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Single-Cell Membrane Potential Stimulation and Recording
by an Electrolyte-Gated Organic Field-Effect Transistor

Nicolò Lago, Alessandra Galli, Sarah Tonello, Sara Ruiz-Molina, Saralea Marino,
Stefano Casalini, Marco Buonomo, Simona Pisu, Marta Mas-Torrent, Giada Giorgi,
Morten Gram Pedersen, Mario Bortolozzi,* and Andrea Cester*

The reliable stimulation and recording of electrical activity in single cells
by means of organic bio-electronics will be an important milestone in
developing new low-cost and highly biocompatible medical devices. This paper
demonstrates extracellular voltage stimulation and single-cell membrane
potential recording by means of a dual-gate electrolyte-gated organic
field-effect transistors (EGOFET) employing 2,8-Difluoro-5,11-bis
(triethylsilylethynyl)anthradithiophene blended with polystyrene as active
material. To obtain a sufficiently small footprint to allow bidirectional
communication at the single cell level, the EGOFET technology has been
scaled down implementing a Corbino layout, paving the way to the
development of novel bidirectional Electrocorticography (ECoG)
devices with a high spatial resolution. A specific and thorough analysis
of the working mechanisms of EGOFET-based bio-sensors is reported,
highlighting the importance of the device design and using an appropriate
batch of measurements for the recording of the electrical activity of cells.

1. Introduction

In the last couple of decades, organic bioelectronics has gained
increasing attention.[1] Such interest originates from the easy and
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low-cost processability of organic materi-
als and devices, as well as from the spe-
cific advantages of organic-based sensing
platforms compared to their inorganic
counterpart. First, organic semiconduc-
tors are mechanically compliant materi-
als that can be easily transferred onto
flexible substrates to adapt to the natu-
ral non-planar conformation of biologi-
cal tissues. Second, the palette of organic
compounds is extremely large[2] since
the organic synthesis can tailor proper-
ties such as solubility, conductivity, trans-
parency, and biocompatibility, by insert-
ing proper pendant groups into the 𝜋-
conjugated backbone of the organic semi-
conductor.

Among the bio-sensing applica-
tions, one of the most challenging is
the effective stimulation, control, and
recording of electrical activity of single

cells by means of voltage-sensitive organic sensors. In brain-
machine interfaces, precise measurement and stimulation of
neuronal action potentials (AP) by organic sensors opens
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unprecedented opportunities to develop flexible and biocompat-
ible implants.[3]

While there are many examples of organic-coated passive mi-
croelectrodes (ME),[4] successful reports of organic transistor-
based neural interfaces are still limited to a few examples.[5]

The advantage of performing active sensing by using organic
transistors is mainly that they provide in situ signal pre-
amplification by improving implicitly the signal-to-noise ra-
tio (SNR).[6] For an effective amplification, the actual tran-
sistor channel should be placed as close as possible to the
source of the signal, i.e., directly interfacing with the cells.
For this purpose, the scientific community is investigating
two similar typologies:[7] organic electrochemical transistors
(OECTs), and electrolyte-gated organic field-effect transistors
(EGOFETs).

OECTs are typically fabricated employing doped conduc-
tive polymers placed onto two parallel electrodes (termed
source and drain); polypyrrole, polyaniline, etc. were
electropolymerized,[8–10] whereas PEDOT:PSS can be deposited
by means of drop-casting, screen-printing, spin-coating, etc.[11]

The device exploits an electrolyte, which is polarized by an
external gate electrode that triggers the electrochemical doping
of the conductive polymer (e.g., redox reaction along with ions
redistribution), hence modulating the drain-to-source current
IDS. In contrast, EGOFETs usually consist of conjugated small
molecules (e.g., pentacene and its derivatives) or polymers (viz.
poly(3-hexylthiophene) (P3HT) or thienothiophene copolymers)
deposited between a pair of interdigitated source and drain
electrodes. Similar to OECTs, device gating is made by a gate
electrode immersed in an electrolyte. However, IDS modulation
in EGOFETs is achieved by purely capacitive coupling between
the organic semiconductor and electrolyte that controls the
density of free charges in the electronic channel that forms at
the semiconductor/electrolyte interface (i.e., field-effect mod-
ulation). This difference in the operation mechanism between
OECTs and EGOFETs leads to differences in their performances,
with OECTs being characterized by larger current densi-
ties, whereas EGOFETs are characterized by faster-switching
times.[12]

Thanks to their large current density and the high volu-
metric capacitance,[13] OECTs have been explored extensively
as a tool for in vitro and in vivo recording of cellular elec-
trical signals.[14,15] Despite these achievements, the larger cut-
off frequency of EGOFETs would suggest that they should be
more suitable than OECTs for the recording of fast APs last-
ing just a few milliseconds, thereby making the EGOFET tech-
nology very attractive for bioelectronics applications. So far, suc-
cessful implementation of EGOFETs for recording cellular elec-
trical activity was limited to devices measuring average sig-
nals from hundreds to thousands of cells seeded on top of the
same substrate.[16–18] Consequently, single-cell recording using
EGOFETs is still an open challenge, which is the main goal of this
manuscript.

