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Real-time in-vitro multi-modality characterization of neuronal cell ensemble involves highly complex interde-
pendent phenomena and processes. Although a variety of microelectrode arrays (MEAs) have been reported,
diagnosis techniques are limited in term of sensing area, optical transparency, resolution and number of mo-
dalities. This paper presents an optically transparent thin-film-transistor (TFT) array biosensor chip for neuronal
ensemble investigation, in which TFT electrodes are used for six modalities including extracellular voltage
recording of both action potential (AP) and local field potential (LFP), current or voltage stimulation, chemical
stimulation, electrical impedance measurement, and optical imaging. The sensor incorporates a large sensing
area (15.6 mm x 15.6 mm) with a 200 x 150 array of indium-tin-oxide (ITO) electrodes placed at a 50 pm or
100 pm pixel pitch and with 10 ms temporal resolution; these performances are comparable to the state-of-the-
art MEA devices. The TFT electrode array is designed based on the switch matrix architecture. The reliability and
stability of TFTs are examined by measuring their electrical characteristics. Impedance spectroscopy function is
verified by mapping the neuron position and the status (cells alive or dead, contamination) on the electrodes,
which facilitates the biochemical studies in electrical domain that adds quantitative views to visual observation
of cells through the optical microscopy. An in-vitro neuron culture is studied using electrophysiological, elec-
trochemical, and optical characterization. Detailed signal analysis is demonstrated to prove the capability of
bioassay.

1. Introduction high signal-to-noise ratio (Angle et al., 2015), it has several major
drawbacks such as mechanical instability, incompatibility with multisite
recording, and a risk of fluid contamination or dilution with the elec-

trode fluid in the case of patch-clamp studies, all of these resulting in

Demands for investigating the neuronal networks and the functions
of the nervous system are escalating in the field of advanced in-vitro drug

screening (Park et al., 2015) to cope with the central nervous system
diseases such as neurodevelopmental, psychiatric, and neurodegenera-
tive disorders (Grskovic et al., 2011). The electrogenic cells generating
electrical signals facilitate the study in the electrical domain under
in-vitro or in-vivo conditions (Azim et al., 2019; Cohen-Karni et al., 2010;
Hess et al., 2011; Santoro et al., 2014; Shaik et al., 2020). The in-vivo
study of complex neuronal networks is challenging because of the
physiological complications, ethical dilemmas, and additional filtration.
In-vitro neuronal study, being further classified as either extracellular or
intracellular, uses measurement tools such as patch-clamp and sharp
microneedle probes. Although intracellular study has an advantage of a

inaccurate diagnosis (Pottosin and Dobrovinskaya, 2015). Understand-
ing the brain functions, for instance, depends mostly on the extracellular
recording, which consists of direct measurement of electrical activities
from recording electrodes placed close to the neuronal cell culture
without causing damage to the neuron’s plasma membrane (Aziz et al.,
2009; Kim et al., 2015; Ruther and Paul, 2015; Shen et al., 2015). The
resulting voltage signals are composed of the local field potentials (LFPs)
and the spikes emitted by one or more neurons (Zanos et al., 2011).
To develop an in-vitro model through the study of neural dynamics,
an ideal readout device needs to have the following features: biocom-
patibility, optical transparency (for fluoroscopy analyses), high fill
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factor, large sensor area, on-chip multiplexing, bidirectional interface,
fast temporal response, and high spatial resolution. Traditional multi-
electrode-array (MEA) devices are electrically passive and planar in
shape with metal electrodes on top of a glass substrate (Abdelfattah
et al., 2016; Foidl et al., 2018; Franke et al., 2017). However, due to the
congestion problem of electrical interconnection, MEAs usually have
limited number of independent electrodes, resulting in a low density and
a low throughput of measurement (Cabello et al., 2018; Hood et al.,
2009; Lu et al., 2016; Spira and Hai, 2013). On the contrary, comple-
mentary metal-oxide semiconductor (CMOS) arrays can accommodate a
large number of electrodes at a high density. Nonetheless, silicon sub-
strate for CMOS technology is opaque, and it would not allow visual
observation by the inverted microscope (Bertotti et al., 2014; Cabello
et al., 2018; Heer et al., 2006; Park et al., 2018; Snell et al., 1981).

