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ABSTRACT: Nanoparticles (NPs) generate localized magnetic
forces during magnetic stimulation, which can, in turn, modulate
neuronal excitability and regulate downstream signaling in neurons.
In agreement with this idea, under static magnetic field stimulation
(SMS), gold-coated superparamagnetic iron oxide (Au-SPIO)
core−shell nanoparticles (NPs) can promote and guide the
direction of neurite outgrowth. Inspired by these promising results,
this study investigates how SMS on Au-SPIO (SMS-Au-SPIO)
affects the physiology of midbrain neurons. Transmission electron
microscopy (TEM) images showed quasispherical shapes and a
diameter of 20 ± 4 nm of Au-SPIO NPs synthesized by forming an
Au layer on SPIO using a hydroxylamine hydrochloride-assisted
seed growth method. We found that SMS enhanced intracellular uptake of Au-SPIO and that SMS-Au-SPIO resulted in a delayed
blockade of an L-type voltage-gated Ca2+ channel (VGCC) in midbrain neurons. Specifically, the frequency of spontaneous L-type
VGCC-induced Ca2+ fluxes was significantly reduced in midbrain neurons exposed to either SMS or Au-SPIO or SMS-Au-SPIO. A
power spectrum density analysis of Ca2+ fluxes showed that SMS decreased Ca2+ fluxes amplitudes (<0.1 Hz) before and after L-type
VGCC blockade. By contrast, SMS-Au-SPIO decreased Ca2+ flux amplitudes only after L-type VGCC blockade, suggesting a
modulation of L-type VGCC by SMS-Au-SPIO. Finally, while SMS alone induced apoptosis of dopaminergic (DA) neurons, SMS-
Au-SPIO did not. Thus, SMS and SMS-Au-SPIO differentially modulate L-type VGCC-mediated Ca2+ fluxes, and downstream
apoptotic signaling in midbrain neurons, implying the possible application of SMS-Au-SPIO as a drug delivery strategy to treat
Parkinson’s disease.
KEYWORDS: magnetically stimulated Au-SPIO nanoparticles, negative surface charge, midbrain DA neurons, L-type VGCC,
calcium flux, apoptosis, Parkinson’s disease

■ INTRODUCTION
Parkinson’s disease (PD) is the second most common
neurodegenerative disease,1 characterized by a progressive
loss of midbrain substantia nigra pars compacta (SNc)
dopaminergic (DA) neurons.2,3 Unfortunately, current thera-
pies for PD, such as treatment with levodopa or deep brain
stimulation, are merely symptomatic and lose efficacy over
time.4 As a consequence, novel strategies focused on regulating
pacemaking activity in SNc DA neurons, thereby either slowing
DA neuron loss or modulating basal ganglia circuitry, are an
attractive therapeutic avenue for PD.5 Among these strategies,
pulsed magnetic stimulation (MS) has gained attention as a
noninvasive brain stimulation strategy. Pulsed MS promotes
neuronal survival,6 stimulates neuronal differentiation,5,7

regulates intracellular Ca2+ flux,8 and induces membrane
depolarization.9 However, off-target effects and poor local-
ization of brain pulsed MS result in severe side effects such as

epileptic seizures.10 In addition, interactions between magnetic
fields and subcellular biological elements using MS alone may
not be strong enough to selectively regulate neuronal
activity.11,12 Static MS (SMS) has the potential to mitigate
these side effects and can be combined with magnetic
nanoparticles (NPs) to translate magnetic fields into highly
localized mechanical forces at the cell membrane or within the
cytoplasm.12 In this regard, recent reports show that
superparamagnetic iron oxide (SPIO) NPs under SMS can
trigger Ca2+ fluxes by activating N-type mechanosensitive Ca2+
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channels in cortical neuron networks13,14 and opening
mechanosensitive Ca2+ permeable ion channels (PIEZO2 and
TRPV4) in primary dorsal root ganglion neurons.15

In this context, an unexplored question is whether or not
SMS stimulation combined with SPIO NPs can affect the
activity of L-type voltage-gated Ca2+ channels (VGCCs) in
midbrain neurons, which is an important neuroprotective
target for PD.16 Since uncoated SPIO NPs with SMS
stimulation may cause toxicity,17,18 and are likely to
aggregate,19−21 we recently developed gold-coated SPIO
(Au-SPIO) core−shell NPs,22−25 which could improve the
stability of SPIO NPs and protect them from reacting with
biological media.26,27 We showed that Au-SPIO NPs displayed
improved biocompatibility, cellular uptake and surface
functionality, promoted growth and differentiation of neuronal
PC-12 cells,23,24 and facilitated targeted drug delivery.28,29

