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A B S T R A C T

Increasing frequency of poor water quality events associated with cyanobacteria strains capable of producing 
taste and odour (T&O) metabolites and toxins is a global concern for human health and the drinking water 
industry. This is mostly due to the inability of timely detecting and predicting cyanobacteria productivity 
associated with water quality risks. Here, we develop and characterize an ultra-sensitive electrophysiology 
system based on porous polyurethane (PU) foams coated with poly (3, 4-ethylenedioxythiophene): polystyrene 
sulfonate (PEDOT: PSS) exploiting large-area electrodes of 199 cm2, which maximizes the double-layer capac-
itance and concomitant detection sensitivity. The measured signal of the cyanobacteria model taxa Oscillatoria 
sp. results from the sum of all individual cell contributions and scales with electrode area, hence indicating 
correlation with productivity and biomass. Stochastic activity across the cohort is monitored as uncorrelated 
noise. Yet, when Oscillatoria sp. operate cooperatively, the signal appears as intercellular Ca2+ waves which are 
benchmarked with a conventional fluorescent probe and suppressed with the specific ion channel inhibitor 
gadolinium chloride. We suggest the existence of a paracrine signaling mechanism with Ca2+ acting as the 
chemical messenger across large cohorts that may prove to be linked with T&O metabolite 2-Methylisoborneol 
(2-MIB) production. The technology proposed here would enable in-situ real time monitoring of benthic cya-
nobacteria productivity and hence proxy data for their metabolite production. This paves the way for identifying 
sources of cyanobacteria metabolites including 2-MIB, geosmin and cyanotoxins, and hence identify intervention 
solutions and treatment optimization for removal of these detrimental metabolites.

1. Introduction

Cyanobacteria are the most diverse and widely distributed group of 
photosynthetic organisms [1]. An important socio-economic feature of 
cyanobacteria is their ability to produce secondary metabolites which 
may have negative effects, acting as toxins which adversely affect water 
and food or metabolites which significantly affect taste and odour 
quality, severely impacting on global aquaculture and drinking water 
suppliers, particularly the model organisms Oscillatoria, Synechocystis 
and Cyanothece [2–4]. The ability to timely detect cyanobacteria (e.g. 

increases in growth rate and biomass associated with harmful algal 
blooms and/or metabolite production) and to mechanistically under-
stand how they adapt and thrive in different ecological niches is of high 
importance [5,6].

Currently, cyanobacterial taste and odour metabolites including 2- 
Methylisoborneol (MIB) and geosmin cost the UK Water Industry 
alone >£200 M a year. In water supply reservoirs monitoring of water 
chemistry and environmental parameters such as temperature of the 
water column or draw-off abstracted water, combined with functional 
genomics can give detailed analysis of planktonic cyanobacteria 
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producing the taste and odour (T&O) metabolite geosmin [2,3]. How-
ever, this sampling does not adequately give data on the benthic, sedi-
ment and reservoir periphery cyanobacterial community. An example is 
benthic cyanobacteria producing the T&O metabolite 2-MIB. This 
metabolite remains difficult and costly to remove in the water treatment 
works.

Membrane electricity, driven by ion movement across the cell 
membrane, has long been seen as a convertible energy currency for the 
cell, since early experiments with nerve cells at the onset of electro-
physiology [7]. Surprisingly, studies reporting membrane electricity and 
concomitant function of cyanobacterial ion channels are scarce. Being 
procaryotes, ionic exchange and membrane potential should be 
controlled mainly through K+/H+ antiporters of the membrane [8]. 
Ca2+ has also been linked with the stress response of the model cyano-
bacteria Synechocystis either by its outward release through the 
mechanosensitive channel MscL in response to depolarization of the 
plasma membrane, or by acting in calcium-dependent potassium chan-
nels [9,10]. The existence of a low-frequency (1–2 s) community 
signaling has also been suggested in the late 80′s, using ethylrhodamine 
fluorescence as a probe for the transmembrane electrical potential, 
where filamentous cyanobacteria have been shown to propagate an 
electrical signal along trichomes of filamentous cyanobacteria [11].

