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ABSTRACT

Measuring transendothelial or transepithelial electrical resistance (TEER) is a widely used method to
monitor cellular barrier tightness in organs-on-chips. Unfortunately, integrated electrodes close to the
cellular barrier hamper visual inspection of the cells or require specialized cleanroom processes to
fabricate see-through electrodes. Out-of-view electrodes inserted into the chip's outlets are influenced by
the fluid-filled microchannels with relatively high resistance. In this case, small changes in temperature
or medium composition strongly affect the apparent TEER. To solve this, we propose a simple and
universally applicable method to directly determine the TEER in microfluidic organs-on-chips without
the need for integrated electrodes close to the cellular barrier. Using four electrodes inserted into two
channels - two on each side of the porous membrane - and six different measurement configurations we
can directly derive the isolated TEER independent of channel properties. We show that this method
removes large variation of non-biological origin in chips filled with culture medium. Furthermore, we
demonstrate the use of our method by quantifying the TEER of a monolayer of human hCMEC/D3 cer-
ebral endothelial cells, mimicking the blood-brain barrier inside our microfluidic organ-on-chip device.
We found stable TEER values of 22 Q cm? + 1.3 Q cm? (average + standard error of the mean of 4 chips),
comparable to other TEER values reported for hCMEC/D3 cells in well-established Transwell systems. In
conclusion, we demonstrate a simple and robust way to directly determine TEER that is applicable to any
organ-on-chip device with two channels separated by a membrane. This enables stable and easily ap-
plicable TEER measurements without the need for specialized cleanroom processes and with visibility on
the measured cell layer.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

vitro culture systems (Bhatia and Ingber, 2014; Moraes et al., 2012;
van der Meer and van den Berg, 2012). Generally, these devices

Transendothelial or transepithelial electrical resistance (TEER)
is a powerful, non-invasive measure of the tightness of a cellular
barrier in vitro. It is widely used in both conventional Transwell
culture systems and in recently developed organs-on-chips to
monitor barrier formation and function (Abbott et al., 2014; Car-
doso et al., 2010; Odijk et al., 2015; Srinivasan et al., 2015; Thue-
nauer et al.,, 2014). Organs-on-chips are microfluidic devices in
which human tissues can be cultured in a controlled environment
that is engineered to better mimic the physiologically relevant
in vivo microenvironment of that specific tissue than standard in

* Corresponding author.
E-mail address: m.w.vanderhelm@utwente.nl (M.W. van der Helm).

http://dx.doi.org/10.1016/j.bios.2016.06.014
0956-5663/© 2016 Elsevier B.V. All rights reserved.

comprise two microfluidic channels that are separated by a porous
membrane on which the barrier-forming tissue is cultured. To
measure the TEER of a cellular barrier inside such an organ-on-
chip device, there have been reports of devices with integrated
electrodes on either side of the porous membrane close to the
cellular barrier (Booth and Kim, 2012; Douville et al., 2010; Griep
et al., 2013; Walter et al., 2016). However, these electrodes often
hamper visual inspection of the cells and need to be fabricated and
carefully aligned in a cleanroom environment (Booth and Kim,
2012; Douville et al., 2010; Griep et al., 2013). To solve this, opti-
cally transparent electrodes have been reported (Walter et al.,
2016), but these require precise sputtering of a gold layer with
only 25 nm thickness, for which specialized cleanroom equipment
is needed.
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Alternatively, there are reports of electrodes being inserted in
the outlets of organs-on-chips, analogous to the common method
for the conventional in vitro Transwell system. This method relies
on standard manufacturing techniques, is easy to perform ex-
perimentally and still allows optical access to the cells inside the
chip (Brown et al., 2015; Deosarkar et al., 2015; Ferrell et al., 2010;
Huh et al,, 2010; Kim et al., 2012). However, the reliability and
stability of TEER measurements that are performed with this
method are lower, due to the small channel geometries of organ-
on-chip systems. To illustrate this, the electrical resistance of an
electrolyte, such as cell culture medium, in a microfluidic channel
can be approximated with Eq. (1) (assuming uniform current
density).

