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Real-Time and High-Resolution Monitoring of Neuronal
Electrical Activity and pH Variations Based on the
Co-Integration of Nanoelectrodes and Chem-FinFETs

Luca Bettamin, Fabrice Mathieu, Florent H. Marty, Marie Charline Blatche,
Daniel Gonzalez-Dunia, Elsa Suberbielle, and Guilhem Larrieu*

Developing new approaches amenable to the measurement of neuronal
physiology in real-time is a very active field of investigation, as it will offer
improved methods to assess the impact of diverse insults on neuronal
homeostasis. Here, the development of an in vitro bio platform is reported
which can record the electrical activity of cultured primary rat cortical neurons
with extreme sensitivity, while simultaneously tracking the localized changes
in the pH of the culture medium. This bio platform features passive vertical
nanoprobes with ultra-high signal resolution (several mV amplitude ranges)
and Chem-FinFETs (pH sensitivity of sub-0.1 pH units), covering an area as
little as a neuronal soma. These multi-sensing units are arranged in an array
to probe both chemically and electrically an equivalent surface of ≈ 0.5 mm2.
A homemade setup is also developed which allows recording of multiplexed
data in real-time (10 ps range) from the active chem-sensors and passive
electrodes and which is used to operate the platform. Finally, a
proof-of-concept is presented for a neuro-relevant application, by investigating
the effect on neuronal activity of Amyloid beta oligomers, the main toxic
peptide in Alzheimer’s Disease, which reveals that exposure to amyloid beta
oligomers modify the amplitude, but not the frequency, of neuronal firing,
without any detectable changes in pH values along this process.
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1. Introduction

One of the major challenges in mod-
ern electrophysiology lies in understand-
ing how neuronal cells communicate under
normal and pathological conditions. This
type of investigation remains challenging,
mainly because of the difficulties to have
continuous access to neuronal functioning
over long periods of time. The difficulties
are multiple, because even if neurons are
individual cells, they function as a network
regulated by multiple incoming and outgo-
ing exchanges with neighboring cells. Thus,
their monitoring requires measures at the
cellular level, whilst being multiplexed at
the network level. Traditionally, the main
physical feature being monitored is electri-
cal activity, since communication between
these excitable cells is governed by very fast
voltage pulses (ms). Direct measurements
using microelectrode arrays,[1–3] (MEA) or
indirect measurements through calcium
imaging[4] (CI) both allow monitoring the
electrical signals at the cell network level.
Both are, however, limited in temporal res-
olution (CI), signal resolution (MEA, CI),

or even spatial resolution, unless using very complex or expen-
sive equipment such as two-photon imaging[5,6] or high-density
MEA.[7] Moreover, the concomitant measure of additional pa-
rameters, such as local variations in diverse chemical species
(ions, neurotransmitters, etc.), could also be of great interest to
better understand the pathophysiology of neurological diseases.
Indeed, electrical and chemical parameters are often intimately
linked[8,9] and the ability to monitor these physical quantities in
parallel could favor decisive advances in the understanding of
neuronal systems. For example, the possibility to monitor pH lev-
els, both in specific locations and at the global scale could help to
understand the pH oscillations during brain activity.[10,11] Indeed,
increased neuronal activity can produce large ion fluxes and lo-
calized acidosis might influence the activation or inhibition of
ion channels and receptors.[12] To achieve such an endeavor and
to propose improvement of the currently available systems, the
sensors should be small to allow measurements at the cellular
scale. They should also favor tight interaction with neurons to
increase the resolution level. In this sense, 3D nanostructured
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Figure 1. Schematic view of the step-by-step process to build the nanoelectrodes and nanotransistors array. a) Top-down structuration of the vertical
silicon NWs (Scheme (top) and SEM image(bottom) of the NWs. Scale bar: 4μm). b) Photolithography resist patterning to transfer the electrode and
fin-like geometry on the surface (Scheme (top) and SEM image (bottom) of the developed photoresist. Scale bar: 10 μm). c) Silicon plasma etching
down to the BOx layer (Scheme (top) and SEM image (bottom) of the silicon structuration. Scale bar: 10 μm). d) Thermal oxidation. e) Fin oxide layer
structuration (Scheme (top) and SEM image (bottom) of the transistor channel. Scale bar: 2 μm). f) Formation of the PtSi silicide metallic layer (Scheme
(top) and SEM image (bottom). Scale bar: 1 μm). g) Unreacted platinum chemically etch back (Scheme (top) and SEM image (bottom). Scale bar: 1
μm). h) Oxide layers deposition; i) Resist structuration for NWs and fin opening (Scheme (top) and SEM image (bottom)of the exposed fin channel.
Scale bar: 3 μm). k) Overview of the resulting device (Scheme (top) and SEM image (bottom). Scale bar: 5 μm).

microelectrodes [13–16] have emerged as very well-suited systems,
by offering a miniaturization of the detection surface. In other
settings, higher resolutions of measured signals have been ob-
tained by penetrating the cell by local perforation of the mem-
brane (electroporation, optoporation, etc.)[14,17–21], they, however,
have an impact on cell viability and limit recordings in the long
term. Recently, it has been shown that high resolution can be
reached intrinsically without manipulation of the membrane,
using new nanoelectrode arrays (NEA)-based devices.[22–25] Nev-
ertheless, to date, there is no in vitro platform allowing high-
resolution multi-physics detection at the cellular level. In this
work, we propose the co-integration of two types of 3D nan-
odevices, namely passive nanoprobes, and active nano transis-
tors, which allow to sense and record in real-time electrical ac-
tivity and local chemical variations down to a single-cell reso-
lution within neuronal networks. After extensively describing
the processing of the silicon-based technology to enable the co-
integration of the devices at large scale, we provide a detailed
characterization of the properties of the two types of recording
devices and demonstrate their advantages relative to the cur-
rent state-of-the-art. Finally, we show, as a proof-of-concept, that
this setup allows precise recordings of neuronal activity, as illus-
trated when assessing the impact of amyloid beta oligomers, the
main toxic peptide in Alzheimer’s Disease, on neuronal network
communication.

