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1 Introduction

Real-time impedance-based cell migration
measurements with integrated electrodes on
porous membranes for next generation
microphysiological systems

1%° and Darwin R. Reyes (@ *@

Karina Torres-Castro , @11 Aditya Rane
We present a novel microfluidic device capable of electrically interrogating both surfaces of a porous
membrane quantitatively and in real time using electrical impedance spectroscopy to monitor cell
migration. This device holds patterned gold electrodes on both sides of the membrane, which enable
independent impedance measurements on each side of the membrane. We introduce the term cross-over
cell migration (CoCM) to describe this dual-sided approach, which allows precise monitoring of cells at
their seeding location and as they move through a porous membrane. To ensure reliable tracking, we
developed a normalization method, the CoCM index, that allows us to compare both membrane surfaces
directly in real-time. Human renal carcinoma cells (786-0O) were passively seeded in the device's top
microfluidic chamber, and we collected impedance data from both sides of the membrane surfaces
simultaneously over a three-day period. These measurements successfully captured the onset and
progression of cell migration across the membrane interface. We tracked the cells with fluorescence
imaging in parallel to validate our impedance data. As cells appeared in focus on the bottom-side electrode
surface, their numbers kept increasing over the course of our experiment. The CoCM index decreased by
about 20% in the top chamber and increased by approximately 15% in the bottom chamber. Symmetrical
CoCM index trends appeared after 40 h, consistent with the fluorescent images captured. Finally, we
performed live-cell fluorescence assays to confirm post-experiment cell viability and to quantify migrated
cells, further validating our CoCM platform measurements. This platform is a valuable tool not only for
real-time and quantitative cell migration studies of cancer and other cells in bulk but also for future studies
of single-cell migration processes.

Cells respond and migrate distinctly based on the
environmental cues they are presented with, including

Cell migration plays a crucial role in many physiological,
developmental, and disease-related processes. But in addition
to helping maintain healthy tissue, cell migration also affects
cellular processes under pathological states such as
inflammatory diseases," immune responses,> and cancer.’ For
instance, defective cell migration can disrupt neuronal
development, inhibit chronic wound healing, and cause
deficiencies. Furthermore, uncontrolled cell
migration can lead to invasive metastatic cancer, autoimmune
diseases, and fibrosis.*
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mechanical substrate compliance (durotaxis) and stiffness,’
geometric features such as porosity and surface roughness,®
electric cues (electrotaxis),” chemical cues on surfaces
(haptotaxis),® and chemical diffusion (chemotaxis).” However,
understanding how cells migrate through different body
cavities and porous tissues provides valuable insights into
in vivo migration mechanisms, as well as how cells
communicate and interact with each other.’®'" For example,
different tissue cells can be cultured on the top and bottom
of a centrally located, extracellular matrix-coated porous
membrane, with air introduced in one of the channels for
lung-on-a-chip studies or with the perfusion of different
fluids to test the effects of various drugs or fluid
characteristics on cell-cell interactions in brain-on-a-chip
and heart-on-a-chip models."?

In vitro studies have shown that subpopulations of cells
can create short-range dynamic gradients™ that stimulate
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directional migration in other cells, similar to a leader-
follower dynamic.'* Therefore, monitoring cell migration in
real-time through thin membranes can generate critical
knowledge regarding these dynamic processes. Furthermore,
sensing approaches for real-time monitoring of cell migration
dynamics can provide new insights if integrated into 3D
microphysiological systems (MPS) and are label-free. Label-
free sensing techniques are preferable since they do not
chemically modify cells, thus eliminating the possibility of
cells developing additional interactions when exposed to
molecules foreign to the human body. Among the label-free
analytical methods available for monitoring cell behavior,
electrochemical impedance spectroscopy (EIS) provides great
compatibility with MPS, continuous readout, and amenable
coupling with complementary techniques such as optical

microscopy.'®®
Several research groups have integrated impedance
sensing capabilities into cell culture wells,"®*° transwells

