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ABSTRACT

This work presents functional multiferroic cobalt ferrite-based nanoparticles (CFO NPs) coated with calcium/
zirconium-doped barium titanate (CFO-BCZT) that demonstrate notable magnetoelectric coupling and biocom-
patibility for neural applications. The core-shell structure was synthesized through hydrothermal and sol-gel
processes. Uncoated CFO NPs and CFO NPs coated with bismuth ferrite (CFO-BFO) were used for comparison.
X-ray diffraction revealed cubic CFO core and tetragonal BCZT shell without any secondary phase, nor impu-
rities. Magnetoelectric coupling effect of CFO-BCZT MENPs was revealed through piezoresponse force micro-
scopy. Biological cellular responses to CFO-BCZT MENPs were evaluated through cytotoxicity assays, microscopy
analysis, and cellular uptake on primary neurons, astrocytes or microglia cultures. Long-term effects were studied
in rodent 3D organotypic hippocampal cultures. Moreover, the magnetoelectric performance of CFO-BCZT and
CFO-BFO MENPs was assessed in vitro with SH-SY5Y human neuronal cell lines under magnetic stimulation. The
results showed CFO-BCZT MENPs superior biocompatibility both in vitro and ex vivo in organotypic brain slices,
while CFO-BFO MENPs reduced microglial viability and induced inflammatory changes. Additionally, tissue
penetration of CFO-BCZT MENPs through magnetic attraction was successfully achieved on organotypic hip-
pocampal cultures, without causing either cell damage or disruption of neural connections. Finally, SH-SY5Y
neuronal cell line showed good neurite outgrowth with the tested magnetic stimulation parameters. In conclu-
sion, CFO-BCZT MENPs not only exhibited a magnetoelectric coupling effect but also greater biocompatibility
compared to CFO-BFO and uncoated CFO NPs, positioning them as promising composite materials for brain
stimulation therapies.

Statement of significance: Magnetoelectric nanoparticles are emerging as promising tools for non-invasive brain
stimulation therapies. Our work introduces biocompatible multiferroic cobalt ferrite- based nanoparticles (CFO
NPs) coated with calcium/zirconium-doped barium titanate (CFO-BCZT) as candidate materials for neural ap-
plications, representing a combination of cobalt ferrite cores with calcium/zirconium-doped barium titanate
shells. These core-shell nanostructures exhibit strong magnetoelectric coupling and significantly improved
biocompatibility compared to conventional alternatives, such as bismuth ferrite coatings. Their ability to
penetrate brain tissue through magnetic attraction without inducing cellular toxicity or inflammation on ex vivo
organotypic hippocampal slices, while promoting neurite outgrowth on in vitro neuronal cell cultures, positions
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them as promising tools for non-invasive neural modulation. This study paves the way for safe, wireless brain
stimulation platforms using multifunctional nanomaterials.

1. Introduction

Transcranial magnetic stimulation (TMS) represents an effective,
minimally invasive approach for treating several neurological dysfunc-
tions [1,2]. Although TMS already has clinical translations and proven
long-term safety, it is spatially limited and struggles to stimulate
deep-brain areas [3].

Magnetoelectric nanoparticles (MENPs) are an emerging class of
materials with distinct physicochemical properties and many biomed-
ical applications, including non-invasive neuromodulation in the central
nervous system [4]. MENPs are core-shell structures traditionally
composed of a ferromagnetic core and a piezoelectric shell. This com-
bination produces the magnetoelectric coupling effect, and external
magnetic field gradients can guide the NPs through the body, even at
deeper levels [5]. MENPs have been studied as drug nanocarriers for
cancer therapy [6,7], targeted delivery of drugs across the blood-brain
barrier (BBB), and controlled release in the brain parenchyma. Addi-
tionally, recent in vivo studies demonstrated successful non-invasive
delivery of MENPs in the brain in rodent and non-human primate
models [8,9]. One of the most promising applications of MENPs is within
the context of deep brain stimulation (DBS), as they can generate
localized electric fields from external magnetic stimuli. MENPs could
represent a new generation of neurostimulators for DBS with several
advantages over traditional implantable microelectrodes and TMS,
specifically minimal invasiveness and high target specificity. In vivo
studies on rodent animal models have already reported remote electrical
polarization of MENPs with external magnetic fields and subsequent
local modulation of neural activity in deep brain targets [10,11].

However, MENPs have currently been limited to the preclinical level.
To speed their translation from bench to bedside, it is paramount to
establish their safety and reliability for clinical use. Despite this, few
studies have investigated the response of neuronal and glial cells to
contact with the proposed MENPs and the impact of their motion
through brain tissue. Moreover, limited knowledge is available
regarding the potential long-term toxicity of the most widely employed
materials for MENPs design, and rigorous diagnostic assessments are
necessary before their broad deployment in clinical settings. Thus, a
serious study on functional and biocompatible coatings and alternative
NP materials is essential to meet the requirements for successful
biomaterials.

In response to the growing interest in minimally invasive neuro-
stimulation technologies, various core-shell magnetoelectric nano-
particles (MENPs) have been developed for DBS and neuromodulation.
Towards this goal, several magnetic cores such as magnetite (FesOa),
nickel ferrite (NiFe204), and manganese ferrite (MnFe204) have been
explored for their lower magnetic anisotropy, reduced toxicity, and
tunable magnetostrictive properties. FesOs-based MENPs have demon-
strated wireless neural stimulation both in vitro and in vivo without
inducing cytotoxicity [12,13], while NiFe204 and MnFez0a4 cores have
been incorporated into core—shell architectures, where their soft mag-
netic character and biocompatibility contribute to efficient magneto-
electric coupling and functional bioactivation [14,15]. On the
piezoelectric side, barium titanate (BaTiOs) [16,17] has been investi-
gated in combination with ferromagnetic cores to enable induction and
inhibition of action potentials under alternating and direct magnetic
fields in vitro, as well as to stimulate neural activity in vivo. Poly-
vinylidene fluoride (PVDF), a flexible piezoelectric polymer, is a ver-
satile material as a coating or scaffold for magnetoelectric devices
capable of inducing wireless modulation and recovery of motor
behavior, as well as cell differentiation and tissue regeneration in vivo
[12,18].
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CFO is the most popular core material for MENPs, particularly for
DBS, due to its chemical and thermal stability, good saturation magne-
tization, and high magnetostriction coefficient. Its strong magneto-
strictive response enables efficient magnetoelectric coupling when
paired with piezoelectric coatings, making it a preferred choice in pre-
clinical neuromodulation studies [19,20]. Similarly, BFO is one of the
most widely studied multiferroic materials thanks to its attractive
electrical, magnetic, and piezoelectric properties. Thanks to its signifi-
cant piezoelectric coefficient, BFO is a functional coating for magneto-
strictive CFO as the basis for MENPs and nanomaterials for tissue
electrical stimulation [21,22]. However, pre-clinical and clinical studies
in the literature have reported the toxicity of BFO and bismuth com-
pounds [23-27].

BCZT is another coating for CFO NPs known for its enhanced
piezoelectric properties. This material offers remarkable advantages
thanks to several key properties. It is highly biocompatible, showing low
cytotoxicity toward human cells like osteoblasts and endothelial cells
[28,29]. It is a lead-free, environmentally friendly alternative to tradi-
tional piezoceramics. It exhibits a higher piezoelectric response than
BaTiOs-based ceramics, allowing for generating high electric signals
under mechanical stress [30]. Moreover, it displays strong electrome-
chanical performance and thermal stability at body temperature, mak-
ing it suitable for MENPs design and biomedical devices [31].

Previous studies have reported the synthesis of CFO-BCZT nano-
composites exhibiting magnetoelectric coupling properties [32-34].
However, those studies did not explore biocompatibility or application
in biological systems.

