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Abstract 17 

Transepithelial electrical resistance (TEER) measurements are regularly used in in vitro models to 18 

quantitatively evaluate the cell barrier function. Although it would be expected that TEER values 19 

obtained with the same cell type and experimental setup were comparable, values reported in the 20 

literature show a large dispersion for unclear reasons. This work highlights a possible error in a widely 21 

used formula to calculate the TEER, in which it may be erroneously assumed that the entire cell 22 

culture area contributes equally to the measurement. In this study, we have numerically calculated this 23 

error in some cell cultures previously reported. In particular, we evidence that some TEER 24 

measurements resulted in errors when measuring low TEERs, especially when using Transwell inserts 25 

12 mm in diameter or microfluidic systems that have small chamber heights. To correct this error, we 26 

propose the use of a geometric correction factor (GCF) for calculating the TEER. In addition, we 27 

describe a simple method to determine the GCF of a particular measurement system, so that it can be 28 

applied retrospectively. We have also experimentally validated an interdigitated electrodes (IDE) 29 

configuration where the entire cell culture area contributes equally to the measurement, and it also 30 

implements minimal electrode coverage so that the cells can be visualized alongside TEER analysis. 31 

 32 
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1. Introduction 3 

Epithelial and endothelial cells play an important role in the barrier function of many organs. These cells are 4 

arranged in continuous layers and create physical barriers to the transport of certain substances. In vitro 5 

models have proven useful in mimicking the cell barrier function present in many tissues [1–12]. Most 6 

current models are based on Transwell inserts [10–13] and microfluidic cell cultures [2–8]. Transendothelial 7 

or transepithelial electrical resistance (TEER) measurements have been consistently used in in vitro systems 8 

[11–18] to evaluate the cell barrier function, which is essential to ensure model integrity during experiments. 9 

This is an alternative technique to immunocytochemical staining and transport studies, with the advantages 10 

of being non-destructive, label-free and easily applicable in real-time. It would be expected that the TEER 11 

values obtained with the same cell type and experimental setup be comparable. However, there are 12 

discrepancies between TEER values reported in the literature [19]. Therefore, it is important to assess current 13 

measurement methods to clarify whether errors in the measurement could account for the differences 14 

between TEER values. 15 

TEER can be obtained measuring the resistance across the cell layer at a single frequency between 0 to 16 

100 Hz or using electrical impedance spectroscopy (EIS) [18,20,21]. The latter, in addition to the TEER, 17 

provides information about the capacitance of the cell layer. Since at low frequencies most of the current 18 

flows through paracellular (between cells) pathways due to the capacitance of the cell membranes [22], 19 

TEER values are closely linked with the ion transport across the paracellular space. Thus, TEER 20 

measurement allows to quantify intracellular junctions.  21 

The electrode configurations broadly used to measure TEER are bipolar (two-electrodes) and 22 

tetrapolar (four-electrodes) [23,24] configurations. Bipolar electrode systems are commonly used [25,26] 23 

because they can be easily integrated into in vitro models, but have the disadvantage of being influenced by 24 

the electrode polarization impedance at the electrode-electrolyte interface. Tetrapolar electrode systems 25 

overcome this limitation. In these systems, the current is injected through a pair of electrodes (current 26 

carrying electrodes) while another pair of electrodes (pick-up electrodes) measures the voltage drop. 27 

Nevertheless, special care has to be taken when designing tetrapolar systems because they are more 28 

vulnerable to error than bipolar systems [27]. Moreover, small electrodes and channels in microfluidic 29 

systems imply an increase of the electrode polarization impedance, and a non-uniform electrical current 30 

distribution caused by the high electrical resistance along the microchannels. 31 

