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Abstract

This study presents an analysis of magnetoelectric nanoparticles (MENPs) through the development of equivalent circuits to
predict the frequency-dependent magnetoelectric coefficient, with a focus on the widely utilized CoFe,0,@BaTiO; core—shell
configuration. This approach involves —derivation of phenomenological expressions that capture the dynamic behavior of
MENPs under varying magnetic and electric fields. By integrating piezoelectric and magnetostrictive constitutive equations,
along with consideration of dynamic effects and bio-load conjugation, a magneto-elasto-electric effect equivalent circuit
has been constructed. This circuit model not only facilitates the investigation of longitudinal data in cube-shaped MENPs
but also offers insights into fundamental biological processes. The versatility of this model is shown through translation to
other core—shell nanoparticles, composite structures, and multiferroic nanostructures. This analysis provides quantitative
predictions of the magnetoelectric coefficients, enhancing general understanding of MENP characteristics across a broad
frequency range. Furthermore, the study highlights the framework for future refinement to incorporate intrinsic composition-
specific resonances, such as ferromagnetic and ferroelectric resonances, to further significantly improve the nanoparticles’
performance. Overall, this work lays the groundwork for future technology to intelligently and wirelessly control biological
processes using MENPs, thus paving a way for innovative biomedical applications. This quantitative approach may facilitate
further interdisciplinary research and contribute to advancement of magnetoelectric materials and their applications.

Keywords Magnetoelectric nanoparticles - CoFe,0,@BaTiOj; - ferrimagnetic - magnetostrictive - ferroelectric -
piezoelectric - core—shell nanoparticles - equivalent circuit

Introduction

Nanomedicine is a rapidly emerging application of nano-
technology that is based on the use of multifunctional nano-
particles for molecular-level targeted generation and detec-
tion of specific therapeutic responses, thus enabling highly
personalized and precision medicine. Owing to the signifi-
cantly increased surface-to-volume ratio and the presence
of quantum-mechanical effects in the nanoscale size range,
nanoparticles promise to unlock unprecedented capabilities
that could revolutionize the medicine of the future.'
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Among many nanoparticle-based nanostructures being
investigated to date, magnetoelectric nanoparticles (MENPs)
present their own niche due to the presence of a substan-
tial magnetoelectric (ME) effect.’** Conventionally, the ME
effect is defined as the differential coefficient that describes a
linear dependence of the polarization (intrinsic electric field)
versus the applied magnetic field. Reciprocally, the converse
ME effect is defined as the derivative of the magnetization
versus the applied electric field. As a result, MENPs repre-
sent a very compelling enabler of a two-way wireless control
of fundamental biological mechanisms, in turn potentially
unlocking a dynasty of unprecedented medical applications.
It is noteworthy that electricity is intrinsic to all biological
mechanisms.’> An obvious example is the brain, the most
complex organ of the human body, which is made of trillions
of electric circuits that are operated by local electric fields.
However, because of the mostly conductive biological tis-
sues, cellular-level detection and treatment of neurological
diseases and disorders without using surgically implanted
electrodes is out of the question. Another important example
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relates to controlling the underlying mechanisms of cancers.
Arguably, the most fundamental difference between cancer
and normal cells lies in their metabolic pathways.® To divide,
cancer cells require a significantly increased uptake of glu-
cose and rates of glutaminolysis and fatty acid synthesis,
compared to healthy cells. In turn, these (cancer and healthy
cells) pathways, being determined by electric fields-based
molecular couplings, are differently affected by externally
applied electric fields. Reciprocally, by generating different
local electric fields, cancer and healthy cells can be distin-
guished from each other if the electric fields can be detected
wirelessly. Hence, it would make sense to leverage electric
field-based specificity of cellular metabolic pathways to cre-
ate specificity in controlling cell divisions between cancer
and healthy cells. There are many other examples that prove
the fundamental significance of the ability to wirelessly
control, i.e., write and read local electric fields underlying
intrinsic biological mechanisms.”*®

However, there is a major stumbling block to achiev-
ing such a control. Given that most biological tissues are
conductive, electric fields generated by local sources are
screened out by free ions in the tissue, thus rendering wire-
less electric field control of intrinsic biological mechanisms
impossible using the electric fields alone. In contrast, mag-
netic fields easily penetrate both conductive tissues and
dielectric bones and other organs, and can be controlled
wirelessly with high spatial and temporal precision. In
other words, ideally, if electric and magnetic fields could
be used together, this could solve some of the most funda-
mental problems in the quest to regulate intrinsic biological
mechanisms. Owing to the ME effect, MENPs provide an
answer to this exact open question.

There are two types of MENPs, single-phase and multi-
phase, such as composite nanostructures. In the former,
magnetic and electric fields originate from one phase;
though promising, their ME effect, at least as of today, is
relatively small, << 0.1 mV/cm/Oe.? In contrast, in the lat-
ter, magnetic and electric fields originate from two different
phases, which are coupled through strain at lattice-matched
interfaces; their ME effect can be substantially higher, >1
V/em/Oe,'"!? and can be employed for both drug deliv-
ery and neuromodulation and neural'*"'> and/or cellular
recording.'®!7

Nanoparticles with a core—shell structure, i.e., belong-
ing to a 0-3 composite material system, such as those
made of magnetostrictive (MS) inverse spinel (CoFe,0,)
and piezoelectric (PE) perovskite (BaTiO;), are popular
examples of composite MENPs. The unique combina-
tion of MENPs’ properties makes them highly suitable
for nanomedicine applications, as they encompass three
essential characteristics to serve as powerful theragnostic
agents.'®

