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Graphene field effect transistors for in vitro
and ex vivo recordings

D. Kireev, I. Zadorozhnyi, T. Qiu, D. Sarik, F. Brings, T. Wu, S. Seyock, V. Maybeck, M. Lottner, B.
M. Blaschke, J. Garrido, X. Xie, S. Vitusevich, B. Wolfrum, A. Offenhdusser

Recording extracellular potentials from electrogenic cells
(especially neurons) is the hallmark destination of modern
bioelectronics. While fabrication of flexible and biocompatible in
vivo devices via silicon technology is complicated and time-
consuming, graphene field-effect transistors (GFETS), instead, can
easily be fabricated on flexible and biocompatible substrates. In
this work, we compare GFETSs fabricated on rigid (SiO2/Si and
sapphire) and flexible (polyimide) substrates. The GFETS,
fabricated on the polyimide exhibit extremely large
transconductance values, up to 11 mS-V-, and mobility over 1750
cm?-V-1.st In vitro recordings from cardiomyocyte-like cell
culture are performed by GFETSs on a rigid transparent substrate
(sapphire). Via multichannel measurement we are able to record
and analyze both: difference in action potentials as well as their
spatial propagation over the chip. Furthermore, the controllably
flexible polyimide-on-steel (PlonS) substrates are able to ex vivo
record electrical signals from primary embryonic rat heart tissue.
Considering the flexibility of PlonS chips, together with the
excellent sensitivity, we open up a new road into graphene-based
in vivo biosensing.

Index Terms — Graphene, GFETS, solution gating, in vitro
biosensor, ex vivo biosensor, bioelectronics, electrophysiology

I. INTRODUCTION

Silicon-based solid-state devices, especially the ones based
on CMOS technology, are great for sensing applications [1],
[2]. Such devices have plenty of advantages, coming from over
sixty years of extensive research [3]. However, the requirement
of flexibility and long-term biocompatibility is a difficult to
achieve feature for the Si-based sensors [4]. The stiffness of
silicon is the main disadvantage, which leads to inflammation,
glia and tissue response to the implanted silicon-based probes
[5]. Itis, of course possible to thin down the silicon and transfer
the devices into a flexible substrate, but such technology is very
complicated. Therefore it is important to bring the solid-state

This paragraph of the first footnote will contain the date on which you
submitted your paper for review. The work was supported by Helmholtz-CAS
JRG funding. B. M. Blaschke, M. Lottner, and J. Garrido also would like to
acknowledge funding from the Graphene Flagship (Contract No. 604391).

D. Kireev, I. Zadorozhnyi, T. Qiu, D. Sarik, F. Brings, S. Seyock, V.
Maybeck, S. Vitusevich, and A. Offenhdusser are with the Institute of
Bioelectronics (ICS-8/PGI-8), Forschungszentrum Jilich, 52425 lJiilich,
Germany (e-mail:  d.kireev@fz-juelich.de; i.zadorozhnyi@fz-juelich.de;
t.qiu@fz-juelich.de; d.sarik@fz-juelich.de; f.brings@fz-juelich.de;
s.seyock@fz-juelich.de>; v.maybeck@fz-juelich.de; a.offenhaeusser@fz-
juelich.de).

T. Wu and X. Xie are with State Key Laboratory of Functional Materials for
Informatics, Shanghai Institute of Microsystem and Information Technology,

advantages into flexible and biocompatible shell. The most
interesting and promising material in this regard is graphene
[6]. Known for its outstanding electrical properties, graphene is
the supreme material for such a purpose [7]. Moreover,
biocompatibility and cytocompatibility of a large area
monolayer graphene on a substrate has been proven [8], [9] and
even cells grown on bare graphene preserve their electrical
behavior [10].

As discussed elsewhere [11], the graphene, biased via a
liquid, exhibits a very impressive gating behavior. The change
of reference electrode potential from zero to 500 mV is usually
enough to move from p-type to n-type regime through the Dirac
point. At the same time, the conductivity curve is very steep and
the resulting transconductance, g,,q.x = 4lps/AV;s, €an reach
11 mS-V1, corresponding to area-normalized transconductance
of 1.65 mS-V-o (device’s W=20 um, L=3 pum).

