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ABSTRACT: Electrical stimulation using implantable electro-
des is widely used to treat various neuronal disorders such as
Parkinson’s disease and epilepsy and is a widely used research
tool in neuroscience studies. However, to date, devices that
help better understand the mechanisms of electrical stimulation
in neural tissues have been limited to opaque neural electrodes.
Imaging spatiotemporal neural responses to electrical stim-
ulation with minimal artifact could allow for various studies
that are impossible with existing opaque electrodes. Here,
we demonstrate electrical brain stimulation and simultaneous
optical monitoring of the underlying neural tissues using
carbon-based, fully transparent graphene electrodes implanted
in GCaMP6f mice. Fluorescence imaging of neural activity for
varying electrical stimulation parameters was conducted with minimal image artifact through transparent graphene
electrodes. In addition, full-field imaging of electrical stimulation verified more efficient neural activation with cathode
leading stimulation compared to anode leading stimulation. We have characterized the charge density limitation of
capacitive four-layer graphene electrodes as 116.07−174.10 μC/cm2 based on electrochemical impedance spectroscopy,
cyclic voltammetry, failure bench testing, and in vivo testing. This study demonstrates the transparent ability of graphene
neural electrodes and provides a method to further increase understanding and potentially improve therapeutic electrical
stimulation in the central and peripheral nervous systems.
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Oneof the key utilities of implantable neural electrodes is
the ability to apply therapeutic electrical stimulation to
the central and peripheral nervous systems. Modu-

lation of neural circuits via electrical stimulation clinically results
in the reduction of motor symptoms such as tremor, rigidity, and
slowmovement in patients with Parkinson’s disease and essential
tremor.1−5 A reduction of seizure frequencies in those suffering
from epilepsy has also been reported.6−9 However, the mech-
anisms of electrical stimulation in the central and peripheral
nervous systems are still poorly understood and need to be

further investigated in order to increase effectiveness and support
the application of electrical stimulation as a neuromodulation tool.
Until now, electrical neuromodulation systems have used

opaque metal-based neural electrodes (i.e., tungsten (W),
platinum (Pt), platinum−iridium (Pt−Ir), and iridium oxide
(IrOx)),10−14 which impede researchers from imaging the
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activity of neurons and other neural cell types near or beneath the
electrode. Opaque electrodes impede optical imaging directly
under the electrode site and attached traces (i.e., image artifact).
In other words, opaque electrodes block the field of view,
resulting in a loss of information during in vivo imaging.
The development of transparent, carbon-based, graphene neural
electrodes could enable a multitude of discoveries that were
previously impossible with metal-based opaque neural electro-
des, by allowing direct monitoring of the biological scene behind
the electrode sites (Figure 1A). The advantages of using
transparent graphene electrode arrays over traditional opaque
metal-based arrays have been previously demonstrated in

electrophysiology, in vivo imaging, and optogenetic experi-
ments.15−17 Simultaneous neural recordings during optogenetic
stimulation in transgenic mice (Thy1-ChR2), standard fluo-
rescence microscopy, and optical coherence tomography (OCT)
through graphene-based carbon-layered electrode arrays
(CLEAR) were possible due to the wide-spectrum (UV-IR)
transparency of graphene electrodes.15,16 Despite the promising
utilities of graphene electrodes, their ability to provide
behaviorally relevant electrical stimulation remains unknown.
Furthermore, as the supercapacitor property of graphene-based
electrodes has been reported for energy storage devices,18,19

it will be beneficial to characterize the fundamental properties

Figure 1. Transparent graphene microelectrocorticography (μECoG) electrodes and their electrochemical impedance spectra. (A) Demonstration
of microECoG implantation over sensorimotor cortex and electrical stimulation in GCaMP6f mice. Transparent graphene electrodes are beneficial
for full-field imaging, whereas opaque metal electrodes hinder direct observation beneath the stimulation electrode. (B) Three different types of
graphenemultielectrode arrays with varying electrode site diameters (100, 150, 200 μm). (C) SEM image at 420×magnification of a single graphene
electrode site (Synergy Technologies LLC, Cedarburg, WI). (D) Graphene microECoG array with 16 transparent electrode sites and a ZIF PCB
connector. (E) Impedance (Z) trend for different electrode areas. (F)Nyquist plots of good and dead channels. (G)Magnified viewofNyquist plots.
(H) Bode magnitude plots and (I) Bode phase plots of good and dead channels.
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such as electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) for the graphene neural electrodes.
Here, using EIS, CV, and equivalent circuit modeling, we

