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Magnetic nanoparticles dynamics modeling in the shell of polyelectrolyte
capsules in a low-frequency magnetic field
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Introduction

The development of targeted drug delivery systems
may significantly improve the effectiveness, safety, and
convenience of drug administration for patients. Micro- and
nano-systems are a promising platform for the targeted drug
delivery [1-3].

Polyelectrolyte capsules (PEC) are quite versatile and
multifunctional carriers to provide the targeted drug deliv-
ery [4,5]. Since PEC shell is highly functional it is possible
to create the carriers sensitive to different physical effects,
such as temperature [6,7], ultrasound [8], laser radiation [9],
magnetic field [10,11]. Sensitization can be used to control
the release of a drug from PEC.

The current research focus is shifted: instead of increasing
the accumulation of drug carriers in a given area of the body
a controlled local release of substances is proposed [2,12].
Control of drug release from carriers plays a key role in
improving the effectiveness of therapeutic systems. The
inability to precisely adjust the substance release parameters
can lead to insufficient concentration of the active substance
in the target area or to its excessive release, which may
cause toxic effects[13]. Controlled drug release due to
external effects allows ensuring a more efficient impact
on the therapeutic target by locally maintaining drug
concentration in the therapeutic window [14]. Due to
modeling the effects of various carrier parameters on the
release process we may better understand how these factors
can be adjusted to achieve the desired rate and volume of

drug release, which is critical for improving the effectiveness
and safety of therapy.

1. Release mechanisms

Various mechanisms of substances release from PEC
are known. The main mechanisms of substances release
from the capsules include diffusion of substances along a
concentration gradient, erosion of the shell (washout of
polymer from the complex), chemical destruction of the
shell (proteolytic cleavage of shell polymers, hydrolysis of
polymers, etc.), shell rupture under the action of internal
pressure (including osmosis), changes in the phase state of
the shell, changes in porosity of the shell [15,16]. These
mechanisms may be classified as non-destructive, i.e. when
the microcapsule structure stays intact (diffusion, shell
porosity change), and destructive ones (erosion, hydrolysis,
phase change, release after osmosis). Of particular interest
are non-destructive release mechanisms that can be con-
trolled remotely.

1.1. Change of porosity

The change in porosity of the shell for controlled release
is based on the temperature sensitivity of polymers. For ex-
ample, for capsules based on poly(N-isopropylacrylamide)
at temperatures below the lower critical temperature of
about 32°C, linear chains swell and cover the pores in
the shells, reducing diffusion. As the temperature rises,
polymers with different temperature sensitivities can change
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their conformation to varying extent. This results in larger
sizes of pores in the microcapsule shell. Thus, the shell
has better permeability [17]. A change in the temperature
of the microcapsule shell can be achieved both by heating
the entire volume where the microcapsules are located [18],
and by locally heating the shell, for example, using laser
radiation [19].

1.2. Diffusion mechanism

The diffusion release mechanism is based on the dif-
ference in concentrations of the encapsulated substance
between the external environment and the internal volume
of microcapsules. The diffusion of substances through the
shell depends on the thickness of the shell [20], molecular
weight of the encapsulated substance [21,22], rate of
diffusion of the encapsulated substance in the environment
from the surface of the microcapsule [23], etc.

A controlled remote change in permeability of the
microcapsule shell, leading to a change in the diffusion
rate, can be achieved by heating [24] or mechanical
deformation [6,25].

One of the promising methods for creating mechanical
deformations in a local volume is the use of a magnetic field.
In this case mechanical deformations occur after the energy
of the low-frequency magnetic field (LFMF) is transformed
into mechanical rotation of the shell-integrated magnetic
nanoparticles (MNP). At that, the direction of magnetic
moment of MNP under the action of LFMF changes due
to rotation of the particle itself [27]. Such mechanism of
interaction between MNP and LFMF is named Brownian
relaxation.