Besides MEA and CMOS technologies, thin film transistor (TFT)
technology is expected to play an increasing role for the electrophysi-
ology. TFT is a well-known technology for flat panel display (Snell et al.,
1981). Several milestones have been attained (Brody et al., 1973; Le
Comber et al., 1979; Spear and Le Comber, 1993; Yamamoto, 2012)
since the first TFTs were made of a compound semiconductor called
cadmium sulfide (CdS), which was introduced in 1962 by Weimer
(1962). Hosono’s group with the Tokyo Institute of Technology, Japan,
first explored the semiconducting indium gallium zinc oxide (IGZO) as a
TFT channel material, and demonstrated crystalline and amorphous
IGZO-TFTs in 2003 and 2004, respectively (Nomura et al., 2004, 2003).

In this paper, we present a transparent high-definition crystalline-
IGZO-TFT system as a bio-measurement platform. The device chip is
made by the same fabrication technology for the liquid-crystal display
(LCD) fabrication. The crystalline-IGZO is an optically transparent
semiconductor material with electron mobility of 20-50 times higher
than that of amorphous silicon. In this study, crystalline-IGZO-TFTs are
used as a transparent substrate for see-through observation of bio-tissue,
and the high electron mobility is adopted for high-speed recording of the
ionic behaviors. The system based on the TFT technology thus benefits
from the optical transparency and high-density electronics to produce a
sensor array of various cell analysis.

The purpose of this paper is to demonstrate all the potentials of TFT
systems applicable to a neuron culture. Previous reports from the au-
thors’ group demonstrated a singular modality (neuron sensing only, or
impedance sensing). The different aspects of the systems are described in
the following sections. The system architecture, corresponding func-
tional units, and their integration are described in Sections 2. The
electrical characterization and measurements as well as the biological
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measurements are described in Section 3. Sections 4 and 5 respectively
give a detailed summary and comparison to the states-of-the-art mea-
surement methods.

2. Methods
2.1. System architecture

Crystalline-IGZO-TFT in this work is designed to perform multiple
stimulation/measurement functions as schematically shown in Fig. 1(a)
by appropriately choosing the electrode sites (Shaik et al., 2018, 2017).
The block diagram in Fig. 1(b) illustrates the system architecture, where
all the functional units are depicted. Typical chip has 175 x 175 TFT
microelectrodes over an area of 243 mm?. TFTs plates of several cm? or
more are achievable, which is useful for organ-on-chip study (Wikswo
et al., 2013) and to overcome the complex processes of drug develop-
ment (Dietzel, 2016). The optical transparency of substrate is also
beneficial to optogenetic studies (Lee et al., 2015). In addition to optical
studies, two more sensing techniques are used thanks to the presence of
high density of microelectrodes: 2D action potential mapping for neu-
rons network activity, and 2D impedance spectroscopy for the neurons
culture. Impedance spectroscopy can give various information on the
neurons including the status of presence or absence, alive or dead,
infection, detachment, and best recording area with the culture neurons.
Detail of each functional unit is discussed later.

2.2. Electrode array

TFTs are one of field-effect transistors (FETs), with the advantage of
large area, substrate versatility, and low temperature fabrication, while
costly high-temperature processes are used for metal oxide semi-
conductor field-effect transistors (MOSFET) (Correia et al., 2016). Both
TFTs and MOSFETs use three parts (gate, source, and drain) made of
electrically conductive, semi-conductive, and dielectric materials. The
semi-conducting layer is located in between the conductive source and
drain, whereas the dielectric is placed between the conductive gate and
the semiconducting channel layer. They are also sorted out by the po-
sition of the gate on either top or bottom with respect to the channel
layer (Correia et al., 2016). The TFTs device in this work is a bottom-gate
coplanar type.