Surprisingly, the electrical detection and bioelectrical conceptuali-
zation of procaryotes, particularly in cyanobacteria communities, hasn’t 
been a common practice. Electrophysiology is instead commonly 
applied to neurons and performed through single cell methods such as 
patch clamp, or multi electrode arrays (MEAs), which generally 
comprise multiple planar electrodes, with areas below 50 µm2, on an 
insulating substrate and in close contact with cells in aqueous media. 
The µm2 sized planar electrodes measure the extracellular field poten-
tial, which contains a superposition of voltage gated, or ligand gated ion 
channels and intrinsic membrane fluctuations of one or few cells. MEAs 
are generally employed to record bioelectric events in the kHz regime 
with single-to-few cells resolution. To improve the measured signal 
quality bandpass filters are used and low-frequency biological oscilla-
tions are suppressed. Additionally, to obtain a good Signal-to-Noise 
Ratio (SNR), the electrode impedance should be as small as possible as 
compared to the amplifier input impedance, which is a challenge to 
achieve for conventional micrometre size plain electrodes [12], even 
with those made from, per instance, nanostructured Platinum, Plati-
num–Iridium [13,14] and Titanium Nitride [15], to name a few. 
Currently, a common practice to improve MEAs properties consists of 
coating the conventional metal electrodes with conducting polymers. 
Conducting polymers are functional materials with proven biocompat-
ibility, good electrical and ionic conductivity and tunable chemical and 
mechanical properties [16]. Importantly, among the conducting poly-
mers family, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS) has demonstrated excellent biocompatibility [17], elec-
trochemical stability [18], high (and tunable) [19], good charge transfer 
capability, excellent capacitive coupling and record-low interfacial 
impedance [20].

In MEAs, network events in action-potential producing cultures can 
be determined based on single cells activity across a multiple network of 
electrodes, typically comprising about 3000 electrodes/mm2 [21]. 
While planar MEAs offer high spatial resolution, they are less favourable 
to detect collective synchronous activities across electrically quiescent 
cell networks, particularly in cases where a single cell size or filament is 
superior to the measuring electrode. In most cases, cells are plated and 
cultured on existing high density (HD) MEAs with cell densities around 
3000 cells/mm2 yielding about ~1 cell per electrode or less. Coordi-
nated electrogenic events are therefore dispersed across the HD MEAs, 
hindering their cumulative electrical detection.

Here, we take a different approach from standard HD MEAs and 
develop ultra-large area electrodes to probe bioelectrical events from 
cohorts larger than ~104 cells/mm2 on a single electrode. The break-
through sensitivity is demonstrated by developing and rigorously 

characterizing three dimensional porous electrodes, based on a poly-
urethane (PU) substrate, dip coated with a champion material for elec-
trophysiology e.g., poly(3,4-ethylenedioxythiophene) doped with 
polystyrene sulfonate (PEDOT:PSS) − owing to its biocompatibility, 
charge transfer ability, electrochemical stability, large capacitance and 
low impedance which promotes signal-to-noise ratio performance 
[22–30]. The extremely low impedance of PU/PEDOT:PSS electrodes 
allows for low frequency measurements of a model cyanobacteria, 
Oscillatoria, with an improved signal-to-noise ratio. For the first time, we 
detect and perform extracellular electrophysiology of whole Oscillatoria 
sp. cohorts adhered to PU/PEDOT:PSS porous electrodes. The measured 
signal results from the sum of all individual cell contributions and scales 
with electrode area. Stochastic activity across the cohort is monitored as 
uncorrelated noise. Yet, when Oscillatoria sp. operate cooperatively, the 
signal appears as synchronized Intercellular Ca2+ Waves (ICWs) which 
are effectively silenced using specific ion channels inhibitors. We 
conclude by suggesting the existence of a paracrine signaling mecha-
nism with Ca2+ acting as the chemical messenger across Oscillatoria sp. 
cohorts. Findings have important applications regarding monitoring, 
predicting and quantifying cyanobacterial productivity and growth and 
could, through future work, be linked with secondary metabolite pro-
duction, hence indicating highly applied applications within the water 
industry.

2. Materials and methods

2.1. Fabrication of porous electrodes

Commercially available polyurethane (PU) sponge (Eurospuma, 
3049PR) were cut using a Gunville Foam Cutter, into a cylinder shape 
having 5.5 mm diameter and 2.5 mm height. PU cylinders were first 
cleaned with soap and distilled water, followed by sonication with 
acetone and distilled water for 10 min 1:1 (v/v), then dried with com-
pressed air. PU cylinders were further cleaned and hydrophilized with 
oxygen plasma (Diener Atto, 40 kHz 200 W) for 10 min (Fig. 1A), which 
further improved attachment of the conducting polymer mixture to the 
PU. Then, PU cylinders were dip-coated in a poly(3,4- 
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) mixture, 
prepared by mixing 19 mL of PEDOT:PSS (Clevios pH 1000, 94.25 vol% 
purchased from Heraeus Precious Metals GmbH & Co., Germany) with 
80 µL (3-glycidyloxypropyl) trimethoxysilane, Sigma Aldrich, USA) in a 
proportion of 0.4:100 (v/v) and 1 mL of 5 % (v/v) dimethyl sulfoxide 
(DMSO, Sigma-Aldrich). The mixture was continuously stirred for 6 h at 
room temperature.