1.3. MNP as local mediators of mechanical
deformations

An extensive theoretical analysis of MNP rotation be-
havior when exposed to LFMF to create mechanical
deformations is presented in the works of Yul. Golovin
and co-authors. This paper analyzed the influence of
MNP parameters (size of magnetic core, magnetic moment
and etc.) and elastic characteristics of macromolecules
on the force and magnitude of deformation that oc-
curs in the system MNP—macromolecule—MNP when
exposed to LFMF [28]. It has been shown that in sys-
tems MNP—macromolecule—MNP located in an aqueous
medium, the viscous and elastic forces have no significant
effect at LFMF frequencies below ~ 10*Hz. It is shown
that, with the correct selection of system parameters, it
is possible to obtain forces applied to a macromolecule
sufficient to change the topology of its active centers
and secondary/tertiary structure. It is shown that in an
alternating magnetic field with an induction of 0.1-1T and
a circular frequency of < 10*s~! in macromolecules, forces
up to several hundred pN can be induced and absolute
deformation up to several tens of nm can be caused,

developing compression and shear stresses up to 10% Pa [28—
30).

Yu.l. Golovin and co-authors theoretically proved that the
use of anisotropic MNP is more promising than the use of
spherical MNP, as it allows to achieve stronger deformations
with similar parameters of LFMF [31].

In a recent review by Cecile Naud et al. a drastic growth
of the number of studies where MNP are used as local
mediators of mechanical deformations for cancer therapy
is noticed [32]. In a number of papers not included in
this review, the possibility of using MNP as local media-
tors of mechanical deformations has been experimentally
demonstrated. It has been shown that the forces achieved
are sufficient to modulate the activity of enzyme jcite33,
activate the ion channels and disrupt the integrity of the
cell membrane jcite34, cause dissociation of complementary
chains of the short DNA duplexes jcite35, and induce
the death of the tumor-associated fibroblasts by damaging
their lysosomes [36], control the cell differentiation and
migration in tissues in in vivo conditions [37]. Magnetic
micro-discs are capable of not only disrupting the integrity
of a cell membrane, but also of triggering the apoptosis
of cancer cells in vitro as a result of exposure to LFMF
with a frequency of several tens of hertz for 10,min [38].
in vivo, cancer cell apoptosis is achieved through the use
of spherical MNP by targeting the DR4 receptor [39]. It
was shown that it is possible to control the expression of
a ligand protein bound to cubic superparamagnetic iron
oxide nanoparticles under a 30-minute exposure to LFMF
with a frequency of 50 Hz [40]. In addition, recent studies
have demonstrated the possibility of controlling enzyme
activity using pulse modes of LFMF (15/0.3 s and 1 min/30s
pulse/pause duration, respectively) [41,42].

In a number of studies, it has been directly shown
that the effect of LFMF on MNP does not lead to
significant heating of the medium [43,44]. The activity
of enzymes immobilized on MNP does not decrease
under the influence of LFMF [41], the viability of cells
with internalized magnetically sensitive capsules does not
decline [43]. These experimental data indicate the fact that
the use of magnetomechanical actuation is quite compatible
with biological systems.

However, the number of experimental studies remains
quite small. The above theoretical studies where the
features of MNP rotation behavior are examined, mainly
consider the systems MNP —macromolecule—MNP. The
purpose of this work is to analyze the rotation behavior
of MNPs embedded in the shells of polyelectrolyte capsules
using computer modeling, as well as to compare the shell
deformations that can be achieved under the influence of
continuous and pulsed magnetic fields. The deformations
of polyelectrolyte shells were analyzed taking into account
the typical parameters of nanoparticles used for their modi-
fication. Due to the developed synthesis methods, excellent
biocompatibility, pronounced superparamagnetic properties
and the ability to uniformly functionalize the capsule shell
with them, MNP of iron oxides with a size of about 10
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nm are the most commonly used. Such particles have
a pronounced Brownian mechanism of magnetic moment
relaxation, which, combined with other characteristics, can
ensure predictable and controlled behavior of nanoparticles
when exposed to magnetic fields.