lch
Rch—/’ACh (2] 1

In this formula, R, is the electrical resistance of the electrolyte
inside a microfluidic channel (Q), p is the specific electrical re-
sistance of the electrolyte (€2 m), Iy is the length of the channel
(m) and A, is the cross-sectional area of the channel (m?). Using
this formula it can be easily seen that the small cross-sectional
area Aq, and the relatively long channel length [, result in a high
resistance R, for microfluidic channels. Variations in the mea-
sured resistance can easily arise from differences in electrode
position when the electrodes are reinserted, resulting in a different
channel length .. In addition, area A, can change in a part of the
channel when air bubbles or other non-conducting in-
homogeneities are present. Furthermore, the specific electrical
resistance p is a material property of the electrolyte, depending on
electrolyte composition and temperature. Therefore, measuring at
e.g. different temperatures or at a higher ion concentration as a
result of evaporation results in variations in p and thus in the
measured resistance. In conclusion, all these variations add up to
the measured TEER and can therefore wrongly suggest that the
tightness of the cellular barrier changes, while changes of non-
biological origin are the actual cause. Therefore, I, A, and p need
to be tightly controlled to achieve reliable resistance measure-
ments using the conventional methods. Lack of control and stan-
dardization can be a cause of the large variation in TEER reported
for the same cell type in the standard Transwell system (Odijk
et al., 2015). In addition, TEER measurements were conducted in
only four out of the ten organs-on-chips summarized in van der
Helm et al. (2016), illustrating the challenge of incorporating TEER
measurements into organs-on-chips.

To overcome this, we present a simple and universally applic-
able method to directly determine the TEER in microfluidic or-
gans-on-chips without the need for integrated electrodes close to
the cellular barrier. Using four electrodes inserted into the two
channels - two on each side of the membrane — and six mea-
surements we can directly determine the TEER. To illustrate the
applicability of this method, we mimic the blood-brain barrier
(BBB) inside our microfluidic organ-on-chip device using a human
microvascular cerebral endothelial cell line (hRCMEC/D3). The BBB
is primarily formed by a tight monolayer of endothelial cells,
which are linked to each other by tight junction proteins (e.g.
zonula occludens-1 proteins; ZO-1). The BBB regulates transport of
molecules and cells between blood and brain, providing an opti-
mal environment for neuronal function (Abbott et al., 2010), and
BBB dysfunction is involved in various neurological disorders (van
der Meer et al.,, 2014). Our presented method is applicable to any
organ-on-chip device with two channels that are separated by a
porous membrane, making standardized TEER measurements
more easily available for organ-on-chip applications.

2. Materials and methods
2.1. Chip fabrication

Polydimethylsiloxane (PDMS) base agent and curing agent
were mixed in a 10:1 wt ratio (Sylgard 184 Silicone elastomer Kit,
Dow Corning, Midland, MI, USA). After degassing, this mixture was
poured onto an SU-8 patterned silicon wafer and cured for 4 h at
60 °C. The PDMS with channel imprints was cut into top and
bottom parts, and four inlets (1.2 mm diameter) were punched
into the top parts. Dust was removed using Scotch tape (3 M).
Leakage-free bonding of the two PDMS parts with a membrane in
between was achieved by using a PDMS/ toluene mortar at 5:3 wt
ratio (toluene from Merck, Germany) (Chueh et al., 2007; Griep
et al., 2013). This mixture was spin-coated onto a glass coverslip
(1500 rpm for 60 s, ramped at 1000 rpm s~ !; Spin 150, Polos, the
Netherlands) and a thin layer was transferred to both PDMS halves
using an ink roller. A porous membrane of 4 mm? cut from
polycarbonate membranes with 0.4 pm pores (Transwell culture
inserts, Corning Incorporated) was placed in the center of the
bottom halve. The top part was aligned and gently placed on the
bottom part without applying pressure, after which the chips were
baked for 3 h at 60 °C. Lastly, four platinum wires (200 um dia-
meter; Alfa Aesar, Karlsruhe, Germany) were inserted into the
electrode channels of the chip and fixed using Norland Optical
Adhesive 81 (NOA81, Cranbury, NJ, USA), by applying a drop of
NOA at the channel's entrance and curing it with UV (365 nm for
5 s at 350 mW cm™2) as soon as the channel was filled by capillary
forces. The electrodes were inserted about 1 mm into the micro-
channel to ensure the exposure of a sufficiently large surface area
to culture medium, which resulted in a large enough electrical
double layer capacitance to not influence the TEER readout (see
Suppl. Fig. 1). The fully assembled chip was placed on a plastic dish
and fixed with a 2-component epoxy adhesive (Loctite M-31 CL
Hysol, Henkel) to prevent the electrodes from being pulled out of
the chip during measurements. To cure the NOA and Hysol the
chips were baked for 2 h at 60 °C. The chip design and assembled
chip are shown in Fig. 1.

