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ABSTRACT

This article presents a biosensor prototype designed for early risk warning in freshwater quality
assessment. Its principle lies in estimating the overall biological impact of large-scale contamination
due to chemical accidents. The electrical impedance measurement principle is based on the
hypothesis that the ionic concentration of solutions containing centrifugated bacteria resuspended in
a deionised water, and exposed to pollutants, is linked to perturbation induced in bacterial cell walls.
FEM simulations with a semi-analytical model were used to obtain the expected electrical response
for control bacterial solutions, which was subsequently analysed using Electrochemical Impedance
Spectroscopy (EIS) and Distribution of Relaxation Time (DRT). Non-toxicity for bacteria of CuSn and
Cu electrodes was verified within the experience parameters. EIS experimental results for bacterial
solutions exposed to an anthelminthic (lvermectin) and an antibiotic (Ampicillin), show that it is
possible to discriminate the polluted samples samples under 30 minutes by measuring the changes in
conductivity. DRT data analysis allowed discrimination of polluted samples through tau-shifts. It also
proved a powerful tool to analyse a specific electrochemical process, and on simulated data, it
showed the potential to identify and study electrochemical processes (medium vs cell wall) involved.
EIS on Ivermectin- and Ampicillin-exposed suspensions, reveals dose-dependent resistance decreases
(Ampicillin 10/20/100pugmL-1: 2.01+0.40kQ/1.62+0.02k)/0.89+0.08 kQ; Ivermectin
15/45ugl-1:3.89+0.23k0)/2.70+0.27kQ). DRT is able to discerns processes via t-shifts (Alive—Heat At
= 2.0+0.9us; Ampicillin 10/20/100ugmL-1:0.9/0.7/0.1ys; Ivermectin (15/45ugl-1:1.2/0.9us). In
conclusion, results obtained with this biosensor prototype validate our assumption, demonstrating
the effectiveness of probing solution conductivity as an indicator of cell viability.

INTRODUCTION

The protection of water resources against industrial accidents is a major global concern. High-profile
chemical incidents, such as the Lubrizol plant fire in France in 2019 (Jennifer et al., 2024) which had
critical consequences on the inhabitants and the environment during several days, have highlighted the
inability of current monitoring strategies to detect sudden toxic spills in real-time. Therefore,
establishing rapid early-warning systems is a major priority to manage these unpredictable, high-
intensity contamination peaks.

Current water toxicity sensing methods are usually based on chemical or optical solutions (Campanale
et al., 2021; Mauriz et al., 2006) but these methods are costly and time consuming (ISO, 1995; Justino
et al., 2015). Real-time sensors permitting fast and efficient responses are scarcely deployed. To reach
an efficient protection, sensors combining biocomponents and transducers are emerging (Hassani et al.,
2017). These sensors, known as biosensors, convert pollutants biological effects directly into a



measurable signal, offering rapid, sensitive and inexpensive in-situ monitoring. Among other
biocomponents (such as antibodies, phages or DNA), bacteria cells have the advantage to be easy to
grow and genetically modifiable (Mehrotra et al.,2016).

In this context, this paper presents the development of an impedancemetric biosensor prototype without
functionalization using bacteria as bioreceptors. The aim of this new biosensor is to overcome the
shortcomings of current sensors, presented earlier. Note that the goal is to provide alerts, not to look for
selectivity, which allows to design a simple and robust solution.

Our working hypothesis is that the ionic diffusion between the bacteria cytoplasm and the external
environment during an accidental pollution is modifying the membrane permeability of bacteria.
Considering the minimum resistance that is measurable by our setup, it is possible to tune the used
medium conductivity for the bacterial solutions before exposure for a given sample volume and to detect
electrical charge variations as an increase in the overall conductivity of the solution. To test this
assumption, Escherichia coli bacterium has been chosen because it is widely studied and easy to grow.
Relevant and representative pollutants were selected, and it must be noted that they do not perturbate
the overall conductivity of the solution.