2. Results of numerical modelling

2.1. Rotation of MNP in continuous LFMF

To describe the behavior of MNP motion in the PEC shell
under the action of LFMF, consider the equation of rotation
of a single spherical MNP [28,29]:

1 = pu x B(t) — 8aqVupd — M - (@ — o), (1)

where | — moment of inertia of MNP, g — vector of
magnetic moment of MNP, B(t) — induction vector of
magnetic field, n — viscosity in MNP micro-environment,
Vup — hydrodynamic volume of MNP, ¢ — current angle
of MNP rotation, ¢p — initial angle of MNP rotation,
M - (¢ — @o) — moment of elastic forces acting from the
shell when MNP rotates at an angle of (¢ — @o).
For modeling let’s reduce the equation (1) to the form:

$+bp+c-(p—g@o) =d"sin(wt)cos(p), (2

where w — frequency of LFMF, b — 8anVup/I, ¢ — M/,
d—u- B/l

This equation was solved numerically at various values of
parameter ¢ and fixed values b =1, d = 1. A resonance of
MNP rotation is observed in the system, i.e., an increase
in the amplitude of rotation. Depending on the elastic
parameters of the system (parameter C in equation (2)),
the amplitude and frequency of the resonance may change
their values. Higher shell stiffness, i.e., increase of c, leads
to higher resonant frequency of the PEC shell and lower
resonance amplitude, which is demonstrated in Fig. 1.

Assuming that we have linear dependence of permeability
of the shell for the encapsulated substance on the amplitude
of rotation, we may talk about presence of a resonance
enhancement in the permeability of PEC shell deformation.
The resonant amplification of the release associated with
the mechanical deformation of the PEC shell has previously
been shown experimentally [26,45].

2.2. Rotation of MNP in pulsed LFMF

For the reviewed MNP system in PEC shells, the effect
of pulsed fields with a sinusoidal pulse shape is of great
interest.  During the pauses between the pulses, the
magnitude of magnetic field induction was assumed to be
zero. At the beginning of each pulse, the parameters of
magnetic field corresponded to the parameters of magnetic
field at the initial time. During the pauses between pulses,
the PEC shell relaxes into an undeformed state. Two
different situations may occur:
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Figure 1. The dependence of the amplitude of MNP rotation in

the PEC shell on the frequency of LFMF at different values of
parameter C (the rest of the parameters remain constant).
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Figure 2. The angle of rotation of MNP in PEC shell under the
influence of continuous and pulsed permanent magnetic field (the

duration of pause between the pulses is longer than the duration
of shell relaxation) (Timp = 0.1, Tpause = 1.05).

1. The time of pause is higher than the shell relaxation
time. In this case the shell is relaxed to the non-deformed
state. The relaxation time depends on elastic properties of
the shell and viscosity inside the shell (parameters b and ¢
in equation (2) respectively). Due to the action of inertial
forces, relaxation has an oscillating form. Figure 2 shows the
time dependence of MNP rotation angle under continuous
and pulsed exposure to LFMF with a frequency of 5 Hz (the
resonant shell frequency of 5Hz was used for modeling in
both modes). Vertical lines show LFMF switching OFF and
ON for the pulse mode.

2. The time of pause is less than the shell relaxation
time. The shell has no enough time to relax. In this case,
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Figure 3. The angle of rotation of MNP in PEC shell under the influence of continuous and pulsed permanent magnetic field (the
duration of pause between the pulses is less than the duration of shell relaxation) :@ — Timp = 0.1, Tpause = 0.25, b — Timp = 0.1,

Tpause =0.05s.

the dependence of the rotation angle on time may have a
rather complex relationship as illustrated in Fig. 3. For
modeling, LFMP with a frequency of 5Hz and a resonant
shell frequency of 5 Hz were used for both modes. Vertical
lines show the moments of LFMF switching OFF and ON
for the impulse modes.

As can be seen from Fig. 3 the decrease in duration of
pause lead to less time for the shell to relax. At the moment
of the next activation of magnetic field, MNP begins to
experience its effects.

To compare the impulse and continuous modes of
exposure to LFMF, we introduce a time-averaged rotation
angle modulus ((A@);) MNP PEC shell:

tact

g L ()

act

where Ap(t) — deviation of MNP at a moment of time t
from initial position, tact — general exposure time.

