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Chapter 2
Acute Neural Stimulation

2.1  �Introduction

In the previous chapter, I discussed the advantages of using nanotechnologies to 
probe the mechano-biology of the brain. In this chapter, I describe the development 
of a magnetic microfabricated substrate and magnetic nanoparticle technology to 
induce calcium influx in neural networks by enhancing the opening probability of 
mechano-sensitive N-type Ca2+ channels.

As a second messenger in a plethora of signaling pathways, spatial and temporal 
variation in intracellular calcium (Ca2+) influxes has been shown to induce gene 
transcription, and influence mRNA translation and even posttranslational protein 
modification [1]. However, in order to act as a specific second messenger, cytoplas-
mic Ca2+ concentration is maintained at a much lower concentration (100–300 nM) 
compared to extracellular spaces (1–3  mM) and endoplasmic reticulum (10–
100 μM) [2]. To spatially and temporally activate signaling in cells, there is thus 
significant interest to manipulate Ca2+ levels, especially in neurons where Ca2+ 
dynamics within dendritic spines are associated with synaptic plasticity in neural 
networks [3], learning, and behaviors [4].

Intracellular Ca2+ concentrations have been controlled with electricity, chemical 
stimulation, ultrasound, heat, and even light [5]. The earliest attempts to control 
Ca2+ levels in neurons employed electrodes and chemical delivery systems that 
allowed temporal control but were unable to provide localized stimulation to densely 
packed neural tissues [6]. Ultrasound stimulation of ion channels can remote trigger 
calcium influxes although it is still largely limited by its nonspecificity (space and 
time) on the neural networks and its potential side effects of heating [7, 8]. The 
progress in optogenetics has demonstrated the utility of light to activate photosensi-
tive ion channels in neurons specifically [6, 9, 10]. Nonetheless, these techniques 
necessitate complex modification of exogenous genes to express photosensitive ion 
channels or delivery of photosensitive ligand to specific receptors on neurons which 
are either irreversible or require a long time for effects to diminish. Optical 
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approaches in general are still limited by the poor penetration of visible light into 
deep tissues and its resolution hinges heavily on the precision of the optical fibers 
used for light delivery [11].

Magnetic fields are ideal for noninvasive manipulations as they can achieve deep 
tissue penetration and localization by tuning force-inducing field gradients. To over-
come the weak interaction between magnetic fields and biological molecules, mag-
netic fields should be translated into mechanical forces or torques [12, 13] such as 
during magnetic resonance imaging (MRI) in the latter case. One way of achieving 
this is through ferromagnetic nanoparticles (MNPs) that bind to cell membrane 
receptors or are internalized into the neurons followed by subsequent exposure of 
the neurons to magnetic field gradients.

Huang et al. [14] and recently Chen et al. [15] made use of low-radiofrequency 
alternating magnetic field-induced heating to stimulate the opening of temperature-
sensitive ion channels (TRPV1) in rat neurons. Although high-amplitude Ca2+ 
influxes were observed in the latter case, Chen and coworkers did not comprehen-
sively investigate the effects of sustained heating, heating due to internalized MNPs, 
and heat diffusion to non-targeted sites at noxiously high temperature of 43 °C. The 
use of this technique for therapeutic treatments of human neuro-diseases may also 
face several challenges: (1) nonspecific activation due to various endogenous chem-
ical agonists such as lipoxygenase products [5] to mammalian TRPV1 receptor and 
(2) potential complications with viral delivery agents and gene therapies.

Very recently, Marino et al. also demonstrated the use of ultrasound to activate 
piezoelectric nanoparticles to induce Ca2+ influxes in individual neurons differenti-
ated from human neuroblastoma-derived cells [8]. However, in their technology, 
there was no indication that the Ca2+ influxes were propagated in the neural network. 
As the neural network paradigm gains traction and importance for the investigation 
of brain-related activities [16], it is important to demonstrate the propagation of 
Ca2+ influxes in neural networks to better predict in  vivo behavior. In addition, 
although there were some cases of high Ca2+ influxes, the heterogeneity in sizes of 
differentiated neurons complicates the fluorescence quantification [17]. Essentially, 
larger cell bodies are expected to have larger Ca2+ influxes and vice versa. Lastly, 
while ultrasound technology is improving, its poor penetration though the human 
skulls can limit downstream application of this technology [18].

In summary, an ideal method for remote stimulation of neural network should be 
noninvasive, safe under long duration exposure, spatially and temporally controlla-
ble, and with different degrees of activation.

Previous studies have shown that internalized MNPs can stop neurite outgrowth 
with forces in the low pico-Newton (pN) range [19]. Our group demonstrated that 
localized mechanical stimuli due to magnetic fields can alter intracellular distribu-
tions of the microtubule-associated protein tau [20]. Related work using magnetic 
force was also presented by Etoc and colleagues [21]. Additionally, MNPs have 
reportedly affected gene regulation and Ca2+ influx [22] and lowered threshold and 
duration of action potential [23]. These observations suggest that low pN range 
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mechanical forces induced by magnetic fields may be capable of influencing signal 
transduction in neurons. However, the technical difficulty of performing 
electrophysiological recordings with magnetic force stimulation has not allowed the 
mechanisms giving rise to Ca2+ influx to be investigated.

Here, we demonstrate that nano-magnetic force stimulation with MNPs could 
induce Ca2+ influx within in vitro-grown cortical neural networks and heighten the 
magnitude and frequency of intracellular Ca2+ waves. Stimulated cortical neural 
networks showed an average 20% increment in Ca2+ fluorescence signals, with the 
effects having a spatial resolution of 200 μm. Additionally, inhibition of Ca2+ influx 
in the presence of nano-magnetic forces by ω-conotoxin, an N-type Ca2+ channel 
inhibitor, implicated mechano-sensitive ion channels as responsible for Ca2+ 
influxes. Our findings support the hypothesis that magnetic forces can induce Ca2+ 
influxes that would likely mediate the growth of neurite [24] and intracellular distri-
bution of proteins [20, 25] and suggest the use of wireless magnetic forces to 
remotely modulate neural network activity.

