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Abstract

Over the past decade, magnetoelectric nanoparticles (MENPs) have proven effective in generating local electric fields in
response to stimulation with a magnetic field. The applications of such nanoparticles are many and varied, with examples of
prior research including use for on-demand drug release, wireless modulation and recording of neural activity, and organic
dye degradation. This study investigates the potential for organic dye degradation to be used as a rapid and efficient screen-
ing tool to detect the magnetoelectric effect of MENPs, and how the results of such a test mirror the antiproliferative effect
of said nanoparticles. Trypan blue was selected as an azo dye to test for dye degradation. Vials of the dye were treated with
CoFe204@BaTiO3 core-shell MENPs of varying characteristics, both with and without concurrent 1-kHz 250-Oe magnetic
stimulation. Dye degradation was measured using ultraviolet (UV)-vis spectroscopy. Dye degradation efficacy varied with
varying nanoparticle synthesis parameters. As controls, nanoparticles of the same composition, but with an insignificant
magnetoelectric effect, were used. SKOV-3 ovarian cancer cells were then treated with the same nanoparticles, and viability
was measured with an adenosine triphosphate (ATP) assay. These measurements show a decrease in cell viability up to 60.3%
of control (p = 0.0052), which mirrored the efficacy of dye degradation of up to 69.8% (p = 0.0037) in each of the particle
variants, demonstrating the value of azo dye degradation as a simple screening test for MENPs, and showing the potential
of MENPs used as wirelessly controlled nanodevices to allow targeted electric field-based treatments.
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Introduction

The magnetoelectric (ME) effect has the potential to be a
valuable tool for interacting with the body’s various elec-
trophysiological systems.!”” The ability to convert mag-
netic fields, which can pass through biological tissues with
minimal effect, into highly localized electric fields offers
the potential to interact with voltage gated ion channels,
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manipulate ion concentrations in and around cells, and, if
necessary, rupture cell membranes through electroporation
on demand, all non-invasively. Magnetoelectric nanoparti-
cles (MENPs) can allow novel solutions to address some of
the most pressing issues in medicine, such as on-demand,
localized drug delivery, non-invasive deep brain stimulation,
and targeted cancer therapeutics.® MENPs are able to gener-
ate highly localized electric fields through the conversion of
magnetic fields to electric fields. The core—shell design used
in this study operates on the principle of a magnetostrictive
core, which generates strain when exposed to an AC mag-
netic field, transferring this strain to a piezoelectric shell,
which, in turn, generates electric fields. This allows for the
wireless activation of MENPs and thus the generation of
electric fields within the body without requiring the use of
electrodes passing a voltage across tissue.

One of the most compelling applications of MENPs is
in the development of wirelessly controlled targeted non-
invasive electric field-based cancer treatments, such as
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irreversible electroporation (IRE) and tumor treatment
fields.>”!> IRE is a technique used to ablate solid tumors,
and potentially trigger an immune response, with adequate
specificity'>~1%; however, current technology requires the
application of high voltage through biological tissue, which
carries significant risks, including potential damage to the
arteries®® (Fig. 1).

MENPs may offer a promising high-specificity alterna-
tive, capable of generating electric fields, localized to tumor
cells, and sparing healthy cells, sufficient to induce IRE
without the need for invasive probes or the risks associated
with passing currents through relatively large tissue regions.
Additional complications of traditional IRE come from limi-
tations in the volume of the ablated area.?! At present, to
enlarge the scope of tumor treatment, the energy delivered
must be amplified either by increasing the pulse amplitude,
duration, number, or frequency, and, consequently, a larger
ablation is associated with increased tissue heating, thermal
damage, and diselectrolytemia, ** or by using strategically
placed electrode arrays or multiple treatments to ensure that
the critical electric field encompasses the entire tumor. This
method, however, requires additional treatment planning
and electrode guidance for large tumor volumes. In con-
trast, if placed directly on the cancer cell membrane, MENPs
can generate significantly higher electric fields across it
("1000 V/cm),* compared to the induced field in the tradi-
tional IRE setting (generating "1 V/cm across the membrane
for the voltage of "1000 V applied between two electrodes
with a 1-cm separation), while not affecting any surrounding
healthy cells. As such, due to their highly localized treatment
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Fig.1 (A) The mechanism of magnetostriction. The alignment of
otherwise disorganized magnetic domains creates a strain in the
direction of a sufficiently large externally applied magnetic field. (B)
The ME effect as achieved by MENPs. MENPs, when stimulated by
an external magnetic field, generate local electric fields through the
magnetostrictive core applying strain to the piezoelectric shell.
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effects, MENPs may offer an alternative, in particular for
larger tumor ablations. The large quantitative difference
between the two cases is due to the conductivity difference
between the conductive intra-/extra-cellular space and the
dielectric membrane. Additionally, by dispersing MENPs
across the tumor site, it may become possible to generate
sufficient electric fields throughout the tumor without requir-
ing a current across the site, as each particle independently
generates a field.