 To compare data from different studies, TEER is usually calculated by multiplying the measured 32 

resistance by the total cell culture area, resulting in a value independent of the area. This work highlights a 33 

possible error in the application of this formula, in which it may be erroneously assumed that the entire area 34 

contributes equally to the measurement. Instead of using the total cell culture area, we suggest to use an area 35 

that is weighted by the region contributing most to the measurement [18,28]. The contribution of each region 36 
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to the measurement depends highly on the current distribution. Since the current distribution is influenced by 1 

the electrode configuration, the geometry of the cell culture, and even the TEER, the values reported in the 2 

literature may be scattered owing to many different measurement systems in use, especially for microfluidic 3 

cell cultures. To correct this issue, we propose the use of a geometric correction factor (GCF) for calculating 4 

the TEER.  5 

This work presents a numerical and an experimental study of different tetrapolar electrode 6 

configurations that are currently being used for TEER measurements in Transwell and microfluidic cell 7 

cultures. We have compared the so-called ‘chopstick’ electrodes [29–32], the gold standard for measuring 8 

TEER in Transwell cultures, two electrode configurations integrated in microfluidic systems based on 9 

previously reported literature [2,3,6] and an electrode configuration based on interdigitated electrodes (IDE) 10 

reported by our group [33]. In particular, we have used the finite element method (FEM) to study the 11 

sensitivity distribution along the cell culture area, and the GCF that should be used instead of the total cell 12 

culture area to calculate the TEER. 13 

Herein, we show that some TEER measurements performed with the Transwell culture inserts, 12 mm 14 

in diameter, or the microfluidic systems that have small chamber heights lead to errors when measuring low 15 

TEERs if no GCF is used. Hence, part of the reported dispersion of TEER values could be attributed to a 16 

calculation error. 17 

Finally, we have integrated the numerically studied IDE configuration where the entire cell culture 18 

area contributes equally to the measurement into a custom-made bioreactor to perform TEER measurements. 19 

A cell barrier model consisting of a monolayer of human cerebral microvascular endothelial cells was built 20 

in the bioreactor to experimentally validate the measurement system. In addition, this system based on IDE 21 

configuration implemented minimal electrode coverage so that the cells can be visualized alongside TEER 22 

analysis. 23 

 24 

2. Materials and methods 25 

2.1 Simulation model 26 

The electrical current distribution for the different electrode configurations were analysed using FEM models 27 

developed with a commercial software package (COMSOL Multiphysics version 5.0 and its AC/DC 28 

module). Two different simulation models were developed: (1) the Transwell model (figure 1(a)) with a 29 

tetrahedral mesh of ~800·10
3
 elements, and (2) the microfluidic model (figure 1(b)) with a triangular mesh of 30 

~17·10
3
 elements. In both models, a constant DC current of 1 A was injected through the current carrying 31 

electrodes, while pick-up electrodes were set as floating potential and zero current. The rest of the outer 32 

boundaries were defined as electrical insulations. 33 

In detail, the Transwell model (model A) is a 3D representation of a conventional cell culture insert 34 

with chopstick electrodes. A cross-sectional schematic is shown in figure 1(a). The model was created for 6.5 35 

and 12 mm diameter inserts. These diameters are recommended for normalizing TEER measurements 36 

performed with chopstick electrodes, and are widely used [34–40]. 37 

 38 
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 1 

Figure 1. Geometrical dimensions for the simulated Transwell model (6.5 and 12 mm diameter inserts) (a), and the 2 

microfluidic model (b) with electrode configurations reported in the literature (model B–D). Chamber height is from 3 

100 to 500 µm. Note that figure is not drawn to scale. 4 

 5 

The microfluidic model (model B–D) is a 2D vertical cross-section of a microfluidic cell culture. 6 

Schemes of the different electrode configurations are shown in figure 1(b). The model comprises two 7 

superimposed microfluidic chambers, TEER measurement electrodes placed in upper and lower surfaces of 8 

the top and bottom chamber, respectively, and a small volume that represents a cell layer in the middle of the 9 

two chambers. Cell barriers with different TEER values were simulated by changing the conductivity of this 10 

volume.  11 

Three different electrode configurations using the microfluidic model were simulated:  12 

(1) Model B is inspired in the work by Booth et al [2]. It comprises small pick-up electrodes placed in 13 

the middle of the chambers and surrounded by large current carrying electrodes that cover 75 % of the cell 14 

culture area.  15 

(2) Model C has one pair of current carrying and pick-up electrodes at the surfaces of both chambers 16 

but in opposite sides. Despite the fact that the electrodes are planar and placed on the chamber surface, 17 

results are similar to those expected for models where wire electrodes are located at specific positions of the 18 

chamber [6,41]. 19 

(3) Model D, which was proposed by the authors in Yeste et al [33], has IDE to improve the 20 

uniformity of the current distribution while reducing the space occupied by the electrodes; hence allowing 21 

microscopic visualization of the cell culture, which is usually necessary. In particular, pairs of fingers 22 