(Boyden chambers),”* and microfluidic channels.””> Among
commercially available solutions, a real-time cell analyzer
using transwells with porous membranes containing
patterned microelectrodes on one side of the membrane has
been reported.”*>* In this commercial system, cells are
seeded on the top surface of the membrane within a gel layer
(e.g., Matrigel), and the platform detects them only after they
have migrated to the opposite side. While this platform uses
a normalization method to quantify impedance changes over
time, in which the overall cell index increases as cells cross
the membrane, this approach provides impedance
information from only one side.*> Consequently, it cannot
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capture the complete movement across the membrane.
Moreover, seeding cells in a gel increases the migration
distance before they reach the membrane interface, and the
quasi-static well configuration is limited to batch-mode
operation, preventing integration into microfluidic platforms,
which offer higher impedance sensitivity and precise flow
control necessary for various MPS applications.

Other approaches that integrate impedance measurements
into microfluidic devices®>*?” have become more sophisticated
in their attempts to sense the movement of cell clusters or to
increase sensitivity for single-cell measurements.”® However,
these approaches share the common limitation of placing
electrodes on only solid surfaces such as the substrate and/or
the ceiling of the channels (e.g, glass, plastic, silicon) and, as
a result, can only measure cells when they depart or arrive at
the electrodes.

Another approach for transepithelial/transendothelial
electrical resistance (TEER)***° measurements consists of a
microfluidic device with a channel divided by a porous
membrane and electrodes fabricated at the floor of the
bottom channel and the ceiling of the top channel. In this
system, a cell layer is measured from top to bottom across
the membrane. This design enables real-time measurements
of the integrity and permeability of cell barriers across the
membrane, but cannot measure the impedance directly at
the interface where the cells are.’ Although innovative, this
approach limits single-cell sensitivity, as the sensing
mechanism relies on bulk impedance measurements across
both microfluidic channels rather than directly measuring
the location of the cells.
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Fig. 1 Concept of cross-over cell migration (CoCM) impedance measurements. (A) Lateral view of the microfluidic chamber cell seeding process
via passive flow. The chamber is divided by a porous membrane (light blue), with measurement electrodes on both sides of the membrane. The
pressure gradient and electric field lines are also illustrated. (B) At t = 0 h, the cells are settled on the top electrodes located in the upper
microfluidic chamber. The inset shows a previously reported equivalent circuit model for cell migration impedance measurements, where Rg,k
represents the bulk resistance of the cell medium; R.,, and C,, denote the cell membrane resistance and capacitance, respectively; and R, and a
constant phase element (CPE) capacitance represent the charge transfer resistance and the electric double layer at the electrode surface.3? Cells
re-arrange, spread, and begin migrating towards the bottom chamber through the membrane after =10 h, where they are probed by the bottom
measurement electrodes. After ~40 h, a larger cluster of cells migrates into the bottom channel.
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To address these limitations, we developed an approach that
can independently measure cell behavior at the surface and on
both sides of the membrane. This method, combined with a
normalization technique allow us to monitor in real-time and
continuously cell migration processes on both sides of the
membrane. The system consists of interdigitated electrodes on
both sides of a track-etched polyethylene terephthalate (PET)
membrane. This allows us to monitor cell migration in a
microfluidic chamber by measuring the cross-over -cell
migration or CoCM impedance of cells traversing a porous
membrane. Our device concept is shown in Fig. 1(A and B).

We seeded 786-O adenocarcinoma kidney cells passively
(pump-free) onto the PET membrane in a microfluidic
chamber and developed a CoCM index normalization method
that allows us to track both sides of the porous membrane
(top and bottom chambers) and standardize the
measurements for the two potentiostats we used to measure
both surfaces. Therefore, our CoCM impedance index enables
us to track cells, simultaneously and with two separate
instruments, as they cross the porous membrane interface.