2.2. Cell culture and staining

The cells used in the BBB chip are immortalized human cere-
bral microvascular endothelial cells (hCMEC/D3 cell line, kindly
provided by Dr. P.-O. Couraud, INSERM, Paris, France) (Weksler
et al, 2005). hCMEC/D3 cells were cultured with endothelial
growth medium (EGM-2: EBM-2 with EGM-2 SingleQuots, Lonza)
in T75 culture flasks, coated with 20 pg mL~! human plasma fi-
bronectin (Gibco) in phosphate buffered saline (PBS; Sigma) for
> 30 min at 37 °C. The cells were incubated at 37 °C in humidified
air with 5% CO,. Medium was refreshed every 2-3 days and con-
fluent flasks were subcultured or used for experiments (passages
28-33).

Prior to cell seeding, the microfluidic chips were rinsed with
PBS and coated with fibronectin (20 pgmL~') for 3 h at 37 °C.
After flushing any air bubbles out, the chips were filled with EGM-
2 and incubated for 2 h. hCMEC/D3 cells were obtained from a
confluent flask using 0.05% trypsin-EDTA (Gibco), suspended in
fresh EGM-2 at 5-10° cells mL~! (corresponding to 2-10° cells
cm~2) and pipetted into the top channel of a microfluidic chip.
After 1h of static incubation non-attached cells were washed
away with EGM-2 and medium-filled pipette tips were inserted as
reservoirs in all inlets. Medium was refreshed twice daily by in-
serting new medium-filled pipette tips in the inlets, replacing the
medium inside the chip by gravity-driven flow.

At the end of an experiment the channels were washed with
PBS and the cells were fixed with 3.7% paraformaldehyde (Sigma
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Fig. 1. Chip design. (A). Exploded view of the PDMS chip with the top channel (TC), membrane (M), bottom channel (BC) and platinum wire electrodes (E1, E2, E3, E4). The
culture area A on the membrane suspended between both channels is 0.25 mm?. (B). Picture of the assembled chip. (C). Schematic top view of the chip. (D). Schematic cross
section of the chip at the center, showing endothelial cells (EC) on membrane M in the TC. (E). Simplified equivalent circuit of the chip, showing the electrodes E1-E4,
resistors representing the top channel (R; and R3), resistors representing the bottom channel (R, and R4) and resistor Ry, representing the membrane and EC barrier.

Aldrich) in PBS for 30 min at room temperature (RT). The fixative
was washed away with PBS and the cells were shortly incubated in
permeabilization buffer (PB), which consisted of 0.1% (v/v) Triton
X-100 (Sigma Aldrich) and 1% (m/m) bovine serum albumin (Sig-
ma) in PBS. Then the cells were incubated for 2 h at RT with mouse
anti-human Z0-1 IgG (5 pg mL~! in PB; BD Transduction Labora-
tories). After washing three times with PBS, the cells were in-
cubated for 1 h at RT with goat anti-mouse IgG Alexa Fluor 488
(5 pg mL~"! in PB; Invitrogen). After flushing three times with PBS,
the nuclei were stained with NucBlue (1 drop per 500 pL PB;
Ready Probes reagent, Molecular Probes, Life Technologies) for
30 min at RT, after which the channels were flushed 3 times with
PBS. Chips were opened by removing the top part and electrodes,
while keeping the membrane fixed to the bottom part. The bottom
part was placed upside-down in PBS on a glass cover slip. The cells
were imaged with phase contrast and fluorescence microscopy
using the EVOS FL Cell Imaging System (Life Technologies; green
filters (ex 470/22, em 510/42) for ZO-1 and blue filters (ex 357/44,
em 447/60) for NucBlue).

2.3. TEER measurements

The TEER measurement setup consisted of a lock-in amplifier

with a probe cable circuit (schematically shown in Suppl. Fig. 2),
operated by a LabVIEW programme (designed, manufactured and
programmed in-house). Proper functioning of this lock-in setup
was verified with two commercial machines (SP-300 potentiostat,
Bio-Logic Science Instruments; and Impedance/Gain-Phase analy-
ser, type 4194A, Hewlett Packard; data not shown). Impedance
spectra were recorded using an AC signal with 0.15 or 0.3 Vgys,
scanning from 200 Hz to 1 MHz. Each of the 100 logarithmically
spaced measurement points was the average of 50 periods. Typical
impedance spectra for a blank chip and a chip with cells are shown
in Suppl. Fig. 1. From the resulting impedance spectra the re-
sistances between the electrodes were determined from the re-
sistive plateau at 10 kHz. Measurement errors due to changes in
temperature and medium conductivity are minimized by re-
freshing the medium inside the chip and allowing it to reach room
temperature prior to each measurement, according to established
TEER protocols commonly used in literature.

