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Abstract 

 Cell barrier is essential for the separation of tissue compartments and regulation of the substance 

flow between different compartments. In this work, we developed a microfluidic tool for real-time 

impedance monitoring of renal barrier, including its formation dynamics and its drug responses. 

MDCK cells were cultured on a basement membrane (BM)-like chip insert inside a microfluidic device. 

Both culture and impedance monitoring were carried out automatically for up to 10 days. The recorded 

impedance spectra could then be analyzed with the help of an equivalent circuit, giving rise to a set of 

fitting parameters varying with time. This allowed us to follow closely the variation of the resistance 

and capacitance of the cell barrier, showing consistent results compared to the imaging analysis. 

Furthermore, a calcium switch assay has been performed to illustrate the high sensibility of the renal 

barrier to biochemical stimuli. Finally, the MDCK barriers formed on a BM-like chip insert and a 

conventional transwell insert were compared, showing significant differences in terms of barrier 

formation and barrier stability.  

 

Keywords: Renal barrier; Organ-on-a-chip; Electrochemical impedance spectroscopy; Artificial 

basement membrane  
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1. Introduction  

Cell barrier is omnipresent in the body for the formation of tissue compartments and regulation 

of the substance exchange between different compartments. Under physiological conditions, a cell 

barrier has to control passages of nutrients, ions, factors, and wastes against toxins in order to maintain 

the functions and homeostasis of the multicellular organism [1–3]. Many diseases are associated with 

the dysfunction of the cell barrier such as diabetic retinopathy [4], Crohn's disease [5], and 

neuroinflammatory diseases [6], but their underlying mechanisms are still elusive. One solution is to 

develop advanced in vitro models that recapitulate the most important features of the cell barrier and 

microenvironment, including the extracellular matrix such as the barrier-specific basement membrane 

(BM) and physiological conditions [7]. 

Recently, many studies on cell barrier have been based on organ-on-a-chip (OoC) systems [8–14].  

By using a microfluidic device, cells can be cultured or co-cultured under dynamic conditions. 

Moreover, a shear flow can be conveniently generated with a microfluidic device and applied to a cell 

layer. A variety of cell barrier including the blood-brain barrier (BBB) [15–17], air-blood barrier [18–

20], intestinal barrier [21–23], and renal barrier [24–26] have been investigated. However, 

semipermeable membranes are generally used to support cell culture and cell barrier formation. This 

is intuitive but limited since most of the semipermeable membranes used in these studies are plastic 

(e.g. PC, PET) or elastomeric (e.g. PDMS) which are significantly different from the native BM in 

terms of morphology, thickness, stiffness, and material composition [27,28]. Considering the BM 

proteins strongly affect fundamental cellular behaviors, we have recently reported a fabrication 

technology of artificial basement membrane (ABM) by self-assembling type IV collagen and laminin 

(two main proteins of native BM) on a monolayer of crosslinked gelatin nanofibers that serve as a 

backbone [29]. We have also demonstrated the generation of biomimetic alveolar and airway tissues 

by using the ABM and human induced pluripotent stem cells (hiPSCs) [30-32]. The cell layer formed 

with an ABM can then be manipulated and reversibly integrated into a microfluidic device for 

automated culture [33,34] which is essential for the development of a functional cell barrier. Compared 

to the conventional approach relying on cell culture with an already integrated membrane, the “seeding 

first and insert after” approach also allows easy removal of the cell layer for downstream analyses such 

as ELISA and PCR. Nevertheless, the integration of sensors into the microfluidic device is essential 

for real-time monitoring of the OoC system [35]. So far, on-chip imaging, ultrasound imaging, 
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electrochemical detection, and electrochemical impedance spectroscopy (EIS) have been reported [36–

39]. Among them, the EIS is advantageous for on-chip real-time monitoring since it is non-invasive, 

label-free, and easy for chip integration.  

In this work, we developed a cell barrier on a chip system by using a standard device configuration 

for automated culture and real-time EIS monitoring. After describing the fabrication methods of the 

device and the development of the setup, we show the results obtained with ABM-supported epithelial 

barrier by using Madin-Darby Canine Kidney (MDCK) cells. The impedance spectra recorded for a 

period of incubation allow us to go into details of the barrier behavior which is cell growth dependent. 

