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Abstract
The paper discusses schemes for implementing magneto-mechanical anticancer therapy and the
most probable scenarios of damaging mechanical effects on the membranes of malignant cells
by targeted magnetic nanoparticles (MNPs) selectively bound to membrane mechanoreceptors
employing aptamers. The conditions for the selective triggering of the malignant cell apoptosis
in a low-frequency non-heating alternating magnetic field, corresponding to the exceeding
threshold value of the force acting on the membrane and its mechanoreceptors, are established
using a nanoparticle dynamic simulation. The requirements for the functionality of MNPs and
their suitability for biomedical applications are analyzed. Attention is paid to the possibility of
the formation of magnetite nanoparticle aggregates in an external magnetic field and their
localization near tumor cell membranes. It is shown that the scenario involving the process of
aggregation of magnetite nanoparticles provides a sufficient magneto-mechanical impact to
achieve a therapeutic effect. A possible explanation for the experimentally established fact of
successful application of magneto-mechanical therapy using magnetite nanoparticles is
presented, in which complete suppression of the Ehrlich carcinoma in an alternating magnetic
field as a response to a magneto-mechanical stimulus was demonstrated. This result confirmed
the possibility of using the method for high efficiency treatment of malignant neoplasms. The
paper provides an extensive review of key publications and the state of the art in this area.
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1. Introduction

1.1. Theranostics with functionalized magnetic nanoparticles

Nanotheranostics is one of the most promising and rapidly
developing strategies of modern biomedicine, which implies
a complex of noninvasive diagnostic and therapeutic meth-
ods combined in a single consistent and simultaneous process
within a common technological platform. By now, nanother-
anostics is understood to be a complex of physical principles
of nanotechnological techniques, biochemical and engineering
means of controlling various nanoparticles, functioning both
for the intended tasks and for specific molecular targets [1–6].

Nanotheranostics aimes to eliminate many fundamental
drawbacks of traditional methods of diagnosis, treatment, and
monitoring, in which widely used means of modern medicine
and the effect of injected drugs are not targeted, in particu-
lar in the treatment of oncological diseases. They are spread
throughout the organism by the bloodstream and therefore
have to be injected in unnecessarily large quantities compared
to the doses actually needed to treat the affected tissue, which
can often exceed the toxicity limit and become below the thera-
peutic threshold after some time.

Among nanotheranostic approaches using various phys-
ical principles, noninvasive control of the biochemical sys-
tem through non-heating low-frequency electromagnetic fields
should be noted. Exposure of the organism to low-frequency
electromagnetic fields poses far fewer risks and dangers than
chemical and radiation exposures, let alone surgical ones. At
the same time, low-frequency electromagnetic fields them-
selves are easy to dose and control, and the impact on the
affected organ can be focused in any area of the internal organs
with a size of about a few millimeters.

When choosing the frequency of the electromagnetic field,
it should be considered that the depth of field penetration
increases as its frequency reduces. Alternating magnetic fields
that cause negligible heat release and temperature change
compared to metabolic heat generation can be considered non-
heating. Low-frequency magnetic fields with a frequency of
much less than 1000Hz are guaranteed to be non-heating
under any conditions with or without the use of magnetic nan-
oparticles (MNPs) [7].

The main disadvantage of nanoparticles, until recently, was
the non-selectivity of their bonding, which occurs not only
with diseased but alsowith normal tissues, accompanied by the
negative impact in the alternating magnetic field [8, 9]. This
drawback has been overcome by targeting delivery with recog-
nition agents that specifically bind to cancer cell biomolecules.

Among the most promising recognition agents are
aptamers, short synthetic single-domain DNAs that specific-
ally bind to various targets such as organicmolecules, proteins,

cells, and tissues with high binding selectivity [10–12]. Their
low toxicity and cost are also noteworthy.

Thus, methods of targeted exposure to the malignant cells
are the basis of the strategy of anticancer therapy using various
physical factors.

Magnetic nanotheranostics, which, along with diagnostics,
also includes the treatment of malignant neoplasms using tar-
getedMNPs [7, 13–20], has several advantages over laser pho-
todynamic therapy methods e.g. [21–24], as well as chemical
e.g. [24], hydrodynamic [25–29] and radiation effects on the
organism. The laser radiation intensity must be controlled to
prevent intense heating of the nanoparticles accompanied by a
loss of their resonance properties [30–32].

The prevalence of MNPs is extensively increasing, and
their applications are very diverse. Superparamagnetic nan-
oparticles are the most popular since they exhibit magnetic
properties only when amagnetic field is applied. Themagnetic
moment of superparamagnetic nanoparticles without a mag-
netic field is zero [33, 34]. Note that this feature prevents fast
spontaneous aggregation of superparamagnetic nanoparticles.

The use of MNPs for therapy is possible when the mag-
netic core is modified with: (a) a biologically functional layer
providing interaction with the target; (b) a protective shell that
ensures MNPs’ stability in the organism and protects the body
from the toxic effects of the magnetic core [35].

Low-frequency magnetic fields do not cause non-selective
cellular hyperthermia. The therapeutic effect due to the mech-
anical impact on the cell membrane is associated with less
damaging factors for normal cells. The high penetrating abil-
ity of the alternating magnetic field provides treatment effic-
acy and versatility of application to various types of malignant
neoplasms.

Magnetic nanotheranostics with functionalized single-
domainMNPs using alternatingmagnetic fields as well as drug
delivery applications are reviewed e.g. in papers by Golovin
et al [7, 14, 36]. The papers mainly focus on a new approach
that utilizes non-heating low frequency magnetic fields for the
nanomechanical actuation of MNPs.

An important aspect of this method is the ability to control
the dose and exposure time of the therapeutic effect.

The problem of the active targeted delivery of MNPs to
a pathological molecule for cancer diagnostics and therapy
is one of the most acute problems. It can be solved by cre-
ating nanostructures conjugated with molecular recognition
ligands. Nucleic acid aptamers can easily match any desired
target due to their ability to form unique conformation. This
small artificial single-stranded RNA or DNA oligonucleotide
can be designed to bind with high affinity and specificity to
anymolecule or cell. Through structural recognition, aptamers
recognize and bind specifically to given cells in vivo [37–39].
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In addition, aptamers are produced chemically and
chemically modified in an easily scalable process; the syn-
thesis is not susceptible to viral or bacterial contamination.
Oligonucleotides are non-immunogenic and non-toxic, small
size allows them to penetrate any tumors. They reversibly
denature with the restoration of the desired conformation. An
significant advantage is that the production of aptamers is
approximately 100 times cheaper than monoclonal antibodies
[40].

Another problem with using MNPs for cancer therapy is
their high reactivity, efficient diffusion through biological
membranes, and ability to overcome tissue barriers, which
increase their toxicity to normal tissues [41].

Moreover, MNPs toxicity is determined by their chemical
composition. It is assumed that MNPs based on iron are less
toxic since iron is quickly degraded in the body. Manganese
(Mn) and zinc (Zn) are more toxic than iron and are practically
not used without prior surface modification [42].

The following types of MNPs are known for application in
magneto-theranostics e.g. FeCo,FePt,CoPt,Co,Ni,CoFeO4,
Fe2O3,Fe3O4 [7]. Note the moderate biocompatibility of mag-
netite Fe3O4, which is its important advantage. MNPs consist-
ing of this material will be the subject of our work.

Note that Co and Ni used for magnetic hyperthermia are
highly toxic and require special coatings [43]. However, the
functionalization of MNPs with aptamers reduces toxicity and
increases the biocompatibility of MNPs [35].

A striking example of the successful realization of a high-
efficiency magneto-mechanical therapy usingMNPs function-
alized with aptamer, providing targeted delivery of MNPs
to the mouse Ehrlich carcinoma cells in vivo and in vitro
is the paper by Belyanina et al [13]. In this work, aptamer
AS-14 selectively stuck MNPs with the extracellular matrix
fibronectin. It was shown that 10min exposure to an altern-
ating magnetic field with a frequency of 50Hz caused tumor
cell apoptosis (programmed cell death) without heating. These
studies confirmed the possibility of using MNPs functional-
ized by aptamers in an alternating non-heating magnetic field
for the successful therapy of malignant neoplasms.