To introduce our analysis methodology, the first section presents the materials and methods, including
the theoretical elements underlying the sensor physical principle, as well as the basics of the Distribution
of Relaxation Times (DRT) algorithm. The results section begins with a validation of the measurement
setup through a study checking that there is no influence of the electrodes on the cell wall integrity under
our experimental conditions. Then, a semi-analytical model was used as a basis to simulate the electrical
response of bacterial control solutions, comprising either alive or treated bacteria, with a Finite Element
Model (FEM). EIS experimental results for a bacterial solution exposed to an anthelminthic and an
antibiotic are shown, along with control solutions used as a baseline for comparison. Before concluding,
a complementary study of these data using DRT illustrates the power of this data processing tool to
analyse each specific electrochemical process involved.

I. MATERIALS AND METHODS
A. Electrical Impedance spectroscopy

Electrical Impedance Spectroscopy (EIS) is a simple, non-destructive technique that characterizes
materials and systems by measuring an impedance across a frequency spectrum. This involves applying
an alternating current (AC) signal and analysing the complex impedance, Z=V/I, from the voltage V'
response to the applied current /. In our experiments, an Agilent Precision Impedance Analyzer
AD4294A, calibrated close to the electrodes, was used to measure Z for various solutions with a 100 mV
AC excitation amplitude. The setup is shown on Figure 1. Every measurement has been done in the f
dispersion region between 1 kHz up to 30 MHz (Heileman et al., 2013). This bandwidth allows to
circumvent electrode polarisation phenomena that lead the impedance response below 1 kHz and the
need for more complex electrode configuration usually employed for lower frequencies.

Within Macdonald’s framework (Macdonald et al., 1992), water impedance is modelled with RC
networks to resolve distinct electrochemical processes. In this work, we focus on the medium electrical
response where experimental data can be fitted with a first-order lowpass RC modelling circuit (a single
RC cell) using a standard non-linear regression method (CNLS). The fitted resistance () links the
medium’s conductivity in the RC representation, lower R indicating higher ionic conductivity for a given
cell constant. It is thus serving as a practical measure of charge transport in water.
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FIGURE 1. Experimental setup and electrode design. Electrodes are 25 x 25 mm?, with an 800 um

gap, giving a 500 puL volume (a) Schematic diagram of the experimental layout showing the signal

information process and electrodes. (b) Photograph of the fabricated electrodes on classical printed
circuit boards (PCB-FR4).

B. Distribution of Relaxation Times (DRT)

DRT is a technique representing impedance as an infinite number of extremely small differential RC
parallel circuits in series (Wan et al., 2015; Ciucci et al., 2015; Liu et al., 2020). DRT analysis has been
applied in this work on impedance data to translate the frequency-domain EIS spectra to a relaxation
time-based function y(z), expecting that it will facilitate the detection of the medium conductivity
modification due to the perturbation of the bacteria cell-walls.

The time constant of a typical RC parallel circuit is T=RC. R,, represents the series resistance at the
highest frequency of the acquired spectrum. DRT gives a graphical information of the statistical
distribution of RC couples by means of the relaxation time distribution function y (t). All RC parallel
circuits are considered in the system to obtain the formula (1).

_ ® y(@
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C. Modification of a weakly conductive medium by bacteria: Estimating the number of
charges in the vicinity of a bacterium

Our working hypothesis rests on the existence of cytoplasm ion diffusion to the external medium when
a bacterium is treated. Since the exposed bacteria are suspended in deionised (DI) water, we suppose
that the external medium is weakly conductive and that the treatment likely increases membrane
permeabilization (Cass et al., 1970; Lambert, 2002). In this case, when a treatment is applied to the
bacterium, an increase of the medium conductivity will be observed.

In order to anticipate the number of charges impacting the overall conductivity of a solution composed
of bacteria suspended in a weakly conductive medium, we first need to determine the order of magnitude
for the number of resulting charges in the immediate vicinity of a bacterium in these conditions.



The electrostatic potential y/(7) describes the potential variation in a liquid medium around the bacterium
cell wall. From this cell wall, the measurable value in electrophoresis is the zeta potential V¢, often used
as a proxy for surface charge. This potential is generally V; = =50 mV (Wilson et al., 2001; Poortinga
et al., 2002; Li et al., 2004). The spatial extent of electrostatic interactions is governed by the Debye
length Aj , which decreases as the ionic strength increases. For an electrolyte, we can write : Ap =

Eo&rkpT

2Nge?l

. 1 .
, with T the temperature, ks the Boltzmann constant and [ = EZ" C; Z;? the ionic strength,
C; and Z; representing concentration and valence of an ion, respectively.

