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Abstract

Noninvasive manipulation of cell signaling is critical in basic neuroscience research and in
developing therapies for neurological disorders and psychiatric conditions. Here, the wireless
force-induced stimulation of primary neuronal circuits through mechanotransduction mediated

by magnetic microdiscs (MMDs) under applied low-intensity and low-frequency alternating
magnetic fields (AMFs), is described. MMDs are fabricated by top-down lithography techniques
that allow for cost-effective mass production of biocompatible MMDs with high saturation and
zero magnetic magnetic moment at remanence. MMDs are utilized as transducers of AMFs

into mechanical forces. When MMDs are exposed to primary rat neuronal circuits, their magneto-
mechanical actuation triggers the response of specific mechanosensitive ion channels expressed on
the cell membranes activating ~50% of hippocampal and ~90% of cortical neurons subjected

to the treatment. Mechanotransduction is confirmed by the inhibition of mechanosensitive
transmembrane channels with Gd3*.

Mechanotransduction mediated by MMDs cause no cytotoxic effect to neuronal cultures. This
technology fulfills the requirements of cell-type specificity and weak magnetic fields, two limiting
factors in the development of noninvasive neuromodulation therapies and clinical equipment
design. Moreover, high efficiency and long-lasting stimulations are successfully achieved. This
research represents a fundamental step forward for magneto-mechanical control of neural activity
using disc-shaped micromaterials with tailored magnetic properties.
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1. Introduction

Noninvasive manipulation of cell signaling is critical in basic neuroscience research and

in developing therapies for neurological disorders and psychiatric conditions. Noninvasive
neuromodulation technologies include transcranial magnetic stimulation (TMS), transcranial
current stimulation (tDCS), and the emerging transcranial focused ultrasound stimulation
(tFUS). These neuromodulation technologies are classified as “noninvasive” because they
facilitate the control of neural activity through the skull and skin.[*] Among them, TMS

is the only therapy cleared by the FDA to treat patients suffering from treatment-resistant
major depressive disorder,[?] obsessive-compulsive disorder,[3] smoking cessation,*! and
pain associated with migraine headaches preceded by an aura.[®! Much effort is devoted to
studying their applications as a potential treatment for a range of other disorders such as
post-stroke rehabilitation,[®! epilepsy,[”] Parkinson’s disease, €] Alzheimer’s,[®! anxiety,[10]
schizophrenia,[1] and chronic pain.[2] In general, these noninvasive techniques, whether
administered alone or in combination with pharmacological or behavioral therapies, have
given rise to positive and enhanced therapeutic outcomes. However, at their current
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development level, they suffer from a broad radius of action in the order of millimeters
to centimeters.[23] This lack of precision consequently results in undesired cell stimulation
and ablation of healthy brain tissues.

Another approach for noninvasive, cell-type-specific control of cellular signaling

that utilizes external stimuli consists on the use of heat dissipation produced by

magnetic nanoparticles (MNPs)[24] and plasmonic nanostructures.[*3] Unlike plasmonic
nanostructures, which utilizes light as a stimulus and its penetration is limited to a few
centimeters into the body, MNPs benefit from the weak magnetic properties and low
electrical conductivity of tissue, allowing alternating magnetic fields (AMFs) to reach deep
into the body.[16] This advantage makes hysteresis heating of MNPs particularly promising
for applications that involve stimulation of brain structures. Both bulk and nanoscale heating
of MNPs have been reported to evoke neural activity in vitro and in vivo.[14] Still, this
magneto-thermal approach is limited for heat-sensitive neurons and requires transgenes to
sensitize neurons to heat. Another limitations of MNPs heat dissipation are the potential off-
target heating effects and the need for high-frequency AMFs. The latter makes scaling the
electromagnet’s coils extremely challenging, impeding the universal adoption of magnetic
hyperthermia in biomedical research and clinical practices.

Alternatively, nanoparticle-assisted mechanotransduction has been proposed to control
biological signaling. Zinc sulfite-based nanoparticles have been investigated to convert
mechanical forces from ultrasound stimulation into optical energy as a untethered alternative
for optogenetics called “sono-optogenetics.”[27] Zinc sulfite-based nanoparticles circulating
in the brain vascularate can transduce focused ultrasound into localized 470 nm light,
which triggers the reposnse of neurons expressing channelrhodopsin-2. Sono-optogenetics
overcomes the invaisive delivery of light required in optogenetics, however, still requires
the use of transgenes for sensitizing neurons to light. Mechanotransduction can also be
achieved by engineering magnetic nano and microstructures. Recently, a magnetic torque
nanoactuator toolkit named “m-Torquer” has been developed for neuromodulation.[18] The
nanoactuator toolkit is composed of a rather intricate 500 nm assembly of octahedral iron
oxide magnetic nanoparticles and a rotating circular magnet array that favors Brownian
over Neel relaxation to produce a torque. The m-Torquer is capable to precisely stimulate
neuronal activity in mechanosensitive neurons with spatial accuracy and long working
distance. Mechanotransduction can be also realized in magnetic materials with unique spin
configurations such as magnetic vortex ground state.[19 Magnetic vortex state —, e.g., a
magnetic state with zero net magnetic moments at remanence — can be achieved in low
aspect-ratio structures like magnetic microdiscs (MMDs). One tremendous advantage of
MMDs with vortex state is that they do not agglomerate when the external magnetic field is
off. Therefore, MMDs can be larger than MNPs possessing a higher magnetic moment under
the same applied fields.[20]