The range of applications of MNPs for biomedical applica-
tions is quite broad. They can be used for targeted drug deliv-
ery [44–47]. One of the first communications on the targeted
delivery of the anti-tumor medication epirubicin in vivo as part
of a ferrofluid with MNP to which it was chemically bound
was made in paper [48]. In addition, MNPs can be used to
enhance the contrast of magnetic resonance imaging [46, 49,
50], for diagnosis [51, 52], detecting molecules when nano-
particles bind to them [53, 54], imaging [55], bioseparation
[56–59], and as a component of biomaterial for tissue engin-
eering [60], etc. In addition, the use of MNPs (Janus nano-
particles in paper [61]) allows the creation of a strategy to stim-
ulate the body’s T-lymphocytes to produce a natural immune
response, which is an important step in immunotherapeutic
protocols.

In theranostics of malignancies [34, 62] based on the
application of MNPs, the choice of their characteristics,

such as saturation magnetization and magneto-crystalline
anisotropy, which depends on the chemical composition of
nanoparticles and their shape, corresponding to a specific
therapeutic task [63, 64]. The interrelation of these paramet-
ers optimizes the magnetic characteristics for effective ther-
anostics. The review [65] considers cellular effects (primarily
the death of the malignant cells or pathogens) that depend on
the combination of the above parameters and are determined
by the composition and size of MNP, the exposure time of the
magnetic field, its frequency and intensity. Functionalization
of the nanoparticle surface, in addition to the ability to recog-
nize the malignant cells, also allows solving the problem of
biocompatibility [35, 66]. The choice of material, composi-
tion, size of MNPs, and method of functionalization of their
surface is dictated by the following requirements: low toxicity
of the obtained bioconjugate, the single-domain structure of
MNPs for uniformmagnetization in an externalmagnetic field,
localization of the magnetic field within the exposure area, and
the possibility immobilizing molecules on the MNP surface
for targeted delivery [35, 67].

Synthetic oligonucleotides, single-stranded DNA
aptamers [68, 69] are one of the essential bioconjugate com-
ponents that provide selective interaction with the tumor cells.
Aptamers are of great interest for interdisciplinary research
in molecular biology and physics because they can be easily
immobilized onto various carriers, such as nanoparticles of
various shapes and sizes. DNA or RNA oligonucleotides have
a high affinity and specificity to the target [38, 70]. The targets
of aptamers can be either whole cells or individual molecules.
Aptamers of different sizes are obtained by the systematic
evolution of ligands by exponential enrichment [71] selection
from a sequence library.

1.2. Scenarios of the malignant cell apoptosis and related
processes involving the cell membrane elements

It should be noted that the initiation of apoptosis is not due
solely to the mechanical effect on the mechanoreceptors of the
malignant cell membrane using MNPs. Such exposure only
triggers a cascade of accompanying biochemical processes
with the involvement of cell elements implicated in the initi-
ation of apoptosis [72]. Some of the most important biochem-
ical processes are worth discussing here.

The selective binding of DNA aptamer to the malignant
cell is due to its affinity for fibronectin, as well as its affin-
ity for integrin, a receptor transmembrane protein [73]. Func-
tionally, integrin connects the cell’s internal environment with
the external environment—the extracellular matrix, including
through fibronectin [74, 75].

Fibronectin stimulates signal transduction and participates
in cell cycle evolution [76–78] by being linked to integrin.

A key role of integrin for the cell is its signaling func-
tion, providing various scenarios of intracellular reactions in
response to external influences [79–82], including apoptosis.
The binding of fibronectin to integrin is accompanied by a
change in the conformational state of the latter [83, 84].
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Apoptosis can be triggered externally by specific trans-
membrane proteins—death receptors [85–87]. In addition,
the formation of the apoptotic signal can be initiated by the
binding of NPs to proteins that play a key role in tumor
growth [88]. For example, superparamagnetic nanoparticles
(NiFe and magnetite nanodisks) used in [89] and function-
alized for binding to the renal carcinoma tumor membrane
antigen (CA9 [90] carboanthidase) induced apoptosis 6 h
after bioconjugate injection and exposure to a non-heating
(≈30mT) low-frequency (≈20Hz) magnetic field.

As a result, the proteins that block apoptosis lose activ-
ity, and the cytoskeleton and nuclear membrane are destroyed.
The cell disintegrates into apoptotic corpuscles with their
subsequent capture by immune system cells and phagocyt-
osis [91].

Note that apoptosis is accompanied by the formation
of macromolecular complexes in which the activation of
enzymes—caspases occurs, which serves as a signal for the
initiation of a cell death program [92–94]. Caspases trigger
cell death by cleaving specific proteins in the cytoplasm and
nucleus.

Importantly, caspases are experimental markers for the
registration of apoptosis and their presence is indicative of
the initiation, and course of this process in the malignant neo-
plasms [18, 89, 95, 96]. For example, the interaction of Fas
Ligand (FasL) and Tumor Necrosis Factor Ligand Superfam-
ily, Member 10 (TNFSF10) with receptors initiate the apop-
totic processes, which is accompanied by the formation of
a death-inducing signaling complex that activates caspase-
8 [91, 97].

Specific binding of the bioconjugate to the malignant cell
under alternating magnetic field conditions, which does not
result in a hyperthermic effect, ensures that intracellular
scenarios trigger apoptosis[81, 82] as follows: aptamer-bound
fibronectin, when coupled to integrin, causes its conforma-
tion to change [83, 84, 98, 99], and the presence of MNP in
the extracellular matrix under the alternating magnetic field
causes a mechanical pulling effect on integrin.

According to the approach [13, 83, 98, 100, 101] used in
our work, the mechanical action on transmembrane proteins
(including integrin) changes their conformation, taking into
account the contribution of ligand binding, can initiate cellular
reactions.

Importantly, triggering of the caspase cascade by mechan-
ical action on integrin using MNPs in an alternating magnetic
field in work [13] is evidence of apoptosis in the Ehrlich car-
cinoma cells. To effectively trigger apoptosis, it is important
to know the threshold magnitude of the force that must be
applied to the transmembrane protein to accelerate its con-
formational transition. The magnitude of this force, which
causes cell death, ranges from 4 pN [100, 101] to 10 pN. The
maximum value corresponds to the threshold value of the force
at which the bond between the integrin and the ligand can be
broken and through which the mechanical pulling action is
transmitted [102].

Mechanical activation of select signaling pathways
may be combined with other (systemic) stimuli to induce
cell death. In [100, 101] it has recently been demon-
strated that the activation of extracellular signal-regulated
kinase pathway through periodic stretching specifically
targeted ErbB3 receptors in MCF7 cells with 4 pN using
micrometer-long iron rods with functionalized gold tips.

Cell adhesion (association) processes play an important
role in the development of apoptosis [103]. If, for some reason,
the cell lacks signaling interactions with the intercellular mat-
rix, the cell cycle ceases, and the caspase cascade is activated,
leading to apoptosis [104] is initiated.

In the literature, mechanisms for triggering apoptosis,
where integrins play an essential role, have been described
in [84, 105–108]. One of them is anoikis, a type of cell death
associated with cell detachment from neighboring cells [109]
with the sequence of biochemical processes in the cell leading
to apoptosis [91, 109]. The second variant is integrin-mediated
apoptosis, which occurs due to the disruption of integrin-
ligand contact [98]. Ligand-unbound integrins can lead to sub-
sequent activation of caspase-8 [104].

The goals of our paper are: (a) investigation of the con-
ditions in which the mechanical motion of an MNP bound
explicitly to a malignant cell by a DNA aptamer can create
a force applied to a transmembrane protein under the action of
an alternating magnetic field exceeding the threshold required
to trigger apoptosis through the formation of an intracellu-
lar signaling pathway; (b) an explanation of the experimental
result [13], which demonstrated effective suppression of the
Ehrlich carcinoma cell division using magnetite particles in
an alternating magnetic field as a response to a magneto-
mechanical stimulus.

The paper is organized as follows. In section 1, a literature
review of the topic of the study and related issues are given,
as well as the goals of the study are formulated. Section 2
describes the models of the nanoparticle motion in an altern-
ating magnetic field, ensuring the exceeding of the threshold
force on the transmembrane protein, as well as the physical
and structural properties of nanoparticles and the schemes
of their interaction with each other and with the cell mem-
brane. Section 3 describes the nanomaterials used in the exper-
iments. Section 4 presents the kinetics of the interaction of
nanoparticles with the membrane in an alternating magnetic
field, the dependencies of the exposure force on the size of
MNPs and the magnetic field strength, as well as the aggreg-
ation effect of MNPs and its influence on the impact force on
the cell mechanoreceptors.

