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Abstract  

The Nernst potential of the support/cell interface is suspected to play a key role in cell adhesion 

and proliferation. However, the studies that have addressed this topic have generally varied the 

electrochemical potential of the interface by comparing different materials or by varying the 

chemical composition of the surface coating. It is consequently hard to definitively separate the 

actual effect of the potential from possible side-effects due to differences in the surface 

composition or topography. Here, a 3-electrode set-up was used to apply different values of 

potential to identical carbon electrodes. Potentials were applied in the range -200 to 400 mV vs. 

silver pseudo-reference (SPR), i.e. 90 to 690 mV/SHE, to screen-printed carbon electrodes used 

to grow Vero or Raw 264.7 cell lines. Values up to 200 mV/SPR prohibited cell adhesion and 

even caused detachment of cells that were previously adhered. The value of 400 mV/DRP 

allowed cell adhesion and proliferation, leading to confluent and sometimes very compact mats. 

The zero charge potential, measured around 200 mV/DRP, showed that the drastic effect of the 

applied potential was probably due to the negative/positive switch of the surface charge.      
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1. Introduction  

 

Animal and human cells are usually cultured on solid supports and the conductivity of the support 

is a key parameter guiding their development [1–3]. The impact of the support conductivity on 

cell growth has been demonstrated in many different ways. For instance, the interfacial electrical 

resistance and the surface charge have been shown to affect the proliferation and differentiation 

of neural stem cells [4]. The addition of conductive nanoparticles inside a non-conductive support 

can affect cell proliferation and differentiation [5,6]. It has been reported that the presence of 

conductive compounds at the surface of the support promote stem cell differentiation towards so-

called “electroactive” lineages (neural, cardiac) [7]. Modifying the conductivity of the support is 

thus thought to open possible paths towards cell growth control [8,9]. 

In most studies, the impact of the electrochemical status of the interface is approached indirectly 

by comparing different materials or different coatings [10]. It is consequently difficult to 

distinguish the possible impact of the electrochemical potential from the effects of other surface 

properties that may have been modified concomitantly. Actually, many different surface 

properties have the ability to affect cell adhesion, proliferation and differentiation [11,12]. For 

example, the chemical composition of the surface [13], its hydrophilic/hydrophobic character 

[14,15], its topography [16] and the specific adsorption of proteins are well-known impacting 

factors, and synergetic effects can also occur [17]. 

Surprisingly, the impact of the Nernst potential on cell growth has rarely been approached 

directly by applying controlled values of potential to the support. The widespread presence of 

conductive supports in cell culture and tissue engineering [18–20] has rarely been used to full 

advantage to grow cells under controlled potential. 

In contrast, in the context of microbial cells, growing biofilms under potential is usual and has led 

to great successes [21]. Microbial biofilms are often formed on electrodes polarized at a given 

potential value throughout the days, sometimes weeks, required to develop a mature biofilm. This 

strategy has succeeded in demonstrating the essential role of the Nernst potential on the 

formation of electroactive microbial biofilms either in multi-species [22,23] or pure culture 

conditions [24,25]. Surprisingly, similar potential-controlled strategy has not yet been adopted in 

the context of animal and human cell culture and tissue engineering. 

Actually, in the field of cell culture and tissue engineering, many studies have described the 

growth of cells on polarized electrodes. Unfortunately a great proportion of these studies 

implemented single-electrode systems [26]. In this case, the current is forced from one edge of 

the conductive support to the other edge. Theoretical analysis [26] shows that these single-

electrode systems create a potential gradient between the edges of the electrode and, 

consequently, do not allow the potential of the interface to be controlled. Accordingly, in such 

studies, the potential is rarely measured with respect to a reference electrode.  
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A group of works has attempted to implement a two-electrode set-up to study cell adhesion and 

growth [27,28]. Different voltages were applied between the two electrodes. The experimental 

observations are of interest because the different voltage values were applied to identical 

electrodes so that the impact of surface parameters other than the electrochemical potential could 

be excluded. Unfortunately, the potential of the electrodes was neither measured nor known, 

because no reference electrode was used. A voltage V was applied between the two electrodes 

and it was postulated that the cathode and the anode had potentials equal to –V/2 and +V/2, 

respectively. Unfortunately, this assumption is wrong. It was also postulated that the anode had a 

positive surface charge, because it was connected to the positive pole of the generator, and the 

cathode a negative surface charge, because it was connected to negative pole. This assumption is 

also invalid. The sign of the generator poles are related to the direction of electron flow and not to 

the surface charge of the electrodes.   