Due to their low aspect ratio, when AMFs are applied, MMDs rotate to align their
magnetic moments with the field direction. The torque generated on the MMDs in response
to the AMFs, is essential in controlling cellular activity. Transduction of low-intensity
AMFs into mechanical forces by MMDs has been applied to kill cancer cells via the
disruption of cell membranes caused by high exerted forces.[?1] Additionally, when the
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actuation forces are regulated, such as in magnetite magnetic nanodiscs, it is possible to use
the mechanical forces to control mechano-sensory cells remotely.[22] However, magnetite
magnetic nanodiscs present low magnetic moments that limit their efficiency.[22:23]

This work describes the wireless force-induced stimulation of in-vitro primary neurons
through mechano-transduction mediated by MMDs under applied low-intensity AMFs.

To overcome the limitations of synthesized magnetite nanoparticles, we utilized Nickel-
Iron permalloy (NiggFepg) MMDs coated with gold. Permalloy microdiscs of 4 pm in
diameter and 100 nm in thickness were fabricated by direct writing laser lithography and
physical vapor deposition. This technology allows the cost-effective mass production of
biocompatible MMDs with the advantage that it can be scaled down into the nanometer
range using other top-down lithography methods.[292.24] The MMDs exhibit a magnetic
vortex state configuration. Thus, the large volume of the discs and high magnetization

of the permalloy provide the MMDs with a high magnetic moment and zero remanence.
[20a] Another advantage of MMDs is their response to small amplitude and low-frequency
oscillatory fields. Therefore, MMDs can be used as transducers of low-frequency and
low-amplitude AMFs into mechanical forces. When exposed to primary neurons, MMDs
magneto-mechanical actuation triggers the response of mechanosensitive ion channels
expressed on the cell membranes, allowing for remote control of neural activity (Figure 1).
In this work, we corroborated that the observed enhancement of neural signaling mediated
by MMDs results from mechano-sensitive ion channels’ force-induced response. Moreover,
a percentage around 90% of responsive neurons and a desirable long-lasting post-stimulation
neural activity were achieved with this technique. This unique feature of MMDs represents
a tremendous potential for neuronal stimulation since it fulfills the requirements of cell-type
specificity and weak magnetic fields, limiting factors in the development of noninvasive
neuromodulation therapies and the design of clinical equipment.

2. Results and Discussion

2.1.

MMDs Characterization and Surface Functionalization

Here, we utilize NiggFeog MMDs coated with gold fabricated by direct writing laser
lithography. Homogeneity of permalloy MMDs arrays, morphology, and dimensions were
verified by Scanning Electron Microscopy (SEM). Figure 2a shows a representative SEM
image. The patterning of 4 um in diameter MNDs is very homogenous as expected

from their fabrication technique. Figure 2b shows a representative SEM image of higher
magnification with a single MMD. Figure 2c shows the hydrodynamic size distribution of
the MMDs in Tyrode characterized by Dynamic Light Scattering (DLS). MMDs display a
narrow size distribution with a mean diameter of 3.8 um and a poly dispersity index (PDI)
of 0.042. MMDs size measured by SEM and DLS are consistent with each other for MMDs
diameter of 4 um. It is well known that DLS, which utilized particle diffusion coefficient to
infer colloidal particle size via Stokes-Einstein relation,[?°] is not reliable for nonspherical
particle geometries as the relationship between the diffusion coefficient and dimension

can be relatively complex.[28] However, this observation does not apply for 2D particles

