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Detecting pesticides like atrazine is a significant global health challenge due to their association with
numerous foodborne illnesses. Traditional detection methods often lack sensitivity and time efficiency,
highlighting the urgent need for improved early detection techniques to mitigate pesticide contamination
and outbreaks. This study introduces a novel portable electrochemical prototype that integrates an ARM-
based microcontroller with an impedance spectroscopy (EIS)-based biosensing system. The data processed
through the algorithm generates easily interpretable impedance values. The platform demonstrates a broad
detection range for atrazine (1 fg mL™ to 10 ng mL™Y) with a limit of detection (LoD) of 1 fg mL™ and an
assay processing time of approximately 5 minutes, showcasing its remarkable efficiency. The sensor
consistently maintains cross-reactivity variation below 20%, ensuring reliable performance. This research
aims to offer a low-cost, replicable mobile platform for biosensing applications, thereby enhancing access
for individuals with limited lab-based research experience and broadening the scope of proactive pesticide
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1. Introduction

Pesticides are necessary for modern agriculture, which guards
plants against damage by insects or animals thereby maintaining
food security. But their extensive application results into pollution
of air, water, soil and foodstuffs thus creating serious
environmental problems as well as human health risks due to
the presence of persistent residues of these chemicals." Atrazine
(2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine) is among
the most used herbicides because it has high effectiveness
against weeds coupled with low cost; however, this pesticide is
worrisome on account of its long halflife combined with high
potential contamination of groundwaters.> The compound may
persist in soils due to strong adsorption onto clay particles or
organic matter surfaces but also move downward through
leaching depending on rainfall intensity and soil type. Atrazine's
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high soil mobility and moderate water solubility, combined with
its lengthy half-life of 57 weeks, increase the risk of groundwater
contamination.>* Exposure to atrazine has been linked with
various reproductive abnormalities, developmental problems and
endocrine disrupting diseases while some studies have indicated
that it may also have carcinogenic effects.”® The maximum
contaminant level (MCL) set by the US Environmental Protection
Agency (EPA) for drinking water is 3.0 ng mL™ showing the
importance of precise low level detection method development.
Conventional methods, such as high performance liquid
chromatography with UV-visible detection (HPLC-UV), gas
chromatography mass spectrometry (GC MS), enzyme linked
immunosorbent assay (ELISA), etc., are available but they are
expensive, laborious and require extensive sample clean up
making them unsuitable for on-site real time remote monitoring
systems without logistical support like inter laboratory transport
logistics involving field work across different isolated research
facilities worldwide endowed with refrigerated storages for
preservation of stability pending analysis.

To develop biosensors for atrazine, the limitations of
traditional methods have been recognized. These biosensors
should produce results quickly, should be easy to use, highly
sensitive and selective with respect to atrazine only, and also cost-
effective so that many can be located on site for real time
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monitoring where only limited volumes of waste would be
generated.” " To date, there is no solution found despite
checking several systems such as BIACore” or integrated optical
grating coupler sensor BIOS - 1 made by ASI company.® Others
have employed laboratory models which achieved the desired low
detection limits using impedimetric devices'*'®*"® among other
examples like waveguide based SPRs' but this was only for
testing with standard solutions. The development of
immunosensors also needs stable and reproducible
immobilization of many antibodies on their transducer surfaces
while retaining biological activities which are essential for
commercial biosensor development.”*?" Many such devices
utilize conductive platforms coated with electrogenerated
polymeric films where electro-polymerization gives rise to defect
free water/organic solvent stable homogeneous films thus
providing molecular level homogeneous biomolecule attachment
sites.>>** Table S1t offers a comparative examination of different
immunosensors, indicating that labelfree versions lack the
necessaty sensitivity for directly detecting atrazine.

Our platform integrates portable electrochemical sensors
designed for efficient field deployment. Utilizing the
STMicroelectronics 32-bit microcontroller (STM32) Nucleo -
F303RE Advanced RISC (reduced instruction set computing)
Machine (ARM) microcontroller with a 12-bit digital-to-analog
converter (DAC) and analog-to-digital converter (ADC), and
AD8605 amplifiers, it ensures accurate signal processing.
Electrochemical impedance spectroscopy (EIS) measurements
are facilitated using a Gamry Randles cell, converting antigen-
antibody interactions specific to atrazine into measurable non-
faradaic signals. Impedance calculations follow Z = V/I, where
raw ADC values are converted into voltage (V) and current (I).
Specifically, Voltage = (max/resolution of ADC) x 3.3 V and
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Current = ((max1/resolution of ADC) x 3.3 V)/24000 (sense
resistor). Moreover, our matrix laboratory (MATLAB) script
facilitates phase and impedance calculations, incorporating a
sophisticated noise rejection algorithm to enhance signal
clarity. This streamlined approach not only ensures timely and
sensitive detection but also eliminates the need for extensive
preprocessing or specialized laboratory infrastructure, thereby
making our platform ideal for real-world applications. Fig. 1
depicts the schematic of our modified sensor platform for
electrochemical detection of atrazine, highlighting its robust
integration of hardware and software components.

