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Abstract

Copper contamination in the environment poses significant risks to both soil and human
health, making the need for reliable monitoring methods crucial. In this study, we report
the use of the EmStat Pico module as potentiostat to develop a portable electrochemical
biosensor for copper detection, utilizing yeast Saccharomyces cerevisiae cells immobilized on
a polydopamine (PDA)-coated screen-printed electrode (SPE). By optimizing the sensor
design with a horizontal assembly and the volume reduction in the electrolyte solution, we
achieved a 10-fold increase in current density with higher range of copper concentrations
(0–300 µM CuSO4) compared to traditional (or previous) vertical dipping setups. Addi-
tionally, the use of genetically engineered copper-responsive yeast cells further improved
sensor performance, with the recombinant strain showing a 1.7-fold increase in current
density over the wild-type strain. The biosensor demonstrated excellent reproducibility
(R2 > 0.95) and linearity over a broad range of copper concentrations, making it suitable
for precise quantitative analysis. To further enhance portability and usability, a Bluetooth-
enabled electrochemical platform was integrated with a web application for real-time data
analysis, enabling on-site monitoring and providing a reliable, cost-effective tool for copper
detection in real world settings. This system offers a promising solution for addressing the
growing need for efficient environmental monitoring, especially in agriculture.

Keywords: Saccharomyces cerevisiae; copper detection; electrochemical biosensors; cell
immobilization; prototype; web-application

1. Introduction
Environmental pollution due to heavy metals has become an increasing concern with

severe consequences for global health. Among heavy metals, copper is widely used to for-
mulate pesticides and fungicides in farming [1]. While copper is an essential micronutrient
for plant growth, its overaccumulation in soil and water can lead to toxicity, impairing plant
health, reducing crop yields, and causing long-term ecological damage [2]. As such, reliable
and sensitive monitoring of copper concentrations in agricultural environments is critical
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to ensure sustainable farming practices and to mitigate the risks of environmental and food
contamination [3]. Traditional methods for copper detection, such as atomic absorption
spectroscopy (AAS) and inductively coupled plasma mass spectrometry (ICP-MS), are
extremely accurate but are often unsuitable for on-site or real-time monitoring due to their
high costs, complex instrumentation, and the need for specialized personnel [4]. These lim-
itations have spurred interest in the development of portable, low-cost, and user-friendly
biosensors for copper quantification, as they can be used unswervingly in the field. Among
the various biosensing platforms, electrochemical biosensors have gained attention for
their simplicity, sensitivity, and rapid response times. These sensors typically use biological
recognition elements, such as enzymes, antibodies, or living cells, to detect target analytes,
producing immediate measurable electrical signals [5]. The budding yeast Saccharomyces
cerevisiae has emerged as a promising bioreporter for electrochemical biosensors due to
its well-characterized metabolic activity and ability to interact with heavy metals like
copper [5,6]. One of the bottlenecks in the development of whole cell biosensors is the
immobilization of the bioreporter on the transducer surface, i.e., electrodes. Particularly,
the use of polydopamine (PDA) as a biocompatible coating material for immobilizing yeast
cells on electrode surfaces provided an interface for analyte–biological recognition element
for copper biosensors [7]. PDA mimics the natural adhesive properties of mussel foot
proteins, providing a robust and stable matrix for cell attachment, while also facilitating
efficient electron transfer between the cells and the electrode surface [8–12]. Previously, we
validated the potential of PDA-immobilized S. cerevisiae cells for copper detection through
electrochemical techniques such as cyclic voltammetry (CV) and chronoamperometry (CA),
demonstrating that these sensors are capable of providing reliable, sensitive, and repro-
ducible results [7,13]. Apart from this, recent developments in whole cell biosensing have
shown that engineered S. cerevisiae cells, immobilized in alginate beads, can provide a
visual readout of copper concentrations via colorimetric changes. These devices, which
do not require electronic instrumentation, offer field-friendly deployment but often lack
the sensitivity and precision needed for trace analysis [14]. Other studies have explored
synthetic biology-driven modifications to the yeast copper-sensing machinery, such as
incorporating copper-inducible promoters under tight transcriptional control and enabling
digital, binary outputs for clear threshold-based detection [15]. Although these systems
reduce background signal variability, they typically sacrifice granularity and sensitivity
over a continuous range of concentrations.