In this work, the graphene field effect transistors (GFETS) are
fabricated on different substrates: SiO»/Si, Sapphire and
controllably flexible polyimide-on-steel (PlonS). Polyimide
(P1), a flexible and biocompatible polymer, is being widely used
as a substrate in biosensing applications due to its great
properties. The robust structure, chemical, mechanical and
biological stability [12], and absence of dangling bonds make it
a great substrate for interfacing with graphene. Our analysis,
showing that the PlonS based GFETs exhibit the best
performance, compared to SiO./Si and sapphire only proves the
fact. However, transconductance is not the only dominant
factor: one has to take into account the noise values. Our
findings show that sapphire-based devices exhibit lower noise
values than polyimide. Transparency of the sapphire, combined
with low noise performance allows us to measure cardiac HL-1
cells’ action potentials. With the flexible devices we measured
potentials ex vivo from heart tissue as a step towards in vivo
experiments.
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Il. MATERIALS AND METHODS

A. Fabrication and design

We fabricate the devices on three kinds of substrates:
polyimide-on-steel, SiO/Si, and sapphire. The PlonS substrates
are fabricated by spin-coating two thick layers of polyimide (Pl
2611, HD Microsystems) on top of a steel substrate, followed
by baking at 350°C for complete imidization. The double PI
layer is required to reduce the surface roughness. The final PI
thickness is approximately 10 pum.

Graphene is grown via chemical vapor deposition (CVD) on
25 pm thick copper foils in an Ar/H2/CH4 gas mixture (300
sccm, 15 scem and 0.5-1.0 sccm respectively). During the
growth process, of 30 minutes long, the temperature is set to
approximately 1050-1070 °C [13]. The grown graphene is
mostly a monolayer, as studied via Raman and optical methods,
as shown in Wu et al. [13]. Afterwards, a thin layer (300-
500nm) of poly(methyl methacrylate) (PMMA\) spin-coated on
top of the copper foil is used as a support for further transfer
[14]. The PMMA/graphene stack was then transferred on top of
the substrates with pre-fabricated Au/Ti markers for further
alignment. After annealing at 160°C for 5 minutes, the PMMA
is removed in warm acetone (45°C) and the substrate is cleaned
in isopropanol (IPA). Next, the graphene is patterned and
contacted using standard UV-photolithography (AZ5214
photoresist, and oxygen plasma for patterning; nLOF/LOR for
AU/Ti metallization, and HD 8820 for passivation).

The array design on SiO2/Si and on PlonS substrates have
exactly the same geometry, topography, and the fabrication
flow described above. They consist of a 32 transistor array with
individual pairs of sources and drains. In contrast, the sapphire
chips have a different design: 64 drains and one common source
electrode. The graphene is also CVD grown, but from a
different source [15]. The fabrication flow is also slightly
different: the graphene is transferred on top of already
evaporated metallization, then defined by oxygen plasma and
metallized again [15], [16]. In this way, graphene is contacted
from both sides. Passivation is done by photostructurable SU-8
photoresist.

B. Cell culture

The HL-1 cell culture line is received in a frozen state [17]. The
cells are thawed and cultured in a T25 flask for several days
until they reach 100% surface coverage. The confluent layer is
then electrically active and beating with frequency of 1-5 Hz
[18]. Prior to culturing the cells on a chip, a glass ring is
mounted to the chip to form a culture container and the surface
of the chip is coated with fibronectin (5 pg/mL) solved in
gelatin (0.2 pg/mL) for improved cellular adhesion. The
cardiomyocytes are split, and approximately 5x10* cells are
placed inside the chip opening. The chips are then placed in the
incubator (37°C and 5% CO,). The medium, containing
Claycomb medium, 10% fetal bovine serum, 2100U/ml-
100pg/ml penicillin-streptomycin, 0.1mM norepinephrine, and
2mM L-glutamine, is exchanged every day and 2 hours before
the measurements. The chips are kept in the incubator for 2-3
days, until the HL-1 cells form a confluent layer and start being
electrically active.

C. Heart tissue preparation

The heart tissue was prepared by dissecting embryonic tissue
E18 from a Wistar rat. The heart of an embryo is quickly
isolated, washed in Hank’s balanced salt solution (HBSS,
Sigma, St. Louis, USA), then stored and measured in
supplemented Claycomb medium.

