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Introduction

Cellular respiration is the most effective way for animal and human cells to gain energy from the catabolic oxidation of organic matter. The cell produces a huge amount of electrons by the different steps of the bioenergetic metabolisms: glycolysis, which is located in the cytosol, and pyruvate oxidation, fatty acid oxidation and the citric acid cycle, which are located in mitochondria. All these electrons are captured by NAD(P) + and FAD and conveyed in the form of NAD(P)H and FADH 2 to the electron transport chain (ETC), which is located at the inner membrane of the mitochondria (Figure 1.A). In the accepted scheme, oxygen molecules must diffuse up to the ETC at the inner mitochondria in order to evacuate the electrons by being reduced to OH -. B) Conventional tPMET scheme (adapted from Berridge et al., 2005): electrons are transferred through the plasma membrane to reduce oxygen in the extracellular space, tPMET can be achieved via a two-enzyme system as schematized in the zoom view below.

A. Conventional respiration

C) Speculative tPMET respiration scheme with direct electron transfer from ETC. D) Final model to explain direct electrochemical detection.

The continuity of electron extraction from the cell by oxygen is essential for their survival because cells cannot store large amounts of NAD(P)H and FADH 2 . A deficit of oxygen supply induces many rapid physiological responses (López-Barneo and Ortega-Sáenz, 2022) and is considered to play a prominent role in cancer development (Bosque et al., 2022). One cannot help but be surprised that electron extraction from ETC, and consequently cell life, is completely dependent on the passive diffusion of oxygen through capillary vessel walls, cell plasma membranes and cytosol until it reaches the inner membranes of mitochondria.

Authors of theoretical models have claimed that oxygen diffusion through tissues should be sufficient to ensure this continuity (Goldman, 2008;Moschandreou et al., 2011), sometimes with the proviso, however, that permeability of oxygen is high enough (Pittman, 2011).

This diffusive route is still under exhaustive research and debate as reviewed recently (Poole et al., 2022) because it seems insecure as the sole pillar for maintaining cell life.

Several acceleration schemes have been proposed in support of the diffusive route. For instance, it has been speculated that interconnected mitochondrial membranes can act as low resistance conduits for oxygen (Poole et al., 2022) and that oxygen diffusion may be accelerated by cellular lipids (Pias, 2021[START_REF] Pias | Oxygen Transport to Tissue XLI, Advances in Experimental Medicine and Biology[END_REF]. Furthermore, cases of insufficient oxygen supply are common in physiological conditions (Aragonés et al., 2009) and it remains surprising that oxygen diffusion would be sufficient to maintain cell life in such contexts.

The dogma of oxygen diffusion to the ETC has started to be challenged by the evocation of possible respiration of extracellular oxygen. It has been shown that some cells are still able to respire oxygen after their mitochondrial function has been stopped by the addition of KCN (Larm et al., 1994). Electrons are routed to extracellular oxygen via trans-plasma membrane electron transfer (tPMET) (Figure 1.B). Similarly, HL60 0 cells (human promyelocytic cell line devoid of mitochondrial DNA after treatment with ethidium bromide), which no longer had a mitochondrial respiratory chain function, were also able to reduce extracellular oxygen via tPMET (Herst et al., 2004;Scarlett et al., 2004). It is speculated that electrons are transferred through the plasma membrane either via a single enzyme (NADH: ferricyanide oxidoreductase, VDAC-1 channel) (Herst and Berridge, 2006) or via a two-enzyme system (Morré et al., 1999) (Figure 1.B), which involves the constitutive NAD(P)H oxidase (NOX) in the case of extracellular oxygen reduction (James Morré and Morré, 2003;Kelly et al., 2019;Scarlett et al., 2004).

The same mechanism has been evidenced by using various tumour cell lines that respired extracellular oxygen, although they possessed fully competent mitochondrial activity (Herst and Berridge, 2007). In this case, extracellular oxygen reduction could account for up to 80% of the total oxygen consumption rate. It has been speculated that the upregulation of tPMET in cancer may be a way to allow continued glycolysis when the aerobic Warburg effect occurs (Sherman et al., 2018b). All these observations consistently suggest that tPMET may be an alternative pathway in the respiration scheme of cancer cells.

Beyond the context of the reduction of extracellular oxygen, tPMETs are involved in various physiological processes (Ly and Lawen, 2003;Principe et al., 2011;Sherman et al., 2019), including cell growth (Crane et al., 2013), protection against oxidative stress (Castillo-Olivares et al., 2000;Villalba and Navas, 2000), production of oxygen reactive species [START_REF] Piccoli | [END_REF], iron absorption and homeostasis (Ghio et al., 2006;Sherman et al., 2018a) and also cancer biogenesis (Robinson et al., 2021;Sherman et al., 2019).

tPMETs are commonly detected in endpoint assays by using redox dyes that are reduced by the cell (Rawson et al., 2014;Tan and Berridge, 2004). Cells are firstly incubated with the redox dye and the concentration of the reduced form is then measured by spectrophotometric (Lane and Lawen, 2008) or electrochemical (Rawson et al., 2014;Sherman et al., 2019Sherman et al., , 2018b) ) one-off methods. These protocols do not allow for continuous monitoring of cell physiology. They give only a single-point, end-measurement of the concentration of the reduced mediator that accumulates during the period of incubation.

Moreover, adding an artificial redox mediator into the culture medium can modified the cell behaviour; in particular, the requisite accumulation of its reduced form may inhibit cell growth.