Besides, Au-SPIO NPs with a size of 20 nm possess strong
potential for efficient blood−brain barrier crossing.30−35 It is
also reported that Au NPs with similar size and surface
parameters had a blood half-life of around 30 h and that the
clearance of Au NPs occurs via the reticuloendothelial system
in spleen and lymph nodes.36 A prior study has shown that on
attaching to the cell membrane, negative surface charges on
NPs affect membrane polarization, thereby regulating VGCC
activity.37 In contrast, another study has reported that when
compared to a negligible polarization effect of negative and
neutral states, the uptake of positively charged Au NPs into
cells causes membrane depolarization of different cell types,
leading to an increase in Ca2+ flux.38 However, the effect of
negatively charged Au-SPIO NPs on L-type VGCC-mediated
Ca2+ fluxes in native midbrain neurons in the presence or
absence of MS is completely unknown.
In this study, we prepared Au-SPIO NPs via a seed growth

method using hydroxylamine hydrochloride as the reducing
agent and modified the surface of Au-SPIO NPs by Cy3
fluorescence dye to explore their interaction with midbrain DA
neurons (Scheme 1). We compared the effects of either SMS
alone or SMS with Au-SPIO NPs (SMS-Au-SPIO) on Ca2+

activity in midbrain neurons. Using these Au-SPIO NPs, we
showed that the exposure of cultured primary mouse midbrain
neurons to either SMS through a Halbach array applicator or

SMS-Au-SPIO altered L-type VGCC-mediated spontaneous
Ca2+ fluxes in midbrain neurons (Scheme 1). We suggest that
this may be an important upstream event that explains the
ability of SMS or SMS-Au-SPIO NPs to alter intracellular Ca2+

concentrations in midbrain neurons, thereby exerting neuro-
protective effects in the preclinical animal models of PD.

■ EXPERIMENTAL SECTION
Preparation of Fluorescence-Tagged Au-SPIO NPs. Au-SPIO

core−shell NPs were synthesized using the seed growth method
according to our previously reported work.23 First, SPIO core seeds
were synthesized using a coprecipitation method23 and synthesized
SPIO seeds (60 mM) were diluted to 1.5 mM using deionized (DI)
water. The diluted solution was mixed with sodium citrate (0.1 M)
using an equal volume ratio (5.5 mL of SPIO: 5.5 mL of sodium
citrate) and stirred for 10 min to allow for the exchange of OH−

absorbed at the surface of SPIO seeds with citrate ligands. This
solution was further diluted with 89 mL of DI water before adding 0.5
mL of HAuCl4 solution (1%). The pH value of this solution was
checked and adjusted between 8 and 10 using NaOH solution (0.1
M), followed by the addition of 0.6 mL of NH2OH*HCl (0.2 M) into
the solution to reduce Au3+ and form a Au shell at the surface of SPIO
seeds within 5 min. This process was repeated by adding 0.5 mL of
HAuCl4 solution (1%) and 0.2 mL of NH2OH*HCl (0.2 M)
sequentially to form a thicker Au shell. The whole reaction was
performed at room temperature. Synthesized Au-SPIO NPs were then
separated using a magnet, washed three times with DI water, and
finally dispersed in 7.5 mL of DI water. All of the chemicals used in
this step were obtained from Sigma-Aldrich (St. Louis, MO).

To visualize an interaction between Au-SPIO NPs and midbrain
neurons using confocal microscopy, it is necessary to use Cy3 dye for
the fluorescence conjugation of Au-SPIO NPs, which do not
autofluorescence.39 To do this, ∼100 μL of Cy3-PEG-SH solution
(PG2-S3TH-2k, Nanocs Inc.) at a concentration of 1 mg/mL was
added to 1 mL of Au-SPIO solution at a concentration of 1.2747 mg/
mL. After Cy3 conjugation, the resulting solution was mixed for 24 h,
centrifuged, washed three times with DI water, and finally redispersed
in 1 mL of DI water to remove the unbounded Cy3-PEG-SH.

Material Characterization. To reveal the morphology of Au-
SPIO NPs, transmission electron microscopy (TEM) was performed
using an FEI Tecnai G2 F20 S-Twin field-emission scanning
transmission electron microscope (operating voltage: 200 kV). To
confirm the existence of Au on SPIO, the light absorption spectrum
was recorded at room temperature using a SHIMADZU UV-2450

Scheme 1. SPIO NPs Were Coated with Gold by the Seed Growth Process Using Hydroxylamine as Reducing Agenta

aOn one side, Au-SPIO NPs in combination with SMS were used to regulate L-type VGCC. On the other side, Au-SPIO NPs were functionalized
with Cy3-PEG-SH as fluorescence dye to explore their interaction with midbrain DA neurons under the effect of SMS treatment.
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spectrophotometer (Shimadzu Corp.) ζ-Potential and hydrodynamic
diameter were measured by dynamic light scattering using a Zetasizer
apparatus (Malvern Instruments). The results were obtained from
triplicate experiments.
Culturing Primary Embryonic Mouse Midbrain Neurons.