The electrode array was fabricated on a 27 mm x 25 mm glass
substrate and was composed of 30,000 electrodes placed at a pitch of
50-100 pm for 200 x 150 pixels, covering an area of 243 mm? A
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Fig. 1. a) Schematic illustration of the functions of switch matrix based on thin film transistor (TFT) system featuring current excitation (CE), impedance mea-
surement (IM), current sensing (CS), action potential (AP) sensing, local field potential (LPF) sensing, voltage excitation (VE), and optical sensing (OS). b) Block
diagram of the multimodality TFT system that includes active switching matrix, recording channel, stimulator, impedance spectroscopy unit, and optical imaging.
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schematic of a single electrode and circuit is shown in Fig. 2(a). The
source of each transistor was connected to an ITO electrode, and
accessed through a 2D-addressed transistor. Each transistor had two
electrical interconnections called the gate and the drain lines, by which
the target electrodes were spatially chosen. The gate line was used to
activate the transistor, and the drain line was used for electrical mea-
surement or stimulation. The electrode arrays were made of indium-
thin-oxide (ITO), and had direct contact with the transistor source,
wherein the gate of the transistor was made of crystalline-IGZO mate-
rial. The pixel resolution was 359.2 pixels per inch (70.7 pm per pixel),
and the temporal response was 10 ms. The electrodes had negligible
power consumptions because of the small size, which lead to negligible
heating effect, thereby protecting biological cells from death. The
electrodes covered 90% of the total active surface area, with a trans-
parency of above 90%, being well suited for both electrical and optical
characterization of biological samples. The design of the featured elec-
trodes matched with the dimension of the primary neurons, 10-30 pm in
diameter and more than 100 pm in length (Harris, 2018), being capable
of performing all the proposed measurements and stimulations.
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2.3. System integration

For device development, the TFT substrate was cleaned and attached
to a pre-drilled printed circuit board (PCB) for an observation window. A
wire of 1% silicon aluminum alloy, with 25 pm in diameter, was used for
the electrical connection between the PCB and the TFT by a wire-bonder
operated at 0.396 W ultrasonic power and 30 N bonding force (TABN-
25H25, TANAKA). A Polydimethylsiloxane (PDMS) chamber was pre-
pared by the standard processes (Park et al., 2006), which included a
1:10 mixture of curing agent and PDMS monomer; after the air bubbles
were removed by vacuuming, the polymer was solidified by heat treat-
ment at 90 °C for 30 min. An 8-mm-high PDMS chamber was formed
with the inner and the outer diameters of 6 mm and 8 mm, respectively.
The PDMS chamber was pressure-bonded onto the TFT plate. Extra care
was taken to protect the bonded wires from damaging when fixing them
with additional molten PDMS to mold. The TFT electrodes were accessed
using the 28 pins on the PCB. Data bus and address bus between the PCB
and the measurement/stimulation units were made by using universal
serial bus cables, push/pull connectors, synchronized connectors, and

Y =] V]

Gate Line Capllins V- Excitation
— TFT

C Tk Electrode
TC | 2Ll
] R g5
s bS5 2 ITO Pixel
g Z. =
< a e
A ‘s I- Sensing
a I:’|:| Electrode
L
d e
,') """""""" v Dy Sp e y e , ) TExtracellular
; gL e LG |
i i G i i | l I+ T T+ TICI- TILeak
OXO] o A
5 i 3 8N+ 7P Bk+ 7P 8Cl+ P BLeak —T—
§ i D S, | Ci | ; Cu
Som— ¥ " w— T Te T T
Lock-in Amplifier 2 DIW Neurons | 2L 5 £ T L
Gate Line (DC) llntracellular

\

Iiectmde R,
F TFT 732 Aey™ >c3

s

VREF

|
IN
8:1 MUX

4:1 MUX

ICI"OSCO
iy

<]

Stimulator

TFT Device

Stage 1n51de v
Faraday Cage

Impedance
Spectroscopy

and Recorder

Optical
Imaging

Fig. 2. Overall system. (a) Schematic diagram of an arrayed pixel and electrical switching system. (b) Cellular impedance measured by voltage excitation and current
sensing. (c) Neuron culture on top of the array. (d) Circuit diagram of impedance measurement. (e) Equivalent circuit model for the basic neuron. (f) Schematic of
recording system. (g) Experimental assembly of instruments used in this study. Scale bar: (c) 50 pm.
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BNC connectors. The measurement was conducted inside the Faraday
cages to decouple the environmental electromagnetic interferences.

2.4. Impedance measurement

Electrical impedance Z is an AC analogue of resistance that obeys a
variant of Ohm’s law, which is expressed by Z = V/I, where V and I are
the complex forms of voltage and current, respectively. It can be broken
down into independently measurable components, i.e. magnitude and
phase, as Z = |V|/|I|¢®~%), where w and ¢ are the frequency and the
phase lag, respectively, and |V|/|I| is the magnitude of the overall
impedance.