(including a pick-up and a current carrying electrode) are placed facing each other and distributed equally 23 

along the top and bottom surfaces of the top and bottom chambers, respectively. 24 

A porous membrane that supports the cells restricts the medium path to small pores and adds a 25 

resistance in series with the cell barrier. Membranes are commercially available in a broad range of pore 26 

sizes and densities. For instance, a porous membrane of 10 µm in thickness and 0.4 µm of pore size will be 27 

equivalent to a resistance of 0.5  cm
2
 and 12  cm

2
 for pore densities of 10

8
 and 4·10

6
 pores cm

-2
, 28 

respectively. Since TEER and transport studies require high pore density membranes to allow maximum 29 
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diffusion and the resistance of these membranes are much lower than the measured resistance, we have 1 

neglected the influence of the resistance of a porous membrane. 2 

Note that the herein presented results are obtained for a given model and geometry (figure 1), 3 

therefore, it is expected that results slightly differ for other conditions, such as different dimensions or low 4 

pore density membranes. More details about the models and simulation parameters are provided as 5 

supplementary information. 6 

 7 

2.2 Sensitivity evaluation 8 

When measuring the TEER of a cell barrier, not all the zones contribute equally to the measured impedance. 9 

Intuitively, the volumes close to the electrodes contribute more than the volumes that are far away from 10 

them. The sensitivity s of each zone can be calculated as reported by Grimnes and Martinsen [27]: 11 

 s = 
J1 J2

I
2 , (1) 

where J1 and J2 are the current density fields when a current I is injected through the current carrying 12 

electrodes and pick-up electrodes, respectively. A higher absolute value of the sensitivity means a greater 13 

influence on the total measured impedance. When the electrical resistivity of a volume is increased, and if 14 

the sensitivity is positive, higher electrical impedance is measured. Otherwise, if sensitivity is negative, 15 

lower electrical impedance is measured. 16 

 17 

2.3 Geometric correction factor evaluation 18 

In Transwell and microfluidic systems, apart from the TEER, the total measured impedance also has 19 

contributions from the medium, the porous membrane support, and in case of bipolar systems, the electrode 20 

polarization impedance. For this reason, the TEER is experimentally obtained as 21 

 TEER = (R −  Rblank) A, (2) 

where R is the total measured impedance, Rblank is the impedance measured without cells, and A is the total 22 

cell culture area used to normalize the TEER value. 23 

In this study, the error of the TEER measurement without GCF is calculated as the difference between 24 

the TEER obtained from simulation according to equation (2) (TEERs), and the theoretical TEER (TEERt) 25 

used as a parameter for the electrical conductivity of the small volume in the middle of the two chambers, 26 

which represents a cell layer: 27 

 error = 
TEERs −  TEERt

TEERt

. (3) 

To correct this error and to expand the equation (2) to cases where not all the cell culture area 28 

contributes to the measurement, we propose the inclusion of a GCF in the TEER calculation: 29 

 
GCF = 

TEERt

TEERs
, 

(4) 

 TEERGCF = (R −  Rblank) A GCF. (5) 

 30 

 31 
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2.4 Simulation strategy 1 

The numerical study was performed by applying a constant current through the current carrying electrodes 2 

(current density field J1). To calculate the sensitivity following equation (1), an additional simulation was 3 

made by exchanging pick-up and current carrying electrodes, i.e. current was applied through the previous 4 

pick-up electrodes and voltage was recorded through the previous current carrying electrodes (current 5 

density field J2). The Transwell model and each microfluidic model were simulated for different insert 6 

diameters (6.5 and 12 mm) and different chamber heights (from 100 to 500 µm), respectively. Simulations 7 

were conducted with parametric sweeps of the TEERt (from 0 to 10
3
 Ω cm

2
) spanning the range of the values 8 

reported in the literature [42,43]. The error and GCF were calculated according to equation (3) and (4) using 9 