First, owing to the presence of a non-zero magnetic
moment, they enable in vivo imaging for disease detection
via magnetic imaging instruments such as magnetic reso-
nance imaging, magnetic particle imaging, or others.!~!
However, owing to the ME effect, being also responsive to
local electric fields, the magnetic signal detected by these
instruments will contain this additional information due
to the electric field modulation, something the traditional
purely magnetic nanoparticles do not provide.?*???* Fur-
thermore, using metastable physics allows the nanoparticles
to be navigated to a specific place in the brain.?* According
to the U.S. Food and Drug Administration, magnetic fields
can be wirelessly controlled without causing damage to the
body's electric circuitry as long as the field strength and fre-
quency are kept below the safe limits, which are quite high.?
Second, owing to the ability to controllably generate local
electric fields, these nanoparticles have targeting capabilities
that can specifically seek out and penetrate cancer cells.?
Third, they have the ability to locally electrically stimulate
specific cells, if they are placed on the cellular membrane,
and/or enable the controlled release of drugs once inside the
diseased cells.?” This local electric-field control, i.e., either
to locally stimulate cells or to deliver the required bio-load
to a specific target site on demand, is achieved due to the
presence of the ME effect via application of magnetic fields.

It can be noted that combining these three characteristics
would allow MENPs to be simultaneously used for wire-
lessly controlled targeted high-precision diagnostic and
therapy, thus turning MENPs into a powerful theragnostic
tool.'®?82% A two-way wireless brain—machine interface
(BMI) based on MENPs has already been studied.?>*° This
current study aims to study the MENP properties important
for the “write” component of the BMI technology, as well
as other applications which have the ability to generate local
electric fields in wide ranges of strengths and frequencies,
e.g., for the high-specificity stimulation, electroporation of
the cellular membrane or targeted drug delivery. The general
concept to “write” electric field information with MENPs by
application of magnetic fields is illustrated in Fig. 1. Specifi-
cally, the purpose of this study is to model MENP properties
which would help to understand the dynamic response of the
aforementioned applications.

Describing MENPS through circuit modeling would help
researchers not only better understand these nanoparticles
but also gain insight into the interaction of the nanoparti-
cles with biological microenvironments, thus unlocking their
technology potential and allowing the creation of appropriate
designs and functions. One major question would be where
exactly in the cellular microenvironment do the MENPs
need to be placed to achieve the most effective treatment.
For example, placing MENPs in a conductive intra- or extra-
cellular space would lead to a significantly stronger field
screening effect compared to the case when MENPs are
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Fig.1 The use of localized MENPs to "write" information into a specific area deep in the brain. An alternating magnetic field is used to create
local electric fields near MENPs that are high enough to set off action potentials.

placed right on the dielectric membrane surface. In this
study, the main approach is to design an equivalent circuit
for MENPs by coupling MS and PE constitutive equations
with an equation of motion. First, the magnetic-mechanical-
electric equations are derived from MS and PE constitutive
equations and an equation of motion. Then, based on these
equations, an equivalent circuit to describe the ME coupling
can be derived depending on the MENP’s specific location
in the cellular microenvironment. The derived equivalent
circuit representation of MENPs can be utilized to predict
the voltage coefficients of CoFe,0,@BaTiO; composite
nanoparticles, which is one of the most important parameters
to understand and control MENP properties in the biologi-
cal body.

Recently, the field of magnetoelectric composites has
surged, marked by advancements in magnetic control and
the emergence of many innovative applications. Researchers
have diligently probed voltage-controlled magnetism across
various composite systems, encompassing solid-state and
solid-liquid configurations.*!*> Furthermore, recent stud-
ies have unveiled robust magnetoelectric coupling effects in
fluid-based magnetoelectric systems like BaTiO;@CoFe,0,,
promising exciting future applications.**** However, amid
these strides, an open question remains in comprehending
the dynamic behavior and pragmatic applications of mag-
netoelectric composites, notably in bridging the divergence
between fluid-based and solid-state systems. While scholarly
endeavors have shed light on the rheological properties of
fluid-based magnetic composites, such as silicone oil-based
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ferrofluids with nanoparticles and carbon nanotubes,>-*¢

further probing is imperative to unravel their mechanical
intricacies and to assess their real-world viability. Moreover,
the current literature lacks exhaustive studies on anomalous
magnetoelectric coupling effects in binary mixed fluids,
exemplified by CoFe,O0,@BaTiO; systems, which hold the
potential to offer fresh insights into underlying phenomena
and to guide the evolution of advanced magnetoelectric
devices.’” Hence, the present study endeavors to bridge
this gap by undertaking a comprehensive investigation into
the magnetoelectric properties of composite nanoparticles
and their dynamic response within biological microenvi-
ronments. This study fills the gap in the literature by pro-
viding a rigorous circuit-based theoretical foundation for
understanding MENPs at the nanoscale and exploring their
potential applications in healthcare. Through emphasis on
theoretical modeling, this research significantly advances the
understanding of magnetoelectric phenomena and unlocks
the untapped potential of MENPs in medical sciences and
biomedical applications. The novelty of this work lies in its
innovative approach to model MENPs at the nanoscale, its
emphasis on understanding MENPs' interaction with bio-
logical microenvironments, and its contribution to advance
the theoretical understanding of magnetoelectric materi-
als. It is worth noting that the predictive capabilities of this
studied model may be limited by factors such as variations
in nanoparticle properties, environmental conditions, and
biological responses, though given an important insight to
foresee a dynasty of emerging applications.
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«Fig.2 MENP drug delivery platform for treating disease: (a) differ-
ent layers of the MENP, and (b) part of cancer and normal cells in
the body, (c—f) steps of MENPs-based targeted drug release: (c) when
H = 0, drug-loaded MENPs cannot penetrate to cell membrane from
extracellular space, (d) nano-electroporation to penetrate specific can-
cer cells, (e) on-demand drug release, and (f) schematic of magneto-
striction and PE effect on releasing drug. H,, and H, define the cell
penetration threshold and drug release fields, respectively.