A different line of research has investigated microbial fuel cell (MFC)-based biosensors
that rely on electron transfer modulation by heavy metal ions to generate an electrical
signal [16]. These systems are inherently low-power and can be miniaturized; however,
their performance is often influenced by a complex matrix of interfering ions and microbial
community dynamics, limiting their selectivity in real-world environmental samples [17].
Additionally, advanced nanomaterial-integrated electrochemical sensors, such as those em-
ploying polypyrrole–copper composites or graphene oxide-based electrodes, have demon-
strated excellent sensitivity and stability for Cu (II) detection in laboratory settings [18].
The integration of chemosensors and biosensors into effect-directed analysis (EDA), in
which toxicity testing is carried out prior to chemical analysis, allows screening out the
biotoxic pollutants [19]. Yeast-based biosensors might be used to detect specific fungicide
commonly used in modern agriculture [20]. Being a strong anhydrobiotic, S. cerevisiae
might find specific application in environmental biosensors and under extreme desiccation
conditions [21]. However, yeast-based biosensors have several challenges, among which is
specificity [5]. To improve specificity, a promising approach involves next-generation eu-
karyotic biosensors based on engineered cells. In a previous study the authors described a
whole-cell biosensor based on fluorescent detection system by engineering the promoter of
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CUP1 gene and its trans-activator Cup2 in S. cerevisiae [22]. Yeast resists toxic concentrations
of copper by activating CUP1 gene, which encodes Cu-methalotein, a 61-amino acid protein
which binds copper and cadmium [23,24]. Interestingly, the CUP1 promoter is bound by
only Cup2 and Hsf1 trans-activators, hence it responds only to toxic copper levels and heat
shock. Cup2 activates CUP1 gene in the presence of toxic levels of copper [25]. Therefore,
by modifying Cup2 trans-activator, it allows to modulate the cellular mechanisms of copper
detection. Nevertheless, the integration of this synthetic regulatory network into portable
and field-deployable platforms remains limited [22].

In this study, we build upon the foundational work of PDA-immobilized S. cerevisiae
cells and further develop a portable electrochemical biosensor specifically designed for
copper detection. By optimizing and modifying the experimental setup, we aimed to
improve the sensitivity and the electrochemical response of the biosensor, making it more
suitable for field applications. In addition, we prepared genetically engineered yeast
cells with enhanced copper-responsive pathways to further increase the sensitivity of the
sensor. To improve the practicality of the biosensor, we integrated it with a portable,
Bluetooth-enabled electrochemical platform, enabling real-time data interpretation and
display through a user-friendly web application. This development facilitates on-site
monitoring, providing a deployable tool for the detection of copper contamination.

2. Materials and Methods
2.1. Materials and Reagents

In this work, immobilization of cells on SPEs was achieved with dopamine hydrochlo-
ride (CAS: 62-31-7, Purity (TLC): ≥ 98%) from Sigma-Aldrich (Darmstadt, Germany).
The electrochemical measurements were carried out using an electrolyte solution contain-
ing 3-(N-Morpholino) propane sulfonic acid (MOPS) buffer (pH 7), 10 mM MgCl2 and
50 mM glucose.

2.2. Electrochemical Setup

ItalSens Carbon screen-printed electrode (SPE) (Ref. IS-C-3MM) featuring 3 mm di-
ameter carbon working electrode (WE), carbon counter electrode (CE), silver (Ag) pseudo-
reference electrodes (RE), along with an EmStat Pico Development Board (Palmsens Houten,
The Netherlands) were deployed for biosensor preparation and electrochemical characteri-
zation, respectively [26]. Standard sensor cable with 2 mm banana pin was used to connect
electrodes attached to SPE connectors with EmStat Pico development board. EmStat Pico
development board was powered by connecting it with a laptop using a USB cable and
instructions were passed using Multitrace 4.5 (Palmsens, Houten, The Netherlands) software.

2.3. Yeast Strains and Culture Conditions

In this study, the S. cerevisiae W303-1B strain (MATα ade2 leu2 his3 trp1 ura3) has
been used. Wild-type (WT) cells were transformed with plasmids carrying CUP1 promoter
and CUP1 promoter with overexpression of Cup2 trans-activator to create two engineered
strains, namely C1 and C2, respectively (Gietz and Schiestl (2007) [27]. The recombinant
plasmids were generously donated by Valle’s lab [22].

WT strain was cultivated in either YPD (1% yeast extract, 2% bactopeptone, Gibco, Life
Technologies, Waltham, MA, USA) and 2% glucose (Sigma-Aldrich, St. Louis, MO, USA) or
SCD (6.70 g L−1 Difco Yeast nitrogen base without amino acids, 20.0 g L−1 glucose, 1.32 g
L−1 Drop-out Mix without Histidine, Leucine, Lysine, Tryptophan and Uracil (USBiological
life Sciences, Salem, MA, USA). Histidine, Lysine, Tryptophan, and Uracil were added
to the medium at a final concentration of 76 mg L−1, while Leucine was added at a final
concentration of 380 mg L−1. The recombinant strains were cultivated in SCD medium
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without Uracil (SCD-Ura). Each cell type was inoculated overnight and, the day after,
a fresh culture with starting optical density of 0.05 was incubated at 30 ◦C in a shaking
incubator at 180 rpm up to 7 generations, which is 14 h for WT and 18 h for C1 and C2
cells. Prior to being immobilized in PDA coatings, yeast cells underwent two centrifugation
steps at 4000 g (Sorvall ST 8R, Thermo Fisher Scientific, Waltham, MA, USA) and were
subsequently resuspended in electrolyte solution to eliminate extracellular debris that
could influence electrochemical characterization.

