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Impedance mapping with high-
density microelectrode array chips
reveals dynamic heterogeneity of
in vitro epithelial barriers

Alessandra Venz'2, Bastien Duckert?, Liesbet Lagael?, Saeedeh EbrahimiTakalloo?> &
Dries Braeken23"*

Epithelial tissues in vitro undergo dynamic changes while differentiating heterogeneously on the
culture substrate. This gives rise to diverse cellular arrangements which are undistinguished by
conventional analysis approaches, such as transepithelial electrical resistance measurement or
permeability assays. In this context, solid substrate-based systems with integrated electrodes and
electrochemical impedance monitoring capability can address the limited spatiotemporal resolution of
traditional porous membrane-based methods. This label-free technique facilitates local, continuous,
long-term analysis of tissue barrier properties for organ-on-chip applications. Increasing spatial
resolution requires small electrodes arranged in a dense array, known as high-density microelectrode
arrays (HD-MEAs). Integrated with Complementary Metal Oxide Semiconductor (CMOS) technology
for multiplexing and rapid impedance measurements, HD-MEAs can enable high spatiotemporal
resolution assessments of epithelial tissues. Here, we used 16,384 CMOS-integrated HD-MEA chip with
subcellular-sized electrodes (8 pm diameter, 15 pm pitch, patterned in 16 clusters each consisting of
1024 electrodes in a 32 x 32 matrix) and impedance sensing capability to monitor dynamic evolution of
Caco-2 cells, such as their proliferation, barrier formation, and 3D structure development on the chip.
Changes in impedance at the selected frequency of 1 kHz (|Z|,,,,,) enabled monitoring and analyzing
the life cycle of Caco-2 cells grown on the HD-MEA chips (up to + 453% change after 7 days in culture).
The |Z],,,,, maps of proliferating Caco-2 cells and the differentiating epithelial tissue developing 3D
domes aligned with the corresponding optical images at cellular resolution, which demonstrates

the capability of the chip in tracking the dynamic heterogeneity of Caco-2 tissues in a label free and
real-time fashion. Importantly, |Z|,,,,, maps acquired during chemically induced barrier disruption
showed electrodes covered with 3D cell domes experienced a stronger decrease in impedance than
those covered with adherent cells (-41% + sd 10% against -16% + sd 10%, respectively). This method
could thus, in principle, enable detection of tissue barrier disrupting and modifying agents with higher
specificity. Epithelial barrier function assays benefit from using HD-MEA impedance sensors due

to their increased informativity and resolution, which will be of great value in future organ-on-chip
platforms.
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The intestinal epithelial barrier plays a critical role in maintaining gut homeostasis by preventing the invasion
of luminal agents and pathogens into the underlying tissues. Disruption of this barrier can trigger chronic
pathologies such as Inflammatory Bowel Disease (IBD), which has a compounding prevalence of>0.3%
worldwide!. In their physiological state, adjacent epithelial cells create a continuous layer that restricts the
passage of most hydrophilic solutes such as water, ions, and macromolecules?. Tight junctions, protein complexes
formed between cells to seal the paracellular space, are the primary determinants of barrier function, but can
experience functional changes determined by inflammation which compromise the barrier, thus inducing a
leaky state>>. In vitro models of the intestinal epithelial barrier make use of human epithelial cells and tissue,
enabling relevant pre-clinical assays to monitor barrier function and investigate absorption and toxicology
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of compounds. Among many other cell lines, Caco-2 cells, derived from human colorectal adenocarcinoma,
are widely used as a model of the intestinal epithelial barrier in vitro*6. The integrity of epithelial barriers is
conventionally studied by monitoring the permeation of fluorescent dyes and by measuring the Transepithelial
Electrical Resistance (TEER) across the cell barrier cultured on top of a porous membrane’. TEER is commonly
measured using systems such as EVOM™ with either EndOhm chamber or STX2/chopstick electrodes (World
Precision Instrument, LLC) or CellZScope® (nanoAnalytics GmbH). In both systems, tissues are cultured on
top of commercially available porous membranes, a.k.a. Transwells®, in a static condition where the cells do not
experience any fluid flow®. Thanks to the rise of microfluidic organ-on-chip platforms equipped with integrated
electrodes, the barrier function of tissues grown on porous membrane can be measured in a dynamic condition,
where the cells are subjected to fluid shear stress*!°.

