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Introduction

In age-related macular degeneration, light exposure was identified as a risk factor [1]. This light mediated damage was attributed to the photosensitization of the retinal pigment epithelium with photosensitizers contained in lipofuscin such as N-retinylidene-N-retinylethanolamine (A2E) [2]. The retinal pigment epithelium (RPE) is a monolayer of epithelial cells lying between the photoreceptor's outer segment and the innermost layer of the choroid called the Bruch's membrane [3]. Like other types of epithelial cells, the RPE cells form tight junctions and provide nutriments to photoreceptors, recycle the visual pigment and phagocyte the tips of oxidized photoreceptor outer segments. As a consequence, lipofuscin and photosensitive derivatives of the visual pigments such as A2E accumulates in these cells during aging within lysosomes [4] [5] [6].

The photosensitization of these derivatives induces oxidative stress resulting in different cell alterations [7] [8] [9].
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To further assess these cellular alterations, impedance spectroscopy provides an approach for monitoring conductive and dielectric materials like cells that are kept in close contact to an electrode [10] [11] [12] [13]. It enables investigators to measure the electric dipoles representing cell junctions and cell membranes. The method consists in applying a voltage stimulations of given amplitude in a wide range of frequencies to measure the current response or, alternatively, apply a current while measuring the voltage drop [14]. If the stimulation is small enough to ensure that the system is kept close to its equilibrium point, then the non-linearity (such as electrochemical reactions) can be ignored. One can compute the impedance associated with such a measurement by calculating Z = V/I where Z, V and I are complex numbers, Z the impedance, V the measured or applied voltage, and I the measured or applied current. The measurement is conducted over a frequency bandwidth to construct the spectrum of the impedance containing the modulus and the phase of the impedance.

From cell suspension [15] [16] [17] to plated cells [18] [19] [20] [21], the application of impedance spectroscopy extends over a wide range of biological systems in-vitro and is also used in-vivo, for instance as a way to characterize an artificial implant interaction's with tissues. The evaluation of the impedance can be done at a fixed frequency, usually 1 kHz [22] [23] for implants, or lower frequencies (around 10 Hz) for instance, to measure the Trans-Epithelial Electrical Resistance (TEER) [24]. When the measurement extends over a large frequency band, the data can also be fitted with an electrical model made of linear dipoles [25].

In the present study, the light induced damage over A2E-loaded RPE cells using impedance spectroscopy is investigated. The measurement is performed using a 10 mVrms amplitude sinusoidal stimulation over a [1 Hz, 1 MHz] bandwidth. Then an electrical model circuit is fitted to the data enabling parameters extraction. A constant phase element (CPE) is used as part of the electric description of the cell layer to take into account the spatial distribution of its capacitance.

The physical meaning of such element is subjected to discussions [26] [27] [28]. To ensure that the model's parameters are truly associated with the proposed cell layer components, and in order to investigate if they can be analyzed independently, they have been monitored during two controlled and targeted lesions of the RPE cells: 1. Degradation of cell's tight junctions by chelation of calcium ions using Ethylenediaminetetraacetic acid (EDTA); 2. application of high amplitude short length electric pulses probably inducing disruption and transient electro-permeabilization of the cell membranes. The measurements done with controlled perturbation of the cell layer indicate that it is acceptable to associate the elements of the model to specific components of the cell layer, namely cell membranes and cell junctions. Taking into account these results, the light induced damage over A2E-loaded RPE cells is evaluated using the same procedure of measurement and parameters extraction. Every cell layer having been exposed to blue light, clear distinctions are observed regarding the parameter variations, between A2E-loaded and non-loaded RPE cells.

Material and Methods

Impedance measurement setup

The measurement setup is composed of a spectrometer (EIS: ZIVE SP1 potentiostat) performing the measurement. The spectrometer is associated with a relay board controlled by an electronic card (Raspberry Pi) for multiplexing capabilities. The electronic card also controls the circuit that triggers light activation on the cell cultures. The measurement is done using a 10 mVrms amplitude sinewave stimulation over a [1 Hz, 1 MHz] bandwidth. Unless otherwise stated, ten points per frequency decade were acquired, for a total measurement time of about 2 minutes.