The aim of the impedance measurement in this work is to tell the
presence or absence of neuron cells in a given region, by which an
appropriate recording electrodes are chosen for further measurement.
This method primarily helps to identify a high-density neuron culture
region, which is then confirmed by microscopic images. The extracel-
lular potential of a single neuron is measurable within a few tens of
micron distance from the soma (Miiller et al., 2015), and hence identi-
fying the recording region is crucial to avoid crosstalk of measurement.
An ACssignal is applied to one of the electrodes, while another proximity
electrode is used to read out the output current as shown in Fig. 2(b).
This recording process is repeated for different electrodes in a given
region, while the input electrode is fixed. When N electrodes are scanned
in a given region, the resulting average impedance of the region is
written as
22 v

y L=+

- o (n=1,208). €h)

Zrcgion =

Electrode scan is performed over an area, and the results are super-
posed over the microscopic images. Due to the neuron presence on the
electrode, the real part (resistive) of the impedance decreases with
increasing the frequency because the cells behave as a conductive ma-
terial. The imaginary part (capacitive), on the other hand, tends to in-
crease with increasing the frequency. The increase rate of capacitance is
relatively higher than the decrease rate of resistance, resulting in a shift
of impedance over the frequency. The impedance characterization not
only allows us to find the hot spot in the culture but also tells the state of
the cells, such as living/dead in the culture as reported elsewhere
(Cathcart et al., 2020, 2017, 2016).

The measurement setup consists of a signal source of 0.05 Vpp, which
is swept over a range of frequencies. The signal source is applied to the
drain of a transistor to avoid the unintentional stimulation, while the
gate line is biased to a constant 15 Vpc by an Agilent 33,110 signal
generator. A synchronous LI5655 lock-in amplifier is connected to an
adjacent drain line for current sensing, which is compared with the input
voltage signal. Finally, the amplifier convolves the both signals to
calculate the magnitude and the phase offset of the current signal with
respect to the input voltage signal.

2.5. Electrical stimulator

Stimulation of cells comes after defining the region of study, by using
manual switches to choose the signal lines from the TFT plate. The
stimulator (STG4000 series from Multi Channel System), which gener-
ates waveforms required for specific channels, is used for both current
and voltage stimulation. Spatially separated electrodes in the array can
be chosen for multi-site stimulation. Proper selection of electrodes is
vital to maximize the signal quality (Chu et al., 2017). The drain of the
transistor is assigned to the stimulator output, while the corresponding
gate of the transistor is electrically biased to a fixed 10 Vpc.

2.6. Electrical recording

The data acquisition system (USB-ME32-FAI System from Multi
Channel System) of 32 channels is used to continuously scan the voltages
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for monitoring. A schematic view is illustrated in Fig. 2 (f). A reference
electrode of wire Ag/AgCl is kept in the culture bath and maintained at a
certain height in the liquid. The system ground is set with a reference
electrode that is used to suppress the noise level by ~1/10 times. The
MC_Rack software from Multi Channel System is used to display the
signal. The gates of all recording transistors are maintained at a constant
voltage of 10 V. Sampling rate of 20 kHz is used to extract different
extracellular signals such as the AP signals between 300 Hz and 10 kHz
and the LFP signals between 1 Hz and 300 Hz. The recording system is
equipped with the low- and high-pass filters for sensing the LFPs and the
APs, respectively.

2.7. Optical transmissivity

Calcium ions are known for their versatile intracellular signals,
which control the fundamental functions of all types of neurons. Cal-
cium imaging in living neurons can directly visualize the intracellular
calcium flux in well-defined subcellular compartment (Grienberger and
Konnerth, 2012). The platform proposed in this work improves the
benchmarking relationship of the patterns of spikes (evoked via both
stimulation and spontaneous) with the optically acquired calcium
signal, owing to the optical transparency of the substrate and the high
electron mobility of IGZO-TFT. In addition, high-speed response of the
TFT is advantageous to understand the behavior of spikes/bursting using
genetic construction, in which fluorescent proteins would tell the gene
expression on a single cell level. In this study, an inverted microscope is
used for visual observation through the substrate. The top view obser-
vation (for opaque substrate) is inconvenient because of the poor image
quality, while observation through a transparent substrate gives better
image resolution and more visual information. For usual procedure, we
place the TFT plate on the microscope stage, and then the cultured cells
of second week are added inside a PDMS microfluidic chamber with
Fura-2 dye for fluorescence observation of Ca®* during neurons activity.