In the first dip-coating cycle, PU cylinders in the pristine state (PU 
only) were immersed into the PEDOT:PSS mixture, which from now on 
we refer to as PEDOT:PSS only and left overnight on an orbital shaker at 
200 rpm (Fig. 1B). The dip-coated cylinders were then hot-baked at 120 
℃ in a muffle for 1 h (Fig. 1C), with the first 20 min inside a revolving 
grid at 0.4 rpm for an even distribution of the PEDOT:PSS mixture. The 
cylinders went through 4 coating cycles towards achieving a conductive 
coverage of the insulating polyurethane walls while maintaining the 
porosity and material integrity. In the 4th dip-coating cycle, the cylinder 
is placed on top of a thermally evaporated circular Au pad, with 10.7 
mm2 area. The metals are evaporated though a shadow mask using an 
Edwards High Vacuum 4P thermal evaporator and comprise a thin 10 
nm layer of Ti and 50 nm of Au on a 2 mm thick borosilicate glass slide 
(purchased from Präzisions Glas & Optik GmbH, Germany) as described 
in previous works [28,30,31]. Fig. 1D illustrates the PU/PEDOT:PSS 
porous electrodes adhered on a circular Au electrode.

2.2. Electrical characterization of porous electrodes

The bulk conductivity of PEDOT:PSS was measured for spin coated 
thin films by the four-point probe van der Pauw method. A value of 520 
S/cm was obtained, in close agreement with others [32]. Details are 
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presented in the Appendix B section 2. The conductivity of the porous 
electrodes was extracted from two-point probe I-V measurements on 
porous electrodes sandwiched between two copper electrodes. Details of 
the fabrication, such as the assembly of the electrodes, I-V measure-
ments and determination of the contact resistance are presented in 
Appendix B section 3. The effectiveness of dip-coating cycles was 
assessed from systematic changes in the impedance. To this end Elec-
trochemical Impedance Spectroscopy (EIS) measurements were per-
formed on porous electrodes filled with an aqueous 100 mM KCl 
electrolyte. Details on the experimental set-up are presented in Appen-
dix B section 4. The equivalent circuit and the extracted electrochemical 
parameters are presented in Appendix B section 5. The ultra-large sur-
face area of porous PU/PEDOT:PSS electrodes means that more ions can 
adsorb onto the surface which, as discussed in Appendix B section 6, 
translates into measured volumetric capacitances in the order of the F/ 
cm3. Specifically, from the slope of the capacitance versus volume we 
derive a volumetric capacitance of 21.1F/cm3. The piezoresistivity of 
PU/PEDOT:PSS electrodes shown in Appendix B section 7 was measured 
using a tensile tester (Mark-10, E303) outfitted with a 10 N load cell 
(Mark-10, MR03-2). The tensile tester loads and unloads the porous 
electrodes at a strain rate of 3.33 x 10− 3 per second while recording the 
travel and applied force. Simultaneously, the resistance of the porous 
electrodes is measured using a source measure unit (Keithley 2612A) by 
applying a constant current of 1 mA.

2.3. Morphological characterization of porous electrodes

Cylinders of 1 mm height and 5.5 mm diameter were analysed, from 
pristine to 4x dip-coating cycles. The samples were prepared for scan-
ning electronic microscopy (SEM) analysis by the deposition of a 10 nm 
thin metallization layer. For that purpose, the samples were placed in-
side a plasma generator Quorum SC7620 Mini Sputter Coater with a 
Glow Discharge System with a gold/palladium (Au/Pd) sputter target. 

The microstructural analysis was performed using a TESCAN VEGA 3 
SBH Easy Probe SEM with a tungsten-heated cathode. The images were 
acquired with a working voltage of 5 kV and using the secondary elec-
trons detector. Surface area of fabricated porous electrodes was deter-
mined by examining samples of 10 mm by the volumetric method with 
nitrogen with Brunauer-Emmett-Teller (BET) analysis (Micromeritics 
ASAP 2000 instrument) (n = 10). All samples were outgassed using heat 
and vacuum prior to analysis. Median pore diameter and porosity were 
determined by mercury porosimetry, (Micromeritics AutoPore IV 9500, 
Mercury Porosimeter). The instrument enables the intrusion of mercury 
into the porous structure of samples with a known dimension under 
controlled pressure. The samples were submitted to a pressure of 0.50 
psi to 33,000 psi.

2.4. Maintenance of Oscillatoria sp

The Oscillatoria sp. UHCC 0332 was purchased from the HAMBI 
culture collection of the University of Helsinki, (https://www.helsinki.fi 
/hambi). The strain was cultivated in sterile BG11 medium (50x fresh-
water solution, Sigma), in a growth chamber (aralab, FC S600PL) with 
temperature 18 ◦C, photoperiod 12 h:12 h and light intensity 30 μmol/ 
m2/s1 provided by cool white daylight fluorescent lamps. Healthy fila-
ments were transferred to a Petri dish and reduced to smaller portions of 
ca. 3 mm long using a sterile scalpel. BG11 resistivity of 490 Ω cm was 
measured using a Multiparameter Pocket Meter ProfiLine Multi 3320 
from WTW, Germany. A volume of 3 mL of the resulting cut out culture 
was seeded into the porous electrode which was previously cleaned with 
oxygen plasma (200 W and 10 min) followed washing three times with 
sterilized BG11 solution.