Estimation of the number of charges in the outer vicinity of a bacterium is based on the Gouy-Chapman-
Stern electric double-layer model (Stern, 1924). Two contributions are distinguished: the Stern layer,
where ions are adsorbed to the surface, and the diffuse layer, where mobile ions are distributed by
electrostatic forces.

The charge density in the Stern layer follows the relationship psiern = €0€&r V¢ / 0.1nm in the linear
approximation. The charge density in the diffuse layer is written ppifruse = —€0&r Vo / Ap>. The

potential decreases from the surface according to Y (r) = Vze_r/ Ap_ where r is the radial distance to the
surface.

To model an E. Coli bacterium, we consider a cylinder: 2 um in length and 0.5 pm in diameter. In
a5 gL' NaCl solution, the ionic strength is I =85.6 mol m® and the Debye length Ap =
1.04 x 10™° m; integrating psern OVer S gives an order of magnitude of around 6 X 106 charges for the
Stern layer, and integrating ppjfruse OVer the volume SAp gives around 2.0 X 106 charges in the diffuse
layer.

These charge densities increase as |Vz| increases and as 4, decreases, so with increasing ionic strength.

In dilute media, A, lengthens, the local density decreases, but the electrostatic influence extends further.
In a concentrated medium, the double layer compresses and charges pack close to the wall. Thus, these
values represent a first-order approximation and generally underestimate the role of transmembrane
potential and complex ionic chemistry, as in this case only Na* and Cl- ions are considered. Nevertheless,
it provides an approximate of the charges brought by the bacterium to the medium, essential for
simulation.

D. Preparation of Cu/CuSn Electrodes

Two kinds of electrode pairs have been used for this experiment. Both are covered with an 18 um Cu
layer but one pair also includes a top layer of 1 to 2 um SnCu (total of 99.7% Sn and 0.3% Cu). Both
have been fabricated to have a surface of 25 X 25 mm? Two 800 pm £10 pm-thick polished glass
spacers are used to ensure parallel plate configuration. Prior to each test, the electrode pair is immersed
in ethanol and rinsed for disinfection and cleaning. The solution to be measured is injected between the
electrodes using a (1000 uL £ 1 uL) pipette and held in place thanks to capillary forces.

E. Preparation of E. coli cultures

E. Coli (CIP 103931 Pasteur Institute) were maintained on glycerol protecting beads (Fisher Scientific,
United Kingdom) at -80°C. For experimental tests, 20 mL of LB (NaCl 5 g L) was aseptically
inoculated with a single bead and incubated at 37°C for 16 h. After the incubation period, the culture
contained 1 X 10° CFU mL"' (Colony-Forming Unit). Different concentrations have been obtained by
dilution in DI water.

F. Sample preparation for electrode toxicity test



Three E. Coli cultures ( = 107 CFU mL™") were used to test electrode toxicity for both electrode kinds.
For each culture, 500 uL were pipetted between each electrode pair and exposed for 40 minutes (at
T =25 °C), with no noticeable evaporation. After this time, samples were removed from the electrodes
and analysed by fluorescence microscopy using a counting chamber and live/dead cell viability stains
(Thermoficher SYTOY9/Propidium Iodide).

G. Sample preparation for EIS measures

Three different populations were used to prepare the different samples, thus having three replicates.
Each one was selected at the end of the exponential growth phase, then centrifugated and resuspended
in DI water three times (6 =1X 107 S m’!, & = 78) obtaining a bacterial concentration of
approximately 108 CFU mL'. Despite the hypoosmotic challenge, the cell walls of viable bacteria
operate as a stabilizing mechanical unit, ensuring they remain structurally intact and protected from lysis
(Deghelt et al., 2025). Each solution was then divided in as many samples as necessary for the different
planned tests (Alive and Heat-Treated controls plus pollutant-treated samples). Heat-Treated solutions
were heated at 90 °C for 20 minutes. In order to stay coherent with other publications we used the Alive
tag for viable bacteria.

