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Introduction

Organ-on-a-chip with integrated semitransparent
organic electrodes for barrier function
monitoringy

Denise Marrero, @2° Anton Guimera, ©2° Laure Maes, <% Rosa Villa, ©2°
Mar Alvarez ®*2 and Xavi llla @ *2°

Organs-on-a-chip (OoC) are cell culture platforms that replicate key functional units of tissues in vitro.
Barrier integrity and permeability evaluation are of utmost importance when studying barrier-forming
tissues. Impedance spectroscopy is a powerful tool and is widely used to monitor barrier permeability and
integrity in real-time. However, data comparison across devices is misleading due to the generation of a
non-homogenous field across the tissue barrier, making impedance data normalization very challenging. In
this work, we address this issue by integrating PEDOT:PSS electrodes for barrier function monitoring with
impedance spectroscopy. The semitransparent PEDOT:PSS electrodes cover the entire cell culture
membrane providing a homogenous electric field across the entire membrane making the cell culture area
equally accountable to the measured impedance. To the best of our knowledge, PEDOT:PSS has never
been used solely to monitor the impedance of cellular barriers while enabling optical inspection in the
OoC. The performance of the device is demonstrated by lining the device with intestinal cells where we
monitored barrier formation under flow conditions, as well as barrier disruption and recovery under
exposure to a permeability enhancer. The barrier tightness and integrity, and the intercellular cleft have
been evaluated by analyzing the full impedance spectrum. Furthermore, the device is autoclavable paving
the way toward more sustainable OoC options.

their implication in many diseases.” Research on tissue
barriers might lead to a better understanding of tissue

Organs-on-a-chip (OoC) are microfluidic cell culture devices
intended to replicate key functional units of tissues." These
devices can reproduce tissue-level physiology by displaying
cells in a multicellular architecture, introducing in vivo-like
biomechanical cues, and recapitulating tissue interfaces.” In
addition, they often incorporate functional readouts that
record pivotal information about biological processes to
characterize and monitor in real-time the cell
microenvironment and state of the tissues.”® OoC are
commonly used to model tissue barriers due to their
important role in regulating human body homeostasis and
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physiology and contribute to the identification of new
therapeutic agents while significantly reducing animal
testing.®

Typically, OoC mimicking cellular barriers consist of two
perfusable  micro-sized chambers separated by a
semipermeable membrane lined by cells.”® Examples here
include the intestinal epithelium,'® blood-brain barrier,"
blood-retinal barrier,"* and pulmonary air-liquid interface."®
In all cases, barrier function evaluation is of utmost
importance when analyzing cultured tissues in QoC.'*'®
Biological barriers have intrinsic electrical properties that can
provide insight into fundamental biological processes such
as tissue permeability and integrity.'® Electrochemical
Impedance Spectroscopy (EIS) has been widely used as a
technique to study barrier function since it is label-free, non-
destructive, and allows real-time measurements."”” By
analyzing the EIS spectrum relevant parameters can be
determined: i) transepithelial/endothelial electrical resistance
(TEER, alpha) which is an indicator of cellular junction
strength, ii) cellular capacitance which 1is directly
proportional to the surface area of the cultured tissue, and
iii) medium conductivity changes.'®*
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However, most studies report only on TEER values
providing limited information obtained by sampling at a
single frequency.*”>* Moreover, TEER data comparison is
difficult across studies, as significant discrepancies exist
between reported values. These inconsistencies are due to
the normalization of the measured impedance by the cell
culture area, assuming that the entire cell culture area
contributes equally to the measurement. This assumption is
inaccurate as the current density distribution across the
tissue barrier is non-homogeneous. Thus, the monitored area
does not match the total cell culture area. This is a persistent
error when measuring TEER with chopstick electrodes,
especially for 12 mm Transwell inserts and larger.>®