2.5. Extracellular electrophysiology and data analysis

Extracellular electrophysiology was performed using a low-noise 

Fig. 1. Fabrication of the PU/PEDOT:PSS porous electrodes. (A) Cleaning and hydrophilization of the polyurethane pristine cylinder sponges with oxygen plasma 
prior to the dip-coating cycles; (B) immersion of PU sponges with PEDOT:PSS solution by stirring at 200 rpm overnight at RT; (C) hot baking at 120 ◦C for 1 h; (D) 
representation from 1 to 4 dip-coating cycles and attachment to the Au electrode pad.

F.C. Cotta et al.                                                                                                                                                                                                                                 Chemical Engineering Journal 498 (2024) 155480 

3 

https://www.helsinki.fi/hambi
https://www.helsinki.fi/hambi


current amplifier (SR570, Stanford Research) with 5nA/V of gain and a 
dynamic signal analyser (35670A, Agilent) as in previous work [30]. 
Data were analysed in the time and frequency domain. The current noise 
spectra represent an average over 5 consecutive recordings. Statistical 
analysis of results was performed with a one tailed type 2 Studentś t-test, 
using MATLAB R2020b. The values found significantly different denote 
an effect of the treatment and are accompanied by the probability value 
of p, where p <0.05 gives more than 95 % statistical confidence and p 
<0.10 gives more than 90 % statistical confidence. The whole recording 
system was electrically isolated using a Faradaýs cage.

2.6. Functional screening and fluorescence imaging

A growing concentration of gadolinium chloride (GdCl3) was pre-
pared in culture medium and was added to the cells until few electrical 
spikes were observed. The medium was removed and replaced with 3 mL 
of GdCl3 200 µM, then replaced with 3 mL of GdCl3 400 µM and finally 
with 3 mL of GdCl3 800 µM. The cell suspension was then washed three 
times with culture medium and allowed to recover until electrical ac-
tivity was restored. Cell viability was confirmed by microscopic in-
spection (Inverted microscope Zeiss Vert. A1) and with fluorescence 
though live/dead staining (LIVE/DEADTM BacLightTM kit Invitrogen; 
Zeiss AxioZoom.V16 with HXP 200c fluorescence unit).

For further determining the origin of the electrical signals, we per-
formed a calcium flux assay to detect intracellular Ca2+ mobilization. In 
the case of filamentous cyanobacteria Oscillatoria sp., it can be antici-
pated to occur along the cells inside each filament (intra-filamentary) 
and among neighbour filaments (inter-filamentary). We used confluent 
agarized cultures of Oscillatoria sp. and incubated with the calcium- 
sensitive fluorescent dye Fluo4-AM (25 µM, Thermofisher), for 45 min 
in the dark, then washed in growth medium and observed under 
inverted Spinning Disc confocal microscope (Carl Zeiss, Jena). Images 
were acquired using the Plan-ApoChromat 20×/0.8 objective, an exci-
tation of 488 nm and collected between 500 and 550 nm using the 
Evolve 512 EMCCD camera. The dye crosses the cell membrane, binds 
the calcium released from intracellular stores and its fluorescence in-
tensity increases, directly correlated to an increase of the available Ca2+

in the cytoplasm. The images were analysed disregarding the 

autofluorescence channel.

3. Results and Discussion

3.1. PU/PEDOT:PSS electrode porosity is maintained and median pore 
size decreases with increasing number of dip-coating cycles

Conducting PU/PEDOT:PSS electrodes were fabricated based on 4 
dip-coating cycles. SEM images were taken from pristine (PU only) to 4x 
dip-coating cycles (Fig. 2A to E). After the 1st cycle, the PEDOT:PSS was 
uniformly distributed through the internal sponge structure. We noticed 
that after 4 dip-coating cycles, at 5x, the original pore shape degrades 
and porosity decreases to 45 % (data not shown), possibly due to the 
degradation of solid polyurethane walls caused by DMSO used in pre-
paring the PEDOT:PSS solution. Up to 4 dip-coating cycles the sponge 
morphology does not significantly change as seen by the photographs in 
Fig. 2A to E and dimension analysis as presented in Appendix B section 
7.