Alternative to the systems based on porous membranes, cells can be cultured on top of an array of patterned
electrodes on a solid substrate such as polycarbonate, glass or silicon!"!2. Electrochemical Impedance
Spectroscopy (EIS) or monitoring at a selected single frequency is used there to detect changes in resistive and
capacitive properties of tissues caused by the biological activities of the cells cultured on the electrodes'. This is
done in real-time with high temporal resolution to characterize biologically-relevant parameters, such as cell-cell
adhesion and cell-substrate adhesion!*. Electrical cell substrate impedance sensing (ECIS®, Applied Biophysics
Inc.) systems and xCELLigence® real-time cell analysers (RTCA, ACEA Biosciences Inc.) are two popular solid
substrate-based systems being used to monitor two-dimensional cellular behaviour. ECIS® chips consist of up
to 40 gold electrodes with a diameter of ~250 pm, each hosting 50 to 100 cells. Similarly, xCELLigence® RTCA
e-plates are equipped with arrays of interdigitated gold microelectrodes to monitor cell behaviour. Both systems
have been widely used for various applications, such as monitoring of cellular micromotion'?, drug discovery'®17,
toxicology assays'®1%, and cell and tissue biology studies?*!. In such systems, increasing the spatial resolution to
get more information on the cultured cells requires smaller electrodes, organized in denser arrays, and integrated
with high-speed acquisition and multiplexing systems. This has been realized through complementary metal
oxide semiconductor (CMOS) micro-electrode arrays (MEAs), which are interfacing integrated circuits and
multiplexers with high-density micron-sized electrodes®*~>. CMOS-MEAs were originally developed to study
the electrophysiology of neural or cardiac cells?*~2® and were later used for studying and imaging proliferation of
eukaryotic cells? and bacterial biofilms, their micromotion!*? and the development of tissues'??3.

Here, we use a CMOS-integrated 16,384 electrode high-density MEA chip?? as an in vitro model to
characterize Caco-2 epithelial barrier formation and growth, corroborated with fluorescence microscopy.
Exploiting the impedance data acquired at 1 kHz (|Z|,,,,) from 49,152 electrodes, we first demonstrate the
stepwise process of cellular adhesion to the electrodes and subsequent tight junction formation between the
cells, as well as differences between loss of cell adhesion and de-coupling of intercellular junctions. At a later
stage of the life cycle of the epithelial barrier, we characterized the transformation from a two-dimensional to a
three-dimensional tissue on the chip. Finally, using the high spatial resolution of the chip, we found that these
epithelial barriers are not only showing heterogeneous growth dynamics, but also heterogenous response to
disruption.

Materials and methods

Microelectrode arrays (MEA) chips

The CMOS HD-MEA chip (Fig. 1a) consists of 16,384 subcellular sized (8 pm in diameter) titanium nitride
(TiN) electrodes with a pitch of 15 um and a density of >4000 electrodes/mm?. The chips are fabricated as
reported in?? and packaged as in?®. The 5x5 mm? cell-culture area of the chip (Fig. 1a, light blue square) is
divided into 16 clusters, each arranged in a 3232 matrix (1024 electrodes). All the 16,384 electrodes can be
addressed individually. Around each cluster, eight electrodes with an area of 235 x 50 um? are located to serve as
the counter electrode.