Three-electrode systems have been largely used to investigate the behaviour of animal and human 

cells on electrodes. Numerous electroanalytical studies have highlighted the great sensitivity of 

animal and human cells to the potential of the support. A pioneering work showed that human 

erythrocytes and leucocytes precipitate on metallic surfaces at a given value of the applied 

potential [29]. A shift of the potential applied to polypyrrole-coated electrodes can drive 

membrane rupture and cell lysis of erythrocytes [30]. It has even been claimed that the potential 

is the only determining factor in the interaction between carbon surface and blood [31]. As 

reviewed recently [32], the potential of the support can impact cell morphology [33], control cell 

attachment and detachment, and orient the synthesis of substances [34]. Many inspiring results 

have also been produced by using cyclic voltammetry (CV). Oxidation peaks were obtained with 

various cell lines (U937 tumour cells [35], PC-3 [36], HeLa [37], HepG2 cells [38] …), which 

indicate the presence of redox compounds on the outer membrane. CV peaks were also recorded 

with human pluripotent cells, depending on their level of differentiation. The peaks were 

observed with undifferentiated stem cells and vanished with differentiated cells [39].  

To sum up, numerous clues and proofs of the sensitivity of cells to the electrochemical potential 

have been given by analytical studies, i.e. studies performed over a short time with cells in 

survival conditions, but attempts to grow cells while applying a controlled potential to the support 

have been rare.  

A few studies have started to advance in this direction. They were mainly dedicated to 

implantable metallic devices and their purpose was to define the range of potentials allowing cell 

survival on the electrode surface [40–42]. It has thus been stated that, when the applied potential 

is too low, it drives oxygen reduction, which produces reactive oxygen species (ROS) and 

imposes oxidative stress on the cells. In contrast, values that are too high induce oxidation of the 

metallic materials, which releases toxic metallic ions. It was thus possible, depending on the 

nature of the metal or alloy, to determine a range of potential values in which no detrimental 

reaction to cell development occurred. However, these studies did not address the effect of the 
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potential on cell growth within the range where oxygen reduction and metal oxidation do not 

occur, i.e. in the range where cell culture on the electrode is possible.   

To the best of our knowledge, very few examples of cell culture in potential-controlled conditions 

are reported in the literature. For instance, a human carcinoma line of MKN45 cells cultured on a 

platinum electrode for 4 days secreted twice as much carcinoembryonic antigen when a potential 

in the range from 0.2 V to 0.6 V vs. Ag/AgCl was applied, in comparison with the control 

experiment performed without applied potential [34].  

The general objective of the present work is to promote the culture of cells on polarized supports 

with controlled potential. It seems logical that the first steps in this direction should be taken by 

studying the effect of the Nernst potential of the electrode/cell interface on cell adhesion and 

proliferation. Cells were grown on polarized electrodes by using a 3-electrode set-up. The 

potential was thus controlled with respect to a reference electrode and different values were 

applied to the same electrode surface. No chemical modification of the surface was necessary to 

change the potential. It was thus possible to study the effect of the applied potential on cell 

adhesion and proliferation without changing the chemical composition of the electrode coating.  

A commercial, disposable electrochemical set-up composed of small carbon electrodes screen-

printed on a ceramic strip was used in order to avoid possible deviation due to homemade 

electrode systems. Two types of cells were used, the Vero and Raw 264.7 cell lines. The Vero 

cell line was established from kidney tissue of a green monkey (Cercopithecus aethiops) [43] and 

the Raw 264.7 cell line was composed of macrophage-like cells originating from a mouse (Mus 

musculus) cell line transformed with Abelson leukaemia virus. These two cell lines were chosen 

here because Vero cells are commonly used in biomedical industries to culture viruses and 

produce vaccines, and for diagnostic and research purposes [44,45], and Raw cells are a common 

mouse macrophage model. 

Cells were cultured for several days on electrodes polarized at different potentials in the range -

200 to +400 mV vs. the silver pseudo-reference (SPR), i.e. +90 to +690 mV vs. the standard 

hydrogen electrode (SHE). This range was chosen in order to avoid the strong reduction of 

dissolved oxygen at the lowest values and oxidation of water at the highest.  

The potential showed a drastic effect on cell development as neither adhesion nor proliferation 

was possible at the lowest potential values while, on the contrary, the highest value promoted cell 

adhesion and proliferation. Determination of the zero charge potential indicated that cell adhesion 

and proliferation occurred only when the potential drove a positive surface charge. The existence 

of such a rule has already been speculated in the literature [28] [10], but the present paper is its 

first experimental demonstration via strict control of the electrode potential, without modifying 

the chemical composition of the supporting material surface.  

These results definitively confirm the great effect of the Nernst potential on cell adhesion and 

proliferation and explain it by a direct link with the charge surface. The results also demonstrate 

the great interest of a 3-electrode system to offer a well-controlled polarized surface for cell 
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growth. As the electrochemical potential of the surface is a crucial parameter, not only in 

adhesion and proliferation, but also in differentiation and cell signalling [12], this strategy should 

now be implemented much more systematically to open up new avenues in cell culture, 

biomaterial design and tissue engineering.  

