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Abstract

Magnetothermal neuromodulation is a minimally-invasive, deep-brain accessible and tether-free technique. The precisely timed
activation of thermosensitive ion channels, such as TRPV1, with local heat generated using magnetic nanoparticles is crucial for
efficient neuromodulation. Nevertheless, this technique is greatly hindered by its long stimulus-response time and high safety
risks due to the poor heat-generating performance of the nanomediators. Herein, we report the establishment of a ferrimagnetic
vortex iron oxide nanoring (FVIO)-mediated magnetothermal neurostimulation technique that is efficient and safe. Compared
with widely used superparamagnetic iron oxide nanomediators (SPIOs), the FVIOs triggered Ca2+ influx into HEK293T cells
and cortical neurons at an Fe concentration of 54 ug/mL, which is 20.27-fold lower than that needed for SPIOs. In vivo
magnetothermal stimulation in the central nucleus of the amygdala of mice further demonstrated that FVIOs with the optimal
dose of 0.05 ug evoked fear behaviors with an average latency of 2.51 s, which was 2.3-fold faster than that in the SPIO (0.8 pg)-
treated group. More importantly, FVIOs-mediated stimulation not only exhibited negligible histopathological alterations and
proinflammatory cytokine expression, but also successfully elicited fear behaviors in transgene-free mice. The FVIO-mediated

efficient and safe neuromodulation has the potential for future neuroscience exploitation and neurological disease treatment.

Introduction

Magnetothermal neurostimulation is emerging as a powerful technique for gaining insight into intricate brain
circuits and performing therapeutic investigations of neurological disorders given its distinct advantages, such
as minimal invasiveness, tether-free operation, deep brain accessibility, and high spatial resolution*2. In this
technique, biocompatible magnetic nanoparticles are utilized as nanoheaters to generate heat locally through
the hysteresis loss process under alternating magnetic fields (AMFS)[3]. The increase in local temperature
can activate the thermosensitive ion channels that are overexpressed on the cell membrane and trigger an
influx of calcium (Ca?") into neurons, thereby modulating neural activity!¥. To date, magnetothermal neu-
rostimulation has been demonstrated to bidirectionally modulate neuronal activity!®8!, successfully regulate
blood glucose!® 1% and adrenal hormone levels in vivol'!l, and control the motor behaviors of worms!® 12,
flies"®! and freely moving micel'¥). However, current techniques still suffer from low activation efficiency and
high required dosages of nanoheaters, leading to an unexpectedly long stimulus-response time and potential
safety concerns!*3.

According to the principles of magnetothermal neurostimulation, the precisely timed activation of a single
neuron depends on both the expression level of thermosensitive ion channels and the heating efficiency of
the nanoparticles under an AMF[ 1516 Transient receptor potential cation channel subfamily V member



1 (TRPV1), the thermosensitive ion channel most commonly used in neuromodulation, can be activated
by local heat (> 43 °C)-induced conformational changes in the channel porel!720] Moreover, the rate of
TRPV1 opening increases exponentially with increasing surrounding temperature!’® 211, Because an incre-
ase in TRPV1 expression in vivo requires viral vector-mediated gene transfection, which comes with high
safety risks, the key to quickly and safely activating TRPV1 lies in boosting the heat-generating perfor-
mance of magnetic nanoparticles®* 1. Unfortunately, the superparamagnetic iron oxides (SPIOs) and
ferritin protein widely used in magnetothermal neurostimulation show poor thermal conversion efficien-
cy due to their superparamagnetic nature and minimal hysteresis loss?%2%!, In addition, an AMF with a
high amplitude (H) and frequency (f ) is frequently needed to improve the heat-generating ability of the
nanoheater[26-28]. Nevertheless, less improvement has been achieved because of the biologically acceptable
limit (H xf [?] 5 x 10°A/(m*s))[?83%. Recognizing the above limitations, developing a high-performance
magnetic nanoparticle-mediated stimulation technique is a valuable approach for realizing efficient and safe
magnetothermal neuromodulation31-33],

Significant efforts have been made to synthesize various magnetic nanoparticles with enhanced heat-
generating performance given their wide application in magnetic hyperthermia, controlled drug delivery,
cell signal transduction activation and magnetothermal neurostimulation% 34391 The thermal conversion
efficiency of nanoparticles is commonly evaluated using the specific absorption rate (SAR), which mainly
depends on the intrinsic magnetic properties of the nanoparticles*®-42l. Despite tuning their composition,
shape, size and surface chemistry of various magnetic nanoparticles, most exhibit relatively low SAR values
ranging from 250 W/g to 1000 W/gBO’ 43-45] © Ag a result, these nanoparticles take more time to reach the
threshold temperature and activate TRPV1, leading to long latency times (approximately 14.7 s) for behavior
onset!!3 18 46 Applying a high dose of magnetic nanoparticles is an alternative method to reduce the heat-
ing time[26]. Nevertheless, using excessive amounts of nanoheaters increases the risk of nonnegligible safety
issues in the brain, such as dopamine neuron damage, homeostatic disruption and inflammatory responses!7].
We previously reported that novel biocompatible ferromagnetic vortex-domain iron oxide nanorings (FVIOs)
exhibit an ultrahigh SAR of greater than 3000 W /g because of their unique vortex-to-onion magnetization
reversal phenomenon upon AMF exposurel*8l. Notably, as our simulation results revealed, only 8.70 x 106
ng of FVIOs could effectively increase the local temperature from 37 degC to 43 degC, whereas 33.6 x 1076 ng
of SPIOs was needed under the same AMF conditions (Figure S1, Supporting Information ). In addition,
relatively large size and biocompatible FVIOs are more stable in the brain, which is favorable for long-term
and repeated magnetothermal neurostimulation in vivol*®l. As such, FVIOs are likely to be high-performance
nanoheaters that facilitate quick activation of TRPV1, which might provide an opportunity to establish a
highly efficient and safe magnetothermal neurostimulation technique.