The HD-MEA chips are interfaced with an in-house developed benchtop acquisition system, providing
power to the chip, and connecting it to a computer. Utilizing a Graphical User Interface (GUI), users can select
the proper cell interfacing modality among five: impedance monitoring, impedance spectroscopy, extracellular
and intracellular voltage recording and voltage or current cell stimulation??. The system architecture of the
impedance monitoring circuit is summarized in Fig. 1b, highlighting the recording channel, where the frequency
and the amplitude of the excitatory current can be selected (1 kHz or 10 kHz and 1 nA or 10 nA, respectively).
A reconfigurable instrumentation amplifier (Fig. 1b, grey triangle) records the resulting voltage on the electrode.
Before cell seeding, the small variation in |Z| ,,, between electrodes (|Z|,,,, being equal to 0.26+sd 0.03 x 10°
Q, Fig. 1b) confirms the uniform deposition and patterning of the TiN electrode, essential to perform reliable
experiments?333,

Cell culture

An 8.4x 8.4 mm? culture insert (Ibidi GmbH, Munich, Germany) was glued with EA M-31 CL epoxy (Loctite)
around the dedicated cell culture area on the chip (Fig. 1a), which were then sterilized as described previously**.
Chips were coated with 300 ul solution of Collagen Typel Rat Tail (Corning) diluted in 0.02 N Acetic Acid
(Merck) to 0.1 mg/ml. Carcinoma Colon-2 (Caco-2) cells ([Caco2] HTB-37™, ATCC) were seeded with a
density of 50 k cells/ml, and incubated overnight at 37 °C with 5% CO,. Cells were cultured on the chip in
Eagle’s Minimum Essential Medium (EMEM) medium (ATCC 30-2003#), supplemented with 20% Fetal Bovine
Serum (FBS) (Biowest S.A.S.) and 1% penicillin/streptomycin (Merck) refreshed every day before the impedance
measurements.
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Fig. 1. a) Top left: top view optical photograph of the HD-MEA chip, highlighting the cell culture area in
light blue. Top right: Confocal image of the 5x 5 mm? cell culture area of the chip, demonstrating the 16
microelectrode clusters, one of which is highlighted with a red square; scale bar is 500 pm; Bottom right,
confocal image of one cluster of electrodes, including an array of 32 x 32 microelectrodes, surrounded by 8
counter electrodes (235 x 50 um?); scale bar is 80 um; Bottom middle, scanning electron microscopy (SEM)
image of a section of the array of microelectrodes, showing the 15 um pitch; scalebar is 15 um; Bottom left,
SEM image of a single TiN microelectrode (8 pm diameter); scale bar is 2 um; b) System architecture of the
impedance monitoring circuit of the HD-MEA chip; inset: mean |Z|,, . for 16,384 electrodes on a single chip
(1Z] 4y, being equal to 0.26 +0.01 x 10° Q);

Electrochemical impedance measurement

Impedance monitoring was carried out at 1 kHz (impedance magnitude denoted as |Z|,,..) by applying a 10
nA square wave current between each of the microelectrodes and the 8 counter electrodes surrounding the
electrodes cluster. Within a frequency band ranging from 1 Hz to 100 kHz, a frequency of 1 kHz has been
selected by using identical non-CMOS chips as it offers the largest difference in impedance after cell seeding
and adhesion. For additional information on the process used for frequency selection see Supplementary
Fig. 4. Impedance monitoring was performed before seeding the cells and every day after seeding for 14 days,
at room temperature. A chip without cells was used as control for impedance measurement consistency. Other
experiments of continuous impedance monitoring were carried out by applying 1 nA square wave current pulse
every 20 min, at 37 °C. All impedance measurements were conducted in culture medium.

Barrier disruption

Experiments involving chemical disruption of tight junctions were conducted while measuring |Z| ;. on the
HD-MEA chip. For each experiment 50 k/cm? Caco-2 cells were seeded and cultured for 12 days. Caco-2 cell
barrier was exposed to 5 mM Ethylene glycol-bis(2-aminoethylether)-N,N,N,N’-tetraacetic acid (EGTA) in
Dulbeccos Modified Eagle Medium/Nutrient Mixture F-12 without phenol red (DMEM/F12, Gibco) without
FBS, for 45 min at 37 °C. The recovery of the barrier was monitored by |Z| , ., measurement after 24 h. To study
treatment and recovery live imaging with CellMask™ Plasma Membrane Staining (Invitrogen™), 1:1000 was
applied in DMEM/F12 without FBS on the chip where impedance measurements were taken. Cells on two
other chips were fixed (Fixative solution paraformaldehyde 4%, Invitrogen™) for immunostaining of Zonula
Occludens 1 (ZO-1-1A12, Invitrogen™) before and after EGTA treatment.