In OoC, electrodes are commonly integrated into the
device enclosures on either side of the barrier to monitor
barrier function. To allow cell inspection under the
microscope, electrodes were designed to be much smaller
than the cell culture area. This electrode architecture also
generates a non-homogeneous field across the cultured
tissue, which ultimately resulted in untrustworthy impedance
data. In order to generate a current density distribution such
that the entire cell culture area contributes equally to the
measurement without impairing the optical inspection,
thinner layers of metal can be deposited. However, these
semitransparent  electrodes  present high electrode
polarization impedance, which can filter out signal content
below the electrode cutoff frequency."® In this regard, indium
tin oxide has been also used because of its well-known
transparency, but it is also influenced by a high electrode
polarization —impedance.”®  Alternatively, interdigitated
electrode configurations based on conventional inorganic
materials, such as gold and platinum, have been
implemented to maximize the electrode area while ensuring
minimal electrode coverage for cell inspection.'***”*® These
electrode configurations are also affected by the electrode
polarization impedance. To reduce it, platinum black can be
electrodeposited enlarging electrode active surface area.>**°
Moreover, electrode polarization impedance can be
eliminated by using tetrapolar configurations.'®>83%31
Although it requires greater complexity in evaluating current
density homogeneity and it reduces compatibility with
benchtop impedance analyzers.

An alternative material that has been widely used to
monitor cellular activity in a wide range of device
architectures in vitro systems is the organic semiconductor
polymer  poly(3,4-ethylenedioxythiophene) doped  with
polystyrene sulfonate (PEDOT:PSS).**** For impedance
measurements, PEDOT:PSS has been used to improve the
recording performance of opaque electrodes®** since it is
less affected by electrode polarization impedance compared
to inorganic materials. Furthermore, PEDOT:PSS has also
been employed to record electrical activity and perform
optical imaging simultaneously in microelectrodes array due
to its excellent compromise between the polymer electrical
properties and transparency.>® To the best of our knowledge,
PEDOT:PSS has never been used solely to monitor the
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impedance of cellular barriers while enabling optical
inspection in OoC.

In this work, we have developed an OoC with integrated
semitransparent PEDOT:PSS electrodes to monitor barrier
tissue function. Here, we demonstrate how the device
overcomes the limitations of current EIS measurements in
OoC. Because of PEDOT:PSS low electrode polarization and
its semitransparent nature, the electrodes cover the entire
cell culture area providing a homogeneous current
distribution. Thus, making the entire tissue equally
responsible for the measured impedance. Here, the human
intestinal colorectal adenocarcinoma cell line (Caco-2) is
cultured under flow conditions where the formation, as well
as barrier disruption and recovery under permeability
enhancer exposure is monitored. By analyzing the full Caco-2
impedance spectrum, we obtained information on the cell
junction strength and intercellular cleft morphology (TEER,
alpha), and cell surface area (capacitance). Therefore, we
expect this device to be used as a tool to perform impedance
measurements across virtually any type of barrier-forming
tissue in the frequency range from 10 to 10° Hz. Additionally,
the device is reusable since it is compatible with standard
sterilization processes, which reduces its cost and
environmental impact.

Materials and methods
Device fabrication with integrated electrodes

Ti/Au (20 nm/200 nm) ring-shaped electrode tracks were
patterned on a 1 mm thick cyclo-olefin polymer (COP) sheet
(Microfluidic ChipShop, DE) in an e-beam evaporation
process using an adhesive vinyl shadow mask. The Ti layer
was used to improve the adhesion between gold and the
polymeric substrate. The microfluidic features were defined
on the COP sheets by computer numerically controlled
milling (MDX-40A, Roland DG Corporation, ES). Before
patterning the PEDOT:PSS electrodes, the COP sheets were
exposed to oxygen plasma for 1 min (Smart Plasma 80 W-
Oxygen, Plasma Technology, DE). Then, a solution containing
93.5% PEDOT:PSS, 5% DMSO, and 1.5% Triton X-100 was
drop-casted on the center of the Au-ring and cured at 100 °C
for 30 min. Male Mini Luer microfluidic connectors
(Microfluidic ChipShop, DE) were bonded to the top COP
layer using photocurable silicone adhesive (Loctite) by
exposing them under UV light (70 mW c¢m™) for 2 min.
Silicone sheets of 0.5 mm thickness (Silex Ltd., UK) were
placed between the COP layers to seal the device. A
commercial semipermeable polyester membrane with 0.4 pm
pore size (PET, it4ip) was modified to fit the device. The 47
mm diameter membrane was stuck on top of a double-sided
adhesive (Adhesive Research, ARCare 8939). The membranes
were then defined with a cell culture area of 33.18 mm® using
a plotter cutter (CAMM-1 Servo GX-24, Roland DG
Corporation, ES). For assembly, the COP sheets and the
silicone layers were aligned and bolted together using M2
screws. The entire device except for the membrane and all