To the best of our knowledge, this is the first microfluidic
platform capable of tracking cell migration across a porous
membrane by measuring impedance fluctuations on both
sides of the membrane surface, effectively monitoring CoCM
impedance in real-time. This platform can also be operated
with microfluidic pumps for various MPS applications, such
as heart-on-a-chip and to track changes in cell morphology
due to interstitial shear stress or different flow conditions at
porous interfaces that emulate human tissue structures. Both
applications are the subject of current research in our lab.

2 Materials and methods
Fabrication and assembly of CoCM impedance device

We developed a novel CoCM device consisting of two vertically
aligned chambers separated by a porous PET membrane, with
addressable electrodes integrated on both sides to allow
simultaneous and independent impedance measurements on
each surface. Commercially available track-etched PET
membranes (2000M23, it4ip S.A.) with an 8 um pore diameter
(6 x 10" em™) and 16 um thickness were cleaned in isopropyl
alcohol (IPA) and deionized water (DI H,0O). To pattern
electrodes on the porous membranes, each membrane was
placed on a Si wafer with a spun-on high modulus
reprographic silicone (hPDMS, Gelest§) coating
(Fig. 2A(i and ii)). The hPDMS on the Si wafer serves as a
substrate to adhere the thin, track-etched membrane,
allowing for downstream photolithography-based techniques
at a wafer scale. Gold electrodes 50 um wide, and separated
by gaps of 5 um (see Fig. S1 for SEM image of electrodes on
membrane), were then patterned on both sides of the

§ Certain equipment, instruments, software, or materials are identified in this
paper solely to provide a clear description of the experimental procedures. This
identification does not constitute an endorsement or recommendation by NIST,
nor does it imply that the materials or equipment mentioned are necessarily the
most suitable or available for the stated purpose.
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membrane using a modified version of the method previously
developed in our lab.>*** Briefly, a photoresist bilayer of lift-
off resist (LOR 3A, Kayaku Advanced Materials) and
photoresist S1813 (Kayaku Advanced Materials) was spin-
coated on the membranes (Fig. 2A(iii)). After soft baking the
resists, the membranes were exposed using a maskless aligner
to pattern the electrode design. Membranes were developed
using MF319 developer (Kayaku Advanced Materials),
followed by deposition of a 5 nm Ti layer and a 50 nm Au
layer using a Denton E-beam evaporator. The metal layers
were then lifted off using PG Remover (Kayaku Advanced
Materials) and Remover 1165 (Kayaku Advanced Materials),
and lift-off to pattern interdigitated electrodes and a counter
electrode on one side of the membrane (Fig. 2A(iv)). The
patterned membrane was then flipped over to repeat the
process and pattern electrodes on the other side of the
membrane (Fig. 2A(v and vi)). Using alignment marks that are
part of the design, we ensure that the patterned electrodes on
one side are coincident with the electrodes on the other side
of the membrane. This makes the device amenable to
tracking using time-lapse imaging, since the spacing between
the interdigitated electrodes permits light to pass through
and image cells as they migrate from one side to the other.

The microfluidic channel layers of the device were
fabricated using a negative photoresist (SU-8) on a silicon (Si)
wafer, creating a straight channel with a height of =100 um.
The patterned SU-8 Si wafer was used as a mold to hot
emboss (Sublym, Eden Tech) and transfer the pattern to
FlexdymTM (Eden Materials) thermoplastic sheets using a
hot embosser (170 °C, 360 s). A glass slide was used as a
substrate for assembling the layers that constitute the device
(Fig. 2B(i)). The microfluidic channel that forms the bottom
chamber was placed on the glass slide with the channel
facing up. With the use of alignment marks on both the
channel layer and the PET membrane, the PET membrane
was aligned to the bottom microfluidic layer (Fig. 2B(ii)).
Inlet and outlet holes of 2.5 mm diameter were punched in
the top thermoplastic channel to access the channels
(Fig. 2B(iii)). The top channel layer was then aligned with the
channel side facing down, thereby making contact with the
electrodes (Fig. 2B(iv)). The device was then placed in an oven
at 80 °C for 1 min to thermal bond all layers conformally,
and create water-tight interfaces to avoid leaks (Fig. 2B(v)).
For reservoirs, polydimethyl siloxane (PDMS, Sylgard 184)
slabs were cast on a silanized Si master and allowed to cross-
link at 70 °C for 12 h. The slabs were then cut, and 5 mm
through-holes were punched to serve as reservoirs. These
reservoirs were O, plasma-bonded to the inlet and outlets of
the device (Fig. 2B(vi)). Pictures of our experimental setup are
shown in Fig. S2.