The experiments are done with the approval of the
Landesumweltamt fir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen, Recklinghausen, Germany, number 84-
02.04.2015.A173.

D. Device characterization

As soon as fabricated and encapsulated, the devices are
characterized by means of a Keithley 4200 SCS probe station.
The drain — source potential (Vps) is set to 50 mV or 100 mV,
whereas the gate potential (Vgs) is swept against Ag/AgCl
pellet electrode from 0 to 800 mV. A phosphate-buffered saline
(PBS) solution of 150 mM salt concentration, and pH 7.4, was
used as electrolyte to be as close to the physiological conditions
as possible.

E. Noise measurements

The noise spectra are registered in the range from 1 Hz to 100
kHz using a measurement system, consisting of a low-noise
pre-amplifier, developed in-house, an ITHACO amplifier and
the Dynamic Signal Analyzer HP 35670A. The intrinsic input-
referred thermal noises of the preamplifier and ITHACO
amplifier were measured as 2x10728 V2Hz! and 2x10"Y V2Hz?,
respectively [19].

F. In-vitro time-series measurements

As soon as cells form a confluent layer on the chips, they are
measured at a special multichannel measurements system. The
multichannel set-up allows characterization (I-V) and parallel
time series recordings of all 32 or 64 transistors per chip [20],
[21]. The set-up consists of a pre-amplifier, which is mainly a
GFET plus an operational amplifier. The choice of the feedback
resistance (FBR) and the actual transconductane (gm) of the
operational point used results in the pre-amplification
factor: V,,; = Vg X g, X FBR. Afterwards, the signal is
passed to the main amplifier, which consists of several post-
amplification stages. The FBR should be near or around the
actual graphene channel’s resistance for the best signal transfer.
Prior to the time series measurements, |-V curves are recorded
and further derived (Alpg/AVgs) in order to determine the
highest transconductance point. Every further reported time-
series recording is already recalculated fluctuations of the gate

potential, AV, = Lout_ 5 adjusted to the cellular level.
gmXxFBR

G. PlonS and bending set-up

The bending is done at a mechanically controllable break
junctions (MCBJ) set-up [22]. The steel substrate, supporting
thin Pl layer fits specifically to the break-junction. A
conducting silver paste was manually applied to the gold
feedlines and “drawn” further to increase the area and provide
a reliable contact to conducting magnetic contacts.
Polydimethylsiloxane (PDMS, Sylgard, mixture 40:1) is used
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to create a ring to hold the liquid inside while bending and
measuring for a long time.

The MCBJ set-up geometry allows the pushing rod to go a
maximum of 5 mm upward (hmax=5 mm). Knowing the length
(1) of the sample to be 37 mm, we can recalculate the maximum
bending radius (r = h/2+1?/8h) to be 36.7 mm. The
corresponding maximum  tensile strain (g, = d/2r),
considering the sample thickness d=150um, is approximately
0.2%.

I11. RESULTS AND DISCUSSION

A. Solution gating and sensitivity

While PlonS and SiO,/Si devices are initially measured at the
probe station in order to get the I-V characteristics, the sapphire
devices were encapsulated and measured directly via the
multichannel set-up. The behavior of our devices is similar to
others, reported elsewhere [11], [23], [24]. Following the
characterization, the 1-V curves are derived in order to find the
values of maximum transconductance. Notably, as usual for all
of our devices, the holes conductivity and transconductance are
usually slightly larger than that of electrons (data not shown).
This feature is of special interest for further in vivo applications,
since it allows us to work with Vgs potentials close to OV.