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2lc01097f

Open Access Article. Published on 21 February 2023. Downloaded on 3/20/2024 7:57:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

the components of the microfluidic setup were autoclaved at
110 °C for 30 min followed by overnight drying at 60 °C.

Electrochemical electrode characterization

The characterized by
impedance spectroscopy (EIS). The electrode impedance was
recorded using an impedance/gain-phase analyzer (1260,
Analytical) in combination with an impedance
(1294, Solartron Analytical) by connecting one
as the working electrode (WE) and the other
as the counter electrode (CE). For individually
electrode characterization, single electrode impedance was
measured against a commercial Ag/AgCl CE (CH instruments)
with much larger surface area. The impedance was measured
using a sinusoidal excitation signal with an amplitude of 10
mV over the frequency range of 0.1 Hz to 100 kHz.

electrodes were electrochemical

Solartron
interface
electrode
electrode

Optical electrode characterization

Optical electrode properties were measured using a UV-vis
miniature spectrometer (Ocean Optics) and a halogen light
source (HL-2000, Ocean Optics) to determine the light
absorbance and transmittance of different volumes of drop-
casted PEDOT:PSS electrodes in the range between 200 and
1000 nm. The absorbance was plotted with the following
formula:

A = logs(Io/1)

where I, is the incident light before it reaches the sample
and I is the light emerging from the sample. The
transmittance in % was calculated with the following
formula:

I
%T = —-100
Iy

EIS measurements on intestinal cells

The impedance of epithelial cellular barriers grown on the
microfluidic devices was recorded using a commercially
available potentiostat (PalmSens4). The impedance was
measured using a sinusoidal excitation signal with an
amplitude of 10 mV in the frequency range from 10 Hz to
100 kHz, which corresponds to the frequency window where
the electrode behavior is purely resistive. Impedance
measurements were carried out using a bipolar configuration
by connecting one electrode as the WE and the other
electrode as the CE. EIS measurements were carried out in
real-time at 37 °C over a period of 7 days.

Impedance data fitting

The impedance of cellular barriers can be represented as an
electric circuit composed of three elements: a constant phase
element (CPE) in parallel with a resistor (Rpggg) and in series

This journal is © The Royal Society of Chemistry 2023
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with another resistor (R;)."” Three well-differentiated regions
can be distinguished across the frequency spectrum. At high
frequencies (>10° Hz), the impedance is controlled by the
cell culture medium conductivity (Rs), at intermediate
frequencies (100-10° Hz) impedance is associated with the
cell layer capacitance represented by a CPE. At low
frequencies (<100 Hz), impedance is determined by the sum
of two ion conductive pathways: the paracellular and
transcellular resistance which is in turn associated with the
transepithelial/endothelial electrical resistance (TEER). The
CPE mathematical expression is:
7 _ 1
& K(jw)”

where j is the imaginary unit,  is the angular frequency, X is
the system admittance, and « is an exponent corresponding
to 0 or 1 for an ideal resistor or capacitor, respectively. CPE
coefficients, Rrggr, and Ry values were calculated by fitting
the recorded experimental impedance data using the
equivalent electric circuit. The cellular layer capacitance (C)
was estimated using the following equation:

(K-Rege)"®
Co = — R
RTEER

Impedance data recorded from epithelial cellular barriers

grown on the microfluidic device was fitted to the equivalent
electric circuit using the least-square method in Python. Data
was assessed by the goodness-of-fit (y*) statistical model, and
all data fitted well with a x> < 0.01.