Pollutants chosen to test the biosensing principle were the antibiotic Ampicillin and the anthelminthic
Ivermectin. Ampicillin is selected for its bactericidal properties and ability to disrupt bacterial cell wall
synthesis (Chopra et al.,1963). Literature about the effect of Ivermectin on bacteria is very scarce.
Studies on the subject (Ashraf ef al., 2018) suggest that Ivermectin has a bacteriostatic effect and no
specific interaction with cell walls. The minimum inhibitory concentration (MIC) was determined to be
4 ug mL™" for Ampicillin and 40 ug L' for Ivermectin respectively. Experimental testing was conducted
at concentrations of 10 ugmL!, 20 ug mL" and 100 pg mL" for Ampicillin, and 15 ug L' and 45 pg L™
for Ivermectin. We have first checked that both pollutants do not interfere in EIS measurements, and
indeed they are non-conductive. The effects of Ampicillin and Ivermectin were monitored over
180 minutes, with impedance measurements taken at =0, 60, 120 and 180 minutes.

II. RESULTS AND DISCUSSION
A. Electrode toxicity

Copper was primarily selected for electrode fabrication due to its cost-effectiveness, simplicity of
implementation, and widespread use as a standard electronic material in PCB. In literature, bulk copper
and Cu-rich alloys are considered to have a bactericide effect (Noyce ef al., 2006).

However, in our experimental setup, time of contact between bacteria and electrodes is significantly
smaller, since a sample measure needs less than 5 minutes, and measured volumes are significantly
bigger (500 pL). Thus, we chose to check if electrodes used had any notable effect within our
experimental setup, using the sample protocol described in section L.F.

Metal Alive [unit] Dead [unit] Ratio Dead/Alive Concentration CFU mL"!
Cu 520 6 <2% 2,6 x 107
Cu 557 11 <2% 2,8 x 107
Cu 698 6 <1% 3,5 %107

SnCu 674 7 <2% 3,4 x 107

SnCu 721 4 <1% 2,6 x 107

SnCu 792 5 <1% 3,9 x 107

TABLE 1: Bacteria counting results for Cu and SnCu electrodes after 40 minutes exposure

Cell counts results for each sample are presented in Table 1. They show that Dead on Alive ratio remain
stable for both SnCu and Cu electrodes. Within this experimental setup, more than 98% of bacteria were



alive after contact with the electrodes. From these values and in such experimental conditions, we can
confirm that both Cu and SnCu electrodes had no impact on bacterial membranes and thus no influence
on our EIS measurements.

B. EIS results

Theoretical EIS simulations

A prior study proposed a one-layered bacterium membrane model instead of three in order to represent
its dielectric properties g,q; = 3.7 X 107> S m!, er,,, = 13.5 (Xavier et al., 2017). Using this model,
along with dielectric properties for the cytoplasm o,,,, e, and the external medium 0,04, €7, the
frequency behaviour of a bacterium can be analysed. Dielectric values for cytoplasm o, = 0.22 S m™
and er,,, = 40 are taken from (Bai ef al., 2006; Asami et al., 1980). For an Alive bacterium suspended in
a weakly conductive medium such as DI water, the ions remaining after centrifugation will influence
the overall medium conductivity. This contribution has been estimated to n = 1.6 x 107 charges per
bacterium. It includes charges coming from the Gouy-Chapman-Stern electric double-layer model
(section 1.C) and contributions from ions remaining after centrifugation as well as other ions than Na*
and CI'. To link this value to conductivity, we consider a simplified medium containing only Na" and
Cl ions.

Our working hypothesis translates to a medium homogenisation (0, = 0peq) When a treatment is
applied to a bacterium. Otherwise, the external medium is considered weakly conductive (o, > Opeq)-

The choice has been made to simulate both an Alive bacterium and a Treated one. For both COMSOL®
FEM simulations, choosing the volume size surrounding the bacterium allows to fix the bacterial
concentration. For example, a simulation volume of 10X 10 X 10 um3 corresponds to a
3 x 108 CFUmL"' bacterial concentration. Within this simulation parameters, by usingo =
ne tyg+ + -, we obtain respectively a g, = 3.5 x 107* S m™! conductivity value for the external
medium for an Alive bacterium and o,,,.q = 4.2 X 10~* S m™' for a Treated one. Concerning er,,.,, a value
of 78 has been chosen, corresponding to DI water at ambient temperature. In order to model the whole
bacterial solution, the total volume has been approximated as a finite sum of the aforementioned
bacterium simulations, taken as unity values.