describe the underlying charge transfer properties of graphene
electrodes. The guidelines for charge density limitations through
graphene electrodes are provided based on empirical evidence.
We also present the spatiotemporal propagation of electrical
stimuli in neural tissue using transparent graphene neural
electrode arrays implanted in transgenic GCaMP6f mice.
In vivo fluorescence imaging of neurons with genetically encoded,
ultrasensitive calcium indicators (GCaMP6f)20 enabled the
observation of spatiotemporal dynamics of electrical stimulation
with minimal image artifact. Monitoring of electrical stimulation
over the entire 16-channel electrode array (up to 3.1 × 3.1 mm2)
was possible due to the highly transparent nature of graphene
(i.e., full-field view). Finally, the method was applied to observe
the difference in neural activation between two distinct stimu-
lation pulses: cathode leading and anode leading. The discovery
of graphene’s ability to transfer charge effectively at levels of
biological interest has the potential to allow researchers to gain a
deeper understanding of the underlying biological mechanisms
of electrical stimulation.

RESULTS/DISCUSSION
Fabrication, EIS, and Charge-Carrying Mechanisms of

Graphene Neural Electrodes. Electrochemical impedance
spectroscopy is an important tool used to understand the
biophysical properties of recording and stimulation electro-
des.21,22 Both the charge density delivered to the subject during
electrical stimulation and the electrochemical impedance is
dependent on the geometry of the electrode site. To investi-
gate the charge-carrying mechanism of graphene electrodes
and the effect of the electrode area on impedance and elec-
trical stimulation, graphene electrodes of different diameters
(100, 150, and 200 μm) were fabricated (Figure 1B).
The surface areas of these electrodes are 7854, 17 671, and
31 416 μm2, respectively. Platinum-based electrode arrays were
also fabricated to serve as a control. The details of the fabrication
process can be found in the experimental section of our previous
papers.15,16 Briefly, transparent graphene electrode arrays with
16 channels were fabricated on a Parylene C substrate. Electrode
sites and connecting traces close to the stimulation area are made
of patterned four-layer graphene, while the traces far away from
the stimulation area and pads are made of stacked titanium (Ti),
gold (Au), and platinum (Pt) metals (Figure 1B,C). All of the
conductive materials are located on the same Parylene C surface
and electrically connected. The four-layer graphene electrode
sites and traces are optically clear, having a transmittance of over
90%.15 Figure 1C shows a scanning electron microscopy (SEM)
image at 420× magnification of the graphene electrode site
etched from the surrounding polymer substrate. The fabricated
electrodes were inserted in a zero insertion force (ZIF)
connector on a printed circuit board (PCB) to connect the
device to a potentiostat and an electrical stimulator (Figure 1D).
We measured the electrochemical impedance of each

electrode at 1 kHz, which is a benchmark frequency of
neural electrodes (Figure 1E).23,24 Channels with an impedance
of under 1 MΩ were considered “good”, while those with
an impedance over 1 MΩ were considered “dead”, as high
impedance results in noisy electrophysiological recordings of the
cerebral cortex (Supplementary Figure 1). The average impe-
dances of good channels were 286.4 ± 92.6, 248.7 ± 125.0, and
215.7 ± 120.4 kΩ for the electrodes with areas 7854 μm2

(D = 100 μm), 17 671 μm2 (D = 150 μm), and 31 416 μm2

(D = 200 μm), respectively. As expected, the average impedance
decreased as electrode surface area increased, and the majority of
good channels ranged between 100 and 600 kΩ at 1 kHz.
Figure 1F−I show representative EIS measurement results of a

graphene electrode with a diameter of 200 μm. The Nyquist plot
(Figure 1F magnified in 1G) shows that the good channels have
lower resistance (R) and reactance (−X) compared to dead
channels. The Bode plot in Figure 1H depicts the lower
impedance (Z) of good channels in the measured frequency
range (1−100 kHz). Importantly, the phase of good channels
was more than 60° in physiologically relevant frequencies (i.e.,
1 to ∼10 kHz), indicating a mainly capacitive charge transfer
mechanism (Figure 1I).