2.2  �Results and Discussions

2.2.1  �Experimental Setup

Primary dissociated cortical neurons were plated onto poly-L-lysine (PLL, 
20–100 μm) stripes on a neuro-magnetic chip that guided network growth during 
culture (Fig. 2.1a, b). Two-week-old cortical neural networks were then incubated 
with MNPs and stimulated with nano-magnetic forces within an engineered mag-
netic field of 150 mT maximum strength (~110 mT) at the chip surface about 1 μm 
above the permalloy elements as characterized previously in [20]. The dimensions 
of the magnetic elements in combination with the observed cluster size of MNPs 
exert forces in the pico-Newton range (Fig. 2.1c). Fluorophores were used to moni-
tor Ca2+ fluctuations in the cortical neural network followed by data analyses 
(Fig. 2.1d).

2.2.2  �Characterization of Starch- and Chitosan-Coated MNPs

Starch-coated and chitosan-coated MNPs were used for this application due to 
their commercial availability and previous uses in neural related applications with 
low cytotoxicity (Appendix A Table A.1). The hydrodynamic sizes of the MNPs 
measured in conditioned media through dynamic light scattering were 209 ± 9 nm 
(starch) and 588 ± 31 nm (chitosan). The polydispersity index was similar for both 
MNPs in the range of 0.200–0.210. The zeta potentials were −30.9  ±  2  mV 
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(starch) and −21.0 ± 7 mV (chitosan), highlighting high stability of the dispersion 
(Appendix A Table A.2). We characterized the properties of the MNPs in condi-
tioned media as we believe that cells can actively secrete molecules into the media 
or deplete molecules from the media in response to added nanoparticles. This 
would thus modify the protein corona on the MNPs [26], thus impacting interac-
tion with membrane proteins, endocytosis, and intracellular fate of the MNPs 
[27]. There is also now increasing evidence that protein coronas can predict the 
interactions between nanoparticles and cells more effectively than size and sur-
face charge [26].

Fig. 2.1  Experimental workflow for nano-magnetic force-based triggering of calcium influx. (a) 
Schematic shows chip dimensions, experimental setup, and applied magnetic field approximation 
(Bmax = 150 mT: ON, B: 0 mT: OFF). At 1 μm above the permalloy elements, the magnetic field 
strength is ~0.73*Bmax = ~110 mT as determined by monitoring movements of magnetic micropar-
ticles in applied magnetic fields. The workflow is composed of the following: (i) Seeding of neu-
ronal cell (830,000 cells/cm2) on spatially controlled cell adhesive patterns (PLL/Pluronics) on the 
magnetic chip, (ii) formation of neurite networks over 2 weeks in culture, (iii) incubation with 
ferromagnetic nanoparticles (MNPs, 54,000 × 106/mL) for 6 h followed by subsequent washing, 
and (iv) loading with calcium dye (fluo-4) and stimulation with a permanent magnetic field (Bmax: 
150 mT). (b) Cell adhesive pattern design of 100, 50, and 20 μm width lines allows neurite network 
growth adjacent to magnetic elements on the magnetic chip over 2 weeks. Repetitive pattern design 
(here 500 μm spaced) supports parallelization of experiments. (c) Force map shows estimated peak 
magnetic forces at 1 μm distance above the magnetic elements in combination with four different 
fMNP cluster diameters [20]. (d) On chip image acquisition of calcium activity (fluo-4 with pro-
benecid acid). Extracted fluorescent signal from local regions of interest (ROI) exhibits stimulated 
calcium spike activity with starch-coated MNPs
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2.2.3  �Location and Uptake of MNPs

To better evaluate the interactions between cortical neurons and MNPs, we deter-
mined the uptake of MNPs by the cortical neural network through flow cytometry. 
Following 24-h incubation, 34.8% of the cortical neurons had uptaken starch-coated 
MNPs while 68.4% had uptaken chitosan-coated MNPs (Fig. 2.2a). Although the 
former has a smaller hydrodynamic diameter, its zeta potential is more negative, 
possibly leading to increased repulsion with negatively charged cell membrane [28] 
and lower uptake.

However, we recognize that a major limitation in using flow cytometry is the 
inability to differentiate whether the nanoparticles are localized inside the cells, on 
the cell membrane or at other parts of the cell (such as soma and neurites) [27]. 
Therefore, we depleted the energy of the cortical neurons with sodium azide to 

Fig. 2.2  Nanoparticles interacted differently with cortical neural network. (a) Flow cytometry 
analysis showed that cortical neural network uptakes less starch-coated MNPs than chitosan-
coated MNPs. However, one limitation of flow cytometry is the inability to differentiate particles 
that are internalized or associated with the membranes. (b) Sodium azide (5 mg/mL) was added to 
inhibit endocytosis. Results from flow cytometry revealed that chitosan-coated MNPs were inter-
nalized into cortical neural network via endocytosis but starch-coated MNPs were most likely 
associated with the membrane. (c) Fluorescent images confirmed that starch-coated MNPs were 
mostly associated with the neurites while (d) chitosan-coated MNPs were internalized and local-
ized with lysosomes
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inhibit endocytosis, an energy-dependent process [29]. The addition of sodium 
azide reduced endocytosis of chitosan-coated MNPs by close to 90% but had no 
significant effects on starch-coated MNPs (Fig. 2.2b). This meant that most starch-
coated MNPs were not internalized by the cortical neurons but were instead associ-
ated with the cell membranes. On the other hand, chitosan-coated MNPs were 
internalized into the cortical neurons.