In contrast, we present functional multiferroic core-shell MENPs of
cobalt ferrite (CFO) coated with calcium, zirconium-doped barium
titanate (CFO-BCZT) with ideal magnetoelectric coupling and biocom-
patibility for neural applications. Here, the proposed BCZT coatings for
CFO cores are compared with BFO coatings in MENP design, perfor-
mance, and cellular responses assessment (Fig. 1a—b). The synthesis of
CFO-BCZT and CFO-BFO MENPs by hydrothermal and sol-gel processes
and their structure and magnetoelectric performance characterization
are described. In addition to performing traditional short-term in vitro
primary cell cultures, we assess long-term biocompatibility on a com-
plex and relevant 3D system - the rodent organotypic hippocampal
cultures [35-37](Fig. 1c—d). We also employ organotypic hippocampal
cultures to explore the impact of MENPs motion in terms of tissue
viability and neuronal network integrity, 24 h after external magnetic
field application. This expands upon previous studies that have pri-
marily considered the functional ability of MENPs to cross the BBB or the
effect of their movement and presence on brain tissue [38] and hippo-
campal slices [39] (Fig. le). Finally, we test magnetic stimulation on
human neuronal cell lines using both CFO-BCZT and CFO-BFO MENPs
(Fig. 1f). Altogether, this study links biomaterial’s structure and func-
tion to biomaterials development for neurological applications.

2. Materials and methods

All reagents were acquired from Sigma Aldrich with chemical grade
unless otherwise stated.

2.1. Synthesis of CFO core NPs

Single crystalline CFO core NPs were synthesized using co-
precipitation and hydrothermal methods, as previously described [40,
41]. 2 g of acetyltrimethylammonium bromide was dissolved in 30 mL of
deionized (DI) water, and then 1 g of iron(III) chloride hexahydrate and
0.24 g of cobalt(Il) chloride anhydrous powders were dissolved.
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Subsequently, 6 M of an aqueous sodium hydroxide solution was mixed
with the previous solution (co-precipitation). Synthesized CFO NPs were
collected and washed with DI water, acetone, and ethanol.

2.2. Synthesis of CFO-BFO core-shell MENPs

The BFO shell was synthesized by sol-gel process as previously
described [40,41]. 0.243 g of iron(III) nitrate nonahydrate and 0.322 g
of bismuth(III) nitrate pentahydrate were dissolved in 60 mL of ethylene
glycol solution and mixed with 0.1 g of CFO NPs. The solvent was
evaporated overnight at 80 °C, and the dried powder was annealed at
600 °C for 2 h.

2.3. Synthesis of CFO-BCZT core-shell MENPs

BCZT shell was synthesized by sol-gel process. Firstly, 2.45 mL of
titanium(IV) butoxide (97 wt. %, and 0.37 mL of zirconium(IV) butoxide
solution (80 wt.) were added dropwise to a solution of 10 mL 2-methox-
yethanol and 1 mL acetylacetone (solution A). 1.736 g of barium acetate
and 0.211 g of calcium acetate were dissolved in 5 mL of glacial acetic
acid at 60 °C and mixed with solution A after natural cooling to room
temperature (solution B). 75 mg of CFO NPs dispersed in 0.33 mL of DI
water was added to 3.3 mL of solution B. After stirring for 1 h, the
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solvent evaporated overnight at 80 °C, and then the resulting particles
were annealed at 900 °C for 2 h.

2.4. Characterization of the MENPs

The crystallinity of CFO-BCZT and CFO-BFO MENPs was analyzed
with an X-ray diffractometer (Bruker AXS D8 Advance). Transmission
electron microscopy (TEM), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), and energy disper-
sive X-ray spectroscopy (EDX) were performed with FEI Talos F200X. To
analyze the piezoelectric and magnetoelectric properties of core-shell
MENPs, piezoresponse force microscopy (NT-MDT) equipped with an
in-plane DC magnetic field setup was employed. The local piezoelectric
hysteresis loop was measured by applying a DC voltage superimposed
with a small AC voltage between the Au-coated conductive tip and the
Au-coated substrate. The local hysteresis loops were measured and
averaged over 5 times.

2.5. Animals

All animal procedures were pre-approved by the i3S Ethics Com-
mittee (CEA, i3S). All the experiments were performed according to
institutional ethical guidelines (i3S), the National law (DL 113/2013),
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Fig. 1. a-b) Schematic representation of a) core-shell magnetoelectric nanoparticles (MENPs), and b) the in vitro and ex vivo performance evaluation for
magnetoelectric stimulation. c-d) In vitro and ex vivo experimental study designs representing the experimental schemes for investigating the biocompatibility of
MENPs in c¢) in vitro primary neuronal and glial cells and d) ex vivo rat hippocampal organotypic slices, as well as the experimental schemes e) for studying the
impact of MENPs motion on ex vivo organotypic cultures and f) for investigating the in vitro performance of MENPs in magnetoelectric stimulation of neuronal cells.
Abbreviations: DIV: days in vitro; PI: propidium iodide fluorescence staining; IBA-1: ionized calcium binding adaptor molecule 1 immunofluorescence staining;
GFAP: Glial fibrillary acidic protein immunofluorescence staining; p3-TUB: $3-tubulin immunofluorescence staining.
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and European Union guidelines (EU Directive 2010/63/EU for animal
experiments) with maximal care to minimize animal suffering, as well as
the number of animals used. Only authorized and experienced re-
searchers performed animal experimentation. The rats or mice were
kept in an enriched housing environment with ad libitum feed and water
supply. They were kept under a 12 h light/12 h dark cycle at the i3S
animal facility, with controlled ambient temperature and humidity.

Wistar Han rat pups, males and females, 0-2 days old, were used to
obtain primary microglia and astrocytes isolated from brains. Wistar
Han rat pups, males and females, 6-8 days old, were used to prepare the
hippocampal slice cultures. C57BL/6 mice embryos (E16.5) were used to
obtain primary mouse neuronal cortical cell cultures (NCCC).

2.6. Primary microglia and astrocyte cultures

Primary cultures of microglia and astrocytes were obtained from PO-
P2 rat pups, as previously described, with some modifications [42,43].
Briefly, cortices were isolated and digested in Hank’s Balanced Salt
Solution (HBSS, Gibco, Life Technologies) without Ca®*, Mg?" and
supplemented with trypsin (0.0025 % (w/v), Gibco, Life Technologies)
and 0.001 mg/mL DNAse I (Applichem LifeSciences) for 15 min at 37 °C.
Dissociated cortices were cultured in 10 pg/mL poly(L-lysine) (PLL)
coated 75 cm? flasks (BioLite) and maintained in Dulbecco’s Modified
Eagle Medium (DMEM, Gibco, Life Technologies) supplemented with 10
% (v/v) heat-inactivated (30 min, 56 °C) fetal bovine serum (FBS, Gibco,
Life Technologies) and 1 % (v/v) penicillin-streptomycin (P/S, Biowest).
When confluence was reached (~12 days), the flasks were shaken for 2 h
(200 rpm, 37 °C, 5 % CO3) on an orbital shaker to obtain the cells that
detach - microglia. Subsequently, an additional overnight shake (220
rpm, 37 °C, 5 % CO2) was carried out to remove other loosely attached
cells - microglia and oligodendrocyte progenitor cells. This process was
repeated once a week for three weeks. The remaining cells were mainly
astrocytes that were further trypsinized (0.025 % (w/v) trypsin-EDTA,
Gibco, Life Technologies) at 37 °C for 5 min to increase cell purity.

Primary microglia were incubated in DMEM Nutrient Mixture F-12
(Gibco, Life Technologies) supplemented with 10 % (v/v) heat-
inactivated FBS and 1 % (v/v) Penicillin-Streptomycin (PS) antibiotics
and plated in 10 pug/mL poly(D-lysine) (PDL) coated CellCarrier Ultra
96-well microplates (Perkin-Elmer) at a concentration of 30 x 10"
viable cells (trypan blue assay) per well in 100 pL. Similarly, primary
astrocytes (90 % purity) were plated into uncoated 96-well microplates
at a concentration of 9.6 x 10”3 viable cells per well in 100 pL of DMEM
supplemented with 10 % (v/v) heat-inactivated FBS and 1 % (v/v) PS.
Both cell types were maintained at 37 °C with 95 % O3 and 5 % COs, for
24 h until further use.

2.7. Cortical neuron cultures

Primary mouse neuronal cortical cell cultures (NCCC) were prepared
from E16.5 C57BL/6 mice embryos according to a previously reported
protocol with some modifications [44]. Briefly, cortices were digested
with trypsin (1.5 mg/mL), washed with HBSS containing 10 % (v/v)
FBS, and then washed only with HBSS to remove FBS. The tissue was
then mechanically dissociated in Neurobasal medium (NBM; Gibco, Life
Technologies) using a pipette, and cells were filtered and counted (95 %
purity). Cells were then plated in 50 pg/mL PDL coated 96-well micro-
plates at a concentration of 15x10™* viable cells per well in a total
volume of 300 pL of NBM supplemented with 2 % (v/v) NeuroCult™
SM1 Neuronal Supplement (StemCell Technologies), L-glutamine (0.5
mM), L-glutamic acid monosodium salt hydrate (0.025 mM) and gen-
tamycin (50 pg/mL, Gibco, Life Technologies) at 37 °C with 5 % COo, for
7 days until further use.

