
Journal Pre-proof

Advances in TEER measurements of biological barriers in microphysiological systems

Hojjatollah Nazari, Jesus Shrestha, Vahid Yaghoubi Naei, Sajad Razavi Bazaz, Milad
Sabbagh, Jean Paul Thiery, Majid Ebrahimi Warkiani

PII: S0956-5663(23)00297-X

DOI: https://doi.org/10.1016/j.bios.2023.115355

Reference: BIOS 115355

To appear in: Biosensors and Bioelectronics

Received Date: 11 August 2022

Revised Date: 10 March 2023

Accepted Date: 25 April 2023

Please cite this article as: Nazari, H., Shrestha, J., Naei, V.Y., Bazaz, S.R., Sabbagh, M., Thiery, J.P.,
Warkiani, M.E., Advances in TEER measurements of biological barriers in microphysiological systems,
Biosensors and Bioelectronics (2023), doi: https://doi.org/10.1016/j.bios.2023.115355.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2023 Published by Elsevier B.V.

https://doi.org/10.1016/j.bios.2023.115355
https://doi.org/10.1016/j.bios.2023.115355


Advances in TEER measurements of biological barriers in 

microphysiological systems 

Hojjatollah Nazaria, Jesus Shresthaa, Vahid Yaghoubi Naeia, Sajad Razavi Bazaza, Milad 

Sabbagha, Jean Paul Thieryb, Majid Ebrahimi Warkiania,c* 

 

a School of Biomedical Engineering, University of Technology Sydney, Sydney 2007, New South Wales, Australia 

Australia 
b Guangzhou Laboratory, Bioisland, Guangzhou 510320, China 
c Institute of Molecular Medicine, Sechenov University, 119991 Moscow, Russia 

* Corresponding author at: School of Biomedical Engineering, University Technology Sydney, Sydney, 

New South Wales 2007, Australia. Email address: majid.warkiani@uts.edu.au (M.E. Warkiani) 

 
Abstract 

Biological barriers are multicellular structures that precisely regulate the transport of ions, 

biomolecules, drugs, cells, and other organisms. Transendothelial/epithelial electrical resistance 

(TEER) is a label-free method for predicting the properties of biological barriers. Understanding 

the mechanisms that control TEER significantly enhances our knowledge of the physiopathology 

of different diseases and aids in the development of new drugs. Measuring TEER values within 

microphysiological systems called organ-on-a-chip devices that simulate the microenvironment, 

architecture, and physiology of biological barriers in the body provides valuable insight into the 

behavior of barriers in response to different drugs and pathogens. These integrated systems should 

increase the accuracy, reproducibility, sensitivity, resolution, high throughput, speed, cost-

effectiveness, and reliable predictability of TEER measurements. Implementing advanced micro 

and nanoscale manufacturing techniques, surface modification methods, biomaterials, biosensors, 

electronics, and stem cell biology is necessary for integrating TEER measuring systems with 

organ-on-chip technology. This review focuses on the applications, advantages, and future 

perspectives of integrating organ-on-a-chip technology with TEER measurement methods for 

studying biological barriers. After briefly reviewing the role of TEER in the physiology and 

pathology of barriers, standard techniques for measuring TEER, including Ohm's law and 

impedance spectroscopy, and commercially available devices are described. Furthermore, 

advances in TEER measurement are discussed in multiple barrier-on-a-chip system models 

representing different organs. Finally, we outline future trends in implementing advanced 

technologies to design and fabricate nanostructured electrodes, complicated microfluidic chips, 

and membranes for more advanced and accurate TEER measurements. 

 

Keywords: transendothelial/epithelial electrical resistance, barrier-on-a-chip, microphysiological 

systems, organ-on-a-chip, microfluidics 
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1 Introduction: 

Transendothelial/epithelial electrical resistance (TEER) is a biophysical property that is 

characteristic of biological barriers and analyzed to improve our understanding of different 

diseases (Majima et al. 2017). Studying this property of biological barriers can assist in deepening 

our knowledge about the disruptions that occur in diseases or during interactions of barriers with 

various agents such as drugs, nanoparticles, biological cues, and toxins (Elliott and He 2021b; Jia 

et al. 2020; Xiao et al. 2020). TEER values reflect the electrical characteristics of an epithelial 

layer that impact biological features, including the status of cell junctions, cell polarity, cell layer 

thickness, activity of transporters, and state of confluency (Chaing and Tu 2019; Tu et al. 

2021). Various protein complexes assemble into intercellular junctions to establish physiological 

barriers. Early adhesion stages allows the nucleation of E-cadherin-mediated adherent junctions, 

which serve as a scaffold for the development of an actin-based adhesion belt and desmosomes, 

followed by tight junctions, which play a leading role by creating leakproof seals through the tight 

apposition of the plasma membrane of adjacent cells (Otani and Furuse 2020; Wanat 2020). TEER 

measurements can provide continuous, noninvasive, real-time measurements and a label-free 

mode of tracking tight junction functionality in cellular monolayers (Bagchi et al. 2019; Sakolish 

et al. 2016a). Therefore, they provide measures of cell layer selective permeability to ions, 

nutrients, water, and drugs (Elbakary and Badhan 2020; Sarmento et al. 2012; Srinivasan and Kolli 

2019). Furthermore, TEER can provide information about real-time ionic conduction of the 

intercellular junctions (Muendoerfer et al. 2010; Sarmento et al. 2012). 

To evaluate the electrical properties of a cellular sheet using TEER, a pair of extracellular 

electrodes dispatch current or voltage on either side of the cell barrier to estimate its integrity as a 

sum of paracellular and transcellular resistance. Commercially, TEER measurement systems for 

in vivo and in vitro studies are based on two mechanisms. The first mechanism is based on Ohm's 
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Law, in which the measurement of resistance comprises a pair of handheld chopstick electrodes in 

transwell permeable support arrangements employing a single alternating current (AC) square 

wave for Ohmic measurements (Meter and Manual 2000; Srinivasan et al. 2015a). The second 

mechanism is based on the concept of impedance spectroscopy, in which the instrument 

implements a pair of sensing and counter electrodes on either side of a cell monolayer. This 

technique generates a broad spectrum of frequency AC sweep for the measurement of both the 

resistance and capacitance properties of the endothelial or epithelial layer (Benson et al. 2013; 

K'Owino and Sadik 2005; Kalvøy et al. 2009; Kontturi et al. 1993; Pliquett and Prausnitz 2000; 

Soley et al. 2005; Srinivasan et al. 2015a). Impedance spectroscopy utilizes a low-amplitude AC 

excitation signal with a frequency sweep and measures the current's amplitude and phase response. 

The commercial systems are limited by low reproducibility of measurements due to low sensitivity 

in the proper positioning of the electrodes and lack of uniformity in distributed currents, leading 

to their infrequent use for in vitro studies (Yeste et al. 2016). Furthermore, these systems are 

restrained to a static arrangement, causing subtle differences in cell morphology and barrier 

permeability. On the contrary, in vivo transport processes are influenced by different factors such 

as hemodynamic shear stress and the flow rate of bio-fluids (Lee and Leong 2020; Wang et al. 

2020b; Wu et al. 2020a; Zhu et al. 2021). 

The significant growth of microfluidics, nanotechnology, and stem cell biology has led to the 

development of a new generation of organ-on-chips, referred to as biological barrier-on-chip. 

These microfluidic devices can assist in measuring TEER in microenvironments that mimic native 

tissue-tissue interactions (Liang and Yoon 2021; Miyazaki et al. 2021; Pell et al. 2021). These 

systems often contain two parallel microchannel cultures separated by a porous membrane and 

covered with organ-specific cell types (Augustine et al. 2021; Buchroithner et al. 2021; Oddo et 

al. 2019). Such configurations facilitate perfusion of on-chip grown organ models across a group 
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of interconnected channels that enhance mimicking physiological cross-talk and circulation across 

microfluidic culture systems. The barrier-on-a-chip platform incorporates physiological 

parameters, including biological-fluid-induced shear stress, mechanical strain, ideal gradients 

regulation, multi-lineage cell layers, and three-dimensional extracellular matrix (ECM) 

constituents (Cong et al. 2020).  