as MMDs are, where DLS spherical assumption is accurate in determining hydrodynamic
diameter.[27]
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The magnetic characterization of the MMDs is depicted in Figures 2d and Figure S1
(Supporting Information). Figure 2d shows the hysteresis loop of a square array of MMDs
with the dimensions shown in the figure’s inset. This sample was cut from a 4 inches wafer
after photoresist liftoff. The pinched shape of the hysteresis loop and the lack of magnetic
moment at remanence indicates that the MMDs develop a vortex state when the external
field is off. The magnetic moment per disc (9.8x10719 emu disc™1) was estimated from the
saturation magnetization and the number of discs (5.6x10%) in the sample’s area (3.6 mm?).
Figure S1 (Supporting Information) shows the hysteresis loop of the MMDs after being
released from the Si wafer. In this case, a silicon chip was coated with 4 L of MMDs in DI
water suspension. The round shape of the loop is caused by the discs’ random distribution
and their dipolar interaction. Interestingly, despite the random distribution of the discs on the
sample, the remanent magnetic moment remains zero, consistent with the magnetic vortex
state. From this measurement, the concentration of MMDs in solution was estimated as
1.6x10* MMDs mL™L. In both cases, the hysteresis loops show that the discs develop a
magnetic vortex state and reach saturation at relatively low applied magnetic fields (~0.5
kOe). The magnetic moment of the MMDs fabricated here (9.8x10710 emu disc™1) is 1000x
higher than that of chemicaly synthesized magnetite nanodisc (6.7x10713 emu disc1).[22]
Both lithographic and synthesized nanomagnets have a thickness limitation to preserve a
vortex state. Interestingly, the lithography method overcomes this issue with the stacking
capability, which allows a further enhancement of the magnetic moment of particles.
Figure S2a,b (Supporting Information) shows the loss of the vortex spin configuration as
permalloy thickness increases from 100 to 200 nm. However, a stacking layer structure of
permalloy (100 nm)/titanium (20 nm)/permalloy (100 nm) recovers a magnetization curve
that resembles the vortex state profile, but in MMDs with a double magnetic moment
(Figure S2c, Supporting Information).

MMDs hysteresis heat dissipation at the AMFs conditions of 0.188 kOe m and 6 Hz was
measured for 1 mg of MMDs in water. No increase in the temperature was observed, neither
for the MMDs solution nor for water alone.

Although zero-remanence MMDs are highly stable in water, we surface engineered them
with polymer brushes to neutralize their charge, enhance their biological fluids’ stability, and
avoid nonspecific interactions. Polymer brushes are commonly used in surface chemistry

to stabilize suspensions of colloidal particles. When polymer brushes are grafted onto
particles surface, the entropy gain and the repulsion between polymer chains, promote steric
and/or electrostatic colloidal stability.[28] Poly (ethylene glycol) methyl ether methacrylate
(POEGMA) brushes were synthesized from the surface of MMDs by well-established Atom
Transfer Radical Polymerization (ATRP) protocols.[28¢] ATRP was carried out specifically
from the surface of MMDs. Rhodamine B isothiocyanate was used to fluorescently

label POEGMA brushes by hydrophobic interactions. Figure 3a shows a representative
fluorescent image of MMDs arrays after surface functionalization with POEGMA brushes.
The observed fluorescence of the labeled polymer is consistent with the localization of
MMDs in the array. After functionalization, MMDs-POEGMA were released from the Si
wafer obtaining to partially coated MMDs with POEGMA in solution. MMDs-POEGMA
hydrodynamic size was characterized by DLS in Tyrode’s solution. Figure 3b displays

a narrow hydrodynamic size distribution of MMDs-POEGMA with a mean diameter of
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4.1 ym and PDI of 0.039. The MMDs surface functionalization was also confirmed by
C-potential measurements, as shown in Figure 3c. Prior functionalization MMDs display

a surface charge of —24.4 + 8 mV. After grafting POEGMA from MMDs surface, the
C-potential is neutralized to —7.11 = 3 mV. Together, these results suggest the formation of a
nanometer thick POEGMA coating on MMDs.

Force-Inducing Neuronal Stimulation Mediated by MMDs

Mechano-sensitive ion channels located in the cell membrane of specific cell populations
can gate the influx of ions in response to various mechanical stimuli, including local
membrane stretching, cell squeezing, shear stress, cell swelling, deflection, and substrate
deformation.[2%] To enable cell-type-specific mechanotransduction in neurons through
shear stress-mediated by MMDs, while avoiding bulk disruption of tissue, MMDs size
and magnetic moment must be tailored to achieve highly efficient neuromodulation in

the presence of AMFs on time scales relevant to inter-neuronal communication. The

force thresholds for activation of mechanosensitive ion channels or membrane receptors
typically range between 0.2 and 1 pN.[3%] The mechanical force exerted by MMDs comes
from the alignment of the MMDs’ plane with the external magnetic field. The torque
magnitude depends on the magnetic moment of disc. For the same material, larger volume
will lead to larger magnetic moment. Consequently, to achieve magnetic control of cell
mechanoreceptors with low-frequency, low-amplitude AMFs (0.18 — 0.63 kOe, 5 — 10 Hz),
the volume of the MMDs must be between 10710 and 10722 ¢cm3 [22.31]

MMDs functionalized with POEGMA brushes were used to stimulate neural activity.
MMDs were suspended in water and counted using an automatic cell counter. Optimization
experiments were done to find the minimum concentration of MMDs needed to evoke
neural activity. The optimal concentration for cell stimulation was found to be 10 MMDs
per seeded cell, which equates to a total MMDs volume of 1.25x10711 cm3, consistent

with our preliminary estimates. In contrast, previous studies in magneto-mechanical neural
stimulation using magnetite nanodiscs!?2! required 1000X more particles to detect the
stimulation of mechanosensitive ion channels. This observation is in agreement with the
reported magnetic moments of magnetite nanodiscs (6.7x10713 emu disc™1), which is lower
than for the MMDs fabricated here.

