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A B S T R A C T

Background: The rise of organic electronics represents one of the most prominent technological developments of
the last two decades, with its interface with biological systems highlighting new directions of research. The
“soft” nature of conducting polymers renders them unique platforms for cell-based microdevices, allowing their
implementation in drug discovery, pharmaceutical effect analysis, environmental pollutant testing etc.
Methods: Cellular adhesion, proliferation and viability experiments were carried out to verify the biocompat-
ibility of a PEDOT conductive polymer surface. Cyclic voltammetry was employed for estimating the electro-
catalytic activity of the renal cell/electrode interface. The nephrotoxicity agent CCl4 and the medicinal plant
Salvia officinalis were used on the proposed assembly. Renal cell viability was also assayed through the MTT
assay.
Results: Renal cells were able to adhere and proliferate on the conducting polymer surface. Electrochemical
responses of the polymer exhibited good correlation with cell number and CCl4 concentration. Amelioration of
the CCl4-induced renotoxicity by co-incubation with Salvia officinalis extract was demonstrated by both the MTT
assay and the electrode's capacitance.
Conclusions: A conducting polymer-based bioelectrochemical assembly was established for in vitro mammalian
cytotoxicity/cytoprotection assessment, employing renal cell monolayers as the primary transducers for signal
generation and biological sensing.
General significance: The knowledge on PEDOT mammalian cell biocompatibility and possible applications was
expanded. The proposed interdisciplinary approach connects soft electronics with biology and could provide a
useful tool for preliminary crude drug screening and bioactivity studies of natural products or plant extracts in
vitro.

1. Introduction

The rise of organic electronics represents one of the most prominent
technological developments of the last two decades, with its interface
with biological systems being a dynamically emerging field that high-
lights new directions of research. Apart from their general advantages
like low cost of materials, tunable electronic or optical properties, easy
process ability, light weight, low environmental impact and potential
for low cost [76,96], organic electronics are gaining momentum as

remarkable transducers of biological events. The soft mechanical
properties of many organics offer better compatibility with delicate
biological tissues and cells than traditional electronic materials, while
their ability to conduct ions in addition to electrons and holes opens up
a new communication channel with biology [57,79].

Conducting polymers (CPs), typically employed in organic electro-
nics, are polymeric materials, organic in nature that hold unique
properties such as electrical conductivity, high electron affinity, low
ionization potential and redox activity [9,94]. Additionally, their
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plasticity, which allows them to act as excellent materials for im-
mobilization of biomolecules, renders them unique biosensor platforms
[8,38], while their ability to act as both sensing elements and trans-
ducers during biological recognition events, simplifies biosensor de-
signs [2,9].

Among CPs, Poly (3,4ethylenedioxythiophene) (PEDOT) has be-
come an established electronic material, holding the highest market
share for conducting polymers in the capacitor market today [33].
PEDOT, which was found to be almost transparent in thin oxidized
films, exhibits not only a high conductivity but also high stability in
oxidized state and has been considered as perhaps the most stable
conducting polymer currently available [26,42]. Due to its bio-
compatibility and similarity to biological compounds, PEDOT has been
regularly used in bioengineering and biosensing applications
[16,50,70,88]. PEDOT films have been widely demonstrated to support
the adhesion and proliferation, among others, of fibroblasts [24],
neural [41], neuroblastoma [6] and epithelial [14] cells.

Cell-based biosensors combine intact living cells with sensors or
transducers for monitoring physiological changes in various cell types
caused by internal or external stimuli [17,98]. Because of the complex
nature of their biorecognition elements (whole living cells), they
naturally encapsulate composite sensor arrays, providing a wide range
of sensing capabilities and thus are expected to respond optimally to
bioactive analytes [67]. Cell-based microdevices, including cell-based
biosensors, are able to assess many cellular responses, such as adhesion,
proliferation, integrity, migration, differentiation and signaling
[25,36,43], in a manner that allows their implementation in drug dis-
covery, pharmaceutical effect analysis, clinical practice, environmental
pollutant testing, food safety etc. [11,30,54].

Plants have been used for their therapeutic properties for millennia
[91], while natural products have long been served as critical stimuli
for drug design [89]. Drug discovery from natural sources is an in-
trinsically complex process that necessitates highly integrated inter-
disciplinary research approaches [44]. Historically, drug screening re-
lies principally on animal tests which are expensive, time consuming,
low throughput and ethically provoking [5]. These limitations have
stimulated continuous research on developing cell-based platforms that
can provide in vivo biological information and thus reduce the number
of animal tests, accelerating the drug discovery process [106]. Litera-
ture search on cell-based electrochemical biosensors that have been
used for studying the effect of plant extracts [4,53,85], or their bioac-
tive constituents [35,61,74,100] on mammalian cells, reveals only a fair
number of reports. Based on the recent revitalization of interest in drug
discovery from natural sources [7], the developments on biomaterials
for biosensing applications [72,101] and the need to apply high
throughput screening technologies in bioactivity detection of plant
extracts [45], biosensing approaches are projected to increase.