Imaging

Optical and confocal images were done using a VHX7000 optical microscope (Keyence) and an LSM 780 (Zeiss)
confocal microscope, respectively. Epifluorescence imaging was performed on an Axio Examiner Z1 microscope
equipped with a humidified incubation chamber heated to 37 °C.

Statistical analysis

All the data were plotted using Matlab® 2022a software. Wilcoxon signed rank test was calculated in Matlab® to
determine statistical significance with a 95% confidence interval (sample size of N =1024), after the non-normal
distribution of the data was assessed with Kolmogorov-Smirnov test. Wilcoxon sum rank test was instead used
when comparing samples with different sizes in barrier disruption experiment. When reporting the percentage
of decrease in the value of |Z| Tk the impedance of the bare electrodes, measured before cell seeding, was
subtracted to only reflect cell dependent changes.
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Results and discussion

Impedance mapping of cell attachment and proliferation with single cell resolution using
HD-MEA chips

The CMOS-integrated multiplexers and impedance monitoring circuitry on HD-MEA chips with electrodes of
8 pm in diameter and 15 pm pitch allow for impedance mapping to monitor Caco-2 cell adhesion and growth.
After seeding the cells on the chip, the impedance monitoring correlated well with the corresponding brightfield
and fluorescence images of cell localization. Figure 2a shows the |Z|,,,, map and microscope images of a cluster
of 32x 32 electrodes, 5 h, 24 h (day in vitro 2, DIV2) after seeding on chip. Only electrodes covered with cells
display higher impedance, allowing us to create an ‘impedance map’ of the cell culture. This not only provides a
comprehensive understanding of the cell culture dynamics, but also offers valuable insights into the extent and
uniformity of cell coverage across the entire electrode area. Moreover, a single, label-free measurement using the
HD-MEA system across all 16,384 electrodes only takes 7 minutes, while confocal microscopy requires labelling
of cells, and the imaging itself requires about 30 minutes **°, decreasing drastically the assay time.

Life cycle monitoring of Caco-2 cells using HD-MEA chips

Caco-2 cells in vitro undergo barrier formation and start differentiating into enterocytes, as demonstrated
previously through labelling and imaging methods®*-*. We showed that the HD-MEA chip allows for fast,
label-free, and high-resolution mapping of cell growth. We demonstrated a strong correlation between 2D
impedance maps and cell coverage during early attachment phases (DIV1-2, Fig. 2). Next, we investigated long-
term tracking of impedance changes over time. To do so, we performed daily |Z|,, ;. measurements on Caco-2
cells for 14 consecutive days to investigate their long-term cellular behavior on the chips (Fig. 3). We discovered
three distinctive cell growth phases that can be studied in detail with the HD-MEA chip.

The first phase, highlighted with a blue background in Fig. 3a, corresponds to cell attachment, spreading and
barrier formation. In this phase, changes in impedance magnitude measured with the HD-MEA are mainly due
to the decrease of cell-electrode distance, which is correlated to cell-substrate adherence®®. At DIV2, the mean
increase in |Z|,, ;. is 214% with a large distribution (sd = +153%). This large distribution can be explained by
the large variation exhibit by cells interacting with the chip surface at this stage. Electrodes showing no change
in impedance (located at the bottom of the graph with A|Z| . ~0%) are not covered with cells yet. Other
electrodes showing discernible increase in impedance with a heterogeneous distribution, represent cells that
completely and partially adhered to the substrate. As previously shown in literature, strongly adhering cells cause
a drastic relative increase in impedance®*!. Finally, the electrodes demonstrating the relative highest A|Z],,,,
presumably represent cells that started to form tight junctions. Cells which develop intercellular tight junctions
block the paracellular current flow more efficiently, leading to higher impedance magnitudes®”. During the rest
of the culture time in phase 1 (DIV3- DIV6), the impedance shows a steady increase on all measured electrodes,
and a decrease in variability (sd= +146% at DIV6). The cells grow in number, reduce their width, and increase
their height!. Around DIV6-7, the two-dimensional barrier is formed on the chip as demonstrated by the highest
impedance magnitude observed along the Caco-2 cell life cycle (453% at DIV7).