An important aim for fabricating porous electrodes, particularly for 
measuring large cellular cohorts, is to maintain a large surface area upon 
dip coating, which is only possible if internal clogging doesn’t occur. 
Indeed, the surface area of our porous electrodes is not significantly 
altered as a function of dip-coating cycles. On average the surface area 
changes only around 25 %, from a pristine mean surface area of 3.75 
m2/g to 2.83 m2/g in PU/PEDOT:PSS electrodes with 4x dip-coating 
cycles (Table 1, Fig. 2F). The median pore diameter decreases due to 
PEDOT:PSS adherence to the pore walls. On average, we observed a 35 
% change, from 219 µm to 143 µm in pore diameter (Table 1, Fig. 2G), 
This change is due to the increase of the thickness of the PEDOT:PSS 
film, which we estimate to be around 0.25 µm per dip-coating cycle 
(Table 1, Fig. 2I), extracted from SEM images of peeled PEDOT:PSS films 
induced by submerging the PU/PEDOT:PSS electrodes with 90 % 
ethanol under mechanical deformation. The porosity of PU/PEDOT: PSS 
electrodes as a function of dip-coating cycles was barely affected. On 
average we measure a decrease around 1–2 % per dip-coating cycle, 
varying from ~56 % in pristine samples, to ~52 % in 4x dip-coated 
electrodes. The percentage of PEDOT:PSS in a single porous electrode 
evolves from 1.1 % to 3.8 % as a function of dip-coating cycles from 1 to 

Fig. 2. Morphology characterization of PU/ PEDOT:PSS porous electrodes. (A to E) SEM images from pristine to 4x dip-coating cycles, (A) pristine; (B) after 1x; (C) 
after 2x; (D) after 3x and (E) after 4x, red dashed line shows a guide to the eye for each case; (F) surface area as a function of dip-coating cycles (n = 3); (G) median 
pore diameter as a function of dip-coating cycles; (H) porosity as a function of dip-coating cycles, (n = 3); (I) PEDOT:PSS thickness as a function of dip-coating cycles; 
(J) Conductivity as a function of dip-coating cycles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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4x.
On porous materials, the electrical conductivity is strongly depen-

dent on the PEDOT:PSS thickness which increases as a function of dip- 
coating cycles. Hence, we extracted the conductivity from two-point 
probe I-V measurements as a function of dip-coating cycles. The 
experimental setup, described in Appendix B section 3, consists of two 
parallel copper plates methodically connected with silver paste to the 
porous electrode surfaces, which enables reproducible I-V curves. The 
extracted conductivity values are presented in Fig. 2J. The first dip- 
coating cycle (1x) increases the sample conductivity to 0.06 ± 0.01 S/ 

cm. The second (2x) dip-coating cycle reaches 0.18 ± 0.03 S/cm and the 
following coating cycles increases the conductivity by 0.16 S/cm per 
cycle. The conductivity reaches 0.55 ± 0.11 S/cm after 4 dip-coating 
cycles. We note these numbers are of course much lower than the bulk 
conductivity of PEDOT:PSS of 520 S/cm (Appendix B section 2). First of 
all, the conductivity is proportional to the PEDOT:PSS content. Table S3
shows that this content systematically increases with the number of 
coating cycles from about 1 % to 4 %. The maximum conductivity that 
can be expected when the PEDOT:PSS is uniformly distributed as a 
continuous slab is then about 5 to 20 S/cm. However, as the PEDOT:PSS 
in the pores is distributed not uniform but in a complicated RC network, 
a further reduction in the conductivity by some orders of magnitude can 
be expected.

The quality of the internal electrical PEDOT:PSS connections can be 
inferred from the pressure dependence of the conductivity. Upon 
applying pressure, the porous electrodes deform, and due to the 
shrinkage highly resistive percolating contacts can get shorted. The PU/ 
PEDOT:PSS porous electrodes are indeed piezoresistive, meaning that 
the conductivity increases with pressure. However, as shown in Ap-
pendix B section 7, the effect is quite small. Application of a force of 5 N 
leads to just a 3 % decrease in electrode resistance, meaning that the 
PEDOT:PSS films in the porous electrodes are continuous.

In summary, dip coating of PU sponges with PEDOT:PSS leads to 
porous electrodes. The conductivity systematically increases with the 
number of coatings, while a high surface area and porosity is 

Table 1 
Morphological characterization of porous PU/PEDOT:PSS electrodes as a func-
tion of dip-coating cycles.

Coating 
Cycles

Surface 
Area (m2/ 
g)

Median Pore 
Diameter (µm)

Porosity 
(%)

PEDOT:PSS 
Thickness (µm)

Pristine 
(0)