A computer running the spectrometer software is used to communicate with it and process the data to be available on an online dedicated server. The server is also used to remotely control the experiments. In order to reduce the noise to a minimum level, the whole setup is shielded by a Faraday cage. A noise study is presented in Supplementary Figure 1 of the supplementary information section. Fifty consecutive measurements of a disk electrode in culture medium have been performed in order to evaluate standard deviation of the measurement setup. For that test, and to reduce the measurement time to a minimum, only 5 points have been recorded per frequency decade. As seen on the Supplementary Figure 1, the error bar's width would not be visible on the spectra therefore we have not included them on the measurements shown in the paper.

Device structure

The impedance measurement is performed on a device that includes four identical cell chambers (Figure 1 A andB). At the base of each cell chamber, the device contains platinum electrodes that were produced using a standard lift-off microfabrication process, on a 500 µm thick glass substrate. SU-8 photoresist is used for metallic line passivation. Each chamber of the device is identical to allow for a multiple experiment and/or control procedure. A custom mold is 3D printed to cast a four well PDMS structure used to separate between the four corners. A tight seal between each corner is evaluated using concentrated phenol red. The electrode design used for the experiments is the disk electrode presented Figure 1 C. The diameter of the disk is 1.88 mm and the spacing with the reference electrode is 100 µm. The reference electrode's surface is 13 times bigger than the disk electrode and its influence on impedance can be neglected in what follows. Even if the four disk electrodes on each device are designed identical, technological variations induce a slight spread between them. We evaluated this spread in Supplementary Figure 2 of the supplementary information section. This slight spread was considered acceptable.

For blue light exposure experiments, the LED mount is located 60 mm above the cell layer. A schematic representation of this is shown Figure 1 D. When the EDTA experiment is ongoing, the LED mount and diaphragm are replaced by a pipette tip support. This allows for fast culture medium changes without device disconnections as represented on Figure 1 E. Therefore the procedure involved in manually replacing the culture medium with an EDTA loaded medium in one chamber of the device takes less than 20 seconds.

Figure 1 A full device (A), side is about 36 mm. Drawing of the top view of a device (B) and photography of one of the four identical chambers of the device (C). Schematic half-view representations (not to scale) of the device's support with LED mount (D) and pipette tip

support (E).

Cell culture procedure

The RPE cells are extracted from porcine eyes harvested from a local slaughterhouse and detached from the eyecup using trypsin treatment. Slaughterhouse supply allows for the suppression of animal sacrifice in the sole purpose of our experimentations, in accordance with ethical EU recommendations. After counting, cells are seeded in each chamber at a concentration of 300.000 cells per chamber in Dulbecco's Modified Eagle Medium (DMEM) with 20 % fetal calf serum (FCS). For the light exposure experiment, the culture medium used is composed of modified DMEM with no phenol red and a reduced FCS concentration of 10 %. Prior to the seeding and to enhance cell adhesion to the substrate, every chamber is incubated with pure FCS for at least 2 hours. Right after seeding, the device is placed inside a 37 °C, 5 % CO2 incubator where the whole measurement procedure is conducted. Medium is changed at day 1 to remove cells that would not have attached to the surface.

Perturbation by EDTA

EDTA solution is prepared with an EDTA disodium salt powder (Sigma-Aldrich) at a concentration of 2.2 mM in the culture medium. The solution is left to stabilize inside the incubator's atmosphere and temperature before the experiment. EDTA is known to interfere with the cell tight junctions by sequestration of calcium ions. Perturbation of cell-cell interaction is happening as a result through actin filaments depolymerization [12]. The EDTA solution is added and measurements are immediately started. This experiment was done 3 times on different cell cultures at confluence.