Next, we performed confocal fluorescence imaging to identify whether there was 
a preferential localization of the MNPs on any particular structure of the cortical 
neural network. This was because we hypothesized that the nano-magnetic forces 
might activate mechano-sensitive Ca2+ ion channels which are found in higher den-
sity along the neurites [30]. We found that chitosan-coated MNPs tended to be inter-
nalized along the neurites (Fig.  2.2d). On the other hand, starch-coated MNPs 
preferred to localize at the membranes (Fig. 2.2c). While the reasons for these local-
ization behaviors are still largely unclear, it has previously been reported that chito-
san can bind to CD44 receptors of cancer stem cells [31] and a similar 
receptor-mediated mechanism may be responsible where the neurites may present 
membrane receptors that can bind to starch.

2.2.4  �Nano-Magnetic Forces Induce Ca2+ Influxes

We first demonstrated that nano-magnetic forces could induce Ca2+ influx in cortical 
neural networks with starch-coated MNPs. The cortical neurons did not exhibit any 
significant change in viability even after incubation with the MNPs for up to 24 h 
(Appendix A Fig. A.1). Fluorescence intensity maps indicated that only cortical 
neurons stimulated with magnetic forces exhibited significant change in intracellu-
lar Ca2+ concentration (Fig. 2.3a). The ∆F/F0 (change in fluorescence over back-
ground fluorescence) for 30 selected neurons in different test conditions over 3 trials 
(color-coded) are plotted in Fig. 2.3b. In the presence of nano-magnetic forces, all 
the fluorescent intensity line traces were above background, with an average ∆F/F0 
of 0.20. On the other hand, cortical neurons in all the other conditions without nano-
magnetic forces did not exhibit significant deviation in their intracellular Ca2+ levels 
from the resting zero level. On closer examination, some fluorescent intensity line 
traces were below the resting zero level in the unstimulated conditions. This was 
due to the strong background fluorescence of the photoresist used for nano-magnetic 
chip fabrication and the limitation of bleach correction algorithm. Overall, 68% of 
the cortical neurons stimulated with nano-magnetic forces exhibited a ∆F/F0 > 15% 
while only ~3% of cortical neurons incubated with MNPs but without nano-
magnetic force stimulation exhibited similar response (Appendix A Fig. A.2).

To understand whether Ca2+ spiking was affected by the nano-magnetic forces, 
40 neurons over 3 trials were selected from each test condition and their record of 
Ca2+ spikes over 5 min were tabulated with raster plots (Fig. 2.3c). Each cortical 
neuron was given an identity (ID) number and their fluorescent intensities were 
traced over 5 min. We observed that nano-magnetic forces increased the frequency 
of Ca2+ spiking in cortical neurons much more significantly than all the other cases 

2  Acute Neural Stimulation

https://doi.org/10.1007/978-3-319-69059-9_BM1
https://doi.org/10.1007/978-3-319-69059-9_BM1


37

without nano-magnetic force stimulation. The number of spikes per cortical neuron 
at different time points (binned at 5 s) was also much higher in the stimulated corti-
cal neural network (Fig. 2.3d).

Fig. 2.3  Neurons that experienced nano-magnetic forces showed a larger change in calcium fluo-
rescence intensity and spiking frequencies. (a) Color maps of fluorescence intensity change for 
different conditions. (b) Example fluorescence calcium concentrations (∆F/F0) of 30 neurons for 
different conditions. (c) Raster plot of 40 neurons from three independent trials (first trial: grey, 
second trial: orange, third trial: green). An increase in spiking frequencies was observed for neu-
rons stimulated with nano-magnetic forces. (d) Peristimulus time histograms of the raster plots 
binned at 5 s. All experiments with and without MNPs were paired
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2.2.5  �The Location of MNPs Affected the Response of Cortical 
Neural Networks to Nano-Magnetic Forces

To determine whether the properties of MNPs could affect the response of the corti-
cal neurons to nano-magnetic force stimulation, we also stimulated cortical neural 
network with chitosan-coated MNPs that tended to be internalized. Although a sta-
tistically significant change in ∆F/F0 was observed with both chitosan- and starch-
coated MNPs (Student’s t-test, p < 0.05) (Fig. 2.4a, b), ∆F/F0 in both cases differed 
by close to 9%. This difference could be due to the preferential localization of 
starch-coated MNPs at the cell membranes while the chitosan-coated MNPs tended 
to be internalized within intracellular compartments. More extensive interactions of 
starch-coated MNPs with membrane ion channels may result in larger Ca2+ influx 
[22]. It is also useful to note that in serum-free media like what we have used, 
nanoparticles were more likely to attach to the cell membrane, potentially allowing 
the MNPs to interact to a larger extent with membrane ion channels [27].

2.2.6  �Mechanism of Stimulation

We first investigated the source of Ca2+ influx and found that when extracellular Ca2+ 
was depleted with EGTA or when there was no extracellular Ca2+, the fluorescence 
signal was quenched whereas when intracellular Ca2+ was depleted with 

Fig. 2.4  Nano-magnetic force stimulation varies with functional groups on MNPs. (a) ∆F/F0 
(n = 360) indicated significant changes in calcium fluorescence intensity due to nano-magnetic 
forces from starch-coated MNPs. (b) ∆F/F0 due to magnetic forces from chitosan-coated MNPs 
was statistically compared to condition without nano-magnetic forces but had less effects than that 
for starch-coated MNPs. We hypothesize that the difference in the degree of activation might be 
due to the preferential localization of starch-coated MNPs at the membrane of the neurites. This 
might have increased interactions of MNPs with mechano-sensitive ion channels, giving rise to 
larger calcium influx. On the other hand, chitosan-coated MNPs tended to be internalized by the 
neural network and hence experienced less interactions with ion channels
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thapsigargin there was only a delay in the increase in fluorescence intensities 
(Fig. 2.5a). This suggests that magnetically induced Ca2+ influx was not G-protein 
mediated which typically involves release of Ca2+ from intracellular sources [32]. 
To further confirm, we also performed magnetic stimulation in the presence of 3 μM 
of bicuculline (EC50), an inhibitor of γ-aminobutyric (GABAA) receptor which is 
expressed widely in the brain, and observed higher Ca2+ spiking frequencies in the 
neurons upon magnetic stimulation (Fig. 2.5b). These two experiments show that 
magnetically induced Ca2+ influx was not modulated by G-protein and GABAA 
antagonist. We rationalized that if magnetic forces could increase ∆F/F0 in the pres-
ence of bicuculline, it would also mean that magnetic stimulation did not inactivate 
inhibitory ion channels/receptors.