In this study, a conducting polymer bioelectrochemical assembly
was established for in vitro mammalian cytotoxicity/cytoprotection
assessment, employing renal cell monolayers as the primary transducers
for signal generation and biological sensing. Motivated by pharmaco-
logical interest in bioactive natural product-related assays, our aim was
to develop an electrochemical cell-based approach that could provide
cell type specific insight on the biological activity of crude drugs or
their bioactive constituents.

Since PEDOTs biocompatibility has been proven with numerous cell
lines, the objective of this study was to explore PEDOTs compatibility
with kidney fibroblasts and fabricate an electrochemical biosensor
platform able to reflect the renal cell homeostasis. For this purpose, we
investigated cell adhesion, proliferation and viability indicators on
kidney cells cultured on PEDOT electrode surfaces, along with the as-
sessment of the electrodes' electrochemical state using their post-cell
adhesion areal capacitance as a figure of merit for cell monolayer
structural/functional status. Furthermore, the model renotoxic agent
carbon tetrachloride and the widely studied medicinal plant Salvia of-
ficinalis, were used for the functional evaluation of the proposed

assembly as a renotoxicity and renoprotection assay. To the best of our
best knowledge, this is the first study describing a bioelectrochemical
tool that incorporates mammalian cells, namely a cell based biosensor,
with a conducting polymer for voltammetrically assaying the bioac-
tivity of a medicinal plant extract.

2. Experimental

2.1. Materials and reagents

Dulbecco's Modified Eagle medium (DMEM), phenol red-free
DMEM, L-glutamine, penicillin-streptomycin antibiotic mixture, 0.25%
trypsin-EDTA solution and sodium pyruvate were purchased from
Biochrom AG (Berlin, Germany). Fetal bovine serum (FBS) and
Propidium iodide (PI) were purchased from Invitrogen (Massachusetts,
USA). Ethidium bromide was obtained from Thermo Fisher Scientific
(ACROS Organics™ brand) (Waltham, MA, USA). Carbon tetrachloride
(CCl4, PubChem CID: 5943) Neutral Red (NR), ΜΤΤ (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), Acridine
Qrange (AO), calf thymus DNA and all other reagents, unless otherwise
specified, were purchased form Sigma-Aldrich (St. Louis, MO, USA). All
aqueous solutions were prepared with distilled water.

2.2. Cell culture

Vero cells (continuous African green monkey kidney cell line/
Cercopithecus aethiops/ATCC CCL-81, originally provided from LGC
Promochem (Teddington, UK) were cultured in Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% FBS, 1% L-glutamine,
100 units/ml penicillin and 100 μg/ml streptomycin, under standard
cell culture conditions (5% CO2, 95% humidity, 37 °C). Cells were
maintained routinely in 75cm2 cell culture flasks, media were re-
plenished with fresh medium every other day and cells were subcloned
through trypsinization (0.25% trypsin, 0.02% EDTA) upon 80%–90%
confluency. Cell numbers were determined by hemocytometer.

2.3. Electrode sterilization and cell seeding

PEDOT screen-printed electrodes (SPEs) from Dropsens® (Llanera,
Spain) (DRP-P10) were sterilized with 70% ethanol (EtOH) in phos-
phate buffered saline (PBS) for a few seconds and then washed three
times with sterile PBS. A sanitized polystyrene cylinder tube (6 mm
height, 4 mm inner diameter) was placed on top of the PEDOT working
electrode, forming a cell culture microwell that can hold up to 60 μl of
culture medium and defining the cell growth surface. The resulting
effective seeding surface area of each electrode was 0.126 cm2. A
schematic representation of the culture setup can be seen in Fig. 1A.
Prior to cell seeding, each PEDOT electrode was hydrated in DMEM for
1 h under standard cell culture conditions (5% CO2, 95% humidity,
37 °C) to saturate the surface with growth medium and improve cell
attachment.

For electrode seeding, hydration medium was replaced with 50 μl
cell suspension of Vero fibroblasts (passages 129 to 135), adjusted to
desired concentrations with DMEM. The cells were seeded at successive
densities from 1 × 104/cm2 to 12 × 104/cm2 and were allowed to at-
tach (3 h) and proliferate (24 h) under standard cell culture conditions
(DMEM/10% FBS, 5% CO2, 95% humidity, 37 °C), before further ana-
lysis. The cell monolayers on the PEDOT electrodes were regularly in-
spected under phase contrast microscopy, with an inverted microscope
equipped with phase contrast illumination (A. Krüss - MBL3200).
Electrodes from the designated time points or exposure parameters
were randomly selected and harvested aseptically for performing the
biochemical and electrochemical measurements.
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2.4. DNA content assay

