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Abstract
Nanowire field-effect transistors (NW-FETs) have been shown to be powerful building blocks for
nanoscale bioelectronic interfaces with cells and tissue due to their excellent sensitivity and their
capability to form strongly coupled interfaces with cell membranes. Graphene has also been shown
to be an attractive building block for nanoscale electronic devices, although little is known about its
interfaces with cells and tissue. Here we report the first studies of graphene field effect transistors
(Gra-FETs) as well as combined Gra- and NW-FETs interfaced to electrogenic cells. Gra-FET
conductance signals recorded from spontaneously beating embryonic chicken cardiomyocytes yield
well-defined extracellular signals with signal-to-noise ratio routinely >4. The conductance signal
amplitude was tuned by varying the Gra-FET working region through changes in water gate potential,
Vwg. Signals recorded from cardiomyocytes for different Vwg result in constant calibrated
extracellular voltage, indicating a robust graphene/cell interface. Significantly, variations in Vwg
across the Dirac point demonstrate the expected signal polarity flip, thus allowing, for the first time,
both n- and p-type recording to be achieved from the same Gra-FET simply by offsetting Vwg. In
addition, comparisons of peak-to-peak recorded signal widths made as a function of Gra-FET device
sizes and versus NW-FETs allowed an assessment of relative resolution in extracellular recording.
Specifically, peak-to-peak widths increased with the area of Gra-FET devices, indicating an averaged
signal from different points across the outer membrane of the beating cells. One-dimensional silicon
NW- FETs incorporated side by side with the two-dimensional Gra-FET devices further highlighted
limits in both temporal resolution and multiplexed measurements from the same cell for the different
types of devices. The distinct and complementary capabilities of Gra- and NW-FETs could open up
unique opportunities in the field of bioelectronics in the future.

Bioelectronic interfaces created with nanomaterials represents an exciting and growing field
of research that exploits key nanomaterial properties to go well beyond the capabilities of
conventional microfabricated electronics.1–8 For example, several groups have recently
reported electrical measurements from cells and tissue interfaced to NW-FETs, with results
demonstrating high signal-to-noise recording from cultured neurons, muscle cells, embryonic
chicken hearts and acute brain slices.4–8 Unique features of these studies compared to
conventional planar devices measurements, include (i) the exceptional small active area of the
NW-FET devices and (ii) the fact that nanodevices protrude from the plane of the substrate.
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The former feature enables high spatial resolution, while the latter can increase device/cell
interfacial coupling. Indeed, studies have shown that nanostructured interfaces can enhance
cellular adhesion and activity,9–14 and thus it is likely that NWs and other nanomaterials may
have an intrinsic advantage for building interfaces to cells and tissue.

In this latter regard another interesting nanomaterial that bridges between one-dimensional
NWs and conventional planar electronics is graphene, which consists of a single atomic layer
of sp2-bonded carbon atoms.15–16 The fundamental physical properties of graphene electronic
devices have been investigated extensively,15–16 although relatively little is known about
interfacing graphene with biomaterials.17–19 Because the two dimensional structure of the
graphene devices differs significantly, in terms of active detection area and surface topography
or roughness, versus one-dimensional NW-FETs it is of substantial interest to investigate and
compare cellular interfaces of Gra-FETs to evaluate the prospects of graphene devices for
providing any unique capabilities for bioelectronic interfaces. Herein we report the first studies
of the conductance signals recorded by Gra-FETs as well as combined Gra- and silicon NW-
FETs interfaced to spontaneously beating embryonic chicken cardiomyocytes.

The overall design of our experiments is illustrated in Figure 1. First, the basic nanoFET device
chips (Figure 1A) consisted of Gra- and silicon NW (SiNW) FET devices fabricated using
methods described previously.3,20–23 Briefly, single layer graphene flakes were transferred to
the surface of an oxidized Si substrate using mechanical exfoliation, source/drain contacts were
then defined by electron beam lithography (EBL) followed by Cr/Au/Cr metallization, and
then the contacts were passivated using SiO2.23 SiNW-FETs were defined close to Gra-FET
devices in a second round of fabrication. Specifically, 30 nm diameter p-type SiNWs were
deposited from ethanol solution onto the chip with Gra-FET devices, and then EBL and
metallization steps were carried out to define source/drain electrodes.23 Last, the substrate chip
was coated with a poly(methyl methacrylate) passivation layer, and 50 μm × 50 μm windows
were defined to expose the Gra- and NW-FET devices.23

Gra- and SiNW-FET device chips were interfaced with embryonic chicken cardiomyocytes as
shown schematically in Figure 1B. Nanodevice-cardiomyocyte interfaces were made a flexible
manner using our recently reported scheme:7 First, embryonic chicken cardiomyocytes were
cultured under optimized conditions on thin polydimethylsiloxane (PDMS) sheets;36 second,
a PDMS/cardiomyocyte substrate was transferred into a well, which contains extracellular
medium, over the Gra-FET and SiNW-FET chip; third, the PDMS/cardiomyocyte cell
substrates was positioned using a x-y-z manipulator under an optical microscope to bring
spontaneously beating cells into direct contact with devices (Figure 1B).

