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Introduction

Multi-parametric functional imaging of cell
cultures and tissues with a CMOS microelectrode
arrayy

Jeffrey Abbott, ©3°° Avik Mukherjee, ©9 Wenxuan Wu,? Tianyang Ye,®
Han Sae Jung,® Kevin M. Cheung, ©° Rona S. Gertner,® Markus Basan,*
Donhee Ham @ *2 and Hongkun Park @ *b<

Electrode-based impedance and electrochemical measurements can provide cell-biology information that
is difficult to obtain using optical-microscopy techniques. Such electrical methods are non-invasive, label-
free, and continuous, eliminating the need for fluorescence reporters and overcoming optical imaging's
throughput/temporal resolution limitations. Nonetheless, electrode-based techniques have not been
heavily employed because devices typically contain few electrodes per well, resulting in noisy aggregate
readouts. Complementary metal-oxide-semiconductor (CMOS) microelectrode arrays (MEAs) have
sometimes been used for electrophysiological measurements with thousands of electrodes per well at
sub-cellular pitches, but only basic impedance mappings of cell attachment have been performed outside
of electrophysiology. Here, we report on new field-based impedance mapping and electrochemical
mapping/patterning techniques to expand CMOS-MEA cell-biology applications. The methods enable
accurate measurement of cell attachment, growth/wound healing, cell-cell adhesion, metabolic state, and
redox properties with single-cell spatial resolution (20 um electrode pitch). These measurements allow the
quantification of adhesion and metabolic differences of cells expressing oncogenes versus wild-type
controls. The multi-parametric, cell-population statistics captured by the chip-scale integrated device
opens up new avenues for fully electronic high-throughput live-cell assays for phenotypic screening and
drug discovery applications.

The current workhorse in cell-based assays is fluorescence
microscopy because it provides sub-cellular resolution and

Cell-based assays are essential tools for biomedical research
and high-throughput drug discovery”? because they enable
the investigation of cellular responses in a more
physiologically relevant setting compared to conventional
target-based assays. In particular, high-content phenotypic
screening has undergone a resurgence recently,® fueled by
improvements in microscopy-based, multi-parametric data
extraction.*® The spatial image information enables the
characterization of heterogeneity in cell populations, an
important concept for diverse diseases such as cancer’ and
autoimmune diseases.’*™"?

“John A. Paulson School of Engineering and Applied Sciences, Harvard University,
Cambridge, MA, USA. E-mail: donhee@seas.harvard.edu

b Department of Chemistry and Chemical Biology, Harvard University, Cambridge,
Massachusetts, USA. E-mail: hongkun_park@harvard.edu

¢ Department of Physics, Harvard University, Cambridge, Massachusetts, USA
dDepartment of System Biology, Harvard Medical School, Boston, Massachusetts,
USA. E-mail: markus@hms.harvard.edu

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1lc00878a

1286 | Lab Chip, 2022, 22,1286-1296

culture-wide fields of view. In this detection modality, the
throughput and temporal resolution of an assay are restricted
by microscope speed. Moreover, phenotypic assays are
limited by the availability of fluorescent reporters and their
introduction/transfection into cells, which can pose
experimental challenges depending on the cell types.™®

To complement optical techniques, electrical''® and
electrochemical techniques have long been used to monitor
cell cultures.'® These measurements are label-free and
provide easy access to important physiological parameters
that are difficult to measure optically, such as the cell redox
potential,’”” ™ cell-cell adhesion,*”*" and real-time kinetics.
Unfortunately, electrode-based devices used in biological
research to date typically use either large wire electrodes or
just a few electrodes patterned on a substrate,"*"> leading to
aggregate readouts that lack spatial information on cell/tissue
heterogeneity. For instance, in transepithelial electrical
resistance (TEER) measurements, cell-cell adhesion in an
epithelial layer is characterized through impedance
measurements between two macroscopic electrodes on either

This journal is © The Royal Society of Chemistry 2022
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side of a cell sheet. Because current takes the path of least
resistance, any hole in the cell layer (from sparse cell
coverage or cell death/motility) shunts the measurement,
thus misrepresenting the true integrity of most epithelial
cells in the culture.

Here, we demonstrate high-resolution, high-throughput
functional imaging of live-cell cultures via in situ impedance
and electrochemical measurements using complementary
metal-oxide-semiconductor (CMOS) microelectrode arrays
(MEAs).>>™* We show that CMOS-MEAs allow label-free and
(non-destructive) tracking of cell growth
dynamics and accurate measurements of cell-substrate/cell-
cell adhesion and metabolic state. The 64 x 64 = 4096
electrode array's 20 um electrode pitch, covering a total area
of 1.3 x 1.3 mm?, enables electrical ‘imaging’ as well as
measurement of cell population statistics - a feature not
accomplished by whole-well readouts. The same experimental
platform also enables tissue patterning and all-electronic
wound healing assays.>®*® Using the Madin-Darby canine
kidney (MDCK) cells as a model system, we demonstrate that
our functional imaging platform is capable of detecting
differences in cell-cell and cell-substrate adhesion;
differences in extracellular redox potential at the growing
edge and the interior of MDCK colony; and population
differences in cell-cell adhesion and metabolic state between
normal and Ras"'*-expressing®”*®* MDCK cell lines.