Epithelial cell culture

The human intestinal colorectal adenocarcinoma cell line
(Caco-2, ECACC) was maintained in a humified atmosphere
with 5% CO, at 37 °C in the recommended medium MEM
alpha  with (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (Sigma-Aldrich).
At 70-80% of confluency, cells were washed with PBS,
detached with 0.05% trypsin/ethylenediaminetetraacetic acid
(Life Technologies), pelleted at 1400 rpm for 5 min. Media
was replaced every 2-3 days.

Glutamax-I medium

Microfluidic cell culture

The PET membrane was coated with type I collagen (Inycom)
at a concentration of 100 ug ml™" for 1 h to enhance cell
adhesion. 50000 Caco-2 cells were seeded on the upper
surface of the PET membrane and cultured in medium
containing 1% of antibiotic-antimycotic (Sigma). After 4 h,
the devices were assembled and connected to the perfusion
system. A peristaltic pump (Reglo ICC, ISMATEC, Cole-
Parmer GmbH) was attached and 0.81” inner diameter
silicone tubing (Freudenberg Medical) were used to make all
the microfluidic connections. The lower channel was
perfused continuously at 20 ul min~". On the upper channel,
500 ul of medium was perfused every 3 hours at 20 pl min™".

Lab Chip, 2023, 23,1825-1834 | 1827
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To induce temporary epithelial barrier loss, 4 mM EDTA was
perfused on the upper channel using a Luer injection port
(AI-10820, Inycom) during 30 min. Images of Caco-2 cells
cultured inside the device were taken with an inverted
microscope (ECLIPSE TS2, Nikon).

Immunohistochemistry

Cells cultured on the PET membrane were washed twice with
PBS and subsequently fixed for 10 min in 4%
paraformaldehyde. After fixation, cells were washed with PBS
and the membrane was cut and placed in a 24-well plate.
Next, cells were permeabilized for 5 min with 1% Triton
X-100 (Sigma-Aldrich) in PBS and after two washing steps
with PBS, blocked for 20 min with 2% bovine serum albumin
in PBS. The membranes were incubated with the primary and
the secondary antibodies in blocking buffer for 2 h and 1 h,
respectively with two washing steps in between. After another
two washing steps, nuclei were stained with DAPI (300 nM;
Sigma-Aldrich, D9542) for 15 min. The following primary
antibodies were used: rabbit ZO-1 (1 ug ml™", Sigma-Aldrich,
HPA001636) and goat villin-2 (2.5 ug ml™", Bio-Rad,
AHP1394). The following secondary antibodies were used:
chicken anti-rabbit-488 (1 pg ml"', Sigma-Aldrich,
SAB4600030) and chicken anti-goat-647 (1 upg ml’,
ThermoFisher, A-21469). All steps were performed at room
temperature. Imaging was performed after two additional
washing steps with an Olympus Fluoview confocal
microscope. Images were processed in Fiji (Image]).

Results and discussion
Device design

The device was designed to monitor and quantify cellular
barrier function using impedance-based techniques in a
microfluidic OoC (Fig. 1a). Cyclo-olefin polymer (COP) was
used as a substrate for its biocompatibility, transparency,
chemically resistance to polar solvents, high glass transition
temperature, compatibility = with  rapid prototyping
techniques, and metal deposition procedures.’” The device

