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Parallelized Mechanical Stimulation of Neuronal Calcium
Through Cell-Internal Nanomagnetic Forces Provokes
Lasting Shifts in the Network Activity State

Connor L. Beck and Anja Kunze*

Neurons differentiate mechanical stimuli force and rate to elicit unique
functional responses, driving the need for further tools to generate various
mechanical stimuli. Here, cell-internal nanomagnetic forces (iNMF) are
introduced by manipulating internalized magnetic nanoparticles with an
external magnetic field across cortical neuron networks in vitro. Under iNMF,
cortical neurons exhibit calcium (Ca2+) influx, leading to modulation of activity
observed through Ca2+ event rates. Inhibiting particle uptake or altering
nanoparticle exposure time reduced the neuronal response to nanomagnetic
forces, exposing the requirement of nanoparticle uptake to induce the Ca2+

response. In highly active cortical networks, iNMF robustly modulates
synchronous network activity, which is lasting and repeatable. Using
pharmacological blockers, it is shown that iNMF activates mechanosensitive
ion channels to induce the Ca2+ influx. Then, in contrast to transient
mechanically evoked neuronal activity, iNMF activates Ca2+-activated
potassium (KCa) channels to stabilize the neuronal membrane potential and
induce network activity shifts. The findings reveal the potential of magnetic
nanoparticle-mediated mechanical stimulation to modulate neuronal circuit
dynamics, providing insights into the biophysics of neuronal computation.

1. Introduction

The brain’s functionality relies not only on chemical signaling
but also on mechanical cues that drive neuronal behavior.[1]

Findings consistently show that neurons are sensitive to me-
chanical deformation of the cell membrane,[2–4] a phenomenon
closely associated with transmembrane mechanosensitive (MS)
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ion channels.[5–7] These proteins sense and
transduce mechanical stimuli to trigger a
range of neuronal responses, including ini-
tiating migration[8] and polarization,[9] neu-
rite stretching,[10–12] spine adaptations,[13–15]

or tuning activity.[16,17] Neurons differen-
tiate the magnitude and the rate of a
mechanical stimulus to elicit unique func-
tional responses.[18] While rapid and strong
probing of the neuronal membrane evokes
action potentials,[19,20] slow and gentle de-
formations alter neuronal excitability.[4,18,21]

These force paradigms, observed through
intracellular calcium (Ca2+) imaging and
electrophysiological recordings, expose a
transient Ca2+ response to a high-force
pulse stimulus,[19] whereas gentle and
continuous membrane deformations in-
duce prolonged cytosolic Ca2+ influx,
altering excitability.[4,22] As Ca2+ regulates
neuronal function and computation,[23]

examining this slow mechanical stim-
ulation could provide great insight into
the biophysics of neuronal dynamics.
Prior work has focused on probing

single neurons with a localized mechanical stimulus generated
by micropipettes,[4,24,25] atomic force microscopy (AFM),[3,18] or
nanotransducers.[21,26,27] These local mechanical cues can fur-
ther modulate functionally coupled neighboring cells as the in-
formation propagates across the network through definedmicro-
circuit ensembles.[4] The coordinated activity of neuronal ensem-
bles gives rise tomechanistic functions in vitro[28] and high-order
functions in vivo,[29] suggesting this mechanical information is
vital to tune single neuron attributes contributing to network dy-
namics. Projecting this localized stimulus ontomultiple neurons
could provide useful insight into neuronal computation through
controlling spike-timing.[30]

Parallel mechanical stimulation delivers uniform mechanical
cues across neuronal networks through substrate stretching,[31,32]

shear stress,[6,33,34] or ultrasound stimulation.[5,35,36] Advance-
ments in focused ultrasound have expanded such technolo-
gies into the clinical space as non-invasive therapeutics.[37,38]

However, incongruencies arise between the observed neuronal
responses and associated biochemical pathways between par-
allelized, homogenous stimulation and localized stimulation
techniques.[6] Biophysically, the pressure induced by localized
forces creates high membrane curvatures, whereas homoge-
neous stimulation delivers uniform pressure waves of the cell.[39]
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Figure 1. Precise and reproducible iNMF generation for in vitro assays. a) Mechanistic approach of intracellular-actuated Ca2+ influx. b) Expanded view
of magnetic field assay for use with standard cell cultures. c) Experimental timeline designed to permit magnetic nanoparticle uptake in cortical networks
for iNMF. d) Time and nanoparticle surface functionalization dependent neuronal uptake. 14 DIV cortical neurons exposed to afMNPs for 24 h under
volumetric imaging of differential interference contrast and red fluorescence reveal internalized fluorescent afMNPs (1000x total mag, 0.18 μm z-step,
oil immersion, NA 1.52). Orthogonal xz projection shows afMNPs contained in the soma of a neuron. e) Finite element modeling of the magnetic field
across the dish surface and estimate afMNP cluster generated forces at a diameter of 300 nm. f) Simulated forces are validated locally with fluorescent
magnetic microparticles (μP, 8.4 μm diameter) and converted to approximate magnetic nanoparticle (nP) generated forces. g) False color fluorescent
image sequence of magnetic microparticle tracking h) Map of the predicted average magnetic nanoparticle gradient forces across the cell assay through
magnetic microparticle tracking. i) Average velocity of particles across 4 independent trials highlights the reproducibility of forces across samples (n =
4 independent samples, >20 microparticles per sample). j) Theoretical force ranges of the magnetic nanoparticle assay contrasted against the working
range. Mechanical stimulation of neurons has a known working range of ≈100 fN to ≈200 nN, where membrane rupture occurs.

The various pathways inmembrane curvature sensing[40] suggest
these pressure modalities trigger alternate functional responses
in neurons. Therefore, we expect prioritizing slow cytosolic Ca2+

influx requires the delivery of local cues to impact membrane
curvature.
Magnetic nanotransducers have the potential to deliver these

localized forces throughout neuronal networks. A magnetic nan-
otransducer converts the electromagnetic energy of an exter-
nal magnetic field to generate localized forces across neuronal
networks.[2,21,22] Specifically, magnetic nanotransducers produce

mechanical interactions on the environment through torque
driven by transitions in the magnetization state[2] or force
driven by the magnetic gradient.[41] Torque-generating mag-
netic nanodiscs can modulate neurons through mechanical[42,43]

and thermal[44–46] means with rapid temporal precision. The
use of magnetic coils enables magnetic nanotransducer inter-
actions in complex in vivo settings to modulate behavior[47–50]

or serve as a therapeutic.[51] Permanent magnetic field ma-
nipulation of magnetic nanoparticles, deemed nanomagnetic
forces, is essential for isolating mechanical stimulation from
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magnetothermal generation.[52] With permanentmagnetic fields,
magnetic nanoparticles adhered to the neuronal membrane re-
quire force amplification from magnetically permeable sub-
strates to manipulate the magnetic gradient and achieve suf-
ficient nanomagnetic forces to induce Ca2+ influx.[53,54] These
substrates restrict the nanomagnetic forces to small areas with
heterogenous forces,[21] thus mitigating the potential for broad
network stimulation. However, recent findings demonstrated
that nanomagnetic forces without force amplification induce
a functional impact on neurons using cell-internalized mag-
netic nanoparticles.[55] As magnetic nanoparticle internalization
gives access to the cytosol, forces are exerted on the cell mem-
brane and through cytoskeletal interactions. It remains unclear if
these cytosolic-localizedmagnetic nanoparticle forces can induce
Ca2+ influx or create lasting impacts on the network. Moreover,
the mechanism of force generation through cytoskeletal forces
remains unclear.
Here, we describe a platform for the large-scale, remote mag-