In summary, the field of MENPs and their applications
in medical settings is an actively emerging area of research.
Different independent studies have explored different aspects
of this topic, though with a strong focus on the experimen-
tal side. The focus of this study is to fill the existing gap
according to current literature.!> While previous studies
have explored magnetoelectric materials and their applica-
tions,**>3¥ this work stands out by specifically modeling
MENPs at the nanoscale, developing an equivalent circuit, and
considering dynamic effects due to biomolecule conjugation.
This theoretical approach, by bridging the gap between micro-
scale composite laminate composites and nanoscale modeling,
contributes to the field by expanding the understanding of
magnetoelectric phenomena, and even further unlocking the
currently untapped potential of these nanostructures in medi-
cal applications. In particular, by developing a circuit-based
approach, considering dynamic effects, and focusing on medi-
cal applications, this research offers valuable insights into the
behavior and potential uses of MENPs in healthcare.

Stimuli-responsive MENPs in Drug Delivery

This study focuses on the electric response over a specific band-
width to the magnitude of an applied alternating current (AC)
magnetic field, H,., on MENPs. Throughout this study, an AC
magnetic field is considered the input, and an AC electric field
is considered the output of the circuit. The developed model can
be applied to any nanomedicine application. For a descriptive
purpose, the immediate focus of the model's description is on
drug delivery, in which the drug is attached to the core—shell
nanostructure. It has been demonstrated that MENPs which
have magnetic cores surrounded by PE shells preferentially
target cancer cells by creating localized changes in the perme-
ability of the cell’s membrane, a high-specificity process known
as electroporation, since cancer cells have different membrane
potentials compared to that of normal cells.> Often, cancer
cells have a lower threshold for electroporation and are there-
fore more permeable when exposed to an electric field. With
MENPs, the electroporation process can be scaled down into
the nanoscale and also made wireless, thus leading to signifi-
cantly reduced side effects. An externally applied magnetic field
changes the shape of the inner core, due to the phenomenon
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known as magnetostriction. When a magnetic field is applied,
the MS phase experiences strain, which is then transferred to
the PE (PE) phase, thus in turn changing the shape of the PE
shell. At this stage, electric polarization is induced because of
the PE effect. As a result, an electric field is generated in the
nanoscale vicinity of the nanoparticle. This electric field in
turn can induce the nano-electroporation of the cancer cells,
considering that the nanoparticles are right on the membrane.
Then, an ideal scenario can be envisioned. Once the MENPs are
inside the cancer cells due to the nano-electroporation process,
an alternating magnetic field induced by a coil could vibrate
the magnetic dipole of the particle and “shake-off” the drug by
significantly weakening the electric field bond that holds the
two together. In other words, the drug is released off the nano-
particles inside the cancer cells at a specific frequency, sparing
the healthy cells from the toxic cancer therapy (Fig. 2). Accord-
ing to earlier experimental papers, there are indications that a
relatively small magnitude AC field (50 Oe) in the near-direct
current (DC) frequency range of 10 to over 100 Hz could be
sufficient to release a significant amount of the drug into the can-
cer cells.>!>173%40 However, these experiments are preliminary
and do not provide a comprehensive study of the underlying
mechanisms. It is noteworthy that, to date, no theoretical study
has been conducted to quantify the process.

According to a trivial linear expression, derived from the
phenomenological Landau equation for the free energy of
magnetoelectric systems, the electric dipole moment induced
by an external magnetic field due to the ME effect, would be
on the order of AP = aH:*' thus, the displaced surface charge
density on the diametrically opposite side of the nanoparticle is
ope~ + aH. In other words, the electric dipole moment breaks
the symmetry of the ionic bonds around the nanoparticle when
it is set off by a magnetic field.

When the displaced surface charge is comparable to the
charge involved in the original bond, the bond can be broken to
a zeroth approximation.*’ The threshold magnetic field ampli-
tude to break a bond can then be calculated using:

_ Qionic

th =
rd?a

ey

where d represents the diameter of the nanoparticle, assum-
ing a spherical shape, a stands for the ME coefficient, and
Qionic Stands for the displaced charge in the ionic bond.
When an AC field is put around a nanoparticle, it breaks
the bonds in every direction. It is worth mentioning that
application of external magnetic fields enables MENPs to
control the retention of drugs; the first step of high-speci-
ficity cellular penetration and the last step of drug release
off MENPs are triggered by the application of AC and DC
fields, respectively.*’
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Theoretical Analysis and Results

In its most general form, the ME effect is the connection
between electric and magnetic fields in matter.*” The mag-
netoelectric effect is a "coupled” or "crossed" two-field
effect. Application of magnetic and electric fields lead to
changes in the nanoparticle’s polarization and magnetiza-
tion, respectively. The ME effect in composite magneto-
electric nanostructures is due to the crystallographic lat-
tice match between adjacent MS and PE components. One
popular example is a core—shell configuration made of a
CoFe,0, ferrimagnetic core and a BaTiO; PE shell. This
configuration is known to display one of the strongest ME

(a)

values, ~ 1 V/cm/Oe, compared to other core—shell con-
figurations. Our objective is to simulate the properties of
this particular configuration.