2.8. Live-dead assay

Primary cortical neurons, microglia, and astrocytes were incubated
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with the MENPs at a concentration of 10 and 100 pg/mL for 24 h
(Fig. 1c). Subsequently, Calcein AM cell permeant (Molecular Probes)
and Hoechst 33,342 (Anaspec) were added in the medium in each well at
a final concentration of 1 uM and 20 pM, respectively, for 20 min.
Finally, cells were incubated with propidium iodide (PI) at a concen-
tration of 1.5 pM for additional 5 min. As positive controls for all the
cells, 0.01 % (v/v) Triton X-100 was added to the medium to induce cell
death, 10 min before incubation with the fluorescent dyes. Finally, cells
were imaged using an INCell Analyzer 2000 (GE Healthcare) for high-
throughput analysis.

2.9. Reactive oxygen species (ROS) and nitrite oxide (NO) quantification

CellROX™ Deep Red Reagent (Invitrogen) was employed to detect
ROS production by primary microglia, according to the manufacturer’s
instructions. Briefly, after 24 h incubation with MENPs, CellROX Deep
Red Reagent was added to the incubation medium at a final concen-
tration of 5 uM for 30 min. Then, cells were immediately imaged using
an INCell Analyzer 2000. Cells incubated for 3 h with 100 pM mena-
dione diluted in the cell culture medium before ROS quantification were
used as positive control.

NO production by microglia was measured using the Griess Reagent
detection method as previously described [45]. After incubating with
MENPs for 24 h, 100 pL of supernatant was transferred into a 96-well
plate and mixed with equal volumes of Griess reagent for 1 h at room
temperature (RT). Subsequently, absorbance was measured with a Bio-
Tek Synergy Mx Monochromator-Based Multi-Mode Reader (Agilent) at
a wavelength of 550 nm. Lipopolysaccharide (LPS) was used as a posi-
tive control in the incubation medium at a 200 ng/mL concentration in
0.1 M phosphate-buffered saline (PBS) for 24 h.

2.10. Prussian blue staining

We employed the Prussian blue staining in microglia as previously
described [46]. Briefly, after incubation with MENPs at 10 pg/mL for 24
h, cells were washed twice with PBS and fixed in 4 % (w/v) para-
formaldehyde (PFA) in PBS for 15 min. After PFA removal, cells were
incubated with Perl’s reagent composed of equal amounts (1:1, v/v) of 4
% (w/v) potassium ferrocyanide in DI water and 12 % (w/w) aqueous
hydrochloric acid solution (HCl) for 30 min. Subsequently, cells were
washed three times with DI water, counterstained with 0.1 % (w/v)
Nuclear Fast Red solution in DI water for 5 min, followed by three
washes with DI water and immediately imaged.

2.11. Organotypic hippocampal slice cultures

Rodent Organotypic hippocampal slice cultures were established
using the previously described interface method [35,37]. Briefly, 400
pm slices obtained from the hippocampus of rat pups’ brain, were placed
into 0.4 pm Millicell® PTFE culture inserts (Merck-Millipore) in 6-well
plates (Corning) and maintained at 37 °C with 5 % COy and 95 % at-
mospheric air for 7 days. 1 mL of incubation medium composed of
Opti-MEM™ (Gibco, Life Technologies) based medium supplemented
with 25 % (v/v) heat-inactivated horse serum (HS, Gibco, Life Tech-
nologies), 25 % (v/v) HBSS, D-(+)-glucose 25 mM, and 1 % (v/v) PS was
placed in each well. Medium was changed 24 h after the plating and then
every 2 days.

MENPs administration was carried out at 7 days in vitro (DIV) using
a Narishige Pneumatic Microinjector (Model IM-300) connected to a
nitrogen cylinder as previously described [35]. Inserts with the brain
slices were transferred into a petri dish with 3 mL of warm incubation
medium. 400 ng of MENPs suspended in 1 M HEPES buffer (Gibco, Life
Technologies), at a concentration of 2 mg/mL, were first sonicated for 1
min in a sonication bath, then loaded into glass microcapillaries (WPI
1B200F-4, with Filament) and inserted in a three-dimensional manipu-
lator. 12-15 drops were deposited on the cornu Ammonis (CA) 3, CAl,
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and dentate gyrus (DG) areas without damaging the tissue. In control
slice cultures, HEPES buffer was deposited in the same way. The pro-
cedure was performed in sterile conditions inside a laminar flow hood
equipped with a KL300 stereomicroscope (Leica). After MENPs admin-
istration, inserts were placed in the well plates with fresh pre-heated
medium. Subsets of slice cultures were analyzed at 8 DIV, 14 DIV, and
21 DIV (corresponding to 1day, 7 days, and 14 days in contact with the
MENPs) (Fig. 1d).

2.12. Motion experiments of MENPs in brain slices

The impact of CFO-BCZT MENPs’ motion was assessed on organo-
typic hippocampal slice cultures. Briefly, 400 ng of CFO-BCZT were
administered on a subset of cultures 7 days after plating. Then, a mag-
netic plate for magnetofection (10,000 Oe, OZ Biosciences) was placed
at the bottom of the 6-well plate containing the insert and left in the
incubator for 30 min to allow motion of the MENPs from the top of the
slices inwards. Subsequently, the magnetic plate was removed, and sli-
ces were kept in the incubator for 24 h (Fig. 1e). The impact of MENPs’
motion in the brain tissue was assessed by PI uptake and (3-tubulin
immunofluorescence. Moreover, MENPs’ penetration and tissue integ-
rity were also evaluated by confocal and TEM imaging on slice
cryosections.

2.13. Propidium iodide assay in brain slices

PI uptake was performed to assess the impact of MENPs on organo-
typic hippocampal slice cultures as previously described [35]. The assay
was performed at 8 DIV, 14 DIV, and 21 DIV (1 day, 7 days, and 14 days
after MENPs administration, respectively). PI was added to the culture
medium for 1 h at a concentration of 6 pM. Slices treated with 0.1 %
(v/v) Triton X-100 in PBS for 1 h before PI administration were used as
positive controls. Each membrane insert was gently cut out and placed
inside a 35 mm imaging p-dish (ibidi) for visualization.

2.14. Immunofluorescence

In organotypic hippocampal slice cultures, at the end of the 3 above-
described time points (Fig. 1d), the medium was removed from each
well and inserts were washed with pre-warmed PBS for 2 times, followed
by fixation of the slices with 4 % (w/v) PFA at room temperature (RT)
for 1 h. Slices still attached to the membrane were individually cut out
and incubated in permeabilization/blocking buffer composed of 1 % (w/
v) bovine serum albumin (BSA), 5 % (v/v) heat-inactivated FBS, and 1 %
(v/v) Triton X-100 in PBS overnight at 4 °C with gentle shaking. After
PBS washing, slices were incubated with rabbit anti-ionized calcium
binding adaptor molecule 1 (Iba-1, 1:800, Wako Chemicals), mouse anti-
B3-tubulin (1:500, Promega) and rabbit anti-glial fibrillary acidic pro-
tein (GFAP, 1:500, Abcam) diluted in blocking buffer containing 1 % (w/
v) BSA, 5 % (v/v) FBS, and 0.3 % (v/v) Triton X-100 in PBS for 48 h at 4
°C with gentle shaking. Slices were rewashed with 0.05 % (v/v) Triton X-
100 in PBS at RT with gentle shaking. After primary antibody incuba-
tion, slices were incubated with Alexa Fluor 488 rabbit anti-goat I1gG (H
+ L) secondary antibody (1:1000, Invitrogen) and Alexa Fluor 647
donkey anti-mouse IgG (H + L) secondary antibody (1:1000, Invitrogen)
in blocking buffer for 3 h at RT with gentle shaking and then rewashed
with 0.05 % Triton X-100 in PBS at RT with gentle shaking.