2.8. On-chip cell culture

The experiments on animals in this work were performed according
to the regulations on laboratory animal welfare of Japan, with the
approval of the Center of Biomedical Ethics and Law of The University of
Tokyo, Tokyo, Japan.

A 16.5 days pregnant mouse was harvested, and the embryonic were
isolated. The standard procedure was used for device preparation and
coating, dissection and dissociation (Dunnett and Bjorklund, 1997).
Finally, the TFT plates with 50-300 k cells/device were used to culture
the neurons by the standard protocol (Brewer et al., 1993). However,
due to rapid evaporation of the culture medium from the small volume
of the PDMS chamber, extra medium was added every other day. The
nineth-days culture neurons on TFT surface are shown in Fig. 2(c). The
equivalent circuit model of the cell is shown in Fig. 2(e), which is rep-
resented by an RC band-pass filter bank.

3. Results
3.1. Device characterization

Characterization of the TFT electrodes has been performed to ensure
precise and selective stimulation of individual neurons. Typical perfor-
mances are shown in Fig. 3, including (a) drain voltage response, (b)
gate voltage response, (c) frequency response, (d) total harmonic
distortion (THD), (e) drain current as a function of transistor gate width,
(f) electrolysis test, (g) stress characterization, and (f) optical charac-
terization. The output curves give qualitative information such as the
channel pinch-off (saturation) as well as the contact resistance as shown
in Fig. 3(a). The transfer curve shown in Fig. 3(b) provides a quantitative
analysis for TFTs.

The drain-to-source current (Ipg) increases with increasing the gate-
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Fig. 3. Typical characteristics of TFT: (a) Drain current, (b) transfer characteristics, (c) frequency response, (d) total harmonic distortion of an array pixel, (e) drain
current with respect to gate width, (f) electrolysis test of MEA and TFT, (g) electrochemical testing setup (Vg = 10 V), (i) input through an external metal probe (top)
and recording from a drain line (bottom), (ii) input through a drain line (top) and recording from an external metal probe (bottom), (iii) input from drain line (top)
and recording from adjacent drain line (bottom), and (h) optical transmission spectrum through the TFT substrate.

to-source voltage (Vgs) when applying a positive drain-to-source voltage
(Vps). The channel of the transistor is n-type, where electrons are the
majority carriers of electrical conductance. The threshold voltage (Vt),
at which the current changes significantly due to the gate voltage, is 4 V;
the transistor operates in an enhancement mode at gate voltages above
4 V. The turn-on voltage (Vo) is around 1 V, corresponding to Vgg, at
which the logarithmic Ipg curve gives notable change. The figure also
allows us to determine the current on/off ratio to be 0.463 x 105, The
calculated transconductance (gp) is 0.79 x 108 Siemens, which is the
ratio of the change in the drain current with respect to the change in the
gate voltage. As a result, the field-effect mobility (pgg) is calculated to be
5 cm?/Vs. The measured 3 dB cut-off frequency is at around 2 kHz, as
shown in Fig. 3(c). To know the total amount of distortion introduced by
the TFTs, we have performed spectral analysis to a 1.25 kHz sinusoidal
signal as shown in Fig. 3(d); the result exhibits no visible high-order
distortion in the frequency spectrum except the fundamental compo-
nent, thereby indicating the high fidelity monitoring of signals.

The chip has negligible heating effects because of the small di-
mensions of the transistor compared with the large area to dissipate the
heat (4 pm x 4 pm gates over a 100 pm x 100 pm pixel area). The MEA
and the TFT have been exposed to the same experimental environment
(DC stimulation pulses at 1 kHz for 7 days in a wet environment) and
have been reused for a couple of times. We observed electrolysis on the
metallic electrodes of the MEA, whereas the TFT was not affected, as
shown in Fig. 3(f). The reproducibility and longtime durability of the
TFT have been confirmed in the earlier work reported elsewhere (Shaik

et al., 2018), wherein more than 1 billion stimulation pulses were
applied at 1 kHz for 16 days, both in dry and wet environments,
resulting in no electrical leakage.