The shape of the nanoparticles under study was chosen
based on Ref. 43 (Fig. 3a). As for their size range, according
to a variety of chemical processes, including coprecipita-
tion, thermal breakdown, and others it is possible to adjust
the size of CoFe,0,/BaTiO; composite nanoparticles from
less than 20 nm to more than 100 nm. Thus, MENPs can be
as small as few tens of nanometers in diameter and can be
directed throughout the body, including across the blood-
brain barrier, and manipulated to preferentially penetrate
diseased tumor cells before releasing their drugs. Figure 3b
shows a schematic of the core—shell ME nanoparticles. The
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Fig.3 (a) CoFe,0,/BaTiO; composite nanoparticle samples; trans-
mission electron microscopy (TEM) image of cube-shaped MENPs,
(b) A nanocomposite heterostructure, in which the (c) ME effect
originates at the interface of lattice matched PE and MS component;

P and M are the polarization and magnetization of the nanoparticles,
respectively, d is the length of the composite nanoparticle, (d) local
coordinate in the MS layer, and (e) local coordinate in the PE layer.
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studied core—shell structures are made of the MS spinel core
CoFe,0, (ferrimagnetic) with an area of A, and the PE per-
ovskite shell BaTiOj; (ferroelectric) with an area of A,. The
length of the nanoparticle is d, while P and M are the polari-
zation and magnetization of the nanoparticles, respectively
(Fig. 3b). The nanoparticles can be conjugated with a load,
e.g., a bio-load such as Paclitaxel. As explained below in
Section "Dynamic Formalism", the bio-load can be conju-
gated with different techniques.**~*®

MS deformation occurs predominantly along the sample's
maximal dimension for any given set of geometric dimen-
sions (Fig. 3b). In Fig. 3c, the local coordinate of the MS
layer is Z(3), therefore application of an AC magnetic field,
H,., across the thickness would alternatively stretch and
shrink the MS along the main strain direction. Because of
the longitudinal polarization of the PE layer, it is subjected
to a change along the same direction, which results in gener-
ation of a voltage across the thickness (designated as Z(3) in
the local coordinate system of the PE layer in Fig. 3d). The
PE layer is forced to vibrate along the longitudinal direction
as a result of stress coupling, which results in the induction
of a voltage between the electrode ends (assuming that the
applied H, is sinusoidal and that the associated vibrational
motion of the nanoparticle composite along the longitudinal
or "z axis is similarly sinusoidal (harmonic motion). Mag-
netostriction causes shape changes in the ferrite particles in
a PE perovskite and spinel-structure phase composite, and
this strain is subsequently passed to the PE particles, result-
ing in electrical polarization. For comparison, the ME effect
that is produced by this is 100 times stronger than the effect
produced by the single-phase ME material, Co,05."!

Neither the ferroelectric phase nor the ferrimagnetic
phase possesses a significant ME effect; nonetheless, com-
posites of these two phases exhibit a notable ME effect due
to the strain-induced lattice-matched interface coupling
between MS and PE components. The ME effect is there-
fore a combination of the MS effect (magnetic—mechani-
cal effect) in the ferrimagnetic phase and the PE effect
(mechanical—electrical effect) in the ferroelectric phase.
The mechanical strain is linked to the magnetic and

l1

R

0
H + I I *
— > V1
> <> bnH _ Z Z, Vv
Zy
AAA— m 0

electric fields in the MS and PE components, respectively,
thus leading to a pseudo-ME effect. Hence, the pseudo-
ME effect due to the strain-coupled magnetic and electric
components can be phenomenologically described accord-
il’lg tOl 1,49:

Electric
Mechanical
@
The ME coefficient is the most significant physical char-
acteristic for MENPs. Therefore, its frequency dependence
is vital for most applications.

Mechanical
Magnetic

Magnetoelectric effect =

Equivalent Circuit model of Magnetoelectric
Nanoparticles

Based on the previous part, when a magnetic field is
applied to a MENP, the MS part can be modeled as a
receiver/oscillator, and the MS/PE coupling can be mod-
eled as a transformer. In the rest of this study, we study
the extraction of the related parameters to have a circuit
model of MENPs.

Figure 4 shows the derived magneto-elasto-electric
equivalent circuit for multiferroic and magnetoelectric
composite nanoparticles. In this case, the coupling fac-
tor ¢, transforms the external magnetic field (H) into a
mechanical voltage (¢,H). A transformer, qSP , can be used
to represent the electromechanical coupling in the circuit.
I, and I, are mechanical and electric currents, respectively,
and H and V are the applied magnetic field and induced
voltage, respectively. ¢, and ¢, are magneto-elastic cou-
pling and elastic-electric coupling, respectively. The ME
voltage coefficient, or the ratio of an induced electric field
to an applied magnetic field, is an important parameter for
the direct-ME. According to this equivalent circuit and
based on transformer and Kirchhoff’s voltage and current
laws, the ME voltage coefficient, ag(w) as a function of the
AC magnetic field frequency, can be obtained as:

I -Cc

— ||
+
V;

Fig. 4 Magnetoelectric equivalent circuit with added bioload as an impedance.
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where Z and Z; are the motional and bio-load impedances,
respectively, C, is the clamped capacitance of the PE mate-
rial, dH is the amount of change in the external magnetic
field, and 0V is the incremental electric field due to the
change in the external magnetic field. To find the ME voltage
coefficient, it is necessary to determine the magnetic-elastic
factor (¢,,), the PE coupling factor (¢p), Z., C.Z,and Z; .

