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Introduction

Measuring direct current trans-epithelial electrical
resistance in organ-on-a-chip microsystemst

Mathieu Odijk,*® Andries D. van der Meer,® Daniel Levner,® Hyun Jung Kim,”
Marinke W. van der Helm,? Loes |. Segerink,? Jean-Phillipe Frimat,?
Geraldine A. Hamilton,” Donald E. Ingber® and Albert van den Berg?

Trans-epithelial electrical resistance (TEER) measurements are widely used as real-time, non-destructive,
and label-free measurements of epithelial and endothelial barrier function. TEER measurements are ideal
for characterizing tissue barrier function in organs-on-chip studies for drug testing and investigation of
human disease models; however, published reports using this technique have reported highly conflicting
results even with identical cell lines and experimental setups. The differences are even more dramatic when
comparing measurements in conventional Transwell systems with those obtained in microfluidic systems.
Our goal in this work was therefore to enhance the fidelity of TEER measurements in microfluidic
organs-on-chips, specifically using direct current (DC) measurements of TEER, as this is the most widely
used method reported in the literature. Here we present a mathematical model that accounts for
differences measured in TEER between microfluidic chips and Transwell systems, which arise from
differences in device geometry. The model is validated by comparing TEER measurements obtained in a
microfluidic gut-on-a-chip device versus in a Transwell culture system. Moreover, we show that even small
gaps in cell coverage (e.g., 0.4%) are sufficient to cause a significant (~80%) drop in TEER. Importantly, these
findings demonstrate that TEER measurements obtained in microfluidic systems, such as organs-on-chips,
require special consideration, specifically when results are to be compared with measurements obtained
from Transwell systems.

A schematic model of a typical tissue barrier consisting of
a culture of epithelial or endothelial cells is shown in Fig. 1.

Trans-epithelial electrical resistance (TEER) is a widely used
parameter to characterize the quality of the barrier function
of epithelial and endothelial cell monolayers. In principle,
measuring TEER across the barrier is a non-destructive, label-
free method, providing real-time information on barrier quality.
Therefore, it is an ideal and relatively low-cost method to
monitor cell growth in organ-on-a-chip microfluidic systems."
The aim of this article is to consider issues that arise when
TEER is measured in microfluidic systems, particularly when
the results of these measurements are compared with values
found in conventional monolayer or bi-layer culture systems,
such as Transwell culture devices.
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In principle, two pathways exist for ion transport across the
cell monolayer: 1) the transcellular pathway, which includes
lipophilic, receptor-mediated, adsorptive and protein transport,
and 2) the paracellular route that involves transport through
cell junctions and the intercellular space.”
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Fig. 1 Endothelial cell layer forming a barrier, image based on
Abbott et al? The extra gap resistance (Rgap) pathway is discussed in
more detail in the next sections.
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A relatively simple equivalent circuit model can be made
for this barrier, as shown in Fig. 1 in which the transported
ions and other charged molecules are the charge carriers in
the system. The transcellular pathway Ry, is the sum of the
apical cell membrane resistance (R,) and the basolateral cell
membrane resistance (Rp). R, depicts the paracellular path-
way and is equal to the sum of the tight junction resistance
(Ry) and the intercellular resistance (R;c). An extra pathway
through a gap resistance (Ry,p) representing partial cell cover-
age of the cell support, is included in the figure indicated by
the dashed line and will be discussed in more detail in the
next sections. Typically, the paracellular pathway is more
dominant in the overall TEER, especially at the beginning of
the barrier culture when adherent junctions or tight junc-
tions between the cells have not yet formed. Please note that
this model is only valid for the transfer of direct current (DC)
signals. DC in this paper is defined as measurements using a
constant current or potential, i.e. a signal of 0 Hz. However, this
simplified model still applies for low-frequency alternating-
current (AC) measurements, such as is used by some TEER
measurement equipment described below.