In the second phase (Fig. 3a, middle section with a cyan background), the mean A|Z|,,, starts to
decrease from 453% at DIV7 to 374% at DIV10. Caco-2 cells cultured on non-porous substrates and in static
condition form structures called domes3”*2, which indicates Caco-2 cell polarization and differentiation to
enterocytes*®-3%42, Cells activate ionic pumps on their apical side and pump water and ions to their basal side,
inflating the impermeable epithelial layer from the substrate3®*%43, During dome formation cells progressively

Fig. 2. Impedance map of the Caco-2 cell culture (40 k cells/cm?*) on the HD-MEA chip. Top:|Z|,,,,, map

of the 32 x 32 cluster of electrodes; from left to right: 5 h after seeding, and DIV2. Bottom: corresponding
brightfield image of the chip overlayed with fluorescent cell membrane staining (magenta, bottom), matching
the corresponding impedance mapping; scale bar is 100 um; -contoured insets: enlarged area of the impedance
map and corresponding microscope image.
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Fig. 3. a) Normalized change in |Z|,,, of Caco-2 cells cultured on three HD-MEA chips (n=49,152
electrodes; three biological repeats) over 14 days, demonstrating their life cycle. The normalization was done
with respect to |Z] ., of the electrodes (=~0.2-0.5x 10° Q) before cell seeding. The graph demonstrates three
phases of Caco-2 cell barrier evolution: cell attachment, proliferation, and barrier formation (DIVO0 to DIV6),
initial formation of 3D domes (DIV7 to DIV10), and 3D domes expansion (DIV11 to DIV14). Cartoon styled
illustration above the graph depicts a visual summary of the cell state throughout the three phases; bottom
panel: representative impedance maps and microscopic images for different timepoints correlating |Z| ., of
one of the 32 x 32 cluster of electrodes (right) and corresponding confocal images (left) of ZO-1 staining (b,
green) of Caco-2 cells demonstrating the presence of a dome on the HD-MEA chip at DIVS, detected on the
2D impedance map (dashed rectangle, dome edge in red contour) and cell membrane staining in magenta at
DIV14 (c); Scale bar is 100 pm.

detach from the electrodes as they are elevated by the fluid cumulated underneath the impermeable cell layer.
Consequently, impedance drops with an increased rate of dome formation®. Finally, from DIV 11, the progressive
differentiation of the whole cell layer induces the shift to the third phase of the life cycle (Fig. 3a, right panel,
with a green background). The |Z|,,,. plateau from DIV11 to DIV14 is representative of the epithelium fully
developed in the third dimension. Starting from DIV8, domes increase in size and become easily detectable
via fluorescence microscopy and |Z|,,,, mapping (Fig. 3b). On the HD-MEA, the electrodes under the dome
area (inside red contour, Fig. 3b) measure a decreased |Z|,,;, (~-7% on average compared to |Z|,, ., measured
before dome formation) while the surrounding electrodes keep displaying a higher |Z|,,,, (~-3% on average).
This is coherent with what is reported in Chitale et al., which identifies a circular area of decreased impedance
corresponding to dome location in Caco-2 formed epithelial tissue*!. Tight junctions are still being expressed
on the domes at this stage (ZO-1 staining, green, Fig. 3b and Supplementary Video S1), indicating the fact that
the |Z|,,,,. decrease is due to the cells detaching from the electrodes. At DIV15, the increased number of domes
is detected on the impedance map as a decreased |Z|,, ;. on most of the cluster’s surface (Fig. 3c). Importantly,
|Z| sy, values at this stage are still larger than bare electrodes (A|Z|,,,,, DIV11 to 14 ~300% compared to baseline
of bare electrodes). Moreover, as can be appreciated in Supplementary Fig. 2, within the plateau, electrodes
covered by domes can be clearly visualized. There, the value of |Z|,, ;. changes dynamically with the location of
the domes.
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Dynamic heterogeneity of Caco-2 epithelial barrier undergoing differentiation