. Top electrode
Top silicone seal

&—— PET membrane

-« Well channel

Lower channel

y Bottom silicone seal
I ——— Bottom electrode

Fig. 1 Organ-on-a-chip design with integrated PEDOT:PSS electrodes
(scale bar = 1 cm). a) Photograph of the microfluidic device with
incorporated PEDOT:PSS electrodes. b) Exploded view of the
microfluidic cell culture device.
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contains a 6.5 mm diameter well yielding an area of 33.18
mm” (comparable with conventionally Transwell® cell culture
inserts). The well is embedded on an upper channel (25 mm
long x 2.6 mm wide x 1 mm high) and sitting on the lower
channel (30.3 mm long x 2.6 mm wide x 1 mm) separated by
a semipermeable PET membrane (Fig. 1b). The membrane is
sandwiched between two COP substrates with integrated
PEDOT:PSS electrodes on the device enclosures. The
integrated electrodes were fabricated combining standard
metal gold patterning and PEDOT:PSS drop-casting
techniques, as described in the previous section. The
electrodes were designed to comprise two parallel electrodes
(bipolar configuration), one located above the well and the
other below the cell culture membrane. The bipolar
configuration demands a very simple measuring setup
resulting in high compatibility with benchtop impedance
analyzers. The two electrodes have a circular design
comprising the same area of the cell culture membrane to
ensure a uniform current density across the cellular barrier.
Hence, the entire cellular membrane contributes equally to
the measured impedance. Moreover, the device can be
sterilized by autoclaving except for the cell culture membrane
and is resistant to ethanol exposure (Fig. S17).

Optical electrode characterization

Optical access in cell culture is very important to monitor the
cells throughout time. The drop-casted PEDOT:PSS electrodes
display high optical transmittance for cellular optical
microscopy. The degree of electrode transmittance and
storage capacity was investigated in relation to PEDOT:PSS
drop-casting volume. According to the absorbance spectrum
of PEDOT:PSS electrodes is dependent on the incident
wavelength and presents a peak of absorbance at 680 nm
(Fig. S21). Transmittance decreases along with higher drop-
casting volume (Fig. 2a). Moreover, the area under the CV
curve increases along with the drop-casting volume,
indicating a larger electrode active surface area (Fig. 2b).

Electrochemical electrode characterization

In order to validate electrode performance in monitoring
tissue barrier function in OoC, several impedance-based tests
were conducted. The impedance spectra of PEDOT:PSS
electrodes were recorded using 10 mM PBS from 0.1 Hz to
10° Hz. The recorded spectra or Bode plot describes the
electrode polarization impedance, representing the
impedance at the electrode-electrolyte interface. The Bode
plot display two distinct regions (Fig. 3a). At high
frequencies, the impedance depends directly on the ion
solution conductivity. At low frequencies, signal content is
dominated by the double-layer capacitance at the electrode-
electrolyte interface, which results in a non-linear attenuation
of the signal. The cutoff frequency marks the transition from
low to high impedance and is defined as the frequency
corresponding to a phase angle of —45°. The cutoff frequency
is 1.5 Hz for PEDOT:PSS electrodes with a surface area of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Optical electrode characterization a) drop-casted PEDOT:PSS in relation to its transmittance at its maximum absorbance peak (n = 3).
(Inset) Photograph of the drop-casted PEDOT:PSS electrode showing its semitransparency with a drop-casting volume of 15 pl. b) Cyclic

voltammetry of different drop casted volumes.
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Fig. 3 Electrochemical characterization of PEDOT:PSS electrodes. a) Representative impedance spectra of drop casted PEDOT:PSS electrodes
with gold tracks under 10 mM PBS solution (n = 10). The colored area indicates the frequency range at which the electrodes display a resistive
response being above the cutoff frequency (1.5 Hz). b) The experimental cell constant (K.) of the build-in electrodes is represented by the dashed
line. Impedance was measured with the device assembled at different PBS resistivities of 3.56, 2.01, 1.09, and 0.64 Q m which corresponds to a
PBS molarity of 1.25, 2.5, 5, and 10 mM, respectively (n = 3). The theoretical cell constant (K,) of the build-in electrodes is represented by the solid

line.