The key features of a representative Gra-FET device are presented in Figure 2. Both optical
microscopy (Figure 2A) and Raman spectroscopy (Figure 2B) were used to confirm the layer
number of the graphene devices24–26, and show that the Gra-FET in Figure 2A is a single-
layer structure. Specifically, the ratio of integrated intensity for the G band (1584 cm−1) and
the D′ band (2682 cm−1) in the Raman spectrum is 0.3, matching the value reported from a
single layer24. Typical conductance versus back-gate voltage measurements (Figure S1A)
show ambipolar behavior with the Dirac point minimum at ca. −7 V. The calculated 2-probe
mobility is 4000 and 3550 cm2/V-sec for hole and electron carriers respectively, which is
consistent with values for mechanically-exfoliated graphene.27 More importantly, conductance
versus water gate (Vwg) data measured in cell medium (Figure 2C) show similar ambipolar
behavior with the Dirac point close to Vwg = 0 V. Several key features can be gleaned from
the water gate data. (1) The sensitivity of the Gra-FET device can be readily calculated as the
slope at a specific Vwg value. (2) The sensitivity can be varied by changing the water gate offset
value. (3) The sign of the recorded signal can be inverted while Gra-FET is operated from p-
to n-branch. This latter point represents an advantage compared to typical NW-FET devices;
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3,20–22 for example, representative conductance versus Vwg data for a SiNW-FET used in this
study (Figure S1B) shows p-type behavior with the device turned off in the same voltage regime
that the Gra-FET exhibits n-type behavior.

Measurement of the conductance versus time from a Gra-FET in contact with a spontaneously
beating cardiomyocyte cell monolayer36–37 (Figure 3A) yields regularly spaced peaks with a
frequency of ca. 1.1 Hz and signal-to-noise (S/N), ≥ 4, similar to previously reported signals
recorded using SiNW-FETs.5,7 Comparison of the three traces (Figure 3A) also shows that the
conductance peak magnitude, which is directly related to the device sensitivity, varies by nearly
a factor of 6 with changes in Vwg; that is, data recorded at Vwg = +0.05V, +0.1V and +0.15V
had average peak amplitudes of 7.98 ± 0.16, 1.53 ± 0.05 and 8.52 ± 0.12 μS, respectively.
Notably, the calibrated voltages for these traces, 3.95 ± 0.08, 3.84 ± 0.12, and 3.71 ± 0.05 mV
were the same within experimental uncertainty. These results confirm the stability of the
interface between the Gra FET and PDMS/cardiomyocyte cells, and highlight the necessity of
recording explicit device sensitivity to interpret corresponding voltages.

In addition to changes in the conductance peak amplitude as a function of Vwg, careful
examination of the recorded data shows that shape or phase of the peaks change. To illustrate
clearly the shape of the recorded signals as a function of Vwg, and correspondingly moving
from the p- to n-branch of Gra-FET operating regime, we expanded single peaks for
representative gate potentials as shown in Figure 3B. These results highlight several key points.
First, the signal in both cases shows biphasic characteristics reported previously.7 Second, there
is a flip in signal phase when the gate potential changes the Gra-FET from p-type to n-type
device characteristics; that is, as Vwg is varied from +0.05 to +0.15 V. These striking changes
emphasizing explicitly that recorded signals depend on device sensitivity and are due to a field-
effect. We note that the ability to tune the Gra-FET from p-type to n-type device characteristics
can provide important confirmation on the nature of recorded signals, which would not
necessarily be possible with a unipolar FET.

A summary of the overall quantitative characteristics of the signals versus Vwg from −0.3 to
+0.3 V are shown in Figure 3C. The data in Figure 3C can be divided into two segments, where
the left corresponds to the p-type Gra-FET regime and the right to the n-type device regime.
In the p-type operation mode, the conductance change decreases from 8.0 to 1.9 μS, while in
the n-type mode, the conductance change decreases from 8.5 to 5.0 μS. The minimum recorded
conductance change, 1.5 μS, occurred close to the Dirac point at Vwg = +0.1 V. Notably, using
the measured device sensitivities at each value of Vwg, yields nearly constant calibrated
junction voltage of 3.6 ± 0.2 mV (Figure 3C), independent of recording in the p- or n-type
device regime or specific Gra-FET sensitivity within either regime.

To further investigate the characteristics of Gra-FETs and their potential for recording from
cellular interfaces, we investigated the measured signals as a function graphene device sizes
and compared these signals to those recorded simultaneously by a SiNW-FET (Figure 4). We
first recorded signals using a relatively large Gra-FET with active channel of 20.8 μm × 9.8
μm interfaced to a cardiomyocyte as shown in Figure 4A (device without cell interface, Figure
S2A) The recorded conductance versus time data (Figure S3A) exhibited characteristic beating
with a frequency of ca. 1.1 Hz. Plotting the individual peaks at high-resolution (Figure 4B)
shows that they are quite reproducible with an average (red trace, Figure 4B) peak-to-peak
width of 1.31 ± 0.04 msec. In a second case, signals were recorded from a much smaller Gra-
FET with active channel dimensions of 2.4 μm × 3.4 μm (Figure 4C and Figure S2B, red
arrows). Conductance versus time data recorded using this device showed similar beating
behavior (Figure S3B, red curve). Analysis of the peak-to-peak width from the average of the
individual peaks (Figure 4D) yielded a value of 0.73 ± 0.04 msec, which is almost a factor of
2 smaller than that obtained from the larger device. In addition, we simultaneously recorded
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signals from a 0.07 μm2 active area SiNW-FET 16 μm away the smaller Gra-FET (Figure 4C,
blue arrow). Analysis of the conductance versus time data for the SiNW-FET (Figure 4D and
Figure S3B, blue curves) yields a peak-to-peak width of 0.76 ± 0.04 msec, which is similar to
the value for the smaller graphene device.