Perturbation by high amplitude-short length electric pulses

The electric pulse perturbation consists of ten identical pulses, each of them applied at a one second interval. A pulse has a biphasic shape with a half period of 100 µs. The pulse's amplitude is ± 8 V. Due to the planar electrode's geometry the electric field generated is highly inhomogeneous. The electric field norm estimated with Finite Element Method (Comsol ©) in a plane 5 µm above the electrode's surface is 500 V/cm in a point between electrode and reference, and rises up to 1.38 kV/cm closer to the electrodes. The simulations can be seen on Supplementary Figure 4 of the supplementary material section of this article. This range of electric field in combination with the pulse length is compatible with membrane perturbation leading to transient permeabilization of cell membranes (reversible electroporation) [29].

Immediately after the pulses, the first impedance measurement is taken. This experiment was done 4 times on different cell cultures at confluence. In the experiment, and in order to reduce measurement time, five points per frequency decade are recorded, for a measurement time of about 1 minute.

A2E incubation procedure

A2E incubation is conducted after the cell layer has reached confluence. In our case, this happens in less than a week and the A2E was incubated at day 10. A2E is incubated for 6 hours with a concentration of 20 µM in culture medium as previously done in [30]. The device is not measured during incubation time. After incubation, a phenol red free version of the DMEM is used with a reduced FCS concentration of 10 % to enhance transparency of the culture medium.

Blue light exposure characteristics

When light exposure is the ongoing experiment, a LED mount and diaphragm are set on top of the device and the LEDs shine four squares of light on top of the four chambers as represented on Figure 1 D. Using a spectrometer (Jaz, Ocean Optics), irradiance was measured to be 0.6 mW/cm² in the plane of the cell culture and in continuous shining mode. The peak wavelength was also measured to be 430 nm with full width at half maximum of ± 15 nm. The measurement done is shown on Supplementary Figure 3 of the supplementary information section. This is among the most toxic wavelengths of blue lights [30]. However, to avoid culture heating, the LEDs are triggered with a 1 s period, 25 % duty cycle therefore the average irradiance is 0.15 mW/cm².

Results

The electrical circuit model and the reconstructed capacitance parameter

The electrical circuit model is made of electric dipoles that are associated with different In the case of the electrode-electrolyte interface, the CPE behavior was suggested to arise from a distribution of time constants, originating from a surface energy distribution due to crystalline disorder at the surface of the electrodes [31]. In the case of the cell layer the parameter is assumed to be similarly associated with a surface distribution but of phospholipids, because they are the fundamental building blocks of the isolating layer that is composing the cell membrane.

The resistance is associated to the culture medium (electrolyte) and the last two resistances represent on one hand the space between cells (the junction quality) while the other one represents the membrane's resistance itself. These last two resistances cannot be distinguished from one another during the performed measurement. As a consequence, the parallel combination of these two resistances is labeled with the name , the cell layer resistance. The intracellular resistance doesn't appear due to its negligible volume as compared to the extracellular one. The The CPE is often associated with the electrode-electrolyte interface but has also been applied to the modeling of the cell membrane-electrolyte interface [28]. However, the CPE cannot be directly associated with a capacitance and the physical signification or universality of the CPE parameters and behavior are usually unclear.

A reconstructed effective capacitance parameter for the cell membrane with Farad unit is sometimes used instead [28], [25]. For the CPE associated with the cell layer it is defined as:

!! = " ( # + # ) " # "
This originates from [27] where this procedure was initially presented to describe electrodeelectrolyte interface. In our experiments, this reconstruction method is applied to the in-plane surface distributions of time constants [32] that constitute the cell layer. This effective capacitance is related to the main relaxation time constant in this distribution, retrieved from the maximum of the imaginary part of the admittance. This is the only relaxation time constant that the system would have had if the parameter was unity. Therefore, the effective capacitance is the value of when = 1. If the cell layer brings an inhomogeneous distribution of time constants, as we expect, is no longer unity and the capacitance is no longer but the previous expression, !! .

After extraction of the electrical circuit model parameters using the EIS fitting software, the data are analyzed using Matlab (©) in order to calculate the effective capacitance !! .