 

2. Materials and Methods 

2.1 Electrodes and electrochemical reactors   

Carbon screen-printed carbon electrodes were purchased from Metrohm-DropSens. They were 

disposable 3-electrode systems, screen-printed on a ceramic strip (Schematic 1). The working and 

auxiliary electrodes were made of the same carbon material (ref. DRP-110). The working 

electrode was a disk 4 mm in diameter.  

 

Schematic 1. Electrochemical set-up. A) electrode strip, B) electrochemical reactor. The 

disposable electrode, purchased from DropSens-Metrohm, is a ceramic strip 34 mm long and 10 

mm wide, on which the electrodes are screen-printed. The electrode strip was inserted at the base 

of the electrochemical reactor. 

 

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 the 

measurements, the potential of the DropSens SPR was equal to 0.049 V vs. saturated calomel 

electrode, i.e. 0.290 V vs. standard hydrogen electrode (SHE). All the potentials are expressed 

with respect to the silver pseudo-reference (SPR) in this study, which means that it is sufficient to 

add 49 mV to find the values of potential with respect to the saturated calomel electrode or to add 

290 mV to find the values with respect to the standard hydrogen electrode.  

All experiments were performed in lab-made electrochemical reactors made of 

polytetrafluoroethylene and specifically designed for the DropSens electrode strips (Schematic 

2 ml

Working electrode
Ø 4 mm

Counter
electrode

C.E. connection

Ref. connection

Pseudo-reference

O-ring

A. Electrode strip B. Electrochemical reactor

Electrode strip

Parafilm® Ø 7 mm

Ø 20 mm

W.E. connection

8
5



6 
 

1). The internal diameter of the reactors was 0.7 cm for the lower part and 2 cm for the upper 

part. Electrodes were at the bottom of the reactor and were covered by 2 mL of medium. 

Electrodes were connected to the potentiostat with copper wires, tin soldered to the electrode 

connectors.   

 

2.2. Cell culture 

The Vero cell line (CCL-81
™ 

from ATCC) and Raw 264.7 cell line (TIB-71
™ 

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% CO2. 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 50 000 cells/ml (Vero cell line) or 7 500 cells/ml (Raw 264.7 cell 

line).  

 

2.3 Electrochemical reactor seeding  

Prior to use, reactors and electrodes were cleaned in RBS 35 (CarlRoth) 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, the electrodes were pre-

treated with foetal bovine serum (FBS) diluted with an equal volume of phosphate buffer solution 

(FBS/PBS). For this pre-treatment, reactors were filled with FBS/PBS and incubated in a sterile 

safety cabinet for 16 hours (experiments with Vero cells) or two hours (experiments with Raw 

264.7 cells). Actually, shortening the duration of the pre-treatment from 16 to 2 hours did not 

lead to any change in the cell behaviour with respect to that observed in experiments carried out 

with Vero cells, not reported here.  

After treatment of the electrodes, the FBS/PBS solution was eliminated and replaced by two 

millilitres of cell suspension, or by sterile complete growth medium, without cells, for the control 

experiments. Reactors were closed with sterile Parafilm®, transferred into a cell culture incubator 

and connected to the potentiostat.  

 

2.4 Incubation in electrochemical reactors  
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All experiments were carried out in a cell culture incubator at 37 °C in humidified air containing 

5 % CO2. When 4 reactors were run in the incubator, 12 electric wires had to be passed through 

the grommet of the incubator. The wires were wrapped in aluminium foil to form a Faraday cage, 

electrically connected to the potentiostat ground. The connections between the electrode strip and 

the electrical wires were tin soldered, because the connections provided by the manufacturer with 

the strip, for insertion into a female connector, did not withstand several hours of incubation at 37 

°C in 100% humidity. 

Different potentials, in the range -200 to 400 mV/SPR, were applied to the working electrode 

with respect to the pseudo-reference electrode, using a VMP-3 potentiostat (Biologic) monitored 

by the EC Lab software (Biologic). The current produced was recorded every 10 minutes. 

Depending on the experimental run, four or five reactors were operated in parallel in the same 

incubator and addressed individually. In the first experimental run, a first incubation phase of 24 

hours was performed without applying any potential, then the potential was applied for 48 hours. 

In the following experimental runs, the potential was applied from the beginning of the 

incubation.  