Current capacity of on-chip stimulation is limited due to the
dimension of the transistor, sometimes resulting in insufficient carrier
generation. On test electrodes, however, stimulation current could be
enhanced by using an appropriate width for the gate, while the length is
fixed at 6 pm. The minimum current requirement for stimulation is
defined as Rheobase current (Park et al., 2006), which is calculated to be
6.7 pA (Leppert et al., 2016). Judging from the drain current as a
function of the gate width shown in Fig. 3(e), a gate width of 17 pm or
more would be sufficient for the on-chip current stimulation at Vp =8 V.
The gate width could be further reduced when the drain voltage is
increased.

The electrochemical stability of the microelectrodes has been
confirmed by stimulation and sensing with a PDMS chamber filled with a
culture medium. Three possible combinations of arrangements are used:
(i) The signal is applied through an external metal probe and measured
from one of the source lines of the transistors, with the gate of the cor-
responding transistor being pulled up to 10 V. (ii) The signal is supplied
from the transistors, and measured by using an external metal probe.
(iii) The signal is applied from one of the source lines of the transistors,
and the output is measured from the adjacent electrode, with both gates
of the corresponding transistors being pulled up to 10 V.

The experimental setup for neuron stimulation and impedance
measurement is shown in Fig. 3(g). The input and output signal
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waveforms for the different combinations of arrangements are shown in
Fig. 3(g) (i-iii): (i) The recorded signal amplitude (50 mV) is found to be
half the applied amplitude (100 mV) with a high signal-to-noise (SN)
ratio of 80 dB. The recorded signal intensities shown in (i) and (ii) are
comparable, thereby implying a possibility of bi-directional signal pro-
cessing. (iii) The recorded signal amplitude is also found to be half the
applied amplitude for the on-chip experiment, which can be used to
detect the ionic charges across the cell membrane. The significance of all
the three setups is in the compatibility with biological cell experiment in
terms of the voltage range of 0-100 mV and the frequency range up-
wards of 3 kHz.

Optical transparency of the TFT substrate has also been confirmed
for the visible spectrum wavelength ranging between 380 nm and 750
nm. A spectrometer (C11119-04, Hamamatsu Photonics) is used to
determine the transmission spectra through a sample under test illu-
minated by a light-emitting diode (LED) of white light spectrum. The
spectrometer is initially calibrated in the dark environment only to show

10°

a)
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the negligible noise level plotted by the black curve in Fig. 3(h), after
which the LED at maximum intensity is guided into the spectrometer to
determine the source spectrum as plotted by the red curve. A blank glass
substrate is inserted in the path to show the spectrum blotted in blue.
Finally, the TFT substrates with 100 pm x 100 pm and 50 pm x 50 pm
grid electrodes are tested. Compared with the preceding TFT substrate
reported elsewhere (Kojiri et al., 2014; Matsuda et al., 2017), which had
notable absorption in the visible wavelength range, the latest version of
the TFT has no absorption between 450 nm and 550 nm, suggesting fair
compatibility with the calcium ion imaging.

3.2. Impedance measurement

The real-time detection of cellular adhesion, proliferation, and
viability are evaluated using the technique called the binary detection,
which helps us determine the minimum number of recording electrodes
necessary for a neuron culture of a given size. The impedance is
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measured with and without neurons on the array immersed in a culture
medium. The geometrical arrangement of electrodes for excitation and
measurement is arbitrarily set by programming; for instance, they can be
adjacent or separated. Electrodes can also be monitored in a selective or
collective manner. The cells detection is performed either in a frequency
region lower than 5 kHz or higher than 20 kHz. Normalized impedance
of sub-threshold levels has been reported in a high frequency region over
10 kHz (Shaik et al., 2018). Nevertheless, low frequency measurement is
preferable due to the relatively large shift in the impedance level.
Typical subthreshold level of 4 x 10° Ohm is chosen in this work, as it
could be used in both low and high frequency ranges.

The average impedance and the standard deviation are shown in
Fig. 4(a). Comparing the impedance level with and without the neuron
cells, the former is relatively high due to the capacitive component in the
equivalent circuit of the live neuron cells. The standard deviation in the
impedance curve for neuron is considerably higher than that in saline,
primarily caused by stochastic electro-potential activities of inhomo-
geneous distributing cells electrode gap. It is observed that the cell death
causes reduction in the impedance. The small drop-off of impedance in
8-10 kHz is due to the presence of the neural network, which equiva-
lently acts as a band pass filter.