2. Results and Discussion

2.1. Device fabrication

The combination of the two types of sensors (nano-probes,
nano-transistors) was achieved by combining conventional
micro/nano-electronic steps on the scale of a whole substrate,
including conventional lithography, deep reactive ion etching
(DRIE), thermal oxidation, and metal or oxide depositions
(Figure 1). Starting with a 4″ silicon on insulator (SOI) wafer
(4 μm-thick active Si(100) layer per 1 μm-thick buried silicon diox-
ide – BOx per 400 μm-thick bulk silicon), a first step was dedicated
to the structuration of the vertical nanowires. A photolithography
step was performed with an i-line stepper (Canon) to obtain re-
sist nanodots with a diameter of 450 nm. The patterns were next
transferred to the active Si layer using an anisotropic plasma etch-
ing step, by deep reactive ion etching. Vertical etched nanopil-
lars of 3.5 μm-height (Figure 1a) were obtained with an excel-
lent vertical profile, a very smooth surface, and a high surface-to-
volume ratio (H/S ≈ 8). The remaining active Si layer (≈500 nm)
was structured by second photolithography to design the active
channel of the transistors, the access lines to the nanoprobes, the
source/drain contacts of the transistors, and the external contact
pads on the wafer (Figure 1b). Again, an anisotropic plasma etch
was used to define the structures in the remaining silicon layer,
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Figure 2. Macroscopic and scanning electron microscopy views of the final devices. a) Photograph of the 4” wafer after fabrication in the clean room. A
single wafer was used to produce up to 68 devices. Scale bar: 2 cm. b) Photograph of the complete device, including the packaging of the chip with a PCB
compatible with commercial standards (MCS configuration) and a glass well for the culture medium. c to h) SEM images of the chip electrode array and
its nanoelectrodes. Panels d to h) show enlarged views outlined by the different colored boxes. c) The recording sites of each device are composed of
47 passive nanoelectrodes, with 8 of them coupled with active Chem FinFETs to form a multi-sensing unit. The spacing between each passive nanoprobe
is 100 μm. Scale bar: 200 μm. d) Enlarged view of the cointegration of the active and passive devices forming a multi-sensing unit. Scale bar: 10 μm. e)
Details of one passive nanoprobe. The PtSi surface (in green) is shown after the annealing process. f) Detail of the finFET channel, transition between
PtSi source and gate oxide. g) Focused ion beam (FIB) cross-section of a nanoprobe, where it is possible to distinguish the different layers of doped
silicon (blue) and PtSi (green) and insulator layers (yellow). h) Focused Ion Beam (FIB) cross-section of a finFET channel, the fin (blue), the BOx (red),
and the insulator layer (yellow). Scale bars for e–h: 500 nm.

reaching the buried oxide (BOx) to guarantee electrical insulation
between the conductive elements of each device (Figure 1c). The
active channel of the transistor is a 3D fin-shaped nanostructure
with a width of ≈400 nm and a height of ≈600 nm. The distance
between the nanoprobe and the transistor was set at 10 μm, cor-
responding to the size range of a neural soma, forming a multi-
sensing unit. Then, the size of the obtained structures (diameter
of the nanopillars, width of the fins) was tuned using a sacrificial
thermal oxidation, to consume the silicon layer at the sample sur-
face. A wet oxidation (850 °C per 60 min) was performed to create
an 85 nm-thick SiO2 layer on bulk (100) Si. Each resulting elec-
trode had a set of 3 or 7 nanopillars, with a pitch of 2 μm between
each nanostructure. The electrodes in the array were spaced by
100 μm (Figure 2c). The fin channel dimensions (Figure 2h) were
500 nm high and 218 nm wide. The sacrificial oxide was removed
by chemical buffered oxide etch (BOE) on the entire wafer, ex-
cept for the channel fin of the transistor (Figure 1e), protected by
a photoresist with a third photolithography step. The diameter
of the nanopillars was reduced to 300 nm (H/S ≈ 12) after the
chemical etching of the sacrificial oxide around the nanowires.
An ion implantation step (boron) with thermal dopant activa-
tion was performed to create highly doped source-drain regions
(1.1020 atoms cm−3) in the active devices. The implantation con-
ditions (energy) were tuned to confine the dopant in the remain-
ing oxide layer covering the transistor channel, in order to let the
channel free of dopant. Note that nanoprobes and access lines
were also doped at the same time during this step, thereby reduc-

