—
1 kHz) and a diameter of magnetic nanoparticles from
15 to 100 nm because the nanoparticles should remain
single-domain (magnetite transforms to a multi-
domain state at a diameter of about 100 nm) and an
increase in the size of the nanoparticles enhances the
maximum generated force in an alternating magnetic
field due to growth of the magnetic moment [24].
Thus, the field and particles used are suitable for
mechanochemical activation. Complex association of
the effect value (deformation) with the field frequency
dependent on the surrounding of the nanoparticles is
typical for mechanochemical activation. Macromole-
cules connected with nanoparticles can have inverse
relaxation times lying in the region of low frequencies
of alternating magnetic fields, which leads to pseudo-
resonance effects of increasing the response [24, 25].

As is seen in Fig. 3a (the image of microcapsules
obtained using a fluorescence confocal microscope)
TRITC-dextran is successfully included into CaCO;
particles during coprecipitation. The average hydrody-
namic diameter of the synthesized microcapsules
determined by dynamic light scattering was 3.7 *
0.5 um. To study the effect of a low-frequency alter-
nating magnetic field on the shell morphology, micro-
capsules were treated by a field with an amplitude of
100 mT and frequencies of 30, 50, 77, and 110 Hz. A
JSM-7401F scanning electron microscope (Jeol,
Japan) was used to study the violation of the integrity
of the shell of the polyelectrolyte microcapsule; the

Fig. 3. Images of microcapsules obtained by fluorescence confocal microscopy (a) and SEM (b — f) before (a, b) and after (c—f) impact
of the alternating magnetic field with the amplitude of 100 mT for 60 min with the frequency: (c) 30, (d) 50, (¢) 77, and (f) 110 Hz.
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SEM images presented in Figs. 3b—3f were used to
consider the violation.

When no field is applied, the shell is undisturbed,
and the microcapsules are unbroken (Fig. 3b). Com-
paring the images, we can see that the largest deforma-
tion is observed under the effect of an alternating mag-
netic field with a frequency of 77 Hz (Fig. 3d). No vis-
ible deformations are observed at frequencies of 30,
50, and 110 Hz (Figs. 3c, 3e, and 3f). The main cause
of the visible breaking of microcapsules can be
pseudo-resonance in the “shell—nanoparticles” sys-
tem when the reciprocal relaxation time of the multi-
layer polyelectrolyte shell coincides with the fre-
quency of the magnetic field. With Brownian relax-
ation under the effect of a low-frequency alternating
magnetic field, magnetic nanoparticles start to oscil-
late. Their mechanical energy passes to the shell as
compression and tension deformations of macromol-
ecules constituting composite microcapsules; at a fre-
quency of 77 Hz, these deformations increase many
times, i.e., they are resonant. Under such an effect,
encapsulated TRITC-dextran is released from the
microcapsules.

Table 1 lists the intensity of TRITC-dextran fluo-
rescence in the supernatant after the influence of an
alternating magnetic field with different frequencies
on the microcapsules; each measurement was con-
ducted 2 h after the action. It is seen that TRITC-dex-
tran releases in all cases. As for the reference sample
(without the action), the release is connected with the
diffusion of TRITC-dextran from the microcapsule to
the supernatant, and it is minimal compared with the
other samples. Microcapsule shells are practically
impermeable to compounds with a molecular weight
greater than 5 kDa [9]. Therefore, we can suppose that
the change in the fluorescence due to natural diffusion
is not statistically significant in this time interval. The
maximum intensity of supernatant fluorescence is
observed at a field frequency of 77 Hz, which agrees
with the SEM result.

The time of exposure of microcapsules in the low-
frequency magnetic field is one of the impact param-
eters. Using confocal microscopy, we obtained data on
the intensity of TRITC-dextran fluorescence in
microcapsules depending on the time of exposure to a
magnetic field (Fig. 4). When the exposure time
exceeds 10 min, the intensity of TRITC-dextran fluo-
rescence is almost unchanged, which indicates the
establishment of an equilibrium concentration in the
shell and dispersed medium and the end of the release
process. Thus, the optimal time of field impact is
10 min: during this time, an equilibrium concentra-
tion of TRITC-dextran is established in the mem-
brane and in the medium in which the microcapsules
are located.
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Table 1. Intensity of TRITC-dextran fluorescence in the
supernatant after the impact of an alternating magnetic field
of different frequencies and centrifugation of microcapsules

Impact Fluorescence intensity,
frequency, Hz arb. units

0 21.8
30 42.1
50 40.9
77 84.4
110 71.6

CONCLUSIONS

We demonstrated the successful application of a
low-frequency alternating magnetic field for the con-
trolled release of TRITC-dextran from composite
microcapsules. According to analysis of the obtained
results, the system of the multilayer polyelectrolyte
shell that contains magnetite nanoparticles has a defi-
nite inverse relaxation time close to 77 Hz. When
PAH/PSS/PAH/MNP/PSS/PAH/PSS  composite
capsules are placed in a magnetic field with a fre-
quency of 77 Hz, a pseudo-resonance appears that
causes shell defects and stimulates the release of the
encapsulated substance. The optimal time of mag-
netic-field action is 10 min.

Magnetomechanical activation is the basis for a
new concept of local action at the molecular level. It is
promising for controlling the permeability of micro-
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Fig. 4. Dependence of the fluorescence intensity of
TRITC-dextran in the shell of microcapsules on the expo-
sure time in a magnetic field with an amplitude of 100 mT
and a frequency of 50 Hz.
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capsule shells during the delivery of biologically active
substances.
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