Calcium switch assay illustrates the sensibility of the system to biochemical stimuli. Finally, we also 

show the advantage of using ABM by comparing the barrier formation with both ABM and TWM 

culture supports. 

 

2. Materials and methods 

2.1 Preparation of ABM and TWM 

The ABM has been fabricated by lithography, electrospinning, and self-assembling techniques, as 

described previously [29]. Briefly, a honeycomb microframe of 50 µm wall thickness, 200 µm side 

length, and 50 µm height was produced with a support ring of 5 mm inner diameter and 13 mm outer 

diameter by photolithography, PDMS casting, and vacuum-assisted UV molding of a photosensitive 

resist, OrmoStamp (Micro Resist Technology, Germany). Then, a monolayer of gelatin nanofibers was 

produced on the frame by electrospinning and chemical cross-linking. Here, OrmoStamp was used 

because of its low viscosity, while gelatin was chosen for its excellent biocompatibility, availability 

and processability. To prepare the gelatin solution for electrospinning with an optimized concentration 

of 12 wt%, gelatin powder (G2625, Sigma) was dissolved in a solvent mixture of DI water, ethyl 

acetate, and acetic acid at a volume ratio of 10: 14: 21. Then, the gelatin solution was ejected through 

a syringe needle at a flowrate of 0.2 mL/h at a DC voltage of 11kV and a working distance of 10 cm 

toward the frame. 2 to 4 min was needed to form a monolayer of gelatin nanofibers at a relative 

humidity ranged from 30% to 40%. Afterward, the fibers were dried in a vacuum overnight and then 

cross-linked in an ethanol solution containing 0.2 M N-hydroxy succinimide (NHS, Sigma) and 0.2 M 

1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC, Sigma) for 4 h. After cross-

linking, the sample was washed three times in absolute ethanol and dried in a vacuum overnight. 
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Finally, the nanofibers served as a backbone for self-assembling type IV collagen and laminin, the two 

principal components of natural basement membrane which can form two types of well-defined protein 

networks. Typically, 20 μL protein solution composed of 1 mg/mL type IV collagen (#C7521, Sigma-

Aldrich, France) in water and 20 μg/mL laminin (#L2020, Sigma-Aldrich, France) was pipetted on the 

monolayer of nanofiber. After 37 ℃ dehydration for 3~5 h, an ABM was obtained (Fig. 1A). 

 The TWM was prepared using a transwell insert (#3401, Corning, USA) of 12 mm diameter and 

0.4 μm pore size. The polycarbonate (PC) membrane was cut and bonded to a support ring of 5 mm 

inner and 13 mm outer diameter using pre-cured polydimethylsiloxane (PDMS). Before cell culture, 

the TWM was coated with type IV collagen and laminin using the same solution described above. 

 

2.2 Integration of electrodes  

A commercial microfluidic device (Mesobiotech, France) was adapted to integrate electrodes. 

This device was composed of two plastic plates. For the convenience of adaptation, the bottom plate 

was replaced by a glass slide with patterned electrodes and PDMS thin layers with an embedded 

channel (1 ×1× 30 𝑚𝑚3) and an open culture chamber (∅ 10 𝑚𝑚, ℎ 1.5 𝑚𝑚) at the center of the 

structure. Here, the PDMS thin layers were prepared with a cutting plotter and plasma bonding. The 

upper plate was designed to have four Luer connectors (two inlets and two outlets), an embedded upper 

channel (2 × 2 × 20 𝑚𝑚3) and an open upper chamber (∅ 10 𝑚𝑚, ℎ 3.5 𝑚𝑚) at the center of the plate. 

To add an electrode, an M4 copper screw was machined to have a flat head surface which was then 

coated with 100 nm gold using a sputter coater (K675X, EMITECH, Germany). This screw-type 

electrode was then mounted in the center part of the upper chamber with a perforated hole. To fix the 

two plates, a mechanical clamper with four hand screws was used with additional silicone O-rings to 

avoid leakage (Figure 1B). 