Cell adhesion and proliferation after 3 h and 24 h of culture were
evaluated through total DNA content of the PEDOT electrodes. For the
assay, the fluorophore ethidium bromide was used according to pro-
tocols previously described [15,86], with modifications. Briefly, elec-
trodes were rinsed three times with PBS and collected in 1.5 ml ep-
pendorf tubes and stored at −80 °C. Frozen PEDOT electrodes were cut
off from the rest of the SPE, underwent three cycles of freezing/thawing
and lysed in 100 μl 0.2% (v/v) Triton X-100 and 5 mM MgCl2 for
30 min to release the DNA into the solution. After centrifugation at
12,000 rpm for 10 min at 4 °C, the supernatants were collected for DNA
evaluation. Subsequently, 2ul of EtBr dye working solution (5 μg/ml
EtBr in 10 mM Tris base, 0.2 M NaCl, 1 mM EDTA, pH 7.4) were com-
bined with the supernatant, transferred to clear-bottom black 96-well
microtiter plates and immediately measured on a Tecan Infinite M200
Pro instrument (Tecan Group Ltd., Männedorf, Switzerland), using ex-
citation and emission wavelengths of λex = 546 nm and
λem = 590 nm, respectively. Results were extrapolated from a standard
curve using calf thymus DNA (0–20 μg/ml in 10 mM Tris-HCl, pH 7.4),
5 mM NaCl, 0.1 mM EDTA) and DNA content was expressed as μg per
electrode.

2.5. Cell viability

To assess cell viability on the polymer electrode surface, cells were
stained using the lysosomal stability probe neutral red (NR) and the
acridine orange (AO)–propidium iodide (PI) double staining. The NR
staining was performed according to the protocol described by [87] and
is based on the ability of viable cells to incorporate and bind the su-
pravital dye neutral red, a weak cationic dye that readily penetrates cell
membranes by nonionic passive diffusion and accumulates in lysosomes
where it binds to anionic sites in the lysosomal matrix. Briefly, at the
end of the PEDOT electrode culture period (24 h), culture medium was
aspirated and replaced with 50 μl NR solution (40 μg/ml NR in DMEM),
followed by a 3 h incubation (37 °C, 5% CO2, 95% humidity). At the

end of incubation period, the cell monolayers on the PEODT electrodes
were inspected with an inverted microscope for morphological eva-
luation of neutral red uptake.

For the AO/PI double staining, cells seeded on PEDOT electrodes
were simultaneously stained with AO (4 μg/ml) and PI (4 μg/ml) dis-
solved in aqueous solution. Within 10 min, the cells were examined by
fluorescence microscopy (Olympus BX40 microscope equipped with the
Fluorescence Filter Cube U-MSWB) and photographed using a DP71
Olympus 12.5Mp digital camera. PI is a fluorescence dye (emission
605 nm, red), impermeable to cells with an intact plasma membrane,
hence when the cell integrity becomes compromised it gains access to
the nucleus, where it intercalates DNA, rendering the nucleus highly
fluorescent [18]. The fluorescence dye AO (emission 515 nm, green)
requires an active transport to pass through the cell membrane and thus
stains nucleic acids of living cells [82]. Application of the two dyes
allows visualization of both viable and nonviable cells.

2.6. Metabolic activity

Mitochondrial function of the PEDOT seeded cells was assessed
through MTT assay [75]. The yellow, water soluble 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), can be
reduced to a blue colored water-insoluble formazan by cellular mi-
tochondrial dehydrogenases only in metabolically active cells. Briefly,
at the end of the PEDOT electrode culture period (24 h), culture
medium was aspirated and replaced with 50 μl MTT solution (0.5 mg/
ml MTT in DMEM) followed by a 3 h incubation (37 °C, 5% CO2, 95%
humidity). At the end of incubation period, the supernatants were re-
moved and 50 μl of DMSO was added to solubilize the crystals on top of
the electrode. After standing for 10 min at room temperature, aliquots
of the dissolved formazan solution were aspirated from the electrode/
well assembly and added to 96-well plates. The plates were transferred
to a microplate reader (BioTek™ PowerWave™ Microplate Spectro-
photometer 340, Winooski, Vermont) and metabolic activity was de-
termined by measuring optical absorbance at 570 nm via software
(BioTek Gen5™). DMEM hydrated cell-free electrodes served as blank

Fig. 1. Schematic representation of the culture and measurement setup. Renal cell culture assembly (A), comprising of the 3-electrode screen printed electrochemical array and a
polystyrene cylinder tube placed on top of the transparent conductive polymer working electrode (C). Measurement assembly (B) of the cell-cultured electrode after culture medium
aspiration with the supporting electrolyte deposited onto the array covering the three electrodes area.
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control.

2.7. Nephrotoxin and plant extract exposure

After subcloning, cells were counted and transferred on polystyrene
96-well plates for viability assays (MTT) and on PEDOT microwells for
electrochemical experiments. Detailed methods on plant material pre-
paration, extraction and GC–MS/ HPLC-DAD procedures for phyto-
chemical characterization can be found in Supplementary Information
(Supplementary Methods). The concentration of plant extract used for
cytoprotection experiments (7.5% v/v in DMEM) was based on MTT
viability results of Vero renal cells exposed to various extract con-
centrations (Fig. S1). The maximum tested non-lethal dose of the aqu-
eous extract was selected for protection against CCl4.