The effectiveness of MENPs in this capacity is contingent
upon their ability to produce strong electric fields. Previ-
ous iterations of MENPs have shown promise in generating
relatively weak fields, sufficient to stimulate neurons and
release drugs on command.?** However, to produce an IRE
effect, it is necessary to improve the particles’ ME effect by
several orders of magnitude.”**> Currently, the most widely
accepted MENPs make use of a magnetostrictive core of
cobalt ferrite and a piezoelectric shell of barium titanate.*®
These are still the best available materials, as they demon-
strate the strongest magnetostrictive and piezoelectric effects
and adequate lattice-matched interfacial coupling between
the magnetic core and the piezoelectric shell while main-
taining bioavailability, unlike lead-based alternatives such
as lead zirconate titanite.>”*® Without changing materials,
it is necessary to improve fabrication techniques to ensure
optimal crystallinity, lattice-matched core—shell interface,
shape, and size distribution. This can be achieved through
minor alterations in the numerous fabrication techniques
used.” However, in order to facilitate the rapid and reliable
optimization of MENP fabrication, a simple and efficient
screening test is essential. Existing testing methods, such as
in vitro cell stimulation or piezo force microscopy, are either
slow and subject to biological variability or prohibitively
complex, expensive, and time-consuming. Additionally,
most of the existing technologies designed for the meas-
urement of the magnetoelectric effect are only practical at
the micrometer scale or above.?” There remain very few
methods by which the measurement of the magnetoelec-
tric effect of nanoparticles can be achieved, with the only
other existing method relying on piezo-force microscopy, a
technique which is subject to noise from electrostatic exci-
tation via the conductive cantilever.*” The degradation of
organic dyes, triggered by the ME effect under magnetic
stimulation, offers a promising alternative.*! This approach
not only offers a potential future solution for water treat-
ment applications but also provides a rapid and quantifiable
measure of MENP effectiveness, which is crucial for the
iterative development of these nanoparticles. As such, this
represents a novel option for future development of more
precise measurement tools of the magnetoelectric effect at
the nanoscale (Fig. 2).

In this paper, we explore the use of MENPs for two distinct
purposes: the degradation of trypan blue dye as a proxy for
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Fig.2 Structural characterization of MENPs: (A) high-resolution transmission electron microscopy (TEM) image showing the core-shell struc-
ture of MENPs, and (B) hysteresis curves of MENPs showing coercivity and saturation magnetization of particles.

their ability to generate local electric fields, and their applica-
tion in reducing the viability of SKOV-3 ovarian cancer cells
through IRE. The results of these studies have the potential
to significantly improve the future development of MENPs,
which in turn will improve their potential use as an anticancer
therapeutic tool, demonstrating the versatility and promise of
MENPs in medical applications.

Experimental
MENP Synthesis

Cobalt(II) nitrate hexahydrate(Co(NO;)2-6H,0), iron(I1I)
nitrate nonahydrate (Fe(NO;);-9H,0), sodium hydroxide
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(NaOH), barium carbonate (BaCO;), titanium(IV) iso-
proproxide (TifOCH(CHs),],), citric acid (HOC(COOH)
(CH,COOH),), polyethylene glycol (H(OCH,CH,)nOH,
MW: 3000), and ethanol (99.7%), were purchased from
Sigma Aldrich, Fisher Scientific, and Millipore Sigma. All
the reagents were used without further purification.

The CoFe,0,@BaTiO; core—shell nanoparticles were
made in a two-step process. The CoFe cores were produced
using the following co-precipitation process. In a typical
synthesis, 100 mg of cobalt nitrate and 278 mg of iron nitrate
were dissolved separately in DI water under constant 500-
rpm stirring. After the metallic salts had fully dissolved, the
solutions were combined and 3 M NaOH aqueous solution
was added dropwise until the mixture reached the desired
pH. The solution was then heated to 90 °C and allowed to
react for a given time.

In order to vary the characteristics of the nanoparticles,
two pH points were used for two different time points. A
batch of MENPs with little to no core—shell interface was
made using a pH of 11, which was allowed to react for
30 min. Two additional batches, pre-strained MENPs and
MENPs with a strong core—shell interface, were prepared at
a pH of 13 and allowed to react for 60 min, since a high pH
favors particle nucleation rather than growth, thus requiring
a longer reaction time.*?