The technology introduced in this work can be readily
adapted into miniaturized devices that allow continuous, label-
free, high-resolution functional assays of living cells and
tissues. The multi-parametrics acquired in our device can
replace multiple existing assay modalities (e.g:, impedance,
electrochemical, & optical fluorescence-based viability) while
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the spatial mapping capability provides heterogeneity
information for increased accuracy like optical microscopy-
based readout. Given that metabolic state and cell adhesion
play key roles in diseased epithelium®>* (e.g., inflammatory
bowel diseases, celiac disease) and cancer,*"*> the CMOS-MEA
platform reported here should provide a new means for low-
cost, high-throughput, accurate phenotypic screening for
related research and drug discovery applications.

Results
CMOS MEA for real-time, functional imaging of living cells

We use CMOS integrated circuits (ICs) to acquire three
parameters relevant for live-cell assessment (Fig. 1a): cell-
substrate impedance, Z; (characterizing cell attachment and
cell-substrate adhesion), transepithelial impedance, Z.,
(reflecting cell-cell adhesion and the integrity and barrier
function of the cell monolayer), and extracellular redox
potential, Vieqox (indicative of the cellular metabolic state and
respiration). Our  custom-designed ~CMOS  I1C*?%*3
parallelizes impedance and electrochemical capabilities
across a 64 x 64 array of electrodes (Fig. 1b-d). A fluidic well
is packaged on top of the chip to culture cells, and the whole
device is mounted below a top-down fluorescence microscope
for simultaneous optical and electrical measurements
(Fig. 1b and S1a and bf¥). At the center of the device sits an
array of electrodes that consists of 8 pum diameter Pt
electrodes spaced at a 20 um pitch for single- or few-cell
resolution (Fig. 1c). The total sensing area is 1.26 x 1.26
mm?®. The remainder of the surface is insulated with silicon
nitride. For long-term measurements, an integrated
temperature sensor and heater adjacent the electrode array
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Fig. 1 Real-time cell measurements using a CMOS microelectrode array (MEA) and imaging system. a, Three cell parameters are electrically
measured using a complementary metal-oxide-semiconductor (CMOS) integrated circuit (IC) for live-cell assessment. b, A fluorescent microscope
can be paired with the packaged CMOS IC for simultaneous optical and electrical cell measurement as well as a pseudo reference electrode, Pt
(shown) or Ag/AgCL. c, Fluorescent image of Madin-Darby canine kidney (MDCK) epithelial cells cultured on top of the CMOS microelectrode array
(MEA). d, Each of the 4096 Pt electrodes is connected its own peripheral circuit via a shielded routing (~1-10 mm). The op-amp based circuit can
be configured to apply a voltage via Vs and measure a current via a feedback resistor R¢ (~100 MQ), or to apply a current via I and buffer/measure
the electrode voltage, V.. The output of the op-amp, V.mp is routed off-chip for analog-to-digital conversion. The switches are digitally

programed using a real-time software interface.
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regulate the cells to 35-37 °C (see Fig. Sict for a device
micrograph); a mini-incubation chamber is placed over the
device to regulate CO, to 5% (Fig. Sle and f¥).

Each electrode in the array, or pixel, is connected to its
own circuit that is highly configurable and programmable via
a digital interface (Fig. 1d). The heart of this pixel circuit is
an operational amplifier which can be configured as a buffer
for electrode voltage (V.) measurement, or as a
transimpedance amplifier for electrode current ()
measurement. We described the details of these circuit
configurations in a previous publication®® with respect to
electrophysiological recording of neurons, a separate
application of the device.?*° The uniqueness of our CMOS-
MEA lies in the high channel count (4096) and high spatial
resolution (20 pm) that enables single-cell-resolution imaging
as well as parallel current and open-circuit potential
measurements, thus differing from previous MEA devices

View Article Online
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capacitance,*”**7* yoltage (with high-pass filters to block DC
signals),***” current with a small number of channels

(<32),>*%" or electrochemical devices with large electrode
pitches (100 pm).*" For the cell-substrate and transepithelial
impedance measurements, we configure the operational
amplifiers into a transimpedance amplifier configuration to
measure the electrodes current with a gain of 94 MQ and a
bandwidth of 30 kHz (Fig. S1df).

Cell attachment mapping and wound healing assay via cell-
substrate impedance, Z

Alternating current (AC) impedance measurements between a
pair of electrodes can be used to detect cells because cell
membranes are more insulating than culture media. In a
classic impedance measurement, however, solution paths
around the cells shunt the measurement, lowering detection

