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Abstract We demonstrate a method to fabricate graphene microelectrode arrays (MEAs)
using a simple and inexpensive method to solve the problem of opaque electrode positions
in traditional MEAs, while keeping good biocompatibility. To study the interface differences
between graphene—electrolyte and gold—electrolyte, graphene and gold electrodes with a large
area were fabricated. According to the simulation results of electrochemical impedances, the
gold—electrolyte interface can be described as a classical double-layer structure, while the
graphene—electrolyte interface can be explained by a modified double-layer theory. Further-
more, using graphene MEAs, we detected the neural activities of neurons dissociated from
Wistar rats (embryonic day 18). The signal-to-noise ratio of the detected signal was 10.31+1.2,
which is comparable to those of MEAs made with other materials. The long-term stability of
the MEAs is demonstrated by comparing differences in Bode diagrams taken before and after
cell culturing.

Keywords Microelectrode arrays - MEA - Graphene - Neural activity detection

1 Introduction

Microelectrode arrays (MEAs) are useful tools for studying electrogenic cells [1]. Compared
with patch clamps, MEAs are able to facilitate the long-term observation of cell electrical
activity without damaging the cells. Additionally, MEAs can detect electric signals from cells
at multiple points and also have the ability to supply electric stimulus simultaneously. This
enables neuronal networks to be studied, which have complex structures. Numerous materials,
including titanium nitride [2] and titanium [3], have been used in the fabrication of MEAs.
However, these traditional materials are not transparent. Indium tin oxide (ITO) electrodes
have partially solved this problem but they still need a non-transparent metal layer at the
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electrode sites because bare ITO electrodes can be etched, causing the recorded action potential
to have a low signal-to-noise ratio (SNR) [4], which would interrupt the observation of the
cells.

Graphene, a two-dimensional single-atom-thick carbon lattice, is one of the most promising
materials that has high conductance and high mechanical strength as well as biocompatibility
[5]. Recently, graphene has been used to fabricate transistors, demonstrating its great potential
in detecting action potentials [6, 7]. However, the intrinsic noise in transistors limits their
sensitivity. Currently, the effective gate noise of graphene transistors is approximately tens of
puV [6], which is too large for extracellular neural signal detection. Apart from transistors,
graphene electrodes have also been fabricated to detect action potentials. Recently, action
potentials have been recorded from lateral giant nerve fibers, demonstrating high SNRs [8].
Moreover, purified neurons have been shown to be able to firmly attach to graphene [9]. This
means that graphene microelectrodes can be used to record action potentials from neurons.
Compared to traditional materials, graphene is almost transparent. It can be transferred onto
transparent substrates such as parylene C, polyethylene terephthalate and polyimide, and form
transparent electrode [10—13] or FET [14] sites, which can make the area under graphene sites
easier for imaging. Recently, D.-W. Park et al. demonstrated that graphene-based electrode
arrays can be successfully implanted on the brain surface in rodents and can detect
highresolution neural signals in vivo. The transparent electrode sites enable the optical
stimulation of cortical areas directly beneath the electrodes [10]. Furthermore, D. Kuzum
et al. combined the graphene electrodes with calcium imaging. This combination can leverage
the temporal and spatial resolution advantages of both techniques [11].

In this work we demonstrate a method to fabricate graphene MEAs. The fabrication process
is both simple and inexpensive. In particular, graphene and gold electrodes with a large area
were fabricated. We assess the electric performance of both electrodes and study the differ-
ences between graphene—electrolyte and gold—electrolyte interfaces. To demonstrate the use-
fulness of the graphene MEAs, we cultured cortical cells on the graphene MEAs and assessed
their long-term stability. As a result, robust MEAs were fabricated and neural activities were
recorded using graphene MEAs.