However, transconductance obviously depends on the width
to length ratio (W/L) of the gated graphene, which is seldom
mentioned in the literature. The comprehensive design of our
GFETSs allows us to characterize devices with different lengths
and widths and W/L ratios. The overall plot (Fig. 1) compares
the values of our SiO./Si based GFETSs (green oval), PlonS
based GFETs (yellow oval), and sapphire based GFETSs (purple
point). Clearly visible is that increasing the width and
decreasing the length of a device increases the overall
transconductance. The best PlonS-based device shows a
transconductance value of 11 mS-V1 (1.1mS, Vps=100mV,
W=20 pum, L=3 pum, W/L=6.66), normalization to one square
(one o is when W/L=1, see inset of Fig. 1) results in 1.65 mS-V-
L.o. The device is shown with a black circle in Fig. 1. The
linearized trend of the all working PlonS GFETs (number of
evaluated transistors, n=40) gives an average value of 1.9+0.9
mS-V-1-o. This is the highest transconductance values of liquid-
gated GFETs ever reported. Peculiarly, the flexible devices
show distinct improvement of their behavior compared to the
rigid devices, which can be explained by the inertness of the
polyimide surface [12], [25] absence of dangling bonds and
charge impurities, unlike in SiO/Si [26], [27], [28], [29].

The SiO,/Si based GFETs (humber of evaluated transistors,
n=18) result in 630580 uS-V-*-o normalized transconductance
values. The large distribution of the values could be attributed
to the dangling bonds of the silicon dioxide itself [27], making
the fabrication of the GFETs on SiO/Si substrates less
consistent than on sapphire or polyimide. This is the main
problem with combining graphene and silicon technology, and
the reason why we decided not to use the chips for further
cellular measurements.

The sapphire substrates usually show better performance
than SiO,/Si, mostly due to high thermal conductivity and high

16i Source7
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Fig. 1. A comparison plot of the voltage normalized transconductance
distribution for GFETSs of different W/L ratios and substrates. Yellow triangles
and green squares represent the individual data points for each W/L ratio for
PlonS and SiO,/Si devices respectively. The semitransparent yellow and green
ovals are given as eye guidelines to see the slopes. The purple square is the
averaged data from sapphire-based devices from this work, whilst the purple
star represents the data point for the best reported sapphire-based GFET [16].
The black circle shows the largest value of 11 mS-V! for a PlonS-based
device. The inset is given for better understanding of the number of squares
per graphene channel. The averaged relative maximum transconductance
position (Vgs-Vp) is —150£50 mV. The Vps potential applied during the
measurements is 100 mV.
energy of polar optical phonons, therefore the substrate-limited
mobility is much higher than in SiO/Si [30]. The best reported
[16] sapphire-based GFETS transconductance value is 2 mS-V-
Lo, as shown by the purple star in Fig. 1. At the same time, the
sapphire-based devices used in this work, despite a long in vitro
exposure of more than 10 cultures, up to 3 weeks long each,
show an appropriate transconductance of 360+180 pS-V1-o
(number of evaluated transistors, n=105). Interestingly, we
have not observed any toxicological effect due to a possible
graphene parts being removed/starched by a cellular layer.

Mobilities of the devices are roughly estimated for the linear
regimes of the I-V curves, considering the total interface
capacitance of 2 puF/cm? - the capacitance value at the gate
potential with maximum transconductance [23]. Similar to the
transconductance behavior, the mobility is the highest for PlonS
devices, and can reach 1750 cm?-V1.s for holes and 1200
cm?V-1.st for electrons. The usual mobility values of our
sapphire GFETs are 1200 cm?-V-1-s and 650 cm?-V-*.s! for
holes and electrons, respectively. The SiO/Si based GFETSs, as
expected, show the lowest mobilities, in the range of 430
cm?-V-1.st for holes and 300 cm?-V1.s! for electrons. We
would like to emphasize that these are the roughly estimated
values, which could fluctuate considering the calculation model
used and assumptions made therein. Nevertheless, the values
show the above described trend of the transconductance values.

The overall large variations in device’s performance can be
related to (i) the surface contamination after the device
fabrication steps; (ii) sometimes comparably low number of
devices per each width and length.

As described above, for further cell measurements the most
important values are transconductance (gm) and noise.
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Considering the read-out scheme of our multichannel
measurement set-up, the pre-amplification factor is gmxFBR.
Therefore, the higher the transconductance, the higher the pre-
amplification. The second factor — the overall liquid gate noise
is equally important and is analyzed in the following chapter.