Reagents used to culture primary embryonic mouse DA neurons
included neurobasal medium, DMEM + GlutaMAX medium,
GlutaMAX supplement, B-27, equine serum, and penicillin−
streptomycin purchased from ThermoFisher (Waltham, MA), as
well as deoxyribonuclease I (DNase), poly-L-lysine, poly-L-ornithine,
laminin, ascorbic acid, kanamycin, and ampicillin purchased from
Sigma-Aldrich (St. Louis, MO). Papain was purchased from
Worthington Biomedical Corporation (Lakewood, NJ). Corning 35
mm uncoated plastic cell culture dishes were purchased from VWR
(Radnor, PA), and 12 mm circular cover glass No. 1 was purchased
from Phenix Research Products (Candler, NC).
Detailed methods to culture primary embryonic mouse DA

neurons have been previously described.40−42 Briefly, cultures were
obtained from embryonic day (ED14) mouse embryos of both sexes.
Timed-pregnant mice (Texas A&M Institute for Genomic Medicine)
were sacrificed by cervical dislocation and embryos were removed.
Embryos were then decapitated, and the ventral midbrain was
dissected using the methods previously described.40−42 Cells were
then digested in papain for 15 min at 37 °C. Next, cells were
separated using DNase treatment and mechanical trituration in a stop
solution of 10% equine serum in Hank’s balanced salt solution
(HBSS, Sigma-Aldrich). Cells were plated on a 12 mm cover glass
triple coated with poly-L-lysine, poly-L-ornithine, and laminin at a
density of 200 000 cells per cover glass. Following plating, cells were
incubated at 37 °C with 5% CO2 for 1 h, followed by the addition of
neurobasal media supplemented with GlutaMax, B-27, equine serum,
ascorbic acid, and containing penicillin−streptomycin, kanamycin,
and ampicillin. The culture medium was exchanged at 3 day intervals,
and all primary cultures were allowed to mature for 3 weeks before
experiments were performed. All experiments performed in this study
were replicated on three to four independent midbrain cultures.
Adeno-Associated Viral (AAV) Vectors. To image spontaneous

Ca2+ activity in primary midbrain neurons, we employed the adeno-
associated virus AAV 2/5 hSyn-GCaMP6f purchased from Addgene
(Cat #100837-AAV, RRID: Addgene_100837). AAV infections were

performed at 14 days in vitro (DIV), as previously described.4 Briefly,
the culture medium was removed and 1 mL of serum-free DMEM +
GlutaMAX medium containing 1 μL of Syn-GCaMP6f (titer = 1 ×
1013 genome copies/mL) was added to each dish and allowed to
incubate at 37 °C with 5% CO2 for 1 h. Next, the serum-free medium
containing AAVs was removed and replaced with 3 mL of
supplemented neurobasal medium. Imaging was performed 5 days
following AAV infection.

Confocal Imaging of Spontaneous Ca2+ Fluxes in Cultured
Midbrain Neurons. The protocol used for imaging spontaneous
Ca2+ fluxes in primary midbrain neurons has been previously
described.4 Briefly, cultures were placed in a gas-free recording buffer
containing (mM): 154 NaCl, 5 KCl, 2 CaCl2, 0.5 MgCl2, 5 D-glucose,
10 HEPES, and pH adjusted to 7.4 with NaOH (all purchased from
Sigma-Aldrich). Imaging was performed using a confocal microscope
(Fluoview 1200, Olympus, Tokyo, Japan) with a 40×, 0.8 NA water-
immersion objective (Olympus). We used a 488 nm line of an argon
laser to excite GCaMP6f. The imaging frame was clipped to allow for
an image sampling rate of 1 frame per second (FPS). For all
experiments, spontaneous Ca2+ was recorded for 300 s, and for L-type
VGCC blocking experiments followed by 300 s of drug application. L-
type VGCCs were blocked using diltiazem (100 μM), which has
shown efficient and specific blocking of L-type VGCCs.43−45 In the
future, we will consider dihydropyridine drugs such as nifedipine as an
alternative. Recording buffers were bath perfused using a peristaltic
pump set at a rate of 2 mL/min. Diltiazem was purchased from Tocris
(Minneapolis, MN). To quantify the exponential decay of blockade
by diltiazem, Ca2+ traces were fitted to an exponential equation.
Latency to blockade was determined for each condition by recording
the time (in seconds) at which the last discernable (>0.1 ΔF/F0) Ca2+
event occurred for each neuron. Average latencies for each condition
were then compared. For all imaging experiments, statistical tests and
p values are reported in the figures and figure legends.