33.18 mm? Furthermore, the impedance spectra were
recorded using different PBS molarities to determine if the
electrodes were responsive to changes in electrolyte resistivity
(Fig. S37). By plotting the measured resistance of each PBS
molarity at high frequencies against the corresponding
electrolyte resistivity, the experimental device cell constant
(K.) was obtained according to the following expression:
Ke="2 [m™]
p

where R is the access resistance in € and p the electrolyte

resistivity in Q m. The K. is linear and proportional to
electrolyte resistivity. Also, the K. was compared to the
theoretical cell constant (K;) and was calculated according to
the following expression:

K. =

[SHS

[m™']

This journal is © The Royal Society of Chemistry 2023

where d is the distance between the two electrodes in m and

A is the surface area of the electrode in m?. The experimental
cell constant was calculated to be 106.1 m™', which is in
agreement with the theoretical value (Fig. 3b). The linearity
of the cell constant and the fact that the theoretical and the
experimental values match demonstrates that the current
distribution generated by the PEDOT:PSS electrodes is
homogeneous across the tissue culture area and the entire
area is equally accountable for impedance measurements. As
a result of the low electrode polarization impedance and
homogeneous current distribution, PEDOT:PSS electrodes are
suitable for EIS measurements on OoC.

Intestinal barrier development and integrity assessment

To evaluate electrode performance, the human intestinal
colorectal adenocarcinoma cell line (Caco-2) was cultured on

Lab Chip, 2023, 23,1825-1834 | 1829
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Fig. 4 a) Microscopic images of the development of a Caco-2 monolayer at different timepoint (scale bar = 50 um). b) Maximum intensity
projection of confocal image of an immunofluorescent labeled monolayer for DAPI, ZO-1, and villin-2 at day 7 of microfluidic culture. c)
Experimental impedance data recorded during 6 days of Caco-2 microfluidic cell culture inside the developed device with integrated PEDOT:PSS
electrodes. The cellular barrier impedance was measured over the frequency range of 10 to 10° Hz and the impedance spectra is plotted every 3
hours. The impedance at low frequencies (<10? Hz) corresponds to the transepithelial/endothelial electrical resistance (TEER) and the overall
device resistance, the impedance negative slope at intermediate frequencies (102-10* Hz) is related to the cellular capacitance, and at high
frequencies (>10% the impedance corresponds to the device resistance.

the device under flow conditions. Fig. 4a shows microscopic
images of the formation and maturation of the monolayer at
different time points. On day 0, cells were seeded on a
collagen-coated semipermeable PET membrane. After 4 h,
cells were attached to the PET membrane and started
expanding to form a confluent monolayer. From day 2 to day
7, the first signs of intestinal maturation were visible
including the production of mucus, the formation of
vacuoles, and an increase in cell height, which is in
agreement with previous studies.*®**° Immunofluorescence
microscopy of the tight junction protein zonula occludens-1
(zO-1), and a protein supporting microfilaments of the
microvilli, villin-2, confirmed that Caco-2 cells form tight
junctions and microvilli structures. This indicates that Caco-
2 cells proliferate and differentiate into a polarized tight

1830 | Lab Chip, 2023, 23, 1825-1834

barrier (Fig. 4b). Next, the impedance of the Caco-2 cells was
monitored for one week in real-time with a commercially
available analyzer (PalmSens4). Fig. 4c shows the impedance
spectra of Caco-2 cells during the initial stages of cellular
barrier formation and development. The impedance spectra
display three distinct regions. At high frequencies (>10" Hz),
the contribution is manly resistive due to medium,
membrane, and electrode resistance, R;. Fluctuation of this
value can be attributed to changes in medium conductivity or
temperature variations. At intermediate frequencies (10°-10*
Hz), the change in impedance is associated with the cellular
membrane capacitance, C.. This parameter is related to the
cellular surface area and enables the identification of
complex structures such as microvilli.***° Below 10* Hz, the
impedance is an indicator of ion conductance of the

This journal is © The Royal Society of Chemistry 2023
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paracellular pathway modulated by tight junction protein
complexes and is related to cellular barrier integrity, TEER."*
Hence, when Caco-2 cells are seeded on top of the PET
membrane, the impedance resembles a flat line. As Caco-2
cells start to grow and mature, they establish physical
connections with neighboring cells and strengthen cell-to-cell
bonds. Then, the impedance spectrum transitions to a
negative slope along with an increase in resistance at low
frequencies as a result of confluent monolayer formation and
cellular barrier tightening.