B. Noise analysis

There are many different parameters which can be used to
describe the noise of a system, including values of voltage
spectral density (Sv), current spectral density (S)) [31] or their
normalized values (Sv/V? or S\/I?) [24], [32]. Here, we measure
the Sy and Sy/I2 noise spectra for PlonS and sapphire chips (see
Fig. 2a and 2b). The values are still difficult to compare.
Another, more reliable and comparable parameter is the
effective gate noise, calculated similarly to [23] and plotted in
Fig. 2d. The values, calculated for the frequency range from 1
Hz to 100 kHz, have a peak at the Dirac point due to the minima
of the transconductance (Fig. 2d). In order to provide a correct
comparison, the further noise values are taken from the point of
maximum transconductance in the p-doping regime. As the
noise performance depends on the device’s active area, the
following analysis is done only for the devices of almost the
same area (200 pm? and 160 pm? for sapphire and PlonS
GFETs correspondingly; unfortunately, due to large
discrepancy of Si-based devices, we did not have a Si-based
GFET with similar area). The position is marked as a star in the
Fig. 2c and Fig 2d. The value is in the range of 40 pV for PlonS
devices and 25 uV for sapphire devices. The best reported
sapphire-based devices [16], [33] show the effective gate noise
value of 12 yV at a similar relative gate potential, and graphene
area (200 um?). We believe that the noise differences between
the devices could be caused by the graphene’s
quality/transfer/fabrication differences, as well as by substrate’s
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Fig. 2. The exemplary noise power spectral density S, (a) and S/I? (b) plots
for a PlonS device (in black), the I-V curve of which is in (c) and sapphire
device (red). The spectra are taken at the Vgate position marked as star in (c)
and (d). A gray dashed line is given as a 1/f guideline. In (d) is the plot of
effective gate noise; black for PlonS device, red for sapphire device. The
distinct peaks at the Dirac point position are due to transconductance minima
and are also regularly noted in other works [23], [33]. W=20um, L=10 pum for
sapphire device and W=20um, L=8 um for the PlonS device. Vpir refers to
the point of minimal current, i.e. Dirac point. The Vps is always kept at 100mV
for every measurement.

1 100Hz order 4 elliptic low pass zero phase filter is applied in order to
simplify signal detection

quality, i.e. density of charge impurities and traps [32], [34],
[35], [36].

In view of the presented analysis, the sapphire-based GFETs
were selected for use in in vitro tests. Optical transparency of
the chips simplifies the soldering of the device to a chip carrier,
and allows monitoring the progression of the cell culture as
well, in order to select the best level of cell maturation for
measurements. The PlonS chips, in contrary, are impossible to
bond, encapsulate or observe culture progression.

C. In-vitro recordings. Sapphire GFETs

The in vitro measurements are done on the sapphire chips,
which show comparably high transconductance values, and at
the same time, low noise performance. HL-1 cell culture is
chosen as the test cell culture, since the confluent cell layer
leads to good cell-device coupling and APs are spontaneously
generated by pacemaker cells. These APs are repetitive and
propagate through the whole cellular layer [17], [37].
Furthermore, the associated cell contraction can be monitored
to determine the maturity of the culture and therefore the
appropriate time to measure electrical signals.The cells (Fig.
3a) are cultured on the encapsulated chip’s surface (Fig. 3b)
until they form a confluent layer. Usually this takes 2-3 days.
As soon the cells reach confluency, and form gap junctions,
they start beating, therefore producing the extracellular
potentials. Considering that HL-1 cells form a syncytium, the
signals propagate geometrically along the tissue. Pacemakers
are the strongest cells in the culture, which create the rhythmic
beatings for the whole monolayer. Thus, the HL-1 cellular layer
is able to beat synchronously. Pacemaker cells play an
important role when investigating HL-1 cells [38], [39].
Therefore, it is important to calculate not just the distinct action
potentials, but their propagation. This is done via measuring all
the devices per chip simultaneously via the specially fabricated
multichannel measurement system (Fig. 3c) and controlled by
the LabView-based software (Fig. 3d).