Immunostaining of Primary Midbrain Cultures. Immediately
following imaging, cultures were placed in 10% formalin for 40 min.
Cultures were permeabilized in 0.01% Triton X-100/phosphate-
buffered saline (PBS) and blocked in 10% normal goat serum (NGS)/
PBS solution. Antibodies used included chicken polyclonal anti-
tyrosine hydroxylase (TH) (1:1000, Abcam) and rabbit polyclonal
anticleaved caspase-3 (1:1000, Cell Signaling Technologies, Danvers,

Figure 1. Properties of SMS and SMS-Au-SPIO treatment and their interaction with cultured DA neurons. (A) Top: the setup (left) and the finite
element modeling (FEM) (right) of the static magnetic applicator using N52 magnets; bottom: 35 mm Petri dish showing how cells in the
coverslip (white circle) are positioned during SMS stimulation and the ζ-potential of Au-SPIO NPs as treatment in the cell culture medium (left);
and a TEM image of Au-SPIO NPs (right). (B) Top: finite element modeling (FEM) result of the flux density inside the magnetic applicator and
bottom: the gradient dB/dr (T/m) along the radial direction. The red dotted line indicates an estimated average value of dB/dr = −36.19 T/m.
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MA). Imaging was performed using a confocal microscope (Fluoview
1200, Olympus) with a 60×, 1.35 NA oil-immersion objective
(Olympus).
Evaluation of Power Spectral Density (PSD) for Sponta-

neous Ca2+ Flux Signals. The power spectral density (PSD) of a
calcium flux signal x(t) can be expressed as the average of the Fourier
transform magnitude squared over a large time interval.

∫= π
→∞ −

−S f E
T

x t t( ) lim 1
2

( )e dx
T T

T
j ft2

2lmoonoo
|}oo~oo

In Matlab, a function called periodogram was used, which directly
gave the results of PSD.
Evaluation of Synchronization of Spontaneous Ca2+ Fluxes

Using Global Field Synchronization (GFS). Global field
synchronization (GFS) can estimate the functional connectivity of
brain processes. Here, we use this method to quantify the
synchronization level of the neuron Ca2+ flux in a frequency-
dependent manner. To determine GFS values, Ca2+ fluxes for each
neuron recorded within individual fields of view were transformed
into frequency domains using fast Fourier transform (FFT), which
allows for comparison of Ca2+ flux amplitudes and phase at each
frequency.46 FFT-transformed signals at each frequency were then

visualized as a cloud of points in a complex plane, yielding two
eigenvalues. GFS (0−1) was defined as47

= | − |
+f

E f E f
E f E f

GFS( )
( ) ( )
( ) ( )

1 2

1 2

where E( f)1 and E( f)2 are two eigenvalues obtained from principal
component analysis at a given frequency f. High GFS values in a given
frequency indicate that a large part of the recorded calcium activity at
that frequency is phase-locked, which can be interpreted as increased
overall functional connectivity. Low GFS values indicate that no
preferential phase could be determined. GFS = 1 indicates the
complete synchronization of Ca2+ flux amplitudes and phase, while
GFS = 0 indicates asynchronous Ca2+ fluxes. The Matlab code and
functions for calculating the GFS value are given in the Supporting
Information (SI).

■ RESULTS AND DISCUSSION
SMS Enhances the Intracellular Delivery of Au-SPIO

NPs into Primary Cultured Mouse DA Neurons.Midbrain
DA neurons were isolated from the ventral mesencephalon
(VM) of mouse embryonic day 14 (E14) embryos and

Figure 2. Interaction between SMS-Au-SPIO and cultured DA neurons. (A) Left: representative confocal z-stacks at 60× magnification of NeuN,
TH, Cy3-tagged Au-SPIO expression, and merged images (NeuN, TH, and Cy3) in cultured primary midbrain neurons. Scale bar: 10 μm. Right:
summary data of DA neuron area and mean Cy3 fluorescence intensity. (B) Single optical plane images for Au-SPIO and SMS-Au-SPIO conditions
from z-stacks in panel (A). Scale bar: 10 μm. All experiments were performed on two independent cultures. n = 10 control neurons, 10 Au-SPIO
neurons, and 12 SMS-Au-SPIO neurons. Error bars are ± standard error of the mean (SEM) and p values are indicated for all graphs, based on two-
sample t-test for normally distributed data and Mann−Whitney test for non-normally distributed data. p < 0.05 was considered statistically
significant. NS = not significant.
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mechanically dissociated.40 Dissociated cells were further
cultured for 2 weeks prior to treatment with 20 μg/mL of
Au-SPIO NPs. To apply SMS, primary mouse midbrain
cultures were placed inside a magnetic applicator composed of
8*N52 NdFeB magnetic cubes (0.5 in.) arranged in a
Halbachlike array for 30 min (Figure 1A). Inside the
applicator, a constant magnetic field gradient of −36.19 T/m
was estimated along the radial direction (Figure 1B). Au-SPIO
NPs were synthesized using hydroxylamine hydrochloride to
form an Au layer at the SPIO core according to a previously
reported method.23,48 As shown in Figure 1A, the TEM images
of Au-SPIO NPs displayed quasispherical shapes and an
average diameter of 20 ± 4 nm, while uncoated SPIO NPs
displayed an average diameter of 13 ± 3 nm (Figure S1). The
formation of a Au shell on SPIO was confirmed by a UV−vis
light absorbance spectrum (Figure S2), which exhibited the
characteristic light absorbance peak of Au shell at 523 nm.22 ζ-
Potential and hydrodynamic diameter results (Table S1)
further showed that fresh Au-SPIO NPs possessed a negative
ζ-potential of −44.2 ± 0.7 mV and a hydrodynamic diameter
of 23.5 ± 0.1 nm, while 1 month old Au-SPIO NPs had a
negative ζ-potential of −42.3 ± 1.6 mV and a hydrodynamic
diameter of 23.6 ± 0.2 nm. The nearly unchanged ζ-potential
and hydrodynamic diameter indicated their high stability in
aqueous solution because of a strong electrostatic repulsive
force. Our previous work also demonstrated no decrease of the
characteristic absorbance peak for up to 21 days, suggesting
that Au-SPIO NPs are stable in the cell culture medium.22 It
has been reported that Au coating affects the super-
paramagnetic property of SPIO and causes a slight reduction
of magnetization from 59.6 to 54.3 emu/g.48 This can be
attributed to the obstructed rotation of SPIO NPs by Au
coating. To verify the magnetic properties of Au-SPIO NPs, we
also tested their magnetic behavior using an external magnetic
field. As shown in Figure S3, Au-SPIO NPs exhibited fast
movement toward the magnetic field within 5 s, confirming the
magnetic response of Au-SPIO NPs. To visualize interaction
between Au-SPIO NPs and midbrain neurons using confocal
microscopy, Au-SPIO NPs were tagged with Cy3 dye (Nanocs,
cat #PG2-S3TH-2k, red), and midbrain neurons were stained