The high capacity and flexibility of barriers-on-chips to be integrated with different sensing 

systems, including commercial TEER measurement devices or advanced sensors, make them a 

potential tool for accurate measurement and real-time monitoring of TEER. A variety of 

microscale sensors and electrodes can be implemented in microfluidic cell culture channels to 

carry out precise, reliable, and reproducible TEER measurements. The microfabrication methods 

including  patterning and sputtering of metallic elements (gold (Janvier and Kuo 2021; Santbergen 

et al. 2019; van der Helm et al. 2019a) and indium tin oxide (Asif et al. 2020; Lewis et al. 2018)) 

on the microfluidic channel substrate and fabrication of microscale electrodes using 

photolithography and microfabrication techniques have been employed for the integration of 

TEER measurement systems with biological barriers-on-chips. Therefore, the miniature models of 

organs can be simultaneously evaluated in TEER measurements, oxygen pressure, and pH (Henry 

et al. 2017a; Raimondi et al. 2020). Integrating sensing potentials into these systems can further 

enhance sensitivity and spatio-temporal resolution. 

This review presents a comprehensive report on the state-of-the-art advances in TEER 

measurement in biological barriers-on-chips (organ-on-chip) achieved through nanotechnology, 

microfabrication, and stem cell biology developments for regenerative medicine and 

pharmacological applications. We discuss the importance of TEER measurements in the 

physiopathology of biological barriers and the basics of routine TEER measurement methods. The 

latest applications of advanced techniques and strategies for increasing the quality of TEER 
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measurements are then described. Finally, challenges and future trends in developing next-

generation TEER securement systems using highly sensitive electrodes, elaborated microfluidic 

devices, stem cell technology, and membranes will also be discussed (graphical abstract). 
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Graphical abstract. Applications of TEER measurements for studying development, permeability, and 

response to biological behavior. The routine TEER measurement, including Ohm’s low and impedance 

spectroscopy-based methods, can be developed using advanced micro and nanofabrication methods. A 

variety of advantages, including implementing biological shear stress, nanostructured and surface-modified 

membranes, microelectrodes, cell types, advanced electrodes, biosensors, and arrays, can be implemented 

in the in vitro measuring of TEER inside barriers designed in organ-on-chips. 

 

2 Biological Barriers, the importance of TEER measurements 

Biological barriers are essential for the integrity and performance of most organs (Antimisiaris et 

al. 2021). The development of intercellular connections, especially, tight junctions in epithelial 

and endothelial cell layers, resulting in a robust barrier between the apical (luminal) and basolateral 

(abluminal) sides, forming a selectively permeable membrane between compartments, with 

various biological compositions, regulating transport via the paracellular and intracellular routes 

(Benson et al. 2013). In general, they regulate the exchange and transportation of different ions, 

biological agents, exosomes, drugs, nutrients, wastes, and cells regarding the functionality of 

tissues (figure 1) (Elliott and He 2021a). Furthermore, they protect organs from toxic foreign 

particles and pathogens and carry out fluid refinement in response to the particular demands of 

organs to establish homeostasis for physiological functions (Cojocaru et al. 2020; Tsukita et al. 

2001; Wanat 2020). As mentioned, TEER measurement is a noninvasive and quantitative method 

to assess the electrical resistance of biological barrier cellular layers, including endothelial and 

epithelial monolayers, during in vitro and in vivo studies. One of the main applications of TEER 

is to predict the biological membrane integrity in response to different chemical and biological 

agents such as drugs (Robinson et al. 2018), carbohydrates (Patabendige et al. 2013), hormones, 

cytokines, viruses, bacteria, extracellular vesicles, and toxins. Transporting these elements across 

cell membranes relies on different procedures (passive and active), and facilitated transportations, 

all of which affect the permeability differently (Sarmento et al. 2012; Wegener and Seebach 2014). 

There are a variety of transport barriers that maintain homeostasis in the whole human body, 
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including blood–brain barriers, blood–retinal barriers, blood–air barriers, blood–lymph barriers, 

placental barriers, and gastrointestinal barriers (Chatterjee et al. 2019; Polacheck et al. 2019; 

Vancamelbeke and Vermeire 2017). 

The behavior and capability of biological barriers can change in various diseases due to endothelial 

or epithelial dysfunctionality. These changes can be investigated by measuring levels of TEER. 

Therefore, the development of advanced TEER measuring systems, especially for in vitro studies, 

can assist in the discovery of drugs for the treatment of various diseases. For instance, in 

oncological studies, the tumor microenvironment can lead to abnormal changes in integrity, 

quantified using TEER measurement of biological barriers. These changes can lead to phenomena 

like multidrug resistance, metastasis, or invasion (Fujimoto et al. 2020; Lu et al. ; Salminen et al. 

2020). Furthermore, barrier disorders are directly related to other diseases, including 

neurodegenerative disease, inflammatory disease (such as Crohn's), epilepsy, hypomagnesemia, 

gastrointestinal tract diseases, or viral infections (Ebrahimi et al. 2020; Liu et al. 2021; Yu et al. 

2020). For instance, disruption of the blood-brain barrier, which separates the central nervous 

system from peripheral blood flow, is one of the main causes of neurodegenerative diseases such 

as multiple sclerosis (MS), Parkinson's, and Alzheimer's (Griep et al. 2013b; Patabendige et al. 

2013). 
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Figure 1. The cellular components of the blood–retinal barrier, intestinal barrier, and blood–brain barriers. 

Reproduced with permission from (Spadoni et al. 2017). 

In the last few years, TEER measurement instruments have been integrated into systems that can 

model various biological barriers in organ-on-chips. To model human organs as remarkably 

complex structures, a highly reliable system is required to reconstitute tissue complexity in a chip. 

Until the last decade, the two primary options used consisted of culturing different human cell 

lines in vitro (static models) or using animal models, both of which have serious limitations. 

Although immortalized cells have facilitated in vitro studies, the immortalization process can alter 

cell behavior as compared with the original cells isolated from tissue or organs. For this reason, 

primary cells isolated from human samples are preferred, despite the challenges of sustaining their 

morphological characteristics and metabolic abilities in consecutive passaging. 

3  Basics and commercial instruments in TEER Measurement  

TEER measurement systems require the establishment of an electrical resistance across a 

monolayer of cells to determine the tightness of cell–cell connections in the paracellular space 

(Arık et al. 2018; Douville et al. 2010). TEER measurements are conducted based on two physical 

principles: Ohm's law and impedance spectroscopy. The basics of TEER measurements and 

commercial tools in this area are presented and discussed in this section. 

3.1 Ohm's Law: 

Electrical resistance can characterize the barrier integrity across a cell layer, which can be carried 

out via Ohm’s law (Srinivasan et al. 2015a). TEER measurements are usually performed by 

placing an electrode on both sides of a cellular monolayer growing on a semipermeable membrane 

(Figure 2. a). Then, the electrical resistance (R) can be calculated using Ohm's law as the ratio of 

the voltage (U) to the current (I) that passes through the cell monolayer. Because direct current 

(DC) can potentially damage the cells, an AC voltage with a square waveform is a good candidate 
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to address this challenge (Figure 2. a). Most of the commercially available TEER measurement 

systems such as Epithelial Volt/Ohm Meter (EVOM2TM, World Precision Instruments, Sarasota, 

FL) Millicell ERS (EMD Millipore, Darmstadt, Germany) indeed use Ohm’s law and apply a 12.5 

Hz square wave AC signal (Benson et al. 2013). For the electrodes, these systems use Silver/Silver 

chloride (Ag/AgCl) "chopstick" electrodes to measure the resistance. The resistance of the cellular 

layer (RCells), in units of Ω, can be approximated by: 

RCells (Ω) = RTotal − RBlank, 

in which RTotal is the resistance across the semipermeable membrane and RBlank is the resistance 

across the semipermeable membrane without a cell monolayer. The measured resistance is 

inversely proportional to the culture area on the membrane and is calculated as 

TEER (Ωcm2) = RCells (Ω) × Area (cm2) 

EVOM® 

The EVOM® systems from World Precision Instruments (WPI) were the first commercial 

instruments designed for TEER measurement in tissue and cell culture research. The first 

generation of this brand is the EVOM2TM, which uses chopstick electrodes (STX2 and STX3) or 

high throughput screening electrodes (STX100 family). These devices allow users to measure 

TEER manually without removing the cell culture inserts from the well, making them ideal for use 

in all laboratories (Meter and Manual 2000). However, because the TEER readings depend highly 

on the positions of the electrodes, the user must be extremely careful while handling the electrodes 

and avoid damaging the cell layer. Therefore, electrode positioning reproducibility is a significant 

concern in this method. Moreover, TEER values can be systematically overestimated due to the 

variable current density generated by implementing manual STX2 electrodes across the cell layer. 