the current density field J1, where R and the Rblank were obtained using Ohm’s law. In particular, Rblank was 10 

obtained when using the lowest TEERt, as if there was no cell layer.  11 

The simulation strategy was carried out in two steps: firstly, the sensitivity distribution along the cell 12 

barrier was simulated and compared between the different models; secondly, the error of the TEER 13 

measurement, and the GCF were calculated for each model. 14 

 15 

2.5 Experimental validation of IDE configuration 16 

An IDE configuration based on model D was evaluated using a custom-made bioreactor composed of an 17 

upper and lower plate, and a permeable membrane, where human cerebral microvascular endothelial cells 18 

were cultured to measure the TEER. 19 

  20 

2.5.1 Bioreactor design and fabrication. Ti/Au (20 nm/100 nm) electrodes were patterned on a 188 µm thick 21 

cyclo-olefin polymer (COP) film (ZF14–188, Zeon Europe GmbH, DE) in a standard lift-off process. The 22 

electrodes were electrochemically coated with a layer of platinum black [44] in order to decrease the 23 

electrode polarization impedance. The COP film was bonded to a thicker COP substrate, 4 mm thick (Zeonor 24 

1420R, Zeon Europe GmbH, DE), by means of a double-side pressure-sensitive adhesive (PSA) 25 

(ARcare 8939, Adhesive Research Inc., IE). Fluid inlets and outlets were defined in the plates using a CNC 26 

milling machine (MDX-40A, Roland DG Corporation, ES) and fluidic connections (male mini luer plugs, 27 

Microfluidic ChipShop GmbH, DE) were finally assembled.  28 

A commercial porous membrane (Cyclopore polycarbonate (PC) thin clear membrane, 47 mm in 29 

diameter, 1 µm of pore size, GE Healthcare Europe GmbH, ES) was modified to be integrated into the 30 

bioreactor. Two PSA sheets were cut using a cutting plotter (CAMM-1 Servo GX-24, Roland DG 31 

Corporation, ES) to define the cell culture area, and bonded to both sides of the membrane. Silicone sheets 32 

(platinum cured sheet, 500 µm thick, Silex Ltd., UK) were cut and placed between the plates and the 33 

membrane. Apart from defining the chamber height, the silicone sheets also act as the sealing gaskets of the 34 

system. The final assembly of the bioreactor was made by sandwiching the modified porous membrane 35 

between the upper and lower plates. More details about the bioreactor fabrication are provided as 36 

supplementary information. 37 

 38 
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2.5.2 Cell culture. Human cerebral microvascular endothelial cell line hCMEC/D3 (obtained from Dr. 1 

Couraud, Paris, France), which has been widely used as a model of human blood-brain barrier [45–47], was 2 

used to experimentally validate the bioreactor. The modified membranes were sterilized by exposure to UV 3 

light for 30 min on each side and placed on a 12-well plate. Before cell seeding, membranes were coated 4 

with collagen type I (150 µg ml
-1

 in sterile distilled water), incubated at 37 °C for 1 h, and rinsed three times 5 

with phosphate-buffered saline (PBS). Cells were plated on the cell culture area defined on the modified 6 

membrane at a concentration of 1.8x10
5
 cells cm

-2
 in EBM-2 (Lonza) medium supplemented with 5 % (v/v) 7 

foetal bovine serum (FBS) (Sigma-Aldrich), 1.4 µM hydrocortisone (Sigma-Aldrich), 5 µg ml
-1

 ascorbic acid 8 

(Sigma-Aldrich), 1 % chemically defined lipid concentrate (Life Technologies), 10 mM HEPES (Life 9 

Technologies), 1 ng ml
-1

 human fibroblast growth factor-basic (bFGF) (Sigma-Aldrich) and the antibiotics 10 

penicillin (100 U ml
-1

) and streptomycin (100 µg ml
-1

). Cells were maintained at 37 °C in a humidified 11 

atmosphere containing 5 % CO2, refreshing growth medium every 2–3 d until used for impedance 12 

measurements. 13 

 14 

2.5.3 Impedance spectroscopy. TEER of the cell cultures were obtained using EIS. Impedance spectra were 15 

measured at 20 frequencies, ranging from 100 Hz to 1 MHz, using an impedance analysis system [48]. 16 