This value characterizes the time-average deviation of
MNP from the equilibrium position. Let’s assume that
(A@)t and variation of PEC permeability have linear
dependence. Then exposure to LFMF with modes for which
(A@); is higher will lead to a greater release of encapsulated
substances.

Figure 4 shows the maximum normalized dependence
(A@)t on the frequency of LFMP and the resonant fre-
quency of PEC shell under continuous exposure. The
obtained dependence is similar to that given in Figure 1.
The highest value (Ap); is achieved in the low-frequency
region when the resonant frequency for PEC shell and the
frequency of LFMP coincide. When the frequency of LFMP
differs from the resonant frequency of the shell, the value
of (A@): decreases rapidly and becomes smaller by a factor

of 10>—103 times. It can be seen from Fig. 4 that when the
frequency of LFMP and the resonant frequency of the shell
(A@); coincide, it decreases tenfold with the frequencies
rising from 10 to 100Hz.

Impulse modes compared to continuous modes can lead
to an increase or decrease in (A@); depending on the pulse
duration, pause time, frequency of magnetic field and elastic
characteristics of the system itself.

Figure 5 shows the values (Ag); for impulse modes,
normalized to the maximum value. For each pair of values
of the PEC shell’s resonant frequency and LFMF frequency,
PEC rotation in the PEC shell was simulated at different
LFMP pulse and pause durations (Timp and Tpause Within
0—1s, step — 0.0055). Based on the modeling results, an
impulse mode with the highest value (Ap); was selected for
each pair of values of the PEC shell resonant frequency and
LFMP frequency.

The dependences of (A@); on the frequency of the
magnetic field and resonant frequency for PEC shell in
continuous (Fig. 4) and pulsed (Fig. 5) modes of exposure
to low-frequency magnetic radiation have similar nature,
however, in case of pulsed modes, when the frequency
of the magnetic field and the resonant frequency of the
PEC shell do not match, the decrease (A@); occurs more
smoothly than in the case of continuous exposure mode.

To evaluate the effectiveness of impulse modes versus
continuous modes, the ratio of the largest (A@): imp impulse
mode to (A@)icom of continuous mode was obtained
for each pair of magnetic field frequency and resonant
frequency values for the PEC shell. Fig. 6 illustrates a heat
map (A@)timp/ (A@)t cont-

Figure 6 shows that on the diagonal, which corresponds
to the close values of the magnetic field frequency and
the resonant frequency of PEC shell, (A@)timp ~ (A@)t_cont-

Technical Physics, 2025, Vol. 70, No. 6
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Figure 4. The values of the time-averaged deformation under
continuous action of LFMF of different frequencies on PEC with
different resonant shell frequencies.
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Figure 5. The values of the maximal time-averaged deformation
under continuous impulse action of LFMF of different frequencies
on PEC with different resonant shell frequencies.

In this frequency range, the deformations created during
continuous and impulse modes differ by no more than 5
times. This is due to the presence of pauses in impulse
modes, during which the shell relaxes into an non-deformed
state. In this regard, in this field it is difficult to figure
out the preferred mode of exposure in which deformations
would be greatest.

In the regions of significant difference between the
frequencies of magnetic field and the resonant frequencies
of PEC shells, deformations occur in impulse modes that
exceed deformations under continuous action of LFMF by
tens of times. The greatest differences are observed when
the frequency of LFMP exceeds the resonant frequency of
the PEC shell (the area above the diagonal in Fig. 6). Let’s
consider this region in the map in details, having selected

Technical Physics, 2025, Vol. 70, No. 6

100 1 <0>1 imp
E 90 | i <(P>t,cont
=l | g
s ol | 80
3 1 70
& 60 [ s 4 60
S s0f 41 1%
S wl | 4 40
S 4 30
§ 301 1 [ 420
S 20 . 10

L A i 5.0
10 | | | | | | | | | | 10
10 20 30 40 50 60 70 80 90 100 0.8

Resonant frequency of PE shell, Hz

Figure 6. Heat map of the ratio of the largest (A@)iimp impulse
mode to (A@)icon continuous mode for different values of the
frequency of LFMF and the resonant frequency of PEC shell.