that measured high-frequency (>>1 MHz) electrode  sensitivity. We improve the detection sensitivity of our device
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Fig. 2 Electrically mapping and patterning cells using a CMOS electrode array for real time attachment and kinetics measurements. a and b, Cell
attachment measurement schematics of a suspended/not attached cell (a) and adhered/attached cell (b). An AC voltage is applied to an electrode
(n) with the remainder of the electrodes' (1, ..., n =1, n, n + 1, ... 4096) currents measured via transimpedance amplifiers. The presence of a cell
affects the field distribution in solution: an unattached cell blocks field lines decreasing cross-electrode coupling while an attached cell spanning
two electrodes increases their coupling. To generate a cell map, the applied signal is scanned across the array (40 s per scan) and the cell-
substrate impedance, Z, is calculated (ESIf Discussion 1). ¢, The attachment of MDCK cells after a sparse corner plating was recorded via a Z
measurement every 7.5 min, see Video S1t for a full time course. d, Cells can be selectively removed from electrodes using electrochemically
generated gas. A voltage, Vpattern, biased negative to produce H; gas is commonly used (<1.0 V versus Ag/AgCl). e, Various sized squares (left) were
used for patterning MDCK cells and confirmed via a nuclei fluorescence image (right); a co-culture was further defined via a second plating, Fig.
S4b.t f. Both mapping and patterning techniques were combined to form a wound healing kinetics assay. The healing was electrically mapped via
Z, measurement once a day for a control (top) and drug (cytochalasin B) application (bottom); see Video S27 for a real-time regrowth example. Full
healing was observed after 72 hours for the control while the culture treated with cytochalasin B showed almost no cell migration or growth.
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by instead measuring a change of electric field distribution
due to the cells. Specifically, an AC voltage (1.8 kHz
frequency/200 mV amplitude) is applied to a stimulation
electrode with other electrodes grounded, and the return
are measured via transimpedance amplifiers
(Fig. 2a and b). To generate a map, the stimulation is
scanned sequentially across the array (40 s per scan), and
nearest neighbor cross-electrode currents are used to
calculate a cell-substrate impedance, Z; (see Fig. S2 and ESIY
Discussion 1 for the impedance model and calculation). Our
technique extends previous CMOS IC-based proximity
capacitive measurements at high frequency (>1 MHz):>**
the grounding of all electrodes (not just nearest neighbors)
creates arcing field lines terminating across the electrode
array (e.g., Fig. S2at). At low frequency, a cell with its high-
impedance membrane will affect this return distribution even
if the stimulation electrode's direct impedance to the
solution is not affected. Therefore, the field technique
overcomes the typical limitations of Debye screening and
allows cell impedances to be extracted (<1 MHz).

As a concrete example, a suspended cell blocks field lines
in solution and lowers the nearest neighbor coupling
(Fig. 2a), as confirmed by the data in Fig. 2c¢, left. In this
measurement immediately following a plating of suspended
MDCK cells, we observe smaller Z; from the electrodes on top
of which the cells are located (~2 kQ) in comparison to non-
covered electrodes (~4 kQ) confirmed via fluorescence
microscopy of cell nuclei (Fig. 2c, left). In contrast, a cell
attached to the surface and covering both a stimulation and
recording electrode will increase the cross-electrode coupling
by blocking vertical field lines. As shown in Fig. 2c, right and
S2b and c,f Zg increases by almost two orders of magnitude
(>200 kQ) after cell settling. A time course of the Fig. 2c
experiment (with a time resolution of 5 min) indicates that
the cell-attachment takes more than 5 hours (Video S1t). The
technique is rapid and non-invasive, as indicated by the
normal cell growth.'*'* Different cell lines including MDCK
(Zs ~ 200 kQ), HEK 293FT (Z; ~ 50 kQ), and HeLa S3 (Z; ~ 5
kQ) were measured using the technique with good spatial
correspondence to optical images (Fig. S3a and bt). We used
ethylenediaminetetraacetic acid (EDTA), a chelator that
removes Ca*" needed for integrin-mediated attachment, as
detachment/attachment control (Fig. S3c and d and Video
S2t). Upon EDTA addition, the cells quickly detached over
~50 min and re-attached over ~200 min after washout,
confirming that our devices can track detachment/
attachment in real-time.

The cell attachment mapping also enables an all-electronic
wound healing assay when paired with electrochemistry-based
patterning techniques.** This kinetics assay is widely used in
cell biology*® to measure cell migration, growth, and motility
and is normally achieved via a mechanically generated scratch.
We can use the electrodes to controllably remove cells via
electrochemical gas generation to pattern cell cultures (Fig. 2d,
see also Fig. S4 and Video S31)** and map regrowth in real-time.
The generated gas both perforates the cell membrane to induce

currents

This journal is © The Royal Society of Chemistry 2022
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cell death and helps to detach the cells - we optimized the
protocol to avoid large bubble formation by performing a series
of short, 5 s gas generation pulses each separated by ~60 s to
allow gas diffusion. Unlike previous works, however, we can
create arbitrary cell patterns by choosing which electrodes to
apply the cell-removal signal to (Fig. 2e and f). A typical cell
culture took ~3 days to fill in the wound (Video S47 for a time
course of a culture healing from a different device than Fig. 2f;
similar wound healing characteristics were measured on the
multiple devices). When cytochalasin B (a well-known cell
motility inhibitor) was added to a separate culture, almost no
growth was observed (Fig. 2f, bottom), demonstrating the utility
of the assay for drug screening applications. Impedance
measurements were performed at a 5 min interval. This time
interval is comparable to other impedance works using 15 min
intervals'® and realtime, in-incubator, well-plate scanning
optical techniques of 2 hours.>® Though our spatial resolution
(20 um) is lower in comparison that what is achievable using
optical imaging (~1 pm), the growth of the cell sheet can be
clearly measured to allow for kinetics information to be
extracted (e.g., confluency over time), similar to other works."*®

Cell-cell adhesion mapping via transepithelial impedance, Z,.

