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Abstract: This study presents a microbial sensing device that employs a poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) matrix to immobilize viable
and metabolically Escherichia coli cells. This device enables the monitoring of microor-
ganism metabolic activity in response to external stimuli such as variations in carbon
sources or exposure to inhibitory or toxic compounds. PEDOT:PSS, a conductive and
chemically stable polymer, was electrodeposited onto screen-printed electrodes, success-
fully entrapping approximately 1.26 x 10 cells per electrode. The confocal microscopy of
Live/Dead-stained samples confirmed a uniform cell distribution and an average viability
of ~78%. Ferricyanide respirometry validated the metabolic activity of the immobilized
cells. The biosensor’s performance was evaluated using 3,5-dichlorophenol (3,5-DCP) as a
reference toxicant. The observed inhibition of microbial activity correlated with 3,5-DCP
concentration, yielding a half-maximal effective concentration (ECsp) of 9 ppm, consistent
with the literature values.

Keywords: PEDOT:PSS; cell immobilization; Escherichia coli; metabolic activity; microbial
activity; ferricyanide respirometry; toxicity assessment

1. Introduction

Microbial biosensors are sophisticated analytical tools that employ microorganisms
as their recognition element [1-3]. These systems are engineered to immobilize microor-
ganisms onto the surface of a transducer, enabling the generation of a measurable signal
that is directly proportional to the concentration of the target analyte. Depending on
the type of transducer and signal measured, biosensors are generally classified as either
optical or electrochemical. Among electrochemical biosensors, amperometric types are
the most commonly reported. In amperometric biosensors, a current is generated via the
reduction or oxidation of electroactive substrates by the microorganisms immobilized on a
working electrode [4]. Regardless of the immobilization strategy employed, it is crucial to
preserve the viability and metabolic activity of the microorganisms while achieving high
reproducibility and sensitivity [5].

Various methods exist for immobilizing microbial cells on electrodes, including ad-
sorption, covalent bonding, encapsulation, and entrapment [6]. Among these, entrapment
is the most widely used approach in microbial biosensor development [7,8]. Common poly-
mers used for cell entrapment include polyvinyl alcohol (PVA) [9,10], polyvinylpyrrolidone
(PVP) [11], agarose [12], and alginate [13]. The choice of polymer is critical for maintaining
biosensor functionality.
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The incorporation of conductive polymers, especially carbon-based materials, en-
hances the active surface area of sensors, thereby improving sensitivity. Originally de-
veloped for electronic applications [14], synthetic conductive polymers have recently
been adapted for biosensor development [15]. Among them, polypyrrole (PPy), poly-
thiophene (PTh), polyaniline (PANI), and poly(3,4-ethylenedioxythiophene) (PEDOT) have
emerged as key materials [16,17], owing to their biocompatibility and electrical conductiv-
ity [18]. These monomers require polymerization via techniques such as chemical oxidation,
electrodeposition, ultrasonication, electrospinning, vapor-phase polymerization, or pho-
topolymerization. Polypyrrole, for example, can be synthesized in various forms—films,
nanofibers, sponges, or nanoparticles—making it versatile for constructing different types
of chemical and biological sensors [19].

PEDOT is synthesized via the chemical or electrochemical polymerization of 3,4-
ethylenedioxythiophene (EDOT), a positively charged precursor stabilized by polystyrene
sulfonate (PSS), a negatively charged surfactant [20-22]. PSS not only stabilizes the polymer
but also improves its solubility [14,22]. The resulting PEDOT:PSS matrix exhibits high
electrical conductivity, good chemical stability, and optical transparency [20,23].

In this study, we investigate the potential of PEDOT:PSS as a polymeric matrix for
the immobilization of microorganisms in microbial biosensor development. Specifically,
we assess the biocompatibility of the precursor solution and determine the optimal elec-
trodeposition time to maximize the entrapment of viable microorganisms. The resulting
biosensors are characterized using confocal laser scanning microscopy to evaluate the
distribution and viability of cells within the polymer matrix. The metabolic activity of the
immobilized microorganisms is further assessed using ferricyanide respirometry. Finally,
we test the biosensors for their ability to detect toxicity using 3,5-dichlorophenol (3,5-DCP),
observing a concentration-dependent response suitable for general toxicity assessment.