The solution was then cooled, and the CoFe particles
separated from the solution using a permanent magnet. Sub-
sequently, the particles were washed twice with DI water and
once with pure ethanol before being left to dry overnight
on a hotplate at 90 °C. The following day, the temperature
was increased to 140 °C to ensure the dryness of the cores.
After a minimum of an hour at this temperature, the cores
were ground with a mortar and pestle until they reached a
fine powder-like consistency.

In the next step, barium titanate shells were formed
around these cores at a 1:3 ratio, using a modified sol-gel
process.** The precursors were prepared in three beakers.
The first beaker contained 20 mg of dried CoFe cores with
1000 mg of citric acid in 20 ml of DI water, which was
sonicated in a QSonica probe sonicator for 2 h at 3 s on/3 s
off, at 20% amplitude. In order to achieve pre-strained par-
ticles, one of the batches of cores was magnetized by being
placed on a strong permanent magnet, experiencing a field
of approximately 1500 Oe for 30 min prior to sonication.
The second beaker contained 76 1 of titanium isopropoxide
with 1000 mg of citric acid in 20 ml of ethanol, and the
third beaker had 53 mg of barium carbonate dissolved with
1000 mg of citric acid in 20 ml of DI water. The second and
third solutions were stirred at 500 rpm separately for an hour
to ensure chelation before they were combined.

The solution was then brought to 90 °C and allowed
to evaporate under constant 500-rpm stirring until it had
been reduced to 20 ml. The cores were then added to the
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combined solution and reduced under constant heat and stir-
ring to form the gel. This gel was transferred to an alumina
crucible and calcined according to the following temperature
profile: 25-800 °C ramp in 420 min, held at 800 °C for 6 h,
and then cooled from 800 to 25 °C in 540 min. Once the
particles had returned to room temperature, they were lightly
ground using a mortar and pestle, forming a soft powder.
The finished MENPs were then washed twice in DI water
and twice in ethanol before being left to dry overnight on a
90-°C hotplate. The dried MENPs were characterized using
various techniques, such as scanning electron microscopy
and AGM to generate hysteresis curves.

Pegylation of MENPs

To PEGylate the MENPs, the particles were dispersed 1:1
particle to DI water ratio for 2 h using a probe sonicator at
3 s on/3 s off at 20% amplitude. Polyethylene glycol (PEG)
with a molecular weight of 1500 was added at 8% of the par-
ticle mass, and the solution was sonicated for an additional
2 h at the same parameters. Subsequently, the conjugated
particles were removed and washed in DI water twice to
remove excess PEG, before being redispersed in DI water.

Dye Degradation Screening

First, a trypan blue stock solution was created by diluting
trypan blue solution 0.4% (ThermoFischer) with DI water
to a final concentration of 0.04%. Next, 5 mg of MENP were
weighed and deposited in 1 ml of trypan blue stock solution
and sonicated for 1 h to disperse the MENPs in each sample
and to reach an adsorption/desorption equilibrium. These
samples were split into 2 groups of 5 repeats: sonication,
and magnetic stimulation. The sonication group samples
were probe sonicated for an hour. The magnetic stimulation

Fig.3 Experimental setup for dye degradation and in vitro anti-pro-
liferation experiments: left For dye degradation studies, dye samples
are mounted between two coils for continuous magnetic stimulation
and simultaneous sonication; right for in vitro studies, cell dishes are
placed over a coil for magnetic stimulation after MENP treatment.
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samples were probe sonicated for an hour while being stimu-
lated by a 1-kHz 250-Oe magnetic field (Fig. 3). This was
repeated for three different MENP types, each with minor
fabrication differences. Additionally, a CoFe,O, particle was
used as a control, in order to account for any possibility of
a Fenton-like reaction, which has been shown to degrade
organic dyes through photo-catalysis.

After each sample completed its respective treatment, it
was centrifuged to remove the MENPs. The supernatants
were further diluted with DI water in a 1:4 ratio and the
absorbance spectra were measured using a UV-Vis spectro-
photometer. The peak absorbance at “580 nm of each group
was compared to a control sample of untreated trypan blue
stock solution. Each test was repeated 5 times, and a t-test
was used to verify a statistically significant effect between
treatment groups and the control sample (@ = 0.05).

SKOV-3 In Vitro Treatment

Human ovarian carcinoma cell line, SKOV-3, was used
for the cell culture experiments. Cells were obtained from
American Type Culture Collection in Manassas, VA, USA,
and were maintained in McCoy’s SA medium (Life Tech-
nologies, NY, USA) supplemented with 10% fetal bovine
serum (Sigma-Aldrich) and 1% penicillin-streptomycin
(science-cell).