Cell culture

786-O cells were obtained from the American Type Culture
Collection (ATCC) and cultured as described by the supplier.
Cells were grown on polystyrene flasks in Roswell Park
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Fig. 2 Schematic of fabrication and assembly of CoCM device. A) Photolithography workflow for patterning electrodes on porous PET membrane.
(i) A Si wafer with hPDMS, (ii) serves as a substrate for the PET membrane. (iii) Using standard photolithography processes, photoresist is coated on
the membrane, (iv) patterned and deposited with gold, followed by lift-off to pattern one side of the electrodes. (v) The membrane is flipped, (vi)
and the process is repeated to finish patterning electrodes on the other side of the membrane. B) Assembly and alignment of channel layers, PET
membrane electrodes, and reservoirs for the CoCM device. (i-ii) A glass slide, the bottom channel layer, and the electrode are aligned using
alignment marks. (iii) The top channel layer is hole punched, (iv) flipped and aligned with the electrode, followed by (v) thermal bonding. (vi)
Reservoirs are plasma-bonded to the inlets and outlets to complete the CoCM device.

Memorial Institute (RPMI-1640) media supplemented with
10% fetal bovine serum (FBS) and sub-cultured upon
reaching 80% percent confluency. All experiments were
performed with cells below a passage number of 14. Before
loading cells into the device, cells were stained with
CellTracker Red in order to enable fluorescent live imaging
of cell movement.

Cell seeding

To prepare for seeding cells, devices were sterilized by filling
the channels and reservoirs with IPA for 30 min. Following
IPA treatment, the channels were rinsed with DI water and
then dried. The devices were then plasma cleaned using
oxygen plasma to render surfaces hydrophilic. Channels were
then coated with extracellular matrix (ECM) material to
promote cell adhesion. First, the channels were treated with
fibronectin (50 pug mL™" in 1x PBS) for 2 h at room
temperature, followed by polyallylamine hydrochloride (PAH)
or poly-i-lysine (PLL) (0.5 mg mL ™" in deionized H,0) for 30
min at room temperature.**” Channels were then filled with
media in preparation for cell seeding. Cells were seeded at a
concentration of 2 x 10° mL™" in the top channel. Briefly, 100
pL of cell suspension was added to the inlet of the top
chamber, while =75 uL of media was added to the outlet of
the top chamber. The offset in volumes at the inlet and outlet

Lab Chip

resulted in a slow, gentle flow of cells into the chamber. After
30 minutes, cells settle down and adhere to the top chamber.
At this point, media/cell suspension in the inlets and outlets
is replaced with fresh media.

Live-cell imaging

The device and a printed circuit board (PCB) were placed in a
custom-made 3D printed holder. The holder allows for live-
cell microscopy imaging while also providing for cable
connections for electrical measurements and a 5% CO, line.
The 3D printed chamber was then mounted on the
microscope stage of an inverted microscope, which was
encased in a heated chamber set to maintain 37 °C. Cells
were imaged every 20 min for up to 72 h while the media was
changed every 6 h. To obtain images of cells on the top
surface of the membrane, the device was separately imaged
with an upright microscope at the start and end of the
experiment.

Monitoring cell migration across a porous membrane via
impedance spectroscopy

The microfluidic chip consists of two vertically aligned
chambers separated by a porous membrane. This region
corresponds to the region of interest (ROI) where cells are
seeded and observed, with independent inlet and outlet

This journal is © The Royal Society of Chemistry 2026
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microfluidic channels connecting the top and bottom
chambers (see Fig. 3).