 

2.5 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 500 µl of staining solution (5 µM Syto® and 1 mg/ml propidium iodine in PBS, from 

Molecular Probes) and incubated at 37 °C for around 20 minutes. After incubation, electrodes 

were rinsed with PBS and covered with a coverslip in order to prevent desiccation. Images were 

acquired with an Axiotech epi-fluorescence 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). Quantification of cell number was performed with 

ImageJ software (release 1.53, NIH [46] with the “Find Maxima” function and manual 

adjustment of the noise tolerance. The number of electrodes and images used for cell 

quantification is indicated in each figure.  

 

2.6 Electrochemical impedance spectroscopy (EIS) 

Before the measurement, the electrodes were pre-treated following exactly the same protocol as 

for the cell cultures and the Mott-Schottky measurements were performed in sterile complete 

growth medium in order to be made in the same conditions as during cell cultures. Six different 

electrodes were used and the measurements were performed twice on each. The electrodes were 

immersed in the sterile complete growth medium for 1 hour before the first measurement and  the 

first and second measurements were separated by 3 hours.   

EIS measurements were carried out with a VMP-3 potentiostat (Biologic) monitored by the EC-

Lab11.26 set up following the Staircase Potentio Electrochemical Impedance Spectroscopy 
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(SPEIS) technique. This technique is designed to perform successive impedance measurements 

(over a whole frequency range) during a potential sweep. The potential was scanned from -200 to 

500 mV/SPR in 14 successive steps or from 0 to 500 mV/SPR in 20 successive steps. For each 

step, the potential was maintained constant for 5 min before starting impedance acquisition. The 

sinewave amplitude was 15 mV and frequency ranged from 100 kHz to 50 mHz with 10 points 

per decade in logarithmic spacing (Nd). A 0.10 period (Pw) was maintained before each 

frequency and 5 measurements were taken per frequency (Na = 5). For each frequency, the EIS 

data were analysed by displaying a Mott-Schottky plot, i.e. 1/C² versus E, where C is the 

interfacial capacitance and E is the applied Nernst potential.  

 

Results and discussion  

Five experimental runs were performed successively with Vero cells following the same protocol. 

For each run, 4 electrochemical reactors (Schematic 1) were operated in parallel:  

- 2 reactors were seeded with 100 000 Vero cells each (except in one run, which included 3 

of these reactors); the reactors were firstly incubated for 24 hours without applied 

potential, then the potential was applied for 48 hours, i.e. until the end of the 72-hour 

experiment. 

- one reactor, used as a negative control, was not seeded with cells and the potential was 

applied similarly after 24 hours of incubation, 

- one reactor, used as a positive control, was seeded with 100 000 cells but left without 

applied potential during the entire 72-hour experiment. 

The sole parameter varying from one run to another was the value of the applied potential. One 

run was performed at -200 mV/SPR, one at 0 mV/SPR, one at 200 mV/SPR and two at 400 

mV/SPR. The currents recorded during the phases of applied potential are reported in Figure 1.  
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Fig. 1. Current recorded when the potential was applied for 48 hours after the initial 24-hour 

incubation without potential. The applied potential was A) -200 mV/SPR, B) 0 mV/SPR, C) 200 
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mV/SPR, D and E) 400 mV/SPR. Blue lines: abiotic reactors; red lines: reactors seeded with 

100 000 Vero cells.  

 

The applied potential of -200 mV/SPR (Figure 1.A) induced a low reduction current, the intensity 

of which decreased from around 1100 to 300 nA during the 48 hours of the potential application. 

This current was due to the slow electrochemical reduction of dissolved oxygen. This has already 

been shown using the same electrodes in the same medium [47]. The presence of the cells 

decreased the value of the reduction current because they masked a part of the electrode surface 

and thus impeded the transport of dissolved oxygen to the electrode surface.  

The applied potential of 0 mV/SPR (Figure 1.B) produced a reduction residual current that was 

less than 50 nA for most of the polarization time. The potential of 200 mV/SPR (Figure 1.C) 

resulted in a low oxidation residual current, around 2 nA. In both cases, the presence of cells did 

not modify the current intensities significantly. At 400 mV/SPR (Figures 1.D and 1.E), the 

abiotic current was stable, at around 30 nA on average, and the presence of the cells tended to 

increase this oxidation current in some cases, but in a way that was not possible to reproduce 

well.  

At the end of the experiments, the electrodes were extracted from the reactors, gently rinsed, 

stained and imaged. The electrodes exposed to potentials of -200, 0 and 200 mV/SPR showed no 

significant colonization (Figure 2). In each of the five runs, one control reactor was left without 

polarization for the entire 72 hours of the experiment. Four of these electrodes showed a dense 

mat of adhered cells with an average cell density of 198 150 ± 49 670 cell/cm
2
, one displayed a 

lower surface colonization with an average cell density of 9 270 ± 10 475 cell/cm
2
. Comparing 

the average cell densities obtained after 72 hours without polarization and after 72 hours 

including 48 hours of polarization clearly showed that the polarization at -200, 0 and 200 

mV/SPR severely impeded cell adhesion and growth (Figure 2).  
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Fig. 2. Number of adhered Vero cells after 72 hours of incubation. For columns 1 to 3, the 

potential was applied for 48 hours after the initial 24-hour incubation without potential: 

potential values of -200, 0 and 200 mV/SPR, respectively; column 4: 72-hour incubation without 

applied potential; column 5: 24-hour incubation without applied potential; seeding with 100 000 

Vero cells. ne is the number of electrodes imaged and ni is the total number of images.  