SKOV-3 cells were cultured in 24-well plate at a den-
sity of 2 x 10°cells per well, and separated into 4 groups:
controls, magnetic stimulation, MENP treatment, and
MENP treatment with concurrent magnetic stimulation.
After 24 h of incubation at 37 °C, the relevant cell groups
were treated with 50 ul of MENP solution and exposed to a
30-min magnetic field treatment of 1000-Oe 20-ms pulses
every 5 s. After treatment, the cells were incubated for 24 h.
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A CellTiter-Glo ATP Assay (Promega) was used to meas-
ure cell viability, according to the manufacturer's instruc-
tions. The luminescent signal was read using a FLUOstar
OPTIMA plate reader (BMG Labtech). Each test was per-
formed in triplicate and repeated across three passages. An
ANOVA test was used to determine statistical significance
between groups.

Results

By altering the MENP fabrication processes, a variety of
effects could be achieved on the final dye concentration both
with and without magnetic stimulation. Control particles
made up of only CoFe,O, showed little to no effect on the
final dye concentration due to an absence of a significant
surface charge on the particles regardless of magnetic stimu-
lation, as shown in Fig. 4A.

Figure 4B shows the effects of MENPs with CoFe,0O,
cores and BaTiO; shells but with little lattice match between
the core and the shell. The lack of any significant dye degra-
dation demonstrates insufficient surface charge even when
exposed to magnetic stimulation. This crucially demon-
strates the sensitivity of the fabrication process even when
the final chemical composition is identical, as it can com-
pletely remove any ME effect.

The pre-strained particles showed a significant decrease
in the final dye concentration and no significant additional
increase in effect when combined with magnetic stimulation,
as shown in Fig. 4C. This is due to a long-term strain on the
piezoelectric shell, which results in a surface charge that
exists even when no magnetic stimulation is applied. This
pre-strain effect is significantly greater than any additional
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Fig.4 Absorbance spectra of trypan blue treated with (a) CoFe,0, cores, (b) MENPs with no core-shell interface, (c) pre-strained MENPs, and
(d) MENPs with core—shell interface both with and without concurrent magnetic stimulation.
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strain that can be applied via the magnetoelectric effect, thus
magnetic stimulation has no additional effect.

Figure 4D demonstrates that reducing the pre-existing
strain on the MENP shell allows for a particle with little
intrinsic effect on dye concentration, but, when combined
with magnetic stimulation, generates an ME effect sufficient
to degrade the dye solution.

In order to explore the mechanism of action behind the
degradation of trypan blue dye, hydroxyl trapping experi-
ments were performed. Dimethylsulfoxide (DMSO) was
used as a hydroxyl scavenger. With the addition of 0.1 ml
of DMSO, the dye degradation effect of MENPs could be
nullified, even under identical stimulation parameters which
had proven effective without the addition of DMSO, strongly
corroborating the idea that the mechanism through which
the ME effect degrades dye involves the generation of free
radicals, hydroxyl radicals in particular, which then interact
with the dye molecules (Fig. 5).
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These results corroborate our hypothesis that MENPs
interact with and degrade organic dyes via the generation
of free radicals, It appears that MENPs are able to gener-
ate electric fields sufficient to create highly reactive radicals
from water which, in turn, react with organic dye molecules.

MENPs Generate Sufficient Electric Fields to Provide
Anti-Cancer Effect on SKOV-3 Cells In Vitro

Particles with an insufficient core—shell interface, which had
previously shown no significant dye degradation effects, did
not show antiproliferative effects on SKOV-3 cells with or
without magnetic stimulation.

The pre-strain particles showed a significant antiprolif-
erative effect on SKOV-3, regardless of whether or not they
were combined with magnetic field stimulation, of 55.34%
(p = 0.0148) and 54.47% (p = 0.0012), respectively. This
closely matches with the dye degradation results, demon-
strating a strong intrinsic field effect but no increased effect
during magnetic stimulation.

Low-strain MENPs showed no significant impact on
the viability of the SKOV-3 cells on their own. However,
when MENPs were combined with magnetic field stimula-
tion, viability decreased significantly to 60.3% of the con-
trol (p = 0.0052). This agrees once again with the expected
results based on the dye-degradation screening test (Fig. 6).