2.8. Electrochemical measurements

Cyclic voltammetry (CV) experiments were performed using a
computer-controlled multi-channel potentiostat PG580RM (Uniscan
Instruments Ltd., Buxton, Derbyshire, UK). Electrochemical measure-
ments were carried out using PEDOT SPEs (DRP-P10), consisting of a
PEDOT working electrode (diameter 4 mm) (Fig. 1C), a carbon aux-
iliary electrode and a quasi-reference silver electrode on plastic sub-
strate, with overall dimensions of L33 ×W10 × H0.5 mm (Fig. 1C).
Prior to running each electrochemical experiment, an SPE (Vero fi-
broblast-cultured or cell-free) was connected to the potentiostat
through a serial port interface, the culture medium was aspirated, the
PEDOT electrode was gently washed with PBS and the polystyrene tube
was removed. PBS solution (0.1 M pH 7.0) was employed as supporting
electrolyte. Approximately 60ul of PBS were deposited onto the SPE
covering the three electrodes area (Fig. 2B) and CVs were recorded at a
scan rate of 100 mV s−1, in the potential range of −1 V to +1 V, for 1
or 10 cycles. All experiments were carried out at ambient temperature
of about 25 °C.

2.9. Electrochemical analysis

Signal acquisition was realized using UiEChem™ v.1.34 software
(Bio-Logic Science Instruments SAS, Claix, France). The electrode's
areal capacitance Cα, on the basis of CV curves area, was calculated
using the following Eq. (1):

∫=C idV S V ν(2 ) ( (Δ ) )α (1)

where Cα is the areal capacitance (F cm−2); ∫ i dV (A V) is the in-
tegrated area of the CV curve; S (cm2) is the area of the active material;
ΔV (V) stands for the potential window; and ν (V s−1) is the scan rate
[103]. The area of the active material was calculated using the fol-
lowing Eq. (2):

=S πr PEDOT
2 (2)

where S is the area of the PEDOT electrode (cm2), π (pi) is the constant
3.14 and r is the radius of the circular electrode (cm).

2.10. Statistical analysis

All results are expressed as the mean ± SEM. Differences between
means were tested for statistical significance using a one-way analysis
of variance (ANOVA), followed by Tukey's post-hoc test. All statistical
analyses were carried out with the SPSS Statistics v.20 (IBM Corp.,
Armonk, NY, USA) except dose response sigmoidal fitting which was
performed with GraphPad Prism 7 (GraphPad Software, San Diego,
California, USA). Unless stated otherwise, data were collected from at
least three independent experiments. The level of probability for sta-
tistical significance was established at p≤ 0.05 for all analyses.

3. Results and discussion

3.1. PEDOT electrode's biocompatibility

In order to evaluate the efficacy of the polymer surface as substrate
for cell growth and survival applications, PEDOT biocompatibility was
assessed based on the parameters of cell viability, attachment, and
proliferation. The renal cell culture assembly, comprising of the 3-
electrode screen printed electrochemical array and a polystyrene mi-
crowell placed on top of the PEDOT working electrode surface, is
schematically presented in Fig. 1A. Macroscopic images of a PEDOT
screen-printed electrode and the sanitized polystyrene cylinder tube top
of the working electrode surface are shown in Fig. 2A and B, while
surface coverage is presented in Fig. 2C and D. Due to the polymer's
transparent nature, direct visualization and viability staining of the
monolayers formed by renal cells on the PEDOT surface was feasible.
Inspection under phase contrast light microscopy showed normal ad-
hesion and confluent monolayer formation (Fig. 2E, F). Cells displayed
no signals of cytotoxicity, exhibiting typical plump spindle shaped fi-
broblast-like morphology (Fig. 2G, H), with many sites of anchorage
and no types of morphological modifications, such as rounding up and
detaching from the substrate, cell aggregation, or cell lysis. Further-
more, some cells adopted an elongated shape (Fig. 2G), suggesting areas
of collagen formation [84].