Magnetic-Elastic Factor (¢,,)

An applied magnetic field, H, acts as a mechanical voltage,
¢, H, via a coupling factor, ¢,,. The ME coupling factor,
#.,» can be thought of as a model for the MS transduction:

A1d33, m | N
b = 7 l; 8)
33 -

The total area of the MS layers' cross-section is denoted
by A,. S35 is the elastic compliance of the MS material
in longitudinal direction, which is the ratio of the rela-
tive deformation, S, to the mechanical stress, T' (sH is the
compliance under a constant magnetic field). d; , is the
piezomagnetic coefficient in longitudinal direction, which
is defined by dA/dH, and A is the magnetostriction of a given
MS material. It is worth mentioning that the 33 (stock con-
figuration) mode and the 31 (bender configuration) mode are
the two primary functioning modes in PE materials. In most
cases, the PE charge constant, d;;, values of the 33 mode are
greater than those of the other modes.>”

Piezoelectric Coupling Factor (¢,)

The PE transduction is modeled by the PE coupling factor
(b,):

o wigsy, [N
e V] ©)
thys3 5

where w and [ are the width and length of a nanoparticle
(core—shell composite nanoparticle), respectively, th, is the
thickness of the PE material, s5;” is the longitudinal com-
pliance (s” is ;he compliance under a constant electric dis-
placement), 533 is the inverse dielectric constant, and g3 is
the longitudinal PE voltage coefficient. The voltage output
constant, or PE voltage coefficient, is the ratio of the elec-
tric field generated to the mechanical stress applied, and is
measured in the unit of voltage meter/Newton (Vm/N). It
is calculated from the PE charge (strain) constant, d’, and
relative permittivity, €, as g = d’/e (Vm/N).

Clamped Capacitance of the Piezoelectric Material
(C)

The capacitance in the circuit (capacitance of dielectric, C,),
is the clamped capacitance of the PE material. Its value can
be obtained with the sample being fully constrained from
motion during measurement:

£A
— 3 1
c=2 (10)
A, N
Ce=— [V] 1)
thpﬁ33

The value for E; is calculated by:

ET 14 g§3,p >[m] (12)
33 33 S% ﬁ3T3 F

C, is a negative parameter. The stored energy of a phase
leads to a negative capacitance in ferroelectric materials.
In Ref. °!, a theoretical study demonstrated how negative
capacitance in nanodomains of a ferroelectric thin film can
be stabilized. When elastic and electrostatic energy compete,
the polarization in the BaTiOj; layer forms arrays of clock-
wise and anticlockwise vortex-like structures to balance the
system. In the core of these vortices, there are areas with
suppressed polarization and more energy density, where the
change in the internal field is bigger than the change in the
external field. This makes the curvature of °G/0D? negative
(G = free energy). Negative capacitance areas are found to
have higher energy density and larger polarizability, and are
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thus the domain walls where the polarization is suppressed,
as determined by a simultaneous vector mapping of atomic
displacements (related to a complex pattern in the polariza-
tion field) and a reconstruction of the local electric field.>?
In other words, even in the locations where the permittivity
itself is negative, the local susceptibility is always positive.
When the susceptibility is very high, the material is highly
polarizable and negative permittivity regions form. Nega-
tive capacitance appears in locations where polarization is
repressed, a phenomenon made possible by the formation of
domain walls, which in turn are made possible by vortices.
As aresult of the presence of vortices, negative capacitance
arises.

Linear Constitutive Equations

The nanoparticle composite used in this model has two lay-
ers and is cubic in shape; it is made of BaTiO;@CoFe,0,.
As a result of the stress—strain interaction, the composite's
layers are bound together. By following the electromechan-
ical and magneto-elastic equivalent circuit techniques for
laminates,>® our theory can start with two sets of linear con-
stitutive equations that are linked to each other.

Magnetostrictive Constitutive Equations

Strain, S5 , is excited along the length of the nanoparticle
composite when a H, is applied parallel to the "z axis. Con-
stitutive equations for S; and the magnetic field flux density,
B; , in the MS regime are:

Sam = ST + ds3 uHy (13)
By = dy3 0 Tap + U35 Hs (14)

where H; is the magnetic field along "z, S3,, and T, are the
strain and stress in the MS layers along 2, s” 33, ds3 . and
u'5; are the elastic compliance at constant H, the longitudi-
nal piezomagnetic constant, and the magnetic permeability
at constant stress in the MS layers, respectively.