2. Materials and methods
2.1 Materials and reagents

The polyclonal atrazine antibodies were obtained from
Invitrogen (USA), while heat-killed atrazine cells were sourced
from Cedarlane as the native antigen. Phosphate buffered saline
(PBS) with a pH of 7.4 and 3,3-dithiobis(sulfosuccinimidyl
propionate) were purchased from Thermo Fisher Scientific Inc.
These reagents were aliquoted and stored at -20 °C until
required for experimentation. Before use, the small samples
were thawed to room temperature and then centrifuged to
ensure uniformity. Throughout this study, high-purity chemicals
were employed, which obviated the need for any additional
purification steps prior to their application.

2.2 System architecture/hardware setup

The experimental setup employed an ARM microcontroller,
specifically the STM32 Nucleo — F303RE, chosen for its high
clock speed and extensive peripheral capabilities. This board
features a 12-bit DAC for precise digital-to-analog signal

Electrode

Sensor output

Fig. 1 Schematic of the electrochemical detection of atrazine on the modified sensor platform.
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conversion and an ADC for accurate analog-to-digital data
collection. Additionally, multiple AD8605 amplifiers were
utilized along with a Gamry universal dummy cell 4 (Randles
cell) as a standardized load for electrochemical impedance
spectroscopy (EIS) evaluation. EIS involved injecting a
sinusoidal signal of fixed frequency and amplitude into the
load, followed by collection of the resultant current output to
calculate impedance. The onboard DAC generated a 0-3.3
volt signal, attenuated to a 100 mV amplitude, which was
then captured by the first ADC with an offset for signal
conditioning before being fed into the sensing circuit and
Randles cell using the reference electrode. A current sensing
shunt resistor, crucial for sensing resolution, was employed,
and a second ADC captured the voltage after the shunt (high-
side sensing), adjusted to a positive regime. Fig. 2 illustrates
the hardware configuration of the ARM microcontroller-
based platform. The system utilized a feedback loop in the
sensing circuit to achieve a steady state and conducted
subtraction operations to maintain output stability at the
working electrode potential, ensuring consistent impedance
measurements and graph generation.

2.3 Software

The MATLAB script developed for this sensor system
performs phase and impedance calculations to generate
graphs from input and output data. The script processes
sinusoidal input and output waveforms by identifying their
maximum data points and calculating phase differences.
Specifically, a loop iterates through the data to determine
these points, computes the phase shift using their indices
and waveform periods, and converts it into degrees (360° x
(maxindex1 - maxindex2)/(period)). Additionally, the script
integrates a noise rejection algorithm based on a moving
average equation, which enhances data clarity by averaging
every ten data points and smoothing the resulting curves.

Fig. 2 Image showing a wide view of the constructed board, power
supply, and environment-controlled housing for sensors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Data alignment is crucial for accurate geometric phase and
magnitude calculations. Our approach involves centering
both input and output waveforms around zero using MATLAB
functions, achieved by adjusting each data point relative to
the midpoint between the minimum and maximum values.
Phase calculations are refined by pinpointing the first local
maxima of each waveform and computing their index
difference over the waveform period, converted into degrees.
The MATLAB script utilized a moving average noise rejection
formula that smoothens a signal and reduces noise by
comparing values within a sliding window. This window,
normally three to five data points, took the average of the
data points within the window, allowing for the rejection of
extreme points and noise, while maintaining the signal. This
can be compared to circuit-based elements, like attenuators
and a high-bandpass, which were used before and after the
onboard ADC and DACs.