In the present study, we comprehensively investigated FVIO-facilitated magnetothermal neurostimulation in
vitro and in vivo, and compared the results with those of widely used SPIO-based approaches. The newly
designed FVIOs with an anti-His antibody coating triggered Ca?1 influx in TRPV1-expressing
HEK293T ceAlg avd copTicah VELEOVE witn o wwipup Pe covgevipatiov o 54 wy/uA,
onNen wag 20.27-9oAd Aowep tnav tnat o tne XITIO¢ under the same AMF treatment. In vivo
magnetothermal stimulation in the central nucleus of the amygdala (CeA) further demonstrated that FVIO
treatment quickly evoked fear behaviors in mice, exhibiting a response time that was 2.3-fold faster than that
in the SPIO-treated group. Overall, the lowest effective dose of FVIOs was 0.05 ug in vivo, 16.7 fold less than
the effective dose of SPIOs. More importantly, the SPIO ( 0.8 pg)-treated mice exhibited significant
histopathological changes (such as vacuolar degeneration) and upregulated proinflammatory
cytokine (such as interleukin-6 (IL-6)) expression in the CeA. In contrast, the FVIO ( 0.05 ug)-
treated mice showed negligible histopathological alterations and changes in proinflammatory
cytokine expression. In addition, in the FVIO-treated groups, fear behaviors were successfully induced
in the mice on the 60*" day after injection. However, in the SPIO-treated group, fear behaviors could not
be induced on the 30" day. Notably, ovAd 0.28 gy op ®"I0g agtiated tne EA evdoyevouohd
e€npecowy TPII'l avd ehicited @eop Benawopg v tpavoyeve-@pee Wige. The aim of this
work was to establish an efficient and safe FVIO-facilitated magnetothermal neuromodulation technique,



which is expected to be a powerful tool for future neuroscience investigations and therapeutic applications
to neurological disorders.

Results and discussion
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Fig. 1 Characterization of FVIOs and SPIOs. TEM images of the negatively stained (a) FVIOs
and (b) SPIOs. The marked surface layer (7 5 nm thick) corresponds to the anti-His antibodies
and DHCA coating. Scale bars, 20 nm. (c¢) Powder X-ray diffraction patterns of the SPIOs
and FVIOs. (d) Room temperature magnetization curves constructed for SPIOs and FVIOs.
(e) Temperature changes in the SPIO and FVIO solutions at various Fe concentrations (0.05,
0.15, and 0.30 mg/mL) under AMF exposure (H = 20 mT and f = 275 kHz). (f) The specific
absorption rate (SAR) was calculated from the rate of temperature increase of the SPIO and
FVIO solutions. The data are presented as the mean + S.D.; n = 3 independent experiments
for each sample.

In vitro magnetothermal activation of TRPV1-expressing cells

To precisely evaluate the efficacy of FVIO-mediated magnetothermal activation of the TRPV1 channel, mo-



noclonal HEK293T cell lines were generated that stably expressed 6x His-labeled TRPV1 channels. TRPV1
was labeled with the red fluorescent protein mCherry, which was separated by the posttranscriptional clea-
vage linker p2A. The western blotting showed that TRPV1 fusion protein was expressed on HEK293T cells
(Figure S5, Supporting Information ). Figure 2a presents a schematic of the FVIO-mediated magneto-
thermal activation of TRPV1 and Ca?* influx into cells. The fluorescent Ca?* indicator Fluo-4 was loaded
into transfected HEK293T cells to monitor the changes in the intracellular Ca?* concentration in response
to magnetothermal stimulation. After application of the anti-His-FVIOs targeting the TRPV1 channel, the
change in green fluorescence intensity during magnetothermal stimulation was recorded in real time using
confocal laser scanning microscopy (CLSM) equipped with an AMF generator (Figure S6, Supporting
Information ).

Before performing the magnetothermal activation experiments, we measured the local change in temperature
around the FVIOs under an AMF (20 mT, 200 kHz) to confirm that the local heating offered by the FVIOs
was sufficient to activate the TRPV1 channel. FVIOs were modified with fluoresceinamine (FL; emits green
fluorescence) for use as a molecular-scale thermometer. First, the fluorescence intensity and bulk temperature
increase of the FVIOs-FL dispersion were recorded during AMF exposure. The percent change in fluorescence
intensity decreased linearly with increasing temperaturel®l, reaching ~1.97 + 0.04%/°C for FL (Figure S7,
Supporting Information ). On this basis, FVIOs-FL were used to target the TRPV1 channels expressed
on cultured HEK293T cells (Figure 2b; Figure S8, Supporting Information ), and the change in FL
fluorescence intensity was measured upon AMF exposure. The local temperature changes near the FVIOs
were calculated according to the linear temperature-fluorescence intensity curve. After 30 s of AMF exposure,
the local temperature in the immediate vicinity of TRPV1 on the cell membrane increased from 36 to 43 °C
and then decreased rapidly to 36 °C in the absence of an AMF (Figure 2¢). A local temperature increase to
more than 43 °C near the FVIOs is sufficient to activate the TRPV1 channel by inducing a conformational
change in the protein. In addition, the simulation results revealed that the local temperature decreases as the
distance between the surface of a single FVIO and water increases (Figure S9a, Supporting Information
). No heat was generated in the cell culture media according to the infrared thermal images (Figure S9b,
Supporting Information ).