In this framework, the total TEER is the equivalent resis-
tance of Ry and Ry, in parallel:

(R, +Ry)(R;+R,)

(R, +Ry)+(R;+R,) @

TTEER = erc//Rpc =

Commercial systems to measure TEER, such as the
EVOM2 (World Precision Instruments, Inc.) or the similar
Millicell ERS-2 (Millipore) unit use a near DC (12.5 Hz)
current of 10 pA and a 4-point measurement method with
either silver/silver chloride (Ag/AgCl) chopstick electrodes or
special chambers with patterned Ag/AgCl electrodes, which
facilitate measurements of TEER in Transwell culture inserts. A
summary of average TEER values measured in Transwell
devices for various cell types is shown in Fig. 2 (a more detailed
overview of this literature is included in Table S17}).

There are various factors that influence TEER, including
the physical support that is used for cell culture®® and
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Fig. 2 TEER values for various cell types measured using a DC
technique (Human,>2® Murine, 15172747 porcine,*8>* Bovine®>%Y).
Light-colored bars indicate monocultures, while the darker-colored
bars indicate co-cultures. For the exact cell types used in co-cultures
and further details, see Table S1.}
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temperature,®>®* as well as the material, quality and surface
state of the electrodes. It is clear from the data in Table S1}
and Fig. 2 that TEER values fluctuate significantly for various
cell types. Moreover, even TEER values for the same cell type
vary greatly in different studies. Generally, the values reported
for co-cultures are higher than those for monocultures. Judging
from these data, it is apparent that TEER measurements show
large variance that raises the question whether it is a suitable
method to quantitatively compare specific barrier tightness in
a reproducible and standardized manner.

In the literature, values for TEER in microfluidic chips are
often different from those measured in Transwell systems
using the same cell types.®®®® Here, we show that these dif-
ferences can result from specific measurement-related effects
in microfluidic systems, rather than having a biological origin.
TEER values measured in microfluidic devices also can vary
greatly, and we demonstrate that this can be caused by small
variations in cell confluency, which has a great impact on the
measured TEER value. We focus on determining TEER by DC
methods, as it is the main measurement method used in most
past reports quantifying TEER values (Table S1t). In addition,
we use the gut-on-a-chip®®’® as a model organ-on-chip system
to show how TEER measurements can differ when carried out
in Transwell inserts versus microfluidic chips.

Theory
TEER in a microfluidic chip

To understand the theory behind TEER measurement in a
microfluidic system, consider the simplified geometry of a
typical organ-on-a-chip device, which consists of two parallel
channels separated by a membrane with pores (Fig. 3a). In an
equivalent circuit model of this fluidic chip (Fig. 3b), inlet and
outlet channels I, to l; are depicted by resistors R, to Ry.
The parts of channels a-d and b-c that are connected by the
membrane are indicated by /y,em (the length of the membrane)
and the red dashed square. Therefore, the sum of resistors Ryq
to Ryn1 is equivalent to the reciprocal of the conductance of
the top channel a-d over the length depicted by len. Similarly,
the sum of Rg; to Rg,; is equivalent to the resistance of the
bottom channel b-c over length /,en. Note that Ry = Rp, =
Rg; = ... and so on, similarly for all resistances Ry.. The
actual value of each resistor Ry, or Rz, can be calculated
using the following equation:

[
R = mem
Y (nwyhyK) )

in which l,em is the length of the channel above the
membrane (in meter) and w., and A, the width and height
of the channel (in meter), n the number of resistors included
in the model (typically 1000 or more for accurate results),
and K the conductivity (S m™) of the cell media inside the
chip. The inlet and outlet resistors can be calculated using
the same equation, by replacing /., with the length of the
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A (a

Fig. 3 Chip layout (A) and equivalent circuit (B) of the chip.

specific channel portion (e.g. ;). For the membrane resistors
Ryi1 to Ry, the value can be calculated by:

R — hmem + RTEER
e lmem l (3)
Pwy-memg [y fmen
n n

with fmem equal to the membrane thickness, P the porosity
of the membrane (%) and Ryggg the TEER resistance (Q m?).
The first term in eqn (3) describes the resistance due to the
cell support (e.g. a polyester or polycarbonate membrane)
and the second term, the resistance from the cell barrier.
Please note that Ryppg would be the TEER measured in bulk
systems, like Transwell inserts, where no significant potential
differences can occur in the bulk of the liquid above and
below the cell barrier.