In the present work, we achieved the goal of recording in vitro
the electrical activity of living cells by using an EGOFET-based
sensor in a single-cell framework. Additionally, our EGOFETs
are fabricated with a Dual-Gate (DG) architecture (i.e., doped sil-
icon and Ag/AgCl electrode as bottom and top gate terminals,
respectively), allowing the sensor to be embodied with both cell-

recording and cell-stimulation capabilities. To validate our sens-
ing and stimulating platform, we employed HeLa cells seeded
on top of the device. HeLa cells do not display spontaneous
electrical activity,[19,20] which instead was controlled via patch-
clamp; this approach was suitable to validate the EGOFET sen-
sor functionalities since it allowed us to control and monitor
a single cell signal, without additional interfering signals from
surrounding cells. In addition to the measurements in living
cells, we provide a comprehensive analysis of EGOFETs stim-
ulation and recording properties in terms of field-effect and
parasitic currents that are recorded at the source and drain
electrodes.

2. DG-EGOFET Recording and Stimulation
Properties

Figure 1a describes the device architecture adopted in this work.
We used DG-EGOFETs interfaced with HeLa cells, where the
Ag/AgCl Top-Gate (TG) electrode had the purpose of setting
the transistor operative point as well as acting as a reference
electrode for the entire set-up. The Bottom-Gate (BG) electrode
was instead used as a stimulation electrode, preferring low BG-
voltage pulses (i.e., < 1 V) to avoid dual-gating field-effect current
modulation.[21] Concerning the overall EGOFET geometry, we
adopted a Corbino layout (Figure 1b) in order to minimize the
transistor footprint and enhance its stability.[22] The active semi-
conducting layer consisted of a blend of the organic semiconduc-
tor 2,8-Difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene
(diF-TES-ADT) and polystyrene (PS) deposited by bar-assisted
meniscus shearing technique, compatible with roll-to-roll man-
ufacturing processes (see Experimental part).[23,24] The resulting
films are highly crystalline and show high EGOFET performance
and stability[23,24] and, thus, have already been applied for the
development of sensors.[17,27,28]

Figure 1c,d report the transfer and output characteristics of
our device, highlighting that the field-effect current modulation
is still present after cell seeding and culture.

2.1. EGOFET Current Contributions

Rigorous data extraction of our EGOFET parameters requires the
use of a proper model, which has been introduced by Marinov
et al.[29] and further adapted by Tu et al.[30] for devices operated
in liquid environments. However, this is beyond the scope of this
investigation, since we want to provide a qualitative data analysis
for interdisciplinary activities, whose purposes are not dependent
on the extraction of a specific electronic feature such as mobility,
threshold voltage, mobility enhancement factor, etc. As a result,
the transfer curves in Figure 1c can be described by using the
classical FET equation. For simplicity, the following reasoning is
done by assuming an n-type transistor. The results can be easily
extended to p-type transistors by proper sign changes. We also
assume that the transistor works in saturation regime. Then, the
EGOFET drain-to-source field effect current IDS can be written
as:

IDS

(
VGS, VDS

)
=

{
1
2
Ci𝜇FET

W
L

(
VGS − VTh

)2
VDS > 0 V

0 VDS = 0 V
(1)
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Figure 1. Dual-Gate EGOFET. a) Layout of the EGOFET used in work and the corresponding electrical connections. All the applied potentials are referred
to as the Top-Gate reference electrode. The drawing highlights field-effect current contribution (IDS) as well as all the parasitic current contributions
(IMES∕D

, and ICS∕D
). b) Optical image of the device during the single-cell patch-clamp experiment. A Corbino layout was adopted in this work (unless

otherwise stated). The circular-shaped Source and Drain electrodes allow for a uniform distribution of the electric field, hence, a uniform distribution
of the IDS current. The higher electric field in proximity to the Source electrode (inner electrode) facilitates carrier injection. c,d) Transfer and output
characteristics before (red-solid line) and after (blue-dotted line) cell seeding and incubation representative of the EGOFETs used in this work.

where VGS = VG − VS and VDS = VD − VS are, respectively,
the top-gate-to-source and drain-to-source voltages, Ci is the
transistor top-gate capacitance, μFET is the field-effect mobil-
ity, W

L
is the aspect ratio (viz. W and L are the channel width

and length, respectively), and VTh is the transistor threshold
voltage.

As modeled in our previous work,[31] a variation in the ex-
tracellular potential Vmem at the interface with the device may
be recorded as a variation of the EGOFET IDS current by con-
sidering the superposition between the DC operative bias VGS
and the extracellular variation ΔVmem due to a change in the
permeability and/or capacitive properties of the cell membrane.
We use the notation ΔV (or ΔI) to identify a small variation of
voltage V (or current I) with respect to its steady state. Notice
that Vmem = VG at steady state. Therefore Equation (1) can be
written as:

IDS

(
VGS + 𝚫V mem, VDS

)
=

{
1
2

Ci𝜇FET
W
L

(
VGS + 𝚫V mem − VTh

)2
VDS > 0 V

0 VDS = 0 V

(2)

Equation (2) describes the field-effect current IDS as a func-
tion of ΔVmem. Consequently, it should be possible to in-
fer the cell activity from the transistor IDS current. In prac-

tice, IDS is not a measurable quantity, but it is derived by
measuring the currents at the Source and/or Drain elec-
trodes, namely IS and ID, respectively; in the ideal scenario,
ID = IDS = − IS. Notice that we are using the passive sign
convention, i.e., the positive current flowing into the device
(see Figure 1a).