ing the sheet resistance of these conductive tracks. The next step
consisted of the conversion of the silicon surfaces present on the
sample into a platinum silicide, allowing a gain at different levels,
notably: i) a better interface impedance for the nano-probes, ii) a
lower source/drain contact resistance for the transistors, and iii)
an improved conductivity of the access lines. To this aim, an 80
nm Pt layer was first anisotropically deposited by physical vapor
deposition (PVD), followed by rapid thermal annealing (RTA) at
500 °C to create the PtSi silicide layer (Figure 1f). The reaction
of Pt solicitation occurred only where the Pt layer was in contact
with the silicon on the non-oxidized surfaces. Therefore, a se-
lective chemical etch (diluted aqua regia) allowed removing the
excess of non-reacted platinum on oxide, leaving only the silicide
part (Figure 2f). The obtained PtSi layer was uniform around the
vertical nanopillars as well as the device access lines (Figure 2e,g).
Then, the access lines were metalized with aluminum up to the
external pads, dedicated to the bounding with the external printed
cardboard. Finally, to insulate the device for its use in a liquid
medium, the deposition of an oxide bi-layer was performed. To
improve the stability of the device for a long period in liquid, a
first layer of 50 nm alumina (Al2O3) was added by atomic layer
deposition (ALD) and seconded by a layer of 200 nm silicon ox-
ide added by plasma-enhanced chemical vapor deposition. Last,
the active region of the two sensors was specifically addressed.
The oxide layers on the fin channel of the transistors were chemi-
cally etched (BOE) using a localized opening in a thick resist layer
(Figure 1i). A 5 nm-thin Al2O3 layer was deposited by ALD to

Small 2024, 20, 2309055 © 2024 The Authors. Small published by Wiley-VCH GmbH2309055 (3 of 11)

 16136829, 2024, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202309055 by C
ochrane France, W

iley O
nline L

ibrary on [09/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 3. Electrochemical impedance spectroscopy (EIS) characterization of the nanoelectrodes with analytical electrical model. a) Schematic view of the
equivalent circuit model (superposed in black) used to simulate the system. Rlm, Rl, and Cl are used to describe the conductive line-medium interface.
Rem, Re, and Ce are used to describe the electrode-medium interface b) The value of impedance was measured for each passive electrode on the device.
A clear trend differentiates the impedance value at 1 kHz for electrodes with 3 versus 7 nanoprobes coherently with the different surface areas. The insert
on the top of the panel shows the measured value of the EIS impedances for each electrode on the device. c) Graph showing the measured (dashed
lines) and simulated (bold lines) impedance (blue) and phase (red) of the nanoelectrodes, as a function of the signal frequency, d) Graph showing
the parallel resistance (Rp in blue) and capacitance (Cp in red) behavior of the system. e) Representative table of each element value of the electrical
equivalent model extracted for different conditions fitting the measures.

create the liquid gate insulator layer of the FinFETs. This cho-
sen material is known for its great quality as a dielectric-
sensitive layer in ISFET technology.[26,27] Finally, a thin resist
layer was used to cover the transistor device and the elec-
trode of the nano-probe, allowing the selective etch of the iso-
lating layer covering the metallic surface of the nanoprobes
(Figure 2d,e).

The micro/nanofabrication at the wafer scale led to 68 iden-
tical chips (Figure 2a). The wafer was diced in unitary chips.
Each chip was bonded by a flip-chip with gold bumps to a
Printed Circuit Board (PCB), which displayed external contacts
that were designed to be compatible with commercial record-
ing setups (Figure 2b). An underfilled epoxy glue was intro-
duced between the PCB and the Si chip to guarantee electri-
cal insulation between the contact pads and to enhance the
mechanical stability of the whole system. Finally, a glass ring
was glued with PDMS, to allow the cell culture well to be
centered on the active device (Figure 2b). The sensing area
was composed of an array of 8 multi-sensing units (coupling
a nanoprobe and a FinFET) with a 400 μm pitch (Figure 2d),
with a secondary network of 47 nanoprobes with a denser pitch
(100 μm). The goal was to allow simultaneous local record-
ings of electrical activities and pH variations of the medium
around neurons, in a distributed manner across the platform
surface.

2.2. Characterization of the passive electrodes

To study the passive impedance of the device, an impedance an-
alyzer (Agilent 4294A) was used together with a manual probe
station (Signatone CM210) to connect the external contact pads.
The measures were taken via electrochemical impedance spec-
troscopy (EIS) using a two-electrode setup, with a counter elec-
trode and a working electrode. The device was filled with an ionic
solution (phosphate-buffered saline, PBS) to simulate the con-
ditions of cell culture. The counter electrode, a platinum elec-
trode, was plunged into the solution and the working electrode
was connected to the passive electrode on the device. The mea-
sures were taken from electrodes with three or seven nanopil-
lars. An equivalent electrical circuit was proposed to describe
the results of the system, based on the Randles’ cell, taking
into consideration both the electrode/electrolyte interface of the
nanopillars and the insulated surface interface along the con-
ductive access lines (Figure 3a). Thus, both parts of the cir-
cuit were composed of a resistance and a capacitance in par-
allel, describing the interfaces with the solution for the insu-
lated zones of the device and for the sensitive ones. In se-
ries to that basic cell, a resistance represented the medium
properties. The impedance values for both three and seven
nanopillars were measured specifically at 1 kHz (Figure 3b),
resulting in 24.3 MΩ for three nanopillars and 12.5 MΩ
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Figure 4. FinFETs electrical characterization with liquid gate. a) Schematic representation of FinFETs structure and contacts. b) Static characteristics
of the FinFET (Drain current – Gate voltage: Ids–Vgs) in log scale of the drain current at Vd = −0.1 V, without and with back-gate (Vbg) polarization of
−2 V at pH values of 6.3, 6.6, 6.9, 7.2, and 7.5. c) Nernstian response of the FinFET at 0 V showing −44 mV per pH without back-gate polarization and
−126 mV per pH with the back-gate polarization (−2 V), going above the Nernstian limit of pH sensitivity. d) Plot of the FinFET current (Ids) variation
with different back-gate polarizations in the function of the polarization (Vgs). e) Variation of the transistor threshold voltage (Vt) in the function of the
back-gate negative polarization (Vbg), showing a linear relationship Vt = f(Vbg). f) Maximal and minimal current ratio and difference, normalized on the
pH step, assessing the device sensitivity and current range on the entire liquid gate voltage range.