In summary, this work addresses a critical gap in the use of PEDOT:PSS as an immuobi-
lization matrix for whole-cell microorganisms. Although PEDOT and related conductive
polymers have shown promise in biosensing applications, their direct application for the
entrapment and functional preservation of live microbial cells remains underexplored.
This study pioneers the evaluation of PEDOT:PSS for this purpose, leveraging its unique
conductive and biocompatible properties to enhance overall biosensor performance. The
motivation for this research lies in the growing demand for robust and efficient micro-
bial biosensors in environmental monitoring and toxicity testing—applications where the
effective immobilization and sustained activity of biological elements are essential. By opti-
mizing entrapment conditions and characterizing biosensor performance in a real-world
toxicity assay, this study contributes meaningfully to advancing microbial biosensor tech-
nologies.

2. Materials and Methods
2.1. Chemicals and Materials

Screen-printed electrodes (SPEs) featuring platinum (DRP-550) and carbon (DRP-
110) working electrodes were acquired from DropSens (Asturias, Spain). Sodium poly(4-
styrenesulfonate) (NaPSS), 3,4-ethylenedioxythiophene (EDOT, 97%), and lithium perchlo-
rate (LiClOy4, 99.99%) were obtained from Sigma-Aldrich (Burlington, MA, USA). Potassium
hexacyanoferrate (III) (99%), potassium hexacyanoferrate (II) 3-hydrate (99%), and glucose
were procured from Panreac (Barcelona, Spain). All chemicals were of analytical grade,
and Milli-Q ultrapure water was used to prepare all solutions.

The PEDOT:PSS precursor solution was prepared following a method outlined else-
where [23], consisting of 2.5% (v) EDOT, 5% (v) NaPSS, and 5% (v) LiClO4 0.1 M.
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2.2. Microorganisms

Escherichia coli DSM 2613 was aerobically grown in 200 mL of Luria—Bertani (LB)
broth for 18 h at 37 °C using an orbital shaker operating at 100 rpm. After incuba-
tion, cultures were centrifuged at 5000 g for 10 min (min) and resuspended in 2 mL
of phosphate-buffered saline (PBS) or PEDOT:PSS precursor solution, yielding a suspension
of 10'0 cells/mL. Viable cell counts were determined by serial dilution and plating on LB
agar. Viable cell counts were determined by serial dilution and plating on LB agar.

2.3. PEDOT:PSS Biosensor Fabrication

Platinum and carbon screen-printed electrodes (DRP-550 and DRP-110) were used for
biosensor fabrication. Both the electrodeposition process and subsequent electrochemical
measurements were performed using a uSTAT8000 multi-potentiostat (DropSens, Spain)
connected to a PC running DropView 8400 software (DropSens, Spain).

A 100 pL aliquot of the PEDOT:PSS precursor solution (2.5% EDOT and 5% NaPSS)
was applied to the SPE surface and subjected to electrodeposition at 100 pA for durations
ranging from 1 to 12 min [24]. The resulting PEDOT:PSS-coated electrodes were analyzed
via cyclic voltammetry to determine the optimal electrodeposition time. Measurements
were conducted between —0.5 and +0.5 V in mixtures of ferricyanide (1 mM) and ferro-
cyanide (1 mM) in 0.1 M KNOj3 at a scan rate of 0.05 V/s. Chronoamperometric readings
were taken at 0.4 V for 5 min, and the current value at 80 s was used as the stable signal in
all measurements.

To entrap E. coli in the PEDOT:PSS matrix, 200 mL of culture at 108 cells/mL was
centrifuged, and the pellet was resuspended in 2 mL of PEDOT:PSS precursor solution.
Electrodeposition of the microbial-polymer suspension onto Pt-SPEs was then carried out
at 100 pA for 8 min.