with antibodies against NeuN (Abcam, cat #ab104224) and
tyrosine hydroxylase (TH) (Abcam, cat #ab76442). As shown
with confocal z-stacks in Figure 2A, in the absence of SMS, a
few negatively charged Au-SPIO NPs were internalized into
the cytosol of midbrain neurons (average intracellular
fluorescence = 932 AU), while SMS caused a significant
increase in internalization of Au-SPIO NPs into midbrain
neurons (average intracellular fluorescence = 2676 AU). To
further demonstrate that Cy3-tagged Au-SPIO NPs were truly
internalized into the neuronal cytosol, Figure 2B shows a single
optical plane image of Au-SPIO and SMS-Au-SPIO from
example cells in panel A. No significant difference was
observed in the size of midbrain neurons between groups,
suggesting that neither SMS nor Au-SPIO NPs caused osmotic
swelling of neurons. Our previous work has demonstrated that
Au-SPIO NPs can be absorbed by neuronlike cells through the
endocytic pathway.23,24 One of the possible mechanisms to
enhance the internalization of Au-SPIO NPs into midbrain
neurons via SMS is to promote endocytic uptake of NPs by
overcoming the membrane deformation cost using SMS.49 To
further confirm this hypothesis, detailed experimental proto-
cols can be designed to study different cellular uptake
mechanisms, which will be explored in the future.

SMS-Au-SPIO Regulates Ca2+ Fluxes in Midbrain
Neurons via L-Type VGCCs. A previous study has shown
that negatively charged Au-SPIO NPs adhere to hippocampal
neuronal membranes and modulate the excitability of these
cells;37 however, the underlying mechanisms are unclear. We
therefore sought to determine differences in midbrain neuron
activity following either exposure to Au-SPIO alone or
coexposure to Au-SPIO with SMS. We rationalized that
since SMS causes negatively charged Au-SPIO NPs to
penetrate the cytoplasm of neurons (Figure 2), this will likely
modulate spontaneous midbrain neuron Ca2+ fluxes in a
manner that is distinct from exposure to Au-SPIO NPs without
SMS.
To quantify spontaneous Ca2+ fluxes in cultured mouse

midbrain neurons, we followed a previously published
protocol.40 Briefly, we used an AAV expressing the genetically
encoded Ca2+ indicator, GCaMP6f, driven by a neuron-specific

Figure 3. SMS and SMS-Au-SPIO alter spontaneous Ca2+ activity in cultured primary midbrain neurons. (A) Representative ΔF/F0 traces of
spontaneous Ca2+ in primary midbrain neurons from each experimental condition. (B) Summary data of spontaneous Ca2+ flux frequency,
amplitude, and half-width. All experiments were performed on four independent cultures. n = 50 control neurons, 33 SMS neurons, 50 Au-SPIO
neurons, and 48 SMS-Au-SPIO neurons. Error bars are SEM and p values are reported in all graphs, based on Mann−Whitney tests for non-
normally distributed data or two-sample t-tests for normally distributed data.
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human synapsin promoter (hSyn) (AAV 2/5 hSyn-GCaMP6f).
Two-week-old primary mouse midbrain neuron cultures were
infected with 1 × 109 genome copies of AAV 2/5 hSyn-
GCaMP6f per 35 mm dish and cultured for five additional
days. Cells were then cultured for 24 h with exposure to 20 μg/
mL Au-SPIO NPs. This concentration did not induce the
toxicity of neuronlike cells in our previous study.23,24 Before
imaging, the cells were placed in the magnetic applicator for 30
min for both SMS and SMS-Au-SPIO groups. As shown in
Figure 3A,B, in all cases, we observed robust spontaneous
neuronal Ca2+ fluxes, but each treatment condition caused a
distinct alteration in spontaneous Ca2+ flux activity. Specifi-
cally, when compared to untreated control cultures (average
frequency = 8.7 events/min, average amplitude = 1.05 ΔF/F0,
average half-width = 17.71 ms), SMS alone reduced the
frequency (4.0 events/min) and half-width (15.36 ms) of Ca2+