2. Model of mechanical interaction of MNPs with a
cell membrane

The application of various physical factors of targeted expos-
ure to malignant cells is one of the important areas of research
when determining the strategy for anticancer therapy.
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In our work, we consider a model simulating the condi-
tions of an actual experiment [13] using MNPs (‘core–shell’
nanoparticles covering size ranges 30–50 nm with a magnetite
core of 11–15 nm diameter and the Au shell) with AS-14 DNA
aptamers conjugated on its surface, as well as magnetite nan-
oparticles of heterogeneous hydrosols consisting of individual
gold and magnetite nanoparticles. The aptamers on the gold
surface of MNP recognize a specific fibronectin domain and
provide a binding site, while the other fibronectin domain
interacts with the binding site located on the β-subunit of
integrin [73, 83, 98].

Thus, the selectivity of aptamer binding to malignant tumor
cells through the transmembrane protein—integrin and its lig-
and is realized.

In the actual experiment, the specificity of the DNA
aptamer with the target is provided by a unique set of
amino acid sequences, which in this case, distinguishes the
fibronectin of a normal cell from the fibronectin of a malig-
nant cell and forms the selectivity of the aptamer bond only
with the latter [75, 77, 110, 111].

To reduce the cytotoxicity of MNP [112–115], as well as
to realize the binding of the bioconjugate to the target, their
combination with gold nanoparticles in the studied hydrosol or
‘core–shell’ nanoparticles (gold shell and magnetite core) [54,
116] is used. In addition, conjugation with DNA-aptamers can
be performed by decorating magnetite nanoparticles with gold
fragments on the particle surface.

The cause of the force effect on cell mechanoreceptors is
the motion of MNP in an alternating magnetic field. Such
a motion of MNP bound to the membrane is caused by
the rotational component of this movement emerged by the
tendency to align the intrinsic magnetic dipole moment of
MNPs along the direction of the applied magnetic field. In
the free state, such particles rotate around their axis, and
when the field direction is reversed, the rotation changes to
the opposite until the magnetic moment is aligned along the
field.

In a simplified case of MNP binding to a membrane in
its specific area, limited by the size of the aptamer (within
10 nm [117]), as well as a fragment of fibronectin fiber and
integrin, the character of particle motion is an arc, the length
of which is limited by the contact condition membrane particle
on the left and right, as shown in figure 1. It is also important
to note that MNP deforms the membrane at the site of contact
with it and, during rotation, creates a moment of force that has
a vertical projection, which is applied to the transmembrane
protein integrin (or to another membrane element with which
a connection can selectively occur)

In addition, at the moment when the particle touches the
membrane, several elements act on it: an aptamer rigidly
bound to fibronectin, which, in turn, is bound to the trans-
membrane protein. The size of the integrin above the outer
surface of the membrane in the open conformational state is
about 19 nm [83].

The action of an alternating magnetic field onMNPs can be
accompanied by twoways of relaxation processes of ferrimag-
netic single domains: the Brownian and Neel relaxation [7].
The latter is associated with thermal fluctuations in magnetic

Figure 1. The schematic motion of a magnetic nanoparticle bound
to a specific area of a cell membrane in an alternating magnetic field.

anisotropy, leading to changes in both orientation and amp-
litude of the nanoparticle magnetic dipole moment.

2.1. Equations of motion of a MNP in an alternating magnetic
field

The equation of motion of a free MNP under the action of
an alternating magnetic field includes the vectors of the nan-
oparticle’s intrinsic magnetic moment M and magnetic field
inductionB, responsible for the particle’s rotation and achieve-
ment of the orientational equilibrium condition [7]. These con-
ditions correspond to the collinearity of the magnetic moment
and field direction, taking into account the action of the rota-
tional viscous friction torque [118, 119]

I
d2ϕ
dt2

=−M ·B(t)sinϕ− 8πηR3
m
dϕ
dt

. (1)

The motion of MNP in conditions of its bonding with the cell
membrane surface through the aptamer in the alternating har-
monic magnetic field is an oscillatory process corresponding
to the periodic motion of the particle center of mass along an
arc within a certain angle (figure 1).

Such translational-rotational dynamics of a particle
(without taking into account the stochastic force [119]) obeys
the following system of equations [14,118,119]

m
d2ri
dt2

= F− 6πηRm
dri
dt

, (2)

Iij
d2ϕϕϕ
dt2

= [M,B]− [x0,F]− 8πηR3
m
dϕϕϕ
dt

. (3)

In equations (1)–(3) ϕϕϕ is the angle of the current direction of
the MNP magnetic moment relative to the direction vector of
the external alternating magnetic field in the first half-period,
Iij is the moment of inertia tensor of MNP, m is the nano-
particle mass, Rm is the hydrodynamic radius of a particle, F is
the elasticity force acting on nanoparticle from aptamer, x0 is
the radius-vector from the MNP center to applied force point,
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η is the viscosity of the environment (accepted as the equi-
valent of water sim10−3 Pa·s). The viscosity of the intracellu-
lar fluid may significantly exceed the characteristic values for
water [7].

Equation (2) also includes the force of viscous friction
arising from the translational motion of a particle in a viscous
medium.

2.2. The effect of a MNP on the membrane in an alternating
magnetic field

It should be taken into account that different types of hydrosols
with biocompatible nanoparticles were used in experiments on
magneto-mechanical therapy, including heterogeneous hydro-
sols with particles of varying compositions, which included
gold and magnetite nanoparticles.

First of all, we note that any combination must contain a
gold particle or gold fragments on the surface of the MNP.
This is due to the fact that aptamers conjugate only to gold.
Thus, particles that do not contain aptamers on their surface
are not able to selectively bind to the malignant cells.

Consider the most general case, in which a certain type
of the MNPs under identical conditions allows the effect on
an arbitrary membrane element, to which an affinity to the
aptamer is created by selection. In this case, the vertical com-
ponent of the force acting on the membrane and directed out-
ward by the rotation of the particle appears figure 2.

2.2.1. Scheme of the interaction of a magnetite particle with
a membrane. Considering a single magnetite particle,
we assume that in synthesizing heterogeneous hydrosol
(magnetite–gold), at least a small fraction of magnetite
particles may contain fragments of gold on the surface. On
this basis, we obtain the value of the vertical projection of the
force (Fn) acting on the membrane (figure 2(a)):

|Fn|=
T√
2RmL

=
4πms|B|R5/2

m

3µµ0

√
2L

, (4)

where Fn is the normal projection of the elastic force acting
on the aptamer, T= |T|= |[M×H]| is the maximal value of
the force momentum acting on the particle, H is the external
magnetic field strength H= B/µµ0 (|B|= 0.01T), µ0 is the
magnetic constant, µ is the magnetic permeability of inter-
cellular medium (taken equal to the magnetic permeability
of water), M is the particle’s intrinsic permanent magnetic
moment |M|= ms ·Vm, ms is the saturation magnetization of
magnetite depending on particle size (for magnetite particles
with diameter 2Rm = 15 nm ms = 410 kAm−1 [120]), Vm =
(4/3) ·πR3

m is the volume of the magnetite particle, Rm is its
radius, the magnetite density is ρm = 5240 kgm−3 [120], L=
L1 +L2 +L3 is the length of the molecular bond (equal to the
sum of the lengths of the supramembrane part of the integrin—
L1, the part of the fibronectin fiber between domains 5 and
10—L2 that selectively connects the aptamer to the integrin,
and the aptamer—L3).

Below is the equation for the force (Fn) acting from the
dumbbell-shapedMNP, including gold andmagnetite particles
(figure 2(b))

Figure 2. Schematics of three particle configurations (sectional
view): (a)—single magnetite particle, (b)—magnetite particle on the
surface of the gold particle (a dumbbell-shape), (c)—a particle with
a magnetite core and gold shell (Blender software).

|Fn|=
4πms|B|R5/2

m

3µµ0

√
2L

·
√

Rm

RAu
, (5)

where Rm is the radius of MNP located on the surface of a
homogeneous gold particle of radius RAu.

Finally, the equation for the force (Fn) created by the
‘magnetite core–gold shell’ particle is presented as follows
(figure 2(c))

|Fn|=
4πms|B|R5/2

m

3µµ0

√
2L

· 1√
1+(RAu −Rm)/Rm

, (6)
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where Rm, RAu are the radii of themagnetite core of the particle
and the outer gold shell of MNP.