Equivalent Circuit Modeling, CV, and Failure Bench
Testing.Agraphene electrodewasmodeled as an equivalent circuit
to understand its charge-carrying mechanism (Figure 2A−C).
The inset of Figure 2A describes the circuit model composed of
four individual elements: a constant phase element impedance
(ZCPE), charge transfer resistance (Rct), Warburg impedance
(ZW), and solution resistance (Rs). The ZCPE represents the
double-layer capacitance of neural electrodes expressed in eq 1,

ω
= π−Z

Q
1

en
ni

CPE
( /2)

(1)

whereQ is the magnitude of ZCPE, n is a constant (0≤ n≤ 1), and
ω is the angular frequency.
Measurements of electrode properties made in the EIS agreed

with the equivalent circuit model (Table 1). The large value of n
(0.918) indicates that the graphene electrode’s double-layer
capacitor is close to that of an ideal capacitor (n = 1). Previously,
Du et al. reported a slightly different phase plot and equivalent
circuit for a monolayer graphene electrode introducing an
additional constant phase element (CPE2) and leakage resistance
(RL).

25 Although their model could account for the quantum
capacitance of graphene, the electrode size in the study was much
larger (7 000 000 μm2) than standard microscale neural
electrodes (100−50 000 μm2).16,26 Kuzum et al. reported the
equivalent circuit model for doped graphene.17 This model used
similar equivalent circuit and parameters. The modeling work in
these studies shows a capacitive-like charge-carrying mechanism
for graphene electrodes, similar to what our results show.
Capacitive charge transfer is a desirable property of electrodes
used for biological stimlulation because of the reduced chemical
changes and tissue damage that occur at the tissue−electrode
interface, compared to that of the faradaic mechanism of charge
transfer.27 However, note that the impedance of the graphene
electrode is 1 or 2 orders higher than that of platinum electrodes
(Supplementary Figure 2).
Cyclic voltammetry was used to examine the presence of

electrochemical reactions and calculate cathodal charge storage
capacity (Qcap) on the surface of graphene electrodes.21,28

The current−voltage (I−V) characteristics for both good and
dead channels are shown in Figure 2D. The good channel
(Z ≈ 200 kΩ) had a peak current of around 50 nA at −0.6 V,
while the dead channel (Z > 1 MΩ) had a peak current of less
than 1 nA, indicating that this channel is not appropriate for
electrical stimulation. Furthermore, the peak current range was
from 10 to 80 nA at scan rates of 10−1000 mV/s in all
good electrodes (Figure 2E). The CV trend of graphene neural
electrodes is similar to that of metal-based neural electrodes.21

Normally, the peak current is proportional to the square root of
the scan rate if electron transfer at the electrode surface is limited
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by the diffusion of analyte species.29 At slow scan rates, the
diffusion layer will grow much further from the electrode’s
surface compared to fast scan rates, leading to lower currents with
high capacitance. The Qcap indicates the charge available at the
electrode interface, thus helping to evaluate the maximum
charge density allowed during electrical stimulation.21,28Qcap was
calculated by integrating the cathodal (negative) current
density enclosed by the CV and dividing by the sweep rate.
The calculated Qcap was 87.8 μC/cm

2 for a sweep rate of 1 V/s.
The charge-carrying capacity was similar to the experimental
charge density values described in the following failure bench
testing and in vivo electrical stimulation experiments. These CV
results not only are helpful to examine the charge-carrying capa-
city but also can be used to evaluate the viability of the electrodes
prior to their use in in vivo experiments.
Voltage transients were measured to estimate the safe limit

for charge injection into tissue for the graphene electrodes
(Supplementary Figure 3A). We estimated charge injection
capacity (CIC) using previously published methods21,30−32