Surprisingly, direct electrochemical detection of tPMET has not been reported yet. There is a huge amount of literature describing cultures of animal and human cells on electrode surfaces and dealing with the influence of the applied current on cell growth, proliferation and differentiation. Unfortunately, most of these studies use single-electrode set-ups and this kind of experimental set-up does not allow possible extracellular electron transfer to be detected. A voltage is applied between the two edges of the single electrode so that a potential distribution is created along the electrode. If an electrochemical reaction occurs on one edge of the electrode, the other edge must compensate the electron flux in order to keep the charge balance of the solution (Guette-Marquet et al., 2021a). For instance, if cells deposited on the electrode surface exchanged electrons on one edge, the electron flux would be compensated by a reverse reaction on the other edge. Extracellular electron transfer might thus occur on a single-electrode system but this experimental set-up cannot detect it.

Several encouraging results have been provided by cyclic voltammetry (CV). An oxidation peak, the intensity of which depended on the cell development stage, has been observed with U937 cells [START_REF] Feng | [END_REF]. Similar peaks observed with PC-3 cells have been attributed to the oxidation of intracellular guanine (Wu et al., 2009). These studies were carried out with suspended cells. CV performed with Hela [START_REF] El-Said | Selected Papers from the Tenth World Congress on Biosensors Shangai[END_REF] or HepG2 cells [START_REF] El-Said | Biosens. Bioelectron[END_REF] adhered on gold electrodes led to oxidation and reduction peaks.

Their intensity decreased with the addition of cytotoxic agents. In this case, CV could be exploited as a tool to monitor cell viability. A macrophage cell line led to CV oxidation and reduction peaks on gold electrodes whose surfaces were functionalized with a phenyl boronic acid derivative (Stephenson-Brown et al., 2015). Human undifferentiated pluripotent cells have also led to CV peaks, which vanished with the differentiated cells (Yea et al., 2016). This signature of human pluripotent stem cells may be appropriate to monitor potential contamination of undifferentiated cells and thus assess the risk of teratoma formation. Recently, CV investigations have demonstrated the capability of animal (Vero) and human (MRC-5) cells to catalyse the electrochemical reduction of oxygen (Guette-Marquet et al., 2021b). These results could pave the way for electrochemical sensors able to characterize the cell system of protection against oxidative stress.

CV investigations detect the presence of outer-membrane redox compounds that can be addressed by electrodes, such as the duodenal cytochrome b561 (Sherman et al., 2019), proteins with NADPH oxidase activity (Sakai et al., 2009;Justin et al., 2011) and even cellsurface saccharide units (Stephenson-Brown et al., 2015). These results strongly support the idea that tPMETs between animal/human cells and electrodes are possible via various outer-membrane redox compounds. Nevertheless, CV investigations only produced transient signals, which did not directly demonstrate a stable tPMET process.

A stable current would have to be recorded for a possible link between electrodes and metabolic pathways to be speculated. Stable currents have been obtained over a few hours with different types of human white blood cells (Güven et al., 2013;Javor et al., 2017;Justin et al., 2011). The production of current required the white blood cells to have been previously differentiated and activated to acquire a macrophage-like phenotype permitting them to produce reactive oxygen species. In this context, the occurrence of tPMET has been speculated, but most of the current was produced by the electrochemical oxidation of species produced by the cells: serotonin (Justin et al., 2011), superoxide anion (Sakai et al., 2009) or hydrogen peroxide (Javor et al., 2017), for instance.

To briefly sum up the state of art, the direct electrochemical detection of tPMET has rarely been attempted with animal or human cells, although many reports suggest it may be possible. Most of these studies were carried out by CV and therefore produced only transient signals. This approach does not ensure that electron transfer is a stable process linked to the cell metabolism. The few studies describing currents stable over a few hours were performed with white blood cells that required prior differentiation and activation.

The purpose of the present work was to try to detect the possible capacity of animal cells to achieve stable tPMET with electrodes, for the first time. The cells were incubated for several days directly on the surface of electrodes that were polarized at constant potential by using a 3-electrode set-up. We were looking for stable tPMET in normal conditions.

"Normal conditions" means sound, i.e. non-cancerous, cells here, without any kind of preliminary activation and without the addition of redox mediators in the culture medium.

Recording a current in such conditions will thus allow the cell physiology to be addressed directly and monitored continuously.

Vero cells were chosen because they are a non-cancerous, disease-free cell lineage, which are commonly used in the biomedical industries to culture viruses, to produce vaccines, and for diagnostic and research purposes (Aubrit et al., 2015;Barrett et al., 2017).

The successful direct electrochemical recording of stable tPMET described here should lay the foundations for amperometric sensors using cells cultured on the electrode surface.

Such cell-based biosensors can be envisaged to assess cell viability and to evaluate the impact of drugs and toxic agents on cell viability. In addition, as conductive materials are prime substrates for cell culture (Balint et al., 2014;Gajendiran et al., 2017;Hosoyama et al., 2019), these results should also open up a new avenue for monitoring and controlling cell behaviour in the context of tissue engineering.

Finally, the high value of the current recorded here and the speculated mitochondrial origin of the electrons suggest that tPMET may offer the cell an alternative way for respiration.

We discuss the possible impacts of this hypothesis on cell biology in the last part of the paper. Electroanalysis could thus access the cell metabolic pathways directly and provide a new way of looking at them. 