netic manipulation of neuron-internalized magnetic nanoparti-
cles to deliver cell-internal nanomagnetic forces (iNMF) across
in vitro cortical networks. Through fluorescent imaging, we
show that iNMF induces Ca2+ influx and modulates the Ca2+

event rate in cortical neuronal networks. We find particle in-
ternalization is required to observe Ca2+ influx during force
generation, hinting at neuronal differentiation of cell-internal
and external forces. Then, we uncover a lasting and repeat-
able shift in network activity during iNMF on dense corti-
cal networks, highlighted by a dysregulation in network syn-
chrony. Through pharmacological inhibition, we find that MS
channels mediate Ca2+ influx during iNMF and Ca2+-activated
potassium channels stabilize the membrane potential and drive
these observed network shifts. These results provide a frame-
work for parallelized local mechanical stimulation of cortical
networks, expanding insights into the biophysics of neuronal
computation.

2. Results

2.1. Reproducible Mechanical Force Generation With iNMF

To study iNMF on cortical networks in vitro, we developed amag-
netic assay consisting of permanent rare-earth magnets (N52)
to generate magnetic force gradients on magnetic nanoparticle-
laden cortical networks in standard 35 mm Petri dish assays
(Figure 1a–c). Cortical neurons are known to internalize mag-
netic nanoparticles,[56,57] with amine surface functionalization
enhancing the likelihood of cell uptake.[58,59] Therefore, we uti-
lized the physiochemical properties of the magnetic nanoparticle
surface to enhance the uptake of magnetic nanoparticles, priori-
tizing force generation within the intracellular space.[60] Amine-
functionalized, 100 nm starch bionized nanoferrite fluorescent
magnetic nanoparticles (afMNPs) were incubated with 13 DIV
primary rat cortical neurons (E18) for 24 h following previous
particle uptake methods.[61] High resolution, volumetric differ-
ential interference contrast (DIC), and red fluorescent particle
co-imaging confirmed particle uptake after 24 h afMNP exposure
(Figure 1d). The afMNPs were predominantly associated with the
cytosol and neurites.However, observations could not exclude the

possible co-existence of surface-bound particles on the cortical
networks.
Finite element modeling of magnetic fields and force

estimations[54] of the magnetic nanoparticles presented a range
of magnetic gradient forces (0.1–16 kg2m−1s−4A−2) across a
standard culture dish (Figure 1e; Figures S1–S3, Supporting
Information). The forces remained homogenous within local
(1.3 mm2) fields of view (Figure 1f). We tested the unifor-
mity and consistency of force generation within imaging win-
dows through magnetic particle image velocimetry (Figure 1g).
Tracked magnetically susceptible fluorescent microbeads moved
at a constant velocity (8.4 μm, suspended in PBS), indicating
equivalency of microparticle and drag forces (Figure S4, Sup-
porting Information). We observed limited variability in esti-
mated magnetic nanoparticle forces estimations across the assay
(Figure 1h). Repeated uses of themagnetic assay exhibited no sig-
nificant variance in microparticle velocity within the same field
of view, highlighting the cross-sample reproducibility (Figure 1i).
Through finite element modeling and particle tracking estima-
tions, we predict single nanoparticles in the assay produce amax-
imum magnetic gradient force of 10 fN, below any known force
sensitization.[62] We suspect an aggregative magnetic nanoparti-
cle effect is essential to generate forces (Figures S1–S3, Support-
ing Information). Accounting for magnetic nanoparticle clus-
tering (maximum 300 nm diameter) and local cytoskeletal in-
teractions, afMNPs across the assay exert a range of 2 fN to
3nN on a single neuron (Figure 1j; Figure S2, Supporting
Information).

2.2. iNMF Modulates Cortical Neuron Ca2+ Dynamics

To identify the impacts of iNMF stimulation, we cultured rat pri-
mary cortical neurons (E18) to 13 DIV to form functional net-
works. Immunofluorescent staining showed various excitatory
and inhibitory neurons present in culture with astrocytes (Figure
S5, Supporting Information).We exposed the cortical networks to
afMNPs for 24 h to encourage cell uptake before gentle cell wash
to remove excess particles. Under stage-top incubation, fluores-
cent imaging of Ca2+ dynamics (Fluo-4AM, 4 Hz) performed in
consecutive (4 min) phases (baseline, modulation, and recovery)
allowed for continual tracking of individual cells over the exper-
imental phases (Figure 2a). Somatic Ca2+ influx increased sig-
nificantly in afMNP-laden cortical cells during the iNMF mod-
ulation phase (Figure 2b; Video S1, Supporting Information).
A minor fluorescent decay under the baseline period, indepen-
dent of nanoparticle interactions, suggested photobleaching oc-
curred under imaging (Figure S5, Supporting Information). We
decomposed individual somatic fluorescent traces into a resting
Ca2+ waveform that excludes short-term influx events to estimate
the lower bounds of Ca2+ during iNMF-driven influx and detect
transient Ca2+ influx events to approximate activity (Figure 2c;
Figures S6 and S7, Supporting Information). Cumulative Ca2+,
measured as the area under the resting Ca2+ waveform, approx-
imated the magnitude of Ca2+ flux (Figure 2d). To quantify the
observed decrease in Ca2+ event activity, we extracted a Ca2+

event rate by binning Ca2+ events over each minute of imag-
ing (Figure 2e). Unlike the short-term, transient Ca2+ responses
to rapid mechanical indentation,[18] the slow influx of cytosolic
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Figure 2. iNMF induced Ca2+ influx and reduced event activity. a) Experimental protocol for remote iNMF on cortical neurons. b) Representative time-
lapse images of Fluo4-AM before (baseline), during (modulation), and after (recovery) iNMF. c) Average Fluo-4AM somatic ∆F/F signal of example
neuron (blue trace) is decomposed into a resting Ca2+ wave (black trace) and transient activity as Ca2+ events (black triangles). d) Representative ∆F/F
waveforms of a 14 DIV cortical neuron network (n = 79 cells) response to iNMF highlights the influx of somatic Ca2+ and quantified by a histogram of
individual cell cumulative Ca2+ during+mag. e) Ca2+ event raster plot corresponding to the traces in (d) exhibit reduced Ca2+ event activity during iNMF
and lasted following the removal of the magnetic field. Overlaid blue circles is the average Ca2+ event rate measured in 1 min windows with b-spline
line connection. f) Resting Ca2+ and Ca2+ event responses of large (>500 cells/mm2) cortical neuron networks to iNMF. Bold lines and shaded region
or vertical bars are mean ± SD. Thin lines and open shapes are individual sample observations (n = 3 independent experiments per group; sham: no
afMNPs+ nomag device, mag: no afMNPs+mag device, iNMF: with afMNPs+mag device). g) Average cumulative Ca2+ flux of each network recorded
and h) relative % of cells exhibiting peak resting Ca2+ (>5% ∆F/F). i,j) Change in Ca2+ event activity during the (i) first and (j) final min of modulation.
The data in (g–j) are mean ± SD of n = 3 independent experiments plotted in (f) where p-values are 1-way ANOVA and post-hoc Tukey test with p <

0.05 represented as solid lines. Significant deviations from baseline activity in (i,j) were found with two-tailed paired t-tests of the activity rate across the
corresponding minute against the average activity rate during baseline (not shown p>0.05, # p < 0.05).