To confirm the mechanical actuation of MMDs under the applied AMFs of 0.188 kOe and
6 Hz, we first recorded with the bright field the MMDs’ behavior when cocultured with
hippocampal neurons and upon exposure to AMFs perpendicular to the plane at a frame
rate of 200 ms. A representative video of MMDs’ behavior is shown in the Supporting
Information Video S1. The micrometer size and metallic contrast allow us to distinguish
MMDs from the neural culture clearly as black dots. We were able to associate MMDs’
vibration with AMFs exposure. When AMFs were turned on, MMDs disappear from the
field of view. This observation was attributed to MMDs alignment to the magnetic field
(vertically), which position them out of the plane of view. When the AMFs are turned off,
MMDs slowly reappear to the field of view in the same positions than before applying the
stimulus. These observations confirm that MMDs’ mechanical actuation is due to a response
to AMFs.

Adv Healthc Mater. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Collier et al.

Page 7

2.2.1. Force-Inducing Stimulation of the Mechanosensitive lon Channel
eMscL Mediated by MMDs—We first studied MMDs force-inducing neural stimulation
in hippocampal neurons. As hippocampal neurons are not associated with overexpression
of mechanosensitive ion channels, we transfected the cultures with the mechanosensitive
ion channel of large conductance eMscL using Lipofectamine 3000 reagent (Figure S3,
Supporting Information). Figure 4a shows calcium images from a representative video

of hippocampal neurons expressing eMscL and subjected to 1-minute force-inducing
stimulation mediated by MMDs and AMFs. The calcium imaging video was recorded for

2 minutes at a frame rate of 200 ms. The AMFs were turned on at t = 30 seconds and
turned off at t = 90 seconds. The calcium images illustrate an increase in the fluorescence
intensity of intracellular calcium overtime associated with MMDs mechano-actuation at
the cell membrane, which results in the enhancement of transmembrane channels that

lead to an influx of ions in the cell. A representative video for hippocampal neurons force-
inducing stimulation is shown in the Supporting Information Video S2. The recorded videos
were analyzed for intracellular calcium fluorescence over time to quantify cell activity.

A threshold relative to five times the standard deviation from the background was set

to differentiate active cells from inactive cells (Figure S4, Supporting Information). An
automatic code was used to subtract the background and randomize the results presented
here. Figure 4b displays the activity of 100 random neurons during AMFs force-inducing
stimulation mediated by MMDs. Figure 4c represents the percentage of active neurons
over time for the same 100 random neurons. In both figures, the purple shadowed area
indicates the exposure to AMFs. Figure 4d summarizes the percentage of responsive neurons
quantified from five different samples in each condition. Hippocampal neurons expressing
eMscL in the absence of AMFs and MMDs were used as the negative control, while
hippocampal neurons in the presence of AMFs and MMDs but not expressing eMscL was
used as the negative eMscL control. Representative raster plots and the percentage of active
neurons of 100 random neurons for the controls are shown in Figure S5 in the Supporting
Information.

We were able to evoke neural activity in hippocampal cultures expressing eMscL, cocultured
with MMDs, and exposed to low-intensity AMFs. Neural activity was enhanced by 50%
within seconds of applying AMFs and continued even after AMFs were turned off. It is also
possible to distinguish that more than 40% of the responsive neurons showed synchronized
neural activity since the beginning of the stimulation. None of these effects were observed

in the control conditions tested. The response of neurons to the force-inducing treatment is
~35% higher in hippocampal neurons expressing eMscL and in the presence of MMDs and
AMPFs. These results suggest that the stimulus observed is associated with the mechanical
actuation of MMDs on the mechanosensitive ion channel eMscL located in the cell
membrane.

2.2.2. Force-Inducing Stimulation of Endogenous Mechanosensitive lon
Channels Mediated by MMDs—We proposed force-inducing neural stimulation
mediated by MMDs as a noninvasive neuromodulation approach, we also tested our system,
avoiding the use of transgenes, like in eMscL transfection in hippocampal neurons. We
studied transgene-free force-inducing neural stimulation mediated by MMDs in primary