The next logical step was to determine if magnetic forces activated excitatory ion 
channels. We found that the amplitude of the magnetic forces (Appendix A Fig. A.3) 
shared a skewed sigmoidal relationship to the Ca2+ fluorescence signals (Fig. 2.5c). 
The amplitude of Ca2+ fluorescence signals is a product of the conductance (g), 
number density (N), and open probability (Popen) of the ion channel. In order to 
change the conductance of the ion channel, the permeation pore which is a highly 
conserved structure must be modified and structural changes usually result in block-
ing than enhanced permeability [33]. We also did not expect and observe any 
changes in the number density from acute stimulation as the timescale during stimu-
lation (~5–10 min) is much less than the time (~h) needed for ion channel transcrip-
tion/translation. Hence we reasoned that the applied forces enhanced the open 
probability of the ion channel, thereby facilitating Ca2+ influx which is supported by 
a previous study [34].

The sigmoidal relationship between force amplitude and calcium fluorescence 
signals has been previously observed in mechano-sensitive ion channels [34], sug-
gesting to us that magnetic forces might have activated mechano-sensitive Ca2+ 
channels especially concentrated at the boutons (Fig. 2.5dii). This hypothesis was 
also motivated by our observation that starch-coated MNPs preferentially localized 
to the membrane rather than being internalized where the membrane-bound MNPs 
could have stretched the lipid membrane to open mechano-sensitive ion channels.

To show that our method of stimulation was not voltage dependent, we first 
added 1 μM tetrodotoxin (TTX), a highly specific inhibitor of voltage-gated sodium 
channels involved in action potential propagation. We observed apparent stimula-
tory effects due to magnetic forces even with TTX (Fig. 2.5e). We also administered 
40 mM potassium ions (K+) to induce action potentials and found that when mag-
netic forces were applied there was still albeit a small increase in Ca2+ fluorescence 
intensity (Fig. 2.5f). Collectively, these two pieces of data suggest that our method 
of stimulation is not voltage dependent.

As neurons express many types of mechano-sensitive ion channels (Appendix A 
Table A.3), we thus attempted to identify the type of known channel that contributed 
most to the Ca2+ influx. We first inhibited the N-type mechano-sensitive calcium ion 
channels with a highly specific inhibitor, i.e., ω-conotoxin GVIA (1 μM), and found 
that this completely quenched the stimulatory effects of magnetic forces (Fig. 2.5g). 
As L-type Ca2+ channel is reportedly mechano-sensitive but it undergoes rapidly 
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Fig. 2.5  Mechanism for magnetic stimulation of neural networks. (a) Magnetic stimulation leads 
to influx of calcium primarily from the extracellular environment. (b) Magnetic forces increased 
calcium spiking in the presence of bicuculline, suggesting that this technique is not neurotransmit-
ter mediated and does not inactivate inhibitory ion channels for calcium influx. (c) The amplitude 
of the magnetic force shared a sigmoidal relationship to the peak ∆F/F0, suggesting the possibility 
of controlling stimulation dosage by changing the probability of ion channel opening. (d) Time-
lapsed images show increase in calcium fluorescence signals in (i) dendrites, (ii) axonal boutons 
where presynaptic terminals are located, and (iii) cell body. Magnetic stimulation induced ~20% 
increase in average ∆F/F0 even in the presence of (e) TTX and (f) K+, showing that voltage-gated 
ion channels were not activated. (g) Inhibition with ω-conotoxin GVIA quenched calcium influx 
even after washing, supporting that mechano-sensitive N-type calcium channels were involved. (h) 
Magnetic stimulations were not temperature sensitive, hence ruling out the possibility of activating 
TRP ion channels which are heat/mechano-sensitive. (i) Three-week-old neurons experience less 
calcium influx with magnetic stimulation
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reversible inhibition by ω-conotoxin GVIA [35], we also performed a wash step, 
followed by subsequent monitoring of Ca2+ fluorescence signals. We did not observe 
any restoration of stimulatory effects of magnetic fields 10 min after washing away 
the neurotoxin (Fig. 2.5g), suggesting that neural stimulation did not involve L-type 
Ca2+ channels.

We next performed magnetic stimulation at different temperatures and found that 
the ∆F/F0 was not heat sensitive (Fig. 2.5h), hence ruling out that we are activating 
temperature-sensitive TRP ion channel which is also a major class of mechano-
sensitive ion channel. This finding is also aligned with the knowledge that static 
magnetic field does not generate heat. The lower calcium influx at lower tempera-
tures could be due to lower metabolism for uptake and intracellular trafficking of 
calcium indicators. Based on the literature review summarized in Appendix A Table 
A.3, there are also a few other reasons why we believe we did not perturb TRP ion 
channels with magnetic stimulation: (1) TRP ion channels are mostly located on 
neurons in the dorsal root ganglion (DRG) where they play a role in touch/pain 
sensation while we cultured cortical neurons; (2) Chen et al. have shown that with-
out genetically transfecting neurons to significantly increase their expression of 
TRPV ion channels, there was no Ca2+ influx even with thermal stimulation; [15] (3) 
TRP ion channels possess intracellular Ankyrin domains that allow mechano-
sensing by tethered channels and not the lipid bilayer model that we proposed [36]. 
One other class of mechano-sensitive ion channel that the magnetic forces might 
have perturbed is PIEZO2 [37] which is a newly discovered ion channel without any 
specific inhibitor yet [38]. However, we reasoned that as they are mostly located on 
DRG neurons and have much lower expression in the cortices as compared to 
mechano-sensitive N-type calcium channels, their contribution to Ca2+ influx would 
be insignificant even if they were activated.