Ca2+ suggests cortical neurons sense iNMF as a slow, local force
stimulus.
Next, large populations of cortical neurons (>500 cells mm−2,

DIV 13) were exposed to afMNPs for 24 h, and contrasted against
no nanoparticle controls (Figure 2f). Following observations from

previous magnetic nanoparticle interactions with neurons,[22,63]

the afMNPs induced greater spontaneous Ca2+ event rates (3.9
± 0.37 min−1) than non-exposed cells (1.7 ± 0.54 min−1). The
afMNPs did not induce a significant change in the temporal
variance on the Ca2+ event rates during the baseline period
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(Figure S8, Supporting Information), indicating that the neu-
ronal network activity was stabilized by 24 h afMNP exposure.
Under the addition of the magnetic field, afMNP-laden cultures
presented significant network-wide Ca2+ influx with an average
cumulative Ca2+ influx of 89 ± 23 a.u. where ≈71 ± 2.9% of neu-
rons responded (peak influx greater than 5% ∆F/F). Neither the
application of a sham device nor magnetic field device without
afMNPs showed significant Ca2+ influx with −15 ± 30 a.u. and
−14 ± 30 a.u. cumulative Ca2+ influx respectively (Figure 2g,h).
Combined with the observed resting Ca2+ influx in the neurons,
there was a significant modulatory response in the Ca2+ event
rate. Over the first minute of stimulation, we observed a signifi-
cant increase in theCa2+ event rate to 5.0± 0.70min−1 (Figure 2i),
followed by repression in activity by the fourth minute of applied
iNMF to 2.5 ± 0.91 min−1 (Figure 2j) and inconsistent activity
profiles during the recovery period. Neither magnetic field, nor
sham experiments exhibited this Ca2+ event rate shift, specifying
afMNP-mediated stimulation.
The prolonged somatic Ca2+ observed following the removal of

the magnetic field did not return to baseline intensity within the
recording window, so we extended recordings following iNMF
exposure (Figure S9, Supporting Information). Cytosolic Ca2+ re-
turned to baseline following 5 min of rest. However, the event
activity remained significantly reduced for at least 20 min. Given
the relationship of Ca2+, neuronal activity, and cell death,[64,65] we
suspected these forces could play a role in the viability of cells.
We performed live-dead staining following iNMF with BOBO-
3 iodide to detect loss of membrane integrity (Figure S10, Sup-
porting Information). There was no significant increase in cell
death or membrane integrity loss in iNMF exposed samples, so
we then probed the relationship between Ca2+ and reactive oxy-
gen species (ROS) generation through fluorescent imaging the
following day (Figure S11, Supporting Information). ROS inten-
sity was significantly decreased in cells exposed to afMNPs, and
further decreased by cells exposed to iNMF, suggesting reduced
ROS expression.

2.3. Neuronal Uptake of afMNPs is Necessary for Ca2+ Influx
During iNMF

Next, we aimed to characterize the relationship of afMNP uptake
to the iNMF response. Neuronal uptake mechanisms for parti-
cles at or above 100 nm are limited to macropinocytosis, phago-
cytosis, and clathrin-mediated endocytosis.[66] We pharmacologi-
cally inhibited these mechanisms during afMNP exposure by de-
polymerization of the F-actin cytoskeleton[67,68] through cytocha-
lasin D (CytD, 1 μм) exposure, and performed Pitstop 2 (PIT2,
20 μм) specific inhibition of clathrin-mediated endocytosis[69]

(Figure 3a). Pharmacological agents were added to 13 DIV cor-
tical neurons 30 min prior to the addition of afMNPs. After 24 h
co-exposure of blocker/afMNPs, we removed excess particles and
pharmacological agents from the cells by gently washing them.
The cultures underwent a 2.5 h incubation following the wash
to ensure the actin cytoskeleton in CytD exposed cultures was
re-stabilized.[67,68,70] High-resolution imaging (1000x total mag-
nification, oil immersion, NA 1.52) with DIC and red fluorescent
afMNP imaging enabled particle uptake identification. Cultures
exposed to PIT2 and afMNPs showed similar uptake as those ex-

posed to DMSO controls, while neurons exposed to CytD mini-
mized, but did not abolish, afMNP uptake (Figure 3b; Figure S12,
Supporting Information).
To test whether the mitigation of afMNP uptake altered the

Ca2+ influx response, we performed Ca2+ imaging on cultures
following co-exposure of the uptake inhibitors with afMNPs. Un-
der the magnetic field exposure, PIT2/afMNP co-exposed cul-
tures exhibited no significant difference in Ca2+ influx (89.1 ±
11.3 a.u.) from no inhibitor DMSO/afMNP exposed controls
(76.3 ± 12.2 a.u.) (Figure 3c). However, cultures co-exposed with
CytD/afMNPs exhibited significantly less Ca2+ influx (−1.6± 11.9
a.u.) than that of no inhibitorDMSO/afMNP controls (54.4± 16.4
a.u.), indicating afMNPuptake is necessary to observe Ca2+ influx
with the large-scale platform.
Based on these results, we altered the magnetic field pull di-

rection during iNMF to pull downward into the dish surface in
contrast to the previous vertical pulling. Biophysically, external
membrane-bound particles induce membrane forces indepen-
dent of direction, while only vertical forces generated by inter-
nalized particles can deform the unconstrained membrane. The
downward pulling of afMNPs significantly reduced the magni-
tude of Ca2+ influx compared to the vertical pull direction (Figure
S13, Supporting Information). Therefore, we use the vertical pull
direction for all other experiments in this work. These observa-
tions suggest that the neurons respond specifically to cell-internal
forces during iNMF.

2.4. Magnetic Nanoparticle-Neuron Interactions Influence Ca2+

Response to iNMF

Next, we leveraged the dependency of neuronal uptake on
nanoparticle surface chemistry and exposure timing to test for
differences in the Ca2+ response during nanomagnetic forces.
Nanoparticle uptake is a time and energy-dependent process,[66]

mediated through particle surface chemistry and charge.[60,71] To
examine the time-dependency across nanoparticle – neuron in-
teractions, we selected plain starch functionalized bionized nano-
ferrite particles[22,57] andmagnetite (neutral or anionic) magnetic
nanoparticles. Following sonication (37 kHz, 30 min, 40 °C),
zeta-potential measurements through dynamic light scattering
(DLS) of nanoparticles in culture media presented a neutral sur-
face charge in all particles except the anionic particles, which
exhibited a slight negative surface charge of −15.5 ± 2.8 mV
(Figure 4a,b). DLS measurements did not present nanoparticle
clustering for the afMNPs with a radius of 63 ± 27 nm and the
starch-functionalized magnetic nanoparticles with a radius of 49
± 9 nm (Figure S14, Supporting Information). However, mag-
netite nanoparticles clustered with a 341 ± 81 nm radius for neu-
tral and a 771 ± 232 nm radius for anionic magnetic nanoparti-
cles inmedia. All particles presented a polydispersity index below
0.2, indicating the nanoparticles were monodisperse.
Cultured neurons underwent exposure to magnetic nanopar-

