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Abstract—The paper presents a 256-pixel CMOS sensor array
with in-pixel dual electrochemical and impedance detection modal-
ities for rapid, multi-dimensional characterization of exoelectro-
gens. The CMOS IC has 16 parallel readout channels, allowing it to
perform multiple measurements with a high throughput and enable
the chip to handle different samples simultaneously. The chip con-
tains a total of 2 X 256 working electrodes of size 44 um X 52 pum,
along with 16 reference electrodes of dimensions 56 p4m X 399 pm
and 32 counter electrodes of dimensions 399 yum X 106 pm, which
together facilitate the high resolution screening of the test samples.
The chip was fabricated in a standard 130nm BiCMOS process.
The on-chip electrodes are subjected to additional fabrication pro-
cesses, including a critical Al-etch step that ensures the excellent
biocompatibility and long-term reliability of the CMOS sensor
array in bio-environment. The electrochemical sensing modality is
verified by detecting the electroactive analyte NaFeEDTA and the
exoelectrogenic Shewanella oneidensis MR-1 bacteria, illustrating
the chip’s ability to quantify the generated electrochemical cur-
rent and distinguish between different analyte concentrations. The
impedance measurements with the HEK-293 cancer cells cultured
on-chip successfully capture the cell-to-surface adhesion informa-
tion between the electrodes and the cancer cells. The reported
CMOS sensor array outperforms the conventional discrete setups
for exoelectrogen characterization in terms of spatial resolution
and speed, which demonstrates the chip’s potential to radically
accelerate synthetic biology engineering.
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1. INTRODUCTION

XOELECTROGENS are a class of micro-organisms that
E can transfer electrons between intracellular components
and extracellular entities using special metabolic pathways [1],
[2]. The currents produced due to these processes are harnessed
by bioelectrochemical systems [3] such as microbial fuel cells
(MFCs) and microbial electrolysis cells (MECs) for a diverse
range of industrial and defense applications like waste water
treatment [4]-[6], chemical synthesis [7], [8], toxic chemical
sensing [9], [10], bio-computation [11] and energy production
[1], [2]. Due to the unique current-generating ability of ex-
oelectrogens, there is a natural interest in pairing them with
semiconductor-based technologies to create hybrid cell-sensor
systems that are self-sufficient. Previous works in the area of
hybrid biotic-abiotic sensors [12], [13] have demonstrated the
capability of such platforms to perform novel tasks which are
beyond the scope of entirely electronic or biological systems.

Despite their versatile applications and remarkable proper-
ties, the utility of natural exoelectrogens has been limited by
their low electron transfer rates [2] as well as their inability to
derive energy from complex energy sources [16], [17] (Fig. 1).
To redress these shortcomings, researchers resort to leverag-
ing recent synthetic biology tools and genetically engineering
the exoelectrogens to enhance their electrogenic capabilities
or endow them with new features desirable for certain target
applications [18], [19]. Genetic modification of exoelectrogenic
bacteria utilizes the Design-Build-Test-Learn (DBTL) 4-phase
development cycle, which is a common iterative process used to
develop cell strains containing desired properties. As illustrated
in Fig. 2, the DBTL cycle involves the systematic generation and
evaluation of microbial strains and the knowledge accumulated
over multiple iterations of the DBTL cycle guides the develop-
ment of the desired genetic variant [20], [21]. Existing synthetic
biology technologies have made the generation of massive ge-
netic libraries possible, e.g., with 108 genetic variants, in the
‘Build’ phase. Unfortunately the “Test” phase of the constructed
genetic variants is not able to keep pace with the ‘Build’ step.
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Fig. 1. Common applications of exoelectrogenic bacteria along with their
requirements.

Presently, most labs still rely on bulky equipment and setups that
can characterize only up to a few genetic species per day [15],
[22], [23] (Fig. 2(a)). As a result, the ‘“Test’ step imposes major
restrictions on the overall efficacy of the DBTL cycle, and there
is a need for screening technology platforms that can radically
improve the throughput of exoelectrogen characterization orders
of magnitude beyond the state of the art.