Domes are dynamically interconnected by the continuous differentiation of the cells® as also appreciable from
Fig. 4c bottom; the consequent changes in the hydraulic pressure of the cumulated liquid results in dynamic
changes of domes locations, which make the tissue layer being elevated over the entire surface. Domes can be
detected as small as ~ 15 um up to several hundreds of pm in diameter (Fig. 4a, left to right). Due to the increased
distance between the electrodes and the differentiated tissue, |Z|,,,,, demonstrates lower values compared to the
earlier phases of the culture. Nevertheless, as shown in Fig. 4b on the impedance map (inside black box) and
Supplementary Fig. 2, changes of dome locations are easily detectable using impedance mapping and important
information about the spatial arrangement of the epithelium on HD-MEA chip can be derived. Moreover, domes
are dynamically changing their size over the culture, starting with a single cell stretching and progressively
recruiting surrounding cells (Fig. 4a), as well as their level of inflation. Figure 4b (left and middle panels) displays
a small dome inflating and deflating over the span of 20 min, detected on a cluster of the HD-MEA chip and
visible from the 2D impedance map as an increased |Z| , ,, when deflating. Finally, confocal Z stacks taken from
an individual dome demonstrate their ability to elevate above the electrode surface, while still maintaining intact
barrier properties as indicated by the tight junction staining (Fig. 4c, ZO-1, green).

Heterogeneous response to disruption of Caco-2 epithelial barrier

Epithelial barrier disruption in vitro is characterized by on the one hand loss of cell attachment to the surface
and on the other hand loosening of intercellular junctions. However, the differentiated Caco-2 cell layer is very
heterogeneous, as demonstrated in the above-mentioned experiments, with the appearance, movement, and
collapse of three-dimensional domes in the tissue. We thus investigated whether disruption of the epithelial
barrier shows a heterogeneous response that depends on the presence of domes. For instance, Ethylene glycol
tetraacetic acid (EGTA) is a chelating agent that has a high affinity for calcium. EGTA makes the barrier leaky by
disrupting intercellular junctions and mildening cell attachment to the electrodes through the chelation of free
Ca?*, which is essential to the function of cell-cell and cell-substrate adhesion proteins*’. To that end, we treated
the cells at DIV12 with EGTA (5 mM) for 45 minutes, which is considered a mild disruption'’.

Figure 5a shows epifluorescence images and their corresponding 2D impedance maps of Caco-2 cells grown
on the HD-MEA chip, before (t=0 minutes) and after (t=45 minutes) EGTA-induced barrier disruption.
Overall, as expected, there is a significant decrease in |Z|,, upon application of EGTA (paired t test,
P <0.005). The disruption of tight junctions, crucial for maintaining barrier integrity, is also shown through
immunohistochemistry using ZO-1 staining, highlighting the rounder shape of the cells detached from one
another (Supplementary Figure S3). On the contrary, after wash-out and recovery for 24 h, |Z|,,, even further
increased, as cells are continuously differentiating, and domes might disappear (Fig. 5¢, “REC”).

From the 2D impedance map in Fig. 5a, it can be noticed that for the electrodes partially covered by a dome,
the decrease in |Z|,,,,, after EGTA treatment is considerably larger compared to the surrounding area (mean
of -41% vs -16%). This can also be appreciated in Fig. 5c, which shows the percentage of change in A|Z|,,,,
over different areas of the electrodes cluster. To further explain this effect, we mapped the data points from the
electrodes under the dome area (Fig. 5b, red data points) on the complete electrode cluster, highlighting the
impedance change of the electrodes under the dome over the monitored timepoint.