!! represents the cell layer's average capacitance and its distribution. It's not so clear concerning the physical meaning of the parameter . One can only suggest hypothesis on significance. However, investigation were conducted to highlight the independence between and . In that way, EDTA assay (targeting cells junctions) and pulse assay (targeting cells membranes) were conducted. Provided those tests, a dynamic observation of parameter variation is obtained when a specific constituent of the cell layer is being targeted. This gives insight on the physical significance of the model's parameter. The EDTA and pulse tests are presented in Figure 4. Afterward, the same experimental procedure has been applied to the experiments involving A2E and blue light.

EDTA assay

Figure 3 illustrates the effect of a calcium chelation by EDTA (2.2 mM) on the cell morphology. Rapidly (less than 10 minutes), the confluent layer of RPE cells loses its confluence with space forming between cells Figure 3 B. Washing EDTA restores the cell confluence Figure 3 C. When such an experiment (EDTA 2.2 mM) was followed by impedance spectrometry, shortly after addition of the 2.2 mM EDTA solution, a substantial decrease of the parameter, as well as a substantial but delayed variation of 1/ and were observed, as seen in Figure 4 A and C. The parameters tend to stabilize toward a lower value.

Overall, the reconstructed parameter 1/ !! is considered to stay stable with a maximum increase inferior to 5% (taking into account all trials) with respect to its initial value before EDTA addition. In the case of EDTA perturbation, it is commonly admitted [12], [33] that the sequestration of calcium ions disrupts the cell layer's tight junctions with a concentration around 2 mM. Indeed, during the experiments, a variation of the R '()) parameter is initially observed, followed by a variation of the (1/ , ) couple. This can be explained as tight junctions being firstly damaged, which leads to the decrease of the R '()) parameter. Then if the actin filament's disruption is prolonged, the cell shape randomly changes within the cell layer. This happens when the tight junction's integrity has decreased below a critical point where they are no longer capable of maintaining the connection between cells at their side. This leads to disruption of the spatial distribution of the phospholipids.

However, the cells remain present at the surface of the electrode which accounts for the relatively small variation of 1/ !! . 

High amplitude-short length electric pulses

High amplitude electric pulses with short duration are known to produce electroporation in biological membranes [29]. Such pulses are applied on RPE cells to define how such membrane perturbation would affect the impedance spectrum measurement. Immediately after the pulse application, the 1/ and parameter values drop together (Figure 4 B andD). This effect is followed by a delayed decrease of . The 1/ and parameters then immediately settle back to their initial levels, a few minutes after the pulses, without further manipulations. On the other hand, the parameter takes more time to recover and settles back after several hours.

The variations of the reconstructed parameter 1/ !! are small compared to the fitted parameters (less than 3% variation). During electroporation, the targeted elements of the cell layer are the membrane's phospholipids which are polar molecules and therefore sensitive to high intensity electric fields. The collective variation of 1/ and is associated with the transitory dehomogenization of such phospholipid's position and orientation in the cell membranes of the layer, as a result of the electric field application.

However, the sampling time in between impedance measurement (and therefore in between parameters acquisition), is too long to visualize a transient permeabilization of the cell membrane on the resistance parameter. The 1/ variation thus reflects the phospholipids dipolar moments settling back to their unperturbed state. Nevertheless, a delayed variation of is observed which can be interpreted as a perturbation of the tight junctions following the pulses. 

A2E application and blue light exposure

Based on this preliminary study on the correspondence of the model's parameter with biological components, the same measurement and analysis procedure are applied to the investigation of blue light exposure effect of the A2E-loaded RPE cell layer.

A2E was applied on RPE cells to mimic their ageing. As this A2E application can alter cell function, the variation of the electrical parameters was monitored, prior to the LED light illumination. A2E (20 µM) was applied on two chambers while cells on the other wells were not administered A2E to be used as a reference. In that part of the experiment, the parameter 1/ remained stable with a variation of less than 10 % in all chambers. However, the parameter decreased as a consequence of the medium application, but in a significantly higher proportion in chambers receiving A2E.