To completely characterize exoelectrogens, tracking mark-
ers of metabolic activity (e.g., electrochemical current, pH)
in conjunction with various indicators of physical health and
viability (e.g., Biofilm integrity) is crucial. As stated earlier,
conventional exoelectrogen testing platforms, such as microbial
fuel cells [15] and colorimetric detectors [24] suffer from low
throughputs. This is attributed to their lack of compatibility
with integrated electronics and poor scaling with small sample
volumes. Popular electrochemical detection techniques such as
voltammetry-based cell counting [25] offer improved speeds of
characterization but are incapable of measuring the minute elec-
trochemical currents originating from tiny volumes of exoelec-
trogens (typically 100fA/cell). While popular and standard cell
cytometry techniques such as fluorescence activated cell sorting
(FACS) [26] and impedance based Coulter counting [27] provide
cellular resolution and can scan cells at high throughputs, their
screening capabilities are intrinsically limited by fluorescent
labels and their very short sensing windows (pus~ms). Hence
they are incapable of capturing the slow electron transfer prop-
erties of exoelectrogenic species. In the same vein, more recent
microelectronic approaches to cellular and molecular sensing
[28]-[32] have been able to address the issues of throughput
and sensitivity but they too provide information on only a single
physical/chemical signal.

In summary, fully characterizing the genetic variants of exo-
electrogens requires multi-modal sensing, while the complexity
and long time-scales of electrochemical charge transfer [33]
highlight the need for screening technologies that can support
massive parallelism to match the throughput of genetic library
generation.

To tackle these above-mentioned issues, we present a CMOS
multi-sensor array [34] that can provide high throughput multi-
parametric physiological information on a biological species
of interest (Fig. 2(b)). The CMOS IC houses electrochemical
detection modules that are composed of standard high-precision
three-electrode potentiostats and high sensitivity current detec-
tion circuits to evaluate the current generating capacity of the ex-
oelectrogens. The chip also hosts impedance sensing blocks that

measure cell adhesion to the chip surface and can track biofilm
proliferation. The electrochemical and impedance sensing cir-
cuits share the usage of the ym-sized on-chip electrodes within
each pixel. These electrodes undergo additional post-processing
steps to enhance the electrochemical sensing performance and
boost the biocompatibility of the chip. The improved robustness
of the electrodes allows us to perform long duration experi-
ments to track the slow metabolic activities of exoelectrogens.
Furthermore, the small dimensions of the electrodes enable
high resolution sensing of the test samples. The chip is divided
into 16 pixel groups, with each one of them possessing their
own electrodes and sensing circuits, making them capable of
functioning autonomously. This ability can be fully leveraged
by integrating the CMOS IC with droplet-based microfluidics,
which will allow us to interrogate multiple samples simultane-
ously [35]. Moreover, the sample volume required for analysis
in this case can be brought down to as low as 50nL, which is
~107 times lower than the volume required by conventional
exoelectrogen test setups [14], [15]. Hence, the large electrode
array as well as the orthogonal sensing modalities present on chip
can help us rapidly characterize multiple exoelectrogens and
obtain a more holistic description of the tested micro-organisms,
while utilizing much smaller sample volumes when compared
to traditional reactor setups.

The subsequent sections are organized in the following man-
ner: Section II describes the system architecture as well as the
sensing circuitry. Section III elaborates on the post-processing
protocols that were followed for the different on-chip electrodes.
The results of the electrical characterization tests as well as the
biological experiments are presented in Section I'V.

II. MULTI-MODAL ELECTROCHEMICAL AND IMPEDANCE
SENSING ARRAY

The system architecture of the proposed joint electrochemical
and impedance sensor array is displayed in Fig. 3. The chip
contains 16 pixel-groups that share a global serial-to-parallel
interface (SPI) block; which programs the various circuit blocks
on chip; and a clock-generation module; which provides the
excitation signal for impedance sensing.

Each pixel group has an array of 4 x 4 sensing pixels, flanked
by counter electrodes on the top and bottom as well as areference
electrode on the side. A single sensing pixel consists of two
working electrodes that are reconfigured based on the active
sensing modality. Each working electrode is 44 pm x 52 pum
and the dimensions of the corresponding counter and reference
electrodes are 399 ym x 106 pym and 56 pum x 399 pm, respec-
tively. These electrode sizes were chosen after characterizing
the current generating capacity of Shewanella oneidensis MR-1
bacteria with PCB electrodes. We arrived at the final electrode
sizes after considering the current measured from the above
mentioned experiments as well as the layout constraints imposed
by the pixel circuitry.