According to the sketch shown in Figure 1a, the currents IS
and ID are the sums of three contributions:{

IS = −IDS

(
VGS + 𝚫V mem, VDS

)
− IMES

(
V mem

)
− ICS

(
VGB

)
ID = +IDS

(
VGS + 𝚫V mem, VDS

)
− IMED

(
V mem

)
− ICD

(
VGB

)
(3)

where ICS∕D
describes the purely capacitive coupling between

Back-Gate and the Source/Drain electrodes that is caused by a
fast variation in the Back-Gate Potential (ΔVGB), whereas IMES∕D

describes the coupling between the cell and the Source/Drain
electrodes (as in microelectrode arrays). Ideally, these two par-
asitic contributions are negligible in quasi-static measurements
(e.g., during the transfer and output characterizations, in other
words, it should be IMES∕D

= 0 for ΔVmem = 0 and ICS∕D
= 0 for

ΔVGB = 0). However, this is not always the case for EGOFETs
operating with strong electrolytes as gate medium, which in-
troduces a non-negligible leakage component (IMES∕D

≠ 0).[19]
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Therefore, to get rid of the DC-leakage components we write
Equation (3) in differential form as follows:{

Δ IS = −ΔIDS

(
𝚫V cell, VDS

)
− ΔIMES

(
ΔV cell

)
− ΔICS

(
ΔVGB

)
Δ ID = +ΔIDS

(
𝚫V cell, VDS

)
− ΔIMED

(
ΔV cell

)
− ΔICD

(
ΔVGB

)
(4)

2.2. Top-Gate Recording Properties

We consider the case where there is no BG stimulation, i.e.,
ΔVGB = 0 and, in turn, ΔICS∕D

= 0. In this scenario, the cells’ ac-
tivity may induce either a variation of the drain-to-source current
ΔIDS (the device is operating as an active field-effect transistor) or
a variation of ΔIMES∕D

(the device is operating as a passive micro-
electrode), or a variation of both ΔIDS and ΔIMES∕D

(mixed active
and passive sensing). The simultaneous presence of active and
passive sensing can lead to either a constructive or a destructive
superposition of the active (ΔIDS) and passive signals (ΔIMES∕D

).
In particular, constructive superposition is recorded at the source
terminal, where active and passive signals sum together, increas-
ing the overall output signal (|ΔIS| = |ΔIDS| + |ΔIMES

|). In con-
trast, destructive superposition is recorded at the drain termi-
nal, where active and passive signals may cancel each other out,
leading to a lower recorded signal (|ΔID| = ||ΔIDS| − |ΔIMED

||).
Notice that this result is independent of the device polarity (p-
type or n-type) and the sign of the extracellular potential variation
(ΔVcell > 0, or ΔVcell < 0).

Consequently, an unambiguous interpretation of the data can
be obtained by recording the current at the source terminal rather
than at the drain electrode, thus taking advantage of the con-
structive superimpositions of the signal. However, it is surpris-
ing to note that the common practice (for both EGOFETs and
OECTs) of the scientific community is to record the output sig-
nal solely from the drain electrode which not only makes the
interpretation harder, but it also lacks part of the basic infor-
mation to provide a unique description of the device transduc-
tion. However, even though constructive superposition can be
exploited to increase the signal-to-noise ratio, we suggest that
this is not the best way to employ a transistor and that the par-
asitic passive component should be reduced as much as pos-
sible. In fact, even though ΔIDS and IMES

may result from the
same event, they have different physical interpretations; math-
ematically speaking, ΔIDS ∝ ΔVcell (first-order approximation),
whereas IMES

∝ dVcell

dt
. Therefore, mixed active and passive sens-

ing may also be the cause of signal distortion and interference,
especially if the transistor is meant to be used as an amplifying el-
ement. Remarkably, a transistor is usually driven with a grounded
source terminal and using ID as current output, i.e., destructive
superposition.

To understand whether the device is working as a transistor
or as a microelectrode, i.e., whether sensing is active or passive,
we characterize the microelectrode current contributions at both
source and drain terminals, by repeating the recording experi-
ments, suppressing the field-effect current contribution setting
VDS = 0 V (IDS = 0 A, see Equation (1)). Therefore, the source and
drain currents become IS∕D(VDS = 0 V) = −IMES∕D

(𝚫V cell), i.e.,
only the microelectrode parasitic contributions are recorded. We

positioned the patch-clamp pipette close to the transistor chan-
nel (before cells seeding) and applied a voltage stimulus while
recording the transistor currents, as schematically depicted in
Figure 2a (Figure S1, Supporting Information shows an opti-
cal image of the sample and the pipette). This approach is not
only fundamental to quantifying the passive (ΔIMES∕D

) and ac-
tive (ΔIDS) signals, but also to validate the overall sensitivity
of our EGOFET because the size of the patch-clamp pipette
is smaller than the size of the HeLa cell. Figure 2b shows
the specific pulse applied by using the patch-clamp pipette,
namely a square pulse featuring an amplitude equal to −80 mV
and a duration of 100 ms. These features of the pulse are
the standard ones for electrophysiological characterization for
neurons.[32–34]

Figure 2c,d report the source and drain currents variation
upon the application of a negative voltage stimulus (equivalent to
ΔVcell = − 80 mV), for VDS = − 0.5 V (blue line) and VDS = 0 V
(red line). As discussed above, for VDS = 0 V the current varia-
tions are due only to the microelectrodes components (i.e., cou-
pling between the pipette and the source/drain electrodes), there-
fore, both IMES

and IMED
are positive (negative pulse). Whereas,

for VDS = − 0.5 V, the field-effect contribution adds to the
microelectrode contribution, yielding a larger (more positive)
source current ΔIS (VDS = − 0.5) = ΔIS (VDS = 0) + ΔIDS
(VDS = − 0.5) (constructive superposition), with respect to a
lower drain current ΔID (VDS = − 0.5) = ΔID (VDS = 0) − ΔIDS
(VDS = − 0.5) (destructive superposition). To evaluate the ac-
tual field-effect response of the device, we can then compute
the difference ΔIS (VDS = − 0.5) − ΔIS (VDS = 0) = ΔIDS
(VDS = − 0.5) and ΔID (VDS = − 0.5) − ΔID (VDS = 0) = − ΔIDS
(VDS = − 0.5), which are shown by the green lines in Figure 2c,d.
We observe that, as anticipated from a p-type transistor, the field-
effect current results to be positive at the source electrode and
negative at the drain electrode, confirming that our EGOFETs are
indeed working as a p-type transistor (despite the undesired ME
contribution).