2.4. Cell Immobilization and Electrochemical Characterization

The immobilization of cells on the surface of WE was achieved using the protocols pre-
sented in our previous work involving 1 h aerobic polymerization of dopamine followed by
20 cycles of cyclic voltammetry, which demonstrated the formation of a redox-active PDA
matrix enabling stable biological immobilization and efficient electron transfer, with some
modifications [7,13,28,29]. Briefly, cells grown up to the exponential phase in YPD or SCD
media, with or without uracil supplementation (±Ura), were collected by centrifugation at
4000 g for 20 min. The cell pellets were resuspended in 1 mL electrolyte solution containing
20 mM MOPS buffer (pH 7), 10 mM MgCl2, and 50 mM glucose and then centrifuged at
10,000 g for 10 min. Cell pellet was resuspended (2 g mL−1) in the same electrolyte with ad-
justed pH to 8, as it supports the self-polymerization of PDA. This cell suspension was then
mixed in a 1:1 ratio with a 10 mM solution of dopamine hydrochloride made in the same
electrolyte (pH 8) and stirred magnetically under aerobic conditions for one hour for aerobic
polymerization. After the aerobic polymerization, 5 µL aliquot of the mixture was applied
onto the WE surface of a SPE and left to dry at 26 ± 1 ◦C for 60 min to obtain a bio-coating.
Electrochemical polymerization was then conducted using 20 cycles of CV from −0.3 V to
+0.5 V at a scan rate of 20 mV s−1, followed by electrochemical characterization using CA
at 0.4 V. Differently from our previous protocols, most of the experiments in current studies
have been carried out by positioning the biosensor horizontally: the electrolyte solution
(100 µL) with varying copper concentrations was placed directly onto the sensor surface
of the bio-coated electrode. All procedures were carried out at a controlled temperature
of 26 ± 1 ◦C and each experiment was conducted at least in triplicate. Cell cultures were
separately grown under the identical conditions to obtain independent biological replicates.
All electrochemical tests were performed making use of freshly prepared SPEs. While
detailed physicochemical characterization of the PDA coatings (e.g., via Scanning Electron
Microscopy (SEM) or X-ray photoelectron spectroscopy (XPS) was not performed in this
study, a similar PDA-based yeast immobilization approach was characterized by SEM in
our previous work to confirm uniform cell coverage and coating morphology [7].

2.5. Data Analysis

For each dataset, the mean and standard deviation were calculated using OriginPro,
version 8.5.1 (OriginLab Corporation, Northampton, MA, USA) from three independent
biological replicates (n = 3). The data was analyzed for linear fitting at 1000 s and 2500 s,
based on experimental assembly (i.e., horizontal and vertical, respectively) to obtain R2

value, and LoD (Limit of Detection) values were calculated according to the 3Sb/m criterion,
where m is the slope of the linear range and Sb the standard deviation of the intercept [7]. For
prototype, the data was analyzed with web application developed using Python, version
3.10 (Python Software Foundation, Wilmington, DE, USA) [28].
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3. Results and Discussion
3.1. Development of EmStat Pico System for Chronoamperometric Analysis of Yeast S. cerevisiae
Cells Immobilized on a PDA-Coated SPE

With the aim to develop portable PoC electrochemical devices, the biosensors were
prepared by immobilizing yeast cells using PDA, which in our previous study and in
the literature has shown effective immobilization by film morphological uniformity and
surface chemical composition [7,30]. The characterization of biosensors was performed
using the EmStat Pico development board [26]. The first set of experiments focused on
the CA (Figure 1a) of biosensors prepared with WT cells cultured in YPD placed vertically
in 18 mL electrolyte solution (containing MOPS buffer (pH 7), 10 mM MgCl2, and 50 mM
glucose) with different concentrations of copper (0–100 uM) and the results were compared
to previous studies using single- and multi-channel potentiostats (Figure 1b) [7,13]. The
principle of detection is based on the metabolic activity of immobilized S. cerevisiae cells
and the inhibitory effect of heavy metals, such as copper ions, on this activity, which can be
quantified electrochemically. At an applied potential of +0.4 V vs. Ag pseudo-reference
electrode, the S. cerevisiae cells metabolize available carbon sources (e.g., glucose) through
their native respiratory pathways, generating intracellular electrons. Part of this electron
flow is transferred extracellularly to the electrode via the PDA coating, which serves as a
conductive and biocompatible interface. This configuration enables direct electron transfer
(DET) from yeast to electrode, without the use of exogenous redox mediators. Cu2+ ions
interfere with the cellular respiration of yeast, particularly at the mitochondrial level,
resulting in a reduced electron flow and therefore a decrease in current response. This
inhibition-based signal is used to quantify copper concentration [7,31].