The electrodes in each pixel group are accompanied by
the corresponding excitation and sensing circuits for the in-
pixel dual sensing modalities. Both the electrochemical and
impedance detection chains in a pixel group share a common
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signal processing block that performs the required signal con-
ditioning to ease the downstream analysis of the measured
signals. Each signal processing block contains a mixer, for its
complex impedance detection; a low pass filter (LPF) with a
reconfigurable cut-off frequency (30KHz to 870kHz), to reject
high frequency noise/image frequencies; and a programmable
gain stage (6.6 to 24.9dB) at the end, to boost signal strength.
Hence, the entire chip houses 2 x 256 working electrodes,
16 counter electrodes and 16 reference electrodes along with
16 electrochemical detection blocks and 16 impedance sensing
blocks. In addition, the chip features 16 parallel readout channels
to facilitate the rapid testing of micro-organisms/exoelectrogens.

A. Electrochemical Sensing Module

As shown in Fig. 4, each electrochemical sensing mod-
ule/potentiostat present in a pixel group consists of three com-
ponents —a control amplifier, interfacing electrodes and in-pixel
transimpedance amplifiers. The control amplifier is responsible
for defining the solution potential through the reference elec-
trode and provides the excitation signal to induce an electro-
chemical response. It regulates the solution potential through
the negative feedback loop formed by the interfacing electrodes
and the solution medium present between them. The control am-
plifier is realized using a PMOS-input single stage single-ended
op-amp, which provides a DC gain of 29.64 dB. By virtue of
containing only one amplification stage, the control amplifier
is quite stable under different load conditions in our operation
bandwidth (50mHz to 1IMHz). Fig. 5 shows the testbench used
to test the stability of the potentiostat as well as the circuit
model of the electrode-electrolyte interfacial impedance. The
values of the parameters listed in Fig. 5(b) were extracted using
an off-the-shelf potentiostat (SP-300). Fig. 6 shows the loop
gain and loop phase of the loaded potentiostat as well as a
histogram of the extracted phase margins. For these plots, the
critical parameters of the equivalent circuit model were varied
over 2 orders of magnitude around the extracted values. The plots
demonstrate that the potentiostat has sufficient phase margin
under a wide range of practical loading conditions. The PMOS
input transistors and the reduced transistor count of the single
stage amplifier result in an inhrently low output noise.

Vout2
Voul1
Y,
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Schematic of the on-chip potentiostat for high sensitivity electrochemical current sensing.
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Fig. 5. (a) Simulation testbench for potentiostat (b) Interfacial impedance
model along with the extracted values of parameters.

The counter and reference electrodes, connected to the control
amplifier, are strategically located near the working electrodes
of the sensing pixels to reduce the solution path impedance
between all of them. This plays an important role in reducing
the voltage drop between the reference and working electrodes
through the solution, thus decreasing the difference between the
actual and applied excitation signals. For the counter electrodes,
their proximity to the working electrodes and their placement
on the upper/lower sides of the 4x4 sensing pixel array ensures
that most of the current flowing through the sensing pixels also
flows through the counter electrodes of that pixel group (Figs. 3
and 4). Moreover, placing the counter electrodes on both upper
and lower sides of the 4x4 sensing pixel array ensures that
the solution impedances between the counter electrode and the
working electrodes in a pixel group are comparable to each other
(Fig. 3).

During electrochemical sensing, the sensing pixels are acti-
vated sequentially to avoid crosstalk between different pixels and
subsequent corruption of the measured data. The two working
electrodes of the active sensing pixel are shorted to increase
the effective area and hence the measured current. The elec-
trochemical current is sampled by a capacitive transimpedance
amplifier (C-TIA), which is also implemented by a PMOS-input
single stage op-amp. The low input referred current noise of
this topology make it attractive for use in this circuit block.
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The capacitors of the C-TIA are implemented on chip and the
total capacitance can be tuned from 50fF to 150fF using 2-bit
control signals. The values of these capacitors were chosen based
on prior discrete experiments conducted with exoelectrogenic
Shewanella oneidensis MR-1 bacteria. With a low current noise
atits input and a tunable capacitance to adjust its gain, the C-TTA
can measure currents ranging from a few pA to several nA,
providing a sufficient current sensing dynamic range for exoelec-
trogen characterizations. To further improve the sensor’s noise
performance, we employ a 2-point slope extraction technique
to calculate the electrochemical current from the measured data
(Fig.4). This technique reduces the effect of flicker noise and DC
offset on the extracted electrochemical current by sampling the
waveform/signal from the integrator twice in quick succession.