Piezoelectric Constitutive Equations

The PE is poled along its length, or 7~ direction, in:

S3p = S3D3T3p + 833,03 15)
Ey = —g33,15,+ p13D5 (16)
S3p T g§3,p S3p =T
E3 = _g33'pS_D + ﬂ33 1 + SD T D3 = _g33'pS_D + ﬂ33D3
33 33733 33
(17
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Integrating along the length d of the nanoparticle com-
posite along the z axis, the coupling voltage, V, produced at
the two electrode surfaces of the PE induced by MS layer
can be calculated as:

d 833p 1 =T
V= [ Ed;=——22 " (it, —it,) + BouDsd
/ E T s%( 2 —ity) + By3Ds (18)

where D;and E; denote the dielectric displacement and elec-
tric field in the z-direction of the PE layer, respectively, the
strain and stress in the PE layer along "z are denoted by S5,
and Tj,, respectively, and d is the length of the composite
nanoparticle.

Correspondingly, the coupling current 7, produced by the
PE layer is:

_dQ  AydD; .
= =2 = e (19)
I w
Q = [ [ Dydxdz (20)
00

The Electrical Impedance in the Circuit (2)

Parameter Z in our proposed equivalent circuit model rep-
resents the electrical impedance in the circuit, reflecting
the contribution of the clamp effect. In the absence of any
bioload (in an open circuit), I, from the PE part is zero;
thus, the loads (Z and —C,;) can be moved into the main
circuit loop. Applying Ohm’s law to the equivalent circuit
of Fig. 4, the electrical impedance in the circuit, Z, can be
calculated using:

v
Z= A 1)
d
0
o 8
_%S%(uz —iy) + [/}373<1 + %)]Dﬁ
Z — 33 33 (23)

A,dD;,
dt

Bioload Impedance (Z))

So far, an equation for the ME coefficient has been devel-
oped for MENPs in the absence of a bioload. To con-
sider Z; in the circuit, we need to know the nature of
the MENPs’ surface coating. Different types of organic
materials can be used to coat the surface of an inorganic
core—shell nanostructure.’* Figure 5 shows that different
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Fig. 5 Different bioloads that can be attached to the MENPs.

modification protocols can be used to add different func-
tionalities, targeting ligands, imaging probes, and thera-
peutic payloads to the nanoparticles. However, not every
possible modification is necessary for a single nanoparti-
cle. Specifically defined therapeutic goals will lead to the
necessary strategies for structure design and functionali-
zation, which will lead to the best performance in real-
world medical applications.” Functionalization refers to
the surface modification of nanoparticles through conjuga-
tion of functional groups and/or biomolecules to improve
targeting efficiency.

Because each method has its own set of inherent ben-
efits and drawbacks, it can be very difficult for research-
ers to choose the conjugation technique that would be most
effective. For instance, nanoparticles can be functionalized
with antibodies or antibody fragments through the use of
three different surface modification methods: (1) adsorp-
tion, which is a non-covalent immobilization strategy that
includes physical adsorption** and ionic binding;** (2)
covalent strategies*’ consisting of carbodiimide chem-
istry,>>>° maleimide chemistry’’ and click-chemistry;®
and (3) binding by adapter molecules*® like biotin—avidin
system.59

In an ideal scenario, the conjugation procedure should
offer site-specificity, correct spatial orientation, adequate
loading density onto the nanoparticle, and preserved anti-
gen binding activity. In spite of the significant amount of

work that has been put into the field of bioconjugation, there
is no one method that possesses all of these features to be
considered best; however, click chemistlry57 has shown that
it indeed satisfies the majority of the criteria.

Therefore, researchers anticipate that this strategy will be
at the forefront of conjugation for therapeutic applications
or, at the very least, become a valuable conjugation platform
in the same way that it is for biomedical applications such as
diagnosis and imaging.®**? In addition, when immobilizing
antibodies, conjugation should be used to ensure that the
correct orientation and the desired amount of these biomol-
ecules (density) are packed into each nanoparticle. Because
of this, each has its own unique impedance.

In the case of MENPs, the research literature includes
reports of numerous techniques for stabilization that
involve coating the surface with a layer of polymer. For
example, in early studies, poly(L-lysine) or polyethylene
glycol (PEG) was used to create BaTiO; nanoparticle
(BTNP) dispersions that were stable for multiple days.>°
These dispersions were created by wrapping the nano-
particle surface. On the other hand, it was discovered
that the polymer could cause cytotoxic effects. Since
that time, it has been possible to create BTNP disper-
sions that are stable and free of cytotoxic effects by using
other polymers such as glycol chitosan (GC) or polyeth-
yleneimine. It is one of the earliest cationic polymers to
be used for gene delivery, including the delivery of RNA,
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and it has been the subject of most research.®® The cur-
rent methods of polymeric wrapping rely on nonspecific
adsorption and noncovalent binding, both of which have
the potential to reduce the stability of the polymers in
biological environments. GC, a water-soluble chitosan
derivative with hydrophilic ethylene glycol branches,
possesses both hydrophobic segments that are useful
for the encapsulation of a variety of drugs and reactive
functional groups that make it simple to make chemical
modifications. Reference ® provides an overview of the
recent developments of GC-based materials in the areas
of cell surface labeling, multimodal tumor imaging, and
the encapsulation and delivery of drugs (chemotherapeu-
tics, photosensitizers, nucleic acids, and antimicrobial
agents) for the treatment of cancers and microbial infec-
tions. Cyclodextrin (CD)-stabilized BaTiO5 nanoparticles
were made by first hydroxylating the nanoparticle sur-
face and then covalently attaching CD molecules. This
made stable and noncytotoxic dispersions of BaTiO,
nanoparticles.®