2 Materials and methods
2.1 Graphene transfer and device fabrication

We start by briefly describing the fabrication techniques. Figure 1a shows the scheme for
fabricating the graphene MEAs. The graphene electrodes were fabricated from commercially
available chemical vapor deposit (CVD) graphene (Nanjing JCNANO Tech Co., Ltd., Nan-
jing, China). The graphene comes as poly(methyl methacrylate) (PMMA)/graphene/copper
samples. The samples were first placed in an ammonium persulfate ((NHy), S,Og) solution
(40 g/1, 37 °C) for 2—4 h to etch the copper. Iron trichloride (FeCl;) and iron (III) nitrate
(Fe(NOs);) solutions can also be used to etch the copper. (NHy), S,Og was chosen because of
its low contamination from dopants and low mobility degradation [15]. The resulting PMMA/
graphene films were washed in deionized (DI) water several times and then transferred onto
SiO, (300 nm)/Si or quartz (ZS-1, 1 mm thick) substrates. The PMMA layer was removed by
dipping the substrates in acetone (50 °C) for 4-6 h. The graphene substrates were then cleaned
by rinsing in absolute alcohol and DI water and dried with a flow of nitrogen. Au/Ti electrodes
were deposited and patterned so that the graphene MEAs were able to be connected to the
amplifier. Then, lithography was performed to pattern the graphene electrodes and the
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undesired graphene was etched with oxygen plasma. A 1-um-thick light-sensitive polyimide
(PI) film was then spin-coated on the patterned graphene electrodes. Openings, 20 um in
diameter, were formed by PI lithography to expose the graphene electrode sites. After curing
the PI layer, a 10-mm-diameter glass ring was glued to the MEA with polydimethylsiloxane
(PDMS) to secure the region for subsequent cell culturing. The graphene MEAs on quartz
substrates were used in the impedance measurement and action potential detection because
they have transparent electrode sites, which are convenient to monitor cell growth under an
inverted microscope. The quartz substrate itself has good transparency [16]. The transmittance
of the 1-mm-thick quartz substrate is ~90% in the wavelength range of 210-1,500 nm. Because
of the high transmittance (>90%) of graphene [10], the graphene electrodes on quartz
substrates also show good transparency [13]. The graphene MEAs on SiO, (300 nm)/Si
substrates were used for graphene observation and characterization because 300-nm-thick
SiO, can give an obvious color contrast to graphene [17], as shown in the inset of Fig. la.
Figure 2 shows the Raman spectra of a graphene film on a SiO, (300 nm)/Si substrate. A low
density of the disorder-induced D band is observed around 1,350 cm ', which largely comes
from graphene edges or sub-domain boundaries. The intensity ratio of the G (~1,589 cm ™)
and 2D (~2,686 cm ') peaks (I (2D)/I (G)) is 1.59. Besides, the 2D peak also presents a sharp
linewidth (33 cm™') and a single Lorentzian profile, which are the hallmarks of monolayer
graphene. In multilayer cases, the 2D peak has a wider linewidth and variable peak shapes
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Fig. 1 a Structure of the graphene MEAs. The inset is an optical image of a graphene MEA on a SiO, (300 nm)/
Si substrate, where the scale bar represents 100 pum. b Diagram of one of the graphene microelectrodes used to
record the action potential
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Fig. 2 Raman spectra of graphene sheets on SiO, (300 nm)/Si and SiO, (300 nm)/Si substrates

2.2 Electrochemical impedance measurement

Electrochemical impedance spectroscopy (EIS) was used to study the interfaces of graphene—
electrolyte and gold (Au)—electrolytes. To obtain stable and repeatable results, electrodes
(quartz substrates) with a large surface area (Au electrode, 0.12 cm?; graphene electrode,
0.07 cm?) were fabricated. All electrochemical impedances were measured with a potentiostat/
galvanostat (IM6ex, ZAHNER-Elektrik GmbH & Co. KG, Kronach, Germany) and an
incidental frequency response analyzer was used to analyze the electrochemical impedance.
A three-electrode system was selected. The reference electrode was an Ag/AgCl electrode, the
counter electrode was a platinum (Pt) wire and the graphene or Au electrode was used as the
working electrode. The measurements were conducted in 50 mM phosphate buffer (PB)
containing 50 mM potassium chloride (KCl). Before EIS measurement, the working electrode
was electrochemically cleaned by cycling the potential over the range -0.6 to 0.6 V vs. Ag/
AgCl (scan rate, 100 mV- s 1), until a stable voltammogram was obtained, and a reproducible
a.c. spectrum could be achieved. The fitting level of the model was evaluated by the function
x defined as the sum of the squares of residuals. In the x* calculation, modulus weighting was
chosen.