2.4. Biosensor Characterization
2.4.1. Confocal Imaging and Profilometry

Fluorescence microscopy was used to evaluate bacterial viability after immobilization,
as well as to assess the spatial distribution of bacteria within the PEDOT:PSS matrix.
Biosensors were stained with the Live/Dead BacLight kit (Invitrogen, Waltham, MA, USA),
containing SYTO-9 and propidium iodide. SYTO-9 stains all bacteria, while propidium
iodide selectively enters cells with compromised membranes. Both dyes share an excitation
wavelength of 470 nm, with emission maxima at 530 nm (green) for SYTO-9 and 630 nm (red)
for propidium iodide. The biosensor surface was covered with 75 uL of staining solution
and incubated for 30 min, followed by rinsing with water and imaging with a confocal
microscope (Leica TCS SP5; Leica Microsystems, Wetzlar, Alemania). The percentage of
live (green) and dead (red) cells was quantified using Image] software 1.51 (2018) after
applying image thresholding.

A KLA Tencor P-15 Profilometer, with a horizontal resolution of 200 nm, was used to
determine the thickness of the electrodeposited layer.

2.4.2. Ferricyanide Respirometry

In ferricyanide respirometry, ferricyanide serves as an artificial electron acceptor, replacing
oxygen in the microbial respiratory chain and being reduced to ferrocyanide by metabolically
active cells [25]. The amount of ferrocyanide produced reflects microbial metabolic activity.

In this assay, 100 puL of 1 mM ferricyanide containing 0.2% glucose was applied to
the surface of each biosensor. The sensors were incubated with this solution for 1.5, 3,
and 4.5 h. During incubation, bacteria oxidized glucose and transferred electrons to Fe>*,
producing Fe?*. The amount of Fe?* generated was measured by chronoamperometry at
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0.4V, recording the current at 80 s. PEDOT:PSS-coated electrodes without bacteria served
as negative controls to confirm the metabolic origin of the signal.

2.4.3. Toxicity Assay

To evaluate the biosensor’s potential for rapid toxicity screening, tests were conducted
using 3,5-dichlorophenol (3,5-DCP) as a model toxicant. Microbial biosensors were exposed
to concentrations ranging from 0.2 to 25 ppm of 3,5-DCP for 30 min. After exposure, the
toxicant was removed, and the sensors were incubated for 3 h with 0.2% (w/v) glucose and
1 mM ferricyanide. Chronoamperometry at 0.4 V was performed to quantify the amount of
Fe3* reduced.

Simultaneously, two controls were prepared: one with bacteria and no toxicant (100%
activity) and one without bacteria (0% activity).

The percentage of inhibition (I%) was determined by comparing the current generated
by E. coli in the presence of a toxic agent (Toxic) with the current generated by a control
sample containing E. coli without the toxic agent (Bacteria) and a Control without bacteria,
as follows:

Bacteria — Toxic

1% = 1
& Bacteria — Control x 100

3. Results and Discussion

This study aimed to develop a novel microbial biosensor by entrapping bacterial
cells within a 3,4-ethylenedioxythiophene:polystyrene sulfonate (PEDOT:PSS) matrix. To
optimize biosensor performance and ensure maximum sensitivity, we evaluated both the
working electrode material and the electrodeposition time.

To assess the effect of the electrode material, PEDOT:PSS-coated carbon and platinum
screen-printed electrodes were exposed to a 1 mM ferro/ferricyanide solution for 60 s to
allow adequate diffusion, after which cyclic voltammetry was performed between —0.5 and
0.5V at a scan rate of 0.05 V/s. Figure 1 shows the current measured at 400 mV for each
electrode/coating combination. While uncoated carbon and platinum electrodes yielded
similar currents (2.1 and 2.0 uA, respectively), the application of a PEDOT:PSS coating
significantly increased the current output to 15.9 pA in carbon electrodes (an 8-fold increase)
and to 34.4 pA in platinum electrodes (an 18-fold increase). These enhanced currents reflect
improved electron transfer kinetics and higher electrode conductivity, both critical for
sensitive and reliable biosensor performance. Therefore, platinum was selected as the
working electrode material for the subsequent experiments.