Discussion

Ovarian cancer is a significant health concern, being the
deadliest gynecologic cancer**and the sixth leading cause
of cancer-related deaths in women. The current standard of
care for ovarian cancer involves a combination of debulking
surgery and drug treatment, often including platinum-based
chemotherapy. However, the prognosis for advanced ovarian

Control
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MENP-Prestrain

Magnetic Stim. MENP-Prestrain
MENP-Interface

Magnetic Stim. MENP-Interface

Fig.6 SKOV-3 cell viability 24 h after MENP treatment with MENPs with no core-shell interface, pre-strained MENPs, and MENPs with a
core—shell interface both with and without concurrent magnetic stimulation.
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cancer remains poor, with a high rate of recurrence, leading
to the need for novel and targeted treatment options. Despite
the emergence of new therapies, such as targeted agents and
immunotherapy, the high rate of recurrence and the develop-
ment of resistance to existing treatments present significant
challenges.*> Additionally, the lack of efficient screening
procedures for early detection further complicates the man-
agement of ovarian cancer. Therefore, there is a critical need
for further research and the development of more advanced
and effective treatment strategies to improve the outcomes
for patients with ovarian cancer. MENPs may provide an
additional tool in the future treatment of this and a variety
of other cancers which present with solid tumors. This will
only be achieved through the optimization of MENP fabri-
cation, surface modification, and magnetic field stimulation
techniques to enhance their therapeutic efficacy, all of which
are dependent on a rapid testing technique for evaluating
their performance.

The closeness with which the dye degradation test
matches with the SKOV-3 anti-proliferative effect is indica-
tive of the efficacy of the test. Given that this test can be
completed within a few hours, at a very low cost, it presents
a significant improvement on existing testing methods in
these important metrics. While using the dye degradation
test as a proxy for ME effect is not without limitations, it
appears to be functional as a rapid screening tool in MENP
development. Not only can dye degradation be used to indi-
cate the generation of electric fields but it can also be used
to quantify the strength of the ME effect in MENPs and to
determine the conditions under which an electric field is
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generated. Current research indicates that, in similar par-
ticles, AC fields induce strain on the piezoelectric shell,
polarizing the barium titanate to form surface charges. These
charges then interact with surrounding oxygen and water to
generate superoxide and hydroxyl radicals. These radicals
can then interact with organic dye molecules, leading to
their degradation.*' This is also corroborated by our results
(Fig. 7).

Future research will be necessary to further elucidate the
mechanisms by which the MENPs’ generated fields interact
with cancer cells.

In particular, this research demonstrated the ability for
dye degradation to predict the success of reducing the pro-
liferation of SKOV-3 cancer cells under different stimulation
conditions. The test was able to determine whether MENPs
would generate an electric field both with and without the
presence of an external magnetic field, which would then be
verified by the in vitro results.

The results of the ATP assay in SKOV-3 cells demon-
strate the need for rapid testing and iteration, as, while the
chemical composition of all MENPs tested were the same,
even minor changes in the fabrication procedure resulted
in a wide variety of outcomes on cell viability. An insuf-
ficient core—shell interface resulted in particles which had
no significant impacts on cell viability. A strong core—shell
interface could create a pre-strained shell and thus a long-
term surface charge capable of causing damage to cells even
without magnetic stimulation. This may be of some value in
its own right, but it removes the on/off control possible with
true magnetoelectrics. When the core—shell lattice interface

Degradation
Products

Fig. 7 Dye degradation mechanism. Upon activation, MENPs generate electric fields which generate superoxide and hydroxyl radicals from oxy-

gen and water. These reactive species react with the dye, degrading it.
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Fig.8 Proposed electroporation treatment effect of MENP-based IRE
treatment. MENPs may be added into the tumor site and stimulated
with an external magnetic field. This generates local electric fields

is optimized to allow for magnetic control, it was possible to
create particles which had insignificant inherent biological
effects but were able to kill SKOV-3 cells when stimulated
by an AC magnetic field (Fig. 8).

While it is highly likely that future iterations of MENPs
will further enhance their effectiveness, this study demon-
strates the possibility of MENPs killing cancer cells through
electric field generation. With further optimization, this may
open an avenue to improved IRE treatments for patients with
nonresectable tumors that current techniques are not able
to ablate.

Conclusions

The significance of our findings lies not only in the imme-
diate results but also in the broader implications for rapid
screening and targeted cancer therapy. The ability of MENPs
to degrade dyes up to 50% when exposed to a magnetic field
serves as a rapid and cost-effective test for evaluating the
effectiveness of MENPs. This is particularly important
because dye degradation is a proxy for the MENP’s ability to
generate local electric fields, which is a critical factor in their
therapeutic potential. Dye degradation as a test is advanta-
geous because it is faster and less variable than biological
assays, which can be influenced by biological variability and
are more time-consuming and expensive.