The use of cup chambers can address this challenge. For instance, EndOhm chambers provide 

reproducible resistance measurements of cell monolayers cultured on inserts or culture cups and 
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are a suitable alternative to handheld STX2/chopstick electrodes. The circular disc electrodes 

localized above and beneath the membrane create a more uniform current density across the 

membrane. The newer version of the TEER measurement system, EVOM3TM, provides a better 

workflow with higher resolution, accuracy, and reproducibility compared to previous designs. 

REMS AutoSampler is an even more advanced TEER measuring system developed by WPI. It is 

a PC-controlled system that offers a rapid, precise, and automated TEER measurement in cell 

culture well plates. The system is easy to operate, reproducible, and decreases the risk of 

contamination. This system has already been applied to measuring the TEER of in vitro models of 

some barriers, such as gastrointestinal tract, blood-brain barrier, and pulmonary models, and for 

drug testing and toxicological studies (World Precision Instruments). 

Other Commercial TEER Measurement Systems 

 The Millicell® ERS Voltohmmeter (Electrical Resistance System, Merck KGaA, Darmstadt, 

Germany) is similar to the EVOM2TM system and uses handheld electrodes with an Ag/AgCl pellet 

on the tips to measure voltage (Millicell). An Ussing Chamber (Warner Instruments, Hamden, CT) 

contains chambers on either side of the membrane with a cell monolayer to allow TEER 

measurements and data acquisition (Thomson et al. 2019). 

3.2 Impedance Spectroscopy 

Impedance spectroscopy is a highly reliable electrochemical method to measure the electrical 

resistance of the cell layer and involves fewer assumptions about the electrical behavior of the 

system (Benson et al. 2013; Elbrecht et al. 2016b; van der Helm et al. 2019a). Impedance 

spectroscopy uses a broad spectrum of frequency AC excitation signals to measure the amplitude 

and phase of the current. The calculated impedance provides additional information about 

epithelial layer properties, including TEER and capacitance (Xu et al. 2016). The concept of 

Jo
urn

al 
Pre-

pro
of



impedance measurement is illustrated in the schematic in Figure 2b. Electrical impedance (Z) is 

the ratio of the voltage–time function V(t) and the resulting current–time function I(t): 

Z =
V(t)

I(t)
=

V˳ sinθ

I˳ sin(2πft + Φ)
=

1

Y
  

Z=ZR + jZJ 

in which Vo and Io are the peak voltage and current, f is the frequency, t is the time, Φ is the phase 

shift between the voltage–time and current–time functions, and Y is the complex conduct 

admittance. Thus, Z is a complex function and can be described by the modulus |Z| and the phase 

shift Φ or by the real part ZR and the imaginary part ZI, as illustrated in Figure 2c. 

This method has many benefits over non-impedance-based approaches for evaluating TEER. For 

instance, it eliminates the effect of the interfacial resistance of the electrode medium on impedance 

estimations and can assess plasma membrane capacitance (Elbrecht et al. 2016b).  

Generally, impedance measurements can be categorized into three standard techniques: electrical 

impedance spectroscopy (EIS), electrical cell-substrate impedance sensing (ECIS®), and 

impedance flow cytometry (IFC), which are briefly presented in the following section. 
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Figure 2. a) The electrical resistance of cells grown on filter inserts was measured using chopstick 

electrodes. The total electrical resistance includes the Ohmic resistance of the cell layer (RTEER), the cell 

culture medium in both the upper and lower compartment (RM), the semipermeable membrane of the insert 

(RI), and the electrode-medium interface (REMI). b) TEER measurement concept based on impedance 

spectroscopy. c) Components of impedance, phase diagram of complex impedance (illustrates the 

relationship between Cartesian and polar representations of the complex number. Reproduced with 

permission from (Gerasimenko et al. 2020). d) Dynamics of TEER and capacitance changes during the 

growth and differentiation of gut epithelial cells (left) and during the development of reconstructed 

epidermis (right). Reproduced with permission from (Gerasimenko et al. 2020). 
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3.2.1 EIS  

EIS is an electrochemical method that can be used to measure the potentials of a system that 

depends on the AC potential frequency. This method can provide detailed information, including 

cell membrane and cytoplasm characteristics and measure the quantitative changes of cells such 

as cell types, size, number, and cell growth by sending inducing signals (with different frequencies) 

and measuring the returning signals (K'Owino and Sadik 2005; Kalvøy et al. 2009; Kontturi et al. 

1993; Pliquett and Prausnitz 2000; Soley et al. 2005). Moreover, EIS can provide information 

regarding the effects of various biomaterials, substrates, and treatments on cell attachment, cell 

growth, cell toxicity, or inflammation through real-time monitoring (Daza et al. 2013; DePaola et 

al. 2001; Kozhevnikov et al. 2016; Pérez et al. 2017). In addition, different groups have utilized 

this method for various tissue engineering applications, including stem-cell research (Hildebrandt 

et al. 2010; Hildebrandt and Thielecke 2009; Yuste et al. 2018). EIS has also been used as a 

noninvasive technique for clinical assessments of cancer (breast, skin, and cervical), radiation 

injury, and ischemic lesions (Aberg et al. 2004; Amini et al. 2018; Brown et al. 2005; Kerner et al. 

2002; Strand-Amundsen et al. 2016; Strand-Amundsen et al. 2018). Nevisense™ (Scibase AB, 

Stockholm, Sweden) is the commercial version of an EIS-based TEER measuring system (Sarac 

et al. 2020). 

3.2.2 ECIS®  

ECIS® is another impedance-based system designed by Applied BioPhysics for real-time 

monitoring of characteristics of cells cultured on solid substrates with a high temporal resolution 

(Benson et al. 2013). This method is based on applying small AC across the electrode pattern at 

the bottom of the ECIS®arrays. Cell layers are directly grown on the integrated gold-film 

electrodes instead of the porous membranes. The close proximity between the cell monolayer and 

the thin gold electrodes results in high sensitivity measurements. In ECIS®, the impedance of the 
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cell-covered electrode can be measured by applying a current of chosen frequency or at different 

frequencies. They provide information regarding phenotypic changes and metabolic activities, the 

resistance of the cell barriers, and the capacitance of the cell membranes (Amini et al. 2018; 

Giaever and Keese 1991; Lo et al. 1995). 

This technique provides information on cell–cell and cell–matrix interactions, barrier functions, 

the invasive nature of cancer cells, the monitoring of stem cells, and wound-healing processes 

(Benson et al. 2013; Nordberg et al. 2017; Rahim and Üren 2011; Szulcek et al. 2014). However, 

ECIS® has some limitations such as the inability to study transport or transfer phenomena owing 

to the absence of the basolateral fluid compartment and the inability to monitor cell behaviour 

inside 3D matrices (Amini et al. 2018). 

3.2.3 IFC system 

The main benefits of IFC systems is that they can be used to study the electrical behavior of a cell 

membrane in a single cell. IFC primarily focuses on cells in suspension, providing snapshot 

information per cell (Cheung et al. 2010). The multiple-frequency-based impedance data obtained 

from microfluidic IFC facilitates the characterization of different cell sizes, membrane 

capacitance, or cytoplasmic conductivity in a high-throughput manner (Cheung et al. 2010; Gawad 

et al. 2001; Sun and Morgan 2010). Single cells are flowed through two microelectrodes in the 

microchannels, in which the impedance of cells at multiple frequencies is measured (Chen et al. 

2015).  

TEER values of a cellular monolayer are widely accepted parameters for quantifying the integrity 

of cellular barriers during growth and differentiation (Srinivasan et al. 2015a). In vitro models of 

cells cultured on semipermeable supports and TEER measurement are frequently used to evaluate 

the permeability and absorption of drugs/chemicals. Impedance spectroscopy is a more reliable 
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and accurate representation of TEER values than the Ohm's law method (Benson et al. 2013). 

However, these 2D models do not mimic the in vivo microenvironment. 

Table1. Commercial conventional TEER measurement systems. 