These results are important both for characterizing the field-
effect properties of our EGOFET, which should not work as a
mere passive microelectrode, and for quantifying its sensibility.
Since the aperture size of the patch-clamp pipette is very small
(1-2 microns) compared to cell size (10–20 microns), we expected
to produce a minimal response with a weak capacitive coupling
and a low ionic flow compared to cells’ signal. Therefore, our
experiments (Figure 2) confirmed the field-effect functionality
of our devices with a sensitivity sufficiently high for single-cell
recording.

2.3. Back-Gate Stimulation Properties

Aiming at performing simultaneous stimulation and recording
(via BG stimulation), the BG capacitive coupling ICS∕D

must be
taken into account. This introduces additional complexity for the
discrimination between the three current components in Equa-
tion (3), and thus, performing the analysis for VDS = − 0.5 V and
VDS = 0 V may not be enough to discern the field-effect response
and, most importantly, to highlight the cellular response. There-
fore, we decided to characterize the dynamic response of our de-
vices before cells seeding. In particular, we analyzed the source
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Figure 2. Sensitivity experiment. a) Schematic representation of the setup. The patch clamp pipette was positioned in close proximity to the transistor
channel and a voltage stimulus was applied at the pipette electrode to locally change the device gate potential while recording the Source and Drain
currents. The EGOFET was biased with constant VGS = − 0.5 V. b) Current recorded by the patch-clamp amplifier during the application of the voltage
step. Most of the current flows directly through the Top-gate-reference electrode while a very small portion may flow through the Source and Drain
Electrodes. c) Source current variation ΔIS recorded for VDS = − 0.5 V (blue line) and VDS = 0 V (red line). The green line is the arithmetic difference
between blue and red lines, highlighting the constructive superposition of active and passive sensing. d) Drain current variation ΔID recorded for
VDS = − 0.5 V (blue line) and VDS = 0 V (red line). The green line is the arithmetic difference between blue and red lines, highlighting the destructive
superposition of active and passive sensing.

and drain currents transitory responses to BG and TG voltage
steps (Figures S2 and S3, Supporting Information, respectively).
Furthermore, transient phenomena are extremely important to
the overall performance of such a device since they can both elu-
cidate charge transport details and stress the role of the most rel-
evant interfaces.[25,26,35] For instance, we have to highlight that
different methods of deposition of the organic semiconductor,
different device architectures, and the use of an aqueous solution
as a gate dielectric can affect dramatically the rate of accumula-
tion/depletion of the charge carriers.

The BG voltage steps allow the characterization of the capac-
itive coupling between BG and the source/drain electrodes. In-
deed, we found that the source/drain transient currents are well
described by a single fast exponential decay with a time constant
𝜏1 ≈ 0.22 ms (Figure S2b, Supporting Information), which is

compatible with the capacitance of the SiO2 BG dielectric layer
(COX = 16 nF cm−2 → ROX = 14 kΩ·cm2). Conversely, the TG
voltage steps (Figure S3, Supporting Information) feature tran-
sient responses characterized by two distinct time constants: i) a
fast time constant 𝜏2 ≈ 0.57 ms that we ascribe to the TG capac-
itive coupling with the electrodes, which is compatible with pre-
vious findings employing the same organic semiconductor used
in this work[26] and ii) a time constant 𝜏3 ≈ 4.16 ms that is com-
patible with turn-on and turn-off times of EGOFETs. The use of
a bi-exponential curve has been first introduced by Faria et al.[36]

by modeling a partial permeable membrane, and this model has
been successfully used for different liquid-gated transistors based
on PEDOT:PSS[37,38] and reduced graphene oxide.[39]

Hence, from the transient response analysis, we verified the
presence of the three processes contributing to the source/drain

Adv. Electron. Mater. 2024, 2400134 2400134 (5 of 11) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. Single-Cell recording. a) Schematic representation of the setup. A target HeLa cell lying on the EGOFET electronic channel was patched in the
whole-cell configuration to monitor and control its internal potential. A −80 mV cell voltage stimulation was delivered and measured via the patch-clamp
amplifier, while the EGOFET response to the stimulus was monitored through the device Source and Drain electrodes. The EGOFET sensor was biased
with constant VGS = − 0.5 V. b) Cell membrane current recorded by the patch-clamp amplifier (orange trace) during the application of a −80 mV voltage
step to the cell (dotted black trace). The recorded current is a combination of initial and final capacitive membrane charging/discharging and ionic
permeability, including a leakage current due to sub-optimal sealing between the cell membrane and the glass pipette. c) Source current variation ΔIS
recorded for VDS = − 0.5 V (blue line) and VDS = 0 V (red line). The green line is the arithmetic difference between blue and red lines, highlighting the
constructive superposition of active and passive sensing. d) Drain current variation ΔID recorded for VDS = − 0.5 V (blue line) and VDS = 0 V (red line).
The green line is the arithmetic difference between blue and red lines, highlighting the destructive superposition of active and passive sensing.

currents, each associated with a specific time constant related to
specific device areas (see Figure S4, Supporting Information):

• 𝜏1 ≈ 0.22 ± 0.19 ms → The capacitive coupling between BG
and the S/D electrodes, ICS∕D

.
• 𝜏2 ≈ 0.57 ± 0.27 ms → The capacitive coupling between TG

and the S/D electrodes, IMES∕D
.