The actual voltage drop and current distribution over the
membrane can be calculated using two approaches. In the
first approach, the equivalent model is approximated by a
finite number of n resistors. Using Kirchhoff Matrix theory,
the network can be solved, as explained in ESL} The Kirchhoff
Matrix approach is verified using an analytical model, which
shows good agreement for TEER resistances above 50 Q cm’.
However, the analytical model is difficult to solve for lower
TEER values and does not allow the study of current distribu-
tion over the membrane. Therefore, only data generated with
the Kirchhoff Matrix model are shown in this paper, but the
analytical model is included in the ESL}

It is possible to use the model to determine what would
happen when one would do a DC measurement on the gut-
on-a-chip to determine the TEER. Experimentally, one would
first measure an empty device from a to b, thus determining
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the values of R,, Ry, Rt, Rg and Ry, together. Then, one would
grow a layer of cells on the membrane, effectively increasing
Ry. One would then measure the resistance of the device
with cells and subtract the measurement from the empty
device, and multiply the resulting value with the total
membrane area. This yields the ‘apparent TEER’ of the cell
layer in this device. It is this apparent TEER that is used in
most papers reporting TEER in organ-on-a-chip systems. This
apparent TEER can be calculated as:

Rapp,TEER = (R(a—b),cells - R(a—b),blank)'wch'lmem (4)

Effect of cell monolayer coverage of the supporting substrate

The effect of cell monolayer coverage of the support membrane
also can be studied using a model adapted from the circuit
configuration shown in Fig. 1. The circuit was extended by
adding a resistor describing a possible gap in the cell layer,
parallel to the transcellular and paracellular pathways (dashed
line and Ry,, in Fig. 1). The resistance of this gap is equal to
the membrane resistance only, as described by the first term of
eqn (3), with n being equal to 1:

thlElTl
o = Py d, K) (5)

Because Rg,, is placed parallel with respect to the cell
layer resistance Ry, (with n = 1), it is possible to calculate the
total resistance Ry, for Transwell systems as a function of cell
coverage C varying between 0 (no coverage) and 1 (total cell
confluence):

Note that this equation is only valid for Transwell systems,
since we use a system where Ry is simplified to a single
resistor (n = 1). This is allowed as the potential is evenly
distributed above and below the cell barrier in the Transwell
culture device.

Experimental
Device geometry

To measure TEER under microfluidic conditions, on-chip
measurements were performed using the gut-on-a-chip organ
model.®*”® The important geometric and electric parameters,
which were also used for the model described in the previous
section, are listed in Table 1.

Cell culture

Human intestinal epithelial Caco-2 BBE cells were obtained
from the Harvard Digestive Disease Center, and routinely
grown in Dulbecco's Modified Eagle Medium (DMEM; Gibco,
Grand Island, NY, USA) containing 4.5 g L' glucose and
25 mM HEPES supplemented with 20% fetal bovine serum
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Table 1 Parameters of the gut-on-a-chip organ model

Parameter Value

Weh 1000 pm
hcha 150 um
Lmem 1 cm

I 5 mm
Ra:Rb:Rc:Rd 20 kQ
Rp=Rg 39 kQ
Cell line Caco-2
Conductivity of culture medium 1.67Sm™

“ The heights of the upper and lower microchannels are identical
(150 pm).

(Gibco), 100 units mL™" penicillin, and 100 pg mL™" strepto-
mycin (Gibco).

Cells were either seeded in Transwell inserts or in the
gut-on-a-chip microfluidic devices, and maintained at 37 °C
in a humidified incubator under 5% CO, in air.

For Transwell experiments, Caco-2 cells were seeded at a
density of 1.5 x 10° cells cm™> on porous, polyester, Transwell
(Corning, Tewksbury, MA, USA) membrane inserts (0.33 cm?,
0.4 um pores) that were pre-coated with a mixture of type I col-
lagen (rat tail, 50 ug mL™"; Gibco) and Matrigel (300 pg mL™;
BD Biosciences, Bedford, MA, USA) in serum-free DMEM for
2 hours. Culture medium was refreshed every other day on
both the apical and basolateral side of a Transwell chamber.