Impedance calculations commence with converting raw ADC
values to input voltage (V) and output current (I) in a 3.3-volt
system. The input voltage equation is calculated as Voltage =
(max/resolution of ADC) x 3.3 V, where ‘max’ denotes the peak
index of the input waveform. The current output is calculated as
Current = ((max1/resolution of ADC) x 3.3 V)/24000 (sense
resistor), using ‘max1’ for the output waveform peak index and
a sense resistor value of 24 000 ohms. Impedance magnitude is
derived from Z = sqrt((tan(phase)?) + (V/I)*), integrating phase
and voltage-current ratio calculations. Fig. 3 illustrates the
comprehensive circuit diagram, detailing interactions between
the STM32 microcontroller and the Randles cell, central to our
experimental setup.

2.4 Modification of the sensing platform and electrochemical
studies

The sensor is built on a small printed circuit board (PCB) using
a two-electrode system, with a gold working electrode enhanced
by a zinc oxide (ZnO) coating applied through electron vapor
deposition.>* The inclusion of ZnO is crucial as it increases the
surface area and provides a biocompatible interface for the

>

= wvwvvw<
D %w

Fig. 3 Block diagram of the circuit in relation to STM32 and the
Randles cell.
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immobilization of antibodies, thereby enhancing the sensor's
sensitivity and specificity for atrazine detection. To modify the
sensor for atrazine detection, we initially cleansed the sensor
surface using phosphate-buffered saline (PBS) to ensure it was
free from contaminants. Following this, we prepared a solution
containing 10 mM dithiobis(sulfosuccinimidyl propionate)
(DTSSP) and 10 pg mL™* antibodies. This solution was
meticulously applied to the sensor surface, ensuring an even
coating. The sensor was then incubated at 4 °C for 30 minutes
to facilitate the binding of the antibodies to the crosslinker on
the sensor surface. After the incubation period, the sensor was
thoroughly rinsed with PBS to remove any unbound reagents,
ensuring that only the antibodies firmly attached to the sensor
surface remained. Subsequently, 20 uL of the sample was
applied to the modified sensor surface. This sample was
incubated for an additional 5 minutes to allow sufficient
interaction between the sample components and the modified
sensor surface. Electrochemical impedance spectroscopy (EIS)
was employed to assess the interactions on the sensor surface.
The impedance response was recorded using a 10 mV AC bias
across a frequency range of 1000 Hz to 80 Hz. Before conducting
these measurements, calibration was performed using the
Gamry dummy cell. This step involved using standard solutions
of known atrazine concentrations to validate the sensor's
performance, ensuring high accuracy and reliability in the data
obtained. This calibration procedure enabled the successful
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functionalization of the sensor platform and provided detailed
information about its electrochemical properties.

3. Results and discussion

3.1 Sensor characterization

In our study, we investigated atrazine detection through affinity-
based functionalization. Initially, a thiol-based -crosslinker,
DTSSP, was chemically attached to the electrode surface,
followed by the immobilization of atrazine antibodies onto the
DTSSP-modified surface. Fig. 4A provides a simplified
illustration of the potential distribution within the electric
double layer (EDL), which comprises the stern layer, where ions
and molecules strongly adhere to the electrode surface, and the
diffuse layer, where ions are more loosely bound beyond the
stern layer.>> The interactions between atrazine antibodies and
antigens on the electrode surface result in alterations in the
EDL, as depicted in Fig. 4B, which shows schematic images of
our sensor platform. To validate our functionalization process,
atomic force microscopy (AFM) was employed. The AFM
topographic images in Fig. 4C and D reveal the sensor surface
before and after modification, showing the presence of
antibodies measuring approximately 300-450 nm adhering to
the crosslinker on the sensor platform.® These observations
confirm that our sensor is functional and efficient in detecting

(B)

()

(D)

-124.9 nm

-549.7 nm

Height Sensor

3.0 um

Fig. 4 Various aspects of the sensor platform. Panel (A) illustrates a schematic representation depicting how the interaction between the antigen
and the antibody-modified platform induces alterations in the double layer at the electrode-electrolyte interface. Panel (B) shows a schematic
image of the sensor platform itself. Panel (C) provides an atomic force microscopy (AFM) image, revealing the surface characteristics of the sensor
platform. Finally, panel (D) displays the sensor surface after it has been modified with the antibody and crosslinker, thereby confirming the

presence of these components on the sensor surface.
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atrazine pesticide with high accuracy and sensitivity, indicating
its significant potential for practical applications.