3.75 ± 0.17 218.52 ± 33.30 58.58 ±
16.09

−

1x 2.94 ± 0.56 208.90 ± 11.96 56.81 ±
7.69

0.24 ± 0.02

2x 2.62 ± 0.81 163.86 ± 11.17 56.30 ±
2.54

0.57 ± 0.10

3x 2.33 ± 0.15 170.05 ± 26.74 60.65 ±
7.33

0.82 ± 0.11

4x 2.83 ± 0.60 142.76 ± 21.79 53.42 ±
8.49

1.09 ± 0.14

Fig. 3. Bioelectricity detected in Oscillatoria sp. cohorts. (A) SEM image of Oscillatoria sp. adhered to PU/PEDOT:PSS porous electrodes; (B) Example of fluctuations 
recorded in Oscillatoria sp. cohorts, in i) current over time recorded on PU/PEDOT:PSS porous electrodes and in ii) Ca2+ fluorescence intensity over time (see also full 
video recording in Appendix A); (C) Boxplot of the current magnitudes (ΔI corresponding to peak height) recorded in different electrode areas, 199 cm2 (3D porous 
electrodes) and 0.11 cm2 (Au planar electrode); (D) Time series of intra-filamentary Ca2+ fluctuations (region marked with arrows). The colour scale represents the a. 
u. intensity of Ca2+ detected by fluorescence.
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maintained. The coating is uniformly spread across the whole internal 
porous structure leading to an ultra-low impedance and a high capaci-
tance which scales linearly with volume. In fact, the ratio between the 
measured capacitance and surface area remains constant at 182.6 µF/ 
cm2 which corroborates with the view that the areal capacitance for 
PEDOT:PSS devices should be considered as a figure of merit [25,32].

3.2. Oscillatoria sp. Signal amplitude scales with electrode area

Oscillatoria species are known to have good adhesion properties and 
to form aggregates, as seen on rocks and other solid substrata and on the 
surface of benthic (bottom-water) sediments. Similarly, Oscillatoria sp. 
also adhere and proliferate inside and surrounding the PU/PEDOT:PSS 
porous electrodes and form aggregates as observed in SEM analysis 
depicted in Fig. 3A. We selected the 4x dip-coated PU/PEDOT:PSS 
electrode for extracellular electrophysiology due to the high porosity of 
53.42 ± 8.49 % and good conductivity of 0.55 ± 0.11 S/cm. The surface 
area for the 4x dip-coated PU/PEDOT:PSS electrode can be calculated by 
multiplying the average weight of the PU/PEDOT:PSS cylinder (7.03 ±
0.05 mg) with the surface area determined in Fig. 2F, of 2.83 ± 0.60 
cm2, which gives an electrode surface area of 199.03 ± 1.44 cm2.

The electrode layout is optimized to pick up long-timescale syn-
chronized signals from a whole Oscillatoria sp. cohort. The sensor com-
prises two PU/PEDOT:PSS electrodes; one of the electrodes acts as 
measuring electrode and the other one as counter-electrode. The 
equivalent circuit shown in SI section 8 embodies the electrical coupling 
between the cell and the electrode similarly to previous works 
[27,28,30,33,34]. The parallel circuit network is formed by the charge 
transfer resistance, Rct, and the Helmholtz-Gouy-Chapman double-layer 
capacitance, Cp, in series with the spreading resistance, Rsol that ac-
counts for the signal loss into the surrounding electrolyte. A similar 
circuit describes the counter electrode. The electrical path from the 
sensing to the counter electrode has very high impedance, Zseal, because 
of the large distance. We then amplify the cell current fluctuations, 
icyano(t) using a transimpedance amplifier. The output voltage v0(t) is 
given by: 

ν0(t) = − RFis(t) (1) 

where RF is the feedback resistance. The detected current can be 
approximated to: 

icyano(t) ≅
dvs

dt
⋅Cp

(

1 − e
− t

Rcleft ⋅Rct

)

(2) 

The measuring system allowed us to detect constantly occurring and 
functional, membrane capacitive current oscillations across large pop-
ulations of Oscillatoria sp. strain. After 24 h of cell seeding, the Oscil-
latoria sp. cohort was well adhered to the porous electrode and 
generated current spikes (Fig. 3Bi). We noted that measured signals 
oscillated between asynchronous and bipolar signals with amplitudes 
from less than 20 pA to large magnitude quasi-periodic patterns reach-
ing amplitudes above 5nA. The large magnitude spikes are likely due to 
synchronization across the whole cohort leading to superposition of all 
individual contributions. The interspike intervals suggests that the sig-
nals of the Oscillatoria sp. community become synchronized, implying 
their ability to sense and/or communicate as recently suggested in 
previous work [29]. To ascertain this is indeed the case, we quantified 
the measured amplitude in two well distinct cell densities. Since con-
trolling the density of filamentous cyanobacteria is challenging, we 
compared the electrical spike magnitudes of the large PU/PEDOT:PSS 
porous electrodes with an active area of 199 cm2 to the electrical spike 
magnitudes recorded with a smaller planar Au electrode with an active 
area of 0.11 cm2. We also measured with SEM over 100 individual 
Oscillatoria sp. cells to calculate the average area of 6.84 ± 2.19 µm2 per 
unit cell. Assuming a uniform cell coverage of the whole electrode area, 
we can estimate ~109 cells on the PU/PEDOT:PSS electrode against 

~106 cells on the planar Au electrode.
The analysis in Fig. 3C represents two distinct replicates totalling 

8580 spikes. The spike magnitude (ΔI) increases for larger areas, at least 
by a factor of 50 when considering the median magnitudes. The median 
magnitude displayed in the boxplot of Fig. 3C is 0.76nA for the large 
porous PU/PEDOT:PSS electrode. In the smaller planar Au electrode of 
0.11 cm2, the median amplitude found is 0.015nA. Hence, the signal 
emitted from Oscillatoria sp. cohorts scales with electrode area. Inter-
estingly for both electrodes, quasi-periodic events are recorded, how-
ever with similar interspike intervals of about 5 s, indicating the 
existence of a slow and cooperative signaling mechanism across large 
Oscillatoria sp. cohorts nearly independent of electrode area.