• 𝜏3 ≈ 4.16± 1.92 ms→The turn-on and turn-off of the EGOFET
electronic channel, IDS.

On the one hand, this analysis is a further confirmation of the
suitability of Equations (3) and (4) in describing EGOFETs op-
eration, validating our approach to discern between field-effect
and ME contributions. On the other hand, it highlights the need

for a thorough understanding and characterization of the device
before using it for cell stimulation and sensing.

3. Single-Cell Recording

Once investigated the electronic properties of our EGOFET-based
sensor, we validated its usefulness for bioelectronics applica-
tions by performing single-cell recording experiments. The ex-
periments were performed in whole-cell patch-clamp mode by
applying a voltage stimulation to the target cell via the pipette
electrode while recording the EGOFETs source and drain cur-
rents, as schematically depicted in Figure 3a. Figure 3b shows
the applied voltage stimulus and the corresponding patch-clamp
current IP, in which the current rises within 400 μs and its

Adv. Electron. Mater. 2024, 2400134 2400134 (6 of 11) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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corresponding decrease within 2 ms (see Figure S5, Supporting
Information)

Figure 3c,d report the variation of the Source and Drain cur-
rents recorded during the experiments, demonstrating that our
EGOFETs can successfully record single-cells’ activity. In addi-
tion, by repeating the experiment for VDS = 0 V (red lines in
Figure 3c,d) and computing the current difference for the two VDS
voltages (−0.5 V and 0 V), we can discriminate the actual field-
effect recording of the device from its parasitic ME-like recording
(green lines in Figure 3c,d). Since the cell provides a larger cover-
age of the transistor channel with respect to the mere pipette, the
EGOFET response due to single-cell stimulation is larger than
the response without the cell (with the same stimulus from the
patch-clamp). Noticeably, by comparing Figures 2 and 3, we ob-
serve that the magnitude of the field-effect contribution becomes
larger than the magnitude of the microelectrode contribution.
This is most likely due to the different coverage of the cell mem-
brane over the device. In fact, to maximize the EGOFET field-
effect response, the patched cells were carefully selected to sit
within the transistor channel with only a small part of the cell
membrane overlapping the source and/or drain electrode, thus
reducing the parasitic coupling between cell and electrodes while
promoting the coupling with the transistor channel (see Figure
S6, Supporting Information).

We also investigated a further improvement of the pristine
field-effect response over the parasitic ME response can be
achieved by reducing the transistor channel length L. EGOFETs
are typically fabricated featuring sizes of tens of micrometers and
the two EGOFET-based sensors reported by Cramer et al.[16] and
Kyndiah et al.[17] feature a channel length comprised between
20 μm and 40 μm. Downscaling the channel length has the obvi-
ous advantages of increasing the EGOFET current (Equation (1))
and transient frequency:

fT = 3
2

𝜇FET

(
VGS − VTh

)
2𝜋L2

(5)

Furthermore, our preliminary results show that EGOFETs fab-
ricated with L = 5 μm are characterized not only by an improved
sensibility (Figure S6, Supporting Information), but also by the
fact that the ME contribution becomes negligible with respect to
the FE contribution (Figure S7, Supporting Information), which
is quite remarkable. Further details can be found in the Supple-
mentary Information (see Figure S8, Supporting Information).
Unfortunately, the drawback of 5-μm channel EGOFETs is that
the Back-Gate stimulation becomes more challenging because
the closer proximity of the electrodes and the larger current den-
sity provide a stronger screening of the BG potential hampering
the BG stimulation.

4. Cell Stimulation

Finally, we investigated the capability of our device to stimu-
late a cell response by applying a voltage stimulus via the BG
electrode while recording the electrical response of the cell via
both the EGOFET and the patch-clamp in current-clamp mode
(Figure 4a). During the BG stimulation the internal cell potential
is perturbed by the stimulating voltage (Figure 4b). Performing
BG stimulation with VBG voltages increasing from 0.1 to 1 V, we

can control the magnitude of the intracellular voltage variation,
which is important in the case of excitable cells, confirming the
capability of our sensors to function as voltage stimulators (see
Figure S9, Supporting Information).