These results indicate that the signals recorded with the larger graphene device do not represent
a localized detection but rather an average of the extracellular potential from sufficiently
distinct sources of the beating cell to yield a broadened peak-to-peak signal width. The smaller
Gra-FET yielded similar peak-to-peak widths as the ~100× smaller area SiNW-FET, although
one-dimensional nanowire devices still have an advantage for spatially-resolved multiplexed
measurements in high density device arrays. While it is possible to make ever smaller Gra-
FETs, studies indicate that their performance degrades with decreasing size.29–30 Nevertheless,
one-atom thick Gra-FETs do demonstrate better performance compared to other planar
structures, such as microelectrode arrays (MEAs) and planar FETs,31–35 and do offer the
unique capability of recording signals as both p- and n-type devices through simple change of
the water gate potential as demonstrated above.

In conclusion, we have demonstrated for the first time recording from eletrogenic cells using
single layer graphene devices and have also carried out simultaneous recording using Gra- and
SiNW-FETs. Gra-FET conductance signals recorded from spontaneously beating embryonic
chicken cardiomyocytes yielded well-defined extracellular signals with signal-to-noise ratio
routinely >4, which exceed typical values for other planar devices.31–35 Variations in Vwg
showed that the conductance signal amplitude could be tuned nearly an order of magnitude,
although the calibrated junction voltages were constant, thus showing a robust graphene/cell
interface. Significantly, variations in Vwg across the Dirac point demonstrated the expected
signal polarity flip, thus allowing both n- and p-type recording to be achieved with the same
device simply by offsetting Vwg. Comparisons of peak-to-peak recorded signal widths made
as a function of Gra-FET device size and versus SiNW-FETs showed that the widths increased
with the area of Gra-FET devices, indicating an averaged signal from different points across
the outer membrane of the beating cells. One-dimensional silicon NW- FETs incorporated side
by side with the two-dimensional Gra-FET devices further highlighted limits in both temporal
resolution and multiplexed measurements from the same cell for the different types of devices.
The distinct and complementary capabilities of Gra- and NW-FETs could open up unique
opportunities in the field of bioelectronics in the future.
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Figure 1.
Overview of the experimental design. (A) Schematic illustrating the chip design incorporating
graphene and SiNW devices, and also highlighting the morphological differences between the
graphene and NW devices. (B) Representation of the relative size of cardiomyocyte cell
interfaced to typical Gra- and SiNW-FET devices.
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Figure 2. Graphene device fabrication and characterization
(A) optical image of a single layer graphene FET, scale bar is 30μm. The interference contrast
is consistent with a single graphene layer. (B) Corresponding Raman spectrum of the graphene
device in panel A. (C) Water gate response of a typical Gra-FET.
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Figure 3. Gate effect on Gra-FET recorded signals from cardiomyocytes
(A) Recorded traces at different applied water gate potentials. The following traces blue, green
and red were recorded at +0.05, +0.10 and +0.15 V, respectively. The corresponding
sensitivities are 2020, 398, and 2290 μS/V, respectively. (B) Representative expanded peaks
for selected gate potentials. Blue resembles traces that were recorded at the p-type polarity of
the graphene FET and red peaks represent recorded traces at the n-type device polarity, and
green peaks were recorded near the Dirac point of Gra-FET. (C) Summary table of the gate
potential effect. Red open circles are the recorded conductance changes average ± 1SD, blue
close triangle are the calibrated voltages for each of the corresponding gate potentials (average
± 1SD).
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Figure 4. Size effect on recorded signals
(A) Optical microscope image of PDMS/cells interfaced with large flake graphene FET.
Graphene flake outline is marked by white dashed line, measured device is marked by red
arrow. Scale bar is 30μm. (B) Recorded averaged peak (red) and raw data (grey traces) for the
Gra-FET and cell in (A). Twelve raw peak signals (gray traces) were aligned in time and then
averaged.28 (C) Optical microscope image of PDMS/cells interfaced with smaller flake
graphene FET and SiNW FET. Graphene flake outline is marked by white dashed line,
measured graphene device is marked by red arrow and measured SiNW device is marked by
blue arrow. Scale bar is 13.6 μm. (D) Thirteen raw signal peaks (gray traces) from the Gra-
FET (upper data) SiNW-FET (lower data) devices marked by red and blue arrows, respectively,
in (C). The peaks were aligned in time28 and the average was plotted in red and blue,
respectively.
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