Fig. 2I, J and K, L show the 24 h post-seeding polymer electrode
surface, after applying the viability probe neutral red (NR) and after
performing acridine orange (AO) - propidium iodide (PI) double
staining. The NR uptake is one of the most used cytotoxicity tests with
many biomedical applications [87] and is based on the ability of viable
cells to incorporate and bind the supravital dye neutral red. From the
microscopic observations of NR uptake by the PEDOT seeded renal fi-
broblast cells, it could be observed that the NR is retained in the fi-
broblast lysosomes and, as a result, the cells appear red (Fig. 2I, J). The
uptake of neutral red derives from the ability of healthy cells to
maintain pH gradients, through regular ATP production. At physiolo-
gical pH, the dye's neutral net charge enables it to penetrate the cell and
since the proton gradient across the lysosomal membranes, keeps the
pH lower than that of the cytoplasm, the dye becomes charged and
retained inside the lysosomes of undamaged cells [87]. From the
fluorescence signals of AO - PI double staining, it could be observed that
cells adhered and remained viable, 24 h after seeding (Fig. 2K, L). AO
and PI are intercalating nucleic acid-specific fluorochromes, which emit
fluorescence, when bound to DNA. AO can cross the plasma membrane
of viable cells and emits green fluorescence, while PI penetrates only
non-intact cells and emits red fluorescence [18]. As shown in Fig. 2K
and L, the majority of the cells were stained green, maintaining normal
appearance of intact cells, while only a few appeared dead, depicted in
the images in red fluorescence (white arrow). Distribution of the cells
after the removal of the cylinder tube which was visualized with
fluorescence (Fig. M) and optical (Fig. 2N) microscopy, revealed cell
monolayers confined only inside the curved walls of the culture well.
The results of all the above microscopic viability assessment approaches
suggest good biocompatibility of the PEDOT polymer surface with the
renal cells.

3.2. Cell proliferation

To further investigate the biocompatibility of the polymer surface,
quantitative results of cell proliferation of the seeded renal cells were
obtained through MTT and total DNA assays. The absorbance values
from the MTT assay (Fig. 2O) revealed tetrazolium reduction, sug-
gesting metabolically active mitochondria in seeded cells. The observed
time-dependent and significant increase in MTT formazan formation,
between 3 h and 24 h after seeding, indicated that cells did not only
adhere on the surface of the polymer electrode but also proliferated.
DNA content on the electrodes was also used as a indication of renal cell

E. Flampouri et al. BBA - General Subjects 1861 (2017) 2304–2314

2307



attachment and proliferation, at 3 h and 24 h after seeding, respectively
(Fig. 2P). DNA content of the cell seeded electrodes was significantly
higher than the cell-free electrodes (no DNA detected) at both time
points. Renal fibroblasts total DNA content increased significantly from
0.65 μg calf thymus DNA equivalents per electrode (3 h post-seeding) to
1.49 μg calf thymus DNA equivalents per electrode (24 h post-seeding)

(Fig. 2P), indicating cell proliferation. Furthermore, the 24 h to 3 h
post-seeding ratios of MTT absorbance and DNA content were found to
be 1.79 and 2.28, respectively, close to the 24 h doubling time of ac-
tively growing Vero cells on standard tissue culture plates [77].

Fig. 2. Renal cell behavior on the PEDOT polymer electrode. Overview pictures of a PEDOT screen-printed electrode (A) and the sanitized polystyrene cylinder tube on top of the working
electrode surface forming a microwell (B). Cellular monolayer confined along the curved walls of the culture well (C), white arrows indicate the outmost edges of the well. Cell surface
coverage on Coomassie-stained PEDOT electrode at 24 h (D). Dark color indicates the presence of cells. Inlet: Coomassie-stained cells at 24 h. Phase contrast micrographs of renal
fibroblast cells on the polymer electrode surface at 3 h (E) and 24 h (F, G, H) post seeding. Optical microscopy images of electrode cultured cells stained with Neutral Red (I, J).
Fluorescent micrographs of acridine orange and propidium iodide double-stained renal cells cultured on the electrode polymer surface (K, L, white arrow: dead cell). Distribution of the
cells at the edge of the well after the removal of the cylinder tube (M, N). Qualitative analysis of cell adhesion and proliferation measured by MTT assay (O) and DNA content (P), 3 h (cell
attachment) and 24 h (cell proliferation) after seeding Vero renal fibroblasts on PEDOT electrodes. MTT values represent the optical density of the solubilized purple formazan crystals,
inlet: MTT formazan accumulation inside metabolically active renal cells (i) 3 h and (ii) 24 h post seeding. DNA was determined fluorometrically through intercalation of EtBr.
Fluorescence intensity units obtained from samples were extrapolated against a DNA standard curve (inlet) to determine the DNA amount per electrode. Values are expressed as
mean ± standard deviation of three independent experiments, one-way ANOVA, Tukey's test, ***p ≤ 0.001 vs. cell-free PEDOT and ###p ≤ 0.001 between time points.
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3.3. Electrode characterization

The electrochemical behavior of the polymeric electrode surface
was investigated using cyclic voltammetry. The anodic potential was
limited to +1 V in order to avoid the degradation of the polymer due to
oxidation, as PEDOT CVs have been reported to be stable up to +1 V,
beyond which oxidation of the electrolytic medium for the polypyrroles
becomes important [29,39]. Exploratory CVs performed at different
scan rates, ranging from 12.5 mV s−1 to 100 mV s−1, revealed a scan
rate dependence of the anodic and cathodic peak currents as shown in
Fig. 3A. Peak potentials also increased with the applied scan rate,
suggesting a quasi-reversible process, where the electron transfer is
comparable to the mass transport rate [19]. PEDOT exhibited a broad
oxidation wave, which started at −0.55 V and centered at about
−0.30 V, followed by a more distinguishable oxidation shoulder at
+0.29 V. This broad oxidation wave is typical of PEDOT, which,
among the common conducting polymers, displays the least