Electrical properties of intestinal barriers

By fitting the equivalent electric circuit composed of a CPE
(Cq, alpha) in parallel with a resistor (Ryggr) and in series
with another resistor (R;) to the impedance data, the
electrical properties of Caco-2 cells were extracted (Fig. 5a).
The recorded impedance data of Caco-2 cells cultured in the
device fitted with high accuracy the proposed equivalent
electric circuit (Fig. S4f). As demonstrated by the cell
constant test (Fig. 3b), the entire cellular barrier is equally
accountable for impedance measurements. Therefore, we
present with confidence TEER and capacitance values
normalized by the cellular barrier surface. For the first 3 days
of culture, TEER values increased steadily from 20 Q cm? to

a b
ququﬂu@uﬂup‘mj h alpha=1
Ccl' ‘
alpha 2\ § TEER
R, alpha<1
c d
10000+ 3-

1000

TEER[Q-cm?]

100+
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1000 Q cm? indicative of barrier development and
tightening. After day 3, TEER values stabilized to an average
of 1000 Q cm?® (Fig. 5¢). Capacitance values followed the same
trend with a constant increase from 0.5 uF cm™ on day 0 up
to 2 uF cm™” on day 3, followed by a plateau until day 7
(Fig. 5d). The specific capacitance is well reported to be
relatively constant at 1 pF em™ for flat cellular membranes.*!
Since the capacitance is proportional to the surface area, the
capacitance of mature Caco-2 monolayers indicates that the
total area has increased by 2-fold. In our cellular model, the
increase can be attributed to the formation of microvilli at
the apical domain of the cell layer as can be confirmed by
the presence of villin-2 (Fig. 4b).**** Moreover, the
dimensionless alpha parameter of the CPE models the
frequency dependency of the associated capacitance. This
parameter can be used to describe the intercellular cleft of
adjacent cells as illustrated in Fig. 5b.** A value close to 1
indicates that the basolateral side is in full contact with
neighboring cells and the substrate.>" If alpha is less than 1,
it denotes that the basolateral side is no longer in contact
with its neighboring cells, presenting grooves that prevent
the passage of high-frequency current. In our model, alpha
increased steadily from 0.85 on day 0 to stabilizing at 0.97 on
day 2. This indicates that at the beginning of Caco-2
development, cells are not as tightly packed, which is

Increasing frequency

v

T

Alpha

10

Time [days]

Time [days]

0.8

T T T T T
0 1 2 3 4 5

Time [days]

o =
~ -

Fig. 5 Electrical properties of Caco-2 cells. a) Equivalent electric circuit of cellular barriers. b) A representation of the intercellular cleft in relation
to alpha. Increasing frequency does not affect the current penetration of monolayers with alpha close to 1. Conversely, the current penetration of
monolayers with lower alpha decreases as frequency increases. Extracted bioelectrical properties of Caco-2 cells overtime by fitting the
impedance spectra to an equivalent electric circuit (n = 4). c) TEER [Q cm?], d) Cellular capacitance [uF cm™2], and e) factor alpha (dimensionless).
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consistent with lower TEER values. After day 3, matured
Caco-2 cells grow with a very narrow intercellular cleft

(Fig. 5e).