Product Physics principle Electrodes Company 

EVOMTM® Ohm's Law STX2 and STX3 World Precision Instruments 

EVOM2TM Ohm's Law STX2 and STX3 

STX100 family 

EndOhm chambers 

World Precision Instruments 

EVOM3TM Ohm's Law STX2 and STX3 

STX100 family 

EndOhm chambers 

World Precision Instruments 

REMS 

AutoSampler 

Ohm's Law REMS electrode on robotic arm World Precision Instruments 

Millicell® ERS 

Voltohmmeter 

Ohm's Law handheld electrodes Electrical Resistance System 

Ussing Chamber Ohm's Law chambers Warner Instruments 

Nevisense™ (EIS) Impedance spectroscopy Non-invasive electrodes 

micro invasive (spike) electrodes 

SciBase AB 

ECIS® Impedance spectroscopy ECIS®arrays Applied BioPhysics 

 

4 Advances in TEER measurement in organ-on-a-chip 

Integrating TEER measurement systems into organ-on-chip models that can replicate native tissue 

in vivo microenvironments can assist us in obtaining more predictable and reliable results than 

routine 2D in vitro models. Recording TEER levels in such microfluidic devices that mimic the 

architecture, anatomy, and physiology of the biological barrier in the body is essential for 

increasing our knowledge about stem cell biology, regenerative medicine, and drug development 

(Shrestha et al. 2020). Modeling biological barriers inside organ-on-chips or here barrier-on-chip 

is a complex process involving different technologies, including micro/nanoscale manufacturing 

techniques, surface modification methods, biomaterials, and stem cell biology.  

4.1 Organ-on-a-chip 

Organ-on-a-chip systems can be used to simulate the physiology of native tissue or model the 

physiopathology of various disorders at the microscale level (Arık et al. 2018; Henry et al. 2017b; 
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Srinivasan et al. 2015b). These systems are mainly recruited to mimic in vivo conditions, which 

are more relevant than traditional in vitro models and provide a more coherent picture of organs 

(Elbrecht et al. 2016a; van der Helm et al. 2019b). They can also be easily integrated into automatic 

and robotic systems. Furthermore, a variety of sensors and (micro/nanoscale) multi-electrode 

arrays can be integrated into these systems to measure TEER of barrier models and increase our 

understanding of permeability and the integrity of barriers. Organ-on-chips can implement a 

variety of physical forces like shear stress, mechanical waves, and different pressures on cellular 

layers during TEER monitoring. In addition, they are transparent, and a variety of biological assays 

such as morphological studies can be simultaneously performed using time-lapse microscopy 

(Leung et al. 2022; Mencattini et al. 2019). These organs-on-chips can be equipped with the ability 

to be integrated with different types of TEER measurement equipment. The following section 

describes recent advances in TEER measurements inside organ-on-chips. 

4.1.1 TEER measurement in kidney-on-a-chip 

The kidney is one of the most vital organs for regulating body extracellular fluid volume, 

osmolarity, ion concentrations, and transferring waste and toxins to urine (Meijers et al. 2018). 

These procedures are not possible without precise coordination and proper function of the two 

cellular layers in the kidney, the renal tubular epithelial layers in nephron (including Bowman’s 

capsule, proximal convoluted tube, the loop of Henle, and distal convoluted tubule), and the 

capillary endothelial layers (including glomerulus, and peritubular capillaries) that form active 

renal barriers for filtration (Lee et al. 2018). The transportation of different elements through the 

tubular epithelium directly depends on the modulation of tight junction permeability. The 

measurement of TEER in renal transporting epithelial cells can provide important information 

about the condition of tight junctions, monolayer formation, and permeability of cell layers in 

interaction with different drugs inside various kidney-on-a-chip models (Zanetti 2020).  
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Evaluating renal epithelial cells by measuring their TEER under physiologically relevant fluid 

flow conditions can reveal the impact of these drugs on cell barriers and renal microscale 

physiology. Ferrell et al. integrated TEER measurement electrodes in a bilayer microfluidic 

bioreactor to monitor proliferation, permeability, and the integrity of tight junctions between 

epitrichial cells under renal fluid flow and shear stress conditions. They were able to generate cell 

monolayers by culturing human renal epithelial cells (HREC) and Madin–Darby canine kidney 

(MDCK) epithelial cells inside this chip for TEER studies. They implemented Ag/AgCl (200 µm 

diameter) and Ag electrodes on each side of the membrane with an epoxy layer and connected 

them to an outside epithelial Volt/Ohm (EVOM2TM) recorder. Their setup enabled them to 

measure changes in TEER during the formation of cellular barriers in response to shear stress and 

the disruption of tight junctions after the Ca2+ switch (Ferrell et al. 2010).  

The proximal tubule is one of the most functional portions of the renal–blood barrier, which is 

highly vulnerable to drug toxicity (Maass et al. 2019). In a recent study, Yan's research team 

designed TEER electrodes for a proximal tubule-on-a-chip that simulated the topography and 

physiology of this part of renal tubules. This TEER system has potential to be integrated within 

channels mimicking the human proximal tubules in terms of geometries and fluid dynamics to 

monitor the integrity of the renal–blood barrier (Yan 2020). In another study, Asif et al. printed 

square-shaped indium tin oxide electrodes (4 mm × 500 nm) on glass chips using a screen-printing 

technique for measuring impedance changes in a proximal tubule-on-a-chip. They used this device 

for studying nephrotoxicity in proximal tubule models (Asif et al. 2020). 

4.1.2 TEER measurement in eye-on-a-chip 

The blood–retinal barrier is a restrictive biological barrier in the eye responsible for regulating the 

transportation of nutrients, waste, and other physiological metabolites between blood and the retina 

and plays a central role in maintaining homeostasis (Liu and Liu 2019). There are two types of 
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blood–retina barriers in the eyes: inner and outer. The inner blood–retinal barrier is made of non-

fenestrated endothelium supported by astrocytes, Müller cells, and pericytes. The outer blood–

retinal barrier is more permeable and made of pigment epithelium, located between the outer neural 

retina and fenestrated capillaries (Bird 2006). 

TEER in retina-on-a-chip models provides a suitable approach to decipher retinal and 

neurovascular diseases for the identification of factors that affect this barrier's integrity, leading to 

blindness. In a recent study, Yeste et al. equipped a compartmentalized retina-on-a-chip with 

impedance analyzer TEER recording platinum electrodes (40 μm × 4 mm) for studying the cell 

barrier formations and interconnections of relevant cell layers in the outer blood–retinal barrier. 

Their platform was ideal for culture retinal endothelial cells, ganglion cells, and retinal pigment 

epithelium in parallel compartments to model the barrier. Furthermore, implementing a grid of 

microgrooves inside the chip improved paracrine signaling and heterotypic cell–cell interactions 

between different tissues constructing the barrier (Figure 3. a,b) (Yeste et al. 2018).  

Bruch's membrane is a prominent part of the retina–blood barrier originally located between the 

retinal pigment epithelium and the fenestrated choroidal capillaries of the eye (Booij et al. 2010). 

Chen et al. integrated TEER electrodes into a two-layer multichannel microfluidic device that 

mimics the in vivo retinal pigment epithelial cells-Bruch's membrane-fenestrated choroids. The 

platinum electrode (diameter 300 µm) monitored the TEER of co-cultured human retinal pigmental 

epithelial cells and human umbilical vein endothelial cells with the assistance of an outside 

EVOM® instrument (Figure 3. c)(Chen et al. 2020).  

The cornea is a transparent layer in the eye, which refracts the incoming light and acts as a chemical 

and mechanical barrier to prevent external substances from entering the eye. The cornea also has 

a significant absorption capacity for topical drugs as well as forming a tight barrier (Van Meenen 

et al. 2021). The cornea is a multilayered structure containing three main layers: epithelium, 
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stroma, and endothelium (Reichl 2008; Sarmento et al. 2012). Yu et al. developed a human cornea-

on-a-chip by culturing immortalized human corneal epithelial and endothelial cells on the opposite 

sides of a collagen-coated porous membrane. The system was able to mimic the ocular surface of 

the eye by creating an air–liquid interface inside the chip. They adapted this device to host a TEER 

zone connected to a Millicell-ERS electrical resistance system to measure the integrity of cell 

layers (Yu et al. 2021). 

4.1.3 TEER measurement in heart-on-a-chip 

The response of electrically active tissue, for instance the myocardium to inflammation and 

different drugs, can be investigated inside perfusion endothelialized cardiac models, in which a 

thin membrane separates cardiomyocytes and endothelial cells (Zhao et al. 2020). The real-time 

monitoring of TEER in heart-on-a-chip models can predict the effect of various pharmacological-

based treatments. 