3.2 Electrochemical impedance spectroscopy (EIS) for
atrazine detection

Electrochemical impedance spectroscopy (EIS) was utilized to
assess the electrochemical performance of a custom sensor
specifically designed for the detection of atrazine pesticide. This
advanced methodology involved conducting electrochemical
measurements with EIS, applying a 10 mV AC bias.”**”*® The
observed signal variations resulted from shifts in the electrical
charge on the sensor surface,” which occurred when the target
antigen attached to the immobilized antibodies, as illustrated
in Fig. 5A. This process facilitated highly accurate and sensitive
detection of atrazine pesticide, thereby enhancing the sensor's
utility for applications in medical diagnostics and
environmental monitoring. To create calibrated dose response
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(CDR) plots for varying antigen concentrations, impedance
changes were meticulously tracked and atrazine antigen doses
were generated by serial dilution, starting at zero (control
matrix) and going up to quantities of 1 fg mL ™, 10 fg mL ™, 100
fe mL™", and 10 ng mL™". Phosphate-buffered saline (PBS)
matrices were used for these studies in order to fully assess the
sensor's response over a wide concentration range.

The EIS measurement results yielded a dose-dependent plot
illustrating how impedance (Z.,,q) varied with different
amounts of atrazine antigen. Impedance values increase as the
concentration of atrazine increases, as depicted in Fig. 5B.
Stronger antigen binding was indicated by a linear association
between antigen concentrations and impedance, which changed
the double-layer charge and resulted in signal variations across
a broad frequency range. The peak signal-to-noise ratio was
perfect for producing and assessing the calibrated dose-
response plot because it was detected at a lower frequency.’®*"
This investigation provided valuable insights into the sensor's
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Fig. 5 Detailed depiction of the sensor platform's functionality and performance. Panel (A) illustrates a schematic representation of the
immobilization process, where linker molecules are attached to the sensor substrate and antibodies are covalently conjugated to these linkers.
Panel (B) displays a calibration dose response (CDR) for atrazine, showing sensor responses across various concentrations: 1 fg mL™, 10 fg mL™,
100 fg mL™, 1 pg mL™, 10 pg mL™, 100 pg mL™, 1 ng mL™, and 10 ng mL ™. Panel (C) illustrates the signal response of the sensor platform to
spiked dose concentrations ranging from 5 fg mL™ to 50 pg mL™ in PBS and paired t-test results (**** represents the significant difference
between the low to mid concentration and mid to high concentration readings). Lastly, panel (D) presents the results of the specificity study,
highlighting the sensor's response to increasing concentrations of atrazine compared to a blank control.

© 2024 The Author(s). Published by the Royal Society of Chemistry Sens. Diagn., 2024, 3,1835-1842 | 1839


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sd00234b

Open Access Article. Published on 24 August 2024. Downloaded on 5/2/2026 9:34:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

sensitivity and dynamic range. In Fig. 5B, a representative CDR
plot is presented, featuring a specific signal threshold (SST)
used to distinguish signal from noise.** This cutoff was
determined by multiplying the blank's standard deviation (SD)
by three and adding it to the blank concentration's mean (ZD).
Significant variations in the electrical double layer (EDL) were
seen when more antigen was added, suggesting that the
electrical characteristics at the interface level had changed.
These changes, which represented interactions between
antigens and antibodies, were directly linked to bonding
activities between biomolecules.

Our thorough investigation confirmed that our
immunoassay was successful in identifying antigens and offered
important information about the electrochemical
mechanisms underlying these interactions. This validation
highlights the sensor's potential for practical applications in
various fields, reinforcing its reliability and efficiency in
detecting atrazine pesticide.

new

3.3 Spike and recovery study

An established analytical approach wused to assess the
precision and dependability of measuring methods is the
spike and recovery methodology. In this study, we utilized
this technique by adding known concentrations of atrazine to
samples and calculating the percentage recovery using the
calibrated dose response (CDR), as illustrated in Fig. 5B. This
method is crucial for assessing the precision and bias of our
analytical  procedure by comparing the expected
concentration (the spike) with the measured concentration.
Atrazine was introduced into the samples at various
concentrations, ranging from the control (zero concentration)
to 5 fg mL™", 50 fg mL ™", 500 fg mL ™", 5 pg mL ™", and 50 pg
mL™". By utilizing the CDR, we were able to determine the
recovery rates for these concentrations. The experiments
included four replicates (N = 4), ensuring robustness and
reliability of the data. The percentage recovery plot in
phosphate-buffered saline (PBS) is depicted in Fig. 5C. Across
these different concentrations, the percentage error
consistently remained below 20%, indicating a strong
correlation between the sensor's readings and the actual
atrazine concentrations in PBS.** Furthermore, the sensor's
limit of detection (LoD) was determined to be an impressively
low 1 fg mL™", achieved using the signal-to-noise (S/N)
threshold method. This result underscores the sensor's
capability to detect very low levels of atrazine contamination.
The ability to maintain high accuracy and reliability in
measuring atrazine concentrations, even at such minute
levels, highlights the sensor's exceptional performance and
suitability for sensitive analytical applications. Furthermore,
the paired t-test was conducted on the data to analyze
significant differences between the doses, as illustrated in
Fig. 5C. The results of the paired ¢test revealed a significant
difference between the readings of low to mid concentration
and mid to high concentration for the portable device
(p-value = 0.0001). This consistency underscores the reliability