(see Methods section for details) and used a negative
polarization potential of −0.6 V as the threshold to determine
themaximumCIC.We found the CIC for graphene electrodes to

be 57.13 μC/cm2, with higher levels of stimulation resulting in nega-
tive polarization potentials <−0.6 V (Supplementary Figure 3B).
Lastly, a failure bench test was performed in 0.9% saline

solution to estimate the maximum current density that would
flow through a graphene electrode site. Electrode impedance (Z)
was measured before and after electrical stimulation (205 μs
pulse width; 150 Hz; 650 ms total time) on eight graphene
electrode sites to examine electrode integrity (Figure 2F). Failure
was denoted when a electrode exibited Z above 1 MΩ at 1 kHz.
The graphene electrodes with electrical stimluation up to 110 μA
had minimal change in Z. Increasing electrical stimulation past
this level began displaying failure of the electrode sites, with 50%
of the sites failing following stimulation at 130 μA and all failed
following stimulation at 180 μA. The average impedance at each
electrical stimulaiton value was plotted and fitted to a line.
According to the average fit and the 1 M cut off, stimulation past
120 μA (78.3 μC/cm2) could result in failure of the graphene
electrode site. However, note that graphene electrodes in good
condition could allow stimulation currents larger than 120 μA.

Electrical Stimulationwith Graphene Electrodes versus
Platinum Electrodes. On the basis of the bench testing
evaluation of transparent graphene electrodes, we investigated

Table 1. Parameters of Equivalent Circuit Model

Q [S·sn] n Rct [Ω] RS [Ω] ZW [S·s1/2]

graphene (31 416 μm2) [this work] 1.42 × 10−9 0.918 1.07 × 106 5.92 × 103 2.97 × 10−9

graphene (7 000 000 μm2) [Du et al.] 5.75 × 10−7 (CPE1) 0.673 3.35 × 103 (Rct) 1.71 × 102 8.13 × 10−6

5.56 × 10−7 (CPE2) 0.905 2.34 × 107 (RL)
doped graphene (2500 μm2) [Kuzum et al.] 5.64 × 10−9 0.67 84.9 × 106 17.36 × 10−9

platinum (31 416 μm2) [this work] 1.83 × 10−9 0.832 1.78 × 107 3.36 × 102 1.50 × 10−7

Figure 2. Equivalent circuit modeling, cyclic voltammetry (CV), and failure bench test results of graphene electrodes. (A) Nyquist plot of
measurement data and modeling of a graphene electrode with the equivalent circuit (inset). (B) Bode magnitude plot and (C) Bode phase plot
with measurement data and equivalent circuit modeling. (D) CV for good (Z ≈ 200 kΩ) and dead (Z > 1MΩ) channels. (E) CV for varying scan
rates. (F) Changes in 1 kHz impedance magnitude following electrical stimulation increasing current amplitudes.
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the capabilities of these electrodes during in vivo electrical
stimulation using transgenic GCaMP6f mice (two with
implanted graphene electrode arrays and one with a platinum
electrode array). We have taken advantage of the recently
developed genetically modified mouse line incorporating green
fluorescent calcium indicator GCaMP6f in subsets of excitatory
Thy-1 proteins. GCaMP6f is a fast, highly sensitive, genetically
encoded calcium indicator that emits light when the neurons
expressing it are activated.20,33,34 Therefore, it is an excellent
model for imaging precise neuronal activity in vivo. We have
combined our graphene electrode array with chronic in vivo

fluorescence imaging of GCaMP6f mice through a cranial
window.16,35 Evoked fluorescence signals were imaged via
fluorescence microscopy and used to map the spatiotemporal
response to electrical stimulation applied through both graphene
and platinum (Pt) electrodes.
In this experiment, charge-balanced biphasic current pulses at

150 Hz (205 μs pulse width; 6.667 ms period) were applied for
650 ms through one site on an implanted transparent graphene
neural electrode array, and the corresponding fluorescence
images were recorded withminimal artifact (Figure 3A). Biphasic
stimulation was chosen because it is known to cause less tissue