The resistance between two electrodes is determined for all six
combinations, denoted as R;_; with i and j referring to the elec-
trodes as numbered in Fig. 1. Since each measured resistance is the
sum of the resistors in its path, as is shown in the equivalent re-
sistive circuit presented in Fig. 1(E), a system of six equations and
five unknowns results. From this system of equations the values of
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all five resistors can be determined using Gaussian elimination,
including the resistance of the cellular barrier and membrane (R,).
The two solutions per unknown that resulted from these six
equations with five unknowns were summed to obtain one solu-
tion that includes as many measurements as possible. The TEER (2
cm?) is determined by normalizing R, to the culture area Auy
(cm?) and by subtracting the TEER of the system prior to cell
seeding (t=0). Thus Eq. (2) was used to calculate the TEER:

TEER = Acult'Rm = Acult

1
‘Z(RIAZ +Ri_4a+R3+Rs—2R_3-2R4)

[2 em?] @

The typical values for these resistances can be estimated using
Eq. (1) presented in the introduction. A channel of cross-sectional
area  Ag =500 um-375 ym = 1.9-1007 m2 with two electrodes
spaced by I, = 7 mm, filled with culture medium with a specific
conductivity of approximately ¢ = 1.6 Sm~1 and thus a resistivity of
p= % Qm=0.625Qm, has an electrical resistance of
Ren = p% = 0.625 Qm~% ~ 23104 Q.
the resistance of a cell barrier with a TEER of 30 Q cm? (a typical
value for the hCMEC/D3 cell line (Weksler et al., 2013)), on a cul-
ture area of Acy = 500-500 ym? = 2.5-10-3 cm? will have a re-

. 2 .
sistance of Rpgrier = 28 = &"’2 ~ 1.2.104 Q. This shows that

Acule ~ 25103 cm

In the same device,

o

927

the expected channel resistance is of the same order of magnitude
or even larger than the expected cellular barrier resistance, which
corresponds to our experimental results shown in Suppl. Fig. 1.
This effect is even more pronounced when longer channels with
smaller cross-sectional areas are used.

Note that the effect of (especially long and shallow) channel
geometries on the current distribution along the cellular barrier
should be taken into account and, if needed, mathematically cor-
rected when measuring TEER, as is discussed in the paper of Odijk
et al. (2015). In our device the length and height of the culture area
are comparatively small (500 pm and 375 pum, respectively) at the
interface of the two channels, resulting in a local channel re-

. 106
sistance of Ry, = /)/’f—hl =0.625 Qm-% ~ 1.6-10°Q and a bar-
ch I

rier resistance of Rygmier = 1.2-10% Q, as was estimated before. Be-
cause of the relatively large difference between these resistances,
we can assume that the current distribution is uniform across the
cellular barrier. Therefore, it was not required to mathematically
correct the TEER with respect to the current distribution in our
device.

3. Results and discussion

Microfluidic chips contain small volumes and, as a result, they
have high internal electrical resistances in comparison to the
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Fig. 2. (A). Measurements of the membrane resistance in a blank chip (filled with EGM-2 culture medium). Measured impedance at 10 kHz for each electrode pair. Dashed
lines correspond to measurements only through the microfluidic channels, solid lines indicate that the membrane was included in the measured path. The first measurement
(at 0 days) was subtracted from all subsequent measurements. A horizontal line at 0 kQ was expected, but large variation is observed. For easy comparison the resistance is
also displayed in units of TEER ( cm?). (B). The calculated membrane resistance Ry, has much less variation than the measured resistances. The first measurement was
subtracted from all subsequent measurements. (C). TEER measurements in a chip with hCMEC/D3 cells. Measured impedance at 10 kHz for each electrode pair. The blank
measurement (at 0 days, before adding cells) was subtracted from all subsequent measurements. There is large variation between the electrode pairs. For easy comparison
the resistance is also displayed in units of TEER (Q cm?). (D). By calculating Ry, the resistance of the membrane and cells is isolated. The first measurement was subtracted
from all subsequent measurements.
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resistance of interest, the TEER. This means that very small var-
iations in e.g. temperature and medium solute concentrations that
affect the inherent resistance of the system (see Suppl. Figs. 3-4)
can change the apparent TEER. To explore this effect, we per-
formed an experiment in which we filled devices with EGM-2 cell
culture medium and monitored the resistance during 15 days
(n=3). We subtracted the first measurement from all subsequent
measurements, expecting to find a horizontal line at 0 kQ for
these blank chips. However, in the representative data of Fig. 2
(A) it can be seen that there is a big spread in the measured im-
pedances due to the large variations in resistance inherent to
microfluidic systems, even though we used established TEER
protocols to minimize the effect of changes in temperature and
medium conductivity. When we used these six measurements
between the electrode pairs to directly determine the membrane
resistance R, as is shown in Fig. 2(B), the variation is greatly re-
duced. The same is seen for all three chips, of which all data is
shown in Suppl. Fig. 5A and B. Therefore, we concluded that our
four-electrode method enables the direct isolation of the mem-
brane resistance, regardless of variations in the system. Next, we
performed an experiment in which we cultured hCMEC/D3 cere-
bral endothelial cells inside chips and monitored barrier formation
with TEER measurements during three days (n=4). We subtracted
a blank measurement (before adding the cells) from all subsequent
measurements, expecting to find the increase resulting from bio-
logical changes in the barrier tightness. However, as can be seen in
the representative data of Fig. 2(C), different resistances resulted
per electrode pair. With our 4-electrode method we were able to
directly determine the resistance of the membrane plus cell bar-
rier from these six measurements, as is shown in Fig. 2(D). The
same is seen for all four chips, of which all data is shown in Suppl.
Fig. 5C and D. In conclusion, our newly developed method makes
sure that the resistance of the cellular barrier and membrane are
isolated from the system, diminishing the influence of variance of
non-biological origin.