 

2.3 Automation of flow control 

As shown in Figure 1C, a setup was prepared to control the flow independently through the upper 

and the lower chambers. This setup was equipped with two peristaltic pumps, two electromagnetic 

valves, two bubble traps, two media stocks, silicone tubing (1mm inner diameter) for pipelines, and a 

PC. The two peristaltic pumps were placed downstream of the device to pull the culture medium 

through the upper and lower chamber respectively. The two electromagnetic valves were placed 
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upstream of the device to switch the flow in two chambers. In addition, two plastic capsule-like bubble 

traps were added to the inlets of the chip to prevent the air bubbles from going into the culture chambers. 

All electric components were controlled with a PC using a Python script with a graphic user interface 

(GUI) and Modbus protocols. Here, the GUI defined the flow rate and the volume of each pump action, 

the incubation time between two pump actions, and the number of repeats. After setting the parameters 

and the working flow, the setup works automatically. 

 

2.4 Electrochemical impedance spectroscopy 

The EIS monitoring of the cell barrier was performed with an impedance analyzer (Digilent, 

USA). The screw-type electrode on the upper plate of the chip was connected to the analyzer by a 

metal insert with a wire, while the patterned electrode on the glass slide was connected by a pogo pin 

connector with a wire. The analyzer was also controlled by the PC with Python script, allowing 

programmable recordings. Typically, the following parameters were used for a system without (with) 

cells: frequency range of 10 to 107 (10 to 105), discrete frequencies of 151 (65), and voltage amplitude 

of 500 mV (100 mV). A time interval of 1 min, 1 hour, or 3 hours was selected for EIS recordings. 

Data were presented in real-time on the screen of the PC by Bode plots where the logarithm of the 

impedance magnitude (log |Z|) was plotted against the logarithm of the frequency (log f). 

To identify and quantify the impedance contribution of different electric elements of a system, an 

equivalent circuit was used to fit the experimental data by least square methods.  

 

2.5 Cell culture 

MDCK II cells were cultured in Minimum Essential Medium (MEM), supplemented with 5% 

(v/v) Fetal Bovine Serum (FBS), 1% (v/v) Glutamax, and 1% (v/v) penicillin/streptomycin (PS), which 

were purchased from Fisher Scientific. Cells were incubated in a humidified atmosphere with 5% CO2 

and 37 °C and passaged 2 or 3 times per week. 8×104/cm2 MDCK cells were seeded on the ABM or 

TWM. Cells were then cultured after placing them in a 24-well plate for 6 h or 48 h before inserting 

into the microfluidic device for EIS monitoring. 

 

2.6 Calcium switch assay 
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 MDCK cells were seeded on the ABM and cultured for 48 hours before inserting into a 

microfluidic device for EIS monitoring. After reaching a stable state, the culture medium (calcium-

containing) was replaced with a calcium-free medium consisting of S-MEM (11380052, Invitrogen) 

with 2mM EDTA (15575020, Invitrogen), 5% FBS, 1% P/S, and 1% Glutamax. The time interval for 

EIS recording was then kept to 1 min to closely follow the barrier variation. After 40 min, the calcium-

free medium was replaced by a calcium-containing medium and the time interval for the EIS was 

changed to 1 hour to monitor the recovery of the barrier. 

 

2.7 Immunostaining  

After the on-chip culture and EIS monitoring, the microfluidic device was unclamped and the 

MDCK cell barrier was taken out and rinsed with Dulbecco’s PBS (DPBS). Then, cells were fixed 

with 4% (w/v) paraformaldehyde for 15 min, prior to permeabilization in 0.5% (w/v) Triton X-100 in 

PBS for 10 min and saturation in a blocking solution (3% bovine serum albumin, 0.1% Tween- 20 and 

0.1% Triton X-100 in PBS) for 2 hours at room temperature. The samples were further incubated with 

primary antibodies, i.e. anti-E cadherin (1:100 diluted, Sigma) at 4 °C overnight, followed by the 

incubation with secondary antibodies in the blocking solution for 2 hours and subsequent nuclei 

staining in PBS containing 300 ng·mL−1 DAPI (Sigma) for 15 min at room temperature. Phalloidin-

FITC (1:200 diluted, Sigma) was used to label F-actin for 30 min when necessary. Finally, the stained 

cells were observed using an LSM Zeiss 710 confocal microscope. All data were analyzed by Image J 

software. 