B. Cellular Impedance Sensing Module

The different circuit blocks involved in complex impedance
detection are shown in Fig. 7. When a sensing pixel is config-
ured for complex impedance detection, one of its two work-
ing electrodes provides a voltage excitation signal while the

Circuit diagram of the on-chip impedance sensing module for characterization of cell-to-surface adhesion and biofilm-to-chip adhesion.

other measures the current flowing between the two of them.
The source for the voltage excitation is an externally-provided
clock signal, denoted by Z-CLK in Fig. 7. Z-CLK is fed to a
digital divide-by-2 logic circuit that generates two clock signals
that are 90° phase-shifted with respect to each other. These
signals are sent to a 6-bit low pass filter; similar to the one
present in the signal-processing block; to produce in-phase and
quadrature-phase sinusoidal signals. The in-phase sinusoidal
signal is used for voltage excitation and is sent to the voltage
buffer driving the excitation electrode, while a copy of both the
in-phase and quadrature phase signals are fed to the mixer (in the
detection chain). Before the in-phase sinusoidal signal is sent to
the excitation electrode, it undergoes attenuation to decrease its
amplitude to alevel at which the electrode avoids any undesirable
electrochemical reaction with the solution. A 5-bit attenuator is
used for this purpose, capable of providing a maximum attenu-
ation of 42 dB. The output of the attenuator is fed to the voltage
buffer, which is responsible for delivering the excitation signal to
the electrode and for setting its DC operating point. The current
produced due to this voltage excitation flows through the other
electrode into a resistive transimpedance amplifier (R-TIA).
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Like the voltage buffer, the R-TIA also sets the DC bias point
for its adjoining working electrode in addition to performing
current to voltage conversion. The output of the R-TIA is sent to
the fully differential mixer, which performs coherent demodu-
lation of the measured signal and extracts its real and imaginary
components. The processed signals are filtered and amplified by
the subsequent low-pass filter and programmable-gain amplifier
(PGA) stages to produce the required outputs.

For voltage excitation, the excitation amplitude and frequency
are chosen such that the impedance change due to the presence
of a cell/biofilm can be easily discerned without saturating the
current detection chain. Also, as mentioned earlier, we have
an additional constraint on the maximum excitation amplitude
to prevent any undesired electrochemical reaction between the
electrode and the sample solution. Prior experiments performed
with some of the other CMOS-based biosensing platforms
designed by the group [36]-[39] showed that an amplitude
of 50mV proved to be sufficient for detecting the required
impedance difference. The flexibility to operate at such low
excitation voltages is made possible by the large tunable gain
as well as the low input referred current noise of the current
detection chain. The impedance sensing module is capable of
providing a maximum transimpedance gain of 160 M2, with
the individual contributions of the R-TTA, mixer and PGA stages
being 100 k€2, 39.5 dB and 24.6 dB respectively. The simulated
input referred current noise of the impedance sensing module
is shown in Fig. 8. We see that over a 1 kHz bandwidth, the
integrated input current noise is 234 pArms. We choose the
operating frequency for cellular impedance measurement to be
between 20kHz-500kHz.

III. IN-HOUSE POST PROCESSING FOR IMPROVED
ELECTROCHEMICAL SENSING & CHIP BIOCOMPATIBILITY

The on-chip electrodes of the foundry-fabricated CMOS ICs
need to undergo surface modifications to improve their biocom-
patibility and also their own reliability and integrity, especially
during long-term biological experiments (Fig. 9). The additional
post-processing steps are indispensable for the contact-based
sensing modalities, since the default on-chip electrodes are often
made of Aluminum (Al); the top/pad metal layer in standard
CMOS processes; which will readily react with common cell
culture mediums and buffer solutions. The damage to the Al

electrodes will be rapid and irreversible, rendering them useless
in a matter of minutes. Moreover, the faradaic current generated
due to these reactions will interfere with the measured currents
and disrupt the normal operation of the sensing modalities.
Furthermore, the dissolved Al ions are toxic to most cellular
cultures.