FVIO-mediated magnetothermal activation of TRPV1 was systematically investigated through in situ Ca?*
imaging in cultured 293T cells, where Ca?* influx indicates the opening of the TRPV1 channel and increased
cellular activity. The fold changes in the intracellular fluorescence intensity (F/Fg) of the Ca?Tindicator
Fluo-4 were recorded under different experimental conditions. Intense green fluorescence corresponding to
the intracellular Ca?t signal was observed upon AMF exposure. After treatment with anti-His-FVIOs,
the F/Fgof the TRPV1-expressing HEK293T cells increased with prolonged AMF exposure, which was
attributed to successful heat-triggered Ca?* influx, as shown in Fig. 2 (d and e). This increase in fluorescence
induced by Ca?* influx was observed only in TRPV1-expressing cells that were activated by anti-His-FVIOs-
mediated magnetothermal stimulation and in the group treated by agonist capsaicin (CAP, 10 uM). The cells
in the negative control group, were cultured in media containing the antagonist capsazepine (CZP,
5 uM), and no significant difference in fluorescence intensity was observed during anti-His-FVIO-mediated
magnetothermal stimulation. Moreover, the control groups, including the TRPV1 no expressing group,
the FVIO-treated group and the AMF-treated group, exhibited negligibleCa?*-dependent changes in
fluorescence intensity .
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Fig. 2 In vitro magnetothermal activation of TRPV1 triggers Ca?t influx. (a) Schematic of
FVIO-mediated magnetothermal activation of TRPV1 triggering of Ca?tinflux. Fluo-4 was used as the
Ca?T indicator. (b) SIM images of TRPV1-expressing HEK293T cells (red) bound to FL labeled anti-
His-FVIOs (green). (c) Local temperature increase near the FVIOs upon AMF exposure determined by
measuring the change in green fluorescence intensity of anti-His-FVIOs- FL target the cell membrane. (d)
Fold changes in fluorescence intensity (F;/F( values) and (e) color maps of Fluo-4 in HEK293T cells under
different experimental conditions. TRPV1-expressing, TRPV1T; TRPV1-nonexpressing, TRPV1"; before
AMF exposure, AMF OFF; during AMF exposure, AMF ON; with FVIOs treatment, FVIOs*; without
FVIOs treatment, FVIOs™.; Ca?* free group, TRPV1T-FVIOst-AMF-Ca?*-free group. AMF conditions: H
=20 mT and f = 290 kHz. The solid lines and shaded areas represent the means and standard error of the
mean (SEMs), respectively, the data presented as the mean + SEM.

We further studied the influence of the Fe concentration on the stimulus-response time and fold changes in
fluorescence intensity due to Ca?* influx into cells. As shown in Fig. 3a, the response time of Ca?*t influx
into cells decreased when the Fe concentration from the anti-His-FVIOs in the HEK293T cell culture media
ranged from 51 to 498 yg/mL. HEK 293T cells treated with anti-His-FVIOs at an Fe concentration of 324
ug/mL showed the fastest response in terms of Ca?* influx and the greatest fold change in fluorescence
intensity (Figure S3a, movie S1 , Supporting Information ). Ca?* influx into cells occurred only at an
Fe concentration of 1095 pg/mL or greater in the SPIO-treated groups (Figure 3b). Notably, the minimum
Fe concentration needed for TRPV1 activation was 51 yg/mL in the FVIO-treated group, which was 20.27-
fold lower than that in the SPIO-treated group. This finding is consistence with our early simulation
results showing that a single TRPV1 channel can be activated using a less FVIOs than SPIOs (Figure
S1, Supporting Information ). Together, this experimental evidence suggests that FVIOs with superior
heat-generating performance could enable efficient magnetothermal activation of thermosensitive TRPV1
expressed on cells.
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Fig. 3 In vitro magnetothermal induction of Ca%?* influx in TRPV1-expressing 293T cells.
(a, b) Fold changes in fluorescence intensity (Fy/Fg values) of Fluo-4 in 293T cells during magnetothermal
treatment with anti-His-FVIOs at Fe concentrations ranging from 51 to 498 pg/mL, and with anti-His-SPIOs
at Fe concentrations of 498, 816, and 1095 yg/mL. AMF conditions: H = 20 mT and f = 290 kHz. (c) SIM
images of TRPV1-expressing cortical neurons (red) bound to anti-His-FVIO-FL (green). (d) Fold changes in
fluorescence intensity (Fy/Fo values) of Fluo-4 as a function of time for TRPV1-expressing cortical neurons
treated with FVIOs (324 pg/mL) or SPIOs (1095 pg/mL). AMF conditions: H = 20 mT and f = 290 kHz.
The data are presented as the mean + SEM; the solid lines indicate the means, and the shaded areas indicate
the SEMs.