40
C Pt —
304
<
=
T 204
2 —
5
o
104
0- T T
naked PEDOT naked PEDOT

Figure 1. Current values at 400 mV of uncoated and PEDOT: PSS-coated carbon and platinum
electrodes measured after a 60 s preincubation in an equimolar mixture of ferricyanide/ferrocyanide
(1 mM). Electrodes were coated as described in Section 2.3, by applying a current of 100 uA for 8 min.
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To optimize electrodeposition, Pt-PEDOT:PSS electrodes were fabricated as described
in the Materials and Methods Section using deposition times of 0, 1, 3, 5, 8, and 12 min at
100 pA. Following a 60 s preincubation in 1 mM ferrocyanide, electrodes were analyzed
via chronoamperometry at 400 mV. The stable current at 80 s is plotted in Figure 2 as a
function of deposition time. Results show that the current increased with the deposition
time, peaking at 8 min, which was chosen as the optimal electrodeposition time.

To further examine the impact of electrodeposition time, profilometry was used to
measure the thickness and homogeneity of the PEDOT:PSS coating. Figure 3 shows thick-
ness profiles as a function of radial scan distance from the electrode edge to the center. The
coating was thicker near the edges (first 0.5 mm) than at the center. The thickness increased
with the deposition time, from 21.7 £ 17.4 pm (uncoated) to 157.3 £ 47.5 um (4 min)
to 224.2 + 57.7 um (8 min), then slightly decreased to 199.8 & 67.2 um at 12 min. This
decrease correlates with the reduction in electrochemical performance observed for 12 min
coatings (Figure 2). Hence, 8 min was chosen as the optimal deposition time, balancing the
maximum thickness with acceptable exposure to the potentially toxic precursor solution.

40
30—
<
2
T 20-
e
=
o
10—
(=

0 1 3 5 8 12
electrodeposition time (min)

Figure 2. Current intensities recorded by chronoamperometry at 80 s of platinum electrodes coated
with PEDOT: PSS using different electrodeposition times. Chronoamperometries were carried out in
1 mM ferro/ferricyanide at 400 mV. Values represent the mean of five independent replicates; error
bars indicate the standard error of the mean.

The confocal microscopy of PEDOT:PSS electrodes stained with Live/Dead reagents
confirmed both the distribution and viability of immobilized E. coli cells (Figure 4). After
8 min of electrodeposition, cells were evenly distributed in the matrix, and 77.9 + 12.7%
remained viable. Despite the inherent toxicity of the precursor solution [26], the percentage
of viable cells was sufficiently high for biosensor construction.

To assess the metabolic activity of the immobilized organisms, we conducted fer-
ricyanide respirometry. In this assay, the production of Fe?*—resulting from microbial
metabolic activity—is quantified by chronoamperometry following preincubation with a
carbon source. The duration of this preincubation step significantly influences the accumu-
lation of reduced iron in the medium. To determine the time required for optimal signal
generation, we tested four preincubation times: 0, 1.5, 3, and 4.5 h. The results are shown
in Figure 5.
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Figure 3. Thickness profile of PEDOT: PSS coatings obtained after 0 min, 4 min, 8 min, and 12 min
of electrodeposition at 100 wA. The initial (0 min) plot corresponds to the thickness profile of the
screen-printed substrate. Measurements were carried out using a KLA Tencor P-15 Profilometer with
a horizontal resolution of 200 nm. Data represent the average of two electrodes (Values shown at the
bottom right of each graph indicate the average thickness of the coating (+standard deviation)).

Figure 4. Confocal images of PEDOT:PSS-coated electrodes with electro-entrapped E. coli SYTO-9
(green) marks live cells; propidium iodide (red) marks dead cells. The images shown are representa-
tive of two independent electrodes.

In the absence of preincubation (0 h), biosensors containing bacteria produced a very
low current (1.7 pA). However, electrode responses increased with longer incubation times,
especially after 3 and 4.5 h, reaching 8.2 and 9.0 pA, respectively. Control sensors lacking
bacteria were unaffected by the length of the preincubation and consistently produced low
currents (0.7 pA) across all time points.