 

According to the reactor design schematized in Schematic 1, the solution height above the 

electrode was around 1.3 cm. The cell density used for seeding was 50 000 cell/ml (100 000 cells 

in 2 ml). If all the cells contained in the solution above the electrode strip sedimented at the 

bottom, the cell density at the bottom would be 65 000 cell/cm
2
. The average cell density of 198 

150 cell/cm
2
 found after 72 hours without polarization corresponds to more than one cell 

generation. This value is consistent with the doubling-time of 24 hours for the Vero line [48].  

In contrast to the others, the electrodes exposed to the potential of 400 mV/SPR displayed 

considerable colonization. Among the 5 electrodes, only one displayed weak colonization (870 ± 

400 cell/cm²; ni = 3, Figure 3.A), while the 4 others showed a very dense cell mat. It was possible 

to count the adhered cells on only one electrode (Figure 3.B), which gave the value of 99 280 ± 

34 300 cell/cm² (ni = 3). It was not possible to assess cell density for the other 3 electrodes 

exposed to 400 mV/SPR because they supported a thick, dense cell mat with a structure closer to 

that of a biofilm than to individual adhered cells (Figure 3.C).  

 

 

 

0 

50 000 

100 000 

150 000 

200 000 

250 000 

-200 0 200 72h w/o 24h w/o 

[c
el

l]
 /

 c
el

l.
cm

-²
 

ne 2  

ni  2 

ne 2  

ni  8 

ne 2  

ni  6 

ne 4  

ni  11 

ne 4  

ni  12 



12 
 

A) 72h including 48h at 400 mV/SPR - Weak colonization  

 

B) 72h including 48h at 400 mV/SPR - Dense mat 

 

C) 72h including 48h at 400 mV/SPR - Dense mat with biofilm-like structure  

 

D) 72h without polarization  

 

Fig. 3. Representative pictures of the Vero cell mats after 72 hours’ incubation with 48 hours at 

400 mV/SPR. A) The electrode with low colonization, B) the electrode with high colonization 

whose adhered cells could be counted. C) the 3 electrodes that displayed a biofilm-like structure; 

epifluorescent imaging after staining with Syto® and propidium iodine; scale bar 100 µm. 

 

When the potential of 400 mV/SPR was applied, the cells adhered to the electrode surface well, 

resulting in cell mats that were at least as dense as the mats obtained in the absence of 
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polarization and often denser. There were no cells stained red by the propidium iodide on the 

images, which proves that the cells were not altered by the 400 mV/SPR potential. All the 

adhered cells were viable at the end of the 72-hour experiment.  

An additional experimental run was carried out with 4 reactors incubated in similar conditions 

but for only 24 hours and without any applied potential. After 24 hours, the average cell density 

was 27 500 ± 26 970 cell/cm
2
 (Figure 2). The standard deviation was high because the surface 

colonization was quite inhomogeneous from one image to another. The average measured value 

of 27 500 cell/cm
2
 was lower than the cell density calculated above for simple sedimentation of 

the cells on the bottom of the reactors (65 000 cell/cm
2
, see above). The measured value was 

smaller, probably because the cells that were not firmly adhered to the surface of the electrodes 

were washed away during rinsing and staining, although these steps were carried out with great 

care.  

The experiment run without polarization for 24 hours showed that the cells adhered to the 

electrode surface after the initial 24-hour phase of incubation. Consequently, the applied 

potentials of -200, 0 and 200 mV/SPR, which were applied after 24 hours of incubation, not only 

prevented colonization of the electrode surface but also released the cells that had adhered during 

the initial 24-hour potential-free phase.   

Moreover, comparing the cell density after 24 hours of incubation without potential (27 500 ± 26 

970 cell/cm
2
) and the cell mats obtained after 48 supplementary hours under 400 mV/SPR 

(Figure 3) showed that the potential of 400 mV/SPR did not impede cell proliferation. The 

increase from 27 500 cell/cm
2
 to 99 280 cell/cm

2
, which was measured on one electrode (Figure 

3.B), was close to two generations during the 48 hours of polarization. The coverage of the other 

3 electrodes exposed to 400 mV/SPR, which displayed a biofilm-like structure (Figure 3.C), was 

even more dense and suggests that the development may have been promoted by the 400 

mV/SPR applied potential.  