1840 | Sens. Diagn., 2024, 3,1835-1842
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of both instruments for accurate assessments across various
applications, ensuring confidence in their usage.

3.4 Cross reactivity

For a sensor platform to function well and be dependable, it
must be effective, particularly in real-time applications. The
sensor matrix and electrode are exposed to a wide range of
nutrients in real-world situations, which may have an impact on
the binding of minerals and nutrients. Additionally, the
presence of structurally similar pesticides at higher
concentrations can further complicate data interpretation. To
address these challenges, we conducted a comprehensive cross-
reactivity test to evaluate the modified sensor platform's
response to various concentrations of cross-reactive antigens
alongside the primary analytes in phosphate-buffered saline
(PBS). The details of this test are illustrated in Fig. 5D. The
response plot, which focuses on detecting atrazine in PBS,
demonstrates that there is less than 20% change in total
impedance after the exposure of blanks on the atrazine-
antibody sensor platform.** These findings underscore the high
specificity of our sensor platform, indicating minimal cross-
reactivity even at varying concentrations of structurally similar
compounds. To evaluate how the sensor platform interacts with
other pesticides, we tested both atrazine and glyphosate at the
same concentrations on the sensor. Our thorough analysis
revealed that glyphosate exhibits minimal cross-reactivity with
the atrazine sensor platform, showing a response of less than
20%. This finding indicates that glyphosate has a negligible
effect on the sensor's accuracy in detecting atrazine, confirming
that the sensor maintains a high level of specificity even when
other substances are present. Details of this cross-reactivity
study are illustrated in ESIf Fig. S1. For accurate pesticide
identification in real-world water samples, where the presence
of many chemicals and other pollutants might confound the
study, this degree of selectivity is crucial. The usability and
reliability of the sensor platform in real-world applications are
greatly increased by its capacity to discriminate between target
analytes and cross-reactive antigens. As a result, the sensor is
extremely well-suited for field deployment in a variety of
climatic circumstances, guaranteeing precise and trustworthy
data in a wide range of real-world situations.

4. Conclusion

This study demonstrates the efficacy of a novel electrochemical
impedance spectroscopy (EIS) platform for the swift and reliable
detection of atrazine in PBS. By integrating an ARM-based
microcontroller and a simple sensing circuit, the sensor's
selectivity is significantly enhanced, enabling precise
identification of target antigens. Our system facilitates rapid
detection, delivering results in less than 5 minutes with a
minimal sample volume of just 20 pL. The sensor achieves an
impressive limit of detection (LoD) of 1 fg mL™" for atrazine and
consistently performs across both laboratory settings and
portable device applications, covering a wide concentration
range from 1 fg mL™" to 10 ng mL™". Extensive cross-reactivity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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testing has confirmed the sensor platform's specificity. Notably,
this platform utilizes non-faradaic EIS, eliminating the need for
a redox tag and sample pre-preparation, thereby simplifying the
detection process. This electrochemical-based sensing platform
offers a promising approach for pesticide detection in PBS
samples. Its portable and user-friendly design makes it well-
suited for field-deployable monitoring, enabling prompt
identification of pesticide contamination in PBS water. The
research outcomes are crucial for advancing electrochemical
sensing platforms, contributing significantly to the mitigation
of contamination and maintaining PBS sanitation standards. By
addressing key challenges in atrazine detection, these findings
play a vital role in ensuring public health and hygiene.
Moreover, this work stands out by combining the simplicity and
portability of the sensor with high sensitivity and rapid
detection capabilities, making it a competitive and practical
solution compared to other recently reported methods and
strategies for developing portable immunosensors.

Data availability
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