Lastly, we wanted to understand whether the age of neurons, which we have 
found to affect their interactions with MNPs [39], could impact neural response to 
magnetic stimulation. We found that ∆F/F0 was lower for older neurons (Fig. 2.5i), 
possibly due to differences in ion channel expression such as reduction in expres-
sion of mechano-sensitive N-type Ca2+ channel with age [40].

Together, our results support a mechanism whereby magnetic stimulation 
induced calcium influx through activating N-type excitatory Ca2+ channels which 
are mechano-sensitive. Our hypothesis is that the preferential location of starch-
coated MNPs at the cell membrane could have led to membrane stretching and 
activation of these channels that are concentrated at the presynaptic terminals.

We, however, do not rule out the possibility that other mechano-sensitive ion 
channels might have contributed to the Ca2+ influx as there could be unknown ion 
channels or undiscovered properties of known ion channels. Furthermore, 
mechano-sensing either by conformational changes in the lipid membrane or by 
tethered channels might not be mutually exclusive [36] as magnetic forces might 
also indirectly induce cytoskeletal movements. Our argument is hence similar to 
thermo/magneto-genetics where it is expected that the applied heat or mechanical 
stimuli might also activate intrinsic heat/mechano-sensitive ion channels [41–44]. 
Although there is a possibility that other mechano-sensitive ion channels might be 
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activated by magnetic force-induced stretching of lipid membrane, we showed that 
the contribution by N-type Ca2+ channels was the largest (Fig. 2.5g). We understand 
that there is a possibility that the applied magnetic forces could activate excitatory 
mechano-sensitive TRPV4, PIEZO1, and NMDA receptors. Future work is needed 
to apply a consistent method to quantify the force sensitivity of these different chan-
nels/receptors to compare or construct a model. It has been shown that a force of 
3 pN could enhance the opening probability of mechano-sensitive ion channels in 
the hair cells of ears through mechanical amplification [45], suggesting that larger 
forces of 200–350 pN without amplification could be sufficient to generate the same 
effects on N-type Ca2+ channels present on each neuron. Recently, Wu et al. also 
found that a force of ~10 pN is needed to activate a single PIEZO ion channel. 
Consequently, the total force of 200 pN is only able to activate ~20 PIEZO ion chan-
nels which will be insufficient to generate the large calcium influx (∆F/F0 = 20%) 
that we observed. Therefore, based on the expression density, location, and respon-
sive stimuli of the ion channels, we reasoned that it was most likely that magneti-
cally induced Ca2+ influx was largely through the N-type Ca2+ channels.

2.2.7  �Lipid Bilayer Stretch Model

There are currently two main models proposed for the gating process of mechano-
sensitive ion channels, i.e., lipid bilayer stretch model and springlike tether model 
[46]. In the lipid bilayer stretch model, mechanical stimulations of the lipid bilayer 
trigger conformational changes to the mechano-sensitive ion channels, causing 
channels to open. In the springlike tether model, a springlike tether is associated 
with the mechano-sensitive ion channels, and upon tether deflection, the channels 
will open. From Fig. 2.2, we observed that starch-coated MNPs preferentially local-
ized at membranes but we did not observe their preferential localization along the 
axons where N-type calcium ion channels are mostly located [47]. Therefore, we 
ruled out the springlike tether model where specific binding of starch-coated MNPs 
to proteins along the axons is needed for mechano-activation. A proposed model 
based on lipid bilayer stretching is shown in Fig. 2.6 where nano-magnetic force 
stimulates the opening of mechano-sensitive N-type Ca2+ ion channels for Ca2+ 
influx.

2.3  �Conclusions

Biomedical applications of magnetic forces are becoming increasingly common. 
Magnetic forces have been reportedly used to improve transfection rates [48], gene 
therapy [49], stem cell differentiation [50], and tissue engineering [51]. For instance, 
Kriha et al. have previously described the production of electrospun fibers contain-
ing MNPs whose movements can be controlled to establish connections between 
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hippocampal neurons to facilitate neural repair [52]. Similarly, Sakar and colleagues 
also utilized magnetic forces to manipulate the positions of neurons with micro 
precision and to deliver microgels to patterned neurons [53]. Xie et al. have also 
covalently linked nerve growth factor to magnetic nanotubes to induce differentia-
tion in PC-12 cells [54].

There are also a few other pieces of literature that directly described the effects 
of magnetic forces on neuronal growth and neurite development. Fischer et al. made 
use of MNPs conjugated with anti-β-1 integrin to bind to neurons, followed by the 
application of magnetic forces to the neuron with a high-gradient electromagnet 
[55]. Using this technology, the group better understood the force dependence of 
neurite initiation. They demonstrated the formation of synapses between axons and 
dendrites in about half the experiments with magnetic forces and found that as the 
neurons mature it became increasingly less probable for magnetic forces to initiate 
neurite formation. Kim and colleagues also reported the use of static magnetic fields 
to elicit neurite outgrowth in PC-12 cells and the orientation of neurite growth was 
perpendicular to the direction of the applied magnetic field [24]. The team found 
that magnetic field could polarize the localization of actin and microtubules but did 
not change the levels of synaptotagmin responsible for synaptic formations. 
Nonetheless, in these papers, the authors recognize that they did not demonstrate a 

Fig. 2.6  Graphical illustration of proposed mechanism of nano-magnetic force stimulation. (a) In 
the presence of nano-magnetic forces, starch-coated MNPs localized at membranes could exert 
mechanical forces on the membranes, resulting in calcium influx through N-type mechano-
sensitive calcium ion channels. The calcium signals are then propagated through the neurons and 
throughout the cortical neural networks. (b) In the presence of ω-conotoxin GVIA, calcium influx 
is inhibited even with nano-magnetic force stimulation as N-type mechano-sensitive calcium ion 
channels are blocked
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connection between signaling cascades and the reported morphological change in 
neurite outgrowth, which we attempt to answer in our piece of research.