Furthermore, the potential importance of MENPs in IRE
treatment cannot be overstated. The ability to reduce SKOV3
cell viability by over 50% with magnetic field exposure sug-
gests a powerful application in oncology. MENPs that can
be activated and deactivated by a magnetic field represent a
significant advancement in cancer therapeutics because they
offer a new targeting mechanism: particles can not only be
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sufficient to porate cell membranes. These pores disrupt the homeo-
static equilibrium between the cell and the tumor micro-environment,
leading to cell death.

targeted to a particular location but the activation field can
itself be targeted to activate only MENPs in that region. This
on-demand control could potentially minimize side effects
and improve the therapeutic index of anticancer drugs by
targeting and activating the particles precisely at the tumor
site, thereby sparing healthy tissue.

The concept of using a magnetic field to control drug
activity is a transformative approach to chemotherapy. It
aligns with the principles of precision medicine, offering
a method to localize treatment effects and reduce systemic
toxicity. This could lead to a new class of therapeutics that
are only active when and where they are needed, which is
particularly valuable in the treatment of cancers where tradi-
tional chemotherapy can cause significant collateral damage
to healthy cells.

While the only MENPs used for this study were cobalt
ferrite-/barium titanate-based, and the only dye used was
trypan blue, the applicability of dye degradation as a test
for the efficacy of MENPs is broader than the particular
setup used in this study. A similar study has been per-
formed using methylene blue dye and bismuth ferrite-based
MENPs, showing similar results.*! This is likely due to the
mechanism of action. Rather than a direct interface between
MENP and the dye molecules, the MENPs generate oxida-
tive species in the solution, which, in turn, interacts with and
degrades azo dyes. Given that there is no direct interaction
between the dye and the MENP surface, it is likely that a
number of piezoelectric shell materials would elicit similar
effects, depending on their piezoelectric coefficients. For our
purposes, barium titanate was chosen due to its bioavailabil-
ity and high piezoelectric coefficient.

Future research will elucidate the optimal fabrication pro-
cedures to achieve the greatest magnetoelectric coefficient,
without sacrificing the nanoscale. There are a variety of
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strategies to potentially improve current MENP fabrication,
such as testing different piezoelectric shell and magneto-
strictive core materials. Additionally, there is work to be
done to optimize the core:shell mass ratio, maximizing the
piezoelectric shell material which can still be driven by the
magnetostrictive core. There is also the potential for testing
a range of MENP volumes, depending on the desired out-
comes (i.e., larger MENPs may generate stronger fields, but
may not be suitable for penetrating the blood—brain barrier).

In summary, our study not only demonstrates the poten-
tial of MENPs in dye degradation and cancer cell viability
reduction but also underscores the broader implications for
rapid MENP screening and the development of innova-
tive cancer therapies. The ability to activate and deactivate
therapeutic effects with a highly targeted electric field con-
trolled by a magnetic field could revolutionize the way we
approach the treatment of cancer and other diseases where
localized therapy is beneficial. Further research is needed to
optimize MENP design and to fully understand the mecha-
nisms behind their effects, paving the way for their clinical
application.

Acknowledgements This research was partially supported by the
National Science Foundation (NSF) under award #ECCS-211082, the
Sylvester Comprehensive Cancer Center (SCCC) intramural fund-
ing program under the core National Institutes of Health (NIH) grant
5P30240139-02, and Defense Advanced Research Projects Agency
(DARPA) and Naval Information Warfare Center, Pacific (NIWC
Pacific) under Contract N66001-19-C-4019.

Funding National Science Foundation, #£ECCS-211082, Sakhrat Khiz-
roev, Foundation for the National Institutes of Health, 5P30240139-
02, Defense Sciences Office, DARPA, N66001-19-C-4019, Sakhrat
Khizroev.

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. L Bok, I. Haber, X.F. Qu, and A. Hai, Sci. Rep. 12(1), 8386
(2022).

2. P.R.L. Guduru, M. Yousef, J. Horstmyer, and S. Khizroev, Bio-
electron. Med. 4 (10) (2018).

3. P. Kumari, H. Wunderlich, A. Milojkovic, J.E. Lopez, A. Fossati,
A. Jahanshahi, and K. Kozielski, Adv Healthc Mater 13, €2302871
(2024).

4. P.Liang, U.S.A. (2019).

5. A. Nagesetti, A. Rodzinski, E. Stimphil, T. Stewart, C. Khanal,
P. Wang, R. Guduru, P. Liang, I. Agoulnik, J. Horstmyer, and S.
Khizroev, Sci. Rep. 7, 1610 (2017).

6. LT. Smith, E. Zhang, Y.A. Yildirim, M.A. Campos, M. Abdel-
Mottaleb, B. Yildirim, Z. Ramezani, V.L. Andre, A. Scott-Vande-
usen, P. Liang, and S. Khizroev, Wires Nanomed Nanobi (2022).