Cells in a culture not only attach to the surface but also to
each other via cell-cell connections. The tightness of these
connections defines the permeability of a cell sheet and is
important for epithelial tissues that act as barriers of the
body surfaces, internal organ linings, and other tissues.
Classically, this barrier function is measured by TEER, an
impedance measurement between two electrodes on either
side of a cell sheet.>®®' Such measurements are not
repeatable or accurate, however, as any hole in the sheet will
contribute much more to the measured electrode-to-electrode
current than the current through the cell sheet.

With our device, we can substantially improve upon this
technique by mapping the transepithelial impedance, Z... Here,
cell-cell connectivity is assessed/mapped using only electrodes
covered by cells, thus mitigating the effects of any holes in cell
sheets. Concretely, we measure the change of the vertical field
above the electrode to best isolate the effects of the cell-cell
connections. We use two circuit configurations: a fast (<1 s/
measurement) parallel electrode measurement versus a
reference (Fig. 3a, left) and a slower (40 s/measurement)
measurement without a reference (Fig. 3a, right). The fast
measurements are well suited for sweeps across multiple
frequencies whereas the slower measurements are good for
long-term measurements and device miniaturization. For both
types of measurements, we use platinum black (PtB) deposition
onto the Pt electrodes to lower Z. (by about 5x) to improve Z.
sensitivity (Fig. S5a and b; see also ESIt Discussion 1 for the
impedance model and calculation).

Fig. 3c shows a dual Z;-Z, measurement of a MDCK cell
sheet growing over the array across three days (see also Fig.
S6t for an additional example on a different device). From
the cell attachment maps (Fig. 3c, top), the sheet grew from

Lab Chip, 2022, 22,1286-1296 | 1289
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Fig. 3 Transepithelial impedance and extracellular redox mapping multi-parametric measurements for label-free, non-invasive cell culture
monitoring. a, Transepithelial impedance, Z,,, measurement schematics for cell-cell adhesion quantification. Measurements can be made versus a
grounded reference (left) by applying an AC voltage to all electrodes with the each transepithelial electrode current, I, (n = 1, 2, ...4096),
measured via transimpedance amplifiers (measurement duration of 1 s/frequency). The resultant field distribution is vertically aligned with the
connectivity of the cells decreasing the /.. A non-reference measurement can be made (right) by applying an AC voltage to an electrode (n) and
its neighboring electrodes to create an effective vertical field measurement with the remainder of the electrodes’ grounded. To generate a cell
map, the applied signal is scanned across the array (40 s per scan/frequency). The Z,. can be extracted from either measurement (ESI} Discussion
1). b, Extracellular redox potential, Vieqox» Measurement schematic to measure the open circuit potential via the pixel amplifier configured as a
buffer. c, Multi-parametric measurements of |Z|, |Zi|, and Vieqox at +24, +48, and +72 hours after MDCK cell plating to infer cell attachment
(top), cell-cell adhesion (middle), and metabolic state (bottom). d, Nuclei fluorescence imaging at +72 hours after plating (top) and a detail region 1
comparison (bottom) show the lowest cell density on the leading edge in comparison to the trailing edge. e, A detail region 2 overlay of the cell
nuclei and cell attachment shows good spatial correspondence with single-cell resolution.

the bottom right to the upper left corner of the array, thus
creating a natural difference in cell density (fluorescent
nuclei image in Fig. 3e and density plot in Fig. S5df). On the
leading edge where cells proliferate, the cell density was
smaller, but the cell barrier was higher due to fewer cell-cell
boundaries (Fig. 3¢, middle). As shown in the detail region 1
of Fig. 3c and d middle, Z. is the highest where the cell
nuclei are most spaced apart (see also Fig. S5). A significant
decrease (20 MQ to <10 MQ) in Z, was also observed for
MDCK cells during an oxygen purge that is known to disrupt
structure polarity and lessen cell-cell connectivity*® (Fig. S7
and Video S57).

Experiments across the frequency range showed that mid-
range frequencies of ~2 kHz to 5 kHz were best for assessing
cell-cell connectivity in terms of contrast (Fig. S5b and cf) and
for fitting the cell density information extracted from optical

1290 | Lab Chip, 2022, 22,1286-1296

imaging (Fig. S5d and ff). We also found that flat/resistive
TEER is best measured between ~100 Hz to ~10 kHz (Fig.
S5bt). Below this frequency range (<100 Hz), the electrode
capacitance dominates the measurement; the cell layer
capacitance causes roll-off at higher (>10 kHz) frequencies.>*'
Furthermore, though we display our measurements in the units
of Ohms (Q), the data correspond well to existing literature®>*!
by taking into consideration the effective unit area of each
electrode [20 x 20 pm?]: dense MDCK regions measure from
10-20 MQ [40-80 Q ¢m?*] and low-density regions at >100 MQ
[>400 Q cm?] (Fig. S5a and bt).

These measurements demonstrate the importance of
spatial resolution for measuring the barrier function because
Z:. itself can vary by more than ten times across a cell sheet
in the same culture. A single sheet-wide TEER measurement
can therefore greatly misrepresent cell-cell adhesion and

This journal is © The Royal Society of Chemistry 2022
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make measurements much more susceptible to culture
conditions (e.g. confluency, plating density, age of culture,
oxygen concentration, etc.).