pronounced oxidation and reduction peaks in cyclic voltammetry and
simple aqueous electrolytes, as its reduction and oxidation change is
almost evenly distributed over a wide potential range [104]. A similar
quasi-reversible signal, at a potential close to −0.30 V, corresponding
to the redox activity of the PEDOT polymer, has been previously re-
ported [92]. A not so discernible reduction shoulder can be also seen
around −0.30 V, a possible reduction counterpart of the anodic wave
at the same potential (Fig. 3A). In total, current peaks appeared more
distinct at 100 mV s−1 scan rate, which was employed for all sub-
sequent investigations.

The cycling stability of the polymeric electrode was studied by cy-
cling the potential between −1 V and 1 V for 10 cycles in PBS.
Oxidation current densities were lower and roughly coincidental with
the number of successive potential cycles, as shown in Fig. 3B, denoting
the irreversibility of the process or the passivation of the polymer film
due to degradation reactions from the potential scanning to relatively
high anodic potentials. Furthermore, during potential cycling, the

Fig. 3. Cyclic voltammograms of the conductive PEDOT polymer electrodes in PBS solution at various scans rates (A). Multiple cyclic voltammetric scans of bare (B) and cell adherent
PEDOT electrodes (C) over a potential range between −1.0 and 1.0 V with PBS as the supporting electrolyte. Cyclic voltammograms of the first scan for the bare versus the cell seeded
PEDOT electrodes (D). Repeatability of CV profiles from three replicate scans obtained for bare (E) and renal cell cultured PEDOT electrodes (F).
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electrode material is reduced and oxidized, leading to conformational
changes of the polymer chain as well as continuous association and
dissociation of dopants with the polymer matrix [78]. Both the above
mentioned processes may contribute to cracking and partial delami-
nation of the polymer film from the underlying material. Additionally,
the oxidation peak at +0.29 V disappeared completely after the first
cyclic potential sweep, indicating that the oxidation process occurred
mostly during the first potential cycle, or the possible formation of
surface blocking species during the first scan owing to the degradation
reaction described above. Therefore, the first cyclic scan was selected
for all consecutive experimentations.

3.4. Electrochemical response of electrode-cultured renal cells

Cyclic voltammetry was also employed for estimating the electro-
catalytic activity of the renal cell/electrode interface. As it can be
shown in Fig. 3D the cell monolayer, formed through the attachment of
the adherent renal cell line on the electrode surface, moved the main
oxidation wave of bare PEDOT to more positive potentials, while
completely hindered the oxidation shoulder around +0.29 V and de-
creased the overall anodic current intensities. Additionally, a distinct
oxidation shoulder appeared around +0.9 V (Fig. 3D). These changes
could the attributed to the cellular occupancy, which would result a less
accessible PEDOT matrix due to the formation of an insulating layer,
responsible for the bio-fouling of the film surface. Successive cyclic
potential sweeps of the renal seeded electrodes showed higher stability
than the bare ones. The repetitive flow of ions during cycling could
result in the physical swelling and shrinking of the electrode material's
lattice, the collapse of ion flow channels and the weakening the me-
chanisms for conducting and storing charge. The cell layer on the
polymer surface might act as a physical buffer, which provides me-
chanical support and suppresses structural deformation during cycling.

Successive cyclic potential sweeps decreased the oxidation current
intensities at +0.9 V (Fig. 3C). Similar observations, reported pre-
viously [22,61], suggested that the decrease of anodic currents and the
positive shift of peak potential could also have resulted from the pos-
sible damage inflicted to the living cells by the first voltammetric scan.
Thus, the voltammetric study of the first scan was adopted for further
experimentations. Data regarding the reproducibility of the cell/elec-
trode assembly are presented in Fig. 3E, F. The recorded CVs illustrate
the current responses of three individual (bare and cell-cultured) elec-
trodes under the above mentioned electrochemical parameters. The
relative standard deviations for the three independent cyclic sweeps,
under the same measurement conditions, were 0.3% for the bare, and
1.2%, for the cell-seeded electrodes, respectively.

3.5. Effect of cell seeding density on the electrode capacitance

In order to investigate the influence of the number of seeded cells on
the electrochemical responses of the cell-cultured polymeric electrodes,
CVs of successively increasing adherent cell populations, were re-
corded. As shown in Fig. 4A, the overall current intensities were in-
versely related to cell seeding density as both anodic and cathodic
current values decreased with increasing cell numbers. These changes
in ionic currents were also transcribed to linearly declining capaci-
tances of the electrodes, exhibiting a negative linear correlation
(R2 = 0.9561) as shown in Fig. 4B.