A common fabrication approach to tackle this issue in-
volves coating the electrodes with an inert layer of gold using
the electro-less gold-plating method. In this chemical post-
processing technique, a metal stack of a Zn/Ni/Au is deposited
on top of the Allayer native to the CMOS process. This technique
has been used by a number of CMOS sensor arrays [37]-[41],
and it has shown reasonable success in preventing electrode
degradation. However, as this fabrication process deposits gold
chemically, the thickness of the gold coating is inversely pro-
portional to the area of each individual electrode. Thus, for large
electrodes, like the counter/reference electrodes on our reported
chip, the gold coating often cannot cover the entire electrodes
uniformly, leading to exposure of underlying Al layer to the
solution. To illustrate the risk posed by this issue, we test the
long-term reliability of some of our CMOS sensor array chips
with electro-less gold-plating on the on-chip electrodes. The
chips are immersed in a standard phosphate buffer solution
(DPBS) and their condition is observed periodically under a
Leica DVM6 digital microscope (Fig. 10). We notice distinct
bubbles at the edges of many counter electrodes after a 3.5-hour
exposure to DPBS, which only grew larger after another 3 hours.
These observations are indicative of an inadequate amount of
gold at the edges of the larger electrodes and demonstrate the
reliability issue of electro-less gold plating on large on-chip
electrodes.

Since the root cause of the biocompatibility issues is the
presence of Al in the top metal layer, we have developed a
fabrication protocol in which all of the Al in the electrodes is
eradicated, hence eliminating the possibility of any unwanted
reaction. The fabrication of the on-chip electrodes is carried
out in two stages, starting with an initial stage; in which all
the electrodes are subjected to the same post-processing steps;
followed by a second stage; consisting of steps specific to the
fabrication of the reference electrodes. The rest of this paragraph
describes the post-processing steps common to all the on-chip
electrodes, i.e., the first stage. The CMOS chip is first glued to
a thin glass slide using polydimethylsiloxane (PDMS) to facil-
itate fabrication. Photoresist is then spin-coated onto the chip
after which it is patterned using a maskless aligner (Heidlberg
MLAT150). The pattern exposes the chip’s sensing area while
leaving the rest of the chip covered. The entire glass slide is
then immersed in an Al etchant till all the Al in the electrodes is
consumed. Finally, a 200nm thick layer of gold is deposited on
all the electrodes using E-beam evaporation, with a thin film of
Titanium between the gold layer and the via contact serving as
the adhesion layer (Fig. 9).

After the completion of the above set of steps, we begin the
fabrication of the on-chip reference electrodes. For the initial
electrochemical experiments that we performed with the chip,
we used the gold reference electrode that we obtained from
the previous processing steps. Some of those results have also
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Fig. 10. Electroless gold plated electrodes reacting with DPBS buffer after
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been presented in this paper. However, we eventually chose to
implement the reference electrodes using an Ag/AgCl stack as
it has a stable electrode potential, which improves the reliability
and accuracy of the subsequent electrochemical measurements
[42], [43]. Due to the cytotoxic nature of silver and the CI
leaching that causes electrode instability, we cannot use the bare
solid Ag/AgCl electrodes directly to perform biological experi-
ments. Hence, we coat them with a thin layer of PEDOT:PSS to
isolate the biosamples from the Ag/AgCl electrodes, making the
reference electrodes biocompatible. The fabrication protocol for
the reference electrodes is described in the following sentences
(Fig. 9). First, the chip is patterned to expose only the reference
electrodes, after which, a thick layer of silver is sputter-deposited
on top of them. Next, the top surface of the Ag layer is converted
to AgCl by immersing the chip in a 50mM FeCl; solution
for 30-40 seconds. Once chlorination is complete, we perform
a second patterning step to prepare the chip for PEDOT:PSS
coating. The solution mixture for the PEDOT:PSS coating is
prepared using the chemical composition provided in [44]. The
solution is spin-coated on the glass slide at 2000 rpm for 30
seconds and baked at 120°C for 1 hour to yield a layer of
PEDOT:PSS that was approximately 220nm thick. Fig. 11 shows
the microscopic images of the chip, taken after each key step of
the post-processing protocol.