As can be seen from the presented equations and combin-
ations of particles, the maximum force on the membrane is
exerted by a single MNP with the same size in each of the
three variants.

Figure 3(a) shows the initial position of the nanoparticle
with magnetic moment (at B= 0) and its connection to
the membrane through the ‘aptamer-(the fragment 5–10
fibronectin)-integrin’ fragment in the absence of a magnetic
field (B= 0). Figure 3(b) shows the transition of the particle
to the extreme right position after turning on the vertically dir-
ected magnetic field and the change of direction of the mag-
netic moment of the particle under the action of the rotational
momentum (T).

This transition occurs during the half-period of the alternat-
ing field (t/2), in which the field is directed vertically upward.
In this new position, the particle touches themembrane at point
(A), the fulcrum. Clockwise rotation of the nanoparticle is
accompanied by the tension of the aptamer and the fibronectin
fragment with the transfer of the pulling force to the integrin.

Because of the clockwise rotation of the particle in this
scheme, a vertically directed pulling force (Fn) acting on the
integrin arises, and the arm of the force is equal to the radius
of the particle. After reversing the direction of the magnetic
field, the particle moves to the left of the integrins and touches
the membrane.

2.2.2. Scheme of a magnetite particle interaction with mem-
brane and via exoskeleton elements. Figure 3 shows a
scheme of interaction ofMNPwith a single fiber of fibronectin
(the particle touches the membrane in extreme positions, as in
figure 1), taking into account the actual size of the outer part
of the transmembrane protein, integrin.

The extracellular space contains variously extended poly-
meric fibers as elements of the exoskeleton, among which
fibronectin is worth special attention.

Figure 4 shows the scheme of interaction of MNP with two
isolated fibers of fibronectin. In this scheme, MNP rotating in
the alternating magnetic field does not touch the membrane,
and the effect on the cell mechanoreceptors (integrin) is per-
formed through the fibronectin fragments located in the extra-
cellular space. This scheme is among the most realistic and
takes into account the actual configuration of the exoskeleton
elements. Note that there are two forces shown here: one acts
on the membrane from below through the fibronectin and is
directed upward, while the other force, directed downward,
acts through the fibronectin on the adjacent cell located above
(its membrane is shown in the figure).

The position of the nanoparticle with magnetic moment
(M) depends on its connection to fibronectin fragments. Both
fibronectin fibers are connected to the membrane via integrins,
and to the membrane of another cell (or an array of cells). Both
fibers are connected to the aptamers, which in turn are bound
to the particle surface through the fibronectin domain 5, and

Figure 3. Schematic of the formation of the vertical projection of
the pulling force (Fn) acting on the membrane. (a)—initial position
of MNP with magnetic moment (M) and its connection with the
membrane through the ‘aptamer—fibronectin (its domain 5 marked
in yellow and domain 10 marked in red)—integrin’ sequence (in the
absence of magnetic field); (b)—MNP in the extreme right position
with fulcrum A after activation of the magnetic field and changing
the direction of the magnetic moment of the particle (M) (field is
directed vertically). The size of the supramembrane part of the
integrin is L1 = 19 nm, the length of the fibronectin fragment from
domain 5 to domain 10—L2 = 13.5 nm, the size of the aptamer—
L3 = 10 nm [34]. The diameter of the ‘core–shell’ particle is
2R= 40 nm, and the diameter of the magnetite core is
2Rm = 15 nm. In the position on the right—the aptamer and
fibronectin fragments 5–10 are tightly adjacent to the surface of the
MNP gold shell (Blender software).

the lower part of the fibronectin is connected to the integrin
through its domain 10. The direction of the magnetic field in
this scheme is vertical, which, if the magnetic moment orient-
ation of the particle is noncollinear, causes its counterclock-
wise rotation, generating the vertical component of the force
(Fn) applied to the integrin; the shoulder of the force is equal
to the diameter of the particle.
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Figure 4. Schematic of the force generation (Fn) applied to the
membrane when MNP is positioned between two fibronectin
fragments located in the intercellular space (three dots at the upper
part of fibronectin mean its continuation towards the adjacent cell)
(Blender software).

2.3. Magneto-dipole interactions of magnetite nanoparticles
in the magnetic field and the formation of multiparticle
aggregates in the Brownian dynamics model

It was shown above that the estimates of the value of
the normal force projection according to the presented
equations (4)–(6) appear below the threshold value at any vari-
ant of the geometry of magnetite particles, whose size cor-
responds to the actual experiment conditions, including the
value of the magnetic field strength. Overcoming the problem
lies in taking into account an important factor—the possibility
of aggregation of MNPs with each other under the action of
the magnetic field and the growth of these aggregates around
the gold particle associated with the integrin, as the center of
aggregation, under the action of the van der Waals attraction.
The growth of multiparticle aggregates leads to an increase in
their effective volume and, consequently, their total magnetic
dipole moment.

As shown in [121], even plasmonic nanoparticles can
aggregate during binding to the membrane. For MNPs, this
possibility is discussed in the section 4.

In our work, we considered the model of interaction of a
single-domain magnetite nanoparticle (Fe3O4), bound to the
membrane of the malignant cell by a specific aptamer in a non-
heating alternating magnetic field of low frequency (50Hz).

In malignant tumor therapy, ferrimagnetic or superpara-
magnetic nanoparticles are used to reduce the risk of biotox-
icity either in ‘core–shell’ form with a gold shell or in a
heterogeneous hydrosol that includes biocompatible gold and
magnetite nanoparticles (the latter may have an adsorption

layer of polyethylene glycol, giving complete biocompatibil-
ity and additional resistance to the particle coagulation).

According to the conditions of the experiment [13], the cal-
culations take the value of magnetic field induction B= µ0H
equals to 0.01 T (the field strength H= 7958Am−1).

The energy of the pairwise long-range dipole–dipole inter-
action of permanent magnetic dipoles of magnetite particles
(Udd)ij in a colloidal system in the presence of magnetic field
B corresponds to the equation

(Udd)ij =
µ0

4π

[
(Mi ·Mj)r2 − 3(Mi · r)(Mj · r)

r5

]
. (7)

The condition for calculations is the co-directionality of vec-
tors of magnetic dipole moments of single-domain particles
and the magnetic field. Accordingly, for the dipole–dipole pair
interaction force, we have

(Fdd)ij =−
∂(Udd)ij

∂r
. (8)

The force of viscous friction (Fv)i acting on NP moving at
speed vi is described by the Stokes law

(Fv)i =−6πη (Ri + hi)vi, (9)

where η is the dynamic viscosity of an ambient liquid, hi
is the thickness of the nanoparticle absorption layer. In gen-
eral, the dynamic viscosity η = η(T) depends on the medium
temperature.

The forces of tangential friction [122] occur when the
particles in an aggregate shift transversely. To simplify, it can
be introduced by analogy with dry friction forces (although
they are not such forces). In this case, the coefficient of friction
is an effective parameter that characterizes the degree of inter-
action of particle adsorption layers. Due to the strong inter-
molecular interaction of the nanoparticle adsorption layers and
their unequal deformation, the effective coefficient of friction
can significantly exceed one.

The direction of the tangential friction force is opposite
to the projection of the velocity vector of particle’s relative
motion (vj− vi) on the plane of their contact. Thus, the fric-
tion force acting from the ith nanoparticle on the jth particle is
determined by the following equation

(Ff)ij =−χ
∣∣∣(Fel)ij

∣∣∣qij, (10)

where χ is the effective coefficient of friction, qij is the nor-
malized projection of the velocity of relative particles motion
on the plane of the adsorption layer contact.

qij =
(vj− vi)−nij ((vj− vi)nij)
|(vj− vi)−nij ((vj− vi)nij)|

, (11)

where nij =
rij
|rij| is the normalized unit vector connecting the

centers of contacting particles. The total tangential friction
force consists of the friction forces acting on the ith nan-
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oparticle and determines the resistance of an nanoparticle
aggregate to deformation

(Ff)i =
N∑
j=1
i̸=j

(Ff)ij. (12)

For the hydrosols applied in the experiments, the electrostatic
type of stabilization was used associated with the formation of
electric double layers (EDLs) at the particle surface. The repul-
sion potentials of such particles are described by a screened
electrostatic interaction.