In parallel to the cellular response recorded by the patch-
clamp, we simultaneously recorded the EGOFETs source and
drain currents (Figure 4c,d). Differently from the cell-recording
experiments, the source and drain current variations during
stimulation-and-recording experiments are dominated by the ca-
pacitive coupling between BG and source/drain electrodes. Such
large coupling, in addition to the possible presence of BG DC-
leakage, makes it more challenging to extrapolate the effective
field-effect contribution, even though it is clearly visible, lead-
ing to less accurate data. Moreover, it has been previously pub-
lished that a similar EGOFET can be effectively used in this dual
mode operation, and the amplitude of the bottom gate pulses
(i.e.,<1 V) cannot affect the charge-carrier density, hence the con-
ductivity of the organic semiconductor.[21] Therefore, in addition
to the analysis of the constructive and destructive superposition
currents, we analyzed the device’s transient response by extrap-
olating the number of exponential contributions and their cor-
responding time constants. From our analysis, we confirm the
presence of three main exponential contributions that, as pre-
viously observed, are coherent with the three current contribu-
tions reported in Equation (3), as shown in Figure S10 (Support-
ing Information). In particular, from the source/drain currents
we extrapolated: 𝜏FET

1 = 0.22 ms perfectly matching with the BG
capacitive coupling (𝜏1 = 0.22 ms reported in subsection 2C);
𝜏FET

2 = 4.17 ms, in perfect agreement with the EGOFET turn-
on/off time (𝜏3 = 4.19 ms provided in subsection 2C). Moreover,
we analyzed the recorded patch-clamp voltage and observed that
the cell response to the stimulus (Figure 4b) is characterized by
two exponential contributions: 𝜏cell

1 = 0.35 ms e 𝜏cell
2 = 1.43 ms.

Notably, the estimated time constants have the same order of
magnitude of the characteristic response of the EGOFET. Lastly, a
third time constant is visible in both the EGOFET response and
the patch-clamp recording equal to 𝜏FET

3 = 42.0 ms and 𝜏cell
3 =

55.0 ms, respectively. Since the electrical double layer established
on the source/electrodes is entangled to the cell polarization,
our measurements cannot allow us to appreciate this capacitive
phenomenon. The cell thus responded faithfully to the stimu-
lus, following the dynamics of the EGOFET device, with voltage
excursions that would be large enough to trigger action poten-
tials in excitable cells. As shown in the previous section, the de-
vice is then capable of recording such triggered cellular electrical
activity.

5. Conclusion

In this work, we presented a complete description of the opera-
tion of EGOFETs-based sensors focusing on cellular stimulation
and recording. We observed that EGOFET-based sensors can
operate simultaneously like a transistor as well as microelectrode
(ME). To the best of our knowledge, previous works employing
organic transistor-based neural interfaces did not address these
important considerations that can lead to the wrong interpreta-
tion of the sensor data. For this reason, we proposed a procedure
for the correct evaluation of the EGOFET source and drain cur-
rent during the recording of cellular activity. Such analysis
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Figure 4. Cell stimulation and recording. a) Schematic representation of the setup. A target HeLa cell lying on the EGOFET electronic channel was
patched in the whole-cell configuration to monitor and control its internal potential. HeLa cell was patched in whole-cell mode to access its internal
potential. The cell stimulation was performed by applying a voltage pulse lasting 0.1 s via the EGOFET Back-Gate electrode. The cell recording was
performed simultaneously by monitoring the device Source and Drain currents and the patch-clamp voltage VP in current-clamp configuration. The
EGOFET was biased with constant VGS = − 0.5 V, while the patch-clamp was set with zero current-clamp holding IP = 0 A. b) Intracellular voltage
recorded by the patch-clamp amplifier during the experiment at increasing ΔVBG constant stimulations from the EGOFET electrode between time 0.1 s
and 0.2 s. c,d) Source and Drain current variations (ΔIS and ΔID, respectively) at Δ VBG = − 0.8 Vrecorded for VDS = − 0.5 V (blue lines) and VDS = 0
V (red lines). The green lines are the arithmetic difference between blue and red lines, highlighting the constructive superposition of active and passive
sensing. Results for other stimulation amplitudes are reported in Figure S9 (Supporting Information).

consists of the recording of the transistor currents for
VDS = −0.5 V and for VDS = 0 V, thus allowing the correct
evaluation of the ME and FET contribution.

We fabricated EGOFETs with a Corbino layout, to reduce
the ME contribution, and we successfully recorded single-cell
membrane potential. In addition, we showed that DG-EGOFETs
can operate as voltage-stimulating devices capable of simulta-
neous stimulation and recording of cells’ activity, paving the
way to a new paradigm for the design of novel ECoG de-
vices with improved spatio-temporal resolution. Further opti-
mization of the EGOFET layout and geometry should aim to

get the best trade-off between high sensitivity and effective
stimulation.

6. Experimental Section
Devices Fabrication: Si/SiOx substrates were purchased from Si-Mat

(p+doped, 𝜎 = 0.005–0.02 Ωcm, with a 200 nm thick thermally grown
SiO2 layer). Source and Drain electrodes were defined by photolithography
(MicroWriter ML Laser Lithography System) and a metallic layer of Cr/Au
(5 nm/40 nm thick) was subsequently evaporated (Evaporation System
Auto 360). The channel width (W) and length (L) were W = 150 μm and

Adv. Electron. Mater. 2024, 2400134 2400134 (8 of 11) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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L = 20 μm (W/L ratio equal to 7.5) for the 20-μm EGOFET (Figure 1b) and
W = 125 μm and L = 5 μm (W/L ratio equal to 24.85) for the 5-μm EGOFET
(Figure S6a, Supporting Information)

The substrates were cleaned in an ultrasonic bath with acetone and
isopropanol for 15 min each and, afterward, they were ozone-treated for
25 min. Source and Drain electrodes were subsequently modified with a
self-assembled monolayer of 2,3,4,5,6-pentafluorothiophenol (PFBT) by
immersing the device for 15 min in a 15 mm solution of PFBT in iso-
propanol. Subsequently, the substrates were rinsed with isopropanol for 5
min to remove physisorbed material.