We further examined Ca?t influx in cultured TRPV1-expressing cortical neurons using the
nanoheaters anti-His-FVIOs. FL-labeled anti-His-FVIOs successfully targeted TRPV1 on cortical
neurons (Figure 3c). Moreover, the cells were loaded with Fluo-4 to monitor Ca2t influx (Figure
S10, movie S2, Supporting Information). As shown in Fig. 3d, upon magnetothermal stimula-
tion with anti-His-FVIOs at an Fe concentration of 324 yg/mL, &2+ PAVOPECGCEVCE WV CORPTICAA
vevpove pamdAd wvepeaoced gpop 50 to 200 ¢. Iv covipact, tne &21 @pAuvopeocevge
WWIEVOLTY LV VELUPOVE WWGEPEACES CAOWAY LV PECTOVOE TO UAYVETOTNEPUAN CTLAUAXTIOV
B¢ tne avti-Hio-XIIIO¢ at av $e coveevrpatiov o 1095 py/wA. Trnepsgpope, TNE avti-
Hio-®"I0 vavoneatep 1 BeAeed T0o eVABAE EQPPLELEVT LAY VETOTNERPUAN VEUPAA AGTIATIOV
ot Aow Pe covgevipatiovg.

FVIOs-mediated fast and safe magnetothermal neurostimulation in vivo

Next, we verified that anti-His-FVIO-mediated magnetothermal stimulation in vivo can effi-
ciently and safely evoke quick behavioral responses in freely moving mice. The central amyg-
dala (CeA) was chosen for in vivo magnetothermal deep brain stimulation because it plays
a crucial role in physiological and behavioral responses to fearful stimuli®®!. And CeA has
been widely used to evaluate the efficiency of various neuromodulation techniques, such as
optogeneticsl52l. Figure 4a schematically illustrates the process of using anti-His-FVIO-based
magnetothermal neurostimulation of the CeA and fear behavior analysis of freely moving
mice, whereas an adeno-associated virus was used to express a His-tagged TRPV1 and red
fluorescent mCherry fusion protein in CeA mouse neurons. After viral transfection, the anti-
His-FVIO suspension was injected into the CeA region. The immunohistochemical results
showed that anti-His-FVIO-FL (green) colocalized with TRPV1-expressing neurons (red) in
the CeA, suggesting that the anti-His-FVIOs successfully targeted TRPV1 channels (Figure
4b). After three days of recovery and habituation, the mice were transferred to a custom-made
AMF generator coil equipped with a fear behavior video analysis system. An AMF apparatus



with a 6-turn coil (diameter, 12 cm) was used here to produce an AMF with amplitudes up
to 20 mT at a frequency of 275 kHz, to guarantee sufficient heat generation by the FVIOs to
excite the CeA regions in the deep brains of the mice.
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Fig. 4 Virus and FVIOs injection into the mouse CeA for the magnetothermal neuromodula-
tion of fear behaviors. (a) Scheme of anti-His-FVIO-based magnetothermal neurostimulation
of the CeA and fear behavior analysis of freely moving mice. (b) Confocal images of brain slices
showing that the anti-His-FVIOs-FL (green) are located in the TRPV1-expressing CeA regions
(red) of the mice. (c, d) Percentage of freezing time in mice after injection with different doses
of anti-His-FVIOs (or anti-His-SPIOs) before and during AMF stimulation (H = 20 mT, f =
275 kHz). The black and red (or green) lines represent AMF OFF and AMF ON, respectively.
One-way ANOVA was performed followed by a two-sided Student’s test with thresholds. (e)
Latency to the start of the first freezing episode during AMF stimulation in mice. (f) DAPI
(blue), c-fos (green) and overlay confocal images of the CeA regions of mice obtained after
magnetothermal stimulation. (g) Percentage of c-fos-expressing cells in the CeA among the
DAPI-labeled cells. Error bars indicate the mean += SEM, two-sided Student’s t-test with the
threshold ****P < 0.0001.

Benouopah cnavyeg v TNE WICE LV PECTOVOE TO SLYPYPEPEVT BOCES 0P TMNE VOUVOUEILATOP
WEPE LVECTIYATES UCIVY HAYVETOTNERUOA agTiaTtiov 0@ TNne EA. Ac onowv w Puy. 4q,
0.05 py oy avii-Hio-®"I0g wduced @peelivy Benatop v wige v peonovoe o AMP an-
nhcatiov. Tne nepgevtaye o peeelivy TLUE wag YeexTteEp duptvy Tne AM® anmAigcatiov