Materials and Methods

Electrodes and electrochemical reactors

-Processed data

curve recorded with the unseeded reactors is multiplied by a "masking coefficient", so that the control curve is superimposed on the current recorded with the seeded reactors during the first few hours. 3-The corrected residual current is subtracted from the current recorded with the seeded reactors to obtain the so-called "processed data" (black lines), which is the oxidation current due to the cells. Continuous and dashed lines are duplicates.

The reference electrode was a silver pseudo-reference (SPR). In the experimental conditions used in the present study, i.e. after pre-treatment of the electrodes and using the RPMI medium for measurements, the potential of the DropSens silver pseudo-reference was equal to 0.049 V vs. saturated calomel electrode, i.e. 0.290 V vs. standard hydrogen electrode. All the potentials are expressed with respect to the DropSens silver pseudoreference (SPR), which means that it is sufficient to add 49 mV to find the values of potential with respect to a saturated calomel electrode or to add 290 mV to find the values with respect to a standard hydrogen electrode (SHE).

All experiments were performed in lab-made electrochemical reactors designed for the DropSens electrodes (Figure 2.A). Each screen-printed electrode strip was inserted at the bottom of an individual electrochemical reactor, so that the cells settled on its surface. The upper internal diameter of the reactor was 2 cm and the lower diameter 7 mm. This geometry allowed a large volume of solution to be added without increasing the solution height too much. The large volume of solution was required in order to perform experiments for several days without having to replace the solution. Actually, experience has shown that it is difficult to replace the solution, even partially, in the upper part of the reactor, without seriously disturbing the cells/electrode connection at the bottom of the reactor. On the other hand, it was also important not to increase the height of the solution too much so as not to impede the diffusion of oxygen to the cells.

Electrodes were connected to the potentiostat with copper electrical wires tin-soldered to the electrode connectors. Welds were protected by an insulating glue deposited over them.

Soldering of the electrode connections was necessary because commercial single contact connections did not withstand long periods of use in the incubator at 37 °C in humidified air. All wires were protected by a Faraday cage made with several sheets of aluminium foil wrapped around the wires and electrically connected to the incubator and the potentiostat ground.

Cell culture

Vero cells are epithelial cells isolated from the kidney of an African green monkey (Cercopithecus aethiops) (Rhim et al., 1969). This cell line has been isolated from healthy, non-cancerous tissue but is continuous, i.e. is able to proliferate indefinitely, due to spontaneous transformation. Vero cells (CCL-81 ™ from ATCC) were kindly provided by Fonderephar (Toulouse, France). Cells were cultivated in complete growth medium containing RPMI medium (Gibco) supplemented with 10 % heat inactivated foetal bovine serum (FBS, from Gibco), 2 mM of L-glutamine (Gibco) and antibiotics (penicillin 10 U/ml and streptomycin 10 µg/ml, from Gibco), at 37 °C in humidified air with 5% CO 2 .

Cells were routinely subcultured at 80-90% of confluence.

Cells from a 75 cm² flask at 70-90% of confluence were harvested with trypsin-based buffer (Gibco). After centrifugation at 200 g for five minutes, cell pellets were resuspended in complete growth medium at a density of 33 000 to 333 000 cells/ml, depending on the desired seeding density.

Electrochemical reactor seeding

Prior to use, reactors and electrodes were cleaned in RBS 35 (Carl Roth) bath (2%, in water) for 2 hours and rinsed thoroughly under running tap water. Reactors were sterilized by soaking them in 70% ethanol for 30 minutes. Electrodes were rinsed three times with ultra-pure water. Reactors and electrodes were air-dried for at least two hours in a microbiological safety cabinet. After drying, electrodes were mounted in the reactors. For all experiments, electrodes were pre-treated with foetal bovine serum (FBS) diluted by half with phosphate buffer solution (FBS/PBS). For this pre-treatment, reactors were filled with FBS/PBS and incubated in a sterile safety cabinet for 90 minutes.

After treatment of the electrodes, FBS/PBS solution was eliminated and replaced by 300 ml of cell suspension, so that the whole solution was contained in the 7 mm diameter lower part of the reactor. Reactors were closed with sterile Parafilm® and transferred into a cell culture incubator. The electrodes were connected to the potentiostat. After 4 hours of preincubation without any potential applied, 2 millilitres of sterile culture medium, which did not contain cells, was added (for a final volume of 2.3 ml) very gently, avoiding sudden movements of the solution, and the potential was set. This procedure was the result of many trials of various protocols tested to improve the repeatability of results. The incubation times reported in the text are always counted from the moment when the potential was imposed.

Incubation in electrochemical reactors

All experiments were carried out in a cell culture incubator at 37 °C in humidified air containing 5 % CO 2 . When indicated, anoxia was achieved by injecting nitrogen and keeping 5 % CO 2 . A potential of 300, 400 or 500 mV with respect to the DropSens silver pseudo-reference (SPR) was applied to the working electrode using a VMP-3 multi-channel potentiostat (Biologic) monitored by the EC-Lab software (Biologic). The current produced was recorded every 10 minutes.

Depending on the experimental runs, 4 to 8 reactors were arranged in the cell culture incubator. Each reactor was individually addressed with a specific electrochemical channel (Figure 2.A). Each run corresponded to a given cell culture that was used to seed all the reactors of the run, except the controls. Two control reactors not seeded with cells but operated in exactly the same conditions were included in each run. For each run, the same conditions were always performed in duplicate.