We tracked cell migration dynamics across the porous
membrane using electrical impedance spectroscopy. Each side
of the membrane contains a set of coplanar electrodes (Ti-Au)
in a two-electrode measurement configuration, enabling
impedance monitoring across the entire microfluidic chamber
volume.*® The measuring electrode is connected to ground
and is designed with circular interdigitated features to
facilitate spatial localization of cells through fluorescence
microscopy (Fig. S1). A stimulating/excitation electrode is
connected to an AC input signal of 30 kHz.***' Each
stimulating electrode is located at its corresponding
microfluidic inlet branch, separated (4250 pum, center-to-
center) from the microfluidic chamber measuring electrode,
and has an effective area twice that of the measuring electrode.
Each electrode pair is connected to a separate potentiostat
channel (Parstat MC, PMC-1000, Ametek). Impedance data
were acquired every 20 minutes using the VersaStudio software
(version 2.65.2) loop function, with a 10-minute stagger
between the triggering of each potentiostat channel to prevent
inter-channel interference.

Cell staining

At the end of 72 h of cell migration tracking, calcein AM
(1 ug mL™ in non-supplemented RPMI-1640 media) was
added to the channels and incubated at 37 °C for 45 min.
The top and bottom surfaces of the membrane were then
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Fig. 3 CFD simulations of the CoCM microfluidic chip design. (A)
Simulated pressure drop across the passive microfluidic device when
inlet reservoirs are initially filled. (B) Shear rate distribution within the
whole seeding chamber, showing an FSS slide at a height of 5 um
above the membrane, where the cells are adhered. The analysis
ensures that cells are exposed to physiologically relevant FSS levels*?
that support cell viability for human kidney cells.
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imaged using an inverted and upright microscope to obtain
images of viable cells in each channel. Images were
quantified using Fiji/Image] to determine the number of cells
in each frame.

3 Results and discussion

Estimating fluid shear stress (FSS) via computational fluid
dynamics (CFD) shear rate simulations to guide microfluidic
cell seeding chamber design

Fluid shear stress (FSS) significantly influences cell viability,
gene expression, and cellular functions.”” Traditional cell
culture platforms, such as well plates, are static systems
characterized by a high volume-to-cell ratio. As a result,
they present low FSS levels, which help preserve cell
viability. In contrast, MPS devices often face challenges
related to designing microchannels or culture chambers
that maintain appropriate FSS levels. Active pumping in
MPS offers greater flexibility because their flow rates can
be easily adjusted to maintain FSS within physiologically
relevant ranges, thereby preserving cell viability. Passive
systems, such as the one described here, rely on gravity-
driven flow, which makes FSS control more difficult. In
these systems, careful geometric design is essential to
ensure cells, particularly in regions of interest such as the
seeding chamber, are not exposed to high FSS levels that
could compromise their viability. Computational fluid
dynamics (CFD) simulations are valuable tools for
estimating flow conditions in gravity-driven microfluidic
devices and for guiding design optimizations that minimize
harmful FSS.

In our system, we seed cells in the top channel and
concentrate the bulk cell population in our region of
interest (ROI), where impedance electrodes monitor CoCM
impedance. We simulated key parameters, such as the
pressure drop (Fig. 3A), to optimize our device design.
The system experiences the highest FSS immediately after
each media change, when the inlet reservoirs are filled.
Over time, FSS levels gradually decline until the system
reaches quasi-equilibrium. This cycle repeats with each
media replacement.