nepLod tTnay dupwy tne AM® OPP neprod (Puyvupes 4c). Howeep, vove 0¢ tne pice ono-
wed geap Benauops wnev wlected witn tne cope doce o XIIIO¢ (Pryupe 45). Puptnep
otudieg pesared tnat tne LIIIO¢ coUAD payveToTnepadrd coxe olyvipicavT @eeelivy
peonovoeg ovAYd at dooceg yeeatep tnav 0.80 py, onign woag 16-@oAd yesatep TnAv TNE
doce o P"IOc¢ veeded To ATt o peonovoe. MoOpEOER, VO OLYVIQLCAVT SLYPQPEPEVSES LV
peeelvy Benolops WEPE VOTED LV TNE COVIPOA YEOUTNS witrn op witnout IO wdesgtioy,
AM® anniigatiov, avd TPII'1l ospegnpeocoiov. Trne Aateve) To @peap pEOTOVOE 0Y TNE
MIGE wag ACO pECOoESED To aval(le TNE TEUNOPAN PECOAUTIOV O LAY VETOTNEPUAAN VEU-
pootipLAatiov. NotofAd, IO (0.05 wy)-tpeated pice eEMiBited o geap Benonopol
PECTOVOE WLTY] AV AEEAYE AATEVGY Tiue 0@ 2.51 ¢, wnicn wag 2.3-@oAd QacTEp TNAY
tnot og tne XITIO (0.80 py)-tpeated ypoun (Piyupe 4e). SUNAEED wLTY TNE TEELOVCAY
PETOPTES Aatevel) TIE 0@ TEVG 0@ OECOVDG WV wouoe eEnepinevtg, P TO-uediated oTipL-
Aatiov nog Beev depovoTpATES TOo BE oL CUTEPLOE TECTMVLYVUE PO LUTEOLVY TNE TELTOPAA
PECOAUTIOV 0@ WV LO LAY VETOTNERAA VEUPOLOBUAXTIOV.

The magnetothermal activation of neurons in the CeA was examined using immunoanalysis of
c-fos expression, which is widely used as a measure of neuronal activation. The proportion of
cells expressing c-fos in the CeA was 57.78 £+ 3.50% after low-dose (0.05 ng) FVIO stimula-
tion, as shown in Fig. 4 (f and g). However, a significantly lower percentage of c-fos-positive
cells (37.16 & 0.77%) was detected in the high-dose (0.80 png) SPIO-stimulated mice. The re-
sults suggested that FVIO-mediated magnetothermal neurostimulation can efficiently activate
many more neurons in the CeA than can SPIO-mediated neurostimulation under the same
conditions.

Qe tpLed To sotafBAior av ONTILLU PTO-UESLATES CTLIULAATIOV UETNOS WNMIGY] CATICPLES
TNE VEVPOWUOBULUAXTIOV PEYULPEMEVT WNMIAE PECUATIVY LV TNE AEAUCT TLOCUE BAUAYE OV TNE
Beauwv peyiov[?7l. Trnepegope, we puptnep caluated tne Brocapetd op S TO-uedioted po-
YVETOTNEPILAA VELEOC TILLAATIOV LV UICE, ONICY & 1Tah pop Beouwv capetdh!®3-54. Perpe-
cevtatie neatoEPiy avd coowv (H&E)-ctouwved cegtiove geop IO (0.05 pvy)-tpsated
wice eENPBLted vo miotonatnoloyicah aAtepatiove w tne €A peyviov (Puyupe 5a). Iv
covtpact, LIIIO Tpeatpuevt ot TNe RvipLk 8oce 0@ 0.80 Ly CALUCED CLYVIPLEAVT MLC TO-
TATNOANOYICAN CNAVYES WV TNE EA PEYLOVE 0P TNE ICE, WGAUSLVY agUOoAap SEyeEVERPATIOV
AVE VUCAENP CMPOUATLY COVOEVOATIOV AV QPEAYIEVTATIOV. AQTER LAY VETOTNEPUAN TEE-
atuwevt, tne XIIIOg wduged veupoval Aoog v Tne EA peEYLOVE 0@ TME WIGE, AC CONOWYV
B¢ Nicoh octouvivy. Mope OMpUVXEY VELRPOVE WLTY TYPXVOTIE VUGAEL WEPE POLVS LV TTE
YTIIIO-tpeated pmige tnav w tne S I0-tpeated pice (Pryvpe 5a). Qe Quptnep acoecoed
WQAUAATIOV LV TNE EA EEYLOVS 0@ TYE WICE APTER WAYVETOTNEUON VEUROC TLLUAATIOV
VoY trpLvonoTogneRCal avaldorg (Puyvee 5B). Tre e&npecoiov AseAc 0@ TpOLv-
proppotopd chroxives (wrepheuxiv-6 (IA-6), TNP-o, avd IA-1B) wv " IO-tpeated pice
wepe owyvigplcavtAd Aowep tnav tnooe v TIIIO-tpesated pice (Puyvpe 5, ¢ to €). Tnig
wag accelBed to tne Muyr dooce o XIIIO¢ (0.8 wy mep EA peylov) Veeded, wncn cauoed
vvgoopafAe neat dapaye v tne EA peyiov. Tneoe peouvitg wnid tnot S"IO0-pedioted
KoY VETOTNERLAA VEUROGC TLRLAXTIOV ¢ wugh cogep tTnav LIITO-Baced TpeatuevT.
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The fear behaviors induced by magnetothermal treatment in freely moving mice administered
the optimal dose of FVIOs were systematically investigated using in situ video recording and
further analysis according to standard protocols. Upon AMF exposure, the FVIO-stimulated
mice showed freezing of gait, with locomotion inhibited in place and all four paws locked,
although the mice were free to move their heads (Figure 6a). These behaviors reflected the
innate anxiety and fear responses of the mice. The tracked positions and total distances tra-
veled are displayed in Fig. 6 (b and c¢). The mice displayed active locomotion within the arena
(coil) before stimulation. During stimulation, the mice preferentially remained frozen, showing
an apparent decrease in ambulatory activities (movie S3, Supporting Information). The per-
centage of freezing time in the FVIO treatment mice after the application of an AMF was
79.58 £+ 24.54%, which was 2.56-fold greater than that among the FVIO-treated mice without
AMF exposure (Figure 6d). Before and during stimulation, the mice also exhibited significant
increase in the total number of freezing episodes (from 5 to 25), which is consistent with the