From the work of Mannix and coworkers, the group demonstrated that nano-
magnetic forces could be transduced into physiological cellular outputs [56]. 
Briefly, the team conjugated MNPs with monovalent ligands, allowing the MNPs to 
bind to membrane receptors on cancer cells. Nano-magnetic forces were then 
applied to aggregate the membrane receptors, resulting in elevated intracellular Ca2+ 
concentrations within 20 s after the magnetic field was applied. Nonetheless, this 
work could not be directly translatable to neurons which have different Ca2+-
mediated signaling cascades as compared to cancer cells. Furthermore, the role of 
specific ion channels that elicit Ca2+ influxes was not investigated.

Utilizing tools from microfabrication and Ca2+ imaging, we demonstrate, to the 
best of our knowledge, the first time that nano-magnetic forces are able to induce 
Ca2+ influxes in cortical neural networks. We observed that the choice of coating on 
MNPs can affect their localization on the cortical neural network and subsequent 
strength of induction. Particularly, we saw that starch-coated fMNP had lower inter-
nalization than its chitosan-coated counterpart possibly due to its more negative zeta 
potential which is known to limit the uptake [28]. Interestingly, the inhibition of 
endocytosis with sodium azide did not affect the uptake of starch-coated MNPs 
significantly, suggesting the possibility of this type of nanoparticle localizing on the 
cell membranes instead of being internalized, supported by our fluorescence imag-
ing results.

We then compared the ∆F/F0 in Ca2+ signals of the cortical neural network 
between starch-coated and chitosan-coated MNPs and found that the former was 
able to elicit a larger response. We hypothesized that this could be due to more 
extensive interactions of the membrane-bound starch-coated MNPs with membrane 
ion channels. To test our hypothesis, we inhibited the N-type Ca2+ ion channels with 
ω-conotoxin GVIA and found that even after washing away the toxin the inhibitory 
effects were not rapidly reversible. These results supported our hypothesis that the 
applied nano-magnetic forces could be stimulating mechano-sensitive N-type Ca2+ 
ion channels [57] although other ion channels could be involved as well [8]. 
Nonetheless, based on the amplitude and the duration (in the minute scale) of the 
transients after nano-magnetic force stimulation, Ca2+ was most likely the main ion 
involved [58].

In our work, we also demonstrated the remote activation of Ca2+ ion channels 
with high spatial resolution. Cortical neurons about 200 μm away from the magnetic 
elements did not experience significant change in intracellular levels. In human 
patients, the ability to spatially control the effects of magnetic field on Ca2+ influx 
may be achieved with precise implantations of magnetic chips similar to common 
procedures for deep brain stimulation using electrodes [59]. The recent invention of 
an electromagnetic microneedle actuator, which even when placed externally is 
capable of providing a high-gradient magnetic field with deep penetration [60], may 
remove the need for invasive implantations. Therefore, magnetic fields which are 
less attenuated by the body tissues compared to electric fields can provide greater 
efficacy in stimulating dysfunctional brain circuits.
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The nano-magnetic force stimulation also elicited the propagation of Ca2+ influxes 
throughout the cortical neural network that was not demonstrated by recent work 
such as by Marino et al. who showed only a rise in intracellular Ca2+ levels in indi-
vidual neurons [8]. The ability to demonstrate propagation of Ca2+ signals is signifi-
cant as the neuroscience community increasingly advocates using neural networks 
instead of individual neurons as the paradigm for studying neuro-activities [16].

Through extensive experiments, we also demonstrated that magnetic forces most 
possibly induced Ca2+ influx by mechanically stretching the lipid membrane to 
modulate the open probability of mechano-sensitive N-type Ca2+ channels. One of 
our future planned experiments is to perform single-ion-channel patch clamping 
with a customized non-magnetic recording apparatus to eliminate electrical noise 
from the magnetic field to better understand the effects of magnetic forces on chan-
nel conductance and probability of channel opening. One way to increase the speci-
ficity of acute stimulation with this technique is to coat the MNPs with antibodies 
targeting the N-type calcium ion channel as proposed by Souza et al. [61] although 
this might be incompatible with chronic stimulation as the functions of the ion chan-
nels might be adversely affected.

There are a few ways to boost the magnitude of Ca2+ influx to match findings 
reported in the literature for orthogonal techniques [15]. Firstly, as nanoparticle 
uptake is stochastic in nature [62], functionalized MNPs [63] can be used to target 
specific mechano-sensitive ion channels on neurons. For instance, MNPs with more 
negative zeta potential may localize better at negatively charged cell membranes 
[28]. Targeted MNPs may also provide a causal evaluation of the role of specific 
cells (excitatory vs. inhibitory neurons) in the neural network. The same objective 
can also be achieved by increasing expression of N-type Ca2+ channels in the neu-
rons similar to current practices in opto/thermogenetics or transfecting cells with 
constructs of genes encoding for magnetosomes from magnetotactic bacteria [64]. 
Next, steeper magnetic gradients or stronger magnets may find utility in inducing 
larger Ca2+ influx based on the observation that regions of neural network experienc-
ing greater nano-magnetic forces also experienced greater ∆F/F0. Lastly, the use of 
ultrasensitive fluorophores such as GCaMPs [65] may also provide a better under-
standing on the timescale of the magnetic force-induced Ca2+ influx that were not 
captured by less sensitive fluo-4- and rhod-3-based fluorophores that we have used.