Furthermore, to compare the graphene MEAs with the Au MEAs in similar conditions, an
Au MEA with the same electrode site area and the same insulation layer was also fabricated. A
two-electrode system was used to assess the impedances of both MEAs. The Ag/AgCl
electrode acted as the reference electrode and the graphene or Au electrode was used as the
working electrode. These measurements were conducted in 10 mM phosphate buffered saline
(PBS).

2.3 Action potential detection

To further study the applicability of graphene MEAs in recording action potentials, electro-
physiological experiments were carried out. Before culturing, empty graphene MEAs with
culture medium, which did not contain cells, were recorded from to confirm that they had a
stable noise level. To detect the action potential, the devices were first sterilized in 70% ethanol
and then they were washed with sterilized DI water. When dry, the graphene MEAs were
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coated with poly-D-lysine (0.1 mg/ml, Invitrogen Inc., Carlsbad, CA, USA) and stored
overnight. Cortical cells were dissociated from Wistar rats (embryonic day 18) and plated
to the graphene MEAs with a density of 400 cells/mm?®. The cells were cultured in a
Neurobasal medium (Invitrogen, Inc.) with 2% B27, 0.5 mM L-glutamate and 0.1%
gentamicin. After 4 h, the whole medium was replaced to remove any unattached
neurons. The devices were incubated at 37 °C in a 5% CO, atmosphere. Half of the
medium was changed every 3 days. After 14 days in vitro (DIV), the graphene MEA that
contained neurons was connected to a MEA1060 amplifier (gain=1,200, 10 Hz-3 kHz,
Multi Channel Systems, Reutlingen, Germany). The amplified signals were fed into a
data acquisition card (sampling rate 30 kHz, National Instruments, Austin, TX, USA).
The data were then stored using LabVIEW. Figure 1b shows a diagram of one of the
channels used to detect the action potential.

3 Results
3.1 Electrochemical impedance

The impedance and phase curves of graphene and gold electrodes with a large area (Au
electrode, 0.12 cm?; graphene electrode, 0.07 cm?) are shown in Fig. 3a and ¢, within the
range 0.1 Hz—100 kHz. Corresponding Nyquist plots are shown in Fig. 3b. The values
are normalized to per cm®. The Au electrode shows relatively low impedance, compared
to the graphene electrode. The EIS of the Au electrode can be simulated with the Randles
circuit, which is presented in Fig. 3d. The constant-phase element (CPE) Cpg;, with a
value of 25.84 uS-s*#-cm 2, is consistent with the double-layer capacitance value level
of dozens of uF-ecm 2 [21-23]. For the graphene electrode, the interface is more
complicated and cannot be well modeled by the structure in Fig. 3d. The EIS of the
graphene electrode is variable, depending on the graphene states, like the manufacturing
process of the graphene or whether the graphene is doped [11, 24]. The EIS of the
graphene electrode in Fig. 3a and ¢ can be well fitted by the model shown in Fig. 3f.
Another constant-phase element Cpg, and a leakage resistance Ry are added. Cpg; and
Cpgp in Fig. 3f are about 8.21 1S-s*7-cm 2 and 7.94 pS-s®?'-em 2, respectively.
Recent research has confirmed the existence of quantum capacitance in graphene [25,
26] and the graphene—electrolyte interface can be viewed as a series combination of the
double layer capacitance and the quantum capacitance [23]. The quantum capacitance is
evaluated to be several uF-cm 2 under a small gate voltage [23, 26]. The good fitting
level of this model and the orders of magnitude of Cpg; and Cpg;, can both confirm the
existence of quantum capacitance, but whether Cpg; and Cpg, represent the double-layer
and quantum capacitance respectively still needs further research, for example by
studying the behavior of Cpg; and Cpg, on solutions with different concentrations and
pHs. The fitting results are shown in Table 1. The corresponding x> of gold and graphene
electrodes are 3.255x10 > and 3.268x10 * respectively.