To assess the worst-case scenario, we used a finite element
commercial software to simulate FSS under peak conditions
immediately after changing the media. We estimated the
shear rate experienced by the bulk cell population. For
visualization purposes, we present an FSS slide plot at
approximately 5 pm above the membrane surface (Fig. 3B).
We show that the ROI FSS levels in the microfluidic chamber
are within previously reported healthy FSS levels.*> We
calculated the FSS using the reported viscosity of RPMI-1640
medium at 37 ©°C,” which matches our experimental
conditions. Based on these simulations, we ensured that
most of the cells seeded on the membrane surface within our
ROI would not be exposed to excessive FSS levels (>0.120 Pa)
that could significantly affect their viability over the course of
our experiment (=3 days).
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CoCM impedance index

To account for baseline variability, impedance values were
normalized separately for each channel using their respective
initial measurements. Specifically, three impedance readings
were acquired per hour and averaged to yield a single hourly
value per channel. Each channel's hourly averages were then
normalized by dividing them by that channel's average
impedance during the first hour (¢ = 0 h), after seeding the
cells on the top channel (=30 min post-seeding). The
normalized impedance for channel 7 at hour /& was calculated
using the following equation:

Np
Zinn
Z;»(CoCM index) = "—1—— (1)

Z Zi.,O‘n
n=1

where Z;,, represents the nth impedance measurement for
channel 7 (2 independent potentiostats) during hour A, Ny, is
the number of measurements taken in hour %, and N, is the
number of measurements taken at ¢ = 0 h (beginning of the
experiment). This normalization reduces absolute impedance
differences between channels that may arise from variations
in chip connections, inconsistencies introduced during
electrode fabrication, or slight offsets between potentiostats.
This is necessary in order to account for differences in initial

t=0h

-
—

TOP Chamber

BOTTOM Chamber

t=70 h B)
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experimental conditions, such as one microfluidic chamber
containing adherent cells while the other contains only
media at ¢ = 0 h. By expressing impedance relative to its
respective channel baseline, this approach enables direct
comparison of both channels over time and facilitates the
assessment of whether impedance increases or decreases
relative to each channel's initial state. We refer to this
method of normalization, which enables real-time tracking of
cells on both sides of the membrane, as the crossover cell
migration impedance index, or CoCM index. Fig. S3 shows
the stability of impedance measurements (CoCM index) over
6 hours in a device containing only culture medium (no
cells), demonstrating minimal baseline variation.

Fluorescence imaging for validating CoCM and viability

We validated our impedance measurements with real-time
fluorescence imaging. After manually seeding cells in the top
chamber using passive flow, we imaged the cells with an
upright microscope to confirm that we had enough cells in
our ROI (Fig. 4A(i)). Our cell coverage density was
approximately 500 mm™>, forming multilayered clusters
within the region of interest of the top chamber.

The chip was then placed in an inverted live-cell
fluorescence microscopy setup, which included a closed
environmental control system (37 °C, 5% CO,, humidity
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Fig. 4 Migration of 786-0O cells from one side of the CoCM device to the other. A) (i) 786-O cells marked with CellTrackerRed are seeded in the
top chamber at the start of the experiment (t = 0 h) (scale - 250 um). (ii) At the end of the experiment (t = 70 h), cells are viable as demonstrated
by the green calcein AM staining observed in live cells (scale - 250 um). (i) At the start of the experiment (t = 0 h), no cells are present in the
bottom chamber (scale - 500 um), (iv) while at the end (t = 70 h), cells that migrate are visible and viable as seen by the green calcein AM staining
(scale - 250 pum). B) (i) Viability of cells in the top and the bottom chamber at the end of the experiment (t = 70 h) and (ii) the percentage of area
covered by cells in the region of interest at the bottom electrode at the start (t = 0 h) and end of the experiment (t = 70 h). Data reported as
mean * STD.
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maintained), for time-lapse impedance measurements in
parallel with image acquisition. We acquired the first set of
images at ¢ = 0 h and took 3 images per hour over the course
of 70 hours (approximately 3 days). At ¢ = 0 h, only a few cells
were in the focal plane of the inverted microscope, which
was set to focus on the bottom side of the membrane, that is,
on the opposite side of the seeding chamber (Fig. 4A(iii)).
After 45 h, we observed cells crossing into the bottom
chamber, as they began to overlay the interdigitated
electrodes (see Movie S1). This behavior was consistent with
our measured trends in the CoCM index, described later.