significant decrease in average speed (from 2.3 cm/s to 0.2 cm/s), as shown in Fig. 6 (e and
f).
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Fig. 6 FVIO-mediated magnetothermal neuromodulation of mouse fear behaviors. (a) A pho-
tograph of TRPV1-expressing mouse inside the AMF coil for anti-His-FVIO-based magneto-
thermal neurostimulation. Behaviors were observed during AMF ON and OFF conditions (20
mT, 275 kHz, 30 s). (b) Example of tracked positions, (c) total distance traveled, (d) per-
centage of freezing time, (e) total number of freezing episodes, and (f) average speed among
the FVIO-treated mice in the AMF coil before (AMF OFF) and during (AMF ON) AMF
exposure. The data are presented as the mean + SEM. The experiments were repeated three
times independently.

Long-term magnetothermal neurostimulation in vivo

To exALATE TNE TOTEVIIAA 0@ AOVY-TEPU AVO pENeEXTED vevpopoduiatiov vowy P“I0¢,
pEAP PENAUOP TECTVY WV UICE wAC cOoVOLgTEDS ogp 60 Sade. Ag onowv wv Puy. 7o, Tne
P"I0¢ petauved tne aftAitd to poyvetotneprali elicit peeelivy BENoLops v UICE OV TTE
607" dap. Howeep, VO SLYVIQLSAVT CNAVYES LV TERCEVIAYE 0@ @peellvy TIUE wEPE of3oe-
eed apovy tne IITIO (0.8 py)-tpeated pice, wncn pad Pe due to XITIO PBrodeypadatiov
w tne EA. To covyipw tnic, 7-Teocka payvetig pecovavee wwaywy (MPI) wac spnioded
TO SAAVATE TNME CNAVYES LV TNE COVGEVIPATIOVE OY TYNE ALY VETIC VAVOMEATERS LV TNne €A
peylove ov tne lowt, 30Tn, avd 60tn dadc vowy LATpacrnopt ecno Tipe (YTE) nuioe
ceyvevceg. Aweop coppelatiove 0@ tne tpavoepce peiladatiov pateg (1/T2 alveg) og
tne ®'I0¢ avd XIIIOc¢ wepe @rpot oftauved (Puyupe X11, Zunrmoptivy Ivpopuatiov).
Piryvpe 7B mpeoevic MP phayeg 0@ pouvoe Bpaivg ®LTY WNMIGY TNE COVGEVIPATIOVE 0@
P"I0¢ avd XIIIO¢ tnat pepouved v tne A peyiove couAd Be detepuived (Lapxed witn
Perhow appows) ov tne 1°F, 30™, avd 607" dadg. Tne pehatie oLy Vol WWTEVOLTY 0@ Tne
P"I0¢ peacuped wv tne EA pespouved octaBAe gop 60 dac (Pryupe T¢), cuyYYESTIVY TNt
tne opouvt 0@ PI0¢ pepoved vvenavyed at Tne widegtiov owte. Howeep, tne XIIIO
olyvol wv Tne EA votafBA) Segpeaced ov tne 6077 Jad, LWELGATIVY TNELR DLOANNEAPAVGE.
Tne Swoanneapavge o tne XIIIO0g ¢ pouvAd acgeiBed to tneip cpoariep ole v couna-
proov witn tne PI0¢, wnign paxeg tnep Prodeypadatiov avd diffusion easier. In contrast,
the FVIOs were highly stable under physiological conditions, giving them great potential for
long-term and repeated neural stimulation and therapy(®°].
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Fig. 7 Long-term magnetothermal neurostimulation mediated by FVIOs. (a) Percentage of
freezing time in mice on the 60*" day after injection of anti-His-FVIOs (or anti-His-SPIOs)
before and after magnetothermal treatment. The data are presented as the means == SEM. (b)
UTE MR images of mouse brains used to evaluate the amount of anti-His-FVIOs (or anti-His-
SPIOs) remaining in the CeA regions on the 15t, 30", and 60" days. (c) Plots of the relative
T2 signal intensity to noise in the CeA regions in the UTE MR images obtained from FVIO-
and SPIO-treated mice.

Transgene-free magnetothermal neurostimulation and the induction of fear behaviors