Nuclei were stained with Hoechst 33,342 solution (1 pg/mL, Thermo
Fisher Scientific) in PBS for 30 min. Slices were placed on glass slides for
mounting, as previously described, using a bridge mounting technique
to preserve slices’ integrity [35]. The samples were mounted with
homemade Mowiol/glycerol (3:1), cover slipped, and stored in the dark
at 4 °C until further use.

To prepare cryosections, slices were incubated at 4 °C overnight in
PBS in 30 % (w/v) sucrose solution after PFA fixation. Then, slices were
immersed in optimal cutting temperature embedding matrix (OCT,
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Fisher Scientific), frozen in liquid nitrogen, and immediately stored at
—20 °C till further use. 20 uM transversal Cryosections were obtained
using a CM1900 1 1 cryostat (Leica) and placed on glass slides. Nuclei
were counterstained with 1 % fast nuclear red solution for 5 min and
mounted using the homemade Mowiol/glycerol mounting medium
described above.

2.15. TEM image analysis

For the ultrastructure analysis of the tissue and MENPs, organotypic
hippocampal slice cultures were fixed in a solution of 2.5 % (w/v)
glutaraldehyde (Electron Microscopy sciences) with 2 % (w/v) formal-
dehyde (Electron Microscopy sciences) in 0.1 M sodium cacodylate
buffer at pH 7.4 for 1 h, at RT, and post fixed in 1 % w/v osmium te-
troxide (Electron Microscopy Sciences) diluted in 0.1 M sodium caco-
dylate buffer. Slices were resuspended in HistogelTM (Thermo, HG-
4000-012) and then stained with aqueous 1 % (w/v) uranyl acetate
solution overnight, dehydrated, and embedded in Embed-812 resin
(Electron Microscopy Sciences). Ultra-thin longitudinal hippocampal
slice sections (50 nm thickness) were cut on an RMC Ultramicrotome
(PowerTome, USA) using Diatome diamond knives. Sections were then
mounted on mesh copper grids (Electron Microscopy Sciences) and
stained with uranyl acetate substitute (Electron Microscopy Sciences)
and lead citrate (Electron Microscopy Sciences) for 5 min each.

2.16. Magnetic stimulation using MENPs on SH-SY5Y neuronal cells

To investigate the effect of the MENPs after magnetic stimulation, we
employed SH-SY5Y human neuronal cell line. For this experiment, CFO
core-shell NPs with a thicker BCZT coating (15 + 5 nm) were used, in
parallel with CFO core-shell NPs with BFO coating. SH-SY5Y cells were
obtained from Leibniz Institute, DSMZ-German Collection of Microor-
ganisms and Cell Cultures GmbH. Cells were cultured in T75 flasks with
DMEM GlutaMAX™ Supplement (Gibco, Life Technologies) with 15 %
(v/v) FBS and 1 % (v/v) PS. The cells were maintained in culture for up
to 5 passages at 37 °C with 95 % Oxygen and 5 % CO; until experiments.
Cells were plated in PhenoPlate™ 96-well microplates at a density of 2.4
x 10™ cells per well in 200 pL of high glucose GlutaMAX™ Supplement
with 15 % (v/v) FBS, 1 % (v/v) PS, and 10 pM Retinoic acid. After 24 h,
cells were incubated with MENPs diluted in the medium at 10 or 100 pg/
mL. The plate was inserted in a custom-built electromagnetic setup
generating the AC signal for magnetic stimulation, as previously
described [22]. The magnetic field strength employed was 17,7 mT (1.5
kHz). Cells were stimulated for 24 h at 37 °C with 95 % O, and 5 % CO»,
followed by an additional 24 h without magnetic stimulation.

As described above, cells were fixed for in vitro cell cultures to assess
the neurite outgrowth by MENPs after magnetic stimulation. Subse-
quently, cells were first permeabilized with 0.2 % (v/v) Triton X-100 in
PBS for 15 min at RT, followed by incubation with blocking buffer
composed of 5 % (w/v) BSA in PBS for 1 h at RT. After PBS washing, cells
were incubated with mouse anti-p3-tubulin (1:500, Promega) diluted in
blocking buffer containing 2 % (w/v) BSA, in PBS for 24 h at 4 °C with
gentle shaking. After 2 washes in PBS at RT with gentle shaking, cells
were incubated with Alexa Fluor 488 donkey anti-mouse IgG (H + L)
secondary antibody (1:1000, Invitrogen) in blocking buffer for 1 h at RT
with gentle shaking and protected from light. After 2 washes in PBS at
RT for 5 min, cells were incubated with PhenoVue Hoeschst 33,342
(1:100 000, Perkin Elmer) for 10 min at RT. Cells were washed with PBS
and imaged.

2.17. Image analysis and quantification

High-throughput live/dead analysis of microglia, astrocytes, and
neurons incubated with MENPs at 10 and 100 pg/mL for 24 h was
carried out with the INCell Analyzer 2000 platform (GE Healthcare)
using a 20X objective. Dead cells, total cell number, and area were
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quantified using the INCELL developer toolbox software (version 1.9, GE
Healthcare).

For the quantification of MENPs internalization by microglia, a Zeiss
Axiovert 200 M inverted fluorescence microscope with brightfield and
40X objective was used. The cell content of MENPs in every cell was
quantified using ilastik software (version 1.3.3) and Image J software
(version 1.53; National Institutes of Health, United States).

For image acquisition of PI uptake and immunofluorescence in-
tensity quantification of Iba-1, GFAP, and (3-tubulin, a Zeiss Axiovert
200 M inverted fluorescence microscope equipped with 488, 565, and
647 nm filters was used. Images were acquired using a 5X objective.
ImageJ software was employed to analyze and quantify fluorescence
intensity on consistently selected regions of interest in CA3, CAl, and
DG districts on each brain slice.

Immunofluorescence image acquisition of Hoechst, Iba-1, GFAP, and
B3-tubulin in the organotypic hippocampal cultures was performed
using a Leica Scanning Confocal SP8 equipped with 405, 488, and 633
filters (Leica Microsystems, Germany), composed of an inverted micro-
scope Leica DMIS8 (Leica Microsystems, Germany) and LAS X software
(Leica Microsystems, Germany).

For the image acquisition of GFAP and p3-tubulin structures in the
organotypic hippocampal cultures, images were acquired using a 63X
objective, with confocal image stacks of 512x512 pixels, 16-bit depth,
pixel size 0.63 pm, and zoom 0.75. Quantification was performed using
the skeletonization tool on the ImageJ Software.

For the reconstruction of microglial cell morphology, images were
acquired using a 63X objective, with confocal 16-bit depth image stacks
of 1024 x 1024 pixels, with a pixel size of 0.334 pym and a zoom set at
0.75. Single cells with complete and defined processes were selected and
imaged for analysis. Quantification of morphology was performed using
the skeletonization tool on the ImageJ Software. The cell soma area, the
number of processes, and the number of end points and junctions were
calculated per cell.

For the quantification of MENPs’ motion and penetration into the
brain tissue after the application of the magnetic field, images of tissue
cryosections were acquired with a Zeiss Axiovert 200 M inverted fluo-
rescence microscope with a 63X objective equipped with a digital
camera. Quantification was performed using ImageJ software by
drawing a line from the detected MENPs into the tissue to the top side of
the brain slice. To further confirm the differences between control
groups, confocal images of Hoechst-stained brain slices with MENPs
were acquired with a Leica Scanning Confocal SP8 equipped with 405
and brightfield filters, followed by 3D reconstruction using Imaris
Software (version 9.5; Oxford Instruments, United Kingdom).

For the ultrastructure analysis of brain tissue and MENPs, images
were viewed on a JEOL JEM 1400 transmission electron microscope
(JEOL, Tokyo, Japan) and digitally recorded using a CCD digital camera
Orius 1100 W (Tokyo, Japan).

For the high-throughput analysis of neurites in SH SY5Y cells, images
were acquired with the Operetta CLS high-content analysis system
(Perkin Elmer) equipped with a fully automated widefield (8 LED)
fluorescence microscope and using a 0.4 20X water objective. Digital
image analysis processing, segmentation, and quantification were per-
formed using Harmony® software. The workflow pipeline was imple-
mented using the “Find Nuclei” building block, detecting Phenovue
Hoechst 33,342 staining. This was followed by segmentation of the
neurites with the “Find Neurites” building block, measuring the related
outgrowth parameters based on p3-tubulin immunofluorescence.