The chips post-processed by the protocol described in the
above paragraphs are subjected to the same reliability test that
we performed on the electro-less gold-plated chips. We observe

E BEAM
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Ag (500nm) Ag (500nm)
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Fabrication steps for the on-chip PEDOT:PSS coated Ag/AgCl reference electrodes.

no bubbles forming and no unwanted chemical reactions on
the chip surface over a 24-hour observation period. Apart from
improving the biocompatibility of the electrodes, the Al-free
post-processing approach has a shorter lead time and provides
a better fabrication yield when compared to the electro-less
gold-plating method. In addition to analyzing the surface in-
tegrity of the electrodes in salt solution, we also characterize the
improvement in electrochemical sensing performance provided
by the fabricated Ag/AgCl reference electrodes. We measured
the drift in the open circuit voltage (OCV) between a fabricated
Ag/AgCl electrode and a standard off-the-shelf Ag/AgCl refer-
ence electrode. The fabricated Ag/AgCl electrode for the above
OCYV experiment was fabricated on a glass wafer using the same
post-processing steps that we adopted for the on-chip reference
electrode. Fig. 12 shows a microscopic image of the Ag/AgCl
electrode as well as the OCV plots. The fabricated Ag/AgCl
electrode shows an average drift of only around 1.4 mV/hr over
a span of 2 days, which is adequately small considering the
timescales of the biological experiments (30 minutes).

After completion of all the fabrication steps, the CMOS chip
is carefully detached from the glass slide and wire-bonded to a
daughter FR4 PCB. Since the wirebonds and the chip pads will
react with culture medium, they are sealed from the external
environment using medical epoxy (302-3M, EPOTEK). For the
chips used in the chemical/biological experiments, we attached
a petridish to the daughter PCB to hold the test samples. Before
attachment, the base of the petridish is cut open to accommodate
the wirebonded chip, after which it is glued to the PCB using
PDMS. A final layer of PDMS covers all the region around the
sensing area of the chip to provide additional biocompatibility
and protection.

IV. ELECTRICAL AND BIOLOGICAL MEASUREMENTS

The multi-modal CMOS IC was fabricated in 130nm BiC-
MOS process. Fig. 13 shows the chip microphotograph as well
as the packaged daughterboard. The measurement setups for
the different experiments performed on our CMOS platform are
shown in Fig. 14. In all of the measurements, the daughter PCB
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Fig. 13.  Chip microphotographs of the post-processed chip and the fully packaged module.

holding the fully packaged CMOS sensor array is connected
to the mother PCB, which provides the supply voltages and
the various reference voltages required for proper functioning
of the chip. The CMOS IC is programmed using an FPGA
(USB-1616HS, Measurement Computing Corp.) which writes

the configuration bits into the CMOS chip’s serial-to-parallel
digital programming interface (SPI). The same FPGA is used
to read the analog outputs of the IC and digitize them for
subsequent data processing by a personal computer. For the elec-
trochemical experiments with the exoelectrogens, we replace
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Fig. 15. Input Referred Current Noise Amplitude Spectral Density (ASD) of
the electrochemical current readout circuits.

the petridish on the daughter PCB with a bottomless reactor
(inset Fig. 14, top right) to hold the sample solution. The gap
between the reactor and the PCB is sealed using a combination of
clamps and a rubber o-ring to prevent the solution from leaking.
Nitrogen gas is constantly bubbled into the sample solution to
displace any oxygen that is present as it can interfere with the
electrochemical signal coming from the exoelectrogens.