Figure 2 presents simulated impedance modulus and phase for frequencies between 500 Hz and 1 GHz.
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FIGURE 2. EIS simulation on Escherichia Coli model corresponding to 3 x10® CFU mL"! for Alive
and Treated solutions.



These results show a behaviour following the typical response for a first-order lowpass RC circuit for
both simulations: the impedance modulus Bode plot presents a plateau on the impedance modulus and
a phase shift between 0° and -90° for frequencies under ~ 100 kHz, then a modulus decreasing with a
linear slope, which validates our choice to model the system as a single equivalent RC circuit. The
difference between Alive and Treated bacteria behaviours lies in the observed shift for both the plateau
value and the cut-off frequency. Lower plateau and higher cut-off frequencies for the Treated case are
consistent with a lower equivalent resistance resulting from a higher overall conductivity ¢,,.; when
compared to the Alive one. In these conditions, simulation results capture a single electrochemical
phenomenon (resistive-capacitive effect), and no visible impact of the bacterial membranes can be
observed in the simulated impedances, which means that the membrane polarization mechanisms are
not directly accessible through a direct analysis from EIS data. Simulations without the bacterium for
both a,,., conductivity conditions show no visible difference when compared to the ones taking the
bacterial membrane into account, confirming this assumption. In conclusion, these results show that
directly looking at conductivity variations only allows to get information about the overall aqueous
medium electrical properties.

EIS experimental data: pollution detection in water

This section presents EIS experimental data for frequencies between 1 kHz and 20 MHz on E. Coli
bacterial solution samples prepared as described in section L.E and I.G.

Preliminary measures with our experimental setup established a minimum bacterial concentration of
107 CFU mL! in order to guarantee overall solution conductivity variations over 10~° S m!, otherwise
biological variation is more important than the magnitude of the measure.

The following results are for 102 CFU mL!. Deviations from the model stem from the approximation
of the cytoplasm as a purely ionic Na* / CI" solution without other elements. Additionally, experimental
limitations regarding the washing efficiency could lead to a higher residual ionic strength in the medium
than theoretically assumed.

EIS spectra for one population experiments at = (0 are shown in Figure 3, separating Ampicillin and
Ivermectin spectra on two distinct Bode plots. Box plots illustrate the variability across five
measurements per sample.
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FIGURE 3. EIS spectra of E. coli controls (Alive: [ACA, ICA], Heat-Treated: [ACT, ICT]) and
samples exposed to Ampicillin (10, 20, 100 ug mL™': [AC1-AC3]) and Ivermectin (15,
45 ng L :[IC1-IC2]) at = 0 min.

They all show the same first-order lowpass RC circuit behaviour seen in the simulations. This means
that the measured response is mainly governed by resistive-capacitive processes in the aqueous solution.

Since R and C reflect the medium electrical properties for any given sample, we proceeded to extract
these two values from all measured data. These results are synthesized in Figure 4: for each pollutant,
graphs depicting the evolution of R and C for each tested condition (all populations) over time are shown.
For each tested condition, the dots represent individual experimental values, the median value is
represented by the horizontal line, and the solid box and bars indicate interquartile ranges (IQR) and
1,5xIQR respectively. This global representation allows to follow the changes in electrical properties
for all samples tested under different conditions over time.
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FIGURE 4. Variation of R and C parameters from all impedance spectra data for E. Coli controls
(Alive: [ACA, ICA], Heat-Treated: [ACT, ICT]) and samples exposed to Ampicillin (10, 20,
100 pg mL™" : [AC1-AC3]) and Ivermectin (15, 45 pg L' :;[IC1-1C2]) over time (¢ = 0, 60, 120 and
180 min).

Alive control samples resistance values tend to progressively decrease over time (= 4.5 kQ + 1.5 kQ for
t=0vs.2.5kQ+ 850 Q for =180 min). This suggests an evolution of the physiological state of bacteria
over time, which is consistent with Fick-governed ion diffusion from within and around the bacteria due
to ionic concentration differences in the solution. Concerning Heat-Treated control samples, resistance
values are stable in time and significantly inferior (1.5 kQ + 550 Q), reflecting the absence of
metabolism as well as a damaged membrane.