ticles for 4 or 24 h, allowing Ca2+ recordings on 14 DIV. Un-
der magnetic field exposure, the afMNPs showed no signifi-
cant exposure time dependency, with 66 ± 36% cells respond-
ing after 4 h exposure, while 62 ± 10% of 24 h exposed cells
responded (Figure 4c1–e1). The considerable variability at 4 h
suggests cortical neurons uptake the afMNPs around 4 h. Plain
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Figure 3. afMNP uptake mediates iNMF induced Ca2+ influx a) Schematic of afMNP uptake mechanisms tested. b) Representative volumetric phase
contrast and red fluorescent imaging of cortical neurons after 24 h co-exposure with afMNPs and pharmacological inhibition of clathrin-mediated
endocytosis, Pitstop 2 or actin-mediated uptake inhibition with Cytochalasin D (1000x total magnification, oil immersion NA 1.52). Cultures were treated
with uptake inhibitors for 30min prior to afMNP exposure with control cells receiving DMSO treatment. c) Pitstop 2 inhibition during afMNP co-exposure
(PIT2 uptake) showed no reduction in the Ca2+ influx response of cultures compared to standard afMNP exposure (iNMF). Data is plotted as mean
± SD (n = 3 independent experiments; unpaired two-tailed t-test with equal variance). d) Ca2+ influx response of cultures exposed to Cytochalasin D
was significantly reduced against standard afMNP exposure. Following 24 h co-exposure with Cytochalasin D, cells were washed and provided 2.5 h
incubation to restabilize the actin cytoskeleton. Data in (c,d) is plotted as mean ± SD (n = 3 independent experiments each, unpaired two-tailed t-test
with equal variance).

starch magnetic nanoparticles contrasted the incubation time in-
dependency with significantly greater responding cells to nano-
magnetic forces at 24 h exposure (86 ± 20%) in contrast to
4 h exposure (16 ± 18%) with a similar significance on Ca2+

influx magnitude (Figure 4c2–e2). Given that starch magnetic
nanoparticles remain extracellular at 4 h exposure in cortical
neurons,[22] this evidence suggests that particle internalization is
necessary to observe responses to nanomagnetic force induced
by this magnetic assay. Neurons responded to anionic charged
magnetite nanoparticle mediated nanomagnetic force with 20 ±
42% of cells responding for 4 h exposure and 70 ± 40% cells re-
sponding for 24 h exposure (Figure 4c3–e3) while neutral mag-
netite nanoparticle exposed cultures minimally responded to the

nanomagnetic forces, with 9 ± 12% of cells responding at 4 h
exposure and 33 ± 30% of cells responding at 24 h exposure
(Figure 4c4–e4). The temporal response across various nanopar-
ticle surface chemistries furthers the hypothesis that the neuro-
modulatory response of nanoparticle-mediated forces is depen-
dent on the nanoparticle-neuron interaction.

2.5. iNMF Robustly Shifts Neuronal Network Synchrony

Having established that iNMF induces Ca2+ influx in neurons
andmodulates theCa2+ event rates, we aimed to further probe the
relationship between iNMF and network activity. The cumulative

Small 2025, 21, 2406678 © 2024 Wiley-VCH GmbH2406678 (6 of 16)

 16136829, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202406678 by M
ontana State U

niversity Library, W
iley O

nline Library on [08/01/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 4. Ca2+ influx response to iNMF dependent on magnetic nanoparticle interactions. a) Schematic of magnetic nanoparticle structure. b) Zeta
potential measurements for the nanoparticles measured in PBS. c) Resting Ca2+ measurements of 14 DIV cortical neurons during iNMF with differing
magnetic nanoparticle surface chemistry (1 starch-NH2 2 starch 3 anionic and 4 neutral) and exposure (4 h: dashed purple lines or 24 h: solid blue lines,
bold lines and shaded regions are mean±SD while thin lines are individual sample observations). d) Exposure time differential response of the average
cumulative Ca2+ influx and e Relative % of cells exhibiting peak resting Ca2+ (>5% ∆F/F). Statistical analysis in (d,e) is single-tailed, Mann-Whitney test
(n = 3 independent samples each, μ4 h < μ24 h).

Ca2+ response to iNMFwas significantly reduced in cultures with
low average Ca2+ event activity (1.25 ± 1.93 min−1) in contrast to
cultures with strong activity (4.18 ± 4.50 min−1) during the base-
line window (Figure S15, Supporting Information). These results
suggest that the Ca2+ modulation is dependent on the neuronal
network activity. Dense neuronal networks are known to exhibit
increased frequency of neuronal transient event rates[72] and in-
creased synchrony across the network.[73] Therefore, we aimed
to test the potential of iNMF by modulating highly active, dense
(>1000 cells mm−2) cortical networks with iNMF (Figure 5a).
Following 24 h afMNP exposure, dense cultures exhibited high
spontaneous Ca2+ event activity with an average Ca2+ event rate of
6.3 ± 1.9 min−1 and extensive network synchrony. Under iNMF,
the dense networks presented a significant reduction in Ca2+

event activity (Figure 5b), characterized by a lack of synchronous
network events (Figure 5c; Video S2, Supporting Information).
Sørenson-Dice correlation (SD) synchrony measures along Ca2+

event trains revealed the synchronous decrease occurred over
the second min, correlated to the saturation point of Ca2+ influx
(Figure 5d). To clarify the modulation on synchronous activity;
we decomposed the Ca2+ event rate into synchronous (>10% of
the population exhibiting a Ca2+ event within the 250 ms) and

asynchronous (remaining Ca2+ events) activity rates (Figure 5e).
iNMF not only suppressed synchronous Ca2+ event activity but
also amplified asynchronous activity (Figure 5f). By min 4 of
iNMF, synchronous activity reduced significantly by 100% (rel-
ative percent difference to synchronous baseline). In contrast,
asynchronous activity significantly increased by 25% (relative per-
cent difference to asynchronous baseline) (Figure 5g).

2.6. iNMF Shifted Neuronal Network Dynamics are Lasting and
Repeatable

To better understand iNMF modulation of network synchrony,
we probed the dense cortical networks with repeated iNMF. As
the network synchrony remained suppressed following the re-
covery period, we hypothesized that iNMF induces a lasting al-
teration in the network dynamics (Figure 6a). Under stage top
incubation, fluorescent imaging of Ca2+ dynamics (Fluo-4AM,
4 Hz) followed the previous methods with baseline (b), modula-
tion (iNMF), and recovery (r). We delayed the recovery recording
for 5 min to permit cytosolic Ca2+ re-stabilization. After record-
ing the network’s recovery, a 15-min incubation pause allowed
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Figure 5. iNMF on dense cortical networks dysregulates network synchrony. a) False color fluorescent images of a high-density 14 DIV cortical network
with 24 h afMNP exposure and Fluo-4AM labeled (scalebar: 200 μm). b) Fluorescent Ca2+ traces of neurons highlighted in (a) show suppression of activity
during iNMF. c) Raster plot of the high activity cortical network shows a dysregulation of Ca2+ event activity following 4 min of iNMF. d) Sorenson–Dice
correlation matrices of the total population were mapped from cell-paired event trains before (baseline), during (modulation), and after (recovery) iNMF
(1 indicates high synchronous correlation). e) Decomposition of synchronous and asynchronous activity. Synchronous events are defined as >10% of
the total population exhibiting a Ca2+ event in a 250 ms window. f) Average Ca2+ event rates decomposed into synchronous and asynchronous events
highlight the switch between synchrony and asynchrony (n = 1065 cells from single network). g) Arresting of synchronous activity and simultaneous
amplification of asynchronous activity found by contrasting decomposed average baseline activity to the fourthmin of iNMF (n= 3 independent samples,
one sample t-test, h0: μ = 0 ha: μ ≠ 0, synchronous: p = 0.0070, asynchronous: p = 0.0155).