Impedance measurements were performed prior to cell seeding (Zblank) and at 44, 68, 92, and 168 h after cell 17 

seeding (Zmeasured). Each membrane was used for only one measurement to minimize cell damage during 18 

handling. The Zblank was then subtracted from the Zmeasured and fitted (using the least-squares method in 19 

Matlab) to an equivalent electric circuit that describes the impedance spectra of a cell barrier. This circuit is 20 

composed of three elements: two electrical resistances that represent the paracellular (TEER) and the 21 

intracellular (Ri) pathways and a constant phase element (CPE) that describes the dielectric properties of 22 

many cell membranes and whose impedance is 23 

 ZCPE = 
1

K(j)
 (6) 

where j is the imaginary unit,  is the angular frequency, and K and  are CPE coefficients. Even though the 24 

cell membrane of one cell behaves as a capacitance, a CPE provides a much better fit to the measured 25 

impedance of many cells [49,50]. 26 

 27 

3. Results and discussion  28 

3.1 Sensitivity distribution 29 

The sensitivity distribution was calculated using the FEM models presented to determine the contribution of 30 

each zone of the cell barrier to the measured impedance. This was evaluated according to equation (1) and 31 

normalized by multiplying by the squared cell culture area. Thus, the optimal sensitivity should be constant 32 

and equal to 1. The sensitivity profile along the cell barrier when TEER is measured in the different models 33 

is shown in figure 2. As expected, zones close to the electrodes contribute more than zones that are far away 34 

and sensitivity uniformity increases with TEER. Notably, sensitivity peaks are placed below the electrodes 35 
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while sensitivity valleys are found in the middle of pair of electrodes, except for model B, where the major 1 

contribution comes from between the pick-up electrodes. 2 

  3 

 4 

Figure 2. Sensitivity distribution along the cell barrier through the axis (dash-dotted line) shown in the 3D scheme of 5 

the model at the left of the figure when TEER is measured in a Transwell culture insert using chopstick electrodes 6 

(model A) and in the microfluidic model using the three electrode configurations (model B–D). Results are presented 7 

for different TEERs (10
0
, 10

1
, 10

2
, 10

3
 Ω cm

2
), Transwell insert diameters (6.5 and 12 mm) and chamber heights (100, 8 

250 and 500 µm). Data are normalized by multiplying by the squared cell culture area, A
2
. Attached to each line graph 9 

there is a 2D image to better clarify the sensitivity distribution. Note that axis have different scales. 10 

 11 

In the Transwell model, the sensitivity field is highly affected by introducing the chopstick electrodes 12 

in the periphery of the Transwell insert. Consequently, the sensitivity is non-uniformly distributed and the 13 

zone close to the electrode has a higher contribution to the impedance measurement. This accounts for small 14 

variations of TEER due to non-reproducibility placement of the chopstick electrodes, which are manually 15 

positioned. For a better reproducibility of TEER measurements in Transwell inserts, some commercial 16 
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systems automates the placement of the chopstick electrodes (REMS AutoSampler, World Precision 1 

Instruments Inc., US). 2 

Concerning the microfluidic models, models B and D have a more uniform sensitivity than model C, 3 

which presents large differences between zones of the culture area. These differences are higher at both ends 4 

of the chamber and lower at the centre. In particular, the sensitivity at the centre is below the 25 % of the 5 

optimal when measuring a TEER of 10
1
 Ω cm

2
. Therefore, impedance measurements performed with 6 

model C configuration are just representative of a small zone of the cell culture area.  7 

A dependency of the TEER on the sensitivity has been found for all models. In particular, the higher 8 

the TEER, the more uniform is the sensitivity distribution. For the studied models, there are little sensitivity 9 

differences when TEER is greater than 10
3
 Ω cm

2
 (less than 5 % for model B, D and Transwell inserts 10 

6.5 mm in diameter, 12 % for model C, and 23 % for Transwell inserts 12 mm in diameter). 11 

Another feature that highly affects the sensitivity is the chamber geometry, as the sensitivity differs 12 

widely between different insert diameters and chamber heights. The sensitivity field in a Transwell insert is 13 

less uniform as its diameter increases, because larger Transwell inserts have zones further away from the 14 

chopstick electrodes that contribute little to the measurement. For example, in 12 mm Transwell inserts and 15 