Polluted-sample-condition resistance values vary with concentration, but averages are consistently
distinct from Alive controls and consistently lower for increasing concentrations. Resistance values at
t= 0 are given to illustrate this point for Ampicillin (10 pg mL"! = 20102 + 403 2 ; 20 ug mL"!
=162002+2302; 100 pg mL!' = 8902 + 84 1) and Ivermectin (15 ng L' = 389002 + 2300 ;
45ug L= 27000 + 270 02). These results point towards confirmation that electrical behaviour and
cellular integrity are closely dependent. A particular case concerns the solutions exposed to a
100 pg mL! Ampicillin concentration, which show resistance values close to Heat-Treated control
samples (ARyeat/1001g/mL(T0) < 60 £ £ 60 2) and stable in time.

This highest chosen concentration, 25 times higher than the measured MIC, shows therefore similar
effects to a heat treatment on £. Coli from the point of view of overall solution conductivity variation.
Resistance  values for polluted samples decrease over time for both Ivermectin
(AR71g0-T0 15ug L™t = —5460 + 6302 ; 45 pg L' =-2210 + 10502) and Ampicillin
(AR71g0-T0 10 ugmL™1 = =296 0 + 4902 ; 20ugmL' =-11202 + 3002) except for the
aforementioned highest concentration. The working hypothesis is that the stronger the effect of the
chemical agent on the bacteria, the greater the observed ion release will be. For solutions containing
Ampicillin, this is likely due to cell wall deterioration. Concerning Ivermectin, the results for the highest
concentrations show that the ion concentration in the medium is increased. It may stem from membrane
permeabilization and consequent ion leakage (Flores-Cosio ef al., 2020).



Concerning capacitances, all obtained values are within a small interval (500 — 610 pF), making it
difficult to draw any conclusions concerning the variation of this parameter. For our current setup, the
contribution of cell wall permittivity variation is not significant enough in the impedance measurement.

These results show the interest of the electrochemical approach in order to rapidly discriminate between
alive and treated bacteria. Extraction of resistance values from EIS spectra allows efficient separation
of bacterial populations since the initial contact to pollutants, while capacitance values do not allow to
extract any additional information. Thus, using variation of sample medium conductivity brings an
efficient but partial image of the bacteria physiological state. Still, it presents as a sufficient method for
an early warning biosensor application approach, where a fast response is essential.

Finally, it should be noted that all observed variations on resistance are reproductible on all three
replicates.

C. DRT analysis

DRT analyses presented in this section are performed using dearEIS free software (Yrjand, 2022), the
TR-NLLS method and a 2 = 10~* parameter (Kulikovsky, 2020).

DRT on simulation results

Up to now, there is no scientific consensus for establishing a link between DRT peaks detected on a
given 1 region and a given electrochemical process (Ramirez-Chavarria ef al., 2021; Lee et al., 2025).
In order to get a clearer picture, we have performed a DRT analysis on the impedance data from Alive
and Treated single bacterium simulations presented in the previous section, along with a simulation for
the medium with no bacterium under the same conditions. These results are presented in Figure 5.
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FIGURE 5. DRT spectrum computed from single Alive and Treated E. coli model corresponding to
1x10° CFU mL"!, along with medium-only simulation.

The DRT for the medium-only simulation presents a single, high-amplitude peak, representing the
resistive-capacitive process image for the homogeneous medium and giving its position in the DRT



spectrum around 2 ps. The results for the Alive single bacterium have a high-amplitude peak around the
same position, plus a second, much smaller peak around 108 s. Finally, the Treated single bacterium has
a single high-amplitude peak, also on the 10 s region, but whose position has slightly shifted towards
a smaller 1 value (~ -15% of the absolute value).