In order to ascertain the optimal values of the various ex-
perimental parameters for the biological tests (e.g., excitation
frequency, excitation amplitude, bacterial concentration), we
first performed a series of electrical tests to identify the detection
limits of the different sensing blocks present on chip. For the
electrochemical sensing modality, we characterized the noise
performance of its current detection chain to determine the elec-
trochemical current sensitivity of the proposed CMOS IC. The
input-referred current noise of the current detection chain was
measured using a dynamic signal analyzer (Keysight 35670A)
and its amplitude spectral density is shown in Fig. 15. The rms
current noise in our bandwidth of interest (0.1Hz to 10 Hz) is
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204fA rms, which allows accurate sensing of down-to pA-level
electrochemical current coming from a cluster of bacteria cells.
As one can infer from the plot in Fig. 15, the rms current noise
in electrochemical sensing circuits is typically dominated by the
low frequency flicker noise.

Another source of signal distortion for the electrochemical
measurements is the leakage current through the integrator
switch. We measured the leakage current flowing through mul-
tiple sensing pixels and obtained an average leakage current of
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275 fA. Fig. 16 shows the distribution of the leakage currents
about their mean value, with most pixels exhibiting/displaying
a leakage current that was within 0.5pA of the average.

For the electrochemical experiments, we first tested the chip
against a well-characterized electroactive compound to verify
the proper operation of the chip’s electrochemical sensing mod-
ule. For this purpose, the chemical NaFeEDTA was chosen due
to its harmless nature. We first performed chronoamperometry,
an electrochemical test in which a voltage pulse is applied
between the working and reference electrodes and the electro-
chemical current generated at the working electrode is measured.
CA experiments were performed with different concentrations
of the analyte using a polarization voltage of 0.2V, and the
measured currents are plotted in Fig. 17. The results obey
Cottrell’s equation, which states that the current in the diffusion-
controlled regime (i.e., for AV >> Vx) is proportional to
the concentration of the analyte at any given time. The elec-
trochemical currents at the end of the 30 second experimental
duration are labelled, showing a clear linear increase in current
with concentration. For the above experiments, chips containing
gold reference electrodes were used. Since we were observing
the variation of electrochemical current with concentration, the
choice of reference electrode for these experiments was not
critical.

After completion of the preliminary set of electrochemical
tests with NaFeEDTA, we began the biological experiments

with Shewanella oneidensis MR-1, a class of exoelectrogenic
bacteria. We characterized the current generating capacity of a
genetic variant of these microbes through CA experiments. For
these experiments, we made use of the CMOS chips with gold
reference electrodes. The sample solutions for the tests were
composed of M9 salt solution (microbial growth medium), lac-
tate (food) and the exoelectrogenic bacteria. We applied a 0.2V
excitation signal to a sample containing 15x10% cells/uL of the
Shewanella oneidensis bacteria and measured the electrochem-
ical current generated. This current is compared to the current
produced from a sample that does not contain the bacteria. From
Fig. 18, we see a clear difference between the two currents, with
the current measured from the bacterial sample being more than
an order higher in magnitude. Hence, we can clearly detect the
presence of the current-generating bacteria using the chip. The
current density generated by the bacteria at the end of the CA
experiment is 22 mA/m?, which is within the range of the current
densities on Au electrodes reported in literature [45].

For impedance sensing experiments, before we began the
biological tests, we performed electrochemical impedance spec-
troscopy (EIS) measurements of gold-plated electrodes in DPBS
solution to determine a suitable stimulation frequency for
impedance detection. Fig. 19 shows the Bode and Nyquist plots
of the electrodes immersed in solution. We choose a frequency
of 25 KHz to stimulate the cell samples as the impedance at this
frequency is considerably lower than the typical cell-electrode
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TABLE |
COMPARISON TABLE OF STATE OF THE ART CMOS ELECTROCHEMICAL AND IMPEDANCE BIOSENSORS
This Work TBCAS 2010 JSSC, 2014 JSSC, 2008 ISSCC, 2019
A. Manickam [5] H. M. Jafari [6] P. M. Levine [7] A. Manickam [8]
. Electrochem|_c al Current . Electrochemical Current Electrochemical Electrochemical
Modality Sensing Z sensing . . .
. Sensing Current Sensing Current Sensing
+ Complex Z Sensing
# of Electrodes 1**, N/A, 100 . “
(RE, CE, WE) 1pizs e (Potentiostat absent) 171,54 1,1,16 11,1024
Pixel Size 70x70, 80x80
y J t
(um?) 100x100 90%x90 2x2 5x5 | 55x55 90x90.100x100 100x100
Sensitivity 0.204 330 86 | 132 | 1050 240 0.8
(pA)
|max
(nA) 59.9 N/A 350 250 125
Field-of-View 3.2x3.72 0.9%0.9 NIA N/A 3.2x32
(mm?)
# of Channels 16 1 1 16 2
Ag/AgCI+PEDOT:PSS
. Au (RE) Ag/AgCl (RE) Ag/AgCI (RE) '
Electrode Material (RE) : ; ) AlTi/a-C (RE/CE/WE)
TilAu (CEME) Al/Ni/Au (WE) Al/Ni/Pd/Au (CE/WE) Ti/Au (CE/WE)
Reference Electrode On-Chip Off-Chip Off-Chip Off-Chip On-Chip
Readout Speed 1000 0.109 34 25 0.05
(kHz)
Assay Exoelectrogen Bacteria, DNA,
Type HEK-293 Cancer Cells Protein DNA DNA DNA
Power (mW) 2.25/pixel group 84.8 0.042/pixel 101t 0.25/pixel
Process (nm) 130 350 130 250 250