The polarization at 400 mV/SPR was repeated following the same experimental protocol but, this 

time, without the initial 24-hour phase when there was no polarization. The potential of 400 

mV/SPR was applied immediately after seeding the reactors. Four reactors were run in parallel, 

one control reactor was not seeded with cells, the other 3 were seeded with 100 000 Vero cells. 

Among these 3 reactors, one was stopped and the electrode was imaged after 24 hours of 

polarization, another after 48 hours and the third after 72 hours.  

In all cases, the current stabilized quickly during the first hour of polarization and then decreased 

continuously from about 50 nA initially to 20 nA after 72 hours. The current records displayed no 

significant difference between the seeded reactors and the abiotic control.  

Imaging the electrodes after 24, 48 and 72 hours of polarization at 400 mV/SPR showed a 

progression in the proliferation of the cells (Figure 4). Only the electrode collected after 24 hours 

(Figure 4.A) could be analysed in terms of cell density, with a value of 48 515 ± 7 210 cell/cm
2
. 

The electrodes collected after 48 and 72 hours (Figure 4.B and 4.C, respectively) displayed 
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confluent cell mats, which were too compact and too thick to allow cell densities to be correctly 

evaluated.  

As before, no significant red staining (propidium iodide) was observed. Careful examination 

could detect a slightly increased number of damaged cells after 72 hours incubation. This remains 

a very small minority. The increase in dead cells was correlated with the increase in the total 

number of cells and the progressive depletion of the environment in the absence of renewal. The 

great majority of cells were viable even after 72 hours of polarization. This run confirmed that the 

400 mV/SPR potential was favourable for the adhesion and proliferation of the Vero cells on 

carbon electrodes. 

 

 

 

A) 24 h 

  

 

 

B) 48 h 

  

 

C) 72 h 

  

Fig. 4. Representative pictures of Vero cell mat after A) 24 hours, B) 48 hours and C) 72 hours of 

polarization at 400 mV/SPR. Reactors seeded with 100 000 Vero cells; the potential of 400 

mV/SPR was applied from the beginning; epifluorescent imaging after staining with Syto® and 

propidium iodine; scale bar 100 µm. 

 

Similar experiments were performed with Raw 264.7 cells, once again by applying the potential 

immediately after seeding the reactors. Six reactors were run in parallel, each seeded with 15 000 
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Raw 264.7 cells. Three values of the potential were used: -200, 0 and 400 mV/SPR, each on two 

reactors. Potentials were applied for 89 hours. After about half of the incubation time, the 

medium was replaced by fresh medium, great care being taken to avoid disturbing the cell mat. 

The current records (Figure 5) were similar to those obtained with the Vero cells, with fairly 

stable values. As previously, low reduction currents were recorded at 200 mV/SPR, due to 

oxygen reduction. These reduction currents decreased slowly from about 400 to 200 nA. Residual 

currents were reductive at 0 mV/SPR, with a stable value of about 10 nA, and oxidative at 400 

mV/SPR, stable around 20 nA.  

 

 

Fig. 5. Current records when the potential was applied from the beginning. Red lines -200 

mV/SPR, yellow lines 0 mV/SPR, purple lines 400 mV/SPR; reactors seeded with 15 000 Raw 

264.7 cells; red lines: “R” at 47 hours indicates renewal of the medium; continuous and dotted 

lines are duplicates.  

 

Imaging at the end of the experiment confirmed the observations made with the Vero cells. There 

were hardly any cells adhering to the electrode exposed to the potentials of -200 and 0 mV/SPR, 

while the electrodes exposed to 400 mV/SPR displayed a dense mat of viable cells (Figures 6 and 

7).   
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Fig. 6. Number of adhered Raw 264.7 cells after 84 hours of incubation under applied potential 

of -200, 0 and 400 mV/SPR. Reactors seeded with 15 000 Raw 264.7 cells; potential was applied 

from the beginning. 
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Fig. 7. Representative pictures of the cell mats after 84 hours at (from top to bottom) -200, 0 and 

400 mV/SPR. Reactors seeded with 15 000 Raw 264.7 cells; potential was applied from the 

beginning; epifluorescent imaging after staining with Syto9 ® and propidium iodide; scale bar 

100 µm. 

 

Seeding with 15 000 cells can lead to a surface density of sedimented cells of 9 750 cell/cm
2
. The 

cell density of 214 850 cell/cm
2
 measured after 84 hours of polarization at 400 mV/SPR 

corresponded to more than 4 generations. It is consistent with the known doubling-time of 11-12 

hours [49], which would allow 7 generations in 84 hours. Considering the compactness of the cell 

mat obtained at 400 mV/SPR, it can be assumed that cell development was slowed down by the 

densification of the mat or that the cells of the last generations were less firmly adhered to the 

mat and were removed during the sample preparation steps. 