We can thus identify peaks within two distinct T regions. Firstly, the T,~107° s region, containing all
high-amplitude peaks from the three simulated cases, which is linked to the resistive-capacitive process,
the main contribution in the electrochemical aqueous medium response. This affirmation is confirmed
by calculating the RC values from extracted R and C experimental data for control solutions presented
in the previous section, which range between 0.8 and 2.9 us. The second region, T,~1078s, only has
one peak appearing for the Alive single bacterium simulation. We can thus infer that it translates a
second electrochemical process, several orders of magnitude smaller in contribution, and only present
in the alive bacterium simulation: namely, the bacterium.

By observing the 7; region, we can discriminate between Alive and Heat-Treated single bacterium
simulations through the significant 0.4 us decrease in the z value (representing 15% in absolute value).
This is a logical result, and consistent with experimental data for Alive and Heat-Treated solutions
already discussed, since higher conductivity values have already been shown to translate into lower
equivalent resistance values and consequently higher cut-off frequencies (and lower t values). The peak
amplitude also decreases (from 6.4x10* Q to 5.4x10* Q).

DRT on experimental data: pollution detection in water

A DRT analysis has been applied to all EIS experimental data for both Ampicillin and Ivermectin tests
described in section II.B (including the Alive and Heat-Treated control samples), focusing on the t;
region, which as seen previously, contains the peak of the y(7) function associated to the relaxation
times characteristic of resistive-capacitive behaviour in the aqueous medium, and which is the main
contribution to the EIS experimental data. Figure 6 presents a 3D plot around the 7; region for each
pollutant, showing the control solutions plus a selection of the tested concentrations over time for two
representative populations in order to illustrate the evolutions.

== |CA:

200070
15000
Y (Q)

10000

5000

07
=
180 min

120 min ™~__

0’\

180 min g
120 min

= o
35
5 30

o — o 53
Time 60 min = 2% % Time 60 min = iy
= o, %, s @ 15 29 =
oming oy % % 0 min os 10
= T (s) T (us)

FIGURE 6. DRT spectra centred on the main RC peak (11 region) for Ampicillin (left) and Ivermectin
(right) experiments over time; Axes: y(7) (£2), T (us), time (min); Left (Ampicillin) controls (Alive:
[ACA], Heat-Treated: [ACT]) and samples exposed to Ampicillin (10, 100 pg mL™" : [AC1,AC3));
Right (Ivermectin) controls (Alive: [ICA], Heat-Treated: [ICT]) and samples exposed to Ivermectin

(15 pg L' : [IC1))

In the following analysis, all data from all tests are considered. For both Ampicillin and Ivermectin tests,
DRT results present, as expected, a predominant peak in the 1, region (1 = 107¢ s) for all samples, with



1 values and markedly higher for Alive control solutions compared to the rest (Heat-Treated control and
polluted solutions). This contrast between t values allows to discriminate between treatments, from the
moment bacterial solutions are put in contact with pollutants (¢ = 0). To illustrate this point, here are the
At values with the Heat-Treated control as reference for the Alive solutions: |AT jipe—peat—treated| =

2 £ 09ps; the Ampicillin-treated  solutions:  |4710ug/mi-Heat-treateal = 0,9 = 0,3 us;

|AT20ug/mL—Heat—treated| =07 £ 0,1 ps; |A7100ug/mL—Heat—treated| = 0,1 £ 0,06 us; and the
Ivermectin-treated solutions: |A4Tys,4/1—Heat—treateal = 1,20 £ 0,4 ps ; |AT4s,9/1-Heat-treateal =
09 + 0,2 ps.

When studying the evolution over time for the Alive controls, a general decrease of t values along with
a slight decrease in the associated y peak values can be observed for all peaks. This dynamic,
representing a variation between 22% and 36% after 180 minutes depending on the populations, is
consistent with a progressive medium conductivity increase, linked to ionic diffusion from bacteria to
DI water. This was already observed in the extracted RC data from measured impedances as a decrease
in R, consequently translated into a smaller 7.

Heat-Treated solutions remain stable over time, both in terms of 7 and y values, which are considerably
smaller than alive controls. This is consistent with the absence of metabolism as well as membrane
damage brought by the heat treatment.