The much more pronounced effect of barrier disruption under a dome area can be explained by the fact that
the current path from the electrodes on the chip to the reference electrode is only blocked by the continuous
cell layer floating above them, held together by the tight junctions between the cells. In areas where there are no
domes, cells are still attached to the electrode surface, so the impedance measurement readout is a combination
of cell attachment to the surface and tight junctions between the cells. When tight junctions are loosened by

Fig. 4. Formation and rearrangement of three-dimensional domes of the Caco-2 cells on the HD-MEA chip.
a) Confocal microscopic images of domes forming on chip; from left to right: single cell to multicellular 3D
structures; nuclear staining is displayed in blue, cell membrane staining is displayed in magenta; b) Left and
middle panel: brightfield image of an electrode cluster at DIV7 showing domes growing on the chip surface
(left: t=0; right: t=20 min) and corresponding FITC-dextran live staining (insets); Right panel: relative
impedance change over 20 min of a dome represented by the A|Z|,,,, impedance; c) cross section of a dome at
DIVS; blue is DAPI nuclear staining, red is f-actin staining, green is ZO-1 staining.
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Fig. 5. a) Visualization of EGTA-induced barrier disruption through epifluorescence microscope imaging
(top) and impedance mapping on a cluster of electrodes on the HD-MEA chip (bottom); a dome present on
the bottom left of the cluster before treatment with EGTA is visible both in the fluorescence microscopy image
and the impedance map (left images) 45 min after treatment (right images), however, the dome and is not
visible on the fluorescence image anymore while it remains detectable through impedance mapping; Scalebar
is 100 um; b) Boxplot and histograms of |Z|,,,, for the electrode cluster under treatment highlighting the
different electrode populations: electrodes under the dome area (red), values<1x 10° Q) at t, (a,left), and the
other electrodes of the cluster (blue); Wilcoxon signed rank test, p <0.001 for all conditions; ¢) Corresponding
percentage of change in |Z|,,,, of different electrodes showing larger changes in those located under the dome
(Wilcoxon sum rank test p<0.001).

EGTA, the current path is still blocked by the cell adhering to the surface. This effect is thus dependent on the cell
heterogeneity but marks an important differential experimental outcome. The latter experiment demonstrates
the care that needs to be taken to understand the effects of barrier disruption when measured electrically using
impedance methods. For example, in barrier disruption screenings, an agent that only temporarily loosens tight
junctions can be wrongly considered as a strong barrier disruptor such as a cell death inducer, if the electrodes
are covered with a dome at that moment. With larger electrodes and larger interelectrode distances, these effects
can be easily missed or averaged out. Thus, care needs to be taken when traditional impedance monitoring
systems are used for the analysis of barrier function in highly dynamic tissues in vitro. Similarly, live fluorescence
staining of the cell layer yielded limited information about the degree and the patterning of tight junction
loosening. On the contrary, impedance mapping on a HD-MEA could detect the complex behavior of cell domes
with exquisite spatiotemporal resolution.

Conclusions

High-density microelectrode arrays have emerged as a promising technology to study cell behavior with high
spatial and temporal resolution. In our study, we investigated the use of HD-MEA chips for label-free monitoring
of epithelial cell growth and tissue dynamics through impedance mapping.

We demonstrated that impedance mapping with high spatial resolution reveals cellular information that
is comparable to optical (fluorescence) imaging. The high-density electrode configuration enabled precise
detection of cell attachment, spreading, and barrier formation. Secondly, we monitored Caco-2 cells for 14 days
with impedance measurements and were able to describe the complete life cycle of the epithelial barrier in vitro,
including attachment, barrier formation and cell differentiation. Using this approach, we discovered that Caco-2
barriers are extremely heterogeneous spatially but also temporally. Three-dimensional structures called domes
appear and disappear over minutes and can range in size and height.

Moreover, we demonstrated that interpretation of barrier disruption using impedance strongly depends on
the type and state of the cells growing atop the electrodes. This finding might have implications for the correct
interpretation of barrier disruptor screening.

Finally, this work could contribute to the design of new human cell-based platforms and accelerate drug
development for gastrointestinal diseases such as inflammatory bowel disease (IBD) and colorectal cancer.
Overall, HD-MEA technology represents a unique addition to the existing range of methods for investigating
epithelial and other tissue barrier functions.

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable
request.
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