for extended neuronal recovery before we repeated the stimu-
lation protocol to investigate the recursive properties of iNMF
stimulation.
We observed repeatable Ca2+ influx and synchronous network

modulation, with partial recovery of synchrony during both re-
covery phases (Figure 6b). Synchronous and asynchronous Ca2+

event rates projected the network dynamics into a latent state
space at 60s intervals to allow for smooth state transitions (Figure
S16, Supporting Information). The latent distance from the cur-
rent state to the initial state (∆state) enabled the mapping of
state transitions (Figure 6c). Cortical networks exposed to afM-
NPs but not to magnetic fields resided in a consistent state with
a variance of 4.0 ± 2.5 min−1 over multiple hours (Figure S17,
Supporting Information). During iNMF, networks deviated from
the baseline state (b1) with a ∆state of 8.2 ± 2.8 min−1 and par-

tial recovery of the ∆state following 5 min rest to a ∆state of
4.3 ± 1.8 min−1 during the first recovery period (Figure 6d,e).
A 15 min incubation period had little effect on reducing the
∆state, with a value of 3.6 ± 2.1 min−1. Repeating iNMF re-
turned the network to a similar state space as the first stimula-
tion with a ∆state of 8.5 ± 3.6 min−1 and a secondary recovery
∆state of 6.8 ± 1.8 min−1 showing the lasting deviation from the
baseline.
To test if inhibitory cues mediated the alterations of the net-

work state, we introduced 50 μM bicuculline, a selective antag-
onist of gamma-aminobutyric acid type a (GABAA) receptors af-
ter the first phase of iNMF to chemically suppress inhibitory in-
puts (Video S3, Supporting Information). Bicuculline was added
immediately following r1, providing exposure for 15 min be-
fore recording in b2. Under bicuculline exposure, the network
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Figure 6. Synchronous network finds new state following iNMF. a) Network state diagram with observed network behaviors under iNMF in solid black
lines and possible state transitions of interest as dotted gray lines. b) Resting Ca2+ signals and corresponding raster plot with overlaid synchronous
(>10% of the population exhibiting Ca2+ event in 250 ms) and asynchronous (remaining Ca2+ events) activity for 24 h afMNP exposed cortical networks
(DIV 14) exposed to iNMF twice with resting periods. Surrounding iNMF stimulation, baseline (b) and recovery (r) activity rates were recorded to map
the response. c) Network states, defined here as the balance between synchronous and asynchronous activity are extracted from synchronous and
asynchronous decomposed Ca2+ event rates. The relationship between asynchronous and synchronous activity is mapped to a state space, with the
change of state (∆state) measured by the mean square distance relative to the initial state. d) Representative network state from the activity profile
plotted in (b) shows similar time-dependent network state response during both iNMF stimulations with new network states arising in r1 and r2. e)
Average ∆state during each phase (iNMF phases is averaged over min 3–4) shows the divergence in state space from the initial following iNMF. (n = 2
independent experiments). f) Pharmacological inhibition of GABA-A receptors with bicuculline (50 μм) following an initial iNMF stimulation presented
over-recovery of synchronous activity following 15 min exposure in b2 and rapid silencing of synchronous events during repeated iNMF stimulation.
g) Average ∆state during each phase exposed the shift in activity during iNMF + bicuculline and the inability to recover activity (n = 2 independent
experiments each).

exhibited elevated activity, primarily in synchrony (Figure 6f,g).
The pharmacological state stabilized beyond the networks initial
position to ∆state of 7.0 ± 1.4 min−1. Application of iNMF while
still under bicuculline exposure significantly altered the network
dynamics, with a∆state of 14.1± 3.4min−1, indicating that iNMF

outruns the excitatory network tone of bicuculline. Following a
5min rest, the bicuculline could not return activity for the second
recovery, with the ∆state (10.8 ± 2.4 min−1) remaining further
than the previous recovery. These results confirm that cortical
networks adjust their activity state following iNMF and suggest

Small 2025, 21, 2406678 © 2024 Wiley-VCH GmbH2406678 (9 of 16)
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that iNMF forms a lasting impact on the computation of these
circuits.

2.7. iNMF Activates Mechanosensitive ion Channels and
Downstream Ca2+-Activated Potassium Channels

To elucidate the relationship between iNMF and network activity,
we characterized the biochemical mechanisms by independently
inhibiting key neuronal features associated with mechanical sen-
sitivity and Ca2+ flux. We introduced pharmacological blockers of
candidate channels and receptors to afMNP-laden cultures (14
DIV) for 20 min before Ca2+ imaging (Figure 7a). We decom-
posed the characterization of blocker interactions into Ca2+ influx
and modulation of activity. Under iNMF, we use only the asyn-
chronous response, as the initial synchronous activity rate var-
ied across pharmacological agents. Because iNMF created lasting
impacts on the network, we used independent no-blocker DMSO
controls to contrast against. Under iNMF the DMSO controls ex-
hibited a cumulative Ca2+ of 76± 13 a.u. and a 43± 19.8% change
in asynchronous activity relative to the average baseline activity
matching our previous observations.
To determine if MS channels mediated Ca2+ entry, we exposed

gadolinium chloride (Gd3+, 50 μм) as a non-specific blocker of
MS channels through membrane packing.[74] In the presence
of Gd3+, the cumulative Ca2+ (33 ± 13 a.u.) and asynchronous
event rate percent change of 4 ± 3% from baseline activity un-
der iNMF was significantly lower than controls, confirming the
role of MS channels in iNMF (Figure 7c). The partial Ca2+ in-
flux under Gd3+ may be due to the low concentration or par-
tial removal of Gd3+ by the magnetic field.[75,76] As Gd3+ inhibits
voltage-gated Ca2+ channels,[77,78] we used selective blockers 𝜔-
conotoxin GIVA (CTX, 100 nм) and 𝜔-agatoxin IVA (AGA, 100
nм) to inhibit N-type and P/Q-type voltage-gated Ca2+ channels
respectively. Neurons treated with either voltage-gated Ca2+ chan-
nel blocker showed no significant reduction in cumulative Ca2+

influx or asynchronous activity under iNMF (Figure 7d,e). These
results suggest that voltage-gated Ca2+ channels are not involved
with the low forces of iNMF.
Next, we aimed to investigate the interplay between iNMF and

intracellular Ca2+ stores. Intracellular Ca2+ stores, namely the
endoplasmic reticulum, are depleted under significant cellular
deformation.[79,80] This depletion, demonstrated in traumatic[81]