Microscopy and image analysis

After electrochemical recording, the reactors were carefully emptied and the medium was replaced by 500 µl of PBS pre-warmed to 37°C. After elimination of the PBS, the reactors were filled with 200 µl of staining solution and incubated at 37°C for around 20 minutes.

The staining solutions were either 5 µM Syto® (S34854, ThermoFisher Scientific) with 1 µg/ml propidium iodide in Dulbecco's PBS (4040133, ThermoFisher Scientific), or 5 µM calcein-AM (C3099, ThermoFisher Scientific) with 1 µg/ml propidium iodide in Dulbecco's PBS. After incubation, the electrodes were rinsed with PBS and covered with a coverslip in order to prevent desiccation. Images were acquired with an Axiotech epifluorescence microscope (Zeiss), with green (41001HQ F C71828) and red (4100HQ PI C71829) fluorescence filters (Zeiss). Images were processed using Zen software (blue edition, release 2.5, Zeiss) and ImageJ (2.1.0)

The compactness and multi-layered structure of the cell mats made it impossible to count the cells. In all cases, the mats were confluent and covered the entire surface of the electrodes.

Statistical analysis

The number of replicates, n, given in the text is the number of independent experimental runs performed with different cell cultures. This means that n is the number of replicates. In each experimental run, four to eight individual reactors were operated in parallel. Among the reactors of a given run, each condition was duplicated. The number, j, given in the text is the total number of the reactors that were used to calculate the average values and standard deviations. The number j was always greater than the number n because of the duplicates in each run.

In a few rare cases, the recordings provided by some reactors were rejected due to obvious technical problems related to high parasitic currents. These parasitic currents were due to the difficulty of maintaining proper electrical connections for days at a temperature of 37°C in the humidified environment of the incubator. These cases of rejection are indicated in Table 1 of the Supplemental Information.

Current record processing.

In each experimental run, two control reactors were not seeded with cells. The residual currents produced by these control reactors were due to the oxidation of surface species and species contained in the culture medium. It was difficult to reproduce the values of residual currents accurately from one run to another, as they depended on the competitive adsorption of the many species contained in the culture solution, including RPMI and foetal bovine serum. The chemical composition of foetal bovine serum is complex, not well defined and can vary. For this reason, the currents recorded in each experimental run were only compared to the residual currents recorded in the control reactors belonging to the same run.

For seeded reactors, the current is the sum of the residual current and the current produced by the cells. However, during the first hours of many experiments, the residual currents recorded with the control (unseeded) reactors were higher than the currents recorded in the presence of cells (Figure 2.B). In these early hours, the cells settled on the electrode surface behaved like an insulating layer partly masking the electrode surface area.

For each current-time curve recorded with a seeded reactor, the residual current produced by the electrode when its surface was partly masked by the cells was assessed by multiplying the control current (I C ) by a "masking coefficient" (). The value of the  was fitted numerically, i.e. I C was multiplied by different values of  until the residual curve superimposed on the current recorded with the seeded reactor (I Raw ) during the first hours.

This period of a few hours during which  I C was superimposed on I Raw is named the "fitting range" in Table 1 of the Supplemental Information. The corrected residual current  I C represented the residual current that was produced by the electrode whose surface was partly masked by the cells.

Finally, the current-time curve produced by each seeded reactor was corrected by subtracting the average of the corrected residual currents obtained with the two control reactors:

I Processed = I Raw -(  I C1 +   I C2 ) /2
(1)

The so-called "processed current" (I Processed ) gives the oxidation current due to the cells (Figure 2.B). The values of I Max , t Max , I Min and t Min given in the body of the text and in Table 1 of the Supplemental Information were extracted from the processed current vs time curves.

Results

Vero cells were incubated on the surface of electrodes polarized at constant potential for several days. Each experimental run consisted of 4 to 8 individually addressed electrochemical reactors run in parallel (Figure 2.A).

3.1.Choice of applied potential and electrode material

Preliminary experiments were devoted to the choice of the applied potential.

Electrochemical reactors equipped with carbon electrodes and seeded with 20 000 cells were run at 300, 400 or 500 mV/SPR for 5 days (Figure 3.A). Potentials below 300 mW/SPR were not applied because this range of low potential values has been shown to prohibit cell adhesion on the carbon electrode surface (Guette-Marquet et al., 2022).

A. Raw current recorded with carbon electrodes at various applied potentials

Epifluorescent microscopy imaging In the absence of cells, at 300 and 400 mV/SPR, during the first few hours, the residual current could increase (e.g. Figure 3.A at 300 mV/SPR) or decrease (e.g. Figure 3.A at 400 mV/SPR) but it always then decreased continuously after the initial period. In the presence of cells, the current records followed the same trend as residuals during the first few hours.

In contrast, after a few hours, a marked oxidation current was recorded, which was never observed in the absence of cells.

At 500 mV/SPR, the residual currents were high, due to the oxidation of some surface species or species contained in the medium. Moreover, at this potential value, current records were insufficiently reproducible for sound conclusions to be drawn.