All the experiments confirm that the potentials of -200, 0 and 200 mV/SPR are deleterious for 

cell adhesion and proliferation. None of the 10 electrodes exposed to these different potential 

values, run in independent reactors, with two different cell lineages, exhibited cell colonization.  

Moreover, applying these potential values after 24 hours of incubation performed without applied 

potential resulted in the release of cells previously adhered to the surface.  

When the potential of -200 mV/SPR was applied, a reduction current was recorded, which was 

due to the reduction of dissolved oxygen [47]. This reaction can produce reactive oxygen species 

(ROS), for instance hydrogen peroxide by two-electron reduction of oxygen, particularly on 

carbon-based electrodes [50]. The deleterious effect of the potential of -200 mV/SPR on 

electrode colonization may consequently be attributed to the production of ROS, as already 

observed for metallic biomaterials [51,52].  

The production of ROS could hardly be evoked for the 0 mV/SPR potential, at which the residual 

current was very low. It can definitively no longer be considered for 200 mV/SPR, at which the 

residual current was related to an oxidation reaction.  

The residual current was in the reduction direction at 0 mV, while it was in the oxidation 

direction at 200 mV. So we cannot look for an explanation for the effect of the potential in the 

reduction/oxidation direction of the residual current. 

To sum up, clear difference in the adhesion status was observed between the 10 independent 

electrodes run at the potentials of -200, 0 and 200 mV/SPR, which prohibited cell adhesion, 

versus the 10 independent electrodes run at 400 mV/SPR, which allowed surface colonization 

and cell proliferation. At the potentials of 0 and 200 mV/SPR, neither the possible production of 

ROS nor the reduction or oxidation status of the residual current can explain the repellent effect 

of the electrode surface regarding cell adhesion.  

Cells adhered to the surface of the electrodes were viable after several days of polarization. 

Moreover, the potential of 400 mV/SPR seems to promote the production of thick cell mats, with 

a biofilm-like structure (Figure 3.C), which was never obtained by incubation of the same 
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duration without the applied potential (Figure 3.D). Nevertheless, such a modification of the cell 

mat structure was observed on most but not all the 10 electrodes that were polarized at 400 

mV/SPR. Further work in this direction is needed to confirm the effect of the potential on the cell 

mat structure.  

In order to progress in understanding the cause of the drastic switch of cell behaviour between the 

two potential ranges, abiotic experiments were performed to determine the potential of zero 

charge (pzc) of the electrode/solution interface. The charge of an electrode is negative when its 

potential is lower than the pzc and positive for potentials above the pzc. Cell adhesion is a 

process that is sensitive to the surface charge of the supporting material [10,12,28], so it seemed 

relevant to address the surface charge of the electrode.  

The pzc of an electrode/solution interface can be assessed by using electrochemical impedance 

spectroscopy (EIS) to determine the value of the interfacial capacitance (C) as a function of the 

applied potential (E). The curve of C vs. E passes through a minimum, which corresponds to the 

pzc value [53,54]. As the pzc value depends on the material surface and on solution composition, 

measurements were made here in the same medium as that used for cell incubation and after 

having pre-treated the electrode following the same protocol as for cell incubation.  

Here, the capacitance of the interface was determined by the Mott-Schottky method, which gives 

the value of the capacitance vs applied potential directly. In comparison to common EIS methods, 

Mott-Schottky allows faster measurements (although they did take a few hours) and thus avoids 

having too much change in the interface during, or because of, the measurement.  

Mott-Schottky data are exploited at a fixed value of frequency. Here, the frequency was chosen 

on the basis of the Bode representation of experimental data (Figure 8.A). The Bode diagram had 

two sections: one section for frequencies above about 100 Hz, which was flat and corresponded 

to the purely resistive behaviour of the interface, and another section for frequency values below 

100 Hz, which corresponded to the frequency range for which the interface behaviour was 

affected by its capacitive component. The value of 1 Hz, which was close to the middle of this 

section of the diagram, was chosen to extract the capacitances from the Mott-Schottky data. It 

was checked that fixing the frequency value at 100 mHz or 10 Hz led to similar conclusions.  
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Fig. 8. Measurement of the capacitance as a function of the applied potential by EIS. A) Bode 

representation of the logarithm of the impedance absolute value (|Z|) as a function of the 

logarithm of the frequency (f); the data recorded at the different values of the applied potential 

are almost superimposed because of the scale of the diagram chosen to represent the complete 

shape of the Bode curves. B) Capacitance as a function of the applied potential extracted from 

the Mott-Schottky curves for the frequency of 1 Hz (3 different electrodes).  

