Neural interfaces based on flexible graphene
transistors: A new tool for electrophysiology
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Abstract— The use of graphene transistors for transducing
neural activity has demonstrated the potential to extend the
spatiotemporal resolution of electrophysiological methods to
lower frequencies, providing a new tool to understand the role
of the infra-slow activity.

L INTRODUCTION

The brain is one of the most elaborate structures in nature,
its activity spans over multiple temporal and spatial scales that
requires a set of technologies to advance in its understanding.
Through the years, the advance in neuroscience has benefited
from coordinated and interdisciplinary efforts from different
fields such us genetics, immunostaining, electrophysiology,
optical or computational tools, which has made possible to
identify neuronal types, the principles of neural coding, or the
role of specific regions of the brain [1].

Electrophysiology is consistently used to measure the brain
activity due to the electrical nature of neuronal activity.
Typically, electrophysiological methods can be used to measure
the activity at different spatial resolutions. At the microscale,
patch-clamp techniques are used to measure from currents of
single ion channels to single neuron activity. At the macroscale,
electroencephalography (EEG) detects spontaneous or evoked
electrical activity from the scalp with low spatial resolution (cm
range) due to the skull’s filtering [2], [3]. Large areas of the
brain can also be observed with indirect measurements of the
brain’s activity via functional magnetic resonance imaging
(fMRI), positron emission tomography (PET), or
magnetoencephalography (MEG), resolving functional
connectivity among brain regions. At the mesoscale,
extracellular recordings enable simultaneous measuring of local
field potentials (LFPs) from a population of neurons and
extracellular action potentials (EAPs) from single cells.
Electrocorticography (ECoG) is the current solution to
obtaining large area brain recordings with high temporal
resolution. tECoG consists in placing microelectrode arrays
(MEAs) directly on the cortex surface and records signals from
a large number of cortical columns [4]. In addition, the deeper
activity along the cortical columns are commonly recorded via
implants inserted in the cortex or deeper structures [5].
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To implement any electrophysiology method an efficient
transducer is required. The voltage drop caused by ionic
transmembrane currents in the surrounding extracellular
medium must be converted into an electrical signal to be
recorded by the electronic instrumentation. Passive metallic
electrodes are the most commonly used transducers [6]. The
advance of the microfabrication techniques together with the
investigation in novel materials (porous metals, oxides, or
conductive polymers) lead to the integration of large number of
recording sites in the neural interfaces, improving the spatial
resolution while preserving the signal-to-noise ratio [4], [5], [7].

Thanks to their unique set of properties, graphene is
considered as a transducer with very high potential for next
generations of neural interfaces. Graphene exhibits high carrier
mobility and field effect properties [8], enabling the
implementation of the so-called graphene based solution-gated
field-effect transistor (gSGFET) as a transducer for neural
signals. The intrinsic local amplification of this configuration
reduces the sensitivity to external noise sources. The high
chemical stability [9] allows the operation without a gate
dielectric layer, increasing the gate capacitance and therefore
the transistor transconductance [10]. The use of a transistor as
a transducer also enables the implementation of multiplexing
strategies by addressing arrays arranged in rows and columns.
This fact allows to reduce the connectivity and scale up in
number recording sites [7]. These features are complemented
with very good mechanical conformability [11], [12], enabling
flexible neural interfaces highly conformable to the brain
surface. Moreover, single layer graphene prepared by chemical
vapor deposition (CVD) provides optical transparency. This
feature is very interesting to combine the electrical neural
recordings with the recent advances in the optogenetics field
[13]. Optogenetics represents a tremendous tool to remotely
control and measure the electrical activity of neurons with light.
It allows to selectively excite/inhibit specific cells within the
densely packed neural tissue [14], providing a complementary
information to electrophysiology [15].
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II.
A. Low frequency capabilities

GRAPHENE TRANSISORS FOR NEURAL INTERFACES

Recently, we have demonstrated the unique capabilities of
active gSGFET transducers for recording infra-slow activity
(ISA) [16]. This technology is able to overcome the limitations
of passive electrodes in DC coupled operation, such as voltage
drift, high common mode voltage, and signal attenuation due to
the voltage divider between the electrode impedance and the
input impedance of the amplifier [17], [18]. Along this line,
there has been a particular resurgence of interest in fluctuations
of ISA brain activity. The ISA signatures may serve as
diagnostic, prognostic, and treatment monitoring tools for some
neurological and psychological disorders [19], [20]. We have
recorded epileptic seizures with some ISA features which are
commonly hidden in the normal ECoG (Fig. 8). Therefore, the
gSGFET technology provides a new electrophysiological tool
for exploring ISA with high spatial resolution and combine the
results with imaging techniques to understand its role in brain
behavior (Fig. 1).