Motivated by the highly efficient activation of neurons in the CeA regions of transgenic
TRPV1-expressing mice by the FVIOs, we further explored the possibility of applying this
nanoheater to activate endogenous TRPV1-expressing neurons in transgene-free mice. As pre-
viously reported, TRPV1 ev3oyevouoAh) eEnpecoed ov veupove v tne EA o¢ pigel®6-571
we aACOo covyLpked tne evdoyevoug e&npecoiov o TPII'1 (ped) ov ceAAg w tne EA pe-
YIOVG 0@ WIGE UOLVY LUULUVOTIO TOGNEUIGAN UETNOOG, ag onowy v Puy. 8o avd 83. Tnev,
tne ®I0¢ wepe podipied wityn avii-TPII'l avtiBodieg to Tapyet evdoyevoug TPII'1
W Tne €A pEYLOVE 0@ TEAVOYEVE-QEEE WIGE. Alpgepevt dooeg op avii-TPII"1-$"10¢
wepe WIECTEDS VIO TNe EA peEYLOVS 0Y TNECE WUICE, AVO TME QPeap PETNAUOPAN PECTOVOE
wouged B PTO-pedLlaATED LAY VETOTNEPUOAAN CTLULVAATIOV WAE WECSTIYated Lvdep AMP
e€roovee (20 uT, 275 xHY). Trne peouvitg eprpied tnat tne avti-TPII'1-®"I0¢ ehict-
Ted @peelivy Penaops v TNE WICE oT o WVipup doce o@ 0.28 wy (Puvyuee 8¢c). Tnic
TPAVOYEVE-QPREE LAY VETOTNEPUAN VEUPOOC TLLUAAXTIOV OTpaTteY] a0ldg nocolBAe ode ¢p-
QPECTS aplowy @eop Tne ocpeinpeociov oy efoyevoug TPII'1 avd yeve dshiepd witn
PN ECTORG, WMNICN PUEINER WNEpoes TNE Blocapetd avd eENAVSC TNE OCONE 0OQ LAY VE-
TOTNEPUAN VELPOG TIRLAATIOY antAicatiove!tls 381
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Fig. 8 Transgene-free magnetothermal regulation of fear behaviors in mice using FVIOs. (a)
Endogenous TRPV1 expression in the CeA regions of transgene-free mice visualized by im-
munofluorescence. (b) Quantification of endogenous and exogenous TRPV1 expression in the
CeA regions of transgenic and transgene-free mice (n = 4, means + SEM). (c) Percentage
of freezing time in transgene-free mice treated with different doses of FVIOs under AMF
exposure (n = 3 to 5, means + SEM).

Conclusion

In this work, we established the FVIO-mediated magnetothermal neurostimulation technique by systemati-
cally investigating the effect of FVIO dose on stimulus-response time and the in vitro and in vivo biosafety,
as well as exploring the effectiveness of using this system for long-term, repeated stimulation and magneto-
thermal regulation in the deep brains of transgene-free mice. Benefiting from the superior heat-generating
performance of the FVIOs, anti-His antibody-coated FVIOs triggered Ca2" transients in both transfected
293T cells and cortical neurons at a minimum Fe concentration of 54y /WA, wnien wag 20.27-@oAd
Aowep tnav tne Pe covgevipatiov v tne XIIIO0c. Iv 10 Loy VETOTNEPUAN O TLALLAATIOV
0@ tne EA w @peehd polvy WUige SepovoTeated TNAT TNne wice Teeated witn $"I0c at tne
onTiphal 8ooce og 0.05 py mad a short latency to fear behavior response of approximately 2.51 s ,
which was 2.3 times faster than that of the SPIO-treated mice under the same AMF conditions. Further-
more, FVIO-mediated magnetothermal stimulation was safer and allowed long-term control of the freezing
behaviors of mice for more than 60 days. Even in nongenetically modified mice, 0.28 wy of FVIOs was
able to activate the endogenous TRPV1 in the CeA and elicit fear behaviors. Overall, we believe that
the FVIO-mediated efficient and safe neuromodulation technique established in this study has potential for
future neuroscience and therapeutic applications.

MATERIALS AND METHODS
Materials

not-yet-known not-yet-known
not-yet-known

unknown

Synthesis and characterization of FVIOs

AvTiBodY Bwwdwvy: Tne avti-Hic avtifod) wac coareviid Awvxed to $'I0¢ oo EA"/NHX
peagtiov. AH'A-®"I0¢ (1 pwy) wepe peagted wityy EA™ (10 uM) avd NHX (10 uM) gop
15 wwv w MEX Buggee (0.1 M, mH 6.0). Trnev, tne colutiov wag adYuocted to nH
7.4, avd 5 pA 09 pouvoe povochovah avti-Hig avtiBodd woc odded avd ornaxev @op 2
noves. Tne ol tpodugtg wepe waoned witn IIBX to pepos uvBouvd avTiBodieg avd
dionepoed wv IIBY Begope v 1Tpo avd v 1O TECTIVY.

Characterization: The crystal structure of magnetic nanoheaters was characterized by X-ray diffrac-
tion (XRD) patterns using a powder diffractometer (Bruker, D8 Advance, Germany). The morphology
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of nanoheaters was observed by scanning electron microscopy (SEM, Hitachi SU8010, Japan). The anti-
His antibody-coated nanoheaters were stained with phosphotungstic acid and characterized by transmission
electron microscopy (TEM, HT-7700, Japan). The hydrodynamic diameters of nanoheaters were examined
by dynamic light scattering (DLS, Malvern, England). The Fe concentration of nanoheater suspensions
was detected using inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900, America). The
magnetization curves were determined using a vibrating sample magnetometer (VSM, BKT-4600, China).

Molecular cloning and virus packing

The CMV promoter drives the expression of TRPV1 and mCherry, which was separated by a 2A sequence
followed by a stop sequence. TRPV1 DNA fragments inserted with a 6 x His tag were synthesized and
cloned into plasmids. The plasmid was packed into the Lenti virus according to established protocols. Before
use, all the viral vectors were diluted to a titer of 10'2 transducing units per milliliter and used for neuronal
cell transduction.