These findings indicate that the immobilized cells were not only viable, as confirmed
by Live/Dead confocal microscopy, but also metabolically active, yielding a robust elec-
trochemical signal after just 3 h of preincubation. In this context, PEDOT:PSS biosensors
exhibited electrochemical performance comparable to previously reported ferricyanide
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respirometry-based biosensors [5,13], supporting their suitability for use as amperometric
microbial biosensors.

10
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Figure 5. Current intensities recorded by chronoamperometry at 80 s and 400 mV of PEDOT:PSS
biosensors preincubated in 1 mM Fe3* and 0.2% glucose for 0, 1.5, 3, and 4.5 h. PEDOT:PSS-coated
electrodes without bacteria were used as controls.

As a final step to validate the applicability of the PEDOT:PSS microbial biosensors, we
used them for the determination of toxicity in water, using 3,5-dichlorophenol (3,5-DCP),
a standard toxicant in aquatic toxicity studies. Biosensors were exposed for 15 min to
concentrations of DCP ranging from 0.1 to 25 ppm. After exposure, sensors were incubated
for 3 h in a solution containing 1 mM ferricyanide and 0.2% glucose, and the degree of
ferrocyanide accumulation was assessed by chronoamperometry at 400 mV.

The biosensor response was quantified as a percentage of inhibition (1%) relative
to untreated controls. As shown in Figure 6, microbial inhibition increased with DCP
concentration. No inhibition was detected at low concentrations, while measurable effects
appeared at >2.5 ppm, reaching complete inhibition at 25 ppm. The EC5y was 8.42 ppm, in
agreement with previously reported values [5,13,27-30].

100+

50 ----------------4
ECs= 8.42 ppm

% inhibition

0 10 20 30
DCP (ppm)

Figure 6. Dose-response curve showing microbial activity inhibition (I1%) versus 3,5-DCP concentra-
tion. ECs (dotted line) was calculated as 8.42 ppm.
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These findings confirm the potential of PEDOT:PSS as an immobilizing matrix for
microbial biosensors. The system exhibited sensitivity, a clear dose-response relationship,
and rapid detection capabilities, making it a promising platform for environmental moni-
toring. Furthermore, this platform could be adapted for broader analytical applications by
tailoring the biological component to target specific analytes or stressors.

4. Conclusions

In this study, we successfully developed a novel microbial biosensor based on the
electrochemical entrapment of E. coli in a PEDOT:PSS matrix, enabling toxicity detection
through metabolic activity monitoring. The optimization of the electrodeposition param-
eters revealed that platinum electrodes and an 8 min deposition time provided optimal
performance. Under these conditions, electrodes were coated with a uniform PEDOT:PSS
layer (224.2 4+ 57.7 um), entrapping approximately 1.26 x 107 cells per electrode. The
entrapped cells retained 77.9 + 12.7% viability, as shown by the confocal imaging of
Live/Dead-stained electrodes, and exhibited significant metabolic activity as confirmed by
ferricyanide respirometry. Upon exposure to 3,5-dichlorophenol, the biosensor showed a
clear concentration-dependent inhibition response, with a detection threshold of 2.5 ppm
and an ECs) of 8.42 ppm.

These findings validate PEDOT:PSS as a functional immobilization matrix and high-
light its potential for the rapid, low-cost toxicity screening of environmental samples. With
the further tuning of the biological component, this platform could be adapted for the
detection of diverse analytes or stressors in environmental or clinical settings.
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Abbreviations

The following abbreviations are used in this manuscript:

PEDOT:PSS  poly(3,4-ethylenedioxythiophene):polystyrene

3,5-DCP 3,5-dichlorophenol

ECs half-maximum effective concentration
PVA polyvinyl alcohol

PVP polyvinylpyrrolidone

PPy polypyrrole

Pth polythiophene

PANI polyaniline

EDOT 3,4-ethylenedioxythiophene

PSS sulfonated polystyrene
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SPE screen-printed electrodes
NaPSS sodium poly(4-styrenesulfonate)
LB Luria—Bertani

PBS phosphate-buffered saline

1% percentage of inhibition
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