2.18. Statistics

Data from three independent experiments were presented as the
mean + standard error of the mean (SEM). Tukey’s test after one-way
analysis of variance (ANOVA) was used for statistical analysis. Data
from the high-content analysis were presented as the mean + standard
deviation (STDEV) from triplicate wells. Data analysis and visualization
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were done using GraphPad Prism 9 (GraphPad Software, San Diego, CA,
United States).

3. Results
3.1. Synthesis and characterization of MENPs

Magnetoelectric CFO-BCZT core-shell MENPs were proposed here as
functional multiferroic core-shell MENPs. These were prepared using
hydrothermal and sol-gel methods. CFO NPs coated with BFO (CFO-BFO
MENPs), one of the most widely studied multiferroic coating materials
[47], were compared with the corresponding coated sample.

Since CFO has a significant magnetostriction coefficient (max. 600
ppm) [48,49], this material was chosen as the magnetostrictive core
material and synthesized using co-precipitation and hydrothermal
methods. Piezoelectric BCZT and BFO shell materials were then coated
over the CFO core NPs. The crystalline structures of CFO-BFO and
CFO-BCZT core-shell MENPs were analyzed by X-ray diffraction (Fig. 2a,
c), which confirmed a cubic Fd-3 m space group of CFO core NPs, a
hexagonal R3c BFO shell, and a tetragonal P4mm BCZT shell without
any secondary phase or impurities. Additionally, Rietveld refinement of
the cores determined crystallite size to be within 40 + 1 nm with a
microstrain of 0.00162 =+ 0.00002 (Supplementary Fig. 1).
HAADF-STEM and EDX images further prove the core-shell structure of
CFO-BFO (Fig. 2b) and CFO-BCZT (Fig. 2d) MENPs with core particles
containing Co, Fe, and shells containing Bi, Fe for BFO (Fig. 2b (ii)-(iii))
and Ba, Zr, Ca, Ti for BCZT (Fig. 2d (ii)-(iii)). The size of the CFO core
NPs is 35 + 8 nm, in agreement with sizes calculated from the Rietveld
refinement of the XRD patterns. The thickness of the BFO shell is around
2 4+ 1 nm, while thin and thick BCZT shells are around 2 + 1 nm and 15
+ 5 nm, respectively, as determined by HAADF-STEM images. These
measurements are an estimate of a population of NPs measured via TEM,
and accordingly, are not a measurement of the entire sample.

Magnetoelectric properties of both core-shell MENPs were charac-
terized by local piezoelectric hysteresis loops measured by the PFM with
or without magnetic fields (Fig. 3a—d). Under a 500 Oe DC in-plane
magnetic field, both CFO-BFO and CFO-BCZT MENPs showed notice-
able shifts in their coercive voltages (Fig. 3b and 3d, respectively),
characteristic of magnetoelectric coupling. For CFO-BFO MENPs
(Fig. 3b), positive and negative coercive voltages shifted from 3.18 V to
2.33 V and —1.34 V to —1.91 V, respectively. For CFO-BCZT MENPs
(Fig. 3d), positive and negative coercive voltages shifted from 1.21 V to
1.76 V and —3.04 V to —3.32 V, respectively. In both cases, we also
observed an asymmetric bias in the PFM butterfly loops typical of
strained piezo layers, which was modified by applying the magnetic
field, another key characteristic of magnetoelectrics. Using the calcu-
lation method from previous works [40,41], this corresponded to
magnetoelectric coefficients of 2.84 x 10"® mV cm™ Oe and 0.68 x
10® mV ecm™? Oe? for the BFO and BCZT shells, respectively. This
matches with previously reported values for CFO-BFO core-shell com-
posites [40]. It is important to note that estimates of magnetoelectricity
from PFM measurements are only proof of a magnetically induced
change in polarization behavior at the single NP scale and may vary
from the collective effects of NP ensembles in biological conditions.

3.2. Impact of magnetostrictive core and ME core-shell MENPs on neural
cell viability

MENPs cytotoxicity was first evaluated by exploring different neural
cell cultures — cortical neurons, astrocytes, and microglia, with a high-
throughput live/dead assay using the INCELL analyzer. These cells
were selected to mimic the main cell types the NPs would encounter
when administered in the brain. After incubation with CFO-BCZT, un-
coated CFO and CFO-BFO MENPs at 10 and 100 pg/mL for 24 h (Fig. 1¢),
we observed that neuronal and astrocytes’ viabilities were not affected
(Fig. 4a—b and 4c-d, respectively). The Calcein/ PI was kept unchanged
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Fig. 2. Characterization of core-shell MENPs, including a-b) CFO-BFO and c-d) CFO-BCZT. a, ¢) X-ray diffraction data showing the crystallinity of CFO-BFO and
CFO-BCZT MENPs, respectively. b, d) High-resolution transmission electron microscopy (TEM) analysis to demonstrate the core-shell nanoarchitecture of CFO-BFO
and CFO-BCZT, respectively. TEM data represent the (i) high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images as well as
energy dispersive X-ray spectroscopy (EDX) maps for representative (ii) core and shell elements, and (iii) their overlay.

in these two cell types after contact with the uncoated or coated NPs at
low and high concentrations and for 24 h. In contrast, at high concen-
trations (100 pg/mL), primary microglia viability (Fig. 5a) was signifi-
cantly compromised by CFO-BFO MENPs (Fig. 5b). Moreover, we
observed significant microglia cell shrinkage and a decrease in cell
adhesion (Fig. 5c and 5d, respectively) in cells incubated with uncoated
CFO NPs at 100 pg/mL. The differential response of microglia reflects
these cell types’ unique roles and characteristics in mediating neuro-
inflammation. As the resident immune cells of the brain tissue, microglia
are susceptible to environmental changes caused by foreign materials or
stressors. This selective cytotoxicity suggests that the composition or
surface properties of uncoated CFO and CFO-BFO MENPs may disrupt
cellular homeostasis and functionality, leading to a transition to a pro-
inflammatory state, where microglia attempt to alter their morphology
and detach from the well plate. In contrast, neurons and astrocytes
might possess more robust protective mechanisms or lower sensitivity to
these NPs.

Despite these findings, we observed no ROS and NO production in-
crease in microglia at the above-described conditions for all the NPs
tested (Fig. 5e—f). The absence of increased ROS and NO production
(Fig. 5e—f) suggests that the cytotoxicity observed might not be driven by
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oxidative stress, but could involve other mechanisms, such as altered
cytoskeletal dynamics or disruption of cell-cell interactions, which are
critical for microglial function. This aligns with findings in the literature
where exposure to specific nanomaterials has been shown to induce
stress responses that affect cell behavior, leading to altered morphology,
reduced migration, and impaired viability [35,50-53]. Prussian blue
staining that marks iron was employed to assess MENPs internalization
and evaluate potential correlations between internalization and cyto-
toxicity. Image analysis and quantification using ImageJ software
revealed that CFO-BCZT and CFO-BFO MENPs are less internalized by
microglia when compared to CFO NPs (Fig. 6a—c). These data suggest
that the BFO and BCZT shells make the NPs less prone to microglia
phagocytic activity.

Nevertheless, despite this lower internalization, CFO-BFO MENPs
displayed higher cytotoxicity at elevated concentrations. This un-
derscores the need for further investigation into the specific interactions
between microglial cells and these NPs. These data suggest that the BFO
and BCZT shells make the NPs less prone to microglia phagocytic ac-
tivity when compared to control CFO NPs. Most significantly, CFO-BCZT
MENPs displayed the best biocompatibility, with no signs of toxicity at
higher concentrations.
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Fig. 4. The impact of CFO, CFO-BFO, and CFO-BCZT MENPs on a-b) primary cortical neuron and c-d) astrocyte viability after 24 h of incubation at low (10 pg/mL)
and high (100 pg/mL) concentrations. Representative Propidium iodide (red)/Calcein (green)/Hoechst (blue) staining of a) cortical neurons and c¢) primary as-
trocytes under control conditions (CTRL; untreated cells), incubated with CFO NPs (10 ug/mL and 100 ug/mL), CFO-BFO MENPs (10 ug/mL and 100 ug/mL) and
CFO-BCZT MENPs (10 pg/mL and 100 ug/mL). b, d) Charts represent the quantification of percentage of PI-positive b) neurons and d) astrocytes in control and
treatment groups. Data are expressed as the percentage of PI-positive cells on the total number of cells and presented as mean =+ standard error of the mean (SEM) (n
= 3 independent experiments: 24 images per group/experiment). Tukey’s test after one-way analysis of variance (ANOVA) was used for statistical analysis. No

significant differences have been observed between test conditions and the control.