for seven nanopillars, which scaled appropriately with the
active surface of the nanowires in contact with the solution
(8.7 μm2 for 3 nanowires/20.3 μm2 for 7 nanowires). Also,
the impedance characteristics of the on-chip reference electrode
(equivalent surface of 1.5 × 106 μm−2) could easily be recog-
nized with its lower value due to the much larger surface. The
footprints of the 7- and 3-nanopillar-based electrodes were 12.5
and 3.14 μm2, respectively. Because the entire equivalent sur-
face of the electrode was held at the same potential, the de-
tection of cellular electrical activity was performed on a signif-
icantly smaller footprint compared to conventional planar elec-
trodes (which have a footprint of ≈900 μm2, or even larger). Con-
sequently, the 7-nanopillar electrode provided a favorable balance
between footprint size and moderate interface impedance. The
EIS measurements were fitted with the equivalent electrical cir-
cuit model described before. Measured data were in good agree-
ment with the model (Figure 3c,d). Both impedance and phase
components could be simulated, as well as the most relevant par-
allel capacitive and resistive components. Based on an accurate
fitting of the experimental data with the model, an evaluation
of each element in the equivalent electrical circuit could be ex-
tracted (Figure 3e). It showed coherence in the values of the liquid
medium (Distilled Water or PBS) for Rem and Rlm. For the saline
medium (PBS), the relative resistance was lower due to the pres-

ence of ions in the solution. The resistance and capacitive value
of the access lines (Rl and Cl) showed that the insulating layer
correctly avoided any major signal leakage, with an impedance
larger than 100 GΩ in both cases. The obtained values for the
sensing part of the equivalent circuit highlighted a Faradaic be-
havior of the interface, which is a typical behavior of such a metal-
lic electrode. Besides, the measured impedance of the probes was
in the same range as values described in other studies of metallic
nanowire-based electrodes,[20] taking into account the diversity in
materials and geometry of the devices.

2.3. Characterization of the ChemFET device

we next evaluated the sensitivity of the FinFET device to the vari-
ation of its chemical environment (namely pH). In principle, the
device should be able to monitor small variations of pH around
the physiological pH of the neuronal culture medium (≈7.2).
When conducting characterization in liquid, such as pH testing
or neuron electrophysiology, a pH-adjusted Tyrode solution was
used (details of composition and protocol can be found in the
Experimental Section). The operating diagram of the FinFET de-
vice (Figure 4a) was as follows: the transistor was biased by a
voltage on the drain (Vd), the source being grounded. The gate

Small 2024, 20, 2309055 © 2024 The Authors. Small published by Wiley-VCH GmbH2309055 (5 of 11)

 16136829, 2024, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202309055 by C
ochrane France, W

iley O
nline L

ibrary on [09/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

bias was applied in the liquid (Vliqgat) through an external Pt elec-
trode. Finally, a contact on the back side allowed an additional
modulation of the conduction of the transistor channel by the
gate bias induced by the buried oxide of the SOI. The Ids – Vliqgat
characteristics were obtained with a parameter analyzer (Agilent
4156C). The static characteristics (Figure 4b) showed an excellent
response as a function of the liquid gate potential with an Ion/Ioff
dynamic of 6 decades, a very low off-state current (≈pA), and a
very low gate voltage range (Vg@ON-Vg@OFF 1.2 V) thanks to
an extremely abrupt sub-threshold switching. It is interesting to
note that these performances were obtained at a very low bias
voltage Vds (−0.1 V), thereby allowing a lesser solicitation of the
device, notably less self-heating, which may considerably reduce
any potential impact on the long-term degradation, or interfer-
ence with the biological material being probed (neuronal cells).
The transistor response to five different pH-adjusted Tyrode so-
lutions from 6.3 to 7.5 with a step of 0.3 pH units is shown in
Figure 4b. The extracted value of the threshold voltage as a func-
tion of the pH value (Figure 4c) displayed a Nernstian response
(44mV per pH). This range of sensitivity was comparable to other
devices described in the literature that integrate an Al2O3 liquid
gate oxide layer.[28] Moreover, our system offered another level to
modulate the current variation in the 3D channels, allowed by
its back-gate structure (bulk substrate/buried oxide). Figure 4e
presents the effect of the back-gate polarization from 5 to −5 V,
with Vds = −0.1 V, shifting the threshold voltage value from 0.34
to 0.05 V. The FinFET response to the pH was evaluated with a
back gate voltage fixed at −2 V (Figure 4b) and displayed a drastic
gain of sensitivity. The Nernstian response of the device shifted
from 44 mV per pH, without the back-gate polarization, to 126
mV per pH, with a back-gate polarization of −2 V (Figure 4c),
which was above the theoretical Nernstian limit.[29,30] The gate
system could be schematically divided into two parts: i) capaci-
tance from the liquid gate (Cliqgat), which could be approximated
to the Al2O3 layer contribution, and ii) the capacitance from the
back gate (Cbg). Based on the voltage divider, the gate coupling ra-
tio Cliqgat/Cbg was proportional to ΔVliqgat/ΔVbg, which could be
nicely extracted from Figure 4e. The smaller Cbg compared to the
Cliqgat was able to amplify the sensitivity to pH change largely over
the theoretical Nernst limit.[29] In order to evaluate the sensitiv-
ity with other figures of merit, we assessed the ratio between the
maximal and minimal current, normalized for unity of pH step,
giving a measure of the device sensitivity along the whole liquid
gate polarization range (Figure 4f). In addition, the difference be-
tween maximal and minimal current, normalized on the unity of
the pH step, was plotted in the same graph. A high current range
(>nA) is of prime importance to allow very precise monitoring
in real-time, even if the relative sensitivity may not be at its peak
value.