For studying electrical activity and the barrier function of the heart in pharmacodynamics studies, 

Maoz et al. implemented a multi-electrodes array and TEER electrodes to measure the field 

potential of cardiac cells and endothelial cell layers. They designed a complicated device to 

monitor the dynamic alterations of vascular permeability and cardiomyocyte function in 

interaction with some immunological factors such as an inflammatory stimulus mediated by tumor 

necrosis factor-alpha (TNF-α) and drugs (isoproterenol). Measurement of TEER after adding TNF-

α showed a significant drop from 230 ± 45 Ω to 15 ± 13 Ω, which indicated severe damage to the 

tight junctions. They also observed that damaged F-actin polymerization by TNF-α causes 

endothelial dysfunction (Maoz et al. 2017). 

4.1.4 TEER measurement in skin-on-a-chip 

Skin is another biological barrier that plays an essential role in protecting internal organs against 

foreign pathogens, toxins, and other harmful agents. The integrity of this tissue is critical to 
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perform its functions (Cui et al. 2021). Various skin-on-a-chip models have been developed to 

simulate the epidermis microenvironment for in vitro skin toxicity, pharmacological, and cosmetic 

assays (Risueño et al. 2021). TEER measurement is considered a suitable option to investigate the 

effect of various factors on skin-on-a-chip models. Episkin and EpiDerm are two commercial in 

vitro skin-on-a-chip models that have been primarily used (Sutterby et al. 2020; Wufuer et al. 

2016; Zhang et al. 2018). Alexander et al. developed a noninvasive automated sensor-based 

monitoring platform for measuring TEER in microfluidic-based reconstructed human epidermis. 

This commercial skin-on-a-chip, called an in vitro diagnostics system, can monitor microtissue 

properties such as the extracellular acidification rate and TEER of fibroblast cells cultured inside 

a chip based on an intelligent mobile laboratory for in vitro diagnosis (IMOLA-IVD, cellasys 

GmbH, Kronburg, Germany) (Figure 3.d). The IMOLA-IVD is a lab-on-a-chip assay system that 

consists of a power supply, analog and digital modules, and a BioChip with integrated sensors that 

passively monitor the microenvironment of the cellular model. The device with two automated 

fluidic systems also supported the culturing of more complicated biologic structures like 

EpiDerm™ human dermal tissue models (Alexander et al. 2018a). 

4.1.5 TEER measurement in gut-on-a-chip 

Another critical biological barrier in our body is the gastrointestinal system responsible for 

digesting foods and transporting nutrients to the vascular and lymphatic systems. Gut-on-a-chip 

models are miniaturized intestine models that are highly interested in drug discovery (Marrero et 

al. 2021).  

Enhancing gut-on-a-chip models with TEER can advance our understanding of gut physiology and 

the development of new drugs. Van der Helm et al. investigated the transepithelial barrier function 

in human intestinal tract by integrating impedance spectroscopy and an electrical stimulating 

system inside a gut-on-a-chip. Their noninvasive sensing method allows researchers to monitor 
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the differentiation of human intestinal epithelium cultured towards villus microtissues; villus is a 

small vascular projection that increases the surface area of a membrane in the gastrointestinal 

system and is crucial for absorbing nutrients. For this aim, they embedded six electrodes inside the 

chip and connected to an Autolab PGStat (Metrohm Autlab B.V) to perform impedance 

spectroscopy measurements of the cell layer for 12 days (Figure 3. e-f) (van der Helm et al. 2019a). 

Studies showed a difference in the TEER measures of the same cell layers between microfluidic 

chips and trans-well systems caused by the geometry of the device. Odijk et al. invented a 

mathematical model to improve the fidelity of DC-based TEER measurements in a gut-on-a-chip 

device. Their model minimized the differences in measured TEER of the same cell layers between 

microfluidic chips and trans-well systems. They showed that the confined environment of 

microfluidic channels could cause a higher TEER than that in trans-well ones, and this difference 

needs to be considered for all biological studies. They found that the increase in TEER measured 

inside microfluidic chips is attributed to the natural 3D morphogenesis of the villus when the cells 

benefit from the persistent flow and simulated peristaltic motions on the chip (ávan der Meer et al. 

2015). In another study, Bossink et al. integrated platinum electrodes into a microfluidic device 

through a cleanroom-free fabrication method to monitor the TEER in a gut-on-a-chip through 

impedance spectroscopy. They successfully observed and monitored this barrier's formation, 

disruption, and recovery, made of Caco-2 cell layers cultured on collagen-coated chips during three 

weeks (Bossink et al. 2021). Poenar and his team designed a sandwich ring device in which a 

specimen is clamped between two PDMS ring plates containing a central hole smaller than the 

sample. They indicated that the fresh specimen's TEER values in the incubator decreased by 

approximately 40% and reached approximately 190 ᘯ.cm2 after four days. Keeping the tissue at 

room temperature showed a more pronounced decrease; more than 75% reduction in the TEER 
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values was observed by the end of day four. Therefore, the physiological temperature is critical 

for preserving tissue viability for comprehensive assessments (Poenar et al. 2020). 

With the largest surface within the body, the gastrointestinal tract's primary function is to control 

the absorption of nutrients and conduct them into the bloodstream (Elbrecht et al. 2016a; Sakolish 

et al. 2016b). Several studies have been carried out to mimic the gastrointestinal tract to analyze 

cell behavior and how the distribution of the normal flora can affect the viability and the function 

of the tissue (Lau et al. 2021). One of the in vitro gastrointestinal model limitations is the lack of 

living normal flora on the surface of cultured tissue. Bacterial flora controls the absorption and 

metabolism of the nutrients and, most importantly, barrier function. Disturbance in the flora can 

generate multiple diseases, particularly related to the control of immunity. Co-culturing 

Lactobacillus rhamnosus GG with the gut epithelium improves the barrier function, leading to 3–

4-fold higher TEER values in microfluidic cultures compared with static cultures (Sakolish et al. 

2016b). 
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Figure 3. a) Microfluidic circuit geometries designed for a kidney-on-a-chip device containing 4-

electrode TEER. Reproduced with permission from (Yan 2020). b) Cell layers of the retina, from 

the anterior to the posterior part of the retina: retinal endothelial cells (REC), ganglion cell layer 

(GCL), inner nuclear layer (INL), outer nuclear layer (ONL), and retinal pigment epithelium 

(RPE). Double arrows indicate the transport crossing the inner and outer blood-retinal barrier 

(oBRB) Reproduced with permission from (Yeste et al. 2018). c) Schematic representation of the 

presented microfluidic cell culture device, including cell arrangement used in the experimental 

setup. Endothelial (Human Research Ethics Committees, HRECs) and epithelial (a spontaneously 

arising retinal pigment epithelia (ARPE)-19) cells are located at the end compartments where 

TEER measurement electrodes and SH-SY5Y cells are located in the middle compartments 

potential extracellular recording electrodes. Reproduced with permission from (Chen et al. 2020). 

d) The oBRB model prototype was built using a microfluidic device. i) Schematic showing the 

anatomical structure of oBRB (retinal pigment epithelial cells–Bruch membrane-choroid). ii-iv) 

tri-culture of ARPE–human umbilical vein endothelial cells (HUVEC)-human lung fibroblasts 

(NHLF). ii) ARPE cells stained in red were cultured in the upper channel. iii) GFP-HUVEC 

microvessels were cultured in the lower channel. iv) Overlay of ii) and iii). v) Confocal 

microscopic view of the cross-section of the co-culture model. Reproduced with permission from 

(Maoz et al. 2017). e) Schematic diagrams of modified BioChip with TEER fluidic head. The 

fluidic system with the medium is highlighted in red. IMOLA: Intelligent mobile lab. Reproduced 

with permission from (Alexander et al. 2018b). 

4.1.6 TEER measurement in blood–brain barrier-on-a-chip 

The blood–brain barrier controls brain homeostasis and keeps the brain isolated from biological 

agents, drugs, and toxic materials present in capillary vessels (Lau et al. 2021). The behavior of 

blood–brain barrier models inside microfluidic devices under different conditions using TEER 

electrodes for studying neurodegenerative diseases has been investigated in a limited number of 

studies. For instance, Griep et al. inserted platinum electrodes inside a microfluidic chip to monitor 

the TEER of endothelial monolayers inside the blood–brain barrier-on-a-chip model using the 

impedance spectroscopy method. The human brain endothelial cells were cultured inside this 

microscale bioreactor for seven days. Their TEER was measured using impedance spectroscopy 

while cells were subjected to shear stress and the inflammatory cytokine TNF-α. Their study 

showed that treating barriers with TNF-α resulted in a 10-fold reduction in TEER (Griep et al. 