The fluorescence assay showed that Ca2+ diffusion occurs inside each 
filament (intra-filamentary), from cell to cell in a progressive spatio-
temporal pattern. The intra-filamentary Ca2+ diffusion occurs progres-
sively along the filament and often in pulses of high and low intensity, 
with durations between 0.8 s (limited by instrumentation) to ~ 13 s, as 
demonstrated in Fig. 3D. From Fig. 3D and video recording in Appendix 
A, we noted that inter-filamentary Ca2+ flux is also likely occurring 
given the fluorescence increase in neighbouring filaments. The duration 
of intra- and inter-filamentary Ca2+ fluctuations are effectively similar 
and in very close agreement with the electric spikes detected in the PU/ 
PEDOT:PSS sensor, as exemplified in Fig. 3Bii and i, respectively). 
Moreover, while gliding, we often noticed that when a highly fluores-
cent area of a filament approaches a non-fluorescent neighbour (within 
handover distance [29]), inter-filamentary communication likely 
occurred and provoked a Ca2+ increase within the neighbour filament, 
which typically occurs within less than 2 s (See video recording in Ap-
pendix A). Ca2+ flux is therefore very likely involved in the electrical 
communication events recorded from Oscillatoria sp. cohorts.

3.3. Ca2+ mediates low-frequency current spikes across Oscillatoria sp. 
Cohorts

Ca2+ has been linked with signaling of cyanobacteria, such as the 
Synechocystis, either by its outward release through the mechanosensi-
tive channel MscL in response to depolarization of the plasma membrane 
or by acting in calcium-dependent potassium channels [9,10]. To 
ascertain that the measured current spikes are mediated by Ca2+ we 
used the calcium channel blocker GdCl3. The blocker was tested in 
doubling concentrations from 200 to 800 µM.

Fig. 4A shows that GdCl3 is able to suppress the electrical current 
spikes by over 90 % when using a concentration of 800 µM. In more 
detail, the basal spike rate of Oscillatoria after growing on the porous 
electrode surface for 3 weeks is on average 5 events/minute (Fig. 4B). 
The current spike rate slows down significantly (p <0.10) after the 
addition of 200 µM GdCl3 and slows further upon doubling the con-
centration to 400 µM, comparing to basal activity (p <0.10), which was 
not enough to fully arrest the measured electrical spikes (>80 % of spike 
rate reduction). The spike rate reduces to near 0 upon adding a high 
concentration of 800 µM (p <0.05). After washing out the blocker, the 
cells were allowed to recover and resumed electrical activity to a similar 
spike rate as the basal rate before the treatments, ca. 4 events/minute.

The basal electrical activity recorded in large Oscillatoria sp. cohorts 
in the time domain led to a current noise spectrum proportional to 1/f1.5, 
which is characteristic of a diffusion-limited noise [29,33,35,36]. The 
trend of γ in 1/fγ decreases as a function of increasing GdCl3 concen-
tration, specifically from 1/f1.10 with 400 µM to 1/f0.77 with 800 µM, and 
back to 1/f1.5 after washout (inset Fig. 4C). We note that without cells, 
the current noise spectrum (shown in black symbols on Fig. 4C), had an 
almost linear 1/f0.5 pattern, and approached that of the cells under 800 
µM of GdCl3. The noise spectrum is nearly frequency independent while 
approaching to 4kT/Rct where k is the Boltzmann constant and T is the 
absolute temperature, as modelled previously for planar electrodes [31].

The viability of Oscillatoria sp. on PU/PEDOT:PSS porous electrodes 
was assessed before and after adding GdCl3, as shown in Fig. 4D and E, 
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respectively. The stain is composed by two parts, the SYTO9 part which 
enters the membrane of healthy cells (green) and the propidium iodide 
which is membrane impermeable and DNA-binding, meaning that it 
reaches the DNA of disrupted membranes in dead cells and stains red. 
Before GdCl3 treatment, most filaments are stained green in their full 
length. Most cells composing the filament had intact membranes and 
propidium iodide could not enter any of them (Fig. 4D). Yet, we did 
encounter a few red-stained filaments, possibly due to a finished life 
cycle, long before the staining (Fig. 4D).