Figure 3. Electrical stimulation delivered to the cortex through a microECoG electrode site and corresponding neural activity via fluorescence
visualized in GCaMP6f mice. Visualization of the fluorescent neural response after stimulation with (A) a single graphene electrode site (marked
with a red triangle) and (B) a single platinum electrode site (marked with a red triangle). (C) Fluorescence intensity over graphene electrodes
with minimal artifact (data from yellow dotted line in A). (D) Fluorescence intensity over platinum electrodes with artifact from the electrode
sites (data from yellow dotted line in B). (E) Visualization of the intensity of neural response to 100 μA electrical stimulation at times −130 to
+670ms of peak response with the same graphene electrode array as in A. (F) Visualization of the intensity of neural response to 500 μA electrical
stimulation at times −130 to +670 ms of peak response with the same platinum electrode array as in B. The 100 μA Pt stimulation result can be
found in Supplementary Figure 4.
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damage compared to monophasic stimulation.36−38 Fluores-
cence microscopy demonstrated the potential of graphene
electrodes as the fluorescence evoked by neural activity and the
cortical vascular system was clearly visible, unlike the Pt-based
arrays, which were obstructed (Figure 3A and B). Electrical
stimulation at a single electrode site caused widespread depo-
larization of the cerebral cortex with peak fluorescence
(i.e., stimulation evoked neural activity) occurring directly under-
neath the electrode site. One mouse was used for Figure 3A, C,
and E, and a second mouse was used for Figure 3B, D, and F.
Figure 3C and D show the fluorescence intensity measured over
graphene electrodes and platinum electrodes, respectively.
For stable in vivo imaging, stimulation currents of 100 and
500 μA were applied through graphene and platinum, respec-
tively.While the 500 μAwas themaximum allowed current in our
protocol, the current level for graphene was limited to 100 μA
based on our bench testing results. Despite the lower stimulation
current, graphene electrodes show not only the peak response
but also the vasculature beneath electrode sites, which is useful in
studying changes in blood flow during electrical stimulation.
On the other hand, the peak response and cortical vasculature
was largely blocked by platinum electrodes (Figure 3D). Com-
parison using the same stimulation current (100 μA) can be
found in Supplementary Figure 4.
Figure 3E and F show temporal fluorescence images of

the cortex with graphene electrodes and platinum electrodes,
respectively. It can be clearly seen that the full-field view beneath
the graphene electrode sites provides more information than that

of the Pt electrode array, which obscures a partial view of the
vasculature and tissues. Movies showing electrical stimulation
through the implanted graphene (100 μA) and Pt (100 and
500 μA) electrodes can be found in the Supporting Information
(Movies S1, S2, and S3, respectively).

Spatiotemporal Dynamics with Minimal Imaging
Artifact. Various levels of electrical stimulation (current =
50, 100, 150, 200, and 300 μA) applied through a graphene
electrode site (D = 150 μm) were imaged in one mouse using a
fluorescence camera (Figure 4A). The corresponding charge
densities with current values 50, 100, 150, 200, and 300 μA are
58.03, 116.07, 174.10, 232.13, and 348.20 μC/cm2, respectively.
The current-to-charge-density conversion chart can be found
in Supplementary Figure 5. The current amplitude range of
50−300 μA was chosen to verify failure bench test results.
Stimulation-induced neural activity was repeatedly viable with
currents ranging from 50 to 150 μA in the implanted mouse.
Like the bench test results, stimuli at amplitudes greater than
150 μA (200 and 300 μA) increased the probability of electrode
failure. Due to this increased failure rate, analysis was restricted to
stimulation currents less than or equal to 150 μA. As expected, we
observed an increase of neural activation in response to higher
stimulation amplitudes. The spatial responses demonstrated an
increased area of neural activation and peak response as applied
current increased (Figure 4B). Quantitatively, the distance of
5% fluorescence change (ΔF/F) was increased from ∼500 μm
(50 μA) to ∼1500 μm (150 μA). The peak neural response
(i.e., greatest fluorescence intensity) was observed between

Figure 4. Spatiotemporal responses to varying electrical stimulation currents through a graphene electrode site. (A) Electrical stimulation (50−150 μA;
150 Hz) was applied through a graphene electrode site (red star), and the neural responses were monitored simultaneously. The spatiotemporal
responses demonstrate an increased area of neural activation and an increased fluorescence change as applied current increases (scale bar:
500 μm). (B) Spatial response analysis (fluorescence intensity versus distance). The maximum fluorescence change was observed from ∼6%
(50 μA) to∼20% (150 μA) at the center of the stimuli. (C) Temporal response analysis (fluorescence intensity change versus time). The temporal
responses are shown in the horizontal frames presenting the peak responses between 200 and 400 ms after the stimuli. Peak intensity, measured
as the average intensity of three frames beginning at 200 ms poststimulation, increased monotonically with increasing stimulation amplitudes
(inset). The asterisk indicates a significant difference (p = 0.05).
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200 and 400 ms (Figure 4C) and increased monotonically with
increasing stimulation amplitudes. Analysis of variance
(ANOVA) found a significant effect of stimulation amplitude
(F3,17 = 500.1; p = 8.97e