2013a). 
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Van der Helm et al. believed that integrating electrodes inside microfluidic chips near cellular 

barriers could significantly reduce the visualization of cells. So they designed a TEER measuring 

system inside a blood–brain barrier-on-a-chip, made of four Platinum wire electrodes inserted far 

from the cellular barrier (van der Helm et al. 2016). Douville et al. incorporated TEER electrodes 

for in vitro measurement of the blood–brain barrier permeability in a real-time manner. They 

cultured mouse brain-derived endothelial cells on the membrane of a microfluidic device and 

observed an increase in TEER values, validating the establishment of tight junctions. Their results 

showed that the introduction of TritonX-100 led to a decrease in TEER levels (Douville et al. 

2010). Brown et al. studied the permeability under stress inside a blood–brain barrier-on-a-chip 

made of primary human brain-derived microvascular endothelial cells, primary pericytes, 

astrocytes, and human iPSC-derived neurons. They found that cold shock, decreased nutritional 

perfusion, and neuro-inflammation all resulted in a decline in TEER values, showing the 

vulnerability of the blood–brain barrier under these experimental conditions (Brown et al. 2016). 

Booth et al. developed a four-layered microfluidic system for culturing endothelial cells astrocytes 

and modeling a blood–brain barrier-on-a-chip facilitated with a thin polycarbonate culture 

membrane and AgCl thin-film TEER electrodes. Their study demonstrated that exposure of the 

blood–brain barrier to histamine temporarily decreases the TEER following the concise formation 

of trans-endothelial gaps and raised trans-cytosis (Booth and Kim 2012). In another study, Badiola-

Mateos et al. implemented a multifrequency TEER sensor array in a blood–brain barrier-on-a-chip 

to monitor the integrity of endothelial and pericytes cells layers through machine learning 

algorithms (Badiola-Mateos et al. 2021). 

4.1.7 TEER measurement in capillary-on-a-chip 

The capillary endothelial layer permanently interacts with a stream of different blood cells such as 

red blood cells, neutrophils, lymphocytes, and platelets. These barriers need to have high electrical 
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resistance to keep their integrity and functionality and prevent stroke in different organs, including 

the heart and the brain (Mcelroy et al. 2021). Therefore, integrating TEER measuring systems 

inside microfluidic devices simulating both in vivo capillary environments and circulation of blood 

cells can be helpful for a more detailed study of drug permeability through different organs. In this 

instance, Vogel et al. performed TEER-based measurements using square wave pulses in a 

microfluidic device in which an endothelial layer was exposed to a stream of red blood cells (Vogel 

et al. 2011). 

4.1.8 TEER measurement in lung-on-a-chip 

The main task of the lung blood–air barrier is to prevent air bubbles from forming in the blood 

capillary and, conversely, blood/plasma from accessing pulmonary alveoli (Awad and Aljebali 

2021). This barrier also regulates tissue homeostasis and airway stability. Furthermore, this barrier 

secretes surfactants to keep airways wet and prevents harmful particulates from damaging the 

pneumocytes (Shrestha et al. 2020). Traditional in vitro lung models have been based on trans-

well cultures to simulate lung barriers. Microfluidics devices currently include an air-filled upper 

layer with gas exchange capability and a vascular chamber to mimic the capillary network. Henry 

et al. developed a TEER measuring system by implanting electrodes made of gold-patterned 

polycarbonate and a polyester membrane in human lung-on-a-chip. They investigated the 

capacitance of the human pulmonary epithelial cell layer using 4-point impedance measurements 

at varying frequencies. A comparison of the TEER values measured from cell layers in culture 

medium or at the air–liquid interface showed that the average increase in TEER values was higher 

at the air–liquid interface (Henry et al. 2017b). 

4.1.9 TEER measurement in reproductive tract-on-a-chip 

The oviduct and its covering epithelium provide an environment for the transportation, maturation, 

and fertilization of gametes (Almiñana and Bauersachs 2020). Developing microfluidic-based in 
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vitro methods for studying oviducts can enhance the differentiation of stem cells or extended 

culture periods. The TEER value of oviduct epithelial cells is an essential factor that provides 

important information about the culture quality, permeability, and tightness of junctions. Ferraz et 

al. developed an oviduct-on-a-chip system to investigate the in vitro genome reprogramming of 

zygotes. They cultured bovine oviduct epithelial cells on a porous membrane embedded inside a 

microfluidic device. Their system contained two independent and perfusable compartments, 

mimicking the circulating hormone changes during the peri-ovulation period. The cell layers on 

the chip model exhibited high potency in the growth and development of embryos comparable 

with in vivo models. They simulated the luteal-phase simulation and pre-ovulatory phase hormone 

conditions and studied the TEER of cell layers in response to these hormonal changes. 

Furthermore, the amount of DNA methylation in zygotes, which is a challenge in reproductive 

biology, on this chip is lower than conventional in vitro models (Ferraz et al. 2018). 

4.1.10 TEER measurement in liver-on-a-chip 

The liver is one of the vital organs in the human body, playing different roles in human body such 

as metabolism, the immune system, hemostasis, digestion, and detoxification. Hepatocytes, 

hepatic stellate cells, Kupffer cells, and liver sinusoidal endothelial cells are major cells in the 

liver. Tight junctions between hepatocytes and a type of hepatic epithelial cells called 

cholangiocytes in canaliculus and act as a barrier to blood and bile diffusion (blood bile barrier) 

by sealing the lumen of bile canaliculi between adjacent hepatocytes. The integrity and 

functionality of these structures is are essential for preserving the polarity and overall functionality 

of the liver (Pradhan-Sundd and Monga 2019).  

In hepatic fibrosis, the hyper activation of hepatic stellate cell results in excessive ECM deposition 

in the liver. The progression of hepatic fibrosis can be performed in real-time manner to the in 

vitro models. Farooqi et al. integrated electrical and photoelectric sensors for real-time monitoring 
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of physiological symptoms in 2D HepG2 monolayer cell sheets produced by doxorubicin, 

epirubicin, and lapatinib in a liver-on-a-chip device. They utilised indium tin oxide electrodes 

(located at the bottom and top of microchannels) to assess TEER and evaluate drug-induced 

disruption in cell-to-cell tight junctions. In addition, their system included a photoelectric sensor 

for monitoring the pH and acidity of the cell culture fluid. In addition, they confirmed impedance-

based relative cytotoxicity results by evaluating albumin and lactate levels and cell-cell tight 

junction formation (E-cadherin imaging in confocal microscopy) (Farooqi et al. 2020). 

Chethikkattuveli Salih et al. investigated the influence of ECM types on liver tissue development 

utilising an intensity-based image processing technique, TEER sensors, and hepatic metabolic 

quantification. The TEER and image processing data were utilised to evaluate the development of 

a microfluidic liver for modelling the physiology of the human liver. According to their findings, 

Matrigel and fibronectin were the most relevant ingredients for developing liver-on-a-chip systems 

(Chethikkattuveli Salih et al. 2021). In another study, the effect of different concentrations of foetal 

bovine serum (FBS) on tight junction formation in gut, liver, and kidney-on-a-chip devices was 

monitored by measuring the transendothelial electrical resistance (TEER) and it was determined 

that 5% is the optimal concentration (Salih et al. 2020). 

Farooqi et al. created a liver fibrosis-on-chip model for measuring TEER in real-time during 

fibrosis progression. Regarding this, HepG2 cells and fibroblasts were co-cultured and treated with 

transforming growth factor 1 (TGF-1) to induce fibrosis. They embedded TEER electrodes 

(created using chemical vapour deposition) and reactive oxygen species (ROS) sensors (created 

using solution-based inkjet printing) on the surface of glass and monitored the effects of TGF-1 

on fibrosis (Farooqi et al. 2021). TEER systems also have been implemented in hepatic tumor-on-

a-chip devices for studying the effect of anticancer agents such as Acer cappadocicum Gled 

(Farooqi et al. 2022). 
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Table 2. TEER measurement systems of biological barriers inside organ-on-chip devices. 