With the sapphire-based GFETs we have been able to record
the cellular activity from several channels (devices) on a chip.
Some of the time traces are plotted in Fig. 4a.! The timetraces
represent the gate potential fluctuations, adjusted [40] to the
cellular behavior, as described in section Il.F of the manuscript.
If zoomed into one of the APs (Fig. 4b), the time delay between
different channels is visible. Which means that the signal is
propagating through the cellular layer on top of the chip.
Considering that over 10 channels per chip have recorded action

(c) (d)

o |
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Fig. 3. The schematics of the in vitro experiments: (a) a transmitted light
optical image of the HL-1 cell culture. Scale bar, 20 um. (b) Photograph of
the chip, bonded to the carrier and encapsulated by PDMS and glass rings for
medium storage. Scale bar, 5 mm. (c) A multichannel measurement set-up,
manipulated via PC (d) with Lab-View based software.
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Fig. 4. The in vitro recordings from sapphire-based GFETSs: (a) Eight seconds long time traces of 8 channels with recorded APs; operating point: Vps=0.5V,
Ves=0.25V, hole region. (b) A zoom-in into one of the APs, signal delay between the channels means that signal propagates through the chip. (c) The heat plot
of the signal propagation, considering the geometrical locations of the recorded channels. (d) APs from 4 different channels (correspondingly to red, green,
blue and magenta time traces in Fig. 4a) are shown in gray with the averaged signal as an overlay. (e) Recording, over 10 minutes long, from another culture
where initially APs are seen firing at a frequency of 0.3Hz (first inset), whereas addition of NorA into the culture medium almost doubles the frequency
(>0.5Hz, second inset), and SDS starts to perforate and dissolve the cellular layer, decreasing the amplitude and eventually ceasing the APs (third inset). All
three insets are 20 seconds long and have the same y-scale; operating point: Vps=0.2V, V3s=0.15V, hole region.

potentials, we calculated the spatial propagation of the signal
(Fig. 4c). We extrapolated the pacemaker’s location to the
middle bottom of the chip. The signal propagates radially,
which would be more visible if more working devices picked-
up the signals. The calculated signal propagation velocity
(upper bound) is estimated to be around 6-7 mm/sec, which is
in satisfactory agreement with literature values [33], [41], [42].

The signal-to-noise ratio (SNR) of the recorded potentials
varies from a GFET to a GFET and spans from 4 (the best one)
to 1.5 (hardly visible). The noise is considered here and in the
following as 2xstandard deviation (SD). Shape and amplitude
of a recorded action potentials are correlated to the expected
extracellular potentials. In general, there are many parameters
which can influence the extracellular potentials, such as sealing,
cell-chip coupling, junction resistance, etc. [40], [43]. The
differences in the SNR and in the signal shape (Fig. 4d) can be
attributed to the difference in the transconductance values for
different GFETSs on a single chip, as described above, and the
quality of sealing (cell-chip coupling) between a cell and a
device [40].Whereas the first parameter can be controlled via a
more robust and fault-free fabrication procedure, the second
one can only be addressed with the type of cellular culture,
surface treatment of the device for cell adhesion, etc [40], [43].

In order to prove the biological origin of the signals, another
experiment with different setting parameters was performed on
a similar sapphire-based GFET chip (Fig. 4e). While recording
the time traces from the chip, norepinephrine (NorA), a well-
known drug for heart rate stimulation, is added to the medium.

Increase of the NorA concentration from 0.1 mM to 0.2-0.3 mM
in the medium, doubles the beating frequency (Fig. 4e insets),
as expected [44]. After that, a concentrated sodium dodecyl
sulfate (SDS, a surfactant) solution was added to the same
culture. The SDS perforates the cellular layer and removes it
from the chip’s surface. This results in frequent but evanescent
beatings which disappear completely in a couple of minutes.

These experiments show that such devices fit perfectly into
the field of in vitro measurements, drug-screening, and
recording of action potential propagation, as described
previously [29]. Nevertheless, the inflexibility of the substrate
restricts us from performing in vivo tests. Flexible devices
would be preferred for implantation into a body. The PlonS
devices, present the same GFETSs on a flexible polyimide that is
supported on steel to ease handling in the lab. Future devices
envision the GFETs on Pl without any metal support.
Therefore, the PlonS-based devices were further tested by
measuring APs directly from ex vivo heart tissue.