 

3. Results and discussions 

3.1 Electrical resistance and capacitance of membranes 

 Previously, the properties of the ABM, including stiffness, permeability and wettability have been 

discussed in detail and the ABM has been used for studies of hiPSC-derived airway, alveolar, as well 

as air-blood barrier and neurovascular unit [29–32,40]. Here, we used EIS to determine the electrical 

resistance and capacitance of the system. Figure 2A and 2B show equivalent circuits of a device 

without insert and a device with insert (ABM or TWM without cells). In both cases, a constant phase 

element (CPE) [41] can be used to take into account the effect of electrodes in contact with the 
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electrolyte, in addition to a bulk resistance (𝑅𝑏𝑢𝑙𝑘) and a bulk capacitance (𝐶𝑏𝑢𝑙𝑘) of the electrolyte 

in parallel. Thus, the transfer function of the system without insert is given by 

𝑍 =
1

𝐴𝐶𝑃𝐸(𝑗)𝑛𝐶𝑃𝐸
+

1

1 (𝑅𝑏𝑢𝑙𝑘)⁄ + 𝑗𝐶𝑏𝑢𝑙𝑘

(1) 

where 𝐴𝐶𝑃𝐸 and 𝑛𝐶𝑃𝐸 are parameters of CPE,  = 2𝜋𝑓, 𝑓 is the frequency. With an insert, the 

transfer function of the system becomes 

𝑍 =
1

𝐴𝐶𝑃𝐸(𝑗)𝑛𝐶𝑃𝐸
+

1

1 (𝑅𝑏𝑢𝑙𝑘)⁄ + 𝑗𝑤𝐶𝑏𝑢𝑙𝑘
+

1

1 (𝑅𝑖𝑛𝑠𝑒𝑟𝑡)⁄ + 𝑗𝐶𝑖𝑛𝑠𝑒𝑟𝑡

(2) 

where 𝑅𝑖𝑛𝑠𝑒𝑟𝑡 and 𝐶𝑖𝑛𝑠𝑒𝑟𝑡 are the resistance and capacitance of the insert respectively.  

Experimentally, we measured the impedance spectrum of the device with and without insertion in 

10 mM KCl solution (as shown in Figure 2C). By least square fitting the data without insert, we firstly 

obtained the bulk values, 𝑅𝑏𝑢𝑙𝑘 = 932.70 ± 0.93 Ω and 𝐶𝑏𝑢𝑙𝑘 = 1.21 ±  0.01 ×  10−10 𝐹, and the 

CPE values, 𝐴𝐶𝑃𝐸 = 3.43 ±  0.12 ×  10−6 𝐹 ∙ 𝑠𝑛−1/𝑐𝑚2  and 𝑛𝐶𝑃𝐸 =  0.77 ±  0.01.  Here the 

CPE is a constant phase element that models the double layer at the surface of electrodes with a given 

electrolyte. Similarly, we obtained the two fitting parameters of the electrolyte as well as those of the 

insert(𝑅𝑖𝑛𝑠𝑒𝑟𝑡 and 𝐶𝑖𝑛𝑠𝑒𝑟𝑡). As expected in Figure 2D, the presence of the insert has little effect on 

the bulk values of the system (𝑅𝑏𝑢𝑙𝑘 and 𝐶𝑏𝑢𝑙𝑘). However, the deduced resistance and capacitance of 

the ABM are significantly different from those of the TWM. With the two investigated samples, the 

resistance of the ABM is smaller than that of the TWM, due probably to the limited porosity but a 

larger thickness of the TWM [29]. Remarkably, the capacitance of the ABM is three orders of 

magnitude larger than that of the TWM. Note that the thickness of the ABM (~0.1 µm) is three orders 

of magnitude smaller than that of the TWM (~10µm) and the capacitance of a two-plate system is 

reversely proportional to the distance between the two plates. Note also that both ABM and TWM can 

be considered as semi-permeable membrane. For these reasons, the difference in capacitance between 

the two types of membranes can be simply attributed to the difference in their thicknesses. 