Electrodes were imaged by epifluorescence microscopy at the end of the polarization period (Figure 3.A). Cell mats displayed a specific structure composed of dense multi-layered clusters, notably at 300 and 400 mV/SPR. This structure was less visible at 500 mV/SPR, which displayed more uniformly distributed cells. The presence of these 3-dimensional dense clusters did not permit cell counting. Vero cells are known to grow as a cell monolayer with an elongated epithelial morphology. Under stress conditions, their morphology can evolve into a multi-layered growth with the formation of aggregates (Genari et al., 1998), as was observed here.

The applied potential of 400 mV/SPR was chosen for the following work because it led to more reproducible and sound current records than the 500 mV/SPR value and to faster current evolutions than the 300 mV/SPR value.

The potential of 400 mV/SPR corresponded to 690 mV/SHE in the conditions of the study (see Materials and Methods). The equilibrium potential of oxygen reduction to water is 817 mV/SHE at pH 7.0 (1.23 V/SHE in standard conditions). The electrons were therefore collected at a potential value 127 mV lower than the equilibrium potential of oxygen reduction here. They were perfectly able to reduce oxygen molecules to water. The applied potential of 400 mV/SPR used here was therefore fully appropriate to collect electrons that reduce extracellular oxygen in physiological functioning.

Similar preliminary experiments were devoted to the choice of the electrode material.

Reactors were seeded with 20 000 cells and the potential of 400 mV/SPR was applied.

Carbon, gold and CNT-coated carbon electrodes showed similar current record patterns with maximum currents around 4, 12 and 19 nA for gold, carbon and CNT-coated electrodes, respectively (Figure 3.B). The occurrence of extracellular electron transfer did not depend on the electrode material and the electrode material did not change the global shape of current evolution. Nevertheless, gold led to significantly lower current intensities.

All further experiments were performed with carbon electrodes, which gave slightly lower current than CNT-coated electrodes but with shorter response time. Furthermore, in our previously reported works (Guette-Marquet et al., 2022, 2021b), these carbon electrodes have already shown perfect ability to culture mammalian cells on their surface.

General current record pattern

All the experiments on carbon electrodes polarized at 400 mV/SPR confirmed the same general pattern. In the presence of cells, the current followed the same trend as the controls during the first few hours. Actually, during this initial time, the current intensity with cells was often smaller than the residual current (Figure 3.A). The cells initially behaved like a non-reactive deposited layer that partly masked the electrode surface area. Initially, the cells therefore had no ability to transfer electrons to the electrode. This lack of electrochemical activity for a few hours may be one of the reasons why no direct electrochemical detection of tPMET has been reported so far.

After a few hours, the residual current always decreased continuously. In contrast, a marked oxidation current was recorded in the presence of cells, which displayed two phases (Figures 3.A and4). In Phase I, after the initial lag, the current increased, reached a maximum (I Max at t Max ), then decreased to a minimum (I Min at t Min ). In the following Phase II, the current increased again. Ten reactors seeded with 20 000 cells and operated in 5 different runs (n=5, j=10) led to the maximum current (I Max ) of 18.1 ±5.6 nA. The average time required to reach this maximum (t Max ), around 56 h, was less meaningful because of the large range, from 37 to 102 h (Table 1, Supplemental Information).

An experimental run was performed with 6 reactors seeded with 50 000 cells each (Figure 4). Two reactors were stopped when the I Max value was about to be reached (22 h), two others were stopped close to the I Min value (63 h) and the last two were stopped when the current increased again (87 h). The electrode surfaces showed a confluent cell mat from the first observations at 22 hours and had a similar appearance at 63 and 87 hours. The pattern of evolution of the current, with appearance of the phases I and II, was consequently not linked to a visible modification of the cell mat structure. The occurrence of the two phases was not correlated with the kinetics of cell proliferation.

The dense multi-layered clusters that were observed on the electrodes imaged after longer polarization (120 to 138 h, Figure 3.A) were not obvious here. The formation of dense cell clusters required longer polarization periods, showing that the Vero cells continued to proliferate after confluence was reached. In other runs, transient anoxia was imposed after a first period in aerobic conditions (Figure 5.B). Anoxia was imposed either close to I max (t = 48 h) or when the current increased again after the minimum (t = 118 h). In all these cases, the oxidation current decreased significantly as soon as nitrogen was injected into the incubator. The current rose again very quickly when anoxia was stopped (t = 88 h and t = 142 h). It seems that the cells were less sensitive to anoxia when it was applied after longer incubation time.

Identical behaviour was observed with reactors seeded with 40 000 and 60 000 cells (Supplemental Information). All the experiments carried out in aerobic/anoxic conditions (n=3, j=12) confirmed that a large proportion of the current was correlated with the presence of oxygen.

The considerable dependence of tPMET on the presence of oxygen indicated that a large proportion of the electrons came from the mitochondrial electron transport chain (ETC).

The same conclusion about the mitochondrial origin of electrons has been drawn from similar experiments performed with the yeast Candida melibiosica (Hubenova andMitov, 2015a, 2015b). In these studies, inhibitors of the ETC were used instead of anoxic conditions. The presence of the inhibitors led to similar current vanishing as observed here.

The closeness of the two results may confirm that yeasts could be a relevant experimental model of animal cells in the context of bioenergetics and bioelectrochemical studies. This would be of great interest because yeasts are very much easier to handle than animal cells.