When it comes to graphene MEA with 20 um in diameter, for five randomly selected
graphene microelectrodes, the impedance is 170+11.1 K (mean== standard deviation
(SD), frequency=1 kHz). A similar electrode impedance was observed for the Au MEA
with 20 um in diameter, which is 186+3.4 K (mean=+ SD, frequency=1 kHz). The
electrochemical impedances of graphene electrodes with small and large areas show
differences (Figs. 3 and 5). The model in Fig. 3e can also be used to fit the EIS of
graphene MEA in Fig. 5.
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Fig.3 Impedance (a) and phase (c) plots for graphene (0.12 cm?) and gold (0.07 cm?) electrodes. Corresponding
Nyquist plots are shown in b. Measurement results are shown with symbols and fitting results are shown with
solid lines. d, e Schematics for an equivalent circuit model used to fit the corresponding EIS results of gold and
graphene electrodes. The values are normalized to per cm?

3.2 Action potential recording

An empty graphene MEA with culture medium, which did not contain cells, presented a stable
noise level (Fig. 4c, d). This indicated that the detection system itself did not introduce any
confusing signals. Cortical cells were dissociated from Wistar rats (embryonic day 18) and
plated onto the graphene MEAs with a density of 400 cells/mm?. After 14 DIV, spikes were

Table 1 Fitting results for EIS measurements

Au Graphene
R, (Q-cm?) 17.98 12
Cpg; (S+s™cm ?) 2.584x107° 8.211x10°°
n 0.8615 0.6733
R (Q-cm?) 5.421x10° 2343
Zy (S-s™%-cm™?) 1.893x10* 1.161x107*
Cpgz (S+s™-cm?) 7.935x107°
n 0.9053
Ry (Q-cm?) 1.641x10°
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Fig. 4 a Neurons cultured on a graphene MEA (quartz substrate) after 14 DIV. The cells were dissociated from
Wistar rats (embryonic day 18). ¢, d Spontaneous activities recorded from electrodes 34 and 56 with a SNR of
10.31+1.2 and noise recorded from electrodes 34 and 56 without cells in the medium. b Shapes of the
spontaneous spikes in ¢ and d

detected by setting the threshold to five times the standard deviation of a 500-ms noise signal.
The SNR was acquired by dividing the signal amplitude by the standard deviation of noise.
Electrical activities were recorded from the neurons cultured on the graphene MEAs after 14
DIV (Fig. 4a). The spontaneous activities from electrodes 34 and 56 are shown in Fig. 4c, d.
The spikes from these electrodes are enlarged in Fig. 4b. For the graphene MEAs, there were
60 active channels (channels presenting firing rates more than 0.01 Hz). The average firing rate
was 1 Hz per electrode. The SNR of the detected signal was 10.31+1.2 (mean== SD). This
SNR is comparable to those of MEAs made with other materials [27].
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Fig. 5 Bode diagrams of graphene microelectrodes before (square) and after (triangle) cell culturing. Five
electrodes were randomly selected
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3.3 Long-term stability

By continuously culturing neurons on the graphene MEAs, we were able to evaluate the
durability of the graphene MEAs. The performance of a fresh graphene MEA was assessed and
neurons were then cultured on it. After the MEA was cultured for 40 days, the cortical cells on
the graphene MEA were removed by mechanical washing and trypsin digestion. After rinsing
the MEA with deionized water, its electrode impedance was assessed again. For comparison,
the two impedance curves before and after neuron culturing are presented in Fig. 5. The
impedance of the used graphene electrode was 176+2.5 K2 at 1 kHz. This value was slightly
higher than that of the fresh graphene electrode 170+11.1 K€ at 1 kHz. The small variation in
the impedance verified the long-term stability of the MEAs.

4 Conclusions

In conclusion, we demonstrated a simple, yet inexpensive technique to fabricate graphene
MEAs. The device takes advantage of graphene’s properties as it is able to provide high
conductance, transparency, and excellent biocompatibility simultancously. It successfully
records the neural activities of primary cultured rat cortical neurons. Additionally, the fabri-
cated graphene MEAs demonstrated excellent long-term stability in aqueous solutions. These
results outline graphene’s great potential for use in detecting action potentials.
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