Conducting polymers, including PEDOT, are already well estab-
lished as electrode materials for supercapacitors [90,95]. Their main
mechanism of energy storage is based on the formation of electrical
double layer (EDL) capacitance at the electrode–electrolyte interface
[23,97], as well as the redox reactions. PEDOT-based supercapacitors
require the diffusion of counterions in and out of the polymer (doping
and dedoping) to balance the generated charges of the redox reaction
[68]. This process occurs throughout the polymer film bulk due to
charge exchange with the electrolyte solution in contact with the film,

known as the electric capacitance of the material, or the so called redox
capacitance [32]. Synergistic effects are probable with the combination
of the capacitive charging of the EDL and a redox reaction in a way that
both charge storage mechanisms work in parallel, with the overall ca-
pacitance of the composite electrode being the sum of the EDL capa-
citance and the redox capacity [59].

The electrochemical performance of polymers as supercapacitors
can be measured either by two-electrode or three-electrode configura-
tions [107]. The present electrochemical assembly utilizes the three-
electrode configuration and cyclic voltammetry (CV), one of the most
commonly used methods for supercapacitor characterization [107].
Due to the low mass of the PEDOT material, the mass of the electrode
cannot be accurately determined, thus we report the capacitance values
as areal capacitances [66].

The proposed mechanism for the decrease in the electrode's capa-
citance upon the mammalian cell monolayer formation is based both on
the model of the EDL that is set up at the electrode-electrolyte interface
[81,97] and the redox surface reactions [59]. Different models of the
EDL were stated by Helmholtz, Gouy-Chapman, Stern, or Grahame
[12]. The boundary that is formed when the electronic conductor, viz.
PEDOT, is brought in contact with the liquid ionic conductor, viz.
electrolyte (Fig. 5C (i)), is the region that behaves like a capacitor [58].
The presence of a biological layer at the surface of the electrode, after
cell adhesion and proliferation, might disrupt the EDL formation,
leading to capacitance regression mainly due to poor EDL behavior
(Fig. 5C (iii)). The affinity between the electrode and the electrolyte is
known to be crucial for supercapacitors, since double-layer charge
storage is strongly dependent on the surface contact areas, which
greatly influence the capacitance of the device [93]. Additionally, the
formation of the cell monolayer on the electrode could also suppress the
surface redox processes (Fig. 5C (ii)) by hindering the penetration of
redox species deeper into the polymer films and affecting its redox
capacitance (Fig. 5C (iv)). Naturally, in composite CP based electrodes,
a synergistic effect between the EDL capacitance charging and the
concurrent redox (pseudocapacitance) reaction occurs, with the later to
contribute to the overall capacitance of the electrode [10].

3.6. Assessment of CCl4-mediated renotoxicity and Salvia officinalis
renoprotection

After establishing a correlation between cell number and electro-
chemical responses, the renotoxicity agent CCl4 and the widely studied
medicinal plant Salvia officinalis were selected as models to assess the
ability of the proposed assembly to monitor renal cell homeostasis. CCl4
produces acute renal injury in a number of mammalian species [40] and
has been extensively used as a model compound to induce hepato-
toxicity and nephrotoxicity both in vivo [1,34,46,51,52] and in vitro
[80,49]. Salvia officinalis L. (Lamiaceae), commonly known as sage, is
an aromatic and medicinal plant which has been used for millennia for
its beneficial effects in the prevention and treatment of various patho-
logical disorders [13]. In Latin, Salvia means “to cure”, while officinalis,
means “medicinal” [37]. Among their numerous healing properties,
sage extracts have been widely studied with respect to their hepato-
protective [3,48,55,64] and nephroprotective [27,62,71] effects. All the
cytoprotection tests were carried out with a non-cytotoxic concentra-
tion of the extract, since we were interested in potent protective activity
without deleterious effects on the cells. Concentrations up to 7.5%
aqueous plant extract showed no cytotoxicity based on the MTT assay
(Fig. S1), while 15% plant extract showed decreased viability to ap-
proximately 30%. This loss of viability can be attributed to changes in
osmotic pressure due to the large amount of crude plant extract in the
cell culture medium.

To study effect of CCl4 on the capacitance of the renal cell cultured
electrodes, cells were allowed to attach themselves on the electrode
surface (3 h, 6 × 104/cm2) before treatment with different concentra-
tions of the nephrotoxin for 24 h. At the end of the exposure period, the
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toxin-containing culture medium was aspirated, the electrodes were
gently washed with PBS and CVs were recorded as described above,
with their respective capacitances plotted against CCl4 doses, as shown
in Fig. 4C. CCl4 24 h exposure resulted in a dose-dependent increase in
the CVs ionic currents and consecutively the electrode's capacitance.