TEERs of 10
1
 Ω cm

2
, the sensitivity field over half of the cell barrier area is less than 25 % of the optimal 16 

sensitivity. Furthermore, decreasing the chamber height in microfluidic models is usually detrimental for the 17 

sensitivity field. Thus, the most uniform sensitivity is achieved for the larger chamber height (500 µm) in all 18 

models. 19 

 20 

3.2 Geometric correction factor 21 

TEER may be calculated incorrectly using equation (2) because of a non-uniform sensitivity field. Using the 22 

equation (5) proposed by the authors, which includes a GCF, can solve this issue. The GCF value that should 23 

be used in the calculation of TEER for the different simulated models is shown in figure 3. A GCF close to 1 24 

means that there is no error when calculating TEER using the total cell culture area. Otherwise, a GCF away 25 

from 1 means that there is a significant error. 26 

In general, the higher the TEER, the less is the error (GCF closer to 1 as shown in figure 3). This is in 27 

agreement with the results of the previous section. In all models, GCF is closer to 1 (0.95–1) for a TEER of 28 

10
3
 Ω cm

2
 and it is expected to be maintained for higher TEERs. Unfortunately, for lower TEER values, the 29 

error considerably increases. For example, for a TEER of 10
1
 Ω cm

2
, GCF in Transwell inserts are 0.92 30 

(6.5 mm in diameter) and 0.56 (12 mm in diameter), while for microfluidic models with 200 µm in height are 31 

1.32 (model B), 0.51 (model C) and 1.09 (model D). Thus, using a GCF becomes important for cell cultures 32 

with low TEERs. Another important aspect to consider is that the GCF is lower than 1 in model A and C, 33 

which means an overestimation of TEER, whereas GCF is higher than 1 in model B and D, which means an 34 

underestimation of TEER. Therefore, there will be large differences when comparing measurements systems 35 

with GCF > 1 against those with GCF < 1.  36 

It is well known that the TEER measurements performed with chopstick electrodes in Transwell 37 

inserts 24 mm or larger in diameter should not be multiplied by their area. Nevertheless, we evidence that 38 
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measurements of low TEER values with inserts 12 mm in diameter are also inaccurate and should need a 1 

GCF, as shown in figure 3(a). 2 

For the microfluidic models, GCF value is highly dependent on the chamber height. In particular, GCF 3 

for a TEER of 10
1
 Ω cm

2
 varies by 27 % (model B), -44 % (model C), and 12 % (model D) by just changing 4 

the height from 200 µm to 100 µm. This illustrates the importance of considering the chamber geometry and 5 

the electrode size and placement when designing TEER measurement electrodes. 6 

  7 

 8 

Figure 3. GCF when TEER is measured in a Transwell insert using chopstick electrodes (model A) (a) and in 9 

microfluidic models using the three electrodes configurations (models B (b), C (c) and D (d)). Results are presented for 10 

different Transwell insert diameters (6.5 and 12 mm) and chamber heights (from 100 to 500 µm). Example of how to 11 

apply the GCF in Transwell inserts of 12 mm in diameter (a); a TEER of 40  cm
2
 calculated using the total cell culture 12 

area would be 26  cm
2
 after be corrected with the GCF. 13 

 14 

In model B, it could be understood that a large current electrode is more appropriate, but this is not 15 

entirely true in tetrapolar electrode configurations because there are zones of positive and negative 16 

sensitivity. In this case, maximum sensitivity is concentrated between pick-up electrodes (figure 2(b)). In 17 

model C, the accuracy is worse than in model B as the narrowness of the chamber obstruct the electrical 18 

current to flow through the cell barrier in areas away from the electrodes. This is similar to what happens in 19 
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bipolar configurations with electrodes placed at inlets and outlets of the microfluidic chambers. Therefore, 1 

placing the electrodes at inlets and outlets of microfluidic systems can become a limiting factor for obtaining 2 

an accurate TEER measurement if it is determined according to equation (2) without any correction. 3 