fluxes, while Au-SPIO NPs alone reduced the frequency (4.9
events/min) but increased the amplitude (1.6 ΔF/F0) and
half-width (19.96 ms) of Ca2+ fluxes. Coexposure to SMS-Au-
SPIO reduced Ca2+ flux frequency (5.9 events/min) with no
effect on half-width or amplitude.
We next asked if these spontaneous Ca2+ fluxes were caused

by L-type VGCCs. Neuronal cultures were bath perfused with
100 μM diltiazem, which is a specific inhibitor of L-type
VGCCs.43−45 Ca2+ fluxes in the presence of diltiazem were
then imaged using a confocal microscope and analyzed. We
first fit Ca2+ event traces following diltiazem exposure for each
of the four conditions (Control, SMS, Au-SPIO, SMS-Au-
SPIO) to exponential fits. We found that SMS, Au-SPIO, and
SMS-Au-SPIO decreased decay rates by approximately 40%
when compared to untreated control cells (Figure S4). Having
found a substantial difference in decay rates with each of the
three manipulations, we then analyzed latency to complete
blockade by diltiazem as reported in the Experimental Section.
As shown in Figure 4A,B, diltiazem almost completely

inhibited spontaneous Ca2+ fluxes in untreated control cultures
(spontaneous = 6.3 events/min, diltiazem = 1.2 events/min),
suggesting that the spontaneous Ca2+ fluxes in these midbrain

neurons were predominantly caused by L-type VGCCs.
Interestingly, when compared to control (78.7 s), the blockade
by diltiazem was significantly delayed by both Au-SPIO NPs
(127.1 s) and SMS-Au-SPIO (178.8 s) but not with SMS (88.8
s) exposure alone. One mechanism that could contribute to
delayed blockade by diltiazem is a change in the activity of L-
type VGCCs due to changes in the resting membrane potential
of midbrain neurons, caused by negatively charged Au-SPIO
NPs. Interestingly, SMS did not alter the amplitude but altered
the frequency of Ca2+ fluxes. The effect of SMS on ion channel
properties and voltage gating are complex and difficult to
interpret per se. The observed absence of delay following L-
type VGCC blockade, despite changes in Ca2+ flux frequency,
could be explained by the idea that channel open times are
regulated distinctly from voltage sensing and desensitization.
Indeed, a recent study has shown that magnetic fields alter the
kinetics of voltage-gated sodium and potassium channels via
possible effect on sialic acid glycosylation motifs on these
channels.50 This suggests that the mechanism of voltage
sensing is dependent on SMS, while the influx of ions through
VGCCs is regulated by mechanisms that do not depend on
SMS. Additionally, in our recent work,51 we have proved that
the activity of L-type VGCC in DA neurons did not depend on
the calcium release from the endoplasmic reticulum. We have
also shown that the activity of L-type VGCC mainly depends
on the extracellular Ca2+ level rather than the intracellular Ca2+

store.
Note that Figure 4A contains representative ΔF/F0 Ca2+

traces for each condition, including a gray bar labeled “100 μM
Diltiazem” to denote when diltiazem was added. In Figure 4B,
for graphs representing population data, each dot for each
condition represents the value of a single cell. The wide
distribution of data for each condition is because of inherent
variability that is observed in native cocultures of astrocyte-
midbrain neurons.40,41

To gain more insight into how the activity of L-type VGCCs
was altered by different treatment conditions, we utilized FFT
as a method to transform the Ca2+ flux from the time domain

Figure 4. SMS and SMS-Au-SPIO alter Ca2+ activity via L-type VGCCs in cultured primary midbrain neurons. (A) Representative ΔF/F0 traces of
primary midbrain neurons with L-type VGCC blocker diltiazem applied from 300 to 600 s following imaging of spontaneous events in the first 300
s as indicated by the gray bar. (B) Summary data including latency to L-type VGCC blockade, Ca2+ flux frequency, amplitude, and half-width prior
to and during diltiazem application. All experiments were performed on three independent cultures. n = 46 control neurons, 33 SMS neurons, 57
Au-SPIO neurons, and 56 SMS-Au-SPIO neurons. Error bars are ± SEM and p values are indicated for all graphs, based on two-sample t-test for
normally distributed data, Mann−Whitney test for non-normally distributed data, and paired-sample Wilcoxon-Sign rank test for paired measures. P
< 0.05 is considered statistically significant. *p > 0.05, **p > 0.01, and ***p > 0.001. NS = not significant.
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to the frequency domain. We then obtained the PSD for Ca2+