 

3.2 Development of ABM supported MDCK barrier 

 8×104/cm² MDCK cells were seeded on the ABM and incubated for 6 hours for cell adhesion and 

stability. The insert was then placed in a microfluidic device for culture and EIS monitoring. The 

culture medium was changed manually every day. The impedance spectra from 6 to 96 h are shown in 
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Figures 3A and 3B. By using the equivalent circuit of Figure 1D and the least-square method, both the 

cell layer electrical resistance (CLER) and cell layer electrical capacitance (CLEC) of the insert could 

be deduced. Here, CLER and CLEC include the contribution of both cell layer and ABM for simplicity. 

In addition, we dropped 𝐶𝑏𝑢𝑙𝑘  from the circuit because its characteristic frequency is out of the 

frequency range under consideration. Now, the transfer function can be expressed as 

𝑍 =
1

𝐴𝐶𝑃𝐸(𝑗𝑤)𝑛𝐶𝑃𝐸
+

1

1 (𝐶𝐿𝐸𝑅)⁄ + 𝑗𝑤𝐶𝐿𝐸𝐶
+ 𝑅𝑏𝑢𝑙𝑘 (3) 

The fitting results are reported in Figures 3C and 3D, showing characteristic changes of a growing 

epilayer.  

 Noticeably, the impedance spectra changed a little from 6 to 24 h, indicating that the cells were 

not yet confluent and that EIS was not sensitive to leaky cell layers [42]. At 24 h, a plateau region 

appeared on the impedance spectra, suggesting a just confluent cell layer. From a CLEC value of 0.58 

𝜇𝐹/𝑐𝑚2, a capacitance of the cell membrane of 1.16 𝜇𝐹/𝑐𝑚2 could be deduced, which is close to 

the typical capacitance value of a cell membrane [43]. After 24 h, CLER continuously increased, 

peaked at 60 h, and then dropped down to a stable state. In contrast, CLEC kept increasing from 24 h 

and became stable from 60 h.  

 To understand the observed behavior of the MDCK barrier, we also performed cell imaging at 

different time points by brightfield and fluorescence microscopy. As shown in Figure 4A, the 

fluorescence image of the cell layer at 96 h showed a clear expression of E-cadherin between cells and 

the cells formed a tight and polarized monolayer, indicating the formation of a mature renal epithelium. 

Bright field images of MDCK cells at 24 h, 48 h, 72 h, and 96 h (Figure 4B) revealed that both cell 

density and cell boundary density significantly changed with the incubation time (Figure 4C). Indeed, 

the brightfield image of 24 h showed a just confluent cell layer and most of the cells were relatively 

large, shuttle-shaped, and stretched, giving rise to a small value of CLER (3.77 Ω ∗ 𝑐𝑚2). At 48 h, 

the number of cells was twice that of 24 h, the cells became round or square, and the cell boundary 

became clearer. From 24 h to 60 h, both CLER and CLEC increased, suggesting the improvement of 

the cell junctions as well as the cell barrier properties. Then, the CLER decreased due partially to the 

increase of the cell boundary density which provided more pathways for the electric current. From 72 

h to 96 h, the cell density and boundary density increased slowly because of the contact inhibition, 
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giving rise to a smooth variation of CLER. On the other hand, the CLEC was stable from 60 h because 

the total area of the cell membrane did not change, even though the cell density increased drastically. 

 

3.3 Calcium switch assay  

 Calcium plays an essential role in maintaining cell-cell junctions in various cell types [44,45]. To 

monitor the calcium switch of the MDCK barrier, we recorded the EIS of the system with culture 

media with and without calcium. When the CLER of the barrier reached the stable state, we replaced 

the normal culture medium (calcium-containing) with a calcium-free medium, consisting of S-MEM 

supplemented with EDTA to chelate the residual calcium ions on the barrier. After 40 min incubation, 

we changed the normal medium back and waited for the barrier recovery. As shown in Figure 5A, the 

CLER of the barrier dropped drastically during the incubation period with a calcium-free medium, 

while the CLEC remained stable (the leap might be due to the medium change). The CLER decreased 

to about 9.8% of the initial value at 40 min, indicating that the tight junctions of the MDCK cells were 

disrupted. On the other hand, the stable CLEC indicated that the cell membrane did not change during 

this short period. Afterwards, the CLER recovered to 40% of the initial value 1 hour after switching 

back to normal medium and to 95% after 20 hours, while the CLEC was rising. Generally, the 

capacitance was related to the total area of the cell membrane as well as the composition and 

distribution of cell membrane proteins. Further research is needed to investigate the changes in the cell 

barrier after calcium switching. 