For experiments in the gut-on-a-chip microdevices, the
devices were prepared by flowing 70% (v/v) ethanol through
the channels for sterilization, drying the entire system in a
60 °C oven overnight, and then immediately exposing them
to ultraviolet light and ozone (UVO Cleaner 342, Jelight
Company Inc., Irvine, CA, USA) for 40 min to activate the surface
of microchannels. The gut-on-a-chip devices were then coated
with the same mixture of collagen I and Matrigel as used in the
Transwell cultures. Caco-2 cells were seeded into the upper
microchannel at 1.5 x 10° cells cm™ and allowed to attach
under static conditions. After 1 hour, culture medium was
perfused through the upper channel at 30 uL h™ (fluid shear
stress, 0.02 dyne cm™?) for one day. Subsequently, medium was
flowed through both the upper and lower channels at the same
rate, and vacuum-driven stretching motions (10% in cell strain,
0.15 Hz in frequency) were applied through hollow side
chambers to induce mechanical deformations on the cells using
a pneumatic controller (FX5K Tension; Flexcell International
Corporation, Hillsborough, NC).

TEER measurements

In Transwell cultures, TEER values were measured with a
Millicell ERS meter (Millipore, Bedford, MA) and chopstick-
like electrodes. TEER values were determined by subtracting
the baseline resistance value of empty coated inserts. The
TEER of a Caco-2 monolayer in the gut-on-a-chip microdevice
was measured using a voltage-ohm multimeter (87V Industrial
Multimeter, Fluke Corporation, Everett, WA, USA) coupled to
Ag/AgCl electrodes (0.008" in diameter; A-M Systems, Inc.,
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Sequim, WA, USA). The electrodes were inserted in the tubing
of the inlet of the top channel of the microdevice (a in Fig. 3)
and the outlet of the bottom channel of the microdevice (b).
Again, the baseline resistance value measured in the absence
of cells was subtracted from values of devices with a cell
monolayer.

Results and discussion
TEER model

The theoretical model of the gut-on-a-chip device can be used
to calculate what the apparent TEER of a measurement would
be when cell layers with different TEERs would be growing in
the device. Fig. 4 shows the apparent TEER of the gut-on-a-
chip calculated from the Kirchhoff model, compared to the
actual TEER value used in the model (Rrggr or Transwell
TEER in eqn (3)). The apparent gut-on-a-chip TEER value is
calculated from the potential drop between ports a-b, and an
arbitrary current of 1A, which is applied between ports a-b,
multiplied by the entire membrane area. Interestingly, the
apparent TEER value calculated for the gut-on-a-chip is
higher than the actual Rygggr (Transwell TEER) used in the
model. For example, the apparent TEER value for a measure-
ment in the gut-on-a-chip geometry would be 1550 Q cm®
if the actual (Transwell) TEER were 1000 Q cm?, given the
same monolayer cell coverage. The differences are even more
dominant for the lower range of actual (Transwell) TEER
values. It is worth noting that the effect would be even more
pronounced in microdevices with longer channels or smaller
channel heights.

The reason for this theoretical deviation between apparent
TEER and actual TEER in a microdevice with a gut-on-a-chip
geometry becomes clear when studying the local current dis-
tribution in the device. Fig. 5 shows the normalized current
distribution for the gut-on-a-chip geometry for low (1 Q cm?)
and high (1001 Q cm?®) TEER values through the membrane

—

1000; .
800} /
600}
400t

200r

% 500 1000 1500

Apparent Gut-on-a-Chip TEER (Q x sz)

Fig. 4 Apparent TEER in a theoretical measurement on a microdevice
with the gut-on-a-chip geometry versus the actual (Transwell) TEER
value as used in the model. The dashed line is a guide for the eye to
emphasize the deviation, showing x = y.
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Fig. 5 Top, artist impression of the current (red line) flowing through the
membrane, where the current density is depicted as a gradient from black
to green (high to low). Bottom, calculated current distribution through the
membrane over the length of the channel for low (1 Q cm? and high
(1001 © cm?) TEER values using the geometry for the gut-on-a-chip.

area. At low TEER, any potential difference between top and
bottom channel is almost immediately equalized at the
beginning and end of the channel. With increasing TEER,
more current flows through the entire membrane although
still most current flows through the beginning and end part
of the membrane.