Organ Mimicry conditions Cells TEER measurement system Ref 

Kidney 

 

- Bilayer device 

- Renal fluid flow and shear stress 

HREC 

MDCK 

- Ag electrodes 

- Ohm-based, EVOM2TM 

(Ferrell et 

al. 2010) 

- In silico modelling of geometries and fluid 

dynamics of human proximal tubules 
HK-2 cells Impedance-based (Yan 

2020) 

- Proximal tubule-on-a-chip, proximal shear stress, 

- TEER and pH measurement, glass device 

HK-2 

Fibroblasts 

- Indium tin oxide electrodes 

- Impedance measurements 

(Asif et 

al. 2020) 

Eye 

 

- Blood–retinal barrier on a chip 

Parallel compartments for co-culture system 

HREC 

SH-SY5Y 

ARPE-19 

- Grid of microgrooves and metal electrodes 

- Impedance-based 

(Yeste et 

al. 2018) 

- Retinal pigment epithelial cells-Bruch's 

membrane-fenestrated choroids  

HUVECs 

ARPE-19 

- Platinum electrode 

- Ohm-based, EVOM® 

(Chen et 

al. 2020) 

- A human cornea-on-a-chip 

- Air-liquid interface for mimicking ocular surface 

hCEpi 

hCEnd 

- Holes inside device for Millicell-ERS (Yu et al. 

2021) 

Heart 

- Mimicking the vascular administration of 

isoproterenol and TNF-α 

- Applying shear stress on cardiomyocytes 

HUVECs 

Cardiomyocytes 

- Multi-electrode arrays and electrodes 

- Impedance-based 

(Maoz et 

al. 2017) 

Skin 

- Human epidermis models 

- Air-liquid interface 

- Automated fluidic systems 

L929  - Wire and planar electrodes 

- Impedance-based 

- IMOLA-IVD interdigitated electrode sensors  

(Alexande

r et al. 

2018a) 

Gut 

 

- Gut-on-a-chip 

- Applying shear stress 

Caco-2 - Mathematical model for differences measured 

in TEER between chips and Transwell systems 

- Ag/AgCl electrodes, Ohm-based, EVOM2TM 

(ávan der 

Meer et 

al. 2015) 

- Human intestinal epithelium in a gut-on-a-chip 

 

Caco-2 - Semi-transparent gold electrodes 

- Impedance-based, Autolab PGStat 

(van der 

Helm et 

al. 2019a) 

- Human intestinal epithelium in a gut-on-a-chip 

 

Caco-2 - Platinum wire electrodes 

- Impedance-based 

- Zurich instruments HF2IS impedance 

spectroscope 

(Bossink 

et al. 

2021) 

- Esophageal epithelium sandwiched by the two 

half-chambers through a chip in physiological 

temperature 

Mucosal/Epitheliu

m Layer from the 

Porcine Esophagus 

- Chopstick electrodes 

- Ohm-based, EVOM2TM 

(Poenar et 

al. 2020) 
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Blood–

brain 

barrier 

 

- Blood-brain-barrier-on-a-chip 

- Two-layer channel 

 

MDCK-2, C2C12, 

b.End.3  

- Ag/AgCl electrodes 

- Impedance-based, Autolab 

Potentiostat/Galvanostat 

(Douville 

et al. 

2010) 

- Four-layered chip 

- Applying shear stress effects on endothelial cells 

b.End.3 

C8D1A 

- AgCl thin-film TEER electrodes 

- Ohm-based, EVOM2TM 

(Booth 

and Kim 

2012) 

- Blood-brain-barrier-on-a-chip 

- Applying shear stress on cell layer 

hCMEC/D3 - Platinum electrodes, Impedance-based 

- Hp4194a impedance/gain phase analyser 

(Griep et 

al. 2013a) 

- Blood-brain-barrier-on-a-chip 

 

CMEC/D3 - Four platinum wire electrodes 

- HP4194A impedance/gain phase analyser  

(van der 

Helm et 

al. 2016) 

- Mimicking responses to inflammatory stimulation 

on a chip 

- Applying shear stress on neurons 

hBMVECs 

hiPSC-derived 

Cortical Neurons 

Astrocytes 

- Impedance-based 

- Custom-built multi-frequency impedance 

analyser 

(Brown et 

al. 2016) 

- Multi-layer microfluidic platform 

Co-culture system 

hCMEC/D3 

Pericytes 

- Array of concentric interdigitated gold 

electrodes 

- Multi-frequency TEER 

- Electric impedance spectroscopy (EIS) 

- Machine learning algorithms for analysing 

(Badiola-

Mateos et 

al. 2021) 

Capillaries 
- Flowing stream of red blood cells 

- Applying shear stress on endothelial cells 

bPAEC 

RBC  

- Ohm-based TEER (Vogel et 

al. 2011) 

Lung 

- Air–liquid interface 

- Lung-on-a-chip 

hAECs - Gold-patterned electrodes 

- 4-point impedance measurements, 

PGSTAT128N (Metrohm Autolab BV) 

(Henry et 

al. 2017b) 

Reproduct

ive system 

- Oviduct-on-a-chip 

- Applying shear stress on epithelial layer 

Epithelial cells 

Gametes, Embryos 

Ag/AgCl wire electrodes, Millicell, USA 

 

(Ferraz et 

al. 2018) 

Liver 

 

- Liver-on-a-chip 

- Applying shear stress on cells 

HepG2 - Indium tin oxide electrodes, impedance-based. 

- Photoelectric pH sensors 

(Farooqi 

et al. 

2020) 

- Liver, gut, kidney on a chip 

- Applying shear stress on cells 

Caco-2 

HepG2 

HK2 

- Indium tin oxide electrodes, impedance-based (Salih et 

al. 2020) 

- Liver-on-a-chip 

- Implementing different ECMs: Matrigel, collagen, 

fibronectin, and poly-L-lysine 

HepG2 - Indium tin oxide electrodes, impedance-based (Chethikk

attuveli 
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Salih et al. 

2021) 

- Liver fibrosis-on-chip 

- TGF-β effect on liver fibrosis  

- Co-culture system, - Applying shear stress on cells 

HepG2 

Hs68 

- Indium tin oxide electrodes, impedance-based (Farooqi 

et al. 

2021) 

- Hepatic tumor-on-a-chip 

- Therapeutic effect of methanolic extracts of acer 

cappadocicum gled 

HepG2 - TEER sensor 

- Impedance-based 

(Farooqi 

et al. 

2022) 

 

Abbreviations: HREC: Human Retinal Endothelial Cells, MDCK: Madin-Darby canine kidney, HK2: Human Kidney 2, HUVECs: 

Human Umbilical Vein Endothelial Cells, HCEpiC: Human Corneal Epithelial Cells, HCEnd: Human Corneal Endothelial Cells, Caco-

2: human colorectal adenocarcinoma, b.End.3: mouse brain endothelial cell line, C8D1A: mouse neuronal astrocyte cell line. C8D1A: 

brain microvascular endothelial cell, hCMEC/D3: Human Cerebral Microvascular Endothelial Cell Line, hBMVECs: human Brain 

Microvascular Endothelial Cells, hiPSC: human induced Pluripotent Stem Cell, bPAEC: bovine Pulmonary Artery Endothelial Cells, 

RBC: Red Blood Cell. 
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5 Challenges and future perspectives 

TEER measurement is a potential approach for studying the behavior of biological membranes in 

different diseases. This parameter can be assessed in vivo for diagnostic purposes or in vitro to 

examine the effect of various medications on (healthy or pathologic) barrier models. TEER can 

provide precise information on the ability of biological barriers to cope with immune cells, drugs, 

nanoparticles, and biomolecules. Organ-on-a-chip is a promising technology that enables the 

miniaturization of different biological barriers and can be integrated with TEER measuring 

systems. This review evaluates the state-of-the-art advances in the measurement of the TEER of 

various biological barriers modeled inside organ-on-chips. 

Four generations of TEER measurement systems have been developed during the past decade 

(Figure 4). The first-generation instruments operated based on the Ohm law and utilized manual 

or fixed electrodes implemented inside Endohm and using chambers. The significant advantages 

of impedance-based techniques for TEER measurements led to the flourishing of the second-

generation instruments for the measurement of TEER Applied BioPhysics (ECIS®) Cultureware. 