3.3. Impact of magnetostrictive core and ME core-shell MENPs on cell
viability and neuronal cell integrity in organotypic hippocampal slice
cultures

We have tested the biocompatibility of the CFO-BCZT MENPs in an
ex vivo model of higher complexity — the brain slices. Once again, CFO
and CFO-BFO MENPs were also tested for comparison. Cell viability
upon incubation with MENPs was evaluated through PI uptake and
neuronal cell integrity through p3-tubulin immunofluorescence, as
previously described [35]. MENPs were applied at 7 DIV drop by drop on
the top of each slice at the same concentration (400 ng/slice) and
incubated for additional 14 days (Fig. 1d). Image analysis and quanti-
fication of PI uptake were carried out using image J software in the
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whole slice at 8, 14 and 21 DIV (Supplementary Fig. 2). At these time
points, we did not observe significant differences in slices treated with
the different MENPs when compared to control slices. This consistency
in neuronal viability is essential, as it suggests that the MENPs do not
elicit acute neurotoxic effects in a more complex tissue environment,
which may differ from isolated cell cultures in vitro. In accordance with
the in vitro tests conducted on primary cultures of cortical neurons, no
significant differences were observed in (3-tubulin fluorescence in-
tensity at all the three time points analyzed (Supplementary Fig. 3). In
support of these findings, additional structural analysis of p3-tubulin
revealed non-significant neuronal alterations in slices treated with
MENPs compared to untreated cultures (Fig. 7a—c), indicating that
neuronal integrity remained intact in slices treated with MENPs, which
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Fig. 6. The impact of CFO, CFO-BFO, and CFO-BCZT NPs on NO and ROS levels after 24 h of incubation at low (10 pg/mL) concentrations under control conditions
(CTRL; untreated cells), and the internalization of NPs by microglial cells a) Representative fast nuclear red/Prussian blue-stained microglial cells incubated with
CFO NPs (10 pg/ml), CFO-BFO MENPs (10 ug/ml) and CFO-BCZT MENPs (10 pg/ml) b) Chart represents NPs content in control and treatment groups. ¢) Images of
Phalloidin (green)/Hoechst (blue)-stained microglia merged with brightfield showing the internalization of NPs (red). Data are expressed as the percentage of
intracellular NPs area divided by the total cell area and presented as mean + standard error of the mean (SEM) (n = 3 independent experiments: 24 images per
group/experiment). Tukey’s test after one-way analysis of variance (ANOVA) was used for statistical analysis. *p < 0.05.

is essential for maintaining normal synaptic function and overall neural as non-significant alterations in GFAP area (Fig. 7d—e). In conformity
circuit stability. with in vitro experiments, these data indicate that astrocyte integrity

Immunofluorescence analysis on microglia and astrocytes was per- remained unaltered at 21 DIV, i.e., after 14 days of contact with the
formed to investigate the response of glial cells to MENPs. When examined MENPs. This absence of reactivity indicates that astrocytes
investigating astrocyte reactivity with GFAP immunofluorescence, we maintained their integrity and did not undergo the activation typically
did not observe any significant increase in GFAP fluorescence intensities associated with neuroinflammatory responses. This stability is prom-
at all time points and treatment groups (Supplementary Fig. 4), as well ising, as astrocytes play critical roles in supporting neuronal function
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Fig. 7. The impact of CFO, CFO-BFO, and CFO-BCZT NPs on morphological alterations of p3-tubulin in organotypic hippocampal slice cultures at 8DIV, 14DIV and
21DIV (corresponding to 1 day, 7 days and 14 days in contact with the NPs). a) Representative p3-tubulin immunostaining of neurons under control conditions
(CTRL; untreated cells) and incubated with CFO-BCZT MENPs. b-c) Charts represent f3-tubulin morphology quantification showing non-significant differences in b)
the area and c) the total neurite length per field of view in all the treatment groups compared to controls. d) Representative GFAP immunostaining of organotypic
hippocampal slices under control conditions (CTRL; untreated slices), and CFO-BCZT MENPs. e) Chart represents GFAP area quantification showing non-significant
differences in GFAP area in all treatment groups compared to controls. Data are expressed as the $3-tubulin area and total p3-tubulin neurite length fold changes in
relation to controls, as well as GFAP area fold change per field of view from the value of control slices and presented as mean =+ standard error of the mean (SEM) (n =
3 independent experiments: 4-6 slices analyzed per group/experiment). Tukey’s test after one-way analysis of variance (ANOVA) was used for statistical analysis. No

significant differences have been observed between test conditions and the control.

and modulating inflammatory processes in the brain [54].
Subsequently, we performed Iba-1 fluorescence intensity measure-
ments to investigate the impact of MENPs on microglia. Conversely to
what we observed for astrocytes, our results showed a significant in-
crease (1.3-fold) in Iba-1 fluorescence intensity in slices treated for 14
days with CFO-BFO MENPs (21 DIV), while non-significant effects were
observed with uncoated CFO and CFO-BCZT MENPs (Supplementary
Fig. 5). This is particularly noteworthy because activated microglia can
influence neuronal health and contribute to neurodegenerative pro-
cesses in the long term if the activation is sustained or excessive.
Moreover, structural analysis of microglia morphology (Fig. 8a) showed
significant alterations in slices treated with CFO and CFO-BFO MENPs.
In particular, we observed significant decrease in the number of
microglial branches in CFO-BFO treated slices at 14 and 21 DIV
(Fig. 8b), as well as the number of endpoints (Fig. 8c), junctions (Fig. 8e)
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and increase in cell body areas (Fig. 8d). In line with the in vitro cell
culture experiments, we observed morphological alterations also in sli-
ces treated with uncoated CFO NPs, with a significant decrease in the
number of endpoints already at 14 DIV (Fig. 8c) as well as in the number
of junctions at 21 DIV (Fig. 8e). Conversely, non-significant morpho-
logical alterations were observed in all the time points in slices treated
with CFO-BCZT MENPs, implying that the BCZT coating displays better
biocompatibility compared to uncoated CFO and CFO-BFO MENPs
(Fig. 8b-c).

The contrasting responses of astrocytes and microglia to MENPs
highlight the complexity of cellular interactions in the brain tissue. In
both in vitro cell cultures and organotypic hippocampal slice cultures,
we show that while astrocytes appear non-reactive to the presence of
MENPs, microglia exhibit signs of activation after contact with MENPs,
particularly in response to CFO-BFO MENPs. This differential response
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Fig. 8. The impact of CFO, CFO-BFO, and CFO-BCZT NPs on microglia activation and morphological alterations in organotypic hippocampal slice cultures at 8DIV,
14DIV and 21DIV (corresponding to 1 day, 7 days and 14 days in contact with the NPs). a) Representative Iba-1 staining of microglial cells under control conditions
(CTRL; untreated cells), and incubated with CFO, CFO-BFO and CFO-BCZT NPs. b-e) Charts represent microglia morphology quantification showing b) the number of
branches, ¢) the number of endpoints, d) cell body area, and e) number of junctions. Data are presented as means + standard error of the mean (SEM) (n = 3
independent experiments; 5-8 cells analyzed per group/experiment). Tukey’s test after one-way analysis of variance (ANOVA) was used for statistical analysis. *p <

0.05; **p < 0.01; ***p < 0.001; **** p < 0.0009.

could reflect the specific roles these cells play in CNS: microglia
generally provide quicker responses to foreign materials in vivo, with
the release of cytokines, which in turn trigger astrocytes activation,
culminating in the formation of the glial scar [55,56]. However, these
cellular responses may be different in terms of biochemical reactions and
timing among the various biological models employed and are depen-
dent on the physico-chemical characteristics of the materials being
tested.

Overall, these findings suggest that while some NPs may be
biocompatible with neurons and astrocytes, they could still generate
undesirable effects in microglia that may impact brain function in the
long run. This highlights the need for investigating their impact on brain
tissue after prolonged exposure.