The effect of adding GdCl3 blocker with lower concentrations is 
known to be reversible where treated cells are capable of resuming 
electrical activity and metabolism. However, the effect of supressing 
electrical activity in Oscillatoria sp. was evident only with high con-
centration of 800 µM. Although most cells remain viable after adding 
800 µM of GdCl3, we did observe some cells with red staining, sug-
gesting recent damage to membranes (Fig. 4E). This may indicate that in 
some cases, the disturbing of GdCl3 to the membrane lipids neighbour-
ing the Ca2+ channels was not reversible, and some permeation was 
available to propidium iodide. The hypothesis of some damaged chan-
nels corroborates with the slight decrease in spike rate before and after 
GdCl3 treatment, from 5.26 ± 1.77 to 3.99 ± 2.30 events/minute as 
shown in Fig. 4B.

We hypothesize the linkage between cell signals and taste and odour 
metabolites due to the following mechanistic pathway. In cyanobac-
teria, ion fluxes exist across thylakoid membranes and contribute to 
respiration and regulation of photosynthesis [8]. Cyanobacterial 
photosynthesis results in measurable rates of electron transport that 
have been directly correlated with ATP production and Ca2+ ion efflux 

[9]. Photosynthetic proteins are known to be regulated by Ca2+, in 
which calcium signalling is related to photosynthetic electron flow, in 
particular photosystem 1 electron transfer, and hence generation of the 
proton gradient responsible for ATP synthesis [37,38]. It is hence 
reasonable to link productivity and ion-driven cell signalling with ATP 
production. The second stage of the pathway is that taste and odour 
metabolite production by cyanobacteria has been shown to directly 
correlate with ATP production [39]. Taste and odour metabolites have 
long been reported to show close correlation with increased periods of 
productivity [2]. Hence, although further research is required, there is a 
reasonable pathway between electrogenic cell signalling and metabolite 
production.

4. Conclusions

PU/PEDOT:PSS porous electrodes were fabricated, modelled, and 
rigorously characterized for extracellular electrophysiology of large cell 
cohorts, up to ~104 cells/mm2 or ~109 cells/electrode. Dip-coated PU/ 
PEDOT:PSS electrodes maintain their porosity above 50 % and internal 
structure during four consecutive dip-coating cycles and increase in 
conductivity from 0.06 ± 0.01 S/cm to 0.55 ± 0.11 S/cm which corre-
sponds to merely 1.1 % to 3.7 % of PEDOT:PSS coverage, with a ~0.2 µm 
thick PEDOT:PSS layer per cycle.

Our findings show that Oscillatoria sp. filaments adhere to and pro-
liferate within the internal porous structure for over three weeks. Crit-
ically, by comparing the electrical signals obtained from large porous 
electrodes of 199 cm2 with smaller electrodes of 0.11 cm2, we ascer-
tained that the electrical signalling scales at least by a factor of 50. The 

Fig. 4. Electrical activity and viability of Oscillatoria sp. on 3D porous electrodes. (A) electrical spikes before addition of ion blocker GdCl3; blocking of spikes after 
addition of doubling concentrations of GdCl3 200, 400 and 800 µM; electrical spikes recorded after washing off the inhibitor showing resumed electrical activity; (B) 
Bar chart of spike rate, i.e. current spikes counted per minute, as a function of GdCl3 concentration; (C) current noise spectra, SI as a function of frequency. The noise 
spectra are average over 5 consecutive measurements. Red circles indicate cell activity and black diamonds indicate culture medium. The solid lines are calculated 
average. The inset shows γ variation of untreated cells, GdCl3 treatments and recovery after washout; Oscillatoria sp. filaments stained with LIVE/DEAD ink, showing 
(D) most filaments alive (green) before GdCl3 treatment and (E) most filaments alive with the presence of some dead filaments (red) and dead cells inside live 
filaments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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large electrode area increases sensitivity and enables detection of 
Oscillatoria sp. over time. The current noise spectrum exhibits a 1/f1.5 

frequency dependence historically attributed to a diffusion-limited 
process. Oscillations and diffusion of intra- and inter-filamentary Ca2+

are part of their basal activity, are here evidenced by fluorescence 
probing, and are likely due to paracrine cell–cell signalling. The sig-
nalling mechanism is related to Ca2+ ions as growing concentrations of 
the ion blocker GdCl3, suppressed over 90 % of electrical activity.

Our analysis suggests that a chemical signal is released, detected, and 
transmitted by neighbouring cells, herewith propagating an ICW 
throughout the entire community. Future investigations aiming at 
identifying and functionally characterizing cyanobacteria ion channels 
are required to improve our understanding on membrane excitability 
and concomitant cyanobacteria ecophysiology. However, this study has 
clearly shown the potential to apply this technology to water quality 
sampling with regard to monitoring cyanobacterial productivity and 
biomass. The former has applications related to metabolite production 
associated with poor water quality, e.g. geosmin and 2-MIB associated 
with increased and sporadic patterns in productivity and the latter has 
applicability to prediction and monitoring of harmful algal blooms and 
associated problematic metabolite production. In particular the appli-
cability to benthic cyanobacterial metabolite production will be of high 
interest to Water Companies globally.
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