Adv Healthc Mater. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Collier et al. Page 8

cortical neurons as they are well known to express different mechanosensitive ion channels
endogenously, including TRPV1, TRPV2, TRPV4, Piezol, TRPC1, TRPM7 TRPP1/2
complex, and indirectly actuated G-protein coupled receptors.[32] Figure 5a shows calcium
images from a representative video of cortical neurons subjected to 1-minute force-inducing
stimulation mediated by MMDs and AMFs. The calcium imaging video was recorded

as described above for hippocampal neurons. The calcium images illustrate an increase

in the fluorescence intensity of intracellular calcium overtime associated with MMDs
mechano-actuation at the cell membrane. A representative video force-inducing cortical
neural stimulation is shown in Supporting Information Video S3. The recorded videos were
analyzed following the same protocol described above for hippocampal neurons. Figure 5b
shows the activity of 100 random neurons during AMFs force-inducing stimulation mediated
by MMDs. Figure 5c represents the percentage of active neurons over time for the same 100
random cortical neurons. In both figures, the purple shadowed area indicates the exposure

to AMFs. To confirm that the induced neural activity was an effect of mechanotransduction
facilitated by the MMDs response to AMFs, we treated cortical neurons with gadolinium
(111) (Gd3*). Gd3* is a well-studied global inhibitor for mechanosensitive channels that acts
by modifying the deformability of the lipid bilayer.[33] The dose of Gd3* was carefully
chosen to avoid altering neural activity by blocking non-mechanosensitive channels.[15:34]
A representative video force-inducing cortical neural stimulation on neurons pretreated with
Gd3* is shown in Supporting Information Video S4. Figure 5d summarizes the percentage of
responsive cortical neurons quantified from five different samples in each condition. Cortical
neurons in the absence of AMFs and MMDs was used as a negative control. Representative
raster plots and percentage of active neurons of 100 random neurons for the controls are
shown in Figure S6 in the Supporting Information.

We were able to detect neural activity in cortical cultures within seconds of applying AMFs
stimulus. Neurons remain active even after completing the 1-minute AMFs stimulus. Almost
90% of cortical neurons were responsive to the treatment. Neural activity was significantly
higher in cortical neurons cocultured with MMDs and exposed to AMFs. We observe 30%
more evoked activity in cortical neurons than in hippocampal neurons. This observation can
be attributed to mechanosensitive ion channels’ endogenous expression in cortical neurons
and the low Lipofectamine transfection efficiency of eMscL in hippocampal neurons. In
the presence of Gd3*, the evoked activity in cortical neurons cocultured with MMDs and
exposed to AMFs was significantly reduced, decreasing more than 80% (Figure 5d; Figure
S5d and Video S4, Supporting Information). These results confirmed that mechanosensitive
channels are involved in MMDs transduction

2.3. MMDs Colocalization

We investigated the colocalization of MMDs within primary cortical neural networks. Figure
6a shows a representative confocal microscopy image of MMDs within cortical neurons.
Cortical neurons were labeled with anti-Tubulin g-111 (magenta) to identify neuronal
cytoskeleton microtubular networks, with actin-stain 488 phalloidin (cyan) to localize actin
stress fibers, with synaptophysin antibody (yellow) as a marker of presynaptic vesicles in
mature neurons, and with DAPI (blue) for nuclei identification. MMDs were imaged in the
bright field (black), and the color was inverted to facilitate localization in the merged image
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(white). We also studied MMDs colocalization on the surface of neurons. Figure 6b displays
SEM images of cortical neurons exposed to MMDs.

All our neural stimulation findings suggest that, indeed, we can evoke neural activity by
magnetic mechanotransduction mediated by MMDs and AMFs. Our experiments rely on
short exposure times of MMDs with cells to ensure colocalization on the cell membrane
and stimulation of mechanosensitive ion channels. MMDs are found to be colocalized in
the cell membrane, either around the cell body or the axons, of cortical neurons. Small
aggregations of MMDs are observed in both, confocal microscopy, and SEM images. The
aggregates are attributed to the post-stimulation treatment of the samples for imaging,
which includes exposure to surfactants, vacuum, mechanical shaking, multiple washes
with different solvents, among others. Before being manipulated for imaging, MMDs are
homogenously distributed in the neuronal cultures and no visible aggregations are detected
(Video S1). Future experiments will require specific cell targeting to slow down MMDs
internalization and prolongate effective treatment period.

2.4. Cell Viability

Cell viability of cortical neurons exposed to MMDs and AMFs was studied through MTT
assay during 2 days at a concentration of 10 MMDs per seeded cell. The cytotoxic effect

of MMDs and AMFs were measured independently and coupled as in force-inducing
stimulation. Figure 7 shows that the independent and combined exposure of MMDs and
AMFs caused minimum to noncytotoxic effects in cortical neurons at the doses required for
neurostimulation. No cytotoxic effects were found even after 1- and 2-days post-stimulation.