Traditional solid-state methods produce BaTiO; nano-
particles with broad size distributions and poor aqueous
dispersibility. Ciofani et al. demonstrated cytocompatibility
of BaTiO; nanoparticles non-covalently stabilized by GC at
concentrations up to 100 g/mL.%® Pantazis and colleagues
introduced BaTiO; nanoparticles as second harmonic gen-
eration nanoprobes for in vivo imaging in living zebrafish
embryos.%” Luke and coworkers reported a method for pro-
ducing antibody-conjugated BaTiO; nanoparticles which
exhibit cell-specific targeting ability.°® The gel collection
method for BTNP synthesis was disclosed by Huang and
colleagues,® along with three methods for surface modifica-
tion. For the production of BaTiO;@Citrate nanoparticles,
molecular adsorption is used, but there are also other meth-
ods, such as silica coating via the Stober process and silica
coating via reverse microemulsion.

Researchers have investigated a strategy for modifying
the surfaces of BaTiO; nanoparticles by first hydroxylat-
ing them and then covalently attaching hydrophilic PEG
polymers in Ref. 8. Among various polymers, synthetic
PEG has traditionally been regarded as the gold standard for
enabling inorganic nanoparticle biomedical applications.>*
Additional modifications, such as fluorescent labeling, sur-
face charge tuning, or directional conjugation of IgG anti-
bodies, are possible with this polymer coating. They dem-
onstrated anti-EGFR antibody conjugation to the BaTiO;
nanoparticles surface, as well as efficient molecular target-
ing of the nanoparticles to A431 cells. Overall, the reported
modifications aim to broaden the applications of BaTiO;
nanoparticles in molecular imaging, cancer therapy, and
noninvasive neurostimulation. In our case, we used BatiO;
with a PEG coating.

@ Springer

Different therapeutic goals necessitate distinct structural
design and functionalization methodologies, with optimal
performance achieved by targeting nanoparticles to cer-
tain anatomical locations within the body. As a result, the
bioload impedance is conditional on a variety of factors, and
it is important to understand where exactly the load will land
in the body and how it is going to bind.'> In our subsequent
investigation, we intend to study the impedance variations
depending on all these conditions.

Dynamic Formalism

By solving the second-order equation of motion for the
system, the remaining mechanical parameters can be deter-
mined. The MS and PE constitutive equations have previ-
ously been integrated in analyses of MS/PE laminates.”
However, this does not provide a sufficient understanding
of the energy coupling that occurs between layers under
dynamic settings. Coupling, as determined by an equation
of motion, is necessary for thorough analysis. Assume that
the vibrational motion of the nanoparticle composite is sinu-
soidal (harmonic motion) along the longitudinal or z axis,
and that a sinusoidally applied H, causes this motion. This
will allow us to determine how the nanoparticle composite
will behave. The PE mass units (Am;) and the MS mass
units (Am,) found in the nanoparticle composite have identi-
cal displacement u(z) and strain du/dz components along "z,
which may be expressed as:

Uzp = Uz, = U(Z) (24)

H, is applied parallel to the longitudinal vibration direc-
tion and number 3 means both are in z direction.

du
S3p = S3m = % (25)
% = _6531’ ot (26)
0z Jt 0z

The nanoparticle composite has an equation of motion
that is consistent with Newton's second law, which is:

0’u
F=ma= (Am, +Am2)¥ 27
0’u
AT3mA1 + AT3PA2 = (Aml + Amz) ﬁ (28)

where Am; = p, AAz, Am, = p,A,Az, p,. and p,  are
the mass densities of the PE and MS layers, and A, and A,
cross-sectional area of the MS and PE layers, respectively.
MENP's cross-sectional area for a given width, w,isA = A,

+A,= Leomposite- A =t WAy = TpeWs Tne and 7, are the
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thicknesses of the PE and MS layers; 7.,y posite
thickness of the nanoparticle composite.

The equation of motion can be re-written as:

is the total

0%u
(Aml +Am2)ﬁ = AT3mA1 + AT3pA2

0*u
— (pmsAlAZ + ppeAZAZ)ﬁ (29)

= ATy, A, + AT A,

P2u  ATsA + AT A,

(pmsAl + ppeAZ)ﬁ = Az (30)
(pmsAl + ppeAZ) @ — ATSmﬂ + AT3P& (31)
A or? Az A Az A
PusA1 + PpeAsn
Paveg = % [kg /m3] (32)
A A2—(1 ,0<n<1 33
1 =n, A = n), n (33)
0%u 0T, 0T,
ey —— = + 1 — P — 34
Paves 55 =+ (1= m)— (34)

where p,., is the average mass density of the nanoparticle
composite.

The sound velocity (v) of the nanoparticle composite can
be related to the equation of motion if either Egs. (13) or (15)
are substituted into (34), and if the definition of strain given in
(24) is used. The resulting equations are:

Pu_ a0
or? 072

V2= N + (1_n)>/pavc’[ m 2] (36)
(5213 S% g (s)

Under harmonic oscillation, (33) then becomes:

(35)

0%u 1 0%u
2 v (37
2 2

where k and @ are the wave number and the angular fre-
quency, respectively.