Interestingly, the model D has a GCF closer to 1 than both model B and C despite covering less than 4 

half of the surface area with electrodes. An optimal accuracy in model D is achieved when the distance 5 

between the centres of the pick-up and current carrying electrodes (400 µm) is comparable to the chamber 6 

height. For that reason, GCF becomes significant for chamber height of 100 µm (1.2 at TEER of 10
1
 Ω cm

2
). 7 

A strategy to reduce the error in lower chamber heights could be to decrease the distance between current 8 

carrying and pick-up electrodes. 9 

 10 

3.3 Experimental impedance measurements 11 

EIS measurements performed before cell seeding and 7 d after seeding of an hCMEC/D3 monolayer 12 

are shown in figure 4(c). The impedance at low frequencies (associated with paracellular pathways) was 13 

purely resistive and increased from 125  to 359  after 7 d of cell culture, while the impedance at high 14 

frequencies (associated with paracellular and intracellular pathways) remained almost unchanged. This 15 

behaviour is due to the growth of the cell culture that implied a tightening of the space between cells. 16 

 17 

 18 

Figure 4. Bioreactor fabrication. Cross-sectional schematic of the bioreactor (a), and a picture of the bioreactor (b) with 19 

detail of cells cultured in the bioreactor. Impedance spectroscopy data (c) before cell seeding (asterisks), after 7 d of 20 

hCMEC/D3 culture (circles) and fitting data (dashed line) according to the equivalent electric circuit including TEER, 21 

intracellular resistance (Ri) and a CPE. 22 

 23 

In detail, TEER increased from 10.4 ± 1.8 Ω cm
2
 at 44 h to 18.7 ± 2.4 Ω cm

2
 at 7 d. TEER values 24 

reported in the literature for hCMEC/D3 monolayers under static conditions are typically in the range from 25 

10 to 40 Ω cm
2
 [10,12,45]. Concerning the K parameter (related to the CPE), it decreased from 26 
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1.53 ± 0.08 µS s
α
 cm

-2
 at 44 h to 1.15 ± 0.17 µS s

α
 cm

-2
 at 7 d. The rest of the parameters did not show any 1 

time dependency (Ri = 39.6 ± 9.8 Ω, α = 0.84 ± 0.02). 2 

Some authors suggest that TEER could be directly determined by the resistance difference 3 

between high and low frequencies [19,28], thereby a blank measure would not be necessary. In this 4 

study, all measured impedances at 1 MHz were not purely resistive (phase equal to -7.1 ± 1.9 °); 5 

thus, the direct determination of TEER using the estimated resistance at high frequencies (parallel 6 

resistance of TEER and Ri) would have implied a variation of 2.6 ± 0.6 Ω cm
2
. 7 

 8 

4. Conclusions 9 

Despite the disparities of TEER values reported in the literature, few works have studied their sources. In this 10 

paper, we have analysed the importance of using a GCF to calculate the TEER, in addition to considering the 11 

sensitivity distribution when designing TEER measurement electrodes.  12 

We have found that the errors when no GCF is used are higher for low TEER values when using larger 13 

Transwell insert diameters or lower microfluidic chamber heights. Interestingly, but not surprisingly, 14 

measuring TEER in Transwell systems using chopstick electrodes, the gold standard method in which most 15 

of the TEER values obtained in microfluidic systems are compared, is not exempt from error. We have also 16 

found that such error has different sign for different systems, resulting in large differences when comparing 17 

systems that have errors of opposite sign. 18 

By numerical simulations, we described a simple method to determine the GCF of a particular 19 

measurement system that can correct this error, so that the correction can be applied retrospectively to their 20 

measurements. In addition, system with nonobvious current distribution that report TEER values in units of 21 

 instead of  cm
2
, such as Transwell inserts of 24 mm in diameter or peculiar microfluidic cell cultures 22 

[51], could determine their particular GCF that allows comparing their TEER values with those reported in 23 

the literature.  24 

We have also experimentally validated an IDE configuration based on the presented simulation results 25 

by integrating the impedance measurement electrodes in a custom-made bioreactor. This configuration, 26 

besides being more accurate for measuring the TEER, also allows the optical visualization of the cell culture. 27 

These characteristics should be very useful for the development of future microfluidic systems that pretend 28 

to emulate and monitor different cell barrier functions. 29 
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