Inferring cell metabolic state by mapping extracellular redox
potential, V,eqox

Beyond impedance measurements, our electrode array can also
be used for mapping extracellular redox potential, Viedox, i72 Situt.
We use the Pt electrodes directly underneath the cells for this
measurement with the pixel amplifier configured as a buffer
(Fig. 3b). The extracellular redox potential is determined by the
balance between various redox species in the extracellular
space. During aerobic metabolism, cells produce energy by
oxidizing organic molecules (e.g., glucose) with O,. In this
process, the redox potential of the cell is largely determined by
a balance between O, pulling the potential up (oxidizing) and
glutathione (GSH) pulling the potential down (reducing).’” The
redox environment is not only important for electron transfer,
but also for neutralizing harmful reactive oxygen species,*’
cell-cell signaling,*® and regulating the state of the cell."” " It
also changes whether a cell is in a state of proliferation,
differentiation, apoptosis, or necrosis."”

We monitored proximate Vieqox together with Zg and Z.
during cell growth (Fig. 3c). A negative Vieqox in the range of
—-30 mV to —-80 mV was recorded for electrodes with cells on
top (Fig. 3c, bottom; see also Fig. S6f for an additional
example on a different device). The spatial distribution of
Viedox 18 different from those of Z; and Z: the most negative
Viedox 18 at the leading edge and not the lowest density. To
understand the factors contributing to Vieqox, we performed a
separate oxygen purge experiment and an oxidizing titration
experiment. The oxygen purge experiment in Fig. S7 (Video
S51) shows the Vieqox Spatial distribution is eliminated upon
removal of oxygen - indicating that low [O,] from cellular
respiration contributes to the negative Vieqox. The oxidizing
titration in Fig. S8 (Video S61) shows a high [GSH]/reducing
capacity for electrodes with cells on top (>200 pM) in
comparison to the media (4 pM). These experiments show
that the negative signal of leading edge originates from both
low [O,] (indicative of respiration) and high [GSH] (caused by
cell proliferation).”” We note that the cells in the interior,
which are not actively growing because they have reached
confluence, exhibit a more positive Vieqox- The -45 mV
difference between proliferating cells (-70 mV) and interior
confluent cells (=25 mV) is consistent with previous reports
of a -34 mV difference based on oxidized/reduced
glutathione measurements for human fibroblasts.'”*® The
magnitude difference of our measurements may derive from
additional oxygen contributions, cell type, and/or
measurement method.

Combined Z;-Z.~V,.q0x measurements of an oncogene model
cell line

The Z, Zi, and V,qox measurements discussed so far provide
information on the cell's attachment to the substrate and to

This journal is © The Royal Society of Chemistry 2022
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other cells, as well as cells' local -electrochemical
environment. Cancer cells are known to exhibit distinct
behaviors from normal cells because tumor development
usually features structural polarity loss and accelerated
growth via anaerobic Warburg metabolism. To demonstrate
the utility of our technique in this context, we monitored a
genetically modified MDCK cell line with tetracycline-
induced Ras'’® and GFP expression (Ras''?> is a known
oncogene,’”*® and GFP is used to assess expression using
fluorescence measurements). Real-time cell attachment
measurements revealed a marked decrease in attachment
~48 h after tetracycline addition (Video S7t). We also observe
a decrease in |Vieqox| for cells at the leading edge (Fig. S97t),
in stark contrast to the behavior observed in normal MDCK
sheets (Fig. 3c).

To quantify the differences, we performed a cross-corner
plating of normal and Ras''* expressing MDCK cell lines,
wherein the Ras"'* was turned on more than 48 h before
measurement (Fig. 4). The Z-Z~Viedox Mmaps (Fig. 4a) and a
fluorescence overlay (Fig. 4b) show a decrease in cell
attachment (Z), cell-cell adhesion (Z), and Vieqox for the
Ras""? cells in the lower right in comparison to the normal
cells on the upper left. The differences in adhesion and
metabolic state for the distinct cell types can be seen in cell-
cell adhesion/Z,. across frequency (Fig. 4c) and an oxidizing
titration experiment for metabolic state/Vieqox (Fig. 4d and
Video S81). The cell differences are best summarized in
plotting cell barrier at 2.5 kHz versus Vieqox at zero oxidizing
concentration, wherein distinct clusters are observed for the
different cell types (Fig. 4e). The normal cells exhibit high
impedance (large TEER signal) in the frequency range of
~100 Hz to 5 kHz and show aerobic metabolism (negative
redox signal) on both the interior and edges of the sheet with
a median reducing capacity of ~100 pM. In contrast the
Ras""? cells exhibit lower impedance across the frequency
range (albeit some outlier regions on the leading edge) with
aerobic (anaerobic) metabolism for older (leading edge) cells.
The overall reducing capacity is also smaller at ~40 uM.