D. Flexibility tests. PlonS GFETs

In order to test the reliability of the PlonS devices, we
performed two kinds of the bending tests. The first test
consisted of step-wise bending of the PlonS chip and concurrent
measurement of the transfer curve at each bending angle (Fig.
5). After a step of 500 um, we measure the device and then
continue bending, consequently measuring after each step. We
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Fig 5 A picture of the bending set-up. The pushing rod is at its maximum
height of 5mm and total bending radius of 36.7mm. S and D mark the
conducting magnets, used for manual and stable connections while bending.
PDMS ring works as the reservoir for the electrolyte solution, gated via
Ag/AgCI pellet electrode.

found no significant changes in the Rp (resistance at the Dirac
point) nor in the transconductance due to the bending (data not
shown).

The second test was performed, continuously bending the
chip for 10, 100, 300, and 1000 times up and down to the
maximum tensile strain of 0.2%. The whole array of the GFETs
is measured after each iteration. None of the GFETS, oriented
perpendicular to the bending axis were broken or exhibited
reduced performance. Nevertheless, some GFETS, oriented
along the bending axis, got broken between the 300" and 1000™
cycle. We speculate that this is the effect of the source-drain
contacts to the graphene, since the tensile strain of 0.2% is not
large enough to change internal properties of the graphene itself
[45].

E. Ex-vivo recordings. PlonS GFETs

As an intermediate step towards in vivo measurements, we
performed ex vivo recordings of embryonic rat heart tissue on a
PlonS chip. The heart tissue was carefully placed directly in the

(a) ) (6)

;——{“ ‘
>
1S

ti&, ° ‘ZOi

-“}-'Iéa"t

middle of the chip (Fig. 6a), source and drain were connected
as described in the experimental section. A Ag/AgCl pellet
electrode is placed right on top of the tissue, and a large enough
drop of electrolyte applied in order to transfer the gate potential,
but small enough to not lift the tissue up from the surface.

The time series recordings, of almost two minutes long (Fig.
6b), show very remarkable peaks. The SNR of the
measurement? is estimated around 10.5+0.5, considering the
930 WV noise (estimated as 2xSD) and the cellular signal
amplitude of 9.75+0.5 mV. The amplitude of the heart tissue is
much larger than of HL-1 cells, but we record local field
potentials in this case, which are expected to be in this order
[46], [47]. The peak’s FWHM (Fig. 6¢) is 6-7 ms which
corresponds to the ion-channel current and not to the
mechanical movement [47]. The extremely large noise values
can be attributed to the suboptimal connections on the PlonS
chips, necessary to allow both bending and ex vivo
measurements. In order to provide noise values comparable to
devices on stiff substrates, the same device was used for a
dummy time series recording with more stable needle contacts,
the result is plotted in red in Fig. 6b for comparison.

IV. CONCLUSION

In summary, three kinds of GFETSs: on SiO-/Si, sapphire, and
PlonS substrates, were fabricated and investigated for their
performance. Sapphire-based devices show uniformly stable
transconductance values and low noise. The devices have been
used for in vitro monitoring of cardiomyocyte activity and
exhibit excellent SNR (up to 4 for HL-1 cells and 11 for ex vivo
heart tissue). The controllably flexible PlonS GFETSs exhibit an
extremely large transconductance values, with average of
1.9+0.9 mS-V-*-o and mobility as high as 1750 cm?-V1.s,
Bending tests and ex vivo measurements prove the reliability of
the devices.

Releasing the underlying steel substrate would allow the
devices to be easily implementable for in vivo applications. The
combination of excellent transconductance values, combined

* s 5 o
a sample recording from the same device with needle contacts and without tissue

Fig. 6. (a) A photo of the ex vivo experiment on the flexible and controllably bendable GFETSs chip, with heart tissue right on top of the chip. (b) The heart tissue
measurement time trace; the red line is a time trace of the same device but with needle contacts and measured at the shielded setup used for the noise characterization,
without heart tissue. (c) The averaged action potentials (n=34, in gray) from one recorded channel. Operating point: Vps=0.15V, Vss=0.25V, hole region.

2 10-100 Hz bandpass filter was applied to the recordings prior to analysis
in order to reduce the environmental noise. Signal width of 15-20ms allows
such filtering without losing useful information.
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with considerably low noise level, open up the road for in vivo
applications of the graphene-on-polyimide field effect
transistors.
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