Properly conducted Transwell TEER measurements are
usually optimized by ensuring an equal current density
through the entire membrane. In any case, conductivity of
the culture medium is such that the bulk liquid in Transwell
systems ensures an almost equal potential drop over the
entire membrane. In microfluidic chips, this is clearly not
always the case, as illustrated by Fig. 5. This is because
conductance in the microfluidic channels is easily many
orders of magnitude lower compared to the bulk. As a result,
only part of the membrane is conducting current, therefore
the apparent TEER in these chip systems will be higher than
in a Transwell system with the same membrane area.

One of the ways to overcome this issue would be to
integrate electrodes inside the top and bottom channel to
ensure an equal potential drop over the entire membrane.
Major drawbacks of that approach are that the electrodes will

This journal is © The Royal Society of Chemistry 2015
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block the field of view and device fabrication will be more
complicated and costly. Moreover, the electrodes are not imme-
diately compatible with systems such as the gut-on-a-chip and
lung-on-a-chip devices,*> where mechanical deformations such
as stretching are required.

Alternatively, the theoretical model described in this
article can be used to convert the apparent TEER that is
measured in a microfluidic chip to a TEER that can be com-
pared with Transwell data using a calculated conversion graph,
as shown in Fig. 6. Please note that this graph is calculated for
the specific geometry of the gut-on-a-chip, but similar conver-
sion graphs can easily be calculated for other geometries.

TEER measurements in Transwell versus gut-on-a-chip

Analysis of the same human intestinal epithelial Caco-2 cells
grown in both the gut-on-a-chip and Transwell inserts
revealed that the absolute TEER values measured in the
gut-on-a-chip are consistently higher than those measured in
the Transwell cultures (Fig. 6). The TEER measurements
initially follow a similar trend in both systems; however, after
approximately 70 hours TEER values in the gut-on-a-chip
measurements keep increasing and become significantly
higher than the TEER values measured in Transwell. This is
likely because Caco-2 cells spontaneously undergo 3D villus
morphogenesis from a 2D monolayer (Fig. S4bf) when the
cells experience flow and peristalsis-like motions in the
gut-on-a-chip, beginning about 3 days of culture.®®”® The
gut-on-a-chip displays intestinal villi and crypt characteristics
with physiological growth up to several hundreds of microns
in height, and increased expression of intestine-specific
functions, including mucus production. In contrast, Caco-2 cells
maintain a polarized, but flat monolayer under conventional
static culture conditions (Fig. S4at), which is observed even
up to 2 months of culture. Thus, the increased TEER profile

5000y
——Apparent Gut-on-a-Chip

——Corrected Gut-on-a-Chip

,_\4000' —=-Transwell
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% 3000t Monolayer regime
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5 2000 Villi regime
i

|_ -

1000} ://&
% 40 eo0

80 100 120
Time (hours)

Fig. 6 TEER measurements for the gut-on-a-chip (green, x) and
Transwell (blue, o) using human intestinal epithelial Caco-2 cells. The
corrected gut-on-a-chip line (red, 0), is calculated using the translational
graph shown in Fig. 4, which is only valid in the monolayer regime.
Error bars denote standard deviation. For chip measurements, n = 7, for
Transwell measurements, n = 12.
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after 72 hours may be attributed to enhanced intestinal
differentiation, but the altered morphological features make
it difficult to interpret using the present model.

Model and experimental agreement

Up to 60 hours, the model seems to predict the differences
between the microfluidic chip and the Transwell quite
accurately. Microscope observations confirm that after 72 hours
the cells cultured in the gut-on-a-chip transform from a planar
cell monolayer (Fig. S4bf) into three-dimensional villi-like
structures (Fig. S4ct). Because the height of the villi reaches
~120 pm, the accessible space in the upper microchannel above
the villi progressively decreases, which proportionally increases
the resistance Ry in the top channel. This would account for
the progressive increase in measured resistance at later time
points in the gut-on-a-chip. The current model does not take
this effect into account which would explain the differences
between the model and the experimental results at times
beyond 72 hours.