and sub-threshold[82] forces, was further correlated to increased
cytosolic Ca2+. We inhibited the sarco/endoplasmic reticulum
(SERCA) ATPase with Cyclopiazonic Acid (CPA, 4 μм) to first de-
plete the stores of Ca2+. Under iNMF, there was no significant
difference inCa2+ influx fromCPA-exposed cultures compared to
DMSO controls. However, there was inconclusive evidence of an
increased asynchronous activity response (150 ± 135% change)
with a multiphase synchronous suppression in the 2 of the CPA
samples (Figure 7f; Figure S18, Supporting Information), sug-
gesting intracellular Ca2+ stores might play a role in the stabi-
lization of activity following iNMF.
Finally, we hypothesized that increasing cytosolic Ca2+ through

iNMF creates a feedback loop with Ca2+-activated potassium
channels (KCa), causing a shift in activity. The application of
apamin (APA, 100 nм), a blocker of large conductance potas-
sium channels, significantly suppressed the cumulative Ca2+ in-

flux (43 ± 12 a.u.) but showed no mitigation of asynchronous ac-
tivity increases during iNMF (Figure 7g). Inhibition of small con-
ductance (SK) channels with paxilline (PAX, 40 nм) showed no
significant suppression of Ca2+ influx or activity (Figure 7h). We
observed one sample within the PAX group that presented with
a negative cumulative Ca2+ (−23.9 a.u.), which occurred within
the variance of sham samples (−14.5 ± 29.5 a.u.). The appli-
cation of TRAM34 (400 nм), a blocker of intermediate conduc-
tance (IK) KCa channels, significantly suppressed both the influx
of Ca2+ and asynchronous activity (Figure 7i), signifying that the
overactivation of IK channels by Ca2+ is involved in the network
dysregulation.

3. Discussion

The results of this study provide a reliable and large-scale ap-
proach to generating parallelized local force stimulation of cor-
tical networks in vitro through iNMF. We show that continu-
ous iNMF on the minute timescale provokes a sustained in-
flux of cytosolic Ca2+ paired with a modulatory impact on Ca2+

events. Unlike transient Ca2+ responses to short pulses gener-
ated by AFM[6,18] and ultrasound stimulation,[5,36] the continu-
ous influx of somatic Ca2+ under iNMF furthers the hypothe-
sis that neurons differentiate both the rate and magnitude of
mechanical probing. The stimulation was dependent on afMNP
uptake, which could indicate that neurons either differentiate
cell-internal and cell-external forces or that an aggregative ef-
fect provided by internalization was required to generate suffi-
cient force. By limiting the time-dependent uptake of magnetic
nanoparticles of differing surface chemistry, we find further evi-
dence that particle internalization rather than membrane associ-
ation consistently induces sustainedCa2+ influx. Our results indi-
cate that the actin cytoskeleton influences afMNP uptake. Amine
functionalization of nanoparticles is recognized for enhancing
cellular uptake.[61,83,84] The mechanisms associated with amine-
functionalized nanoparticles include clathrin-mediated endocy-
tosis and lipid-raft endocytosis.[85] In our study, we found that
afMNPs remained present following pharmacological inhibition
of clathrin-mediated endocytosis. This could indicate that lipid-
raft endocytosis or non-receptor-mediated endocytosis mecha-
nisms such as micropinocytosis or phagocytosis mediate the up-
take. As nanoparticle uptake can occur through multiple mecha-
nisms, it is possible that clathrin-mediated endocytosis occurs in
parallel with other endocytic mechanisms during non-inhibited
exposure. Future work should prioritize the specific characteri-
zation of the endocytic mechanisms involved. The mechanism
of endocytosis defines the fate of nanoparticles within the cell,[86]

providing insight into the long-term stability of nanoparticles for
in vivo studies.[87]

There was no reduction in cell viability after 24 h afMNP expo-
sure or iNMF, indicating that the neuronal response was not due
to nanotoxicity. When internalized, iron oxide particles facilitate
redox cycling via the Fenton reaction, enhancing ROS production
and contributing to cytotoxicity.[88,89] Several factors, including
size and coating contribute to particle oxidation. A reduction in
particle radius increases the surface area-to-volume ratio, permit-
ting increased oxidation due to a greater reaction interface. Our
nanoparticles, ≈100 nm in diameter, should exhibit lower cyto-
toxicity compared to smaller (< 20 nm) iron oxide particles.[90,91]
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Figure 7. Pharmacological inhibition of Ca2+-associated ion channels. a) Schematic of neuronal mechanosensitive receptors, hypothesized interactions
activated by iNMF, and strategies to block them. (b–i) Pharmacological inhibition of 24 h afMNP exposed 14 DIV cortical networks. Blockers were added
20 min before iNMF. Line plot refers to resting Ca2+, while line and symbol are the measured asynchronous activity index (AI). b iNMF controls with
DMSO. c) Stretch-activated channel non-specific inhibitor gadolinium chloride (Gd3+, 50 μм) d) N-type voltage-gated Ca2+ channel inhibitor𝜔-conotoxin
GIVA (CTX, 100 nм). e) P/Q-type voltage-gated Ca2+ channel inhibitor 𝜔-agatoxin IVA (AGA, 100 nм). f) SERCA pump inhibitor Cyclopiazonic Acid (CPA,
4 μм). g) SK, Ca2+ activated K channel inhibitor Apamin (APA, 100 nм). h) BK, Ca2+ activated K channel inhibitor Paxilline (PAX, 40 nм). i) IK, Ca2+

activated K channel inhibitor (TRAM34, 400 nм). j) Measured average Ca2+ influx (cumulative Ca2+) and k) asynchronous activity responses to iNMF.
Percent change is measured as the change from the final minute of iNMF to the first minute of activity. Bars are mean ± SD with n = 5 independent
experiments for iNMF and n = 3 independent experiments for each blocker with iNMF (unpaired t-test of blocker against no blocker, two-tailed, p-values
reported above the blocker).
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The fluorescent and starch shells, along with the amine func-
tionalization further shield the nanoparticle surface from the en-
vironment to reduce the interface for oxidation.[92] Combining
these interactions, the delivered nanoparticle concentration can
directly mediate the cytotoxicity, as increased concentration fur-
ther increases the number of possible redox interactions. The cy-
totoxic effect of iron oxide nanoparticles is observed in neurons
above 10 μg mL−1,[61,93,94] while we maintain a concentration of
2 μg mL−1, further reducing the likelihood of cytotoxicity.
Previous work has shown that nanomagnetic forces induce

Ca2+ influx independent of cell uptake.[22] Membrane-localized
magnetic nanoparticles exhibit a force-dependent response, with
reduced influx at forces below 100 pN.[21] In our experiments,
a single afMNP could theoretically produce a maximum of 4
fN of magnetic gradient force, while a large cluster with a di-
ameter of 300 nm exerts 0.2 pN. As these forces fall below
the lower limit of 100 pN for force-mediated Ca,2+[21,62] we ex-
pect that afMNP internalization circumvents these constraints
through cytosolic access. In cells containing multiple afMNPs,
the application of the magnetic field causes the particles to mi-
grate together, resulting in dipole-dipole forces dominating over
magnetic gradient forces. Dipole-dipole forces from the chiM-
NPs at 100 nm separation generate up to 3.5 pN in single
nanoparticles or 300 pN for clustered particles (Table S1, Sup-
porting Information). Within the cell, the dense neuronal cy-
toskeleton can directly sense and propagate these internalized
nanoparticle forces across the cell through complex links. In
contrast, externally localized magnetic nanoparticles have a re-
duced capability to exert forces through dipole-dipole interac-
tions. Magnetic nanoparticles adhered to the cell surface exert
forces tangential to the cell membrane. Consequently, the par-
ticles may apply a local shear force to the extracellular matrix
as they drag along the surface toward one another. The extra-
cellular matrix binds to transmembrane receptors, such as inte-
grins, providingmechanotransduction pathways into the cytosol.
This cell-matrix interaction exhibits viscoelastic properties,[95]