fluxes in each midbrain neuron. Thus, PSD would reflect
changes in the amplitude of the Ca2+ fluxes at each discreet
frequency. We analyzed the PSD of spontaneous Ca2+ fluxes
before (Figure 5A) and after (Figure 5B) diltiazem application.
As shown in Figure 5A, PSD analysis of untreated control
cultures showed that there were significant differences in Ca2+

flux amplitude within the lower range of frequencies (<0.1 Hz,
corresponding to 0.6−6 events/min). Compared to controls,
SMS decreased while Au-SPIO NPs increased Ca2+ flux
amplitudes at lower frequencies <0.1 Hz. Interestingly, SMS-
Au-SPIO did not affect Ca2+ flux amplitude at lower
frequencies; however, after diltiazem application (Figure 5B),
both SMS and SMS-Au-SPIO decreased the amplitude of Ca2+

fluxes. In addition, Au-SPIO alone did not affect the amplitude
of Ca2+ fluxes in midbrain neurons. These data confirm that
SMS-Au-SPIO regulates L-type VGCC activity, but the
underlying mechanism is unclear. One possibility is that the
Au-SPIO NPs without SMS are adhered to the extracellular
surface of the neuronal plasma membrane, as shown in Figure
2. This can modulate membrane potential and alter
spontaneous Ca2+ fluxes (Figure 6).37 However, since SMS
causes internalization of negatively charged Au-SPIO NPs into
the cytosol of midbrain neurons (Figure 2), this would also
alter membrane potential and delay the diltiazem-mediated
blockade of Ca2+ activity (Figure 6). This hypothesis is based
on our recent observation that SMS-Au-SPIO NPs hyper-
polarize the membrane potential of PC-12 cells, while Au-
SPIO NPs alone depolarize the membrane potential of PC-12
cells,52 which is possibly due to the cellular mobility change of
Au-SPIO NPs under SMS. Importantly, PC-12 cells possess

several properties that are similar to midbrain DA neurons,
including the expression of tyrosine hydroxylase and the
synthesis of dopamine.53 Therefore, we believe that Au-SPIO
NPs in the presence of SMS will similarly cause a
hyperpolarization of the resting membrane potential and
membrane resistance of DA neurons.
It is interesting to note that although SMS alone reduced the

excitability of neurons in lower frequencies (<0.1 Hz), SMS
did not affect the latency to diltiazem-mediated L-type VGCC
blockade. Since the lower frequencies of Ca2+ activity would
correspond to a sparse population of active VGCCs in a
neuron, this would allow SMS to manipulate the amplitude of
VGCC-mediated Ca2+ influx more efficiently. Future study will
be performed to further explore how SMS-Au-SPIO affects the
change in the membrane resistance of midbrain DA neurons.

SMS-Au-SPIO Alters Midbrain Neuron Synchroniza-
tion. As midbrain neurons establish synapses via axonal
growth,54 synchronous neuronal Ca2+ fluxes between them
play an important role in regulating these processes.55−58

Excessive synchronization of electroencephalography signals
has been observed in PD patients between their motor cortex
and basal ganglia.59 However, it is unclear if neighboring DA
neuron synchronization in the midbrain is associated with PD
pathology and how this is related with L-type VGCC activity.
Based on these studies, we sought to determine the extent to
which SMS-Au-SPIO NPs can modulate the synchronization
of Ca2+ fluxes in midbrain neurons. To do this, we first
conducted a synchronization analysis of neighboring midbrain
neurons using GFS to quantify multiple Ca2+ fluxes in an
interdependent single system from the large sets of midbrain
neurons. GFS is more efficient and accurate46,60 in comparison

Figure 5. Differential effects of SMS and SMS-Au-SPIO on regulating Ca2+ flux amplitudes gated by L-type VGCC at lower frequencies <0.1 Hz.
The PSD of spontaneous Ca2+ flux (A) before and (B) after the diltiazem application.

Figure 6. Schematic illustration of SMS-Au-SPIO regulating L-type VGCC activity.
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to the conventional approach,55 which is mainly done manually
by counting the percentage of cells that display simultaneous
Ca2+ fluxes (GFS = 1 indicates the complete synchronization
of Ca2+ flux amplitudes and phase, while GFS = 0 indicates
asynchronous Ca2+ fluxes.). GFS analysis of all three groups
(SMS, Au-SPIO, and SMS-Au-SPIO) showed that before
applying diltiazem, SMS-Au-SPIO and Au-SPIO did not affect
synchronization, while SMS slightly increased synchronization
(Figure 7A). Additional postdiltiazem experiments showed
that all three groups maintained similar synchronicity as
untreated control cells (Figure 7B). These data suggest that
the SMS-induced Ca2+ synchronization is mainly gated by L-
type VGCC in midbrain neurons, and such an effect can be
reversed by adding Au-SPIO NPs.