Next, the TEER was monitored of four BBBs-on-chips, as shown
in Fig. 3(A). The average TEER of 22 © cm? in the plateau from day
1-3 and the biological variation (standard error of the mean
(SEM)=1.3 © cm?) was close to other TEER values reported for
hCMEC/D3 cells (Weksler et al., 2013). Microscopic inspection of
the cells after terminating the experiment showed that there was a
continuous cell layer (representative image shown in Fig. 3(B) and
Suppl. Fig. 6) and the cells expressed tight junction proteins (Fig. 3
(Q)), contributing to this increased TEER. For barrier-forming tis-
sues, one may expect higher TEER values and more ZO-1 expres-
sion. While the hCMEC/D3 cell line is a comparatively reproducible
source of human endothelial cells that is often used in literature, it
is known to poorly develop tight junctions (Abbott et al., 2014). In
our study, however, we preferred biological relevance over the
barrier formation capabilities and chose to work with this human
cell line. As a next step we want to expose the hCMEC/D3 cells to
shear stress and co-culture them with BBB-associated cells to in-
crease barrier formation (Weksler et al., 2013).

4. Conclusion

TEER is a non-invasive indicator of the tightness of a cellular
barrier that is widely used in conventional Transwell systems as
well as in organs-on-chips. Electrodes are conveniently inserted in
the chip's outlets because integrated electrodes close to the cel-
lular barrier in organs-on-chips require specialized cleanroom
processes and, more importantly, often hamper visual inspection
of the cells inside the device. Unfortunately, conventional TEER
measurements are often prone to variation and imprecision due
the high resistance of the fluid-filled microfluidic channels.

A. TEER of BBBs-on-chips

35 . . ' ' '
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B. Fluorescence microscopy of BBB-on-chip

C. Fluorescence microscopy of tight junctions

Fig. 3. (A). Measured TEER values of four BBBs-on-chips during three days com-
pared to blank chips. SEM = standard error of the mean. (B). Fluorescence mi-
croscopy of NucBlue stained nuclei confirmed the presence of a continuous
monolayer of endothelial cells inside the chips. The inset shows where the mi-
croscopic image was taken. (C). Fluorescence microscopy confirmed the presence of
tight junction protein ZO-1.

Therefore, the apparent TEER is greatly influenced by any change
in channel resistance due to non-biological factors, e.g. changes in
temperature, medium conductance, electrode position and the
presence of air bubbles. This makes it difficult to draw quantitative
conclusions and compare results.

In this paper we showed that the TEER in organs-on-chips can
be directly determined with four electrodes and six measurements
- independent of changes in non-biological factors in the system.
With less than four electrodes the TEER cannot be determined
directly, because there are more unknowns than measurement
possibilities. This method is suitable for any chip with two chan-
nels in each of which two electrodes can be inserted, while still
being compatible with the simple measurement setup that is used
for conventional 2-electrode TEER measurements. In conclusion,
our newly developed method to determine TEER with four
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electrodes without the need for separate measurements of empty
chips is expected to be easily incorporated in existing organ-on-
chip systems and would provide more useful and meaningful TEER
measurements in organ-on-chip applications.
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