To verify that impedance measurements did not
significantly affect cell viability, we performed a viability
assay using calcein AM at the end of the experiment (¢t = 70
h) (Fig. 4A(ii) and (iv)). Live staining revealed dead cells in
both chambers with >90% viable cells in the lower chamber,
indicating that the applied voltage and frequency did not
compromise cell viability and migration (Fig. 4B(i)). We
attribute the lower viability in the top chamber to high cell
density, which causes the stacking of cells in multiple layers,
thereby resulting in a lack of cell spreading and formation of
focal adhesions, leading to increased cell death. The area
covered by the cells within the region of interest in the
bottom chamber also increases as the cells migrate over the
70 h time period of the experiment (Fig. 4B(ii)). See Fig. S4
for a more detailed explanation of how we count the cells at
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the top and bottom channels while maintaining the same
focal plane throughout the entire experiment.

CoCM index experimental results

We present CoCM index traces for n = 3, along with their
corresponding standard deviations (+STD). Fig. 5(A)
illustrates impedance changes across the top and bottom
microfluidic chamber electrodes as cells migrate from the
top (seeding) chamber to the bottom chamber through the
porous membrane. As cells traverse the membrane, the
CoCM index in the top chamber decreases. Conversely, the
CoCM index in the bottom chamber begins to rise after
approximately 10 hours, as shown in Fig. 5(B), indicating
successful cell migration tracking.

In the top microfluidic chamber (blue line), the CoCM
index decreases by approximately 20%, while in the bottom
chamber (orange line), it increases by about 15%. A steeper
change in the CoCM index occurs after 40 h, coinciding with
a greater number of cells crossing the membrane. This trend
is evident in the inversely proportional, symmetrical patterns
shown in Fig. 5(C), and is corroborated by the corresponding
fluorescent image frames shown in Fig. 5(D).

The image taken before the 40 hour mark (40 h after the
beginning of the experiment at ¢ = 0 h) shows most cells
residing in the top chamber, on the opposite side of the
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Fig. 5 CoCM index experimental results at 30 kHz frequency. (A) Top and bottom CoCM index plots for simultaneous impedance tracking at top
and bottom chambers over the course of 70 h. (B) Close examination of the CoCM index plots in (A) starting at 10 h after seeding cells at the top
chamber. At this time point, the 786-O cells impedance decreases ~20% (blue line) at the top-side membrane electrodes and the impedance
increases =~15% (orange line) at the bottom-side membrane electrodes over the course of the experiment. (C) Symmetrical trends are observed
40 h after seeding the cells in the top chamber when a larger group of cells crosses to the bottom chamber. (D) Corresponding image cell
tracking with fluorescent red cell-tracker dye (CMTPX) prior to 40 h and after 45 h, when the CoCM index presents a steeper and symmetrical
CoCM index change correspondence between the top and bottom measurements (scale - 250 um).
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membrane. Due to the inverted microscope's focal plane
being aligned with the bottom-facing membrane electrodes,
the electrodes obstruct the light and obscure the cells in the
top chamber. In contrast, the image taken shortly after 45
hours shows cells clearly in focus at the bottom electrode. At
this point, the cells have crossed the membrane/electrode
surface and are now positioned at the focal plane of the
inverted microscope, where it can focus and capture clear
images of the cells.

Enhanced cell detection via small detection volume

Our microfluidic chip's chamber electrodes have a small
surface area-to-detection volume ratio (SA/V) of ~0.005 um™,
enhancing the interaction between our impedance sensors
and the cells. This design enabled us to monitor cell
migration with high resolution, as demonstrated in Fig. 5,
where we observed impedance changes in response to small
numbers of migrating cells. This is especially true for the
bottom chamber, where cells crossed, spread, and began to
form a monolayer, resulting in a tighter standard deviation
range compared to the top chamber, where cells formed
multilayered, heterogeneous stacks. Accordingly, the data
show a larger standard deviation at each measurement time
point in the top chamber. To establish the baseline variability
of our system, initial background measurements in a cell-free
device yielded a coefficient of variation (CV) of 3.21%, with a
95% confidence interval ranging from 1.73% to 4.70%,
indicating low experimental variation (<5%).