For the range of small electric potentials, the total energy
of interacting particles is equal to the sum of energies of the
electrostatic repulsion and the van derWaals attraction. For the
energy of the screened electrostatic repulsion, we have

U(r) = Z2λB

[
exp(κRi)

1+κRi

]2 exp(−κr)
r

−Uvdw, (13)

where λB = e2/(4πεε0kBT), kB is the Boltzmann constant; κ2

= 4πλBn, e is the elementary charge, ε is the relative dielectric
constant of the ambient medium and ε0 is the vacuum permit-
tivity, Z and Ri are the charge and radius of MNP, n is concen-
tration of electric charges in the electrolyte.

The citrate method for the synthesis of nanoparticles with
an adsorption layer thickness of up to 7.5 nm [123] is among
the common ones. It should be taken into account that the
salt concentration is about 150mM [124] and, accordingly,
the Debye radius is about 0.8–1 nm. Adding water to the
citrate hydrosol and reduction of the electrolyte concentra-
tion does not result in the desorption of citric acid anions
from gold or magnetite nanoparticles as potential-determining
anions, nor in the washout of counterions from EDL. In this
case, the thickness of the dense part of the particle EDL does
not fall below 1 nm, which increases the resistance of mag-
netite particles to coagulation and slows down the rate of this
process.

Note that to stabilize particles in hydrosols and to slow
down aggregation [125], polymeric adsorption layers are
formed on the particle surface, so the interaction between
particles is fairly well described by the elastic repulsion poten-
tial of such hydrated layers upon particle collision. Such inter-
actions are considered in more detail in the paper [126].

Here the short-range van der Waals interparticle attraction
energy is described by the Hamaker–de Boer equation [122,
127]

(Uvdw)ij =−AH

6

(
2RiRj

h2ij + 2Rihij + 2Rjhij
+

2RiRj

h2ij + 2Rihij + 2Rjhij + 4RiRj
+

ln
h2ij+ 2Rihij+ 2Rjhij

h2ij+ 2Rihij+ 2Rjhij+ 4RiRj

)
,

(14)

where AH is the Hamaker constant dependent on the nano-
particle material. In the case of magnetite–magnetite interac-
tion in an aqueous medium AH is equal to 3.4× 10−20 J (≈8.2

kBT, kB is Boltzmann’s constant, T is the absolute room tem-
perature equals 300K) [128]. For gold in an aqueous medium
AH equals 6.0×10−20 J (≈14.5kBT, T= 300K) [127]. Ri, Rj

are the radii of interacting nanoparticles, hij = r− (Ri +Rj)
is the interparticle gap. For the paired interaction of gold and
magnetite nanoparticles, the Hamaker constant can be roughly
estimated as the geometric mean [128] of the two values for
both materials. The van der Waals attraction force (Fvdw)i is

(Fvdw)i =−
∂(Uvdw)ij

∂ri
. (15)

According to the Smoluchowski’s theory, an estimate of the
half coagulation time, at which the number of particles in the
system, including composite ones, is halved, is determined by
the formula

θ =
6ηRm

4ρν0kBT
, (16)

where ρ is the radius of action of the interparticle attrac-
tion forces, ν0 is the initial nanoparticle concentration [129].
Estimates show that for the nanoparticle concentration ν0 =
3,2× 1016 m−3 the value of θ is equal to 2.166 s.

It should be noted that the aggregation of MNPs can occur
not only during a half-period of an alternating magnetic field
but also during each of the half-periods during an extended
field action—tens of seconds or even hours, as in an actual
experiment.

2.4. The effect of thermal fluctuations on the magnetic
properties of the single-domain nanoparticles

One of the key issues related to the use of the single-domain
MNPs is their ability to preserve their intrinsicmagnetic dipole
moment because only in this case the particles can effectively
interact with the external magnetic field and have an effective
mechanical effect on themembranes of themalignant cells and
their mechanoreceptors in vitro and in vivo.

If the size of ferrimagnetic magnetite nanoparticles (2Rm)
lies in the range exceeding 20–25 nm and not exceeding 80 nm,
it corresponds to the condition of a single domain [7, 130].
This ensures that magnetic ordering and homogeneous mag-
netization are preserved until saturation along the selected dir-
ection in the crystal lattice. A magnetite nanoparticle diameter
of less than 25 nm is responsible for the gradual transition from
ferrimagnetic to the superparamagnetic state [131]. However,
even at half the size, under certain conditions, the particles can
retain the ferrimagnetic state if they are a part of the multi-
particle aggregates.

Among the important issues related to the use of single-
domainmagnetite nanoparticles in biomedical applications are
their ability to preserve their own magnetic dipole momentM,
which ensures the effective interaction of nanoparticles with
the magnetic field. In turn, this interaction is the basis for the
mechanical effect on the cell membrane andmechanoreceptors
of the cell.

The problem may be that, under certain conditions, mag-
netite nanoparticles, as ferrimagnetic as noted above, can
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transition to the superparamagnetic state and lose their
intrinsicmagneticmoment. Themagneticmoment of a particle
can change its direction as a result of thermal fluctuations.
If the characteristic time between such thermally induced
switching is significantly shorter than the time during which
the particle must make the translational-rotational motion
necessary for mechanical action on the membrane, the effect-
ive mechanical moment will be reduced as a result of fluctu-
ations in the direction of the magnetic moment.

Let us estimate the characteristic time between thermally
induced switchings M in magnetite nanoparticles. The aver-
age time in which the magnetic moment of the particle will
perform thermally induced remagnetization is [132]

τ = τ0 · exp[KVm/(kBT)]. (17)

Here τ0 ∼ 10−9÷ 10−11 s. The magnetic anisotropy constant
of magnetite nanoparticles (K) depends on their size (Vm =
πD3

m/6, where Vm is the MNP volume and Dm is its diameter)
and is usually evaluated as:

K= KV + 6 ·KS/Dm, (18)

where KV and KS are constants of volumetric and surface
anisotropy, respectively. The values of these constants can
varywidely depending on the degree of defects, deviation from
stoichiometry, and surface conditions. However, for particles
larger than 5 nm, the value of K is always higher than the aniso-
tropy constant of a bulk magnetite monocrystal.

According to [133–137] KV = 2.1×104 Jm−3 and
KS = 2.9×10−5 Jm−2. We estimate the magnetization
reversal times (τ ) (at temperature T = 310K= 273K+ 37K)
for magnetite nanoparticles with sizes (see figure 7(b)) cor-
responding to experiments [13].

According to our calculations, the time of motion of the
magnetite particle from the initial position to the moment
of alignment of its magnetic moment is from several tens
of microseconds (in high-frequency fields) to tens of milli-
seconds (in low-frequency fields with a frequency of 50Hz).
Hence, the sample contains both particles where thermal fluc-
tuations will decrease the effective magnetic moment (less
than 12 nm) and particles where this effect can be neglected
(greater than 12 nm), and the number of such particles, accord-
ing to the histogram of particle size distribution, is at least
30%.

Equation (4) allows us to give an estimate of the acting force
from a single isolated particle (figure 2). In the experiment
with particles simulated in the present work, the magneto-
mechanical effect on the cell membrane is not produced by
an isolated particle but by a rigid aggregate of many mag-
netite nanoparticles connected with a gold nanoparticle. In this
case, the gold nanoparticle may be an aggregate element of
magnetite nanoparticles bound together by the van der Waals
forces. In this case, the chemical bonding of magnetite and
gold particles seems unlikely [138]. The formation of such
aggregates has been demonstrated by the Brownian dynamics
simulations using realistic interparticle potentials [126].

It should be noted that the formation of a large aggregate of
MNPs leads, first, to a significant increase in the total magnetic

moment of the magneto-mechanical functional unit and hence
to an increase in the rotational momentum, which increases the
pulling force on the membrane. Second, it increases the poten-
tial barrier to remagnetization, i.e. it will result in a drastic
weakening of the thermal fluctuation effect (see e.g. [134,
139]). In this case, the effect of thermal fluctuations of mag-
netization on the dynamics of a multiparticle aggregate with a
magnetically ordered arrangement of the magnetic dipoles of
the nanoparticles included in the aggregate can be regarded as
insignificant.