−17). Post hoc t tests revealed a significant
difference in fluorescence intensities between each stimulation
level (p < 0.05). Importantly, visualization of the spatiotemporal
activation dynamics was unimpeded by the electrode sites due to
the high transparency of graphene neural electrodes.
These results correspond with the failure bench test results,

indicating that graphene neural electrodes will allow a stimu-
lation current up to 100−150 μA (116.07−174.10 μC/cm2).
The different charge density allowance for each electrode may be
attributed to the initial condition of the graphene electrode
sites, such as the number of defects. In most cases, however,
the graphene electrode can stably allow a charge density up to
116.07−174.10 μC/cm2.
Anode versus Cathode Leading Stimulation. Finally,

we investigated the effects of cathode leading stimulation (the
electrode is driven negative with respect to its prepulse potential)
and anode leading stimulation (the electrode is driven positive)

on the neural response in a mouse (Figure 5A). Yazdan-
Shahmorad et al. reported the difference between the effects of
pulse polarity (anodic vs cathodic) on the unit firing rate, local
field potentials (LFPs), and ECoG signals.39,40 Their results
showed an increase in unit activity following anodic stimulation
and a decrease in unit activity following cathodic stimulation in
lower layer (V and VI) units. On the other hand, the opposite
effect was seen for the units in upper cortical layers (I and II)
(i.e., an increase in neural activity following cathode leading
stimulation). Manola et al. reported a modeling study suggesting
that anode leading stimulation preferentially excites neural
elements perpendicular to the electrode surface, whereas cathode
leading stimulation excites those parallel to its surface.41

Both studies suggest that the cathode leading stimulation could
lead larger and faster neural responses on the brain surface.
The electrophysiological monitoring and modeling study can be
observed optically with the combination of transparent neural
electrodes and GCaMP6f technologies. Here, cathode leading
stimulation elicited a stronger neural response (i.e., increased
fluorescence) compared to anode leading stimulation (Figure 5B).

Figure 5. Anode vs cathode leading stimulation. (A) Experimental setup and wave schematics of anode and cathode leading stimulation.
(B) Spatiotemporal representation of 100 μA electrical stimulation through a graphene electrode site. Cathode leading stimulation shows higher
fluorescence intensity as well as faster onset of neural activity. (C) Spatial fluorescence intensity measured at peak response (323 ms).
(D) Temporal fluorescence intensity changes. Both spatial and temporal responses show that cathode leading stimulation is more efficient than
anode leading stimulation.
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Both the spatial response (Figure 5C) and temporal response
(Figure 5D) show that the area and peak fluorescence signals
were larger in the cathode leading stimulation. This means that
more neurons were excited with the cathode leading stimulation.
The result corresponds to previous reports in which neurons
located in the upper cortical layer have a higher probability of
excitation after cathodic stimulation.39 Also, it can be explained
by the different amounts of depolarization occurring during
the stimulation; the depolarization with anodic stimulation is
roughly one-seventh to one-third that of the depolarization with
cathodic stimulation.42 Our results support the finding that the
cathode leading stimulation is more efficient at delivering charge
to the brain. However, it should be noted that the neural
responses to the different stimulation polarities depend on
various neurological conditions. In addition, the stimulation
effects are both frequency- and amplitude-dependent.40 Further
studies will be required to fully characterize the effects of polarity
on the signal of calcium indicators.