Response of Caco-2 cells to EDTA chelating agent

To study the permeability of the Caco-2 monolayer in the
OoC device and to further evaluate the performance of the
fabricated electrodes, Caco-2 cells were exposed to 4 mM
EDTA for 30 min. Impedance was monitored in real-time
during impedance drop and recovery of Caco-2 monolayers.
In cell culture, EDTA works as a chelating agent by capturing
metal ions such as calcium and magnesium from the media,
thereby weakening cell adhesion, and increasing cellular
permeability. Different molarities of EDTA were tested on
Caco-2 monolayers grown for 7 days in static conditions to
evaluate its effect on cell layer integrity (Fig. S51). For the on-
chip experiments, a concentration of 4 mM was used to
ensure cell-to-cell bond conservation and cell-to-membrane
adhesion, although some morphological changes were
observed. As Tomita et al. reported, these changes are

50%1
0%+

-50%+

TEER [Q-cm?]

-100% - T
0 1 2 3

Time [hour]

-20% = T
0 1 2 3

Time [hour]

0%
-5%, -
-10%
-15%4
-20%

1 2
Time [hour]

X

o

Fig. 6 Effect of 4 mM EDTA on a) TEER, b) capacitance, and c) alpha
values of Caco-2 cells. The gray area indicates EDTA time exposure.
Caco-2 cells were grown for 7 days on the device after being exposed
at the apical side to 4 mM EDTA. 1 ml EDTA was injected into the
microfluidic with an injection port. After 30 min of EDTA exposure,
500 uL of DMEM was perfused at 20 uL min™ (n = 3).
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attributed to microfilament contraction upon EDTA
exposure.”> The electrodes recorded a TEER drop of 50% in
response to EDTA exposure due to an increase in paracellular
permeability (Fig. 6a). After perfusing EDTA-free medium,
TEER values returned to their previous levels after
approximately 2 h. This is in accordance with previous
studies in static cultures and on OoC using absorption
enhancers.">*® In contrast with TEER decline, capacitance
rapidly increased by 30% immediately after EDTA injection.
An increase in capacitance results from the rearrangement of
actin microfilaments, which affects cell morphology and also
could cause a few cells to detach resulting in irregular or
rough monolayers. During EDTA exposure, capacitance values
restore their initial values. After EDTA exposure, capacitance
drop can be attributed to some loss of tissue maturation.
After one hour of free-EDTA medium exposure, the
capacitance returned to its initial values (Fig. 6b). The alpha
parameter undergoes a fast drop during the EDTA exposure,
up to a 15% decrease (Fig. 6¢). Because alpha is related to
the intercellular cleft, its drop is an indication of a decrease
in the cell-to-cell and cell-to-membrane contact area. Finally,
after finishing the EDTA exposure, alpha values quickly
recovered to pre-EDTA levels. This is consistent with the
requirement to regain cell-to-cell contact, followed by barrier
tightening. Alpha is a complementary parameter for tracking
and monitoring changes in cellular barrier permeability.
Moreover, it is dimensionless, making it suitable for better
comparison across different OoC.

Conclusion

In this work, we have engineered an OoC device with
integrated semitransparent PEDOT:PSS electrodes that
perform impedance measurements over a frequency range
relevant to cell culture while allowing optical inspection. We
demonstrate that PEDOT:PSS is an ideal material for
electrode integration into OoC to perform EIS measurements
given its excellent compromise between low electrode
polarization impedance and high electrode transmittance.
Moreover, we show that PEDOT:PSS can be easily integrated
into OoC by using rapid prototyping techniques such as
milling and drop-casting.

Electrode integration into OoC is more informative and
robust than relying on single-frequency measurements with
chopsticks-like electrodes. Exploiting the full frequency
spectrum for Dbarrier function monitoring provides
quantifiable information about cellular behavior and barrier
tissue properties. In this work, the device is used to monitor
in real-time the development and maturation of intestinal
cells, being able to track changes in impedance upon
exposure to a permeability enhancer. The device and
electrode design, apart from preserving the optical
visualization of the cell culture, guarantee a homogeneous
current distribution across the entire cultured tissue making
the entire cell culture area equally accountable for impedance
measurements. Therefore, we can present with confidence

This journal is © The Royal Society of Chemistry 2023
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EIS data normalized by the surface area. This study opens
the way toward a better comparison among impedance data
standardize impedance measurements on an OoC.
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