The decreased cell-substrate and cell-cell adhesion for the
Ras""-expressing MDCK cells corresponds well with previous
works that described blocked formation of actin fibers/focal
adhesions resulting in decreased cell-matrix adhesion.>
Likewise, the changes in metabolic state are associated with
Ras""?: an initial increase in oxygen consumption followed by a
change to anaerobic metabolism embodying the Warburg
phenotype.®>" For further validation and exploration of redox
signal contribution, we performed a luminescence-based GSH/
GSSG assay and measured a significant ratio difference of GSH/
GSSG of 49.4 + 15.2 for normal versus 16.9 + 6.3 for Ras''"?
expressing MDCK cells (mean + standard deviation, Fig. S10t);
an average Vieqox difference of 17.5 mV was also calculated.'”
This intracellular glutathione difference supports our results
but does not account for the much larger redox potential
difference (~50 mV) observed in Fig. 4e for leading edge Ras""?
growth cells. The remaining difference is attributed to our
technique's additional sensitivity to the cells' oxygen
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Fig. 4 Multi-parametric measurement of MDCK cells expressing the Ras

metabolism. a and b, Multi-parametric measurements of |Zg|, |Z|. and
MDCK cells expressing the Ras'*?

V12 oncogene showing decreased cell-cell connectivity and Warburg

Viedox With normal MDCK cells (red nuclei, upper left corner in b) and

oncogene (green membrane, lower right corner in b), to infer cell attachment (a, top), cell-cell adhesion (a,

middle), and metabolic state (a, bottom). ¢, Cell-cell adhesion measurements across frequency for representative pixels for the leading edge and

interior cells of both cell types. d, The normal and Ras"*?

oxidizing titration. A time-course of the titration is shown in Video S8. e,

cancer model MDCK cells show different characteristics during a ferricyanide, [Fe(CN)gl*",

V12

To highlight the parametric differences related to the Ras**“ expression,

a plot of the cell-cell adhesion and metabolic state shows distinct clustering of the normal MDCK (red) and old/edge Ras“*? expressing MDCK

(light/dark green) cells.

consumption and the expected change of state to anaerobic
metabolism for Ras''*-expressing cells.”* This example shows
the ability of our device to characterize cell barrier and
metabolic state for cancer related phenotypic assays.

Discussion

The in situ techniques using CMOS-MEAs demonstrated in
this work increase the accuracy of conventional impedance-
and electrochemistry-based cell measurements. The field-
based impedance technique offers improved sensitivity of
cell-attachment assays compared to traditional techniques
that measure a change of electrode impedance. Though we
focus on monolayer cell sheets in our work here (estimated
around ~10 um thick), the demonstrated techniques may

1292 | Lab Chip, 2022, 22,1286-1296

enable three-dimensional analysis when suitably modified
stimulation/grounded electrodes are used to create high
arching fringing fields (e.g. Fig. S2at). The cell-cell adhesion
mapping technique (Fig. 3a, right) is a step towards this
direction, where we measure just a vertical field to isolate the
contribution of the cell-cell connections. An immediate
future study could focus on how cell thickness and/or
multiple layers of cell sheets affect the cell-cell adhesion
measurement. Likewise, the cell patterning technique could
be coupled with multiple platings to build complex,
repeatable multi-cell cultures: as a simple example, we
defined a co-culture of different MDCK cells (Fig. S4bt).
Removal of cells on top of the array with single-cell
resolution could also be used for selective removal of cell-
heterogeneity or isolation of single cells.

This journal is © The Royal Society of Chemistry 2022
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The cell-cell adhesion measurements show great promise
for assessing barrier function more accurately than previous
electrode-based techniques. Barrier function is known to
degrade with diseases of the gut®® (e.g. inflammatory bowel
diseases, celiac disease), allergic diseases with epithelial
inflamation,” and neurological diseases related to blood-brain
barrier dysfunction.>® Current barrier function assays use
either trans-well impedance measurements between a pair of
macroscale electrodes on either side of a cell sheet?>*' or
cross-electrode measurements between a pair of substrate
integrated electrodes of large dimensions'>" (>100 x 100
um?). Both techniques are highly susceptible to cell culture
conditions, especially sheet confluency. Creating an accurate,
low-cost, barrier in a dish assay without the need for confluent
cell sheets, could therefore benefit the functional screening of
drug compounds or therapeutic techniques to help rectify
barrier breakdown in these diseases.

The real-time, label-free, redox state mapping
demonstrated here could find wide applications in drug
screening and research related to metabolism where whole-
well oxygen consumption rate (OCR) readouts are typically
used. In contrast to the OCR techniques that provide
aggregate signal readouts of 10000 to 100 000 cells per well,
our 20 pm resolution has ~1000x more spatial information.
This high-resolution metabolic information enables the
assessment of the drug's metabolic impacts across all cell
cycles and not just the mean state of the cell culture
population. Additional studies on the effects of diffusion,
observed during oxidizing titrations of Videos S6 and S8,
provide information on the redox flux of the cell sheet when
paired with physical information of the cell-substrate gap.
Beyond metabolism, similar assays can also be developed to
determine cell death, as cells undergoing apoptosis or
necrosis have a distinctly higher redox potential."”