The organic semiconductor layer was deposited as previ-
ously reported.[26] Shortly, a 2% wt. solution of 2,8-Difluoro-5,11-
bis(triethylsilylethynyl)anthradithiophene (diF-TES-ADT, purchased from
LUMTEC) and polystyrene (Mw = 10,000 g/mol, purchased from SIGMA)
in a 4:1 ratio in chlorobenzene was prepared. The solution was deposited
using the bar-assisted meniscus shearing technique[21] at a fixed speed
of 10 mm s−1 and keeping the substrate temperature at 105 °C. Samples
were then rinsed in MilliQ water to remove eventual solvent residuals and
contaminations.

At this stage, a PDMS O-ring with inner diameter of 13 mm was at-
tached on top of each sample using biocompatible vacuum grease (Dow
Corning), thus allowing the precise and reproducible confinement of liq-
uids with a known volume.

To promote cell adhesion and growth, a 0.3 ml drop of Geltrex (Life
Technologies, cat. No. A1413201) diluted in DMEM-F12 with a ratio of
1:200 was cast on top of the samples and incubated at 37 °C for 4 h be-
fore removal. (Life Technologies, cat. No. 11320074) at a ratio of 1:200 was
cast on top of the samples and incubated at 37 °C for 4 h. To find the best
trade-off between EGOFET functionality and cell adhesion, three different
concentrations were tested: 1:50, 1:100, 1:200 (see Figure S11, Supporting
Information). The best results were obtained with the smallest concentra-
tion.

Cells Culture and Seeding: HeLa cells were proliferated in t25 flasks
in a culture medium composed of 90% DMEM-F12, 9% FBS, and 1%
Penicillin-Streptomycin. Cells that reached at least 80% confluency were
enzymatically dissociated with 0.25% trypsin-EDTA (1x). 45000 cells
were resuspended in 350 μl of culture medium and plated on top of
each sample. After seeding, the EGOFETs were incubated at 37 °C,
5% CO2. The next day, the culture medium was completely changed
in order to remove not attached cells. Patch clamp and electrical stim-
ulation recordings experiments were performed after 48 h from cell
seeding.

EGOFETs Electrical Characterizations: EGOFETs electrical characteri-
zations were acquired by means of a 4-channels custom-made acquisi-
tion board appositely built for the objective of this work. The board al-
lows for the simultaneous recording of all the EGOFET current (espe-
cially the source and drain currents) with a resolution of 4 pA and a sam-
pling rate of 50 kHz. EGOFETs transfer characteristics were recorded by
scanning the gate-to-source voltage from −0.2 to −0.5 V with constant
drain-to-source voltage equal to −0.5 V. Similarly, output characteristics
were recorded by scanning the drain-to-source voltage from 0 to −0.5 V
with constant gate-to-source voltage equal to −0.5 V. To compare data be-
fore and after cell seeding, EGOFETs were characterized using Hela Extra-
cellular Solution as gate medium and an Ag/AgCl platinum wire as gate
electrode.

The same instrument was then used in combination with the patch
clamp set-up for the simultaneous sampling of cells electrical activity and
EGOFETs source/drain currents.

Patch-Clamp Setup: Whole-cell patch-clamp recordings were per-
formed in combination with cell imaging by a BX51 Olympus wide-field
microscope equipped with a 20X (0.8 NA) objective and a monochro-
matic light source tuned at 630 nm. A single-stage puller (PP-830, Nar-
ishige) was used to obtain patch pipettes from borosilicate glass capil-
laries (GC150–15 and G85150T-4, Harvard Apparatus). DC resistance of
patch electrodes ranged from 5 to 7 MΩ, depending on the glass and so-
lutions utilized in the experiment. Glass pipettes were filled with an intra-
cellular solution ATP-free, containing: 125 mm KAsp, 10 mm NaCl, 13 mm
KCl, 10 mm HEPES, 1 mm MgCl2, 0.05 mm BAPTA, KOH (pH 7.2), fil-

tered through a 0.22 μm pore size membrane (Millipore). Before patch
clamp, the culture medium was removed from the sample and substituted
with an extracellular solution containing: 140 mm NaCl, 5 mm KCl, 2 mm
CaCl2, 1 mm MgCl2-6H20, 2 mm Sodium Pyruvate, 10 mm HEPES, 5 mm
glucose, NaOH (pH 7.4) Electrophysiological signals were acquired using
Axon patch-clamp amplifiers (Axon 200B or 700B, Molecular Device) with
a dual headstage configuration capable of carrying out simultaneous mea-
surements. Electrophysiological data acquired by pClamp software (ver-
sion 10.4, Molecular Device) were analyzed utilizing customized software
developed using Matlab (The MathWorks, Inc.).

To simultaneously perform patch clamp with recording and stimula-
tion from the EGOFET-based sensors, the setup was completed with
a movable stage holding two microtips to contact the samples con-
nected to a custom-made board (see Electrical Characterization). The
synchronization between the patch clamp setup and the electrical char-
acterization setup was ensured by a trigger signal connecting the two
setups.

Data Analysis: Signal Processing Adopted for Sensitivity and Recording
Experiments: Variations caused by the stimuli, applied through a path-
clamp procedure, can hardly be observed from the source and drain cur-
rents (i.e., IS and ID), due to a very high acquisition noise, superposed
to the desired signals. For this purpose, a first signal pre-processing is
required to remove out-of-band noise, which consists of a filtering oper-
ation implemented through a cascade of two digital filters. The first filter
is a 4th-order IIR Bessel low-pass filter with a cutoff frequency of 200 Hz
to remove the wide-band acquisition noise. The second is an IIR notch
filter with a center frequency corresponding to 50 Hz for removing pow-
erline interferences. It should be noted that, because signal processing is
performed offline, forward-backward filtering can be applied to achieve a
zero-phase response.