 

3.4 Comparison between ABM and TWM 

 To demonstrate the advantage of the ABM over TWM, long-term culture of MDCK cells was 

performed with both types of the substrate under dynamic culture conditions with real-time EIS 

monitoring. 8×104/cm² MDCK cells were seeded on the ABM and TWM coated with type IV collagen 

and laminin. After 48-hour incubation in a 24-well plate, the cell layers were inserted into the 

microfluidic device and stabilized for 6 hours. Afterward, the culture medium on the apical side of the 

barrier was changed each hour (50 μL/min flow rate for a total volume of 400 μL), while the medium 

at the basal side was kept static.  

Figures 6A and 6B show the time courses of CLER and CLEC of the MDCK barrier on TWM and 

ABM, respectively. The CLER of both samples exhibited a typical trend, i.e., increased firstly and then 
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decreased with a long tail. However, the CLER of TWM-supported MDCK barrier has a second rise 

from 150 h but the corresponding CLEC remained slightly decreasing, due probably to the emergence 

of a second cell layer. After incubation for 9 days, the sample was removed for immunostaining and 

microscopic observation. As shown in Figure 6C, a double layer of MDCK cells appeared indeed even 

though it was not completed. As the two cell layers were stacked, the CLER of the system increased, 

but the CLEC decreased considering a scheme of connecting in series. Interestingly, the CLER of 

ABM supported MDCK barrier remained stable for the rest of the time but the CLEC increased from 

120 h. On Day 7, we also removed the barrier for immunofluorescent imaging. As shown in Figure 

6D, the barrier remained as a monolayer but was slightly deflected. The maintained monolayer of the 

barrier led to a stable CLER against time, while the deflected barrier had an increase of total cell 

membrane, resulting in a second rise of CLEC. 

 The observed differences in EIS and morphology of the barriers can be attributed to the different 

properties of the system. In the case of TWM, cells were cultivated on a 10-μm-thick PC membrane 

with Young’s module in the GPa range which is much larger than the cell growth-induced stress. For 

long-term culture, a second layer of cells merged after the first cell layer became dense. In contrast, 

the cell growth-induced stress is sufficiently large to deflect the underlying ABM due to a much smaller 

thickness and a much smaller Young’s module which is in the range of MPa [30]. Moreover, the 

interplay between the growing epithelial cells and the underlying substrate also depends on the 

coupling between cells and the BM proteins as well as the permeability of the substrates. If the 

substrate is stiff and the cell adhesion to the substrate is weak which is the case of TWM, the growth 

resulting in excess cells could be extruded from the cell layer to form a second cell layer. Otherwise, 

the excess cells lead to the accumulation of actin and myosin-based contraction forces which may 

deflect the substrate which is the case of the ABM cell layer. Finally, the ABM is ultrathin and highly 

permeable to nutrients and metabolites which favors the monolayer cell organization and the 

homeostasis of the system. Obviously, this is not the case with TMW [32]. 

 Different types of membranes have been previously used for the formation of epithelial barrier but 

only a few of them are used in practice for on-chip real-time impedance monitoring. In this regard, the 

reversible integration of an insert-like membrane is the most convenient approach since a cell layer 

can be pre-formed outside the chip and high-resolution cell imaging can be performed after a long-

term survey of the cell barrier development under dynamic culture conditions. Compared to the TWM-
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supported formation, ABM is advantageous in terms of biomimicking and co-culture of epithelial and 

endothelial layers. Furthermore, the device fabrication presented in this work is straightforward and 

can be extended for a large-scale application. Finally, the device and apparatus developed in this work 

are flexible, versatile, and low-cost, making the present EIS approach useful for studies of other types 

of epithelial and endothelial barriers.  