Advantages and limitations of our current passive flow setup

Our microfluidic device operates with gravity-driven flow, a
design choice that simplifies fluid handling by eliminating
the need for external pumps. This passive flow setup is easy
to use and offers advantages in terms of reduced complexity
and cost, as it requires no active fluid pumps or complex
tubing connections. The system's simplicity is enhanced by
the integration of reservoirs in the inlets and outlets, which
serve as built-in fluid buffers. These reservoirs do not require
a significant footprint or height, making the setup ideal for
situations with limited microscope head clearance and
minimizing the need for additional external components.
However, while passive flow improves ease of use and
simplifies fluid handling, it also presents several challenges.
One of the primary drawbacks is that maintaining a constant
volumetric flow becomes more difficult, even when there is
continuous positive pressure flow. Achieving stable flow rates
over time is a challenging task. Particularly in our case, after
the system reaches equilibrium and the flow becomes quasi-
static, similar to a conventional well plate setup, but with a
significantly reduced volume-to-cell ratio. Therefore, the
impact of medium evaporation on the composition becomes
more pronounced compared to a well plate. Additionally, the
small volume of the microfluidic chamber means that when
the nutrients in the medium are depleted by the cells, more
nutrients need to travel by diffusion from longer distances
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through the length of the channel, further compounding the
issue.

To mitigate the effects of evaporation and medium
depletion, we fabricated our microfluidic devices using a
biocompatible and less gas-permeable co-polymer material
(Flexdym). This helped slow down medium evaporation.
However, despite these efforts, medium depletion still
occurred after the fluid flow equilibrated at both inlets and
outlets. As a result, we need to replenish the media every 6 to
8 hours to maintain optimal cell viability.

Our platform offers a significant advantage over
commercially available systems for cell migration studies by
integrating interdigitated electrodes on both sides of a porous
membrane embedded within a microfluidic system. Unlike
well-known static, transwell-based commercial platforms,
which monitor impedance only on one side of the
membrane*>** and cannot capture cell movement across the
pores (cross-over cell migration, CoCM), our device enables
real-time impedance tracking of cells on both sides, allowing
comprehensive monitoring of the migration process. Our
microfluidic device supports passive, pump-free flow
conditions similar to traditional transwells, while also
opening the possibility for dynamic, pump-driven flow to
better mimic physiological shear stresses and mass transport.
In addition, our system also couples real-time optical imaging,
providing a multi-modal approach to studying cell migration.
Finally, we fabricated our devices using the aforementioned
biocompatible thermoplastic block copolymer, which is
compatible with other commercially available thermoplastics
and microfabrication techniques, allowing for further
integration into scalable microfluidic arrays.

4 Conclusions

We developed a fabrication method to pattern gold
electrodes on both sides of a porous PET membrane. These
two independently addressable arrays of electrodes enable
simultaneous impedance measurements on both sides of
the membrane, thus allowing for complete monitoring of
cell migration through the membrane or CoCM. In
addition, we introduced the CoCM impedance index, a
method to normalize impedance measurements on both
membrane surfaces, which provides real-time tracking of
cells as they migrate from the top chamber, where they are
initially seeded, to the bottom chamber, which initially
contains only media. The small surface area-to-volume (SA/
V) ratio of our microfluidic device on both sides of the
porous membrane interface allows us to resolve impedance
changes as small groups of cells migrate through the
membrane pores. The microfluidic design was carefully
optimized to maintain fluid shear stress (FSS) within
physiologically relevant ranges. This is critical for
maintaining viable cells throughout the length of the
experiments. Furthermore, we fabricated the microfluidic
channels wusing a biocompatible, thermally bonded
copolymer capable of withstanding pressurized conditions.
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This makes our device suitable for pump-driven flows while
remaining adaptable to a wide range of microphysiological
systems (MPS).
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