3.4. Impact of CFO-BCZT MENPs motion on brain tissue viability and
integrity

The impact of CFO-BCZT MENPs motion was assessed in organotypic
hippocampal slice cultures (Fig. 1e). MENPs penetration in the brain
tissue imposed by the magnetic field was confirmed by the identification
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of CFO-BCZT MENPs in transversal cryosections of the brain slices
analyzed by TEM and confocal microscopy. After staining with Prussian
blue and fast nuclear red, which stain iron and nuclei, we identified the
presence of CFO-BCZT MENPs deep in the brain tissue (Fig. 9a-b). The
application of the magnetic plate at the bottom of the inserts for 30 min
led to a penetration of around 40 pm from the top of each slice (Fig. 9¢).
Complementarily, confocal imaging and 3D reconstruction with the
Imaris software confirmed the presence of MENPs in deep areas
compared to control cultures (Fig. 9d).

Such findings were also confirmed by TEM, which also allowed for
the observation of the preservation of cellular compartments such as the
cytoskeleton, synapses, and mitochondria in the surroundings of MENP
aggregates, regardless of their motion through the tissue (Fig. 9e-f).

To further determine the impact of motion on the brain tissue, we
performed a PI assay after 24 h (Fig. 10a-b), followed by the analysis of
tissue integrity by p3-tubulin immunofluorescence (Fig. 10c—e). In
Fig. 10b, we show that the motion of CFO-BCZT MENPs did not hamper
tissue viability 24 h post-treatment. The quantification of the number of
B3-tubulin junctions (Fig. 10d) and processes’ length (Fig. 10e) showed
non-significant differences when comparing control slices and slices
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Fig. 9. CFO-BCZT MENPs penetration in the brain tissue after application of a magnetic field for 30 min using the magnetic plate. a) Representative Prussian blue/
fast nuclear red-stained organotypic hippocampal slices under control conditions (CTRL slices treated with CFO-BCZT MENPs), and after applying magnetic field for
30 min using a magnetic plate. b) Images of stained 20 um organotypic hippocampal cryosections show CFO-BCZT MENPs’ penetration into the tissue. White arrows
indicate CFO-BCZT MENPs. ¢) Chart represents the quantification of CFO-BCZT MENPs penetration in both groups. d) Representative 3D reconstruction of Hoechst-
stained organotypic hippocampal slices showing CFO-BCZT MENPs (in red) penetration through the tissue. e) Representative TEM image showing CFO-BCZT MENPs
penetration into the brain tissue. The red square represents a higher magnification ROI showing the MENPs. f) TEM image of brain section showing integrity of the
brain tissue surrounding a CFO-BCZT MENPs aggregate. Red arrows indicating (1) cell cytoskeleton, (2) synapses, and (3) mitochondria. Data are expressed as
distance of NPs from the surface of the slice in um and presented as means + standard error of the mean (SEM) (n = 3 independent experiments; 3 slices analyzed per
group/experiment). Tukey’s test after one—way analysis of variance (ANOVA) was used for statistical analysis. *p < 0.05.

where the magnetic field was applied, indicating that the MENPs of neuronal cells.
movement did not compromise neuronal integrity.
4. Discussion

3.5. Impact of magnetic field stimulation on the neurite outgrowth in SH-

The potential of MENPs as smart nanodevices for drug delivery or
SY5Y cells

neurostimulation is undisputed [19,57]. They provide a tool for neu-
romodulation therapies to promote tissue regeneration [58].

Evaluating the safety and biocompatibility of newly designed MENPs
is paramount to enabling the application of new technologies such as
DBS and promoting the clinical progress for new treatment strategies for
neurological diseases.

Potential toxicity and harmful biological effects are of further
concern in the context of the central nervous system, due to the very
sensitive and responsive nature of these tissues. However, despite the
advances in biocompatibility and promising results from recent in vivo
studies, there is still a long way to go before they are applied to human
patients.

In this study, we aimed at developing and evaluating the biocom-
patibility of CFO-BCZT MENPs as promising multiferroic core-shell
MENPs for future neural applications. We have proposed BCZT
because it has been reported to display elevated biocompatibility, a
higher piezoelectric coefficient than barium titanate ceramics, and

Stimulation of the SH-SY5Y neuronal cell line was conducted to
assess the impact of magnetoelectrical stimulation on neurite
outgrowth. Cells were incubated with CFO-BCZT or CFO-BFO MENPs at
a concentration of 10 and 100 pg/mL and placed inside the incubator
under a constant magnetic field for 24 h, followed by 24 h in normal
conditions. (Fig. 1f) High-throughput image analysis and quantification
of p3-tubulin (Fig. 11a—c) revealed that CFO-BFO MENPs showed a
better performance at higher concentrations, with an overtly increased
neurite outgrowth quantified in terms of the average total neurite length
(Fig. 11b) and average length of the longest neurite per field of view
(Fig. 11c). A similar tendency was observed for the CFO-BCZT MENPs.
However, the obtained values did not reach statistical significance.
Moreover, as seen in Fig. 11, magnetic stimulation of both core-shell
MENPs led to a robust neurite extension with an overall higher p3-
tubulin expression throughout the cell soma and extensions. These data
indicate that 24 h of magnetic field can trigger the electrical stimulation
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proven suitability for neurosciences [28,29,59].

We have successfully synthesized functional multiferroic core-shell
cobalt ferrite (CFO) NPs coated with calcium/zirconium-doped barium
titanate (CFO-BCZT) and bismuth ferrite (CFO-BFO) as a reference
coating with hydrothermal and sol-gel processes. X-ray diffraction
studies confirmed the cubic Fd-3 m space group of CFO core NPs, the
hexagonal R3c BFO shell, and the tetragonal PAmm BCZT shell. HAADF-
STEM and EDX images confirmed the core-shell structure of both CFO-
BFO and CFO-BCZT MENPs, a size of 35 + 8 nm of CFO core, the
thickness of BFO shell around 2 4 1 nm, and thin and thick BCZT shells
around 2 + 1 nm and 15 + 5 nm, respectively. PFM has shown that both
MENPs display the magnetoelectric coupling effect. Subsequently, we
evaluated their biocompatibility in vitro and ex vivo. For in vitro studies,
concentrations of 10 and 100 pg/mL were selected because they align
with commonly used dose ranges in the literature for assessing
biocompatibility. For example, in vitro studies using neuronal cell cul-
tures have employed similar concentrations of NPs in viability, meta-
bolic, and morphological assays [60,61]. Other studies involving MENPs
have used comparable or even higher concentrations [19,62-64]. In our
case, the two concentrations (10 and 100 pg/mL) were also chosen to
provide a low and high exposure range, enabling detection of potential
dose-dependent effects concerning the analytical methods employed. A
total dose of 400 ng of NPs per slice was selected for organotypic hip-
pocampal slice cultures to reflect a high dose for prolonged exposure in
vivo. The dosing strategy that we have performed was established in our
recent study [35] in which we applied the NPs directly onto the top
surface of each brain slice. This approach differs from that used in
traditional in vitro 2D cell cultures and short-term ex vivo organotypic
cultures, where NPs concentrations typically are in the pg/mL range in
the culture medium [65-67], and from in vivo studies where adminis-
tered doses can vary from pg to mg depending on the administration
route, reaching approximately ug-level total brain accumulation [11,
68-70]. This direct application method offers several advantages, as it
ensures adequate interaction of the NPs with the tissue and maximizes
both uniform exposure and effective tissue-material contact across the
entire slice. In addition, preliminary titration experiments were con-
ducted to identify the optimal dose that provided sufficient NP accu-
mulation within the tissue to support all planned analyses, including
cellular response studies, imaging, and quantification assays.