CONCLUSION
In summary, we have demonstrated the viability of electrical
stimulation and its simultaneous full-field monitoring with
transparent graphene neural electrodes implanted in GCaMP6f
mice. The capacitive charge carrying mechanism based on the
impedance study of various electrode dimensions suggests that
the graphene neural electrode can be a promising neural
stimulation tool. Both bench and in vivo testing results indicate
that the graphene neural electrodes could safely deliver
stimulation currents up to 116.07−174.10 μC/cm2. Although
this charge density limit is lower than that of other neural
electrodes such as Pt (300−350 μC/cm2)43,44 and poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT−
PSS) (3.6 mC/cm2),45 it is within the documented limits for
safely activating tissue (10−800 μC/cm2 per phase).46,47

Therefore, the relatively low charge density limit of graphene
would be compatible with most practical in vivo electrical
stimulation without neural damage. More importantly, the high
transparency of the graphene electrode provides experimental
advantages that are not available with opaque neural electrodes.
Future work will investigate the relationship between the

condition of the graphene electrodes and their charge-carrying
capacity and methods for improving the charge density
limitation. Regardless, this work demonstrates the utility of
graphene electrodes for in vivo electrical stimulation and may
enable discoveries when combined with other technologies. By
using already developed computer models and data analysis
techniques, these data may be used to tease apart the various
contributors to electrical stimulation effects, such as volume
conduction and synaptic propagation. The transparency of the
graphene electrodes and traces should extend to other imaging
modalities (magnetic resonance imaging, optical coherence
tomography, etc.). These applications would further validate
the use of graphene electrode technology for potential clinical
applications. Lastly, the use of this technology with optogenetics
as well as different animal disease models will create a multimodal
platform for investigating the mechanisms of neuromodulation
for various neurological disorders.

METHODS
Device Fabrication. A 4 in. silicon wafer was coated with 15 μm

thick Parylene C. The metal traces and pads (Ti/Au = 10/200 μm) were
patterned using photolithography and a lift-off process. The metal traces
were not covering the electrode sites where the transparency is needed

but only used for interconnection between the ZIF PCB and the
electrodes. The four-layer graphene was transferred to the metal
patterned substrate, and a silicon dioxide (SiO2) protection layer was
deposited. The graphene/SiO2 layers were patterned using photo-
lithography to form the electrode sites and part of the traces. A second
Parylene C (10 μm) was coated to encapsulate the entire wafer. The first
and second Parylene C (25 μm in total) was etched performing
photolithography and oxygen (O2) plasma twice. The outline of the
devices was defined in the first and second etching, and the electrode
sites and pads were exposed after the second dry etching using the
appropriate photomask. The Parylene C was overetched to ensure that
no Parylene C residue remained on the electrode surface. Then, the SiO2
protection layer was etched using 1:6 BOE wet etchant so the graphene
surface was exposed to the air. Finally, the fabricated devices
were released from the silicon wafer. All three kinds of graphene neural
electrodes (D = 100, 150, 200 μm) were designed in the
same photomask, so they underwent the same process (Figure 1A).
The detailed recipes can be found in our previous papers.15,16

Electrochemical Impedance Spectroscopy, Cyclic Voltam-
metr, and Charge Injection Capacity. A three-electrode system was
used with graphene as the working electrode (WE), the platinum as the
counter electrode (CE), and Ag/AgCl as the reference electrode (RE) in
saline solution. The 16-channel graphene electrode was connected to
the Autolab PGSTAT 128N (Metrohm Autolab, TheNetherlands) via a
ZIF PCB. For the EIS, 10 mV sine waves at frequencies from 0.1 to
100 kHz were used, and the parameters of the equivalent circuit were
extracted using Nova 1.10 software (Metrohm Autolab). For CV, three
cycles of the potential sweep from −0.6 to 0.8 V were applied, and the
last cycle curve was plotted to show the stabilized signal. Scan rates
ranged from 10 to 1000 mV/sond.

Charge injection capacity of the graphene electrode was measured
using previously published methods.21,30 The same three-electrode
system described above was used in these experiments. Charge-
balanced, constant-current pulses (10−80 μA, cathode leading, 500 μs
phases, 100 μs gap between phases) were applied to theWE (return path
through the CE). The resulting voltage transient was measured between
the WE and RE. The maximum negative polarization potential (Emc)
was assumed to be the WE voltage 50 μs following the end of the
cathodic phase.

Scanning Electron Microscopy Imaging. SEM images were
taken with a backscattered electron detector in low-vacuum (environ-
mental) mode. The pressure was 40 Pa air, and the acceleration voltage
was 10 kV. The image (Figure 1C) was acquired at 420×magnification.