The spatial information of our microelectrode array
techniques improves accuracy beyond existing electrical and
electrochemical tools, although it is still far from the sub-
cellular imaging resolutions of optical techniques. We note
that other electrode-based works have achieved <1 pm
pitches,*?** with high-frequency, capacitive measurements
for detection. Our techniques can be extended to sub-
cellular adhesion resolutions if combined with such dense
arrays. We also note that our electrical/electrochemical
technique is not capable of reading out fluorescence signals
and therefore is limited in terms of its information content.
Other works have moved towards adding fluorescence
capabilities on CMOS chips.”®

Overall, our measurement techniques are label-free, non-
invasive, and demonstrated to effectively monitor live cell
cultures over many days of culture. Based on CMOS IC
technology, the driving force behind the semiconductor
revolution over the past decades, we envision that these
techniques can be packaged in small, plug and play devices
for performing impedance and electrochemical assays
affordably and at scale within research and drug
development laboratories.

This journal is © The Royal Society of Chemistry 2022
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Methods

Chip design, fabrication, and packaging

We designed the custom CMOS integrated circuit (IC) and
outsourced its fabrication in 0.18 pm technology to the
United Microelectronics Corporation. Subsequently, we post-
fabricated the platinum (Pt) electrodes on the surface
aluminum pads of the CMOS IC in house.>®> We used both
planar pad electrodes and planar pad electrodes with
platinum black (PtB), with the fabrication method described
previously.”® After the electrode post-fabrication, the CMOS
ICs wire-bonded to chip carriers (Spectrum
Semiconductor Materials, San Jose, CA). A glass inner and
outer ring (Friedrich & Dimmock, Millville, NJ) were glued to
the chip and chip carrier, respectively, using
polydimethylsiloxane (PDMS). PDMS was then poured
between these two glass rings to encapsulate the wire bonds.
Cells were cultured in the well formed by the inner ring once
the device was completed.

were

Cell culture protocols

MDCK type II wildtype cells, and wildtype MDCK cell
expressing nuclear GFP were a kind gift from the Eugenia
Piddini lab (University of Bristol, UK). MDCK cells expressing
nuclear mCherry (H2B:mCherry), were prepared in the Basan
lab using the wildtype MDCK cells mentioned above. MDCK
cells expressing tetracycline inducible Ras®'*Y, were a kind gift
from the Yasuyuki Fujita lab (Hokkaido University, Japan).

MDCK cells (Wildtype and nuclear expressing) were
cultured in low glucose DMEM (Gibco catalog no. 11054-001)
in presence of 10% FBS (Gibco catalog no. 10437-028) and 1x
GlutMax, (Gibco catalog no. 35050061). Cells were
maintained in standard T25 and T75 flasks (BD) in a
humidified incubator kept at 37 °C.

Tetracycline inducible MDCK line (Ras®'?Y),
maintained in low glucose DMEM (Gibco catalog no. 11054-
001) in presence of 10% Tet system approved FBS (Gibco
catalog no. A4736401) and 1x GlutMax (Gibco catalog no.
35050061). Ras®'*V expression was induced by addition of
tetracycline (10 ug ml™"), in the media.

The HEK293FT cells were acquired from Thermo Fisher
(R70007) and the HeLa S3 cells were acquired from ATCC (CCL-
2.2) and cultured in the recommended media conditions.

Electrical measurements were performed in the stated
culture medias without a reference for most measurements
except the patterning of Fig. 2 and S4,f the ferricyanide
titration of Fig. S8,f and the cell barrier measurements of
Fig. 4, which used a pseudo Ag/AgCl reference. All
measurements were performed using the mini-incubator
setup to regulate CO, to 5% (Fig. S1f) except during
fluorescence imaging. The temperature of the CMOS IC was
set to 35 °C for experiments using the integrated temperature
sensors and heater.

The devices were cleaned with trypsin, diluted Alconox
and DI water after each cell culture and were then reused.
Devices could be re-used for the experiments up to ~200 days

was
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in solution and for ~20 culture experiments. Before each cell
plating, the devices were electrochemically cleaned via cyclic
voltammetry using 40%, 200 mV s~* scans cycled from +0.8 V
to —1.0 V versus a Pt reference electrode in 1x PBS. Devices
were then sprayed with 70% ethanol and transferred to a bio-
hood, rinsed 5+ times in sterile DI water, and air dried in
ambient conditions. The devices were then coated with 0.1%
poly-d-lysine solution (Sigma-Aldrich P6407 and P7280,
Atlanta, GA) dissolved in borate buffer, incubated at 4 °C
overnight to form a cell-adhesive coating, and then washed
six times and dried before cell plating.

Cell patterning and corner platings

Patterning was performed on the same day as the initial
plating after cell attachment (3 h+). After patterning, the
electrodes were electrochemically cleaned via the cyclic
voltammetry protocol versus a Pt reference in culture media,
a fresh media swap was then performed. For the co-culture of
Fig. S4, a second plating was performed after patterning and
electrochemical cleaning in fresh media. To achieve the
corner platings, a small droplet (~15 pL) containing the cell
amounts (typically 30-50 k cells/well) were carefully pipetted
into a corner of the inner ring of the device; to allow the cells
to settle a larger amount of media was only added after ~1 h.
To achieve the cross-corner plating's normal cells and Ras"*?
cells, small droplets (~15 pL) were carefully pipetted into the
opposite corners.