3. Conclusion

Biocompatible gold coated NiggFeog MMDs fabricated by direct writing laser lithography
allow the cost-effective mass production of nanomaterials with a high magnetic moment of
9.8x10710 emu disc™1, and null remanence. Lithography techniques facilitate the production
of nano- and micro-magnets with a high magnetic moment, either using pure magnetic
materials and alloys or depositing stacking structures that preserve the main features of the
vortex state, which is impossible to achieve by conventional chemical synthesis. The surface
functionalization of MMDs with POEGMA brushes passivates the surface charge of MMDs
in biological fluids from ~-24 to ~-7 mV. MMDs act as transducers of low-frequency

and low-amplitude AMFs into mechanical forces. When cocultured with cells expressing
mechanosensitive ion channels, either artificially or endogenously, the magneto-mechanical
actuation of MMDs triggers the response of mechanosensitive ion channels allowing for
remote control of neural activity, providing highly efficient and long-lasting stimulations.
Activation of endogenously expressed mechanosensitive ion channels was ~35% higher than
those artificially expressed, corroborating the lack of efficiency of commercially available
transfection technologies and the primacy of developing transgene-free approaches. MMDs
and weak AMFs cause a noncytotoxic effect to cells.

The nanotechnology described in this work may facilitate the wireless force-induced
stimulation of biological signaling for basic neuroscience research. The technology’s
scalability will allow further investigations on the development of noninvasive therapies
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for neurological disorders and psychiatric conditions. Future research will include surface
engineering to bypass the blood-brain barrier, specifically targeting neural populations,
studying MMDs on specific mechanosensitive ion channels endogenously expressed in
neurons, and investigating specific disease models.

4. Experimental Section

MMDs Fabrication and Characterization:

Permalloy (NiggFezg) MMDs were fabricated using top-down lithography techniques. A four
inches silicon (Si) wafer was spin-coated with photoresist. Circular shapes were exposed

by direct laser writing (Heidelberg MLA150) and developed to obtain templates of circular
holes. Then, a multilayer structure was deposited by electron beam evaporation in high
vacuum. Aluminum (20 nm)/Gold (5 nm)/NiggFe,q (100 nm)/Gold (5 nm) layers were
consecutively evaporated on the resist template. A liftoff process removed the resist leaving
MMDs attached to the Si wafer.

The morphology and size of MMDs before releasing them from the Si wafer were
characterized by Scanning Electron Microscopy (SEM, Hitachi SU1510) after photoresists
liftoff. MMDs were released from the substrate by a selective chemical etching of the

Al sacrificial layer, using bath ultrasonication in a 1 m potassium hydroxide (KOH,

Sigma Aldrich) solution. After extraction, MMDs were washed 5 times with Millipore
water by pulling them with a neodymium magnet and resuspending in Millipore water

by sonication. Magnetic properties of released MMDs were characterized using Vibrating
Sample Magnetometer (VSM from VersalLab Quantum Design). Magnetization loops were
recorded at room temperature (300 K) with the magnetic field parallel to the sample. Two
samples were measured, MMDs before releasing from the Si wafer —, i.e., in an ordered
square array, as shown in Figure 2d and MMDs from the water solution dispersed (and
dried) on the surface of a piece of a Si wafer. For the first sample, a piece of 1.9x1.9 mm2
was cut from the Si wafer right after the photoresist liftoff. This sample was used to confirm
the vortex state’s development at remanence (Figure 2d) and estimate the magnetic moment
per disc. The second sample was used to verify that the removal process of the MMDs does
not affect their magnetic properties. Besides, this data was used to estimate the concentration
of MMDs in the solution.

MMDs Surface Functionalization:

The surface of the MMDs was functionalized with poly (ethylene glycol) methyl

ether methacrylate (POEGMA) polymer brushes grafted from MMDs surface through

atom transfer radical polymerization (ATRP). First, the initiator 2-(2-bromoisobutyryloxy)
undecy! thiol was covalently immobilized on the MMDs’ gold-coated surface by immersing
the Si wafer with MMDs in a 1 M initiator solution in ethanol under N, gas flow for 24
h.[35] The Si wafer was rinsed with ethanol to remove the initiator excess. Then, the wafer
containing MMDs-initiator was immersed in a previously degassed mixture containing 2.8
mmol ethylene glycol methyl ether methacrylate oligomer (My, = 300 Da, Sigma Aldrich),
1.9 mmol 2,2’-bipyridyl (Sigma Aldrich), 2 mmol copper (11) chloride (CuCl,, Sigma
Aldrich) and 5 mL of dimethylformamide/water (3:2). The mixture was allowed to react
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overnight at room temperature under N, gas. The functionalized MMDs wafer was then
washed with dimethylformamide/water 3 times, acetone 3 times, ethanol 3 times, and water.
MMDs were labeled with Rhodamine B isothiocyanate (Sigma Aldrich) for visualization.
Finally, MMDs were released from the substrate with 1 m KOH following the protocol
described above. MMDs-POEGMA functionalization was characterized through dynamic
light scattering in Tyrode’s solution (DLS, Malvern Zetasizer Nano ZS) and by fluorescence
microscopy (Inverted Inflorescent Leica Microscope DM16000 B).