3.3. Biological measurement

The in-vitro experiments are performed to confirm the full-
functionality of the chip and the measurement system. Electrical activ-
ities of cultured primary cortical neurons on the TFT chip surface are
successfully measured (see Fig. 4 (b-i)). Two types of extracellular sig-
nals (LFPs and APs) are recorded and amplified by a low-noise voltage
amplifier (MPA32I from Multi Channel System). The average electrical
activities of neurons around the electrodes are represented as LFPs. On
the other hand, electrical activities of neurons under excitation are
represented by APs. The typical bandwidths for LFPs and APs are 1
Hz-300 Hz and 300 Hz —10 kHz, respectively. The stimulation capa-
bility of the device is verified by examining in different phases, such as
recording from empty (no cells) TFTs, neurons on the TFTs, discon-
nected stimulator, and with stimulation to neurons.

The recorded neurons activities mapped at the corresponding sensor
positions are shown in Fig. 4(b). The signals in frames 1 and 2 in Fig. 4
(b) are obtained under conditions without neurons culture but with a
stimulator disconnected and connected, respectively, while the signal in
frame 3 is obtained from the cultured neurons without stimulations. The
spikes with a star mark (%) represent the spontaneous activities of the
neurons. The signals in frames 4 and 5 are from the culture neurons
shown in Fig. 4(c) that experienced stimulations. The stimulation pulses
are shown in the red vertical lines. The intensity and amplitude of the
neuron spikes vary from electrode to electrode due to several reasons,
such as electrical coupling between the neurons and the electrode,
mutual distance from the recorded electrodes, and density of the neu-
rons around the site of stimulations.

Distribution of recorded signal after each stimulation is shown in
Fig. 4(d), where minimum, first quartile, median, third quartile and
maximum are plotted. The propagation loss is seen in Fig. 4(d). The
repeatability of measurement is confirmed by the mean ratio of signals
25 ms before and after the stimulation, as shown in Fig. 4(e) for sensors 4
and 5; the fluctuation in sensor 6 is due to the unstable environmental
conditions, with the neurons sitting far from the sensor. With a low in-
tensity of stimulation, single neuron can be targeted as shown in Fig. 4
(g), wherein the pixel intensity of the florescence activity of the neuron
is monitored as shown in Fig. 4(h). The relaxation time for each stim-
ulation is estimated to be 5.5 + 1 ms.

In addition to the electrical stimulation, chemical stimulation has
also been carried out using potassium chloride (KCl). K ions concen-
tration level is usually high inside the cell (~150 mM) compared with
the outside (~3 mM), which allows K ions to transport to the extra-
cellular environment via the leaking channels, causing
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hyperpolarization of the cell membrane. Injection of a KClI solution from
a pipette causes increase of K* ions in the extracellular environment,
which blocks the outward movement of positively charged K. As a
result, Kt remaining in the cytoplasm leaves the membrane depolarized
as shown in Fig. 4(f).

The activities of two clusters of neurons shown in Fig. 5(a) are
recorded as plotted in Fig. 5(c); measurement is repeated by manually
switching the gate lines for pre-programed stimulation signals. Intensity
of recorded signal decline with increasing distance and vice versa. The
efficiency of sensor with respect to distance is shown in Fig. 5(b). The
minimum and maximum delay between stimulation and spikes observed
are 6.5 ms and 14.5 ms, respectively, as shown in Fig. 5(d). Signals from
two electrodes are monitored for more than an hour and superposed as
shown in Fig. 5(e). The recoded raw data are further processed to
calculate firing rate and delay time. The average stimulus-firing rate is
approximately 15-17 spikes/s, whereas the maximum is 27 spikes/s, as
shown in Fig. 5(f). The spontaneous activity of neurons is about 4
spikes/s as shown in Fig. 5(g).