which dampen the magnitude of the force that particles exert
while dragging along the surface. Neuronal mechanotransduc-
tion is functionally mediated by an assortment of membrane-
bound MS channels tied to the actin cytoskeleton,[96,97] permit-
ting intracellular force induction directly on the membrane and
indirectly through cytoskeleton propagated forces. The complex
link between the cytoskeleton-membrane anchoring is funda-
mental to mechanosensing and differentiation, where the inter-
face may play a role in differentiating mechanical cues.[98] While
the combined evidence suggests neuronal differentiation of local-
ized forces intracellular and extracellular, the non-specific limita-
tions of our technology prohibit conclusive evidence. Thus, fu-
ture technologies should prioritize differentiating between the
location of force generation to clarify the role and mechanisms
associated with cell response to forces. Employing traction force
measurements through nanopillar arrays[99,100] or deformation
from scanning ion conductance microscopy[101,102] could provide
the sensitivity necessary to differentiate the neuronal response
relative to the location of nanoparticle-mediated forces. Under-
standing these mechanisms could provide crucial insights into
the biophysics driving neuronal computation paradigms.
Primary dissociated cortical neuron cultures allowed us to in-

vestigate network-driven activity in detail without the indirect

high-order inputs observed in vivo. Following Kasuba et al.’s re-
cent electrophysiological observations of compression rate dis-
tinction under AFM,[18] we find iNMF acts as a slow mechani-
cal deformation permitting a sustained Ca2+ influx to adjust the
native excitability of neurons. The increased activity rate during
the initial network response to iNMF matches similar observa-
tions to other magnetic nanoparticle forces.[2,21,22] Given imag-
ing constraints, we could not differentiate between mechanically
evoked Ca2+ influx and network-propagated responses. However,
evidence suggests that both methods interact to activate neurons
in the network.[4] The late-stage depression in Ca2+ event rate
activity, which arises from shifts in the network state, could be
attributed to short-term energetic effects[64] or a shift in circuit
function. If the latter is true, this desynchronization response to
iNMF could suggest a mechanically driven, Ca2+-dependent al-
teration in neuronal potentiation and depression that presents
with lasting shifts in network function. Given the relationship
between cytosolic Ca2+ and cytoskeletal restructuring in the per-
spective of plasticity,[103–106] future work should prioritize under-
standing the mechanisms that cause desynchronization under
force modulation to elucidate the interactions between forces,
Ca2+ influx, and circuit-level dynamics. These observationsmight
provide further insight into disease models such as subthreshold
traumatic brain injuries. In in vitro models of stretch-mediated
mechanical trauma, cortical networks exhibit similar network
desynchronization of Ca2+ events driven by a shift in the exci-
tatory tone of the network.[31] Mechanical stretch is further cor-
related with Ca2+ release from intracellular stores,[81,82] causing
lasting shifts in neuronal activity.[79] Our observations of phasic
asynchronization during iNMF on networks with Ca2+-depleted
ER stores and the lasting shifts during repeated iNMF suggest an
overlap of the biophysical mechanisms.
Additionally, we exposed major biophysical components of

iNMF-driven Ca2+ influx and activity modulation. Following
previous observations of mechanical stimulation on primary
neurons,[5,6] intracellular Ca2+ accumulates through the activa-
tion of MS channels. The slow and continuous Ca2+ influx over
minutes suggests iNMF does not trigger rapid membrane depo-
larization, attributed to the activation of Ca2+-sensitive sodium
channels such as TRPM4 observed in the transient response to
mechanical stimuli.[5] Instead, the cell may respond to the slow
Ca2+ influx by activating BK and IK channels to restabilize the
membrane potential, mitigating the evoked response and shift-
ing the excitability of neurons.[107–109] We further this claim by
highlighting that inhibiting N-type and P/Q-type voltage-gated
Ca2+ channels did not alter the neuronal response. Voltage activa-
tion would trigger rapid Ca2+ influx by voltage-gated Ca2+ chan-
nels, contributing to the total influx of Ca2+. Therefore, we sug-
gest that slow and low-force iNMF stimulation does not polarize
the neuron but alters excitability through MS channel activation.
These studies could be extended in the future by using CRISPR
knockouts or in vivo knockouts of specific ion channels to eluci-
date the biochemical mechanosensitive pathway.
Further questions remain open for future studies based on

our observations. While our data suggest low force differences
between internal and external mediated particle responses in
neurons, it would be interesting to investigate this from a
magnetic torque perspective.[43] Since the torque control of
magnetic nanodiscs can be precisely regulated by tuning the
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magnetic field strength, this low pN force regime could be in-
terrogated to elucidate the neuronal and circuit-wide response.
Our results present the ability to study parallel point source
mechanical forces over the mm scale. Expanding the role of
iNMF in complex circuits with high-order functions could pro-
vide further insight into neural computation during parallel me-
chanical stimulation. Alternatively, cell-specific nanoparticle tar-
geting could mediate circuits through excitatory or inhibitory
neuron stimulation. The large-scale assay can be further ap-
plied to prioritize force-mediated axon guidance by increasing
force exposure.[110–112] Existing nerve repair and regeneration
techniques employ nanotransducers to promote neurite growth
via chemical,[113,114] thermal,[115] and mechanical[116,117] stimu-
lation. Investigating low pN forces within the framework of
nerve guidance and regeneration, alongside the relationship be-
tween Ca2+ dynamics and the cytoskeleton,[118] would be bene-
ficial for understanding regrowth mechanisms. Finally, expand-
ing this technology to other cell types, such as osteocytes or
cardiomyocytes, could open new avenues for understanding
cellular mechanics across the human body. This work shows
the potential of iNMF to mechanically stimulate cortical net-
works, causing a lasting and repeatable shift in network state.
As a tool, this further expands the mechano-modulation and
neuro-modulation toolboxes for stimulation through endoge-
nous mechanisms. Comprehending the role of this mechanical
modulation in neuronal circuit dynamics could offer essential in-
sights into the biophysics of neuronal computation paradigms
and pave the way for future understandings of neurological
disorders.

4. Experimental Section
Primary Cortical Neuron Culture: To monitor Ca2+ communication in

mature neuronal networks, dissociated primary cortical neurons were
grown from rat embryonic brain tissues (E18, TransnetYX). Neuronal cell
cultures were established by following previously reported protocols by the
authors.[57,63] In brief, cortical hemispheres were dissected fromwhole tis-
sues in phosphate buffered solution (PBS) with 33 mм glucose (1% (v/v)
penicillin-streptomycin) and dissociated using 10% (v/v) papain (Carica
papaya, Roche, pH 7.3, 15 min, 37 °C). The dissociated cells were cen-
trifuged (6 min, 500 rpm, at room temperature) and seeded into Petri
dishes at a cell concentration of 1 × 106 cells mL−1. Petri dishes had been
coated with 0.05 mg mL−1 poly-d-lysine for at least 2 h and were washed
3× with PBS. High-density networks were plated at the highest concentra-
tion dropwise, with 10 min incubation at room temperature before adding
culture growth media (96% Neurobasal Plus, 2% B27 Plus, 1% Glutamax,
% is v/v) while all other cultures had the cell concentration suspended in
2 mL culture growth media before adding to the Petri Dish. Subsequently,
neuronal cell cultures were incubated (37 °C, 95% air, 5% CO2, Relative
Humidity) for two weeks, and culture media (96% Neurobasal Plus, 2%
(v/v) B27 Plus, 1% (v/v) PenStrep, 1% (v/v) Glutamax) was exchanged
every three days.