2.4. Real-time recording setup

The recording platform was a homemade system that also inte-
grated several commercial modules. It allowed the simultaneous
monitoring of both electrical and chemical variations from ac-
tive and passive sensor devices in real-time and in a multiplexed
way. As shown in Figure 5a, it was composed of a commercial
MEA holder (MEA1060-Inv-BC from Multichannel System for a

60-channel MEA), a home-made electronic card (MultisensONE)
where the electronics to manage the system (recording, stimula-
tion, and filtering) were integrated with a multichannel data ac-
quisition card (USB 6363, a 16-bit ADC, 16 channels from Na-
tional Instruments), which converted the analog data into digi-
tal values and was driven by a home-made software (GenAcq).
The multi-physics device with cultured cells was positioned in-
side the MEA holder in a humidified incubator set at 37 °C and
5% CO2. It was connected by a SCSI cable to the MultisensONE
multiplexer (shown in Figure 5a), a homemade electronic card.
The multiplexer allowed to direct each one of the 60 inputs to one
of 5 alternatives, schematically represented in Figure 5a: ground,
DC polarization (i.e., to polarize the drain of the transistor, Vd),
AC polarization (i.e., for cell electroporation Vep), potential mea-
sure (i.e., for nanoprobe monitoring) or current measure (i.e.,
for monitoring the current variation in the transistor). The whole
setup was also electrically connected to a common ground and a
computer, through a USB connection. The recording setup was
controlled by a homemade software (GenAcq) developed on Lab-
VIEW that allowed following in real-time the characteristics of
the transistors and the nanoprobes, to execute live data treatment
and save the data. For each experiment, primary cultures of rat
cortical neurons (refer to the experimental section for specific de-
tails regarding cell preparation) were plated on the multi-sensing
device. Neuronal concentration was adjusted in order to be plated
onto the chips at a density of 120 000 cells cm−2. The devices
were prepared in advance by sterilization with ethanol at 70%
for at least 20 min, coating with a solution of 0.5 mg ml−1 poly-
ornithine (Sigma) for at least 6 h, followed by an additional coat-
ing using laminin (5 μg ml−1, Thermo Scientific) for at least 4 h
prior to the plating.[31] Once plated on the devices, cultures were
kept at 37 °C, 5% CO2, in a humidified incubator for at least 10
days in vitro (DIV) prior to the first electrophysiological record-
ings, although we typically kept neurons in culture until 15 DIV,
to allow them to reach electrical maturity and full connectivity.[32]

The culture medium was renewed by half at DIV 3 and DIV 7 with
glial cell-conditioned culture medium (refer to the experimental
section for specific details regarding conditioned culture medium
preparation) in order to increase viability of the neuronal cul-
tures. These conditions allowed to have long lasting primary cell
cultures of neurons for up to one month. For these long-term
cultures, excessive evaporation was monitored and compensated
when needed.

Neurons grown on the devices were fixed by glutaraldehyde
and processed for the generation of high-resolution images
using scanning electron microscopy, in order to visualize the
interaction between neuronal somas and neurites with the 3D
nanosystems. Figure 5b shows a representative image of this
analysis. The colored SEM image clearly highlighted the interac-
tion between the cells and the passive and active electrodes of the
device, where both vertical nanoprobes and transistor channels
were engulfed by neuronal soma, axons, or dendrites. In order
to refine the characterization of the interaction of neurons on
nanostructures, arrays of 500 nm diameter nanowires with
varying pitches were used. Figure 5e shows tilted SEM images
of soma on an array with a pitch between nanostructures of
1 and 2 μm, along with FIB sections of these cell bodies to
image cell membrane overlap on nanostructures. It appeared
that a minimum pitch of 2 μm was required to achieve proper
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Figure 5. Main components of the recording and examples of its measure capabilities. a) Schematic representation of its internal multiplexing possibility
(Ground contact, DC polarization Vd, AC polarization Vep, current measure I, potential measure V) for one contact (NEA1) and external inputs (Mux64)
and outputs (Out1, Out2, etc.). b) Pseudo-colored SEM image of primary rat neurons grown on the multi-sensing unit and processed for fixation and
staining at 14 days in vitro (DIV). c) Representative examples of electrical activities recorded from two neighboring nanoprobes. i) and ii), of spontaneous
recorded activity with high signal-to-noise ratio peaks and in zoom inset, smaller spike activity occurred before the action potential (AP) firing d) Plot
showing variations in pH levels monitored in real-time with three different pH solutions. The inset shows the linear variation of the current in the
FinFET, as a function of the pH value. e) Tilted SEM images showing cell somas on arrays of nanowires (500 nm diameter) with pitches between
nanostructures of 1 μm and 2 μm, accompanied by associated FIB sections of these cell bodies. f) Tilted SEM images displaying neurite extensions
around the nanoelectrodes.