 We would like to mention that the present study is limited to a proof of concept. More systematic 

investigations are expected to improve the quality and stability of the epithelial barrier. These include 

co-culture of epithelial and endothelial cells on two sides of the ABM, mimicking the physiological 

conditions in both sides of the cell layer (ion and serum concentration, flow and metabolic rates, etc.), 

multi-tissue culture, etc.  

 

4. Conclusion 

We developed a microfluidic culture system for real-time impedance monitoring of MDCK 

epithelial barrier. We showed that the EIS was highly sensitive to the cell barrier formation and it is 

necessary to analyze the variation of both CLER and CLEC. We also showed that the change in the 

EIS of the barrier could be correlated to the variation of both cell density and cell boundary density. 

The results of the calcium switch allowed us to confirm the utility of this approach for biochemical 

and drug assays. Finally, we demonstrated that ABM supported barrier was advantageous compared 

to the TWM-supported one in terms of monolayer barrier formation and stability of the barrier. Overall, 

this method is reliable and pertinent, thereby holding high potential for further studies in the area of 

disease modeling and drug development. 
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Figure captions 

 

Figure 1. Overview of the method for on-chip real-time impedance monitoring of a cell barrier. 

(A) Seeding of MDCK cells on an ABM made of collagen IV and laminin self-assembled with a 

monolayer of crosslinked gelatin nanofibers. (B) Inserting of the ABM-cell assembly into a 

microfluidic device with fluidic and electric connections. (C) Apparatus (microflow controller and 

multi-channel impedance analyzer) for automated culture and impedance monitoring of the cell barrier. 

(D) Equivalent electric circuit of the system. 

 

Figure 2. Impedance spectroscopy of ABM and TWM. (A, B) Equivalent electric circuit of a 

microfluidic device without and with insert. CPE, Rbulk, and Cbulk are respectively constant phase 

elements and resistance and capacitance of the system. (C) Impedance spectra of a device and their 

least square fitting without insert, with ABM or with TWM in 10 mM KCl solution. (D) Comparison 

of deduced resistance and capacitance of the three device configurations. 

 

Figure 3. Variation of the impedance and the phase of an ABM-supported MDCK barrier as a 

function of incubation time. (A, B) Impedance spectra and phase diagrams of the MDCK barrier 

from 6 h to 60 h (A) and 60 h to 96 h (B) after cell seeding. (C, D) Variation of CLER (C) and CLEC 

(D) of the MDCK barrier against the incubation time, obtained by least square fitting of the spectra 

using an equivalent electric circuit. 

 

Figure 4. Variation of cell density and cell boundary density of the MDCK barrier. (A) 

Immunostaining images of MDCK cells at 96 h. Red: E-cadherin, Blue: Nuclei. (B) Brightfield images 

of MDCK cells at 24 h, 48 h, 72 h, and 96 h. (C) Cell density, cell boundary density, CLER, and CLEC 

of the MDCK barrier against the time, showing increases of the cell density and cell boundary density 

but a decrease of CLER and a quasi-constant CLEC after 72 hours. 

 

Figure 5. Calcium switch assay of the MDCK barrier. Both CLER (A) and CLEC (B) values were 

deduced by using the least square fitting of the impedance spectra of the MDCK barrier. Red triangle 
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dots and lines represent the results obtained with a calcium-free medium (S-MEM supplemented with 

2mM EDTA, 5% FBS, 1% P/S, and 1% Glutamax). Blue square dots and lines represent the results 

obtained with a calcium-containing medium (MEM supplemented with 5% FBS, 1% P/S, and 1% 

Glutamax). 

 

Figure 6. Comparison of ABM and TWM supported MDCK barrier under dynamic culture 

conditions. (A, B) Variation of CLER and CLEC of the MDCK barrier as a function of incubation 

time for a TWM (A) and ABM (B) based barrier. (C, D) Immunofluorescence images (top view and 

cross-sectional view: YZ, XZ) of a TWM-supported MDCK barrier on day 10 (C) and an ABM-

supported barrier on day 7 (D). Green: Actin, Blue: Nuclei. 
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