4. Comparison with the state-of-the-art

The performance of the developed TFT chip has been summarized
and compared with other states-of-the-art devices used for electrogenic
cells study as shown in Table 1. In the past, a large number of studies
have been carried out on opaque substrates such as silicon-based
MOSFET and ion-sensitive field-effect transistor. A trade-off exists in
the conventional MEAs between the substrate transparency and the
electrode density; achieving the high transparency required a sparse
electrode density and vice-versa. However, the advantage of the TFT
solution is that it has a high transparency without compromising the
electrode density. A 32-channel recording system with addressable
electrodes has been developed in this work to successfully detect the
change of the electrical impedance caused by the presence of neurons on
the substrate. Theoretically, it is possible to perform real-time cell
monitoring using the impedance characterization. The optical trans-
missivity is advantageous for visual monitoring of cells.

ITO is used in this work as a transparent conductor because of the
superior electrical property and the matured fabrication processes.
However, ITO is also known to have lattice mismatch with other ma-
terials, stress-strain constraints, and degradation due to mechanical
stresses, which may restrict the potential use. Recent years, carbon
nanotubes have drawn escalating attention for their superior material
properties such as high elastic modulus (~1-2 TPa), high electrical
conductivity, and high tensile strength (~13-53 GPa) (Hong and
Myung, 2007). Carbon nanotubes have been used as a transparent
electrode material for neural network study (Cellot et al., 2017; Gulino
et al., 2019).

5. Conclusion

An arrayed biosensor chip with six modalities for neuronal ensemble
investigation has been developed using the thin-film-transistor (TFT)
technology, and characterized from electrophysiological, electro-
chemical and optical points of view. The electrodes are designed in such
a way that they can accommodate all the necessary features as an ideal
readout system to understand the complex neuronal behaviors. Besides
CMOS, the high definition TFT system includes the largest number of
measurement or stimulation functions to date, consisting of optical
observation, impedance measurement, voltage recording as well as
electrical and chemical stimulation capabilities. At the same time, it
features the largest electrode fill factor (97.5%) and high transparency
(>90%) over a large sensor area (243 mm?). The temporal resolution
(10 ms), spatial resolution (50 pm or 100 pm), signal to noise ratio (80
dB), and stability (over 1 billion pulses) are also comparable to those of
the state-of-the-art systems. Biological studies demonstrate that the TFT
biosensor chip can record neuronal activity with high fidelity as
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Fig. 5. Recording and signal analysis: (a) Iden-
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conventional MEAs, while the noise level has room for improvement.
The test chip with a 4-uym-wide gate is incapable of on-chip current
stimulation. Nevertheless, the electrical measurements indicate that the
larger transistor size (>17 pm) is helpful for on-chip current stimulation
with affordable penalty of losing the overall optical transparency.
Increasing the drain voltage, which may cause cell’s death due to
overheating, can reduce the transistor gate width. Thus, further

investigation is needed to solve the tradeoff between transistor gate
width and the voltage. Based on the experimental results, the multi-
modal operation has been found feasible. In order to control different
operations, a control system is under development. The TFT chip is
exploring the quest for versatile characterization of biological sample.
All these features will pave the way of whole TFT system towards
complex experiment that can target multiple cellular parameters at
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Table 1
Performance summary and comparison of in-vitro systems.
Reference Song Chietal. Dragas Benfenati This
et al. (2015) et al. et al. (2013) Work
(2012) (2017)
Technology MEA CMOS CMOS Organic Cell TFT
Stimulating
and Sensor
Transistor
Pixel Type Passive Active Switch Active Active
Matrix Switch
Matrix
Total Active 0.18 ~1mm®> ~10 ~1 mm? 243
Area mm? (9-pixel mm? mm?
group)
No. of 64 144 59,760 1 30,000
Electrodes
Electrode Pitch 30 pm 40 pm 13.5pym 30 pm x 15 50 or
mm channel 100 pm
Electrode Gap 100 pm 60 pm - - 2.50r5
pm
No. Different 2 4 5 2 6
Measurement
Modes
Electrode 4.1% 20% 12.34% - 97.5%
density
Maximum 4 5 12 22 17
amplitude to
noise ratio
Sampling Rate 25kS/s - 20 kS/s - 25 kS/s
Transparency - Opaque Opaque Only the 95%
channel
Thermal noise - - 8 x - 8 x
1072w 1072w
Addressable N /2% N/2? N (N/2)
electrodes
with N
address lines
Stimulation v - Vorl v Vorl
Die Size 76.2 2.2 mm 12 mm - 25 mm
mm X X 2 mm x 8.9 X 27
25.5 mm mm
mm
once.
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