Mechanical Impedance (Z,,)

The electrical analogues of the parameter, Z, , derived from
the motion/constitutive equations is:

1. kd
Z,= _EjpaveU(Al + AZ)COt7 39)
Ald33
(@) = N T
H A, &y | _ pa\,eUAthps’;}EBsgg kl
(40)

where Z consists of R, C,,, and L, which are motional
resistance, inductance, and capacitance of the nanoparticle,
respectively (Z,, = R, + j(oL,, + (1/wC,,)). At a resonance
frequency of w, = (1/LmCm)l/2. Therefore, Eq. (40) can be
written at a resonance frequency (cor) in which the ag(®)
reaches a maximum value. According to this equivalent
circuit, this frequency is determined by the nanoparticles’
parameters:

A : R th DET H
83 mih,s K
Sg_g ! <z‘l /_zi‘T > Zjv_sl;D + ( (Zl;vszggz3 33)
.
pF33 3 p (4])

Finally, the MENP magnetoelectric voltage coef-
ficient without any bioload can be written as Eq. (41).
The CoFe,0,@BaTiO; composite nanoparticles can
have a ME coefficient on the order of 5 V cm™! Oe™! to
10 V ecm~! Oe™! at a resonance frequency.'? A magnetic
field of 1000 Oe would create an electric field of 10,000 V/
cm (= 1 mV/nm) upon application.”’ Basic "back-of-
the-envelope" physics calculations suggest that the ME
coefficient could be above 10 V cm™! Oe™! for a lattice-
matched interface, if the core's magnetostriction constant
is —200 ppm and the shell's PE constant is ~190 pC/N.'%72

Figure 6 shows the ME voltage coefficient versus fre-
quency for MENPs. The resonance frequency of nanopar-
ticles is influenced by various factors, including their size,
shape, composition, and the interaction between different
materials within the composite.”* Typically, mechanical
resonance frequencies in the GHz range can be observed
in nanoparticles with dimensions in the order of nanom-
eters.”* In the case of CoFe,0,/BaTiO; core-shell MENPs,
the specific nanoparticle size distribution and composition
will play a crucial role in determining the resonance fre-
quency. Smaller nanoparticles tend to exhibit higher reso-
nance frequencies because of their mechanical vibrations.
Considering the nanoparticle size on the order of 30 nm, it
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ME Voltage Coefficient (V/cmOe)

Frequency (GHz)

Fig.6 ME voltage coefficient versus frequency for MENPs.

Table | Parameters for extracting voltage coefficient versus frequency

Symbol Definition Value

L, Core length 20 nm

L, Shell length 10 nm

33, The magneto-elastic or piezomagnetic coefficient in longitude direction ~ 200 pC/N

w Width of a nanoparticle (core—shell composite nanoparticle) 30 nm

l Length of a nanoparticle (core—shell composite nanoparticle) 30 nm

th, The thickness of the PE 10 nm

S35t The elastic compliance of the MS material in longitude direction ~17.3x 1072 m%N
833, The longitude PE voltage coefficient ~44.2 pC/N to 44.8 pC/N
S3m The stress in the MS layers along z° ~=10 % 109 dyne/cm?
Ty, Stress in the PE layer along "z ~—20x109 dyne/cm?
uTs, The magnetic permeability at constant stress in the MS layers 100 x 107 Ns2/C2

A The magnetostriction of MS material (CoFe,O,) —200 ppm

Pre Mass densities of the PE layer (BaTiO5) ~6 g/em®

is reasonable to expect that the resonance frequency would
fall towards the higher end of the range, possibly around
5-10 GHz.'? It can be noted that the current model does
not take into account intrinsic materials resonance such
as ferromagnetic or ferroelectric resonances, which do not
depend on the size.”>’® In the next study, we would like to
incorporate these effects in dynamic calculations.
Parameters for extracting voltage coefficient versus fre-
quency are listed in Table I. It is important to note that,
like any modeling study, there may be simplifications and
assumptions made in the development of the equations and

@ Springer

the equivalent circuit model. These simplifications might
overlook certain complex factors that could influence the
behavior of magnetoelectric nanoparticles in real-world
scenarios.

Conclusions

This study has introduced novel equivalent circuits to derive
phenomenological expressions capable of capturing the
frequency dependence of the magnetoelectric coefficient
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in MENPs in biological microenvironments. Specifically,
the investigations focused on the widely used CoFe,0,@
BaTiOj; two-phase core—shell configuration. The obtained
resonance frequency in the gigahertz range is in agree-
ment with available experimental measurements according
to literature. Importantly, these derivations can be readily
extended to encompass other core—shell nanoparticles, as
well as various composite and even single-phase multifer-
roic nanostructures.

The developed magneto-elasto-electric effect equivalent
circuit integrates MS and PE constitutive equations, along
with an equation of motion to accommodate dynamic effects.
Additionally, this circuit model has also optionally consid-
ered the bio-loads conjugated to the nanoparticles. Through
longitudinal data analysis of cube-shaped MENPs, the model
offers insights into the MENPs’ characteristics under differ-
ent conditions. Looking ahead, there is potential for further
refinement and expansion of this model. Future studies could
incorporate intrinsic composition-specific resonances, such
as the ferromagnetic resonance in the MS component and the
ferroelectric resonance in the PE component. This equivalent
circuit model can deepen the general understanding of fun-
damental biological processes that may be intelligently and
wirelessly controlled using MENPs, leveraging specific spa-
tiotemporal patterns of magnetic and electric fields. Overall,
this study contributes to the ongoing exploration of MENPs
and their potential applications in biomedical contexts. The
development of robust equivalent circuit models lays the
foundation for future investigations and paves the way for
innovative approaches to control and manipulate biological
systems with unprecedented precision.
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