Ca2+ Fluorometry During iNMF: To transduce magnetic gradients into
mechanical forces, 100-nm starch-coated, amine-terminated, bionized
nanoferrite fluorescent superparamagnetic nanoparticles (BNF-starch-far
redF surface: amine, Micromod) were sonicated (37 kHz) for 30 min at
40 °C in culture media loaded to the cells at 1012 particles per mL(2
μg solid content/mL) and incubated for 24 h at 13 DIV. Before prepar-
ing for fluorescent imaging, cells were gently washed 3× with culture
media to remove excess afMNPs. For magnetic nanoparticle surface
chemistry contrasting experiments, three particles were used: Starch:
100-nm starch coated, bionized nanoferrite fluorescent superparamag-

netic nanoparticles (BNF-Starch-far redF surface: NH2, Micromod), An-
ionic: 100-nm anionic charged magnetite fluorescent superparamagnetic
nanoparticles (nano-screenMAG UC/A, Chemicell) and neutral: 100-nm
cationic charged magnetite fluorescent superparamagnetic nanoparticles
(nano-screenMAG-UC/C, Chemicell). Themanufacturer-specified cationic
magnetite nanoparticles were found to present a neutral surface charge
(Figure 4b); therefore, they were labeled as neutral within the text. Mag-
netic nanoparticles were characterized for zeta potential and radius were
found using a dynamic light scattering analyzer (Mobius, Wyatt Technol-
ogy). Particles were incubated with the cells for either 4 or 24 h before
cell wash and Fluo-4 AM incubation. Ca2+ signaling was recorded through
conventional fluorescent dye imaging methods. In short, Fluo-4 AM with
probenecid acid (Thermo) was loaded into the cells (1:1 v/v) and incu-
bated for 60 min (37 °C, 95% air, 5% CO2). Following incubation, the cells
were gently washed 3x with culture media and incubated for 30 min. Ca2+

dye-loaded live neuronal cultures were monitored using wide-field imag-
ing with an inverted fluorescent microscope (Leica DMI-8, 10×) at (37 °C,
95% air, 5% CO2) using amanual gasmixed stage top incubator (Okolab).
Fluorescent videos were recorded for 960 frames at 4 Hz with 240 ms ex-
posure. A baseline video was recorded, and immediately following the final
frame, themagnetic device was lowered onto the Petri dish, and amodula-
tion recording was started. Similarly, when the final frame for modulation
was recorded, the magnetic device was removed, and a recovery recording
was started. A sham (non-magnetic) device was added to the samples for
control sets.

Pharmacological Treatments: For endocytosis experiments, pharmaco-
logical treatments of Pitstop 2 (Sigma, final conc. 20 μм) and cytochalasin
D (Thermo, final conc. 1 μм) were prepared in culture media at 37 °C and
added 30 min before afMNPs. Neurons were continuously exposed to the
treatments with the afMNPs for 24 h before 3X cell wash, incubated for
1 h, and then incubated with Fluo-4AM (1:1 v/v) for 1 h. Before imaging,
the cells were gently washed 3x with culture media. Further channel block-
ers and peptide inhibitors were prepared in culture media (37 °C) and in-
cubated for 20 min with the cells before imaging. Stretch-activated Ca2+

channels were non-specifically blocked with Gadolinium Chloride (Gd3+,
Sigma Aldrich, final conc. 50 μм). Voltage-gated Ca2+ channels N-type
and P/Q type were blocked with 𝜔-conotoxin GIVA (CTX, Alomone, final
conc. 100 nм) and 𝜔-agatoxin IVA (AGA, Alomone, final conc. 100 nм) re-
spectively. The SERCA pump was blocked with Cyclopiazonic Acid (CPA,
Alomone, 4 μм). The large conductance (BK), small conductance (SK), and
intermediate conductance (IK) Ca2+ associated potassium channels were
blocked with Paxilline (PAX, Alomone,40 nм), Apamin (APA, Alomone, 100
nм) and TRAM34 (Alomone, 400 nм) respectively. To induce high-activity
networks, bicuculline (Alomone, final conc. 100 μм) was added after the
5 min post-iNMF recording to permit 15 min incubation (37 °C) before
continuing recording.

Video Processing: A detailed description is provided along with Figure
S7 (Supporting Information) and the corresponding Supporting Informa-
tion section: Image processing pipeline to obtain temporal Ca2+ dynam-
ics. In brief, Ca2+ videos (´.lif´) were imported into ImageJ. The soma of
neurons presenting Ca2+ were segmented from the videos using the oval
selection tool and ROI manager. A minimum of 200 and a maximum of
2000 neurons were selected from each sample. Each video was stabilized
using Template matching,[119] and slight shifts (±10 μm) from the addi-
tion and removal of the magnetic field were adjusted by batch translating
the [x,y] coordinates of the ROIs to match visually. The mean intensity was
exported (´.csv´) for each video with the ROIs translated. Each signal (F)
was imported into MATLAB 2023a, and an initial lower envelope (LE) was
fit over the complete recording period with a peak separation of 10 s to
approximate the Ca2+ intensity sans influx events. The signal’s baseline
intensity (F0) was estimated as the mean of the lower envelope during
the baseline period and used to generate a normalized signal: ∆F/F =
(F−F0)/F0 and resting Ca2+ waveform: resting Ca2+ = (LE−F0)/F0 The cu-
mulative Ca2+ influx was then computed as the area under the resting Ca2+

curve, with the y = 0 starting at the resting Ca2+ cumulative influx during
the modulation period of the video. For Ca2+ event detection, peaks were
identified from ∆F/F using the findpeaks function with a minimum peak
width of two frames and a minimum peak prominence of two standard
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deviations of the baseline ∆F/F signal. The Sørenson-dice correlation was
computed pairwise between Ca2+ event trains, where two inactive cells
indicated no correlation (e.g., 0). Synchronous Ca2+ event rates were de-
tected as influx events from >10% of the cell population, while all other
periods were classified as asynchronous.

Statistical Analysis: All data comparisons were tested for normality
with the Shapiro–Wilk test. Normally distributed data was analyzed with
parametric tests and non-normally distributed data compared withMann–
Whitney tests, with data reported in the text asmean± standard deviation.
Data collection and analysis were not performed blind to the experimen-
tal conditions. All software for video signal processing techniques are de-
tailed in the Section S6 (Supporting Information). Statistical significance
was evaluated at p ≤ 0.05. Data was not outlier-filtered. Sample count,
statistical tests, and p-values are detailed in figure captions. Bar plots are
reported with bar at mean and error bar as standard deviation if not spec-
ified. Symbols indicating statistical significance within figures are: n.s.: p
> 0.05, *: 0.01 < p ≤ 0.05, **: 0.001 < p ≤ 0.01, ***: 0.0001 < p ≤ 0.001,
****: p ≤ 0.0001 and detailed within figure captions.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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