After a period for parameter stabilization, the LED light was turned on above all chambers. While the control chamber remained stable, the A2E chamber showed a variation in all the 1/ , 1/ !! and parameters. When the light was turned off, all parameters continued to vary. This suggests that the interaction between A2E and blue light is generating by-products that continue to interact with the cells. These major changes were consistent with the microscopic examination of the cells after light exposure Figure 5 B, D and F. Indeed, following A2E application and light exposure, cell junctions were no longer clearly distinguished suggesting significant tissue damage.

Upon cell medium replacement, all parameters slowly recovered to their initial values.

From analysis of the two perturbations (EDTA, Pulses), it can be considered that the parameter R '()) reflects the cell junctions quality, parameters 1/Q '()) and α '()) are associated to the cell membrane's phospholipids distribution and the reconstructed element 1/C !! its average capacitance value.

As for the A2E and blue light assay, two steps were observed. During the first step, which corresponds to the pre-illumination period indicated on Figure 6, the A2E has been incubated in two of the device's corners but the light has not been turned on yet. During that time (Figure 6 A), a variation of the R '()) parameter is observed in the three wells but in a significantly higher proportion in the two wells that received A2E (-1259 Ω and -1018 Ω corresponding to -47 % and -41 %) as opposed to the well that did not receive A2E (-254 Ω corresponding to -11 %), with respect to the value recorded prior to A2E incubation. The 1/ and 1/ !! variations during the pre-illumination period (Figure 6 B, C) were small and not discriminable between wells that received A2E or not. Therefore, by comparison with the beginning of the EDTA assay, it can be concluded that A2E incubation (20 µM) has an effect on the tight junctions but not on the membrane integrity.

During the second step of the A2E and blue light assay, the light was turned on. At that point, it is clear in Figure 6 that the chambers which received A2E see their parameters varying in a more significant manner when exposed to blue light. This differs from the control chamber which received blue light but no A2E. In the chambers that received A2E, 1/ !! variations on Figure 6 C are analyzed as a destruction of the cell layer that is confirmed by the images shown on Figure 5 C, D and E, F. When the light is turned off, the parameters 1/ and R '()) settle back after one day. 

Discussion

In this work, the retinal pigment epithelium cultured on top of platinum electrodes is studied using impedance spectroscopy. A dedicated electrical circuit model is developed using a CPE associated with a reconstructed effective capacitance of the cell layer. It has been shown that in the case of two different disruptions of the cell layer, namely EDTA and electric pulse perturbations, the 1/ and parameters of the CPE remain correlated. This supports the fact that the CPE parameter variation has only one physical origin which rules the variation of both 1/ and at the same time. The spatial distribution of phospholipids dipolar moment is assumed to be the cause of this variation. Also, similar to what has been previously described in [27] [26] for the case of the electrode-electrolyte interface, a capacitance has been reconstructed from the other parameters of the model and defined as the average capacitance. This capacitance would be the CPE parameter if the parameter was equal to one. This also shows that the connection between the parameters 1/ and of the CPE is not specific to the electrodeelectrolyte interface. However, and even if it is involved in the !! construction, the parameter can vary independently from the (1/ , ) couple. Indeed, it can decrease before (EDTA assay) or after (pulse assay) with respect to the (1/ , ) couple, thus showing independence between the two parameters and 1/ . Therefore, it can be considered that the variations of reflect another characteristic of the cell layer: the barrier's strength of the epithelium accomplished by the tight junctions. From that point of view, one last assay is performed on the same device as an application using A2E and blue light for the cell layer perturbation.

The shinning of blue light on A2E is known to generate species that damage mitochondria and cell membranes [7]. The delays measured on parameter stabilization observed after blue light exposure is likely due to an accumulation of such species in the cell culture medium and in the intracellular medium, resulting in damages to the layer even after light exposure has been stopped.