2.4  �Materials and Methods

2.4.1  �Fabrication of Magnetic Chips

Patterning of neurite networks was achieved on line-shaped PLL/Pluronic cell 
adhesive/repellent surface coatings. PLL lines were designed to be 100, 50, and 
20 μm in width, adjacent to magnetic elements, which are embedded (1 μm deep) 
into a biocompatible photoresist and therefore shielded from the PLL surface. By 
monitoring the movements of microparticles, the magnetic field strength 1  μm 
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above the magnetic elements is ~0.73*Bmax (applied magnetic field) [20]. 
Fabrication of the magnetic chips is based on previously described protocol [20]. 
Briefly, fused silica wafers (d: 10 mm, University Wafer) were cleaned in piranha 
solution (4:1) for 30 min, and oxygen plasma (air, 100 °C, 200 W, 2 min). A 50 nm 
Ti, 200 nm Cu, and 50 nm Ti seed layer was then evaporated onto the substrate. 
Microstructured SPR 220 photoresist formed 4 μm thick nickel-iron (NiFe, 80:20) 
alloys during electroplating. Residual titanium and copper layer was subsequently 
etched in 1% HF and copper etchant (5% acetic acid, 15% H2O2), respectively. The 
NiFe magnetic elements were passivated by 100 nm PECVD SiN and planarized 
by 5 μm of 1002F. A second lithography layer (SPR 220–3) was performed on top 
of the planarizing 1002F4 layer to produce striped openings for cell adhesion pat-
terning. Chips were stored at room temperature shielded from light until further 
usage. Prior to each neuronal cell seeding, opened 1002F structures were O2 plasma 
activated (38 W, 45 s, 500 mTorr) and SPR 220–3 was removed through a 100% 
acetone rinse. A polymeric 0.05% (w/v) Pluronics, 25% (v/v) PLL in PBS solution, 
was subsequently co-adsorbed to oxygen plasma-activated surface, after 20-min 
UV sterilization for 16 h at 37 °C. Prior to cell seeding, polymeric solution was 
aspirated, andchips were washed with sterile water and culture medium 
(Neurobasal).

2.4.2  �Cortical Neural Culture

Whole-brain rats (E18, Brainbits) were transferred to PBS (33 mM glucose) and 1% 
(v/v) penicillin-streptomycin (PenStrep from Gibco®) and washed for 5 min and 
cortical hemispheres dissected [20]. Cortical tissues were then placed in Papain/
Hibernate-E (pH 7.3, 10% (v/v) Carica papaya, Roche) and dissociated for 15 min 
at 37 °C. Ten percentage of horse serum (Fisher Sci) in Neurobasal (Gibco®) was 
then added to quench the enzymatic activity of Papain and the dissociated tissues 
were triturated through a 1000 μL pipette tip and filtered through a 40 μm cell 
strainer. Cell count was determined and one million cells were seeded onto each 
magnetic chip. After 2 h of incubation (95% air, 5% CO2, 37 °C), unattached cells 
were washed away with pre-warmed culture media.

2.4.3  �Characterization of Nanoparticle Properties

ZetaPALS 90Plus particle size analyzer was used to determine the hydrodynamic 
diameter of the nanoparticles. Briefly, nanoparticles were suspended (54,000 × 106 
nanoparticles/mL) and pipetted into a cuvette before measurement with a laser via 
dynamic light scattering. A smooth auto-correction/error function was obtained 
before data collection, following which the ZetaPLAS zeta potential analyzer with 
electrode probe AQ599 was used to determine the zeta potential of the 

2  Acute Neural Stimulation



47

nanoparticles. It is important to enter the right size of the nanoparticles to reduce 
fluctuations of the zeta potential readings.

2.4.4  �Nanoparticle Incubation

Cortical neurons were incubated with starch- or chitosan-coated fMNPs (Chemicell) 
for 2, 6, or 24 h at 0.12% (v/v) in Neurobasal, 1% PenStrep, 1% GlutaMAX™, and 
2% B27 supplement, after which the cells were gently washed three times with 
Neurobasal media to remove excess of fMNPs. The fMNPs are composed of mag-
netite with either starch or linear chitosan randomly distributed around the magne-
tite core. The density of the fMNPs is 1.25 g/cm3. The size of the fMNPs according 
to the manufacturers is 100  nm. However, our measurement with dynamic light 
scattering shows that the hydraulic diameter of the fMNPs is in the range of ~200 nm 
(starch coated) and ~400 nm (chitosan coated). As fMNPs are also frequently used 
for localized heating, additional information on magnetic hysteresis can also be use-
ful for readers. For interested readers: the TEM images and magnetic hysteresis 
curves of the iron oxide core can be obtained from Eggeman et al. [66]; the mag-
netic hysteresis curves of starch-coated and chitosan-coated fMNPs are also avail-
able from Cole et al. [67] and Kong et al. [68], respectively.

2.4.5  �Calcium Dye Incubation and Magnetic Force 
Stimulation

Cortical neurons were incubated with Fluo-4 Direct™ calcium assay kit (Life 
Technologies) or Rhod-3 calcium imaging kit (Life Technologies) according to the 
manufacturer’s protocol with 5 mM stock solution of probenecid. Briefly, 5 mL of 
calcium assay buffer was mixed and vortexed with 100 μL of probenecid stock solu-
tion to create a 2× loading dye solution. The dye solution is then added to the cells 
with media in a 1:1 ratio and incubated for 1 h before imaging. For magnetic force 
stimulation, calcium activity was monitored without a permanent magnetic field 
(OFF), and with a neodymium magnet (ON: Bmax = 150 mT, ½ inch × ½ inch × ½ 
inch, Apex Magnets) placed on top of an inverted chip. For experiments involving 
TTX (1 μM), K+ (40 mM), ω-conotoxin GVIA (1 μM), thapsigargin (2 μM), EGTA 
(10 mM), and bicuculline (3 or 1.2 μM), the chemical was added during calcium 
dye incubation (1 h). The use of EGTA is to completely chelate extracellular cal-
cium. The method is to confirm that the source of calcium is from the extracellular 
environment as there is usually still some residual calcium from the neuronal media 
even after replacement with calcium-free buffer. After imaging, the solution was 
replaced with fresh media and the cortical neural network was imaged again. For 
experiments involving ω-conotoxin GVIA, a wash step was also included to remove 
the neurotoxin and the neurons were imaged after 15 min of waiting time.
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2.4.6  �Immunofluorescent Labeling