Effect of cell seeding density and of the presence of glutamine; proposed model

Several runs were performed with different cell seeding densities, from 10 000 to 100 000 cells/reactor. Whatever the cell seeding density, all experiments displayed the same twophase general pattern (Figure 6.A). The intensity was clearly not proportional to the seeding density. On the contrary, both I Max and t Max decreased when the cell-seeding increased. This general trend was obvious when each I Max value obtained in this study (j = 38 reactors)

was reported as a function of the corresponding t Max values (Figure 6.B). In spite of some experimental deviation, which was mainly due to one experimental run, currents were clearly not proportional to the cell seeding density. On the contrary, both I Max and t Max decreased when the number of cells seeded increased.

In contrast, the value of minimum current intensity (I Min ) did not depend on the number of cells seeded, but it appeared earlier (t Min ) when the seeding density increased (j = 26 reactors).

These observations consistently support the idea that only cells in contact with the electrode surface performed electron transfer. The electrochemical activity of the cells in contact with the electrode surface depended on the flux of substrate reaching them (Figure 6.C). At low cell seeding density, the bottom cells are fed by the substrate without any significant mass transport hindrance. In contrast, at high cell seeding density, the substrate must diffuse through the cell mat while being simultaneously consumed by the cells. At high cell seeding, the thickness of the cell mat increased fast and rapidly limited the flux of substrate that reached the cells at the bottom. This caused I Max to appear earlier. Consequently, at high cell seeding density I Max was lower and occurred at shorter t Max .

On the other hand, a part of the current intensity did not depend on the substrate since the minimum current intensity, I Min , remained constant whatever the cell-seeding density.

The culture medium contained two substrates: glutamine and glucose. Comparisons between experiments performed with the complete medium (n=12, j=41) and with glutamine-free medium (n=2, j=4) showed that, in the absence of glutamine, the maximum I Max disappeared and the current increased more slowly (Figure 6.D). The first occurrence of the current (phase I) depended on the presence of glutamine, while the later current increase (phase II) was still observed in the absence of glutamine. The first occurrence of the current was driven by glutamine, while later occurrence was most probably related to glucose catabolism.

When reactors with and without glutamine were run in parallel in the same experimental run (Figure 6.D), the current intensities with and without glutamine were similar at the end of the experiment (138 h). The fraction of the current that was not dependent on the presence of glutamine was probably responsible for the current increase observed with the complete medium after I Min (phase II). The electrode surfaces showed dense mats of viable cells in both cases but, in the absence of glutamine, the mats were less dense and cells had a different morphology.

When the cell mat thickened, the glutamine flux to the bottom cells, which ensured electron transfer, decreased (Figure 6.C) and the current decreased (phase I). The cell reacted by orienting a larger proportion of the pyruvate coming from glucose oxidation to the citric acid cycle (CAC), causing the current to increase again (phase II). This scenario explains the two-phase shape of all the current records. Moreover, the scenario is consistent with the glucose-dependent tPMET pathway recently evidenced with a mouse muscle cell line (C2C12 myoblasts) (Kelly et al., 2019).

Glutamine is oxidized to -ketoglutarate, which enters into the CAC. The dependence of the earliest current on glutamine is therefore another argument that supports the mitochondrial origin of a part of the electron flux, consistently with the conclusions drawn from the aerobic/anoxic experiments.

Discussion

4.1.Direct vs. mediated tPMET.

No artificial redox mediator was added into the cell culture. The electrochemical detection was therefore direct. Nevertheless, the question about the tPMET mechanism remained open: did tPMET follow direct or mediated electron transfer? In the first case, the electrons transfer themselves across the plasma membrane via a redox chain of membrane redox compounds; in the second case, the cells release a redox compound, which diffuses to the electrode to be oxidized at its surface. The three arguments developed below support the hypothesis of direct electron transfer.

A huge amount of preliminary experimental work had been carried out to fit the protocol described here. Most of these preliminary experiments did not give any current, or low current in a non-reproducible way, as already reported (Guette-Marquet et al., 2022). The main part of the preliminary work, done by successive trials and errors, was intended to optimize the cell-electrode interface in order to obtain stable current records. The protocols of electrode surface cleaning, of electrode pre-treatment following strict timing, and of cell pre-adhesion before applying the potential resulted from this preliminary work. The occurrence of current was therefore strictly dependent on the quality of cell adhesion to the electrode surface. This is a strong argument in favour of direct electron transfer from the cell to the electrode. Indeed, if the cells released a diffusible redox compound, the oxidation current would occur independently of the cell-electrode interface.

When the incubator environment was switched from aerobic to anoxic condition, the current immediately vanished. This also supports direct electron transfer, which was controlled by oxygen availability. If electron transfer was mediated by a secreted redox compound, this compound would accumulate in solution during the aerobic period and it would then take some hours for this compound in solution be fully oxidized at the electrode surface. The current would respond far more slowly to the anoxic condition in the case of mediated tPMET.

When the cell seeding density increased, the current decreased. If the cells secreted a reduced compound, the current would increase with cell seeding density. In contrast, the decrease of the current with cell seeding can be explained according to the model described in section 3.4, by assuming that only the cells in contact with the electrode surface produced current via direct tPMET.

Electron transfer to extracellular oxygen as an alternative to oxygen diffusion.

As stated in the introduction, several observations consistently suggest that tPMET may be an alternative pathway in the respiration scheme of cancer cells. It was demonstrated here that sound (i.e. non-cancerous) cells can perform stable tPMET over several days. To the best of our knowledge, this is the first evidence of the direct electrochemical detection of stable tPMET with sound cells. The electrons were collected at 400 mV/SPR, meaning that they were able to reduce extracellular oxygen in physiological functioning (see section 3.1).