Concerning the analysis for Ampicillin-treated solutions over time, a behaviour similar to the Heat-
Treated control solutions is observed: their peaks remain stable over time. This can be illustrated by
calculating the 7 relative difference after 180 min exposure, AT;1g9_¢g, Which is 11.2 % for 10 pg mL",
3.7 % for 20 pg mL! and 2.2 % for 100 pg mL"! (For reference, 22 % for Alive and 4% for Heat Treated
controls). These results are coherent with a fast bactericide effect for Ampicillin on the studied
populations.

As for Ivermectin-treated solutions analysis over time, the behaviour dynamics is similar to the one
observed for Alive controls, but changes are slower and smaller in magnitude. The 1 relative difference
AT¢1g0—to Varies between 27 % for 15 ug L' and 11 % for 45 pug L' (For reference, 36.5 % for Alive
and 4 % for Heat-Treated controls). This is a more progressive response pointing towards different
action mechanisms, leading to a much slower alteration of the ionic balance and the bacterial membrane.

In our conditions, we have established, both through simulations and experiments, that t: is an image of
the effective RC for the test medium, mainly driven by the conductivity of the solution. With increasing
conductivity values, a subsequent decrease in the equivalent resistance R translates into an increase for
the associated cut-off frequency and a decrease for the associated 1 = 1/(27mf,).
Finally, the coherence between EIS results and DRT analysis confirms that 11 and its temporal evolution
are fast and consistent markers in order to discriminate between controls (Alive and/or Heat-Treated)
and polluted bacterial population samples. These experiments confirm the strong interest of this original
approach using DRT for impedance analysis thanks to its fastness, easiness of implementation and
reliability.

III. CONCLUSION

In this article, we have proposed a new impedancemetric biosensor using E. coli bacteria as bioreceptors.
The sensing principle assumes that the ionic diffusion between the bacteria cytoplasm and its
environment during an accidental pollution is modifying the membrane permeability of bacteria.
Presented results begin with a validation of the measurement setup that has proven that the Cu-based
electrodes used are not toxic for the bacteria under our experimental conditions.

The sensor behaviour has then been modelled using a semi-analytical model along with FEM
simulations. EIS responses of bacterial control solutions, (comprising Alive and Treated bacteria) have
been simulated and show that directly looking at conductivity variations only allows to get information



about the overall aqueous medium electrical properties. This method was applied experimentally to
detect the effect of the antibiotic Ampicillin and the anthelminthic Ivermectin on an E. Coli bacterial
solution. Moreover, despite the scarcity of studies regarding its interaction with bacteria, Ivermectin
induced comparable signal variations at concentrations orders of magnitude lower than Ampicillin (pug
L' vs ug mL™), highlighting the critical environmental risk posed by this emerging pollutant.
Analysis of EIS spectra enables an immediate (¢ = 0) and effective discrimination of varying pollutant
concentrations: Ampicillin (10, 20, and 100 pg mL™") and Ivermectin (15 and 45 pg L™"). The obtained
detection limits are highly relevant for environmental monitoring, as they are well below or close to
reported aquatic thresholds of 5 mg mL™" for Ampicillin (Samandari, 2022) and 5 pg L™ for Ivermectin
(Mesa, 2020).

These results confirm solution conductivity as a robust, dose-dependent variable for bacterial viability.
Furthermore, literature has established that membrane permeabilization is a phenomenon distinct from
cell inactivation (Virto et al., 2005). The kinetics of ion dispersion observed in this study are
significantly faster and more intense than the natural background drift, confirming a specific stress
response.

A complementary study of these data using Distribution of Relaxation Times (DRT) have also been
conducted. Analysis of simulated data provides evidence of a link between DRT peaks detected on a
given T region and a given electrochemical process and illustrates the power of this tool. All
experimental DRT spectra at # = 0 exhibit a dominant peak near T~ 107¢ s, with larger 1 values for Alive
controls and clear t-shifts versus Heat-Treated for both Ampicillin and Ivermectin allowing us to
discriminate.

Future work towards concrete applications includes taking into account the impact that conductive
pollutants could have on measurements. Preliminary results (not yet published) seem to show that
overall solution conductivity can be increased while retaining measurement discrimination.

Beyond impedance measurements, the novel application of the DRT algorithm to this bacterial biosensor
paves the way for accurate and rapid discrimination of water toxicity, validating its potential as a real-
time early-warning system for emerging pollutants such as Ivermectin.
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