Drug applications

For drug applications, a small amount of drug was added to
~1.5 mL of media removed from the device's well via a
pipette, thoroughly mixed in a plastic test tube, and pipetted
back into the culture. For media swaps, media was poured
out of the device such that a small amount (<100 pL)
remained in the inner ring of the packaged device, and then
6 mL of fresh media was added. For the ferricyanide
titrations of Fig. 4 and S8, fresh stocks of sodium
ferricyanide were made in 1x PBS at concentrations of 1 mM,
10 mM, and 100 mM. Small amounts of stock (6-20 pL) were
then added to removed media, mixed, and injected back onto
the device. Two measurements per concentration were
typically made. Final drug concentrations are reported in
figure captions where appropriate.

PtB electrodeposition

PtB deposition on the Pt electrodes was performed with
packaged devices, using the same experimental setup as in
the experiments (Fig. S1t), as outlined in our previous
publication.>® In short, electrodeposition was performed by
cycling the electrodes’ voltages from 0 V to —1.2 V versus a Pt
reference electrode at a scan rate of 50 mV s' in a solution
of 0.5 mM H,PtCls and 25 mM NaNO;. Typically, 10-20 cycles
were performed to achieve the desired electrode impedance.

1294 | Lab Chip, 2022, 22,1286-1296
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Electrical recording and data analytics

Data was acquired using LabVIEW software and post-
processed using MATLAB for visualization. A switched-
capacitor feedback resistance, R in Fig. 1, of 94 MQ (Fig.
S1df) was wused for the transimpedance amplifier
recordings.”® The cell attachment and cell barrier AC
impedance measurements used a stimulation frequency
synchronized with the amplifier sample frequency of ~10
kHz, a fast Fourier transform was then used to extract out
only the applied frequency. Frequencies above the sample
frequency were aliased into the measured frequency range up
to the ~35 kHz bandwidth of the amplifier. For the Vieqox
measurements, typically 60 s of voltage data was acquired to
allow for settling and the last ~1 s of data of each pixel was
averaged. To generate V,.qox maps without a reference, the
median value of electrodes without cells (determined from
the cell attachment maps) were used as a reference.

Time sequences were typically taken with 5 min to 10
min intervals.  For  multi-parametric
measurements, the three parameters' measurements were
cycled within the 5-10 min; the fastest interval achievable is
~160 s (~3 min) to accomplish the two impedance
measurements (40 s/measurement) and the redox
measurement (60 s), with additional time for programming
and electronic settling. Cell attachment (Z;) for cell mapping
assays (e.g. wound healing assay, attachment) can be
achieved with intervals as short as 1 min.

The cell attachment (Z;) image is generated through cross-
electrode current measurements (see ESIf Discussion 1). An AC
voltage application is scanned through the 4096 electrode array
while currents in the remaining electrodes currents were
measured. The 4095 measurements for each of the 4096
electrodes are placed into a 4096 X 4096 matrix of currents
(with the diagonal filled with zero). The cross-electrode
currents are pulled for calculating the 3 x 3 kernel via eqn (5)-
(7) in ESIt Discussion 1 and according to the map in Fig. S2d,}
and the total currents for each electrode are calculated by
summing along the column. The result is placed into a 190 x
190 image matrix. The cross-electrode measurements are
symmetric (causing duplication for adjacent pixel kernels) - we
use this to up-sample effective measurement resolution using
all 8 neighbor measurements (both nearest neighbor
horizontal/vertical and diagonal). The grid artifacts (seen in
Fig. 3 and S67) come from the normalization factor of sqrt(2)
in eqn (6) in ESIf Discussion 1 to account for the difference in
distance diagonally in comparison to vertical/horizontal nearest
neighbors. We estimate the effective measurement resolution
for Z; to be 20 um/sqrt(3) (~11.5 um) due to the 3 unique
measurements per interior pixel.

The cell-cell adhesion image generated by a scanned
measurement (Zee no rer) Uses only the scanned pixel's current
(Fig. 3a) and the sum calculated via the Z; measurement for
calculation via eqn (9) and (10) in ESI} Discussion 1 - the
result is placed into a 63 x 63 image matrix (the outside
edges are not used due to the lack of adjacent electrodes for

measurement

This journal is © The Royal Society of Chemistry 2022
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the biasing scheme). The cell-cell adhesion using the reference
(Zie) uses a single parallel measurement of the 4096 electrodes’
currents to calculate Z via eqn (10) in ESIT Discussion 1 - the
result is placed into a 64 x 64 image matrix.

Cell attachment (Z;) is logarithmically plotted in the
perceptually uniform viridis color map from ~3 kQ to ~300
kQ to cover the non-attached to strong attached regimes for
the different cell type used (e.g. Fig. S3t). It is adjusted in
Fig. 2¢ to highlight the ability to measure suspended cells via
a decreased Z;. Cell-cell adhesion (Z.) is plotted on a linear
scale in the MATLAB color map of Parula from 0 Q to 20-40
MQ where we found most Z. values. The linear scale is
chosen to give more contrast between high and low Z.
regions. Redox state (Viedox) is plotted in the non-linear jet
color map from MATLAB to help provide contrast between
regions of potential and edges of cell sheets. As this
measurement is mainly plotted as relative (places with cells
versus places without cells) we chose not to use a three
colormap linear map (e.g. blue-white-red).
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