The tPMET process detected here electrochemically can therefore correspond to an alternative pathway in the respiration scheme of sound cells.

The extracellular current intensity exceeded 15 nA after 48 hours with reactors seeded with 10 000 cells (Figure 6.A), which corresponds to a cellular current of 1.5 pA.cell -1 (Supplemental Information). This evaluation of the cellular current was made by assuming that all cells (40 000 cells after 48 h polarization) contributed equally to current production.

This was therefore a minimal evaluation because electrode imaging always showed multilayered cell mats and our observations support the finding that only the cells at the bottom, in direct contact with the electrode surface, produced current (Schematic of Figure 6.C).

The actual extracellular current intensity could consequently be several times higher.

For comparison, the electron flux supported by cell respiration is in the range of 0.4 to 160 pA.cell -1 (Supplemental Information, (Peniche Silva et al., 2020;Wagner et al., 2011)). The extracellular currents recorded here were in the range of the currents implemented by cell respiration. This means that the alternative respiration pathway evidenced here may make a significant contribution to the overall cell respiration scheme.

Speculated intracellular electron transport pathway

It has been claimed that tPMET can be fed via the diffusion of cytosolic and mitochondrial NADH (Figure 1.B) (Berridge et al., 2005). From a more speculative point of view, tPMET could also be supported by intracellular electron transport from the ETC to the plasma membrane (Figure 1.C). For instance, mitochondria have been shown to organize mitochondrial reticula, which provide a continuous conductive pathway for energy distribution (Glancy et al., 2015;Jayashankar et al., 2016). This mitochondrial network can be a way to transport electrons from ETC to the plasma membrane. In addition, connections for cell-to-cell electron transfer cannot be ruled out (Lou et al., 2018;Scholkmann, 2016).

In the context of bacterial biofilms, it has recently been shown that electron transport through a fixed DNA-based reticulum is faster than molecular diffusion of redox species (Saunders et al., 2020). Accordingly, tPMET could provide cells with a way to overcome the slowness of oxygen diffusion. Electrons could be conveyed through the mitochondrial reticulum to extracellular oxygen instead of waiting for oxygen to diffuse to the mitochondria.

The overall model proposed to explain the direct electrochemical detection of tPMET described here (Figure 1 The origin of the electron flux being the ETC explains the dependence of the current on the presence of oxygen, as operation of the ETC is controlled by the presence of oxygen. The first phase of current increase is related to the glutamine metabolism. When the cell layer thickens and a large amount of substrate is consumed by the top cells, the bottom cells redirect more pyruvate to the mitochondria, thus initiating the second phase of current production.

tPMET and pH monitoring

In addition, tPMET to extracellular oxygen offers the cell the possibility of managing local pH gradients by shifting the alkalinizing effect of oxygen reduction from inside the mitochondria to the extracellular space.

Each O 2 molecule can capture 4 electrons by producing 4 OH -:

O 2 + 2 H 2 O + 4e - 4 OH - (2) 
According to the conventional respiration pathway, based on oxygen diffusion to the mitochondrion, this reaction occurs inside the mitochondrion and the reduction of NADH compensates for some of the OH -ions:

NADH  NAD + + H + + 2e - (3) so that the global reaction is:

O 2 + 2 NADH  2 NAD + + 2 OH - (4) 
At the ETC, inside the mitochondrion, the release of 4 electrons from NADH produces 2 OH -ions. This reaction certainly contributes to the alkalinization of the mitochondrion matrix, whose pH is 8.0 for a sound cell, while the cytosol and the extracellular space are maintained at around 7.2 and 7.4, respectively (Casey et al., 2010;Webb et al., 2011) (Figure 1.A).

In contrast, in the context of the tPMET respiration scheme proposed here (Figure 1.C), reactions 2 and 3 are uncoupled: reaction 3 occurs at the ETC in the mitochondrion, while reaction 2 occurs in the extracellular space. Similarly, the reduction of FADH 2 produces protons at the ETC:

FADH 2  FAD + 2 H + + 2e - (5) 
and the electrons are released to extracellular oxygen by reaction 2. The reduction of extracellular oxygen therefore leads to a strong acidification effect on the mitochondrion matrix and an alkalizing effect in the extracellular space.

In the framework of the Warburg hypothesis, hypoxia is thought to be one of the drivers that steers cellular metabolism towards cancer by directing glycolysis into fermentation forming lactate. Lactate production should be a strong cause of intracellular acidification but, intriguingly, cancer cells display a pH gradient reversal with the extracellular space of pH less than 6.8 and the cytosol in the range 7.2-7.6 (Zheng et al., 2020). This pH gradient is the reverse of that found in sound cells and does not clearly correspond to the acidification of the cytosol by the lactate production. The pH gradient reversal is attributed to upregulating of the membrane transporters and pumps that achieve proton excretion from the cytosol. The reason for such upregulation is not known.

The tPMET respiration scheme proposed here would offer a direct explanation of the pH gradient reversal observed in cancer cells. It has been demonstrated here that sound cells implement tPMET respiration and this respiration scheme has an alkalinizing effect in the extracellular space. It has also been demonstrated here that, to be active, this respiration scheme requires the presence of oxygen. Hypoxia in a cancer tumour would therefore inhibit the tPMET respiration, resulting in a decrease in the extracellular pH. Up-regulation of the proton transporters observed in cancer cells could therefore be a logical response to the acidification of the extracellular space due to tPMET inhibition in hypoxic conditions.