These devices were equipped with user-friendly disposable electrodes for measuring TEER with 

high precision. However, the culture was in a static condition, which was undesirable for biologic 

applications. Therefore, Applied BioPhysics recently introduced a third generation of TEER 

measurement systems, ECIS® Flow Array µ-slides, to the market that can produce dynamic flows 

inside simple channels of approximately 700 µm in height. This generation is assisted with 

disposable electrode arrays with different patterns but cannot mimic the biological barriers 

structure. The last generation of TEER measurement systems, which are not still on the market, 

integrate TEER measurements systems with organ-on-chips. These systems can be integrated with 

AC- and DC-based systems and produce better dynamic flow conditions than previous chambers, 
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culture wares, and channel µ-slides. Furthermore, these systems can be enriched with different cell 

layers, mimicking barriers' complexity and providing cells with different culture mediums, drugs, 

conditions, and even air flow. The cells inside these systems interact with lower amounts of fluids, 

tensions and micro/nanopatterned electrodes can be integrated into the systems during the 

manufacturing processes (Figure 4). 
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Figure 4. The schematic shows the development of TEER measurement systems. The STX2 

Chopstick Electrodes, EndOhm, Ussing chambers, ECIS® Culturewares, and ECIS® Flow Array 

µ-slides were commercially developed sequentially. The new TEER measurement systems are 

based on microfluidic technology and organ-on-chips. 

The development of organ-on-a-chip technology for TEER measurement purposes is highly 

dependent on advanced technologies such as microfabrication, nanotechnologies, and surface 

modification (Brown et al. 2016; Cochrane et al. 2019; Kennedy et al. 2021; Santa-Maria et al. 

2021; Soucy et al. 2019). They can assist biomedical researchers in implementing TEER 

measurement by incorporating synthesized circuits, connectors, sensors, electrodes, and other 

electronic micro/nanostructures within the organ-on-chips (Asif et al. 2020; Egunov et al. 2021; 

Gopinath et al. 2019; Maoz et al. 2017; Wu et al. 2020b). In this regards, one of the most important 

factors in increasing the accuracy of TEER measurement is the fabrication and proper integration 

of different electrodes (excitation, recording, etc.) inside organ-on-a-chip devices (Srinivasan et 

al. 2015a). These electrodes can be fabricated using metallic elements (gold, platinum, copper, 

silver) (Ferrell et al. 2010; Yeste et al. 2018) in different shapes (cylindrical (Ferrell et al. 2010), 

rectangular (Yeste et al. 2018), nanofilms (Asif et al. 2020), wires (van der Helm et al. 2016), 

micro/nanoarrays (Maoz et al. 2017)) and sizes through various manufacturing methods and 

embedded inside chips (Pallarola et al. 2017). The TEER electrodes in the first studies were simple 

in the form of thin wires or plates that were directly inserted into a microfluidic chip. In the past 

few years, complex electrodes in the shape of multi-electrode arrays have been printed on glass 

surfaces using different methods such as physical vapor deposition and e-beam evaporation and 

integrated into organ-on-a-chip systems (Bourg et al. 2019; Soum et al. 2019; Yeste et al. 2018) 

This generation of electrodes significantly decreased the movement of electrodes inside the device, 

increased accuracy and repeatability, and decreased the undesired noise in TEER studies. The 

undesired mobility of electrodes within cell culture channels/chambers is a big challenge that can 
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result in non-reproducibility of TEER measurement values. These electrode arrays can be easily 

integrated with electric circuits and other sensing electrodes (Ferrari et al. 2020). The advances in 

electrically conductive polymers and nanoparticles in the last few years have introduced 

transparent electrodes that significantly improve the imaging quality, which is highly valuable for 

cellular studies. The flexible electrodes can assist in mimicking the movement ability of devices, 

which are vital in some organs such as the lungs and heart (McCullough 2020; Wang et al. 2020a). 

These electrodes create a uniform current density while reducing noise. Also, they can be applied 

to organ-on-a-chip from a simple single-channel model to complex models toward those trying to 

mimic multi-organ and human-on-a-chip. 

Advances in microfabrication technologies have had a significant affect in the field of 

TEER. Conventional fabrication methods include photolithography for the design of planar 

microchannels. These channels are mainly produced by molding a soft polymer on a silicon wafer, 

resulting in planar microchannels. However, design complexity leads to the generation of complex 

microchannels fabricated through multi-layer lithography. This method results in the generation 

of nonplanar microchannels at the cost of increased fabrication time. More importantly, the mold 

fabrication process requires the use of skillful users and advanced facilities. These challenges have 

force investigators to try other possibilities. 3D printing or additive manufacturing are ideal 

candidates for the development of 3D microchannels, which can closely replicate an organ's 

complexity. This technique can create 3D structures by layer-by-layer formation of different 

materials. During the past decade, a variety of 3D printing techniques have been developed, 

including extrusion, droplet, selective laser sintering, stereolithography, inkjet 3D printing, laser-

assisted printing, and selective laser melting (Pranzo et al. 2018). Integration of MEMS with 

additive manufacturing further advances the field toward the development of a new generation of 
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TEER platforms. Lately, many research groups have made increasing use of bioprinting or 3D 

bioprinting. Indeed, bioprinting is an extended use of additive manufacturing involving the 

generation of a tissue or organ through a bottom-up approach. The main aim is to closely mimic 

the cellular architecture. It has been envisaged that the recent advancement of microfabrication 

techniques will significantly revolutionize the measurement of TEER (Figure 5).  

In addition to the presented milestone in electrode design, the fabrication and embedding of such 

micro/nanoscale structures is costly and requires cleanroom facilities, urging research teams to 

develop more cost-effective methods (Fan 2018; Karanassios 2018) (Bossink et al. 2021). Many 

opportunities in nanotechnology in developing electrodes are yet to be explored for their 

improvement. For instance, incorporating the diblock co-polymer micelle nanolithography 

technique and photolithography allows the fabrication of nanostructured nanoparticle-based 

patterned sensors (Meghani et al. 2020; Pallarola et al. 2017). Surface nanopatterning using 

photolithography and metal sputtering techniques can be utilized for surface functionalization of 

a substrate using metallic nanoparticles to study cell–substrate adhesion. 

Different properties of membranes such as the selection of material, pore size, hydrophilicity, 

surface modification, and nanotopography play essential roles in the simulation of the basement 

membrane of biological barriers, which can be achieved by nanofabrication techniques (He et al. 

2020; Nthunya et al. 2019). The origin of materials (natural or synthetic) implemented in a 

membrane can directly affect the formation and electrical behavior of cell layers (Pasman et al. 

2020; Quirós-Solano et al. 2018; Schneider et al. 2021). In addition, the surface of the membrane 

can be modified using a variety of proteins such as albumin or ECM proteins such as fibronectin, 

laminin, and collagen (Peng et al. 2020; van der Helm et al. 2019a). Despite significant advances 

in TEER measuring technology, incorporating TEER measurement systems into organ-on-chip 

Jo
urn

al 
Pre-

pro
of



technologies still presents certain obstacles. For instance, the design and integration of TEER 

measurement systems in multi-layer organ-on-a-chip devices for simultaneous measurement of 

TEER on the apical and basal sides of the membranes need to be optimized and standardized. 

 

Figure 5. Electrode development, organ-on-a-chip platform complexity, microfabrication 

techniques, and stem cell technologies directly impact TEER's advancement. The research trend 

is the use of transparent printed multi-electrodes on complex multi-barriers-on-a-chip for multi-

organ-on-a-chip in a multi-layer organ model engineered through advanced microfabrication 

technologies.  
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6 Conclusion 

Microfluidics, membrane technology, and stem cell biology play a prominent role in designing an 

acceptable organ-on-a-chip device that can mimic specific barrier properties for TEER 

measurement purposes . The development of advanced fabrication methods such as 3D printing 

has changed the appearance of microfluidic organ-on-a-chip devices during the last decade. The 

advent of multilayered microfluidic systems integrated with electrodes significantly decreases the 

impact of disturbing agents in TEER measuring systems. Furthermore, more complexity and 

intricacy levels can be implemented in chips to mimic the native barrier. The integration of organ-

on-a-chip with other sensors (such as oxygen, nitrogen), biosensors (such as glucose, hormones), 

and nanobiosensors can provide other valuable information about tissue barriers. In addition, the 

integration of microfluidic-based high throughput devices can assist the study of relationships 

between TEER changes with cellular, molecular, genomic, and next-generation sequencing 

studies. This advantage can expand our knowledge about complex signaling pathways related to 

TEER changes and cellular integrity. 
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Highlights 

• Report on state-of-the-art advances in TEER measurement in biological barriers-on-chips 

(organ-on-chip) 

•  Review of latest applications of advanced techniques and strategies for increasing the 

quality of TEER measurements. 

•  Highlight challenges and future trends in developing next-generation TEER securement 

systems using sensitive electrodes, microfluidic devices, stem cell technology, and 

membrane design. 
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