tinclude RE, CE, and WE. {1 Approximated value. * External excitation electrode. ** Off-chip reference electrode.

impedance, which can range from several 100 K2 to a few
M. For the biological testing of the impedance modules, we
cultured HEK-293 cancer cell clusters on our chips. After the
cells were seeded on the chip surface, they were left to proliferate
for a couple of days before the impedance scan of the chip was
performed. Fig. 20 shows the microscopic image of a HEK-293
seeded chip juxtaposed with the corresponding 2-D impedance
magnitude and phase maps obtained from the impedance sensors
on chip. Fig. 21 shows the corresponding microscopic images
and impedance maps for a single pixel group (pixel-group 2).
From these images, we observe a good correlation between the
cell locations in the microscopic image and the high impedance
zones in the impedance map, verifying the proper operation of
the impedance sensing blocks on chip. These results show that

the impedance sensing modality can be used to obtain informa-
tion on the distribution of the various cells on the chip. Hence,
one can use this knowledge in tandem with the electrochemical
experiments to identify the stimulation sites for electrochemical
sensing that can provide the highest SNR.

V. CONCLUSION

This paper presented a CMOS multi-modality sensor array
housing electrochemical and impedance sensing blocks along
with 256 sensing pixels for high-throughput characterization of
exoelectrogens. The reported CMOS chip underwent additional
fabrication steps to boost the biocompatibility of the on-chip e
lectrodes. The adopted fabrication protocol produced electrodes
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which were considerably more stable in solution media when
compared to the electrodes obtained from electroless gold plat-
ing, and this improvement in stability is mainly attributed to
the elimination of Aluminum in the top metal layer. The noise
measurements of the chip’s electrochemical sensors highlight
the low input-referred current noise of the sensor, showing
that the chip is capable of measuring the minute pA-level
electrochemical currents that are generated by a small group
of exoelectrogenic cells. The chemical experiments performed
with the redox active analyte NaFeEDTA verified the proper
functioning of the electrochemical sensing blocks. The subse-
quent biological experiments with the exoelectrogen Shewanella
oneidensis MR-1 yielded meaningful electrochemical results,
with the signal coming from the bacteria sample being a couple
orders higher than that of the control experiment. The chip
was also able to successfully measure the change in interfacial
impedance due to the adhesion of HEK-293 cancer cells to the
electrodes on chip. The entire chip was scanned to obtain a 2D
impedance map of the cultured cells, and the regions of high
impedance corresponded to the cell locations in the fluorescent
microscopic image. Hence, the proposed CMOS platform can
extract high resolution, multi-dimensional sensory information,
potentially at a high throughput, making it a superior alterna-
tive to traditional setups that employ large reactors and bulky
off-the-shelf equipment. Table I lists the various state-of-the-art
CMOS electrochemical and impedance sensing platforms. The
proposed CMOS IC exhibits excellent current sensitivity and
the unique combination of the on-chip sensors enables multi-
dimensional characterization of exoelectrogens. In the future,
we hope to integrate the IC with a microfluidics structure, which
will reduce the sample volume to a few pl and isolate multiple
samples on the same chip, allowing us to fully exploit the chip’s
capabilities.
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