3. Nanomaterials applied for experimental studies
and their characterization

First of all, let us consider the composition of the hydro-
sols used in the actual experiments and the size of the
nanoparticles [13]. Superparamagnetic nanoparticles NIT-
magoldCit 50 nm (Nanoimmunotech [140]) were used in the
experiments. According to the certificate for this commercial
product, the hydrosols purchased consisted of a magnetic iron
oxide core of about 8–12 nm and a gold layer 30–40 nm thick
(50 nm total). In one of the hydrosols with a particle con-
centration of 3.2×1010 particles/ml, the diameter of the gold
particles was 51.8± 6.1 nm, and the diameter of the magnetite
core was 13.6± 1.2 nm. Thus, the thickness of the gold shell
was (38.2± 3.5 nm)/2.

The MNPs were in sodium citrate solution (water with
5mM dissolved sodium citrate was used as an interparticle
medium). However, as further shown by TEM studies of
hydrosols [140], there were also heterogeneous hydrosols
among the purchased NITmagoldCit samples that consisted
of separate gold and magnetite fractions of nanoparticles that
were also used in the experiments [13].

Functionalization of nanoparticles from all types of hydro-
sols was performed in phosphate buffer containing cal-
cium and magnesium cations. For all experiments, aptamer-
functionalized MNPs in a phosphate buffer were used.

It should be noted that thiolation of the nanoparticle surface
prior to their functionalization by aptamers can be accompan-
ied by desorption of the potential-determining citrate ions of
the EDL and replacement of the EDL by the thiol adsorption
layer. But its thickness will be comparable to the thickness of
the dense part of EDL, which will not lead to an increase in
the spontaneous coagulation rate.

Gold nanoparticles of all types of these hydrosols were sub-
jected to functionalization with aptamers using thiol groups as
it is described in [13]. Experiments on magneto-mechanical
therapy [13] were subsequently performed also using all types
of these hydrosols and the results of these experiments demon-
strated a stable reproducibility of high efficiency of the Ehrlich
carcinoma therapy.

As noted above, in addition to the classical magnetite core–
gold shell nanoparticles, any other combinations of nano-
particles in heterogeneous hydrosols used in experiments must
contain both magnetite nanoparticles and gold nanoparticles
or gold fragments on the magnetite nanoparticle surface [141–
143], examples of which are shown in figure 5. The presence
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Figure 5. Examples of decorated magnetite nanoparticles with gold
nanoclusters on the surface provide the ability to conjugate with
aptamers (TEM image). Courtesy of Dr S Saikova.

Figure 6. TEM images of gold (dark areas) and magnetite
nanoparticles, as well as their aggregates formed in the
heterogeneous (gold–magnetite) hydrosols in the process of slow
spontaneous aggregation).

of gold particles in the heterogeneous hydrosols or gold frag-
ments (nanoclusters) on the surface of magnetite nanoparticles
is mandatory because aptamers can conjugate only to the gold
surface.

Figure 6 shows TEM images of particles in the hetero-
geneous types of hydrosols, which were also used in exper-
iments [13]. Panels A and B show nanoparticles with different

Figure 7. Gold (a) and magnetite (b) nanoparticle size distribution
functions in a heterogeneous hydrosol (gold–magnetite) used in the
experiment [13] (obtained by averaging 177 particles). The average
size of magnetite nanoparticles is 11 nm, and gold nanoparticles are
31 nm.

magnifications. Figure 7 shows histograms of the size distribu-
tion of Au and magnetite nanoparticles in this heterogeneous
hydrosol obtained using figure 6.

Figure 8 shows the distinctive features of large aggreg-
ates of magnetite particles in the hydrosol (Nanoimmunotech
[140]) in the absence and in the presence of a magnetic field.
In the latter case, the aggregates acquire a strongly elongated
shape.

In the absence of a magnetic field, the nanoparticles form
disordered aggregates (figure 8(a), under the same conditions
in the presence of a magnetic field they line up in chains along
the magnetic field (figure 8(b)). The high-affinity aptamer AS-
14, specific for the Ehrlich carcinoma cells, attached MNP to
the plasma membrane of these cancer cells.

According to laser scanning microscopy analysis, aptamer-
modified magnetite–Au nanoparticles formed aggregates
arranged in chains around the cell. These chains are marked
with white arrows in the figure 9(a) and appear as thin fila-
ments composed of magnetite nanoparticles. Large disordered
aggregates of MNPs adhered to cells in the intercellular area
(red arrows, figure 9(a)). Ten-minute exposure to an alternat-
ing sinusoidal magnetic field of 7958Am−1 at 50Hz caused
apoptosis and further necrosis of the treated cells in vitro
(figure 9(b)).

Gold-decorated MNPs were stabilized with an high
performance liquid chromatography purified oligo-
nucleotide complimentary to the 5′ of aptamer 5′-
CGTGGTTACAGTCAGAGGAGAA-/5ThioMC6-D/-3′

modified at the 3′ position with a 6-hydroxyhexyl
disulfide group (Integrated DNA Technologies, USA),
in the storage buffer for 24 h at 4 ◦C in a shaker
(final concentration of 500 nM). The mixture was
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Figure 8. The shape of magnetite multiparticle aggregates: (a)—in
the absence of a magnetic field, MNPs form disordered aggregates,
(b)—under the same conditions in the presence of a magnetic field,
the aggregates form an elongated structure and line up along the
field direction. Periodic fringes in images result from interference
on two closely spaced glass substrates between which the objects
are located. Magnetic nanoparticles Nanoimmunotech [140] in
sodium citrate solution.

diluted 1:1 by mixing it with 2 × DPBS (Dulbecco’s
phosphate-buffered saline) (with calcium and magnesium)
and with an equimolar amount of aptamer AS-14 (5′-
TCCTCTGACTGTAACCACGAAGGTGTCGGCCTTAGTA
AGGCTACAGCCAAGGGAACGTAGCATAGGTAGTCCA
GAAGCC-3′), denatured at 95 ◦C for 10min, recovered on
ice for 10min, and incubated for 24 h at 4 ◦C. The Ehrlich
carcinoma cells were incubated in colorless high-glucose cal-
cium andmagnesium containedDMEM (Dulbecco’sModified
Eagle Medium) with AS-14-MNPs for 30min at 37 ◦C in a
humidified an atmosphere containing 5% CO2. Cells were
washed with the same buffer and were kept in a magnet pro-
ducing low frequency alternating magnetic field for 10min.
Cell viability was estimated 2 h after the treatment. Confocal
microscopy analyses were performed using LSM 780 NLO a
model with an additional channel for registering transmitted
visible light (Carl Zeiss),×20, 40 magnification; images were
processed with ZEN2 software.

Figure 9. Confocal laser scanning microscopy images of two
malignant cells with magnetite nanoparticles on the membrane:
(a)—nanoparticle (thin filaments composed of magnetite
nanoparticles) formed chain-like structures around the cell surface;
(b)—view of cells after 10min exposure to the alternating magnetic
field. Light areas are disordered aggregations of magnetite particles
between cells.

4. Results and discussion

It has been previously demonstrated [13] that 10min magneto-
mechanical therapy with DNA-aptamers functionalized
MNPs in the low-frequency alternating magnetic field causes
caspase-mediated apoptosis of the Ehrlich carcinoma cells
in vitro and in vivo.

4.1. Kinetics of interaction of a MNP with a cell membrane in
an alternating magnetic field

Using the ANSYS Mechanical finite element method in com-
bination with ANSYS Fluent [144], we obtained the results
of calculating the vertical component of the force |Fn| act-
ing on the membrane (at the point of the location of the
transmembrane protein) as well as of the velocity of particles
(figures 10).

In the experimental conditions, the diameter of gold
particles was 30–50 nm, and magnetite particles (or magnetite
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Figure 10. (a)—change in time of the particle’s action on the
membrane |Fn| considering its motion in a viscous medium, as well
as in the absence of viscosity in a high-frequency magnetic field.
The diameter of the gold particle is 30 nm, and the magnetite core is
14 nm. (b)—change in the particle velocity (v) over time during a
cycle of oscillations in an alternating magnetic field. (c)—change in
time of the force of viscous friction (Fv) acting on a nanoparticle
that is moving at a velocity v is described by Stokes’s formula).
Comparative calculations are presented made in the ANSYS Fluent
package, as well as by the Stokes formula, but using the velocity
value obtained from ANSYS Fluent (magnetic field induction is
increased to 0.1 T).

core)—11–14 nm. Based on the average value, the membrane
thickness was assumed to be 5 nm.