With our in vitro studies, employing primary cortical neurons,
microglia, and astrocytes, we reported that the CFO-BCZT MENPs dis-
played better biocompatibility over CFO-BFO MENPs and uncoated CFO
NPs at high concentrations, with the former having no significant impact
on neural cell viability and glial cell activation. While we showed that all
tested MENPs did not cause significant cell death in primary cultures of
astrocytes and cortical neurons, at the two tested concentrations, the
NPs’ behavior was different when in contact with microglia. For these
cells, we observed that the treatment for 24 h with CFO-BFO MENPs at
the highest concentration caused a significant impairment in microglial
cell viability compared to controls. Interestingly, such effects were not
associated with increased NO and ROS production or with MENPs
internalization. The internalization studies showed that uncoated CFO
NPs are more internalized than CFO-BCZT and CFO-BFO MENPs, as both
coatings make the microglia less prone to phagocytic activity. However,
BFO coating caused significant impairment in microglial viability at
high concentrations regardless of ROS and NO production. This can be
explained by electrostatic interactions between the NPs and the cell
membranes [25]. For the CFO NPs, we observed microglial shrinkage
and detachment at high concentrations after 24 h of treatment due to
CFO’s enhanced cell engulfment and intrinsic toxicity. Such toxicity may
be mitigated by the presence of the BCZT shell, possibly due to the
reduction in the cobalt ions leaching out from the CFO core [71].

The brain tissue response was evaluated in the ex vivo rat organo-
typic hippocampal slice cultures, focusing on the CA1, CA3, and DG sub-
regions, as the most susceptible to cellular responses. Our results, which
are commensurate with the in vitro studies, showed that, while non-
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significant effects were observed in neurons and astrocytes, Iba-1 fluo-
rescence intensity was increased in slices treated with CFO-BFO MENPs
at 21 DIV compared to uncoated CFO NPs, CFO-BCZT MENPs, and
control cultures, as a result of microglia activation upon material con-
tact. Moreover, the microglia morphology analysis revealed significant
alterations from 14 DIV in slices treated with uncoated CFO and, to a
greater extent, with CFO-BFO MENPs. Interestingly, no adverse effects
were observed with CFO-BCZT MENPs at all the time points
investigated.

Our results on BFO effects at high concentrations follow other recent
in vitro studies investigating bismuth-based materials’ toxic effects.
Song and co-workers reported dose-dependent neurotoxicity in PC12
pheochromocytoma rat cell lines exposed to high BFO NPs. Such effects
were mainly caused by the interaction of BFO NPs with the cell mem-
branes, resulting in decreased cell adhesion and proliferation [23]. Gao
and colleagues reported a dose-dependent reduction in viability in
human skin-derived cell lines treated with bismuth oxybromide NPs,
namely damaging cell membrane integrity and induction of apoptosis
[24]. Similarly, Staedler and colleagues reported moderate cytotoxicity
of human adenocarcinoma (A549), lung squamous carcinoma
(NCI-H520), and, to a greater extent, acute monocytic leukemia (THP-1)
cell lines exposed to BFO NPs for 72 h. Interestingly, such cytotoxicity
was less pronounced when the NPs were coated with polyethylene gly-
col, suggesting that BFO NPs interfere with the physiology of the cell
membrane [25]. Moreover, several clinical studies reported cases of
bismuth intoxication in patients undergoing prolonged exposure to high
levels of bismuth-based drugs [72,73]. Two cases of bismuth neuro-
toxicity were reported in patients undergoing treatment with bismuth
iodoform paraffin paste as an antiseptic after surgical operation in the
jaws. The patients presented confusion, high levels of bismuth concen-
tration in the blood, and one of them also experienced depression and
suicidal thoughts [74]. Borbinha and colleagues described a case of
bismuth neurotoxicity in a patient undergoing bismuth subsalicylate
supplementation for several years to treat gastrointestinal complaints.
The patient presented abnormal behavior, confusion, encephalopathy,
and myoclonus, accompanied by high levels of bismuth in urine, serum,
and cerebrospinal fluid [27]. Similar neurotoxic effects have been
described in a woman after chronic ingestion of bismuth subgallate to
treat gastrointestinal symptoms. This patient presented progressive en-
cephalopathy, aphasia, myoclonus, and gait instability [26]. These ob-
servations indicate that, although multiple in vitro and clinical studies
reported potential toxic effects associated with BFO exposure, its overall
safety in humans remains uncertain, as these responses are complex and
may be context dependent. Our findings demonstrating BFO-induced
cytotoxicity in microglial cells, combined with current knowledge,
highlight the need for further investigations to elucidate the mecha-
nisms underlying BFO neurotoxic potential.

Here, further studies on the impact of MENPs’ motion through the
brain tissue were carried out in organotypic hippocampal slice cultures
with CFO-BCZT MENPs. We progressed with the experiments only with
CFO-BCZT MENPs due to their superior biological performance and
because the magnetic attraction effect would mainly depend on the CFO
core, regardless of the shell type. We successfully induced CFO-BCZT
MENPs motion through the tissue using a magnetic plate placed on
the bottom of the well plate for 30 min. Additionally, we showed that
such penetration from the top of the slices inwards was harmless and did
not cause any effects on the integrity of tissue architecture or cell death
after 24 h. Due to the lack of such studies in the literature, we showed
throughout this work the versatility of organotypic cultures as an
advanced platform to investigate the effects of motion of the various
core-shell MENPs developed, as they offer the possibility to dissect their
impact at the cellular level over extended periods of time in a living 3D
tissue that closely mimics the in vivo scenario.

Preliminary in vitro experiments on stimulation of the human
neuronal SH-SY5Y cells were carried out with CFO-BCZT and CFO-BFO
MENPs at 10 and 100 pg/mL. This is an ideal range of concentration
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known to elicit neuronal response upon electrical stimulation, taking
into consideration previously reported in vitro studies [75-77]. Our
results indicate that both types of MENPs led to notable neurite exten-
sion under magnetic stimulation. CFO-BFO MENPs exhibited superior
performance at higher concentrations in terms of the average total and
longest neurite length. This suggests that the CFO-BFO MENPs may
provide a potent means of inducing neuronal outgrowth through
magnetoelectric stimulation.

However, when considering the results of the previous biocompati-
bility studies, the CFO-BFO MENPs raise concerns regarding their safety,
particularly their effects on glial cell viability and microglial activation.
These MENPs showed toxicity at elevated concentrations in primary
cultures of microglia and in organotypic hippocampal slices. This is a
critical limitation when considering follow-up studies with animal
models. In contrast, the CFO-BCZT MENPs exhibited better overall
biocompatibility while demonstrating slightly less pronounced ability to
promote neurite outgrowth than CFO-BFO. As highlighted in our
biocompatibility assays, CFO-BCZT MENPs showed minimal toxicity at
high concentrations, with no significant adverse effects on neural cell
viability, microglial activation, or astrocyte function. These data indi-
cate that CFO-BCZT MENPs are well tolerated in biological systems. This
provides a safe and robust starting point for future studies to identify the
minimum effective concentration required to achieve the desired bio-
logical outcomes. Further optimizations can be pursued both at the
material level, such as adjustments in size, shape, and core-shell struc-
ture to enhance magnetoelectric properties, and in the parameters of the
external magnetic field, such as intensity, frequency, and exposure
duration, to ameliorate the overall efficiency of the biological response
and safety in future therapeutic applications.

The results presented herein suggest that CFO-BCZT MENPs repre-
sent a safer alternative for wireless and non-invasive neuronal stimula-
tion and may offer better perspectives for in vivo applications, where
long-term safety and biocompatibility are paramount. Although not
investigated, such effects could be explained by the generation of action
potentials by membrane depolarization, enhanced expression of neuron-
specific proteins, neurotrophic factors release, and enhancement of
autophagy signaling in response to the localized electric fields at the
nanoscale level produced by MENPs under magnetic stimulation
[77-79]. Future work will explore the mechanisms and features of our
MENPs and their impact on neuronal excitability and connectivity under
magnetic stimulation. These are relevant for further developments of
this class of MENPs and their application in wireless and non-invasive
neuronal stimulation approaches to restore the neurological functions
of damaged tissues.

In conclusion, here we demonstrated the ability of the proposed
BCZT coating to confer magnetoelectric coupling effect to CFO NPs and
to sustain better biocompatibility compared to BFO in vitro and ex vivo.
We also showed the capability of CFO-BCZT MENPs to be guided
through the brain by external magnetic field application safely without
compromising tissue viability and neuronal integrity, and to evoke
wireless neuronal electrical stimulation that promotes neurite
outgrowth. In light of these observations, our findings confirm the
favorable potential of BCZT for the design of biocompatible multiferroic
core-shell MENPs for applications in the central nervous tissue. Further,
these indicate that the proposed approach can lead the field toward the
direction of the successful translation of MENPs for the treatment of
diverse neurological conditions.
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