The transconductance of gSGFETs remains stable at very
low frequency values, enabling the DC-coupled operation. In a
gSGFET the electrode-electrolyte interface capacitance (Cq) is
part of the device itself, being the input capacitance for the
signal. On the other hand, when an electrode is used its
impedance (mainly controlled by the Cq) implements a voltage
divider with the input impedance of the amplifier, which leads
to an increasing signal attenuation at low frequencies.

B. Long term in-vivo chronic evaluation

The performance of gSGFETs in long term chronic
implants has been evaluated by implanting an epicortical neural
probe in the visual cortex of an adult male Wistar rat. Despite
the slight decrease in the transconductance observed over
several months, gSGFETs are able to record the evoked visual
response with the same resolution as in the first days. Since the
devices’ transfer curve can be obtained in vivo, the decrease in
the transconductance can be corrected in the calibration process
for each recording session [16]. A shift in the Charge Neutrality
Point (CNP) can be also observed over the time, which is
tentatively attributed to charged molecules adsorbed on
graphene surface from the biological environment. This
adsorption process could also lead to a decrease in the coupling
capacitance and therefore explain the observed decrease of the
transconductance. Our results confirm that the implanted
graphene devices are functional over 6 months of operation in
vivo.
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Fig. 1. Conceptual representation of the spatiotemporal regions
covered by the different electrophysiological methods. gSGFETs allow
LECoG capabilities towards infra-slow activity.
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Fig. 3. Transfer curve (Ids vs Vs characteristics for Vgs = 50 mV) and
normalized transconductance for 16 transistors of a 4x4 array neural
probe. The boxplot inside the transfer curve represents the charge
neutrality point (CNP) for each transistor (303 =4 mV). The high
homogeneity enables a single Vs bias point for all transistors.
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Fig. 6. RMS current noise and equivalent voltage gate noise
(bandwidth 5 Hz - 1 kHz). The equivalent voltage gate noise limits
the minimum voltage which can be recorded by the transistors.
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Fig. 2. Optical microscope images of the active area of a 4 x 4 gSGFET
neural interface. Photograph of the neural probe after peeling from the
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wafer and introduced into a zero insertion force connector.

10—18 o
—— Vgs-CNP = -0.1V

10-19 | —— Vgs-CNP = -0.025V
—— Vgs-CNP = 0V

10-20 4 -—— 1/f

10—21 i

10—22 i

10723 5 ~<

10° 10! 102 103

Frequency [Hz]

4. Power spectral density of las noise at different Vs bias points. It

can be observed how it depends on the Vg bias and shows a 1/f

dependence.
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Fig. 5. Equivalent circuits of signal coupling for electrode and gSGFET. In
the case of the electrode device the Cai results in a voltage divider that lead
to the signal attenuation at low frequencies. This attenuation is not expected

for the gSGFETs device.
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Fig. 8. Recording of two epileptic seizures induced by 4-Aminopyridine
. (4-AP) in wister rats. Red lines show the LFP contents of the recorded
Fig. 7. Fr'equenc.y response of the transconductapce for two signal (both seizures present similar shape). Black lines show the full-
transistors sizes, showing a stable response in wide band signal where it can be observed ISA features, which are commonly
frequency range. hidden in the normal ECoG.
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Fig. 10. Evolution of the electrical characteristics of an implanted
neural interface. Lines represent the mean value of all transistors in the
array and colors indicate implanted days.
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Fig. 11. Evolution of recorded visual evoked response at different days after
implantation (averaged response for each experiment), demonstrating that the
capability for recording evoked responses remains constant over 140 days.

Fig. 12. Mapping of visual evoked responses used to assess the
performance of the implant over time (results from a single
experiment). Red vertical lines indicate the time of the LED visual
stimulus, solid black lines show the average of 20 events, and gray
shadow show the standard deviation.
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