Upon culture medium replacement, the parameters of the chambers that received A2E move toward their previous values indicating that the cell layer is not completely destroyed and that it can grow again. Furthermore, variation is observed in the pre-illumination period, for the chambers that received A2E but haven't received light yet. Thanks to the previous EDTA and pulse tests we are assuming that the parameter is linked to the cell's tight junction. Therefore, it is proposed that A2E has an intrinsic effect on the cells tight junctions, while the blue light exposure on A2E loaded cells is the cause of a more profound damage of the cell layer, involving membrane destruction.

Conclusion

In this study of retinal pigment epithelium cells based on bio-impedance measurements, a setup measuring automatically the impedance spectra has been constructed, and an equivalent circuit model has been presented. The parameter variation of this model has been analyzed with respect to two controlled assays targeting specific elements of the cell layer. From those assays it has been concluded that the parameter is associated with the cell layer tight junctions while inducing cell layer destruction that can be followed in real time and in the incubator's environment.

This approach of cell state analysis using impedance spectroscopy offers non-invasive and nondestructive measurements. It can be adapted to a wide range of biological tissues in-vitro. It can also be adapted on in-vivo studies or implants (given the fact that macro-electrodes such as the one in this paper are used). This way it is possible to monitor not only the state of the interface between the implant and the tissue but also the tissue itself.

  part of the cell layer. It is presented in the inset Figure 2 A. The inset Figure 2 B shows two measured impedance spectra corresponding to single impedance measurements done on culture medium (diamonds) or on confluent cell layer (circles). The associated fitting curves are shown as continuous lines. A schematic representation of the cell layer with corresponding location of the electrical elements of the model is shown Figure 2 C. In this simplified circuit model, a CPE is associated to the electrode-electrolyte interface ( , ) and to the cell membranes-electrolyte interface ( , ).

Figure 2

 2 Figure 2 Cut view schematic representation of the cell layer at confluence (C) and associated electrical circuit model (A). The impedance spectrum (B) shows two spectrum measurements and associated fit: With culture medium but no cells (diamonds) and with a cell layer at confluence in culture medium (circles). The measured data are shown with markers only, and the associated fit is the continuous line. All measurements were performed in a Faraday cage to limit noise.

Figure 3

 3 Figure 3 Cells morphology changes upon addition of EDTA (2.2 mM) in the culture medium -same scale on A, B and C. Image A shows the cell layer prior to EDTA exposition, image B is taken 10 minutes after EDTA exposition and shows profound disruption (see arrows) of the tight junctions leading to cell layer morphology changes. After image B the medium is changed to remove the EDTA. Finally, image C is taken 3h15 after rinsing and corresponds closely to initial image A.

Figure 4

 4 Figure 4 Cell membrane's CPE parameters (*/+ ,-.. in blue and / ,-.. in red) relative variation during EDTA perturbation (A) and electric pulse perturbation (B). Relative variations of 0 ,-.. (yellow), */+ ,-.. (blue) and */1 -22 (violet), during EDTA perturbation (C) and electric pulse perturbation (D). The parameters are normalized by their value prior to the perturbation in order to compare their relative variations. Data points are showing the mean value of 3 trials (EDTA assay) and 4 trials (Pulse assay). Error bar length indicates standard deviation among trials. Insets are showing a detailed view of the data around the perturbation.

Figure 5 6 Figure 6

 566 Figure 5 Cell culture before and after the blue light assay. Images were taken at day 10 (before A2E incubation) and at day 16 before culture medium replacement (but after light exposure between day 12 and day 14). Symbols on the image next to the A2E concentration are referring to the symbols used in Figure 6
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  ! and the (1/ , ) couple can be associated with the cells membranes. However, both 1/ and parameters have been considered to represent the same physical characteristic of the cell layer: the spatial distribution of the phospholipid's dipolar moments. Based on this analysis of the biophysical significance of the parameters of the model, an experiment involving A2E and blue light exposure of the cell layer have been performed. The monitoring and analysis of the impedance parameter variation during the blue light exposure permit to conclude: 1. the A2E itself has an effect on the cell layer's tight junction 2. the shinning of blue light on A2E loaded cells is
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