The aptamer bound to fibronectin domain 5 and its frag-
ment between domains 5 and 10 sticks MNP with the mem-
brane through the transmembrane protein, integrin, connected
to domain 10 of fibronectin.

The maximum angle between the magnetic field direction
and the intrinsic magnetic moment of the particle does not
exceed 90◦. At the initial moment the particle is located above
the integrin and does not touch the membrane.

The following membrane characteristics were used in the
calculations: density of 970 kgm−3, the elasticity modulus of
105–107 Pa, and Poisson’s ratio is of 0.4 [145, 146].

The calculation was carried out for the simplified case, the
scheme of which is shown in figure 2 with—the motion of a
particle bound by an aptamer to a certain point of the mem-
brane. The motion was realized both in a viscous medium
(in water) and in a conditional medium in the absence of vis-
cous friction. The time variation of the vertical projection of
the force in this geometry, acting on the membrane from the
30 nm diameter core–shell particle with a magnetite core size
of 14 nm at a magnetic field induction of 0.1 T, is shown in
figure 10(a). Taking into account the proportionality of the
magnitude of the field strength, a decrease in the field to exper-
imental values will weaken the force by order of magnitude.

As can be seen from the figure, the contact of the particle
with the membrane occurs smoothly, with a slight increase in
the force Fn at the moment of contact (t= 25µs), after which
the value of the force tends to the static limit. That is, the time
in which the particle makes one oscillation at a constant field
action is 25µs. If the field frequency is 50Hz as in the [13]
experiments, then during the half-period the particle is in a
stationary state after touching the membrane.

Since the sizes of magnetite nanoparticles are known and
they do not exceed 14 nm (see figure 7), overcoming the prob-
lem is related to taking into account the possibility of aggreg-
ation of MNPs in the heterogeneous hydrosols used, con-
sisting of gold and magnetite nanoparticles. The centers of
aggregation are gold nanoparticles, on which, under the action
of short-range van der Waals forces, a minimum number of
magnetite seed particles are deposited, which in the magnetic
field create conditions for the action of long-range magneto-
dipole attraction forces. Such aggregation is accompanied by
an increase in the effective magnetite volume, by an increase
in the total magnetic dipole moment, and by the emergence
of conditions for preserving the ferrimagnetic state of nano-
particles with magnetic ordering of neighboring particles.

The change in time of the velocity of the translational
motion of a particle in a viscous medium is shown in the
figure 10(b). These data were used to calculate the force of
viscous friction by the Stokes formula.

Here vi is a nanoparticle velocity, R is the nanoparticle
radius, and ν is the viscosity of the ambient medium.

The time variation of the viscous frictional force as the
particle moves is shown in figure 10(c). The maximum value
of this force is reached at the moment of touching the mem-
brane t= 20µs and is 0.32 pN.

4.2. Interaction forces of MNPs with the cell membrane and
formation of magnetically ordered nanoparticle aggregates in
an alternating magnetic field

Figure 11 shows the results of calculations of the vertical pro-
jection of the pulling force (|Fn|) on the membrane by MNP
in different geometries: under the action of a single magnetite
nanoparticle and a pair of gold and magnetite nanoparticles,
as well as ‘magnetite core–gold shell nanoparticle’, depend-
ing on the core size and shell thickness.

As can be seen from this figure, at the field strength used in
the experiments, the value of the force Fn acting on the mem-
brane is much lower than the threshold value (4 pN) [100] at
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Figure 11. (a)—maximum value of the vertical projection of the
pulling force (Fn) acting on the membrane from the magnetite
particle vs a magnetic field induction (B). Rm is the effective radius
of the magnetite particle calculated using the formula (4), (b)—the
maximal value of the force acting on the membrane from a pair of
bound particles—gold nanoparticle bound to the membrane and
magnetite nanoparticle (calculated using the formula (5));
(c)—maximal value of the force acting on the membrane from a
core–shell nanoparticle. d is the thickness of the gold shell
(calculated using the formula (6)). In cases (b) and (c), the field
strength H= 7958Am−1 corresponds to the experimental value of
magnetic field induction B= 0.01 T.

any variant of the geometry of magnetite particles of the same
size, close to the experimental values. This conclusion also fol-
lows from a comparison of equations (4)–(6). Exceeding the
threshold is possible only in the case of a significant increase
in the effective size of MNPs, or in the increase in the mag-
netic field strength. But in the actual experiment, the thera-
peutic effect was observed already at small field strengths.

As shown above, the strength of the effect of a single
particle on the mechanoreceptors of a malignant cell at experi-
mental values of magnetic field strength is significantly below
the threshold strength (4 pN), which is insufficient to trigger
apoptosis.

Figure 12. Comparison of the energy (in kBT units, T= 300K) of
paired interaction of magnetite nanoparticles as a function of the
center-to-center distance: (1)—magneto-dipole interaction
(equation (8)); (2)—electrostatic interaction of particles stabilized
by electric double layers (equation (14)); (3)—the van der Waals
interaction (equation (15)) and (4)—the sum of all interactions. (a) is
the case of the collinear arrangement of interacting magnetic dipoles
along the external magnetic field, (b) is the case of the orientation of
the inter-center vector of dipoles at an angle of 60◦ with respect to
the external field direction. Magnetite nanoparticle size is 11 nm.

In this connection, it is necessary to study the conditions
of magnetically ordered aggregation of MNPs in the mag-
netic field and the possibility of forming aggregates with a
large effective magnetic dipole moment. Such aggregates can
consist of magnetite nanoparticles both with a homogeneous
structure and ‘core–shell’ particles.

First of all, let us analyze the pairwise interparticle poten-
tials showing the possibility of particle coagulation. Figure 12
shows different types of interparticle interactions, confirm-
ing the possibility of coagulation of nanoparticles in the main
potential minimum and the formation of multiparticle aggreg-
ates. This figure demonstrates the dependence of the paired
interaction energy ofmagnetite nanoparticles. As follows from
the figure, the paired magneto-dipole interactions are much
more long-range with the radius of action of the order of
1.5 center-to-center distances (for magnetite particles sized
11 nm) compared to the short-range van der Waals forces.

Figure 13 demonstrates elongated aggregates of magnetite
particles in the presence of a magnetic field involving a
gold nanoparticle bioconjugate. The structure was obtained
by the Brownian dynamics simulation method using formu-
las for the paired inter-particle interaction energy presented in
section 2.3, taking into account the stochastic force [122].

The formation of rigid nanoparticle aggregates that retain
their spatial structure is accompanied by an increase in the total
magnetic moment, which is proportional to the total volume of
all magnetite particles in the aggregate.

In experimental conditions, this is clearly demonstrated in
figure 8, which shows the cardinal difference in the shape of
large aggregates of magnetite particles in the hydrosol in the
absence and presence of a magnetic field.
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Figure 13. The structure of aggregates formed during the van der
Waals interaction of magnetite nanoparticles with gold
nanoparticles and with each other taking into account the paired
magneto-dipole interaction of particles of the same size in the
magnetic field. (1)—under spontaneous aggregation conditions in
the absence of a magnetic field (magnetite particle size is of
14.6 nm, gold particle size is of 30 nm); (2, 3)—aggregation in the
presence of a magnetic field; (4)—the result of aggregation of 14 nm
magnetite particles with the 2 nm gold shell thickness on a 40 nm
gold particle; (5, 6)—aggregation of polydisperse magnetite
particles having an average size of 11 nm with the gold particle size
of 40 nm (particle size distribution corresponds to the experimental
data in figure 6); (7)—the result of aggregation of particles with a
magnetite core of 30 nm with the gold shell thickness of 5 nm (the
lower particle is highlighted by color is fixed on the membrane); (8,
9)—aggregates of 14.6 nm magnetite particles formed with a gold
particle with a magnetite core of 50 nm (geometry according to
figure 4). In figures (2)–(9), the formation of aggregates occurs in
the presence of a magnetic field (field direction is vertical—along
the anisotropy axis of the aggregates.

The irregular shape of the magnetite particles (see figure 6),
which prevents the particles from sliding on each other, and
provides a high rigidity of the aggregate. The number of mag-
netite particles deposited on the gold can greatly exceed sev-
eral dozen.