To examine whether the observed increase in capacitance is corre-
lated with the effects of the nephrotoxin in cell viability and provide a
comparison with a standard quantitative cytotoxicity assessment
method, CCl4 exposed cells were assayed for changes in their cellular
metabolic activity by the MTT reduction assay, which assesses cyto-
toxicity in the form of mitochondrial dehydrogenase activity [75]. CCl4
showed significant cytotoxic effects against renal cells, after 24h in-
cubation, with a maximal cytotoxic effect observed at concentrations
over 40 mM. Fitting with a dose response curve (Fig. 5A) indicated a
median lethal concentration, LC50, of 6.06 mM. Similar to the renal
viability data obtained in this study, previous studies on mammalian
cells have reported maximal cytotoxic effects at 40 mM after CCl4 ex-
posure [21], while others [63] showed a decreased survival rate of
HepG2 hepatocytes to 32%, after 24 h exposure to 10 mM CCl4, com-
parable with the presented renal cytotoxicity results.

The cytotoxic effect of the CCl4 was indicated by a decrease in MTT
values and an increase in electrode's capacitance. For dose-response
dependent cytotoxicity comparison, capacitance values were normal-
ized at 100% for the highest response (50 mM CCl4 treatment) and
fitted to a sigmoidal curve (Fig. 5B), providing a half maximal effective
concentration, EC50, of 5.85 mM. The difference between the two va-
lues could be associated with the different principles for estimating
viability and with CCl4 mode of action. The proposed biosensor detects

not only cell number but cell adhesion, spreading and monolayer for-
mation, while MTT assesses cytotoxicity in the form of reduced cell
viability through the reduction of mitochondrial dehydrogenase ac-
tivity, indirectly measuring cell metabolism [99]. CCl4 is a drastic or-
ganic nephrotoxin [105]. Its cytotoxic mechanism is postulated to result
from the free radicals released during its metabolism [73]. These highly
reactive primary metabolites, trichloromethyl and trichloromethyl
peroxy free radicals, are capable of covalently binding to cellular
macromolecules and initiating lipid peroxidation by attacking poly-
unsaturated fatty acids in membranes, causing membrane disruption
and consecutive cell death [73]. During the death process, cells display
loss of anchorage, they become permeable and eventually undergo
complete fragmentation [56]. Since the CCl4 exposed cell monolayers
are obliterated, leading to electrode surfaces devoid of cells, the elec-
trode-electrolyte interface is liberated, resulting stronger EDL behavior,
unobstructed redox reactions and elevated capacitance (Fig. 5C, D).
Other investigators have reported similar observations with increased
capacitance of fibroblast cultured polymers upon cell detachment after
the addition of adhesion perturbing agents such as trypsin [65].

Salvia officinalis cytoprotection was demonstrated by both the MTT
and the proposed biosensor assay. Many studies associate S. officinalis
bioactive properties to its polyphenol content [69]. Leaves of sage are
well known for their phenolic structure-based antioxidative potency
[13]. The most abundant phenolic compounds found in the extract were
rosmarinic acid isomers and derivatives (Table S2), which according to
literature exhibit very high superoxide scavenging activities and are
more likely to be responsible for most of sage's antioxidant properties
[69]. Luteolin glycuronide, a flavonoid commonly found in Salvia

Fig. 4. Cyclic voltammetric scan responses of the presented assembly to various cell seeding densities (A). Relationship between cell density and adherent electrode capacitances (B).
Variations on capacitances caused by CCl4 exposure to renal cell adherent electrodes (C), (inlet: respective CVs). Values are expressed as mean ± SEM of three independent experiments.
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species, was also among the main water soluble compounds of the
studied plant extract (Table S2). Luteolin has been shown to protect
cells against CCl4-induced toxicity in previous studies [28,60]. The
terpenes camphor and 1,8-cineole were the main plant extract volatile
compounds (Table S1). The monoterpene 1,8-cineole has been reported
to attenuate hydrogen peroxide cytotoxicity [83], while camphor and
1,8-cineole have been identified as anti-inflammatory compounds of a
Salvia officinalis infusion applied in human fibroblasts [31]. Further-
more, camphor induced fibroblast proliferation and collagen formation
in dermal fibroblasts [102].

The sage extract ameliorated CCl4-induced cytotoxicity, with its
protective action indicated as increases in both LC50 (MTT) and EC50

(biosensor) values. As shown in Fig. 5A LC50 increased from 6.06 mM to
8.08 mM after sage extract and CCl4 co-exposure, while EC50 increased
from 5.85 mM to 10.13 mM. The difference between EC50 and LC50

could be associated with the different principles for estimating viability
as described above. Additionally, plant extracts and polyphenolic
compounds have been reported to interfere with the MTT assay and
lead to false positive or false negative results [20].

4. Conclusions

In this study, a cell-based bioelectrochemical assembly that utilizes
a conducting polymer was established for cytotoxicity and/or cyto-
protection assessment. The biocompatible polymer electrodes provided
a platform for renal cell culture and biological sensing in vitro. As shown
by the results, the proposed system can reflect toxicity and cytopro-
tective function through cell monolayer formation on a biocompatible
electrode surface, in agreement with the well-established MTT assay of
cell viability. Application of a known medicinal plant extract and a

model nephrotoxin demonstrated the feasibility of the proposed sensing
assembly for effective cell specific screening of pharmacologically ac-
tive substances or crude plant extracts.
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