Effects of poor cell coverage when measuring TEER

In principle, the TEER parameter describes the quality of the
barrier function of a cell layer. In our model, as shown in
Fig. 1 and eqn (6), we discriminate between a paracellular
pathway in the intact cell monolayer and a pathway through
a gap in the monolayer. Fig. 7 shows the impact of a small
gap in the monolayer due to partial cell coverage. As can be
seen from this figure, even a minor defect in monolayer
confluency will have a major impact on the measured TEER.
For example, at 99.6% cell coverage the measured TEER value
will be 80% lower than the TEER of a culture with full cell
coverage. We believe that this is a major reason for the large
variations observed in TEER measurements in literature.
Even monolayers that show the expression of tight junctional
proteins using fluorescent staining can have low TEER if
small gaps are present (e.g. at the edge of the Transwell-
insert or the microfluidic chip). The effects of cell coverage
are of particular importance in microfluidic systems because

100
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Fig. 7 Calculated relative Transwell TEER vs. cell coverage.
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of the relatively small surface area as well as the decreased
effective surface area due to the unequal current distribution
effect described in the previous sections.

DC versus AC TEER measurements

In this and earlier papers, TEER in the gut-on-a-chip device is
measured using a multimeter.®>®® Special care needs to be
taken if a multimeter is used to determine the resistance, as
the applied voltage to the electrodes can vary significantly
among manufacturers, models and also between various
resistance measurement ranges. The used voltage can therefore
influence the determination of TEER or in worst case depletes
the Ag/AgCl electrode quickly leading to measurement errors
and cell toxicity due to the release of silver ions.”" Moreover,
the Millicell ERS meter used for Transwell TEER measurements
is not suited for the gut-on-a-chip device. The Millicell device
uses a fixed current of 10 pA, which results in potentials that
exceed the maximum measurable membrane potential of
200 mV due to the high resistance of the microchannels. For
reproducibility, each TEER measurement in the gut-on-a-chip
device was carried out with freshly prepared pair of Ag/AgCl
electrodes as prolonged use of a single electrode would lead to
undesired changes in resistance due to changes in the
electrode surface. In both cases the TEER measurement is very
sensitive to temperature variations.

Given the downsides of DC-based systems, complex-
impedance based systems’> have been developed for measuring
TEER as well. The company Flocel Inc. is offering an AC mea-
surement system, but it is tailored towards special proprietary
cartridges used for cell culture and is therefore not easily trans-
ferable to organs-on-chips or Transwell systems. To our knowl-
edge, the only AC systems commercially available to determine
TEER in Transwell are the cellZscope system’> (nanoAnalytics
GmbH) and the ECIS system (Applied Biophysics).

In principle, the model presented here can be extended to
include the cell membrane capacitance and the double layer
capacitance at the electrode surface. Ultimately we expect
that measurements using AC will allow direct determination
of TEER by comparing the impedance at two distinctively
different frequencies. Moreover, Ag/AgCl electrodes would be
no longer required as measuring with AC enables the use of
other (inert) electrode materials like platinum.

Conclusions

TEER measurements show large variations in literature, not
only between various cell lines but also between different
studies with the same cell lines. It also has been difficult to
compare results obtained with different culture systems, such
as Transwell culture inserts versus microfluidic organs-on-chips.
Our results show that when measuring TEER in organ-on-a-chip
systems, the confined environment of microfluidic channels
results in higher values compared to Transwell. Our analysis
also revealed that this seemingly higher TEER has a geometrical
origin, rather than a biological one. Importantly, TEER
measurements obtained in microfluidic systems can be

This journal is © The Royal Society of Chemistry 2015
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compared to those obtained in Transwell systems using the
theoretical model and comparison method we presented here.

The cell coverage over the supporting substrate is also an
important factor. Only the slightest gap (0.4%) can reduce
the measured TEER significantly (80%). Even if fluorescent
staining indicates a good barrier with tight junctions, TEER
values might be lower if a small gap is present somewhere
in the cell monolayer. We suspect that small defects in
cell coverage are the main cause for large variations in
measurements reported in literature.
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