Aggregates shown in figure 13 are the results of simu-
lations of the nanoparticle coagulation in a heterogeneous
hydrosol consisting of ferrimagnetic nanoparticles, which pos-
sess their intrinsic magnetic dipole moment in the presence
of an external magnetic field. The purpose of this simulation
is to establish the possibility of accumulation of total mag-
netic moment by a rigid aggregate of magnetite particles to
increase its response to an external magnetic field. As can
be seen from the figure, the structure of aggregates in such
a system, consisting of a rigid gold particle fixed on a plane

(simulating the membrane) and smaller magnetite particles,
are characterized by a strongly extended, chain-like structure.
It arises due to the interaction of magnetic moments of each
particle with each other in conditions of co-directionality of
their dipolemoments. Under the action of an externalmagnetic
field, magnetite particles line up collinearly and tend to form
an elongated aggregate oriented along the field. Paired inter-
action of such particles includes both long-range magneto-
dipole interaction and short-range van der Waals interaction,
which appears when the particles approach a short distance
(the radius of action of the van der Waals forces), primarily
magnetite particles to gold. In this case, the van der Waals
interaction of magnetite particles with the gold particle dom-
inates in comparison with the van der Waals interaction of
the magnetite particles themselves with each other due to
the significant difference in the Hamaker constants for these
materials.

Deposition of magnetite nanoparticles occurs on the gold
particle bound to the transmembrane protein. As can be seen
from figure 13(1), if the magneto-dipole interactions of the
particles are turned off, the aggregation of magnetite particles
onto the gold particle appears chaotic and resembles the form-
ation of normal disordered colloidal aggregates. Clear evid-
ence of this is a comparison of figure 13(1, 2, 3) and figure 8.
Figure 13(7, 8, 9) shows the structure of the core–shell type
aggregates, and aggregates composed of magnetite and gold
nanoparticles.

As the particle size decreases, the structure of the aggreg-
ates becomes less ordered with a gradual deterioration of the
degree of orientational ordering and the aggregates gradually
lose their elongated structure.

Strongly anisotropic aggregates of magnetite particles
formed under experimental conditions in an aqueous medium
in the presence of a magnetic field are shown for comparison
in figure 8.

Tendencies to the formation of a chain structure in the
aggregation of magnetite particles in size are also observed in
the polydisperse heterogeneous hydrosol during their depos-
ition on gold nanoparticles.

As can be seen from figure 8, the tendency to form elong-
ated aggregates from magnetite particles is being manifested
under conditions of a magnetic field. It is shown that quite
a large number of magnetite particles are deposited on the
gold particle, the volume of which can be at least ten times
greater than the volume of a single magnetite particle. It is
also important to note that due to the complex shape of such
particles, which is very different from spherical, the structure
of aggregates is rigid and is preserved when the field direction
is changed. In this case, if the force of the action of a single
particle on the transmembrane protein was insufficient and did
not exceed the threshold value at the experimental amplitude
of the alternatingmagnetic field strength, the aggregate of such
magnetite particles, or of nanoparticles with a magnetite core
and gold shell, will interact much more efficiently with the
membrane under the influence of the external magnetic field.
The number of magnetite particles that can be deposited on
the gold particle can significantly exceed the limit determ-
ined by the surface area of the gold particle for monolayer
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coagulation. In this case, the total magnetic dipole moment
of a large aggregate will be dozens of times greater than the
magnetic moment of a single particle.

Thus, an important conclusion of this stage of research
is that, by taking into account aggregation, it is possible to
achieve and exceed the threshold value of the force acting
on the transmembrane protein of a gold nanoparticle surroun-
ded by a multiparticle structure of magnetite particles. This
cumulative effect on the mechanoreceptor becomes sufficient
to trigger apoptosis in weak non-heating alternating magnetic
fields.

5. Conclusion

In our paper, we applied numerical simulations to explain the
experimental results on targeted magneto-mechanical tumor
therapy with MNPs obtained in the paper [13]. In this work,
malignant Ehrlich’s carcinoma tissue cells were effectively
killed by MNPs functionalized with aptamers as recognition
markers in the non-heating alternating magnetic field.

The principal tool of impact on the malignant cells in
low-frequency magnetic fields are MNPs functionalized with
aptamers or other agents that recognize malignant tissue
markers.

Aptamer selection makes it possible to create nanoparticle
bioconjugates capable of selectively binding to the cell mem-
branes of any type of malignancies, including epithelial cells,
which are related to the experimental results discussed in our
paper.

The targeted effect of nanoparticles on the membranes of
malignant cells, with which MNPs bind, is carried out by
mechanical rotation of nanoparticles in an alternating mag-
netic field with a periodic change of the field direction.

The connection of the MNP with the membrane elements
during rotation leads to a mechanical impact on the cell
mechanoreceptors. This results in an emergence of a ver-
tical (to the outer surface of the membrane) projection of the
pulling force through the chain of consecutive arranged ele-
ments: aptamer—fibronectin—integrin (as a transmembrane
mechanoreceptor).

The results of our work allow us to make the following
statements:

(a) Based on the information in the literature regarding the
mechanisms of the triggering of the programmed death of
malignant cells (apoptosis), we can argue about the possib-
ility of achieving, under actual experimental conditions, a
mechanical effect on the transmembrane proteinwith force
exceeding the threshold value—from 4 to 10 pN.

(b) Realization of mechanical influence mechanisms is pos-
sible through different configurations of superparamag-
netic nanoparticles and may include particles with mag-
netic core and gold shell, dimers consisting of gold and
MNPs, but provided that the minimum allowed particle
volume is exceeded to ensure the achievement of the
threshold influence.

In addition, magnetite nanoparticles with moderate
biocompatibility, decorated with gold clusters, with which
aptamers can conjugate and perform targeted binding to
the malignant cells, can also affect the membrane.

(c) When implementing magneto-mechanical therapy using
MNPs, preference should be given to superparamagnetic
nanoparticles, since they exhibit magnetic properties only
when a magnetic field is applied. In the absence of a field,
the magnetic moment of superparamagnetic nanoparticles
is equal to zero. This feature prevents the fast spontan-
eous aggregation of superparamagnetic nanoparticles in
the absence of a magnetic field.

(d) It is shown that the impact on the cell mechanorecept-
ors to trigger apoptosis, estimated by the force threshold
value exceeding 4 pN, is impossible through single mag-
netite superparamagnetic nanoparticles sized 11–14 nm
under the conditions corresponding to the experimental
data. The method of Brownian dynamics using realistic
pair potentials shows that magnetite particles, preserving
the intrinsic magnetic dipole moment in the magnetic field
can form multiparticle anisotropic aggregates due to long-
range dipole–dipole interactions and attach to condensa-
tion centers, which are bioconjugates of gold nanoparticles
linked to the membrane mechanoreceptors.

(e) The formation of aggregates from orientationally ordered
superparamagnetic magnetite nanoparticles around a gold
particle in the magnetic field is accompanied by the fol-
lowing consequences:
1. suppression of thermal fluctuations of the magnetic

dipole moment in single superparamagnetic nano-
particles, taking into account the fact that the con-
servation of the magnetic dipole moment in single
magnetite particles is possible with their sizes exceed-
ing 20–25 nm. Additional interactions of the mag-
netic moments of nanoparticles under conditions of
their orientational ordering create a collective mag-
netic field, which significantly increases the magnetiz-
ation reversal barrier of superparamagnetic magnetite
nanoparticles of smaller size, suppresses thermal fluc-
tuations, and makes it possible to preserve the amp-
litude and direction of the magnetic dipole moment of
the particles, which actually gives them ferrimagnetic
properties;

2. an increase in the total magnetic dipole moment of the
aggregate, which contributes to an increase in the force
of action on the membrane mechanoreceptor, signific-
antly exceeding the threshold value.
The aggregation effect of MNPs is possible in any
system of nanoparticles used for magneto-mechanical
anticancer therapy and allows predicting an increase in
the impact on the malignant cells.

(f) The information obtained in our work using the dynamic
simulation model makes it possible to provide an explana-
tion for the experimental facts demonstrated in work [13],
which confirmed that the magneto-mechanical therapy
based on magnetite nanoparticles with a gold shell or with
gold fragments on the nanoparticle surface results in the
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destruction of the Ehrlich carcinoma in vivo and in vitro in
a non-heating alternating magnetic field.

The obtained results confirm the possibility of the success-
ful application of the method for the highly effective treat-
ment of malignant neoplasms and open up the prospects for
its implementation in medical practice.
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