A second processing stage is then implemented to further reduce the
residual noise, mainly due to offset leakage and low-frequency interfer-
ences. This is achieved by averaging multiple EGOFET responses, ob-
tained in correspondence to a constant stimulus under conditions of re-
peatability. In practice, the same voltage stimulus is provided through
patch-clamp pipette a given number of times, by inducing on the de-
vice the same current variation. Therefore, since the response to the
stimulus is constant in each repetition, while the superimposed noise
varies randomly, averaging allows the reduction of the superimposed

noise power by a factor of
√

N, where N is the number of repetitions
considered in a given trail. The data processing, described in this sec-
tion, follows the same steps both for experiments with cells and without
cells.

The resulting IS and ID signals at the end of the denoising steps are
shown in Figures 2c,d and 3c,d.

Signal Processing Adopted for Stimulation and Recording Experiments. In
BG and TG stimulation modes, source and drain currents, exhibit a higher
amplitude than the corresponding signals acquired in the recording mode
previously described and present a better signal-to-noise ratio. Addition-
ally, the information content of these signals is mainly distributed at high
frequencies, since the capacitive coupling causes a sharp response of the
cell, as can be observed in Figure 4c,d. Hence, it is preferred to avoid pre-
processing steps to keep as much accurate as possible the shape of the
responses.

The dynamic behavior of the EGOFET currents is analyzed. It is as-
sumed that a suitable mathematical model to describe the dynamics of
source and drain currents, induced by the TP or BG stimulation, is given
by a sum of exponential terms:[34]

y (t) = 𝛼1 ⋅ e𝜏1t + ⋅ ⋅ ⋅ + 𝛼n ⋅ e𝜏nt (6)

for t > 0, where t = 0 is the time instant in which the stimulus is applied.
Each term is described by a pair of parameters (𝛼i, 𝜏 i), corresponding re-
spectively to amplitude and time constant, with i = 1,…, n, where n is the
number of exponential terms to consider. In general, the dynamic behav-
ior of the EGOFET currents can be described by considering a model with
n ≤ 3, where n = 3 corresponds to the most complex model. In the
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following, the study considers the tri-exponential model – its adaptation
to a simpler model is straightforward:

y (t) = 𝛼1 ⋅ e𝜏1t + 𝛼2 ⋅ e𝜏2t + 𝛼3 ⋅ e𝜏3t (7)

The unknown parameters (𝛼i, 𝜏 i) of Equation (7) can be estimated by
fitting the exponential model to the experimental data (see Figure S12,
Supporting Information). However, this results in a nonlinear problem,
not easily solvable. A solution was proposed by Jacquelin[40] that demon-
strated Equation (7) can be expressed as an integral linear equation, thus
solvable as a linear problem. The linearization can be achieved by applying
three successive integrations to Equation (7) that, combined with the y(t),
allow expressing the Equation (7) as follows:

y (t) = I3 ⋅ S3 (t) + I2 ⋅ S2 (t) + I1 ⋅ S1 (t) + C2t2 + C1t + C0 (8)

The terms Si(t) for i = 1,… , 3, are multiple integrals of the function y(t),

i.e., S1 (t) =
ti
∫
t1

y(u)du, S2(t) =
ti
∫
t1

v
∫
t1

y(u)dudv, etc., which can be estimated

via a numerical integration. Specifically, in this work, the trapezoidal rule
has been employed to approximate the multiple integrals of y(t):

Si ≈ Ŝi =

{
0 if j = 1

Si

(
tj−1

)
+ 1

2

(
Si−1

(
tj

)
+ Si−1

(
tj−1

)) (
tj − tj−1

)
if j = 2, … , m

(9)

where m is the number of experimental points (y(ti), ti) and S0 (t) = y(t).
The constants Ii of Equation (8) depends on the time constants in the

following way:

I3 = 𝜏1𝜏2𝜏3; I2 = 𝜏1𝜏2 + 𝜏1𝜏3 + 𝜏2𝜏3 ; I1 = 𝜏1 + 𝜏2 + 𝜏3 (10)

Finally, C2, C1 and C0 are constants that depend on the lower limits of the
integrals. Since these constants are not relevant for the estimation of time
constants, their analytical expression is omitted.

Denoting with Îi the estimates of I1, I2 and I3 obtained from the linear
regression of Equation (8), the estimates of the time constants, i.e., 𝜏1, 𝜏2
and 𝜏3, can be obtained by inverting Equation (10).

The value of n, ranking from 1 to 3, is automatically chosen to en-
sure the optimal trade-off between the constraints on approximation error
𝜀 = y(x) − ŷ(x), where ŷ(x) is the estimate of y(x). A high value of n leads
to a small approximation error. On the other hand, an excessively high
value would result in modeling the noise as well, providing useless and
even misleading information for the purpose of this analysis. In this work,
for each signal analyzed, starting with the simplest model (i.e., n = 1), its
complexity has increased until it was guaranteed that 𝜖 < 1%. This thresh-
old value has been selected based on the amount of noise superposed to
the data, which was evaluated in the pre-stimulus interval of the signal, in
which no induced response was present. It is important to notice that this
method can be applied regardless of the experimental conditions, i.e., the
presence or absence of a cell, BG or TG voltage steps stimulation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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