SMS-Au-SPIO Does Not Induce DA Neuron Apoptosis
in Cultured Mouse Midbrain Neurons. Since dysregulated
Ca2+ fluxes play an important role in the pathogenesis of
neurodegeneration in PD, we sought to determine the effect of
SMS and SMS-Au-SPIO NPs on apoptotic signaling in
cultured DA neurons. For this purpose, we used TH as a
DA neuron marker and an antibody against cleaved caspase-3
(cell signaling, cat #9661S) as a marker for apoptosis. We
found that, when compared to control (699.4 AU), SMS
(1206.1 AU) alone significantly increased while SMS-Au-SPIO
(530.9 AU) decreased the levels of cleaved caspase-3 in DA
neurons. In addition, Au-SPIO (563.3 AU) alone did not result
in an obvious increase in cleaved caspase-3 (Figure 8). Taken
together with the synchronization results, these findings
suggest that SMS likely induces caspase-3 activation and

Figure 7. Effect of SMS and SMS-SPIO-Au on the synchronicity of Ca2+ fluxes in midbrain neurons before and after diltiazem application. GFS
value (A) before and (B) after diltiazem application. A GFS value between 0 and 1 reflects the level of synchronization of Ca2+ fluxes between two
neurons, where GFS = 1 indicates the full synchronization of Ca2+ fluxes and GFS = 0 indicates no synchronization.

Figure 8. Caspase-3 cleavage in midbrain DA neurons is induced by SMS but not by SMS-Au-SPIO. Left: representative confocal images at 60×
magnification of cleaved caspase-3 and TH expression (DA neuron marker) in cultured primary midbrain neurons. Scale bar: 10 μm. Right:
summary data of DA neuron area (top) and active caspase-3 expression (bottom). All experiments were performed on three independent cultures.
n = 22 control neurons, 20 SMS neurons, 19 Au-SPIO neurons, and 29 SMS-Au-SPIO neurons. Error bars are ± SEM. p values are indicated for all
graphs and are based on two-sample t-test for normally distributed data and Mann−Whitney test for non-normally distributed data. p < 0.05 is
considered statistically significant. NS = not significant.
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initiates apoptosis by increasing the synchronization of
neuronal Ca2+ fluxes. Furthermore, it is likely that the addition
of Au-SPIO interrupts the mechanism by which SMS increases
Ca2+ flux synchronicity, consequently preventing caspase-3
activation and apoptosis.

■ CONCLUSIONS
In summary, we demonstrate that SMS and SMS-Au-SPIO can
regulate spontaneous Ca2+ fluxes in midbrain neurons via the
modulation of L-type VGCC activity. We first explored the
interaction between Au-SPIO and DA neurons and found that
SMS could significantly enhance the intracellular delivery of
negatively charged Au-SPIO NPs to DA neurons. We then
revealed a significant reduction in the frequency of
spontaneous Ca2+ fluxes in midbrain neurons exposed to
SMS, Au-SPIO, or the combination of SMS-Au-SPIO,
suggesting that SMS and Au-SPIO when used in combination
or alone are capable of regulating spontaneous Ca2+ fluxes in
midbrain neurons. The delayed L-type VGCC blockade by
SMS-Au-SPIO suggests that SMS-Au-SPIO treatment modu-
lates Ca2+ fluxes by altering the L-type VGCC activity, which is
further demonstrated by PSD calculation. GFS analysis and an
evaluation of apoptosis with cleaved caspase-3 suggest that
SMS-induced synchronization of Ca2+ flux may initiate
apoptosis while combining SMS with Au-SPIO NPs reduces
the apoptosis. Taken together, these results suggest that
combining SMS with Au-SPIO NPs may be an effective
neuroprotective strategy for PD. They further suggest that
neuroprotection by SMS-Au-SPIOs likely occurs via a
regulation of L-type VGCC activity and consequent attenu-
ation of apoptotic signaling cascades. SMS-Au-SPIO could also
serve as a potential tool for targeted delivery of therapeutic
agents to specific brain regions and the localized modulation of
Ca2+ flux activity. These results also provide important insights
into how SMS-Au-SPIO modulates spontaneous Ca2+ fluxes
and the associated downstream cellular processes in midbrain
neurons. Future studies will explore the effect of NP surface
charge, pH, and other parameters on the cellular uptake of
NPs, as well as their ability to electrically tune the activity of
native midbrain neurons with and without SMS. The
additional experiments will be performed to explore how
long it takes to reach the maximum accumulation of Au-SPIO
in DA neurons. We will also dissect the relationship between
L-type VGCC activity, Ca2+ flux synchronization, and
apoptotic signaling. In future studies, in vivo experiments will
be performed to verify toxicity, biodistribution, and pharma-
cokinetic behavior of SMS-Au-SPIO, as well as the targeted
delivery of therapeutic agents to specific brain regions. We will
also explore if SMS-Au-SPIO-induced alterations in sponta-
neous Ca2+ activity affect dopamine release and thus PD
therapeutics.
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