7. E. Stimphil, A. Nagesetti, R. Guduru, T. Stewart, A. Rodzinski, P.
Liang, and S. Khizroev, Appl Phys Rev 4(2), 021101 (2017).

8. T. Nguyen, J.H. Gao, P. Wang, A. Nagesetti, P. Andrews, S.
Masood, Z. Vriesman, P. Liang, S. Khizroev, and X.M. Jin, Neu-
rotherapeutics 18(3), 2091 (2021).

9. M. Giladi, U. Weinberg, R.S. Schneiderman, Y. Porat, M. Mun-
ster, T. Voloshin, R. Blatt, S. Cahal, A. Itzhaki, A. Onn, E.D.
Kirson, and Y. Palti, Semin. Oncol. 41(Suppl 6), S35 (2014).

10. E.D. Kirson, V. Dbaly, F. Tovarys, J. Vymazal, J.F. Soustiel, A.
Itzhaki, D. Mordechovich, S. Steinberg-Shapira, Z. Gurvich,
R. Schneiderman, Y. Wasserman, M. Salzberg, B. Ryffel, D.
Goldsher, E. Dekel, and Y. Palti, Proc. Natl. Acad. Sci. USA
104(24), 10152 (2007).

11. E.D. Kirson, M. Giladi, Z. Gurvich, A. Itzhaki, D. Mordecho-
vich, R.S. Schneiderman, Y. Wasserman, B. Ryffel, D. Gold-
sher, and Y. Palti, Clin. Exp. Metastasis 26(7), 633 (2009).

12. E.D. Kirson, Z. Gurvich, R. Schneiderman, E. Dekel, A. Itzhaki,
Y. Wasserman, R. Schatzberger, and Y. Palti, Cancer Res. 64(9),
3288 (2004).

13. E. Lok, P. San, V. White, O. Liang, P.C. Widick, S.P. Reddy,
and E.T. Wong, Adv. Radiat. Oncol. 6(4), 100716 (2021).

14. J.C. Moser, E. Salvador, K. Deniz, K. Swanson, J. Tuszynski,
K.W. Carlson, N.K. Karanam, C.B. Patel, M. Story, E. Lou, and
C. Hagemann, Cancer Res. 82(20), 3650 (2022).

15. J.A. Tuszynski, C. Wenger, D.E. Friesen, and J. Preto, Int J
Environ Res Public Health 13(11), 1128 (2016).

16. J. Dermol and D. Miklavcic, Bioelectrochemistry 100, 52
(2014).

17. S.Y.Ho and G.S. Mittal, Crit. Rev. Biotechnol. 16(4), 349 (1996).

18. T.F. Justesen, A. Orhan, H. Raskov, C. Nolsoe, and 1. Gogenur,
Cancers 14(12), 2876 (2022).

19. J.T. Sengel and M.1. Wallace, Proc. Natl. Acad. Sci. USA 113(19),
5281 (2016).

20. M.P. Belfiore, M. De Chiara, A. Reginelli, A. Clemente, F. Urraro,
R. Grassi, G. Belfiore, and S. Cappabianca, Front. Oncol. 12,
943176 (2022).

21. G. Narayanan, Semin Intervent Radiol 32(4), 349 (2015).

22. U.Zimmermann, Biochim. Biophys. Acta 694(3), 227 (1982).

23. P. Wang, E. Zhang, D. Toledo, I.T. Smith, B. Navarrete, N. Fur-
man, A.F. Hernandez, M. Telusma, D. McDaniel, P. Liang, and
S. Khizroev, Nano Lett. 20(8), 5765 (2020).

24. M. Nair, R. Guduru, P. Liang, J. Hong, V. Sagar, and S. Khizroev,
Nat. Commun. 4, 1707 (2013).

25. E.Zhang, P. Liang, Y.A. Yildirim, S. Chen, M. Abdel-Mottaleb,
M. Shotbolt, Z. Ramezani, J. Tian, V. Andre, and S. Khizroev,
1EEFE Trans. Magn. 59(10), 1 (2023).

26. S.Betal, A.K. Saha, E. Ortega, M. Dutta, A.K. Ramasubramanian,
A.S. Bhalla, and R. Guo, Sci. Rep. 8(1), 1755 (2018).

27. R. Guduru and S. Khizroev, Part. Part. Syst. Charact. 31(5), 605
(2014).

28. R. Guduru, P. Liang, C. Runowicz, M. Nair, V. Atluri, and S.
Khizroev, Sci. Rep. 3, 2953 (2013).

29. S. Hossain, R. Guo, and A. Bhalla, Int. J. Nanosci. (2024).

30. A. Kaushik, J. Rodriguez, D. Rothen, V. Bhardwaj, R.D. Jayant,
P. Pattany, B. Fuentes, H. Chand, N. Kolishetti, N. El-Hage, K.