—o— Continuous mode
= Tpause =0.01's

(Pmax

Po

Angle of rotation

Pmin

0.10 0.15 0.20 0.25

Time, s

Figure 7. Orientation of MNP in the PEC shell exposed to LFMF
in continuous and impulse modes (Timp = 0.05s) when (Ag); is
increased in many times.
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the values of LFMF frequency and resonant frequency of
PEC shell as 80 and 30 Hz, respectively.

Fig. 7 shows dependence ¢(t) for continuous and several
impulse modes in case when frequencies do not coincide
(LFMF frequency — 80 Hz, resonant frequency of the PEC
shell — 30Hz). The dependence demonstrates how the
orientation of the particles’ magnetic moment in the shell
changes over time.

The curve corresponding to continuous mode intersects
the straight line @ more times than all the curves cor-
responding to the impulse modes. Besides, the values of
rotation amplitudes for continuous mode are lower than for
impulse ones (regardless of the duration of pauses). This
results in higher (A@); in case of impulse mode.
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3. Discussion

The above results were obtained for different values of
parameter C and fixed values b = 1, d = 1, of equation (2).
Papers [28,29] give the following estimates of parameters b
and d: d~ 104=10"7, b~ 101'—10'2. The estimated
values of parameter c can be obtained based on the
values of Young’s modulus for polyelectrolyte capsules from
papers [46,47]. Summarizing the results of these two papers,
we can conclude that for polyelectrolyte capsules, the value
of Young’s modulus is E ~ 1—-100 MPa. Then the value of
parameter c for polyelectrolyte capsules can be estimated as

RE% ~ 1028 30

C~ RS 10-°—-10-", 4)
where R — the radius of magnetic nanoparticles, E —
Young’s modulus, L — length of the part of the polymer
matrix deformed by rotation of the magnetic nanoparticle,
S — cross-sectional area of the polymer matrix portion
deformed by rotation of the magnetic nanoparticle, p —
density of the MNP material. In the obtained estimate
the following values were usedL ~ 1078m, R~ 10~8m,
S~ 107m? p ~ 5-10%kg/m>. The value for L was based
on the estimate of the polyelectrolyte chain length with the
polyelectrolyte mass of 50—100kDa [48,49]. With such a
polyelectrolyte mass, the length of the polyelectrolyte chain
is 10—20 nm.

Based on theoretical concepts of [50], if we have values
b ~ 10'¥—10" and ¢ ~ 102—-10%, it is possible to obtain
the resonant frequency of the polyelectrolyte shell up
to 100Hz.

It is worth noting that large values of the parameters b
and c lead to a decrease in the magnitude of the resonant
peak, and, hence, to a decrease in the efficiency of
the release of encapsulated substances when exposed to
LFMF. Despite this, the existing experimental results on
the release of fluorescent-labeled dextran, bovine serum
albumin, mitoxantrone, and doxycycline [25,26,43,45] from
polyelectrolyte capsules prove that it is possible to use
continuous LFMF for a controlled impact on permeability
of their shells.

Conclusion

In this paper, the behavior pattern of MNP rotation in the
PEC shell under the influence of LFMF is analyzed. The
MNP rotation in the PEC shell was modelled at different
LFMF parameters.

1. It was proved by computer modeling that MNP rotates
in the shell with a resonant frequency. Previously, the
resonant frequency of MNP rotation assumed was based
on experimental data.

2. It was demonstrated that in case of close values of
the field’s and the PEC shell’s frequencies, the impulse
and continuous modes of LFMF allow the commensurable
deformations to occur.

3. In case of impulse action of LFMF with a frequency
different from the resonant (natural) frequency of the PEC
shell, it is possible to increase deformation of the PEC
shell (and hence its permeability) several times compared to
continuous action of LFMF. The greatest effect is achieved
when LFMF frequencies outpace the resonant frequency of
the PEC shell.
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