Isolation and Maintenance of Primary Rat Cortical and Hippocampal Neurons:

The UTSA Institutional Animal Care and Use Committee approved all experiments in this
study (approval no. MU-RAO007). Hippocampal and cortex neurons were extracted from
neonatal rats, dissociated, and plated[3¢] on 35 mm collagen-coated glass-bottom dishes
(MatTek). Primary neurons were maintained in Neurobasal media supplemented with 2%
B27 and 1% Glutamax-1 (ThermoFisher Scientific) at 37 °C and 5% CO,. Glial inhibition
was performed after 3 days. Hippocampal neurons were transfected on day 8 with the
mechanosensitive ion channel of large conductance eMscL (Addgene) using Lipofectamine
3000.[371 Cells were labeled with the calcium indicator Fluo-4 (ThermoFisher Scientific)
before stimulation experiments. Stimulation and control experiments were performed on
healthy cultures with an evident expression between days 8 and 12.

Force-Inducing Neuronal Stimulation:

MMDs were incubated with cells for 10 minutes before experimentation at a concentration
of 10 MMDs per seeded cell. Exposure to the alternating magnetic field took place in a
custom sample holder designed to hold a 35 mm petri dish with 1 mL of Tyrode’s solution
fitting into a 50 mm copper varnished wire solenoid driven by a DC-300 amplifier with an
input signal of 5 V. A fluorescence stereomicroscope (Leica M205 FCA) equipped with 2x
and 5x Plan Apo objectives, and a SCMOS camera (Leica DFC9000) were used to record
cell activity during stimulation. All videos were recorded at a frame rate of 200 ms. To block
mechanosensitive ion channels, before applying the AMFs stimulation, neurons were treated
with Gadolinium (111) (Gd3, Sigma Aldrich) at a final concentration of 20 uM in Tyrode.

Analysis of Calcium Imaging:

The analysis was performed using functions in ImageJ to subtract background and measure
fluorescence intensity (Figure S2, Supporting Information). The time resolution of the
fluorescence microscopy used for calcium imaging is insufficient to be interpreted as
resolving individual spikes. Instead, it might be taken to show time-integrated levels of
neural activity. An automatic code in MATLAB was generated to analyze the fluorescence
intensity traces of each neuron in each video (Supplementary Note). Briefly, a threshold
relative to five times the standard deviation from the background was set to differentiate
active cells from inactive cells. For each condition 5 different samples were analyzed. Each
sample contained between 300 and 500 neurons. The results presented here correspond to
100 neurons randomly (and automatically) selected from all the neurons analyzed within the
5 samples. The number of neurons exhibiting activity was divided by the total number of
cells to determine percent responsiveness. Statistical differences between control trials and
force-induced activity mediated by MMDs were assessed by ANOVA test.
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Immunohistochemistry:

For the fluorescent staining of cell cytoskeleton microtubules, actin stress fibers, presynaptic
vesicles, and cell nucleus, the samples were rinsed twice with PBS and fixed with

4% paraformaldehyde in PBS. After washing 3 times with washing solution, i.e., PBS
containing 0.05% Tween-20 (BP337, Fisher Bioreagents), cells were permeabilized with
0.25% Triton X-100 (T8787, Sigma Aldrich) for 10 min followed by 3 washes. Blocking
solution, 1% bovine serum albumin (0332, VWR) in PBS, was applied for 1 h. Anti-
Tubulin 111 Antibody (clone TU-20, Alexa Fluor555 Conjugate, CBL412A5 from Sigma
Aldrich), actin-stain 488 phalloidin (PHDG1-a, Cytoskeleton, Inc.) and Mouse Monoclonal
Synaptophysin Antibody (Alexa Fluor647 Conjugate, NBP147483AF647 from Novus
Biologicals) were diluted to a working concentration in blocking solution and incubated
overnight at 4 °C. After washing 3 times, cell nucleus counterstaining was performed by
incubating with DAPI for 5 min (Sigma Aldrich). The samples were washed, and PBS was
added to the petri dish before visualization in a Leica TCS SP8 Confocal Microscope.

Sample Preparation for Scanning Electron Microscopy:

Samples were rinsed twice with PBS and fixed with 4% paraformaldehyde in PBS. Cells
were gradually dehydrated in a serial change of ethanol in Milli-Q water for 5 min each (0%,
5%, 10%, 25%, 35%, 50%, 65%, 75%, 90%, 100%). Glass bottom was carefully removed
from the petri dish before critical point drying (Leica EM CPD300). The samples were
mounted on aluminum pin stubs using double-sided carbon tape and gold-coated (PELCO
SC-7 Sputter Coater) before imaging in a Hitachi SU1510 Scanning Electron Microscope.