@ Springer


http://creativecommons.org/licenses/by/4.0/

5538

M. Shotbolt et al.

31.

32.

33.

34.

35.

36.

37.

38.

Khalili, N.S. Kenyon, and M. Nair, Acs Appl Bio Mater 2(11),
4826 (2019).

Y. J. Kim, N. Driscoll, N. Kent, E. V. Paniagua, A. Tabet, F. Koe-
hler, M. Manthey, A. Sahasrabudhe, L. Signorelli, D. Gregurec,
and P. Anikeeva, bioRxiv (2023).

M. Pardo, E.R. Roberts, K. Pimentel, Y.A. Yildirim, B. Navar-
rete, P. Wang, E. Zhang, P. Liang, and S. Khizroev, Nanomed-
Nanotechnol 32, 102337 (2021).

A. Rodzinski, R. Guduru, P. Liang, A. Hadjikhani, T. Stewart,
E. Stimphil, C. Runowicz, R. Cote, N. Altman, R. Datar, and S.
Khizroev, Sci. Rep. 6, 20867 (2016).

T.S. Stewart, A. Nagesetti, R. Guduru, P. Liang, E. Stimphil, A.
Hadjikhani, L. Salgueiro, J. Horstmyer, R. Cai, A. Schally, and S.
Khizroev, Nanomedicine 13(4), 423 (2018).

C.C. Cheng, Y.J. Chen, S.H. Lin, H.M. Wang, G.P. Lin, and T.K.
Chung, Micromachines 15(1), 36 (2023).

H. Wei, H. Wang, Y. Xia, D. Cui, Y. Shi, M. Dong, C. Liu, T.
Ding, J. Zhang, Y. Ma, N. Wang, Z. Wang, Y. Sun, R. Wei, and Z.
Guo, J. Mater. Chem. 46, 12446 (2018).

H. Hoshyarmanesh, N. Ebrahimi, A. Jafari, P. Hoshyarmanesh,
M. Kim, and H.H. Park, Sensors 19(1), 13 (2018).

W. Xiao, Z. Chen, X. Liu, Z. Zhou, Z. Fu, Y. Tang, and R. Liang,
Mater. Horiz. 11(21), 5285 (2024).

@ Springer

39.

40.

41.

42.

43.

44,

45.

H.G.R. Jahns, E. Woltermann, E. Quandt, and R.H. Knochel,
IEEE Trans. Instrum. Meas. 60(8), 2995 (2011).

E.N.E.Q. Zhu, S. Xie, and J. Li, Theor. Appl. Mech. Lett. 10(1),
23 (2020).

F. Mushtaq, X. Chen, H. Torlakcik, C. Steuer, M. Hoop, E.C.
Siringil, X. Marti, G. Limburg, P. Stipp, B.J. Nelson, and S. Pane,
Adv. Mater. 31(28), €1901378 (2019).

M.C. Mascolo, Y. Pei, and T.A. Ring, Materials (Basel) 6(12),
5549 (2013). https://doi.org/10.3390/ma6125549.

F. Deganello, G. Marci, and G. Deganello, J. Eur. Ceram. Soc.
29(3), 439 (2009). https://doi.org/10.1016/j.jeurceramsoc.2008.
06.012.

R.L. Siegel, K.D. Miller, and A. Jemal, CA Cancer J. Clin. 70(1),
7 (2020).

L.A. Torre, B. Trabert, C.E. DeSantis, K.D. Miller, G. Samimi,
C.D. Runowicz, M.M. Gaudet, A. Jemal, and R.L. Siegel, CA
Cancer J. Clin. 68(4), 284 (2018).

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/ma6125549
https://doi.org/10.1016/j.jeurceramsoc.2008.06.012
https://doi.org/10.1016/j.jeurceramsoc.2008.06.012

	Catalytic Degradation of Organic Dyes Indicates Anti-Proliferative Effects of Magnetoelectric Nanoparticles
	Abstract
	Introduction
	Experimental
	MENP Synthesis
	Pegylation of MENPs
	Dye Degradation Screening
	SKOV-3 In Vitro Treatment

	Results
	MENPs Generate Sufficient Electric Fields to Provide Anti-Cancer Effect on SKOV-3 Cells In Vitro

	Discussion
	Conclusions
	Acknowledgements 
	References