engulfment of the soma on the nanoelectrodes. Denser nanowire
configurations would induce a top-state configuration, where
the interaction with the nanoelectrodes was limited, resulting
in a significant increase in seal resistance and, consequently,
degradation of signal resolution. The 2 μm pitch drawing rule
was applied to design the nanoelectrodes. Additionally, Figure 5f
showed that this nanoelectrode configuration was also suitable
for the perfect engulfment of the sub-cellular parts of neurons.
Next, we conducted an experiment to validate our multi-sensing

platform for real-time monitoring. Figure 5c shows an example
of spontaneous neuronal activity in Tyrode solution recorded
from neurons grown for 15 DIV through 2 different NEAs sep-
arated by 100 μm, where high resolution of the spiking activity
of the neuronal culture could be detected, with signal-to-noise
ratio reaching up to 200. Moreover, several points of importance
could be noted: i) the detected peaks could be either negative or
positive; ii) the peaks detected by the two neighboring electrodes
were not similar, indicating that there was no cross-talk between
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Figure 6. Examples of recordings and applications to biological studies. a) Representative examples of a series of recordings on a primary neuronal rat
culture. First is shown spontaneous activity (i.e., in the Tyrode solution without any additive), or baseline, followed by the electrical activity measured
after adding a silencing drug cocktail. Neurons were next depolarized using KCl and activity was immediately recorded thereafter. All recordings shown
in the figure were sequentially measured from the same electrode. b,c) Bar charts representing the variation of b) the frequency of activation and c) the
normalized spike recorded amplitudes upon exposure to A𝛽1-42 oligomers. The recordings were done first at baseline in Tyrode solution, next one min
after incubation with A𝛽1-42 oligomers, and finally 90 min later. Importantly, pH values were monitored simultaneously from the FinFET devices and
did not reveal any change in the pH throughout this experiment. The experiment with A𝛽1-42 oligomers was repeated twice on a total of four devices.
Neurons were plated at a density of 120000 cells cm−2.

them; iii) we observed higher amplitude spikes, which might be
due to action potentials fired by neurons in the direct vicinity
of the nanopillars electrodes. Finally, we performed a real-time
evaluation of pH variations in a range of one pH unit from 6 to
7 using the Chem-FinFETs, as shown in Figure 5d. We observed
that the transistor current level varied linearly according to the
pH value and was stable in time. Notably, the current variation
upon a change of 0.01 pH unit was higher than 1.5 nA (insert of
Figure 5d). The current stability of transistors in physiological
medium was assessed across different devices, with operational
conditions set at Vds = −0.1V and Vbg = −1.5V. The standard
deviation of the measured current was extracted as shown in
Figure S1 (Supporting Information) and the results can be found
in Table S1 (Supporting Information). The average current noise
across all devices was measured at 105 pA. Given the Gaussian
nature of the noise, the likelihood of it deviating beyond 3𝜎 from
the mean was therefore extremely low. Consequently, we could
consider current variations in the transistor exceeding 300 pA
as the detection limit for pH variations, which corresponded to
a theoretical detection limit of 0.002 pH units. It is, therefore,
reasonable to postulate that detections of 0.01 pH units (current
variations surpassing 1 nano ampere), as observed in previous

studies[33] of neuronal physiological activity, could be reliably
captured.

2.5. Use of the device for assessing neuronal responses to
diverse stimuli

Primary rat cortical neuronal cultures at 15 DIV were next sub-
jected to different treatments and we assessed the ability of
our bio-platform to detect changes in electrophysiological prop-
erties of the cultures. The electrical activity of the cell culture
was recorded with the passive electrodes and we first measured
the spontaneous activity of a 15 DIV culture. The spontaneous
and periodic firing activity measured on one electrode was set
as the baseline for the subsequent measurements on the same
electrode (Figure 6a). First, neuronal activity was silenced us-
ing a drug cocktail composed of 1 μM Tetrodotoxin (TTX), 20
μM CyanoNitroQuixaline (CNQX), and 50 μM (2R)-amino-5-
phosphonovaleric acid (APV). These drugs impeded the activa-
tion of calcium channels and the function of the AMPA and
NMDA glutamatergic receptors present at the synapses. We con-
firmed that this effect was completely reversible when rinsing
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the solution. Indeed, once the drug cocktail was rinsed and neu-
rons had returned to their standard culture medium, the elec-
trical activity returned to baseline levels. The sensitivity of the
electrodes was also proven upon chemical stimulation of neu-
ronal activity using medium containing 70 mm KCl, which in-
duced a strong depolarization of the cellular membrane. The
effect of this depolarization was measured in the last plot of
Figure 6a, 5 min after KCl exposure. As expected, we observed
that the recorded spikes were increased in amplitude as com-
pared to the baseline. These findings demonstrated the ability of
the passive electrodes to detect changes in neuronal activity upon
stimulation.

Finally, our sensing platform was evaluated in the context of
a pathophysiologically-relevant experiment, by assessing the im-
pact of amyloid beta 1–42 (A𝛽1-42) oligomeric species on the elec-
trical properties of cultured neurons. Synthetic A𝛽1-42 oligomers
were prepared from lyophilized HFIP-treated peptide monomers
(Eurogentec). Briefly, 0.5 mg of monomers were diluted in 22.15
μL of DMSO and stored at −80 °C until further use. To ob-
tain a 100 μm stock solution, 5 μL of A𝛽1-42 were diluted in
250 μL of ice-cold Neurobasal A medium minus phenol red and
oligomerization was allowed to proceed by storing the prepara-
tion for 18 h at 4 °C. Such Aß1-42 oligomers have already been
largely studied to better understand their toxic role in the con-
text of Alzheimer’s Disease and the consequences of their ab-
normal accumulation on synaptic plasticity at the cellular and
network levels are well known.[34–37] This experiment was re-
produced twice on different neuronal cultures at 15 DIV, using
two different chips each time, with identical culture conditions
and treatments, which all gave similar trends. Neurons were
plated at 120 000 cells cm−2 and all 47 passive nano-electrodes
were recorded. We conducted an experiment divided into three
parts: recording of baseline activity in Tyrode solution, record-
ing of the short-term effects of 1 μM A𝛽1-42 oligomers 1 min
after their addition in the medium and, finally, the effects of
A𝛽1-42 oligomers after at least 1.5 h of incubation with neu-
ronal cultures. Examples of recordings of these three scenarios
are presented in Figure S2 (Supporting Information), showing a
more sustained activity in amplitudes after the addition of A𝛽1-
42 oligomers. The polarity of the recorded potentials, as shown in
Figure S2 (Supporting Information), was diverse, including pos-
itive, negative, or biphasic signals, with a majority being positive.
The technology captured extracellular signals without penetrat-
ing the cell membrane, thus avoiding disruption to the neuron.
Scaling the electrode footprint to less than the size of an indi-
vidual cell body enabled interference with sub-cellular compart-
ments, while enhancing cell engulfment, likely reducing seal re-
sistance (depending on overlap and distance from the cell).[38]