Cell Viability:

Cell viability was determined by a standard colorimetric MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) (Sigma Aldrich) assay. Primary cortical neurons were
seeded in a 96-well plate precoated with Matrigel (Corning Matrigel Matrix, 356 234) at a
density of 7000 cells per well. Cortical neurons were exposed to Neurobasal complete media
containing MMDs at a concentration of 10 discs per cell. After coculturing with MMDs for
10 minutes, cells were exposed to AMFs for 1 minute. Immediately after stimulation (Day
0), and 1- and 2-days post-stimulation, viability was assessed relative to control samples
(intact cortical neurons). 20 uL of MTT compound, prepared at a concentration of 5 mg
mL~1 in phosphate buffer saline, was added to each well and incubated for 1 h. The
supernatant was aspirated, and 200 pL of dimethyl sulfoxide (DMSQ) was added. A plate
reader was used to measure absorbance at 570 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overview of the experimental scheme. Functionalized MMDs in coculture with primary rat

neurons. Upon exposure to AMFs, the torque produced by MMDs triggers the response of
mechanosensitive ion channels located in the cell membrane. This response gates calcium
ion influx detectable through the fluorescence intensity increase of Fluo-4.
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Figure 2.
MMDs characterization. a) SEM image of MMDs on the Si wafer. Scale bar = 10 um, b)

SEM image of a tilted single MMD on the Si wafer. Scale bar = 1 um, ¢) Hydrodynamic size
distribution of MMDs in water after being released from the Si wafer, and d) Hysteresis loop
of a square array of MMDs after photoresist liftoff and before release from the Si wafer.
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Figure 3.
MMDs surface functionalization. a) Fluorescent image of MMDs-POEGMA, where the

polymer brushes are fluorescently labeled with Rhodamine B (red). Scale bar = 10 um, b)
Hydrodynamic size distribution of MMDs-POEGMA, c) Zeta-Potential of MMDs before
and after functionalization with POEGMA brushes.
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Figure 4.

Fogrce—inducing stimulation of hippocampal neurons mediated by MMDs. a) Calcium
fluorescence images from a representative video of hippocampal neurons expressing eMscL
and subjected to 1-minute force-inducing stimulation mediated by MMDs at the AMFs
conditions of 0.188 kOe and 6 Hz. Scale bar = 50 um, b) Raster plot tracking the activity

of 100 random neurons expressing eMscL., cocultured with MMDs and exposed to AMFs,
c¢) Data from the raster plot normalized to the cell population to represent percentage of
active neurons as a function of time. In both, (b) and (c), the purple shadowed area indicates
the exposure to AMFs, d) Percent response was determined by dividing the number of
neurons that were active during AMFs exposure by the total number of neurons in the field
of view. Error bars represent standard deviation (7 =5 samples per condition). ANOVA

test was performed to determine statistical significance. * Indicates statistical difference
with Negative Control (neurons expressing eMscL in the absence of AMFs and MMDs)
and ** indicates statistical difference with both Negative Control and eMscL Control
(nontransfected neurons in the presence of AMFs and MMDs) (p-value < 0.05).
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Force-inducing stimulation of cortical neurons mediated by MMDs. a) Calcium fluorescence
images from a representative video of cortical neurons subjected to 1-minute force-inducing
stimulation mediated by MMDs at the AMFs conditions of 0.188 kOe and 6 Hz. Scale

bar = 50 um, b) Raster plot tracking the activity of 100 random neurons cocultured with
MMDs and exposed to AMFs, c¢) Data from the raster plot normalized to the cell population
to represent percentage of active neurons as a function of time. In both, (b) and (c), the
purple shadowed area indicates the exposure to AMFs, d) Percent response was determined
by dividing the number of neurons that were active during AMFs exposure by the total
number of neurons in the field of view. Error bars represent standard deviation (7 =5
samples per condition). ANOVA test was performed to determine statistical significance.

* Indicates statistical difference with Negative Control (neurons in the absence of AMFs
and MMDs) and ** indicates statistical difference with both Negative Control and AMFs
Control (neurons exposed to AMFs with no MMDs) (p-value < 0.05).
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Figure 6.
MMDs colocalization within primary cortical neural networks. a) Confocal images of

cortical neurons. Cell cytoskeleton microtubules are stained with anti-Tubulin -1l
(magenta), actin fibers are stained with Actin-stain 488 Phalloidin (cyan), presynaptic
vesicles are labeled with synaptophysin antibody (yellow), nuclei counterstaining was
performed with DAPI (blue), MMDs were imaged in bright field (black), and the color was
inverted in the merged image (white). b) SEM image of cortical neural networks exposed to
MMDs.
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Figure7.
Cell viability of primary cortical neurons over 2 days. Cell viability was performed by MTT

assay. Intact primary cortical neurons were used as control. Cell viability was measured
immediately after stimulation (Day 0), 1-day (Day 1) and 2-days (Day 2) post-stimulation.
ANOVA test was performed to determine statistical significance. No statistical significance
was found between samples (p-value < 0.05).
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