 

Generally, Mott-Schottky results are plotted in the form of 1/C
2
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the number of charge carriers in the context of studies of semi-conductive materials [55]. Here, it 

is presented in the simple form of C vs. E (Figure 8.B). The potential range was restricted to 

between 0 and 400 mV/SPR because the occurrence of the reduction of oxygen at potentials 
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reduction reaction should be used to address the zone of lower potentials, rather than the simple 

model implemented by the Mott-Schottky method. 

The value of the minimum of the C vs. E curve, extracted from 6 different electrodes, was 183 ± 

20 mV/SPR for the first measurements, and it increased to 212 ± 31 mV/SPR for the second 

measurements. The 12 measurements on 6 different electrodes thus gave 198 ± 29 mV/SPR. 

Clearly, the pzc of the electrodes in the culture medium was located around 200 mV/SPR.  

The change of the surface charge, from negative below around 200 mV to positive above, can 

explain the drastically different behaviour of the cells observed for -200, 0 and 200 mV/SPR on 

the one hand and 400 mV/SPR on the other hand.  

The surface charge of the supporting material is a key parameter that is well known to affect cell 

adhesion and proliferation [56] and could also impact cell signalling processes that regulate cell 

differentiation [12]. Intuitively, a positive surface charge should promote the adhesion of cells by 

electrostatic interaction [57] if cells are assimilated to colloids with a globally negative external 

charge. However, the cell adhesion process is not so simple, because the proteins from the 

medium that are adsorbed on the electrode surface and those released by the cells play crucial 

roles in the mechanisms of cell adhesion and anchoring. Moreover, cells are far from being 

equivalent to inert colloidal species.  

The molecular mechanisms of surface charge-dependent cellular activities still remain poorly 

understood, and both negatively and positively charged surfaces have been claimed to enhance 

cell adhesion [58]. Nevertheless, it has often been observed [10] or speculated [28] that positively 

charged surfaces promote cell adhesion, for instance by enhancing protein adsorption [12].  

Here, both Vero and Raw 264.7 cells displayed the same drastic behaviour switch according to 

the value of the applied potential. The switch between no adhesion and adhesion occurred around 

the zero charge potential, so it is highly probable that the effect of potential was due to the 

surface charge of the electrode. At potentials of -200, 0 and 200 mV/SPR, the negative surface 

charge prevented cell adhesion while, at 400 mV/SPR, the positive charge allowed adhesion and 

proliferation.  

The reason why the conclusion regarding the growth or non-growth of the cells depending on the 

value of the applied potential is so clear-cut, is probably that maintaining the potential imposed 

on the cells required a stable surface state of the support. Actually, in the absence of applied 

potential, the open-circuit potential of the support, its surface charge and other surface properties 

can be drastically modified by the cells. For instance, cells can change their ionic environment by 

ion exchanges through their plasma membrane. In the absence of applied potential, the effect of 

the redox status and the charge surface of the support can be compensated by the cells, which are 

able to create local conditions more favourable for their growth. The initial redox state and 

surface charge of the support should thus mainly affect the beginning of cell growth and their 

effect may then vanish upon the action of cells. In contrast, polarized supports maintain a stable 

redox status, which can be detrimental to cell development or, on the contrary, enhance it, during 
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the entire growth process. This leads to two types of conclusions. On the one hand, the results 

described here may be different from conclusions that could be extracted from works performed 

with non-polarized supports. On the other hand, one can think that the controlled-potential 

protocol offers an additional mode of action to guide cell development, which is different from 

simply choosing materials with given initial surface properties. This strategy has been little 

studied so far and the results obtained here show that it definitely deserves to be considered with 

more interest.  

 

Conclusion  

It is agreed that the electrochemical potential of the supporting surface is a crucial parameter for 

cell adhesion and proliferation. To date, the effects of the surface potential have been studied by 

comparing different materials or by changing the chemical composition of the surface coating to 

modify its potential. The difficulty in clearly separating the direct effect of the potential from that 

of the chemical composition of the material could thus be one of the reasons for the lack of 

clarity in this matter.  

Here, the potential of the supporting surface was controlled by using a 3-electrode set-up, which 

allowed different potential values to be imposed on the same surface. The lowest potential values 

(up to 490 mv/SHE) inhibited cell adhesion and even detached cells that had previously adhered 

to the electrode surface. In contrast, the highest potential (690 mv/SHE) allowed effective cell 

adhesion and proliferation, in many cases even enhancing cell proliferation. These opposite 

behaviours correspond to values of potential below and above the zero charge potential (around 

490 mV/SHE) and can therefore be related to the negative and positive charge of the electrode 

surface. Beyond the intrinsic interest of these results, this work confirms the interest of using 3-

electrode set-ups to perform cell culture and tissue engineering in potential-controlled condition.  
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