Another aspect of our NEA technology was the nanoelectrode
interface, where Pt-silicide nanoprobe surfaces provided a fa-
vorable compromise between stability and reduced impedance.
Together, these efforts resulted in acquiring signals with much
higher resolution. Moreover, for each case, the average current
value over 100 s measured in the vicinity of the electrode in ques-
tion did not evidence any pH variation during the experiment.
It is worth noting that the Tyrode buffer used in these experi-
ments did not mask the local and transient changes in proton
concentration, as shown in Figure S4 (Supporting Information).
In this section, small amounts of low/high pH solution (20 μL ap-

plied in less than one second) were microinjected into the vicin-
ity of the FinFET device, inducing a rapid increase and decrease
in the measured current. After spike detection, the frequency
and amplitude of spikes were compiled with bar charts shown
in Figure 6b,c. Recordings in real time revealed that spike fre-
quencies increased from the baseline reference upon addition
of A𝛽1-42 oligomers and next decreased after the resting period
(Figure 6b). This could be due to an initial acute perturbation
of the neuronal culture upon addition of the oligomers, subse-
quently resulting in a general attenuation of the electrical activ-
ity. Moreover, the high sensitivity of this device unraveled new
data, such as detecting variations in the amplitude of spikes upon
incubation with A𝛽1-42 oligomers, which displayed significantly
different distributions as evidenced by Chi2 test (<0.0001). In-
deed, we found that the frequency of smaller spikes decreased
upon addition of A𝛽1-42 oligomers, consistent with the fact that
these oligomers have been shown to have an influence on presy-
naptic calcium currents[35,36] (Figure 6c; Figure S3, Supporting
Information). It could be argued that this result is in agreement
with a reduction of presynaptic activity due to A𝛽1-42 oligomers.
It also illustrated how this setup is clearly amenable to investi-
gate new biologically relevant topics, thanks to its remarkably
high sensitivity. Importantly, in all experiments using A𝛽1-42
oligomers, we simultaneously monitored potential current varia-
tions in the FinFET devices, which did not reveal any variation
of pH levels upon incubation with A𝛽1-42 oligomers, thereby
providing further evidence that the recorded changes in the elec-
trical properties of neurons after exposure to A𝛽1-42 oligomers
were likely due to synaptic events, rather than to generalized
alterations of the culture milieu that would lead to changes in
pH homeostasis.

3. Conclusion

Here, we presented a novel in vitro bio platform, able to perform
both highly sensitive recordings of the electrical activity of pri-
mary rodent cortical neurons, while simultaneously monitoring
localized evolutions of pH levels of the culture medium. This bio
platform used a combination of passive vertical nanoprobes dis-
playing a state-of-the-art level of signal resolution, with Chem-
FinFETs devices with tens of milli pH sensibility. This formed a
multi-sensing unit with a nanoprobe and a Chem-FinFET spa-
tially separated by 10 μm, which was of the same order of mag-
nitude as the size of a neuronal cell body. The sensing area
was composed by an array of these multi-sensing units, allow-
ing to probe chemically and electrically an equivalent surface of
around a half mm2. The platform was controlled by a home-
made setup able to record multiplexed data in real-time from
the passive electrodes and active chem-sensors. To validate its
use, we conducted a neuro-relevant study to monitor the im-
pact of A𝛽1-42 oligomers on a healthy network of cortical rat
neurons, which revealed a decrease of small amplitude spikes
upon addition of A𝛽1-42 oligomers, consistent with a likely re-
duction of presynaptic activity. Future studies, including the si-
multaneous detection of local pH variations with the electro-
physiology monitoring, together with its correlation with neu-
rodegenerative conditions could open new avenues for a better
understanding of neuronal disorder mechanisms at the cellular
level.
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4. Experimental Section
Primary Rat Cortical Neurons—Ethics Statement: Animal handling and

care for the preparation of primary neuronal cultures from rat embryos
were performed in accordance with European Union Council Directive
86/609/EEC, and experiments were performed following the French na-
tional chart for ethics of animal experiments (articles R 214–87 to -90 of
the “Code rural”). The protocol received approval by the local, ministry-
approved, ethics committee (CEEA-122, permit number PI-U1043-DD-10).
Pregnant rats were deeply anesthetized with CO2 before euthanasia to
minimize suffering.