Cortical neurons were washed with Dulbecco’s PBS with magnesium and calcium 
(Gibco) and fixed with paraformaldehyde (4% v/v, Santa Cruz Biotechnologies), 
permeabilized with 0.1% Triton-x/DPBS and 3% BSA for 10 min, and blocked with 
3% goat serum in 1% BSA/DPBS. Primary antibodies were incubated overnight at 
4 °C in 3% goat serum and 0.5% Tween-20 in 1% BSA/DPBS and secondary anti-
bodies were added. Finally 4′,6- diamidino-2-phenylindole (DAPI, 300  nM in 
DPBS) was incubated for 15 min and additionally mounted on glass slides using pro 
ProLong® Gold antifade reagent (Molecular Probes).

2.4.7  �Cytotoxicity Assay

Colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assays were performed in 96-well plates where different functionalized fMNPs 
were added to each well seeded with cortical neurons. After each specific time inter-
val, 20 μL of MTT (5 mg/mL) in PBS was incubated for 3 h. Then the supernatant 
was aspirated and 200 μL of dimethyl sulfoxide (DMSO) was added. Each 200 μL 
sample in DMSO was spun down to remove MNPs in solution and the supernatant 
was read with a 96-well plate reader for absorbance at 550 nm.

2.4.8  �Flow Cytometry Analysis

1.0 × 106 neurons were seeded in individual PLL-coated 12-well plate (Corning) 
and allowed to grow for 2 weeks. Fluorescently labeled MNPs (green: ex (476 nm), 
em (490 nm); red: ex (578 nm), em (613 nm)) were then added at a concentration of 
54,000 × 106/mL and incubated for 24 h before triple washing with neural basal 
media. For experiment involving sodium azide, cortical neurons were also incu-
bated with 5 mg/mL sodium azide solution for 24 h. Neurons were then detached 
from plate surface using Accutase® (Stemcell Technologies, ref # A11105-01) for 
10 min and centrifuge at 600 g for 6 min to collect the pellet. Cell pellet was then 
resuspended in 500 μL DPBS, stored at 4 °C, and analyzed using BD LSRII flow 
cytometer at the UCLA Flow Cytometry Core Laboratory.

2.4.9  �Image Acquisition, Analysis, and Statistical Evaluations

Wide-field fluorescent and phase-contrast images were acquired with an inverted 
fluorescent microscope (Nikon, 20×, 40× air, 60× air objective) or confocal micro-
scope (Leica TCS SP5, 60× oil objective). The fixed and immune-stained samples 
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were excited with 364 nm (blue/DAPI), 488 nm (green/MAP2), 650 nm (Cy5/TAU), 
and 532 nm (red/fluorescent fMNPs) laser lines.

Heat maps were generated with ImageJ plug-in HeatMap from Stack. Parameters 
(color min/max) were kept consistent for comparison of calcium fluorescence.

The relative fluorescence change ∆F/F0 of somatic fluorescence signals was 
acquired using ImageJ for all neurons within a particular trial. Calcium spike 
events were considered if they fulfilled two criteria: (1) the fluorescence increase 
was at least five standard deviations above baseline, which was defined as first 5 s 
of each trace and (2) if the event persisted more than 5 s. Raster plots were then 
generated from this method. Calcium videos were taken over 5  min with a per 
frame period of 5 s.

Transmission electron microscopy (TEM) images of the starch-coated fMNPs 
were acquired with a T12 Quick CryoEM with exposure time of 0.5 s. Briefly, the 
starch-coated fMNPs (45,000 × 106/mL) were incubated with Neurobasal media for 
6 h and then centrifuged at 600 g for 6 min to collect the pellet. The pellet was 
resuspended in 50 μL deionized water. The starch-coated fMNPs were then adsorbed 
onto 400-mesh copper grid coated with carbon (Ted Pella Inc.). TEM was per-
formed using 120  kV T12 Quick CryoEM with a point resolution of 0.34  nm. 
Imaging and data processing were performed at the UCLA CNSI Electron Imaging 
Center for NanoMachines (EICN).

Statistical significance in Fig. 2.2b was evaluated using Mann–Whitney U Test 
with null hypothesis = 0 and n = 30,000 (3 tests, 10,000 cells/test). Statistical sig-
nificance in Fig. 2.5 and Appendix A Fig. A.1 was evaluated using Student’s t-test 
after testing for normality using either one-way ANOVA, p < 0.05 (no rejection of 
normality), or nonparametric Kruskal-Wallis ANOVA, p  <  0.05 (normality 
rejected), with n = 120 cells in Fig. 2.5a (3 tests, 4 conditions, 10 cells/test/condi-
tion), n = 120 cells in Fig. 2.5b (4 condition, 30 cells/condition), n = 42–60 cells in 
Fig. 2.5c (ntrials = 6, 7–10 cells/test), n = 60 cells in Fig. 2.5e (2 paired experiments, 
3 tests, 10 cells/experiment), n = 30 cells in Fig. 2.5f/g (1 paired experiment, 3 
tests, 10 cells/experiment), n = 60 cells in Fig. 2.5h (1 control and 1 paired experi-
ment, 3 tests, 10 cells/experiment), n = 90  in Fig. 2.5i (3 conditions, 3 tests, 10 
cells/experiment), and n  =  120 (2 conditions, 2 tests, 30 cells/test/condition), 
n = 360 cells (4 groups, 3 trials, and 30 cells/trial), and n = 600 cells (6 test, 100 
cells/test) in Appendix A Fig. A.1.
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