Up-regulation of the proton transporters should thus be considered as a logical outcome rather than a triggering factor whose origin is unknown.

Finally, when cancer cells are again exposed to an aerobic environment, the ability of tPMET to alkalinize the extracellular space should be a huge advantage to enhance proton excretion. This may explain why tPMET to extracellular oxygen has only been detected with cancer cell lines so far (Herst and Berridge, 2007).

These hypotheses show how well the tPMET respiration scheme fits into the puzzle of cellular respiration mechanisms and the switch to the cancer route. It should shed new light on these points and the electrochemical tools should open an avenue to reach and possibly control it (Robinson et al., 2021).

Conclusions

Significant tPMET currents were recorded for several days under constant applied potential. The stability of the current, its significant value, up to 1.5 pA.cell -1 , in comparison to the electron flows involved in cellular respiration and its direct dependence on oxygen supply confirm that tPMETs can constitute an alternative respiration pathway for the cells. Moreover, the value of the applied potential of 400 mV/SPR (690 mV/SHE) was fully appropriate to collect electrons at an energy level that allows extracellular oxygen reduction in physiological functioning.

The two-phase pattern of the current records was attributed to a shift from glutamine to glucose metabolism. The evolution of the two-phase shape with the cell seeding density was consistent with a model in which only the cells at the bottom of the cell mat, in contact with the electrode surface, were involved in the production of the current.

Finally, the tPMET respiration scheme proposed here fits perfectly into the genesis of cancer by anoxia. These pioneering results open up an avenue to address the cellular metabolic pathways by direct electrochemical detection. This is a new step in narrowing the gap between the electronic and the biological world (Mariano et al., 2022).

Figure 1 .

 1 Figure 1. Schematics of conventional and proposed cell respiration pathways.A) Conventional respiration scheme: Oxygen molecules diffuse to the electron transport chain (ETC) at the inner membranes of the mitochondria, where they capture all the electrons conveyed by NADH and FADH 2 coming from glycolysis (Gly), pyruvate oxidation (PO) and the citric acid cycle (CAC).
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 32 Figure 2. Experimental set-up and current processing A) Experimental set-up. Electrode strip, electrochemical reactor and arrangement of 4 individually addressed reactors in the cell incubator B) Illustration of current record processing. 1-Currents produced by the seeded electrodes are shown in red and residual currents from unseeded controls are in blue. 2-Each current

Figure 3 :

 3 Figure 3: Effect of applied potential and electrode material. A) Effect of the applied potential. Electrochemical reactors seeded with 20 000 cells were run at 300, 400 or 500 mV/SPR for 5 days. Currents produced by the seeded reactors are shown in red and residual currents from unseeded controls are in blue. Continuous and dashed lines are duplicates. The record obtained at 300 mV was identical to that used inFigure 2.B to illustrate the current record processing. Electrodes were imaged by epifluorescence microscopy (Syto 9 and propidium iodide staining) after 120 h (300 and

Figure 4 .

 4 Figure 4. Two-phase kinetics. The experimental run included 2 unseeded controls and 6 reactors seeded with 50 000 cells each. All reactors were polarized at 400 mV/SPR. Two reactors were stopped at 22 h, two others at 63 h and the last two at 87 h. The electrode surfaces were imaged by epifluorescence microscopy (calcein-AM and propidium iodide staining, scale bar 100 µm). Continuous and dashed lines are duplicates.

Figure 5 .

 5 Figure 5. Effect of anoxia. A) Anoxia from the beginning (t = 0): reactors seeded with 50 000 cells and polarized at 400 mV/SPR; current records are presented in raw data, red are the seeded reactors and blue the controls. Continuous and dashed lines are duplicates. Images of the electrode surfaces were obtained by epifluorescence microscopy (Syto 9 and propidium iodide staining, scale bar 100 µm). B) Transient anoxia: reactors seeded with 20 000 cells; anoxia was imposed in the course of polarization, at t = 48 h or t = 118 h. Anoxia was stopped at t = 88 h and t = 142 h.

Figure 6 .

 6 Figure 6. Effect of cell seeding density and glutamine. A) Processed current records: seeding density of 10 000 (black lines) and 100 000 (grey lines) cells/reactor, polarization at 400 mV/SPR (an electrical connection problem made the recording of one of the 100 000-cell reactors unusable after I Max ). Continuous and dashed lines are duplicates. B) Graph of the experimental data in the form of I Max vs. t Max (left) and I Min vs. t Min (right); the colour chart, from purple to red, following the order of the light spectrum, indicates the different seeding densities from 10 000 to 100 000 cells/reactor; the two blue circles are values obtained with the CNT-coated electrodes. C) Schematic of the proposed model. D) Effect of glutamine. Reactors seeded with 20 000 cells were run either with the usual complete culture media (black curves) or with the medium that did not contain glutamine (orange curves). The electrode surfaces were imaged by epifluorescence microscopy (calcein-AM and propidium iodide staining) at the end of the polarization of 138 h (scale bar 100 µm). Continuous and dashed lines are duplicates.

  .D) combines the conventional tPMET pathway that speculates NADH diffusion in the cytosol (Figure 1.B) and the speculated direct electron transfer pathway (Figure 1.C). Unravelling the share of each pathway will still require lengthy studies.
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