Neurons were prepared from Sprague-Dawley rat brain embryos har-
vested at gestational day 17, according to Marty F et al.[39] Briefly, cortex
tissue was dissected from the brains under a binocular microscope. The
cortex tissue was first subjected to enzymatic dissociation in a solution
of 10 U mL−1 papain (Worthington). Papain action was quenched with
a solution (Low-ovomucoid) containing bovine serum albumin (BSA), a
protease inhibitor (Trypsin inhibitor from chicken egg), and DNAse, and
a gentle mechanical homogenization of the dissociated cells was per-
formed. The cell suspension was then filtered through a 70 μm cell strainer
(BD Falcon) to remove remaining clumps and centrifuged for 10 min at
1000 rpm at RT. To eliminate glial cells, cell homogenates were resus-
pended in neuronal medium, layered on top a 4% BSA solution diluted
in neuronal medium, and centrifuged for 10 min at 1000 rpm at RT. Neu-
ronal medium consisted of buffered Neurobasal medium, containing 2%
B-27 supplement, 1.2% GlutaMAX, and 120 U: 120 μg mL−1 of Penicillin:
Streptomycin (all from Life Technologies).

Preparation of Glial Cell-Conditioned Culture Medium: Glial cell-
conditioned culture medium was prepared from the remaining tissue af-
ter isolation of the cortex using the same protocol as for neurons, minus
the purification step. The resulting glial cultures were grown in culture
medium containing 5% fetal calf serum for one week to favor glial cell pro-
liferation. Once cell monolayers were obtained, the culture medium was
switched to standard neuronal culture medium (i.e., serum-free culture
medium) and incubated for a few days to favor release of trophic factors
by the glial cell monolayer. This conditioned cell culture supernatant was
next filtered through a 22 μm filter, before its use for neuronal cultures.

Preparation of pH-Adjusted Tyrode Solutions: The solution used in the
experiments was based on Tyrode’s salt solution (T2145) obtained from
Sigma-Aldrich, with its pH adjusted using 1N HCl or 1N NaOH. The Ty-
rode solution was composed of specific concentrations of various salts:
Calcium Chloride (anhydrous) 0.2 g L−1, Magnesium Chloride (anhy-
drous) 0.1 g L−1, Potassium Chloride 0.2 g L−1, Sodium Chloride 8.0 g L−1,
Sodium Phosphate Monobasic (anhydrous) 0.05 g L−1, and D-Glucose 1.0
g L−1. This solution served the fundamental purpose of maintaining the
pH and osmotic balance in the medium, while also providing essential in-
organic ions and water to the cells. Before each experiment involving the
transistor devices, the solutions were freshly prepared. The different pH
solutions (from 6.3 to 7.5 with 0.3 steps) were obtained by adding drops
of HCl or NaOH solutions in order to reach the desired pH value. During
the pH calibration curves experiment, we began with the initial measure-
ment using the lower solution (pH 6.3). Subsequently, this solution was
aspirated, and devices underwent four rinses with the higher solution (pH
6.6) before proceeding to the next measurement, following this sequence
iteratively.

Statistical Analysis: Pre-processing and analysis of the electrical data
(acquisition, filtering, and Spike detection) are detailed in the follow-
ing sections. Whenever needed (see Supporting Information), data were
presented as mean ± S.E.M. Sample size was indicated in each cor-
responding figure. Briefly, the filtered spikes data recorded for 2 min
in each condition from 60 electrodes on 2 chips were all consid-
ered. Data were analyzed by Chi2 test or Bonferroni post-hoc tests
and by repeated-measures 2-Way ANOVA as specified for each experi-
ment. Statistical analyses were run using GraphPad Prism and Rstudio
software.

Electrical Data Acquisition and Filtering: The setup enabled data
recording at a rate of up to 1 million points per second, with a crosstalk
suppression of −75dB. Both the multiplexer and the acquisition card were

linked to a computer via a USB interface, controlled by custom LabVIEW
software.

• Signal filtering from nanoelectrodes.

During data acquisition, two filtering methods could be utilized: hard-
ware and software filtering. The multiplexer incorporated hardware filters
connected in series with hardware operational amplifiers having a gain
of 1. These filters restricted frequencies below 0.7 Hz and above 30 kHz.
Low-frequency filtering prevented baseline drift due to static polarization,
while high-frequency filtering reduced electrical background noise. After
hardware filtering, the channels were connected to the acquisition card for
additional processing and data recording through custom LabVIEW soft-
ware. This software controlled the recording setup and conducted post-
treatment on the raw measured signal. Two standard post-treatment tech-
niques were applied to reduce noise and enhance recordings. The first
method involved a moving average with a 10-data-point window, effectively
reducing noise without altering signal amplitude or shape. The second
method involved a high-pass filter with a 1 kHz cut-off frequency, result-
ing in a second-order filter. This post-treatment further enhanced signal
quality.

• Signal filtering from FinFETs.

The action potentials of neurons near the transistor channel were de-
tectable. To avoid interference with pH measurements, the signal under-
went filtering to eliminate rapid signal fluctuations associated with neu-
ronal electrical activity. We applied standard filtering via a moving average
spanning 2000 data points, resulting in a 1st-order bandwidth of 4 Hz.

Spike Detection Method: Due to the large population of spike ampli-
tude in the electrical recording, conventional fixed threshold method to
identify spikes could lead to missed or false detections. To obtain bet-
ter accuracy in detecting spikes while minimizing false positives, vari-
able thresholds, which adapt to the local noise level, were implemented
as the spike detection method, using MATLAB software. While the vari-
able threshold method may overlook minor spikes, this trade-off was in-
tentionally made to minimize the influence of background noise on the
data analysis. To enhance spike detection, a criterion was incorporated
that mandated a spike to be the highest point among its 500 neighboring
data points. Given our 10 μs sample rate and a minimum spike duration of
≈5 ms, this criterion effectively identified genuine spikes, while reducing
the risk of double-counting a single spike.

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