Animal Surgery. All animal procedures were approved by the
Institutional Animal Care and Use Committee at the University of
Wisconsin−Madison. Three C57BL/6J-Tg(Thy1-GCaMP6f)-
GP5.5Dkim/J mice (Jackson Laboratories stock number 024276)
approximately 6−16 weeks old were used. All experiments were
performed during a single terminal imaging session. Animals were
pretreated with dexamethasone (2 mg/kg) to prevent cerebral edema,
anesthetized with 1−2.5% isoflurane inO2, and placed on a heat pad, and
vital signs were monitored throughout surgery. A bolus injection of
0.25 mL of saline was given subcutaneously for fluid administration.
An in vivo imaging head holder for mice (SGM-4 Narishige) was used to
perform stable surgery and minimize movement artifact for imaging.
Once secured, the scalp was removed and a craniotomy was made
over the sensorimotor cortex per previously published methods.16

A 16-channel graphene electrode array was then laid onto the dura with a
micromanipulator, and a round glass coverslip was placed over the array
and neural tissue. Small pieces of saline-soaked GelFoam were placed
along the edges of the glass coverslip to keep the brain moist during the
procedure. The ground wire of the electrode array was coiled into a ball
and placed into the trapezius muscle in the base of the neck. Approxi-
mately 10−15 min before the start of electrical stimulation and
fluorescence recording, anesthesia was switched from isoflurane to a
ketamine (25−100 mg/kg)/dexmedetomidine (0.05−0.1 mg) cocktail,
as isoflurane ablates nearly all cortical signals.

Electrical Stimulation. A 16-channel graphene or platinum
electrode array of 150 μm diameter sites was placed on the
somatosensory cortex of a GCaMP6f transgenic mouse. The stimulation
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return path consisted of a stainless-steel wire placed in the trapezius
muscle at the base of the neck. A single site on the electrode was chosen
to stimulate the cortex. A pulse train was delivered at 150 Hz with a
biphasic pulse duration for 205 μs lasting for 650 ms. The amplitude was
varied per trial (50, 100, 150, 200, and 300 μA or respectively 58.03,
116.07, 174.10, 232.13, and 348.20 μC/cm2) consisting of seven trials.
The polarity of the leading pulse was also changed (anode leading vs
cathode leading) at 100 μA (116.07 μC/cm2). Pulses were given by
AM-Systems Isolated Stimulator Model 2100, which was triggered by
the OCT system.
Current to Charge Density Conversion. Charge density applied

through an electrode site was calculated using the equation below.

=
×Q

A

I t

A
per phase per phase

whereQper phase is the total charge delivered per phase, A is the area of an
electrode site, I is the current, and tper phase is the time for a phase. For
instance, 200 μA for 205 μs per phase through a diameter of 150 μm can
be calculated as follows.

μ × = μ200 ( A) 0.000205 (s)
0.000176715 (cm )

232.01 C/cm /phase2
2

Fluorescence Imaging. The fluorescence images in Figure 3 and
SupplementaryMovies 1, 2, and 3 were acquired using the light path of a
LeicaMZ 16F stereoscope in combination with a SonyHDR-SR11 high-
definition camcorder. The fluorescence images in Figures 4 and 5 were
acquired using a custom-made fluorescencemicroscope to image an area
of 4.6 × 3.4 mm2 on the brain at a speed of 9.5 frames per second.
The microscope employed a GFP filter set, which consisted of an
excitation filter (ET470/40x, Chroma), a dichroic beam splitter
(FF440/520-Di01, Semrock), and an emission filter (ET525/50m,
Chroma). A DG4 illumination system (Sutter Instrument, Novato, CA,
USA) served as the excitation light source. The illumination power on
the sample was 8 mW over an area of 4 mm in diameter. An objective
lens with a magnification of 10× and numerical aperture of 0.1 (LSM02,
Thorlabs) was used for illuminating and imaging the sample.
The emitted fluorescence light was captured by the objective lens and
imaged on a charged coupled device camera (EXi Aqua, QImaging).
The length of each imaging sequence was 15 s, which started 4 s prior to
the stimulation onset and continued up to 11 s after the onset. The noise
of the images was reduced by applying a spatial Gaussian kernel of
variance of 3 pixels to the recorded images. Then a baseline image was
calculated by averaging all the images that were captured prior to the
stimulation onset. The percentile change in the intensity of each pixel
with respect to the baseline image was calculated for the poststimulation
images and superimposed on the baseline image after color coding.
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