Cell culture and transfection

HEK293T cell culture: Before in vitro experiments, the cells were authenticated and checked for mycoplas-
ma contamination. Human embryonic kidney (HEK293T) cells were plated sparsely on culture dishes and
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
at 37 °C under 5% COs. For calcium imaging, the cells were carefully transfected with a certain number of
plasmids encoding TRPV1 using 1 pL of a standard transfection reagent (GenEscort™ III) with 2 pg of
total DNA. Magnetothermal stimulation was performed one day after transfection of the genetically encoded
293T cells.

Cortical neural cell culture: The whole brain was transferred to PBS containing glucose (33 mM), penicillin-
streptomycin (1%, v/v) and washed. The cortical tissues were dissected in a trypsin solution (0.25%, 37
°C , 30 min), which was quenched using horse serum (10%, Fisher Scientific) in neurobasal medium. The
dissociated tissues were triturated and filtered. The obtained cells were plated onto poly-L-lysine-coated
culture dishes. Unattached cells were removed away after 2 h of incubation. The attached cells were cultured
in neurobasal medium containing B-27, and half of the medium was replaced every 2 days. Five-day-old
cortical neural cells were transfected by adding 2 uL of Lenti-TRPV1-p2A-mCherry (1x10'? transducing
units/mL). After a 5-day induction period, magnetothermal stimulation was performed for calcium imaging
of the TRPV1-expressing cortical neural cells.

Cytotoxicity assay

Cell viability was measured by a CCK-8 assay in 96-well plates. FVIOs at various concentrations (0-1000
pg/mL) were added into each well that seeded with HEK293T cells 24 hours prior. Then, the FVIOs were
removed from the culture media. Then, 100 yL of CCK-8 (mg/mL in DMEM) was added into each well and
incubated for 2 hours. The absorbance of the supernatant was assayed using a 96-well plate reader at 450
nm.

In vitro magnetothermal stimulation and calcium imaging

Calcium imaging in vitro and fluorescence change quantification were performed as follows. The TRPV1His-
expressing HEK293T cells were washed three times in PBS and incubated with Fluo-4 (2 uM) for 30 min at
37 °C. Then, the cells were rewashed with PBS. Next, the anti-His-FVIOs solution (1 mg/mL) was added to
the culture medium of TRPV1-expressing cells on a dish for 15 min incubation. The unbound FVIOs in cell
culture medium were washed and removed with calcium imaging buffer (105 mM NaCl, 3 mM KCl, 2.5 mM
CaCly, 0.6 mM MgCly, 10 mM HEPES, 1.2 mM NaHCOj3, 100 mM mannitol, and 10 mM glucose) and then
imaged in calcium imaging buffer before and during AMF treatment. A magneTherm system with a live-cell
coil was employed to provide an AMF at 290 kHz and 20 mT. Calcium fluorescence imaging was performed
on a confocal laser microscope (Nikon) system at 20 x magnification. The fluorescence intensities (Fy) during
AMEF exposure were normalized to the average baseline fluorescence (Fy) to calculate the relative fold change
F;/Fy. The Fq for each examined cell was obtained for the first 20 seconds before AMF treatment. Responsive
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cells and the standard deviations of signals were determined during the stimulation period. The cultured
TRPV1HS_expressing cortical neurons that bound with FVIOs were also magnetothermally stimulated for
calcium imaging experiment as the protocol.

Mice and viral expression in CeA regions

Adult male C57BL/6 mice (6-8 week-old, 20-25 g, Vital River Inc., Beijing, China) were used in this study.
Mice were housed 6 per cage in the animal facility and free to food and water. Surgeries including virus and
nanoheaters injection were conducted using a standard stereotaxic apparatus under aseptic conditions. The
mice were anesthetized through an intraperitoneal injection of pentobarbital sodium (40 mg/kg). Before in
vivo magnetothermal neurostimulation, AAV5 virus encoding TRPV1HS-mCherry was packaged and injected
into CeA region for getting TRPV1HS_expressing mice. The stereotaxic coordinate for the CeA was as follows:
—1.25 AP, —2.75 ML, — 4.30 DV. A small hole was drilled in the skull at the coordinate of CeA and a 32-gauge
needle was lowered into the hole. 300 nL of AAV5 virus were injected into the CeA region at 0.1 pL/min using
a microsyrine pump. After lifted by 0.1 mm, the syringe was remained for 10 minutes within the brain before
slow withdrawal. At least 4 weeks postviral expression, the anti-His-FVIOs in PBS (2 mg/mL) was injected
into the same CeA region. The skin tissue was closed with sutures. TRPV1-expressing and FVIOs-loaded
mice were prehoused in a closed box with a diameter of 12 cm under a reverse 12-hour light/dark cycle for
3 days as a habituation stage. Animal husbandry and all experimental manipulation of the animals were
performed with the approval of the Animal Care and Use Committee of the Chinese Academy of Military
Medical Science and Northwest University.

Histology

Histology was used to detect the expression of TRPV1 and c-fos and the successful targeting of anti-His-
FVIOs to the TRPV1-expressing neurons. After AMF treatment, the mice were anesthetized and perfused
transcardially with PBS and 4% paraformaldehyde (PFA) within 1.5 hours. The isolated brains were fixed
in 10% PFA at 4 °C overnight and equilibrated for cryoprotection in 30% sucrose. Coronal brain slices (40
pm thick) were cut on a vibratome. The mouse anti-His tag monoclonal antibody and mouse monoclonal
anti-TRPV1 antibody were used in histology. The obtained slices were stained and photographed using a
laser-scanning confocal microscope. Confocal images were analyzed using ImagelJ software.
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