 

Figure 1. CA at 0.4 V of S. cerevisiae yeast cells cultured in YPD and immobilized on a PDA-coated SPE.
(a) Current density measurements were performed by using the EmStat Pico module as potentiostat
in the presence of different concentrations of CuSO4. (b) Relationship between current density and
CuSO4 concentrations and comparison of correlation coefficients (R2) for single-channel, EmStat Pico,
and multi-channel potentiostats during chronoamperometry at 2500 s.

The data was analyzed for linear fitting at 2500 s to obtain R2 value and LoD values
were calculated (Tables S1 and S2). Results showed a 1.7-fold decrease (Table S3) in current
density and 4.86-fold higher (Table S4) LoD (10.7 µM CuSO4) with respect to multi-channel
potentiostat system (2.2 µM CuSO4). Despite lower current densities and higher LoD, the
R2 values obtained from both systems were similar (Figure 1b). Specifically, the lower
current density and higher LoD value is attributed to the absence of redox mediator, which
has been used in multi-channel potentiostat systems [7]. In fact, when the EmStat Pico
system was compared with a single-channel potentiostat system, it presented a 1.4-fold
increase in current density (Table S3) and 1.6-fold increase in LoD (Table S4) with an
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improved R2 value. The improvement in current density and lowering of LoD value is
due to both the use of SPE and of a miniaturized system that can provide lower resistance
for EET [26,32]. The higher R2 with respect to single-channel system and consistency with
respect to multi-channel system indicates the reproducibility and robustness of the EmStat
Pico board platform in providing a reliable correlation between the concentration of Cu (II)
and the electrochemical signal, similar to previous findings. It is also worth noting that the
EmStat Pico system offers a significant advantage in terms of portability, which is crucial
for field applications. However, it was observed that the traditional electrode vertical
setup requires high volumes of electrolyte and only provides quantification between 0 and
100 uM copper concentrations and with low sensitivity.

With the goal to improve the range of detection and sensitivity, we explored an alter-
native assembly for CA of the biosensor. The cells, cultured in YPD or SCD medium, were
normally immobilized onto the electrode surface by using PDA, but unlike the traditional
vertical dipping method, the experimental setup was modified by placing the biosensor
horizontally, and 100 µL of electrolyte with increasing concentrations of copper (0, 100, 200,
300 µM) were placed onto its surface (Figure 2). The CA was performed for 2000 s and the
data were analyzed at 1000 s for linear fitting and calculation of LoD values (Figure 3 and
Tables S5–S8). These aimed to evaluate the performance of the biosensor while minimizing
the volume of electrolyte, time of analysis, and by improving copper range, which are
particularly relevant for field applications where volumes, time, and range are important.
Biosensors were prepared by immobilizing WT cells cultured in YPD or SCD media and
LoD values of 25.6 and 25.7 uM CuSO4 and R2 values of 0.99 and 0.98 over a range from
0 to 300 uM CuSO4 were obtained, respectively (Figure 3c and Tables S5–S8). The results
from this modified setup demonstrated a striking improvement of approximately 10-fold
in current densities at 0 and 100 µM (Tables S9 and S10) in both cases, when compared to
the previous result, which utilized a similar PDA-immobilized yeast cell configuration but
with the traditional vertical dipping approach.

 
Figure 2. Modified protocol for immobilization of S. cerevisiae yeast cells on SPE using PDA matrix and
schematic representation of horizontal assembly for electrochemical characterization of biosensors
using EmStat Pico development board.

Interestingly, the results obtained from the biosensors cultured in SCD medium
showed no significant difference in performance when compared to those prepared us-
ing YPD medium ((Figure 3c) and Tables S5 and S8), indicating that both media provide
sufficient nutrients for yeast cell growth and metabolic activity [33] and do not affect
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the electrochemical response. This experiment was also preliminary to the next test on
genetically engineered yeast cells, for which a selective medium has to be used. Overall,
improvement in current density observed with the modified setup can be attributed to
several factors. First, the horizontal placement of the sensor, along with localized appli-
cation of 100 µL of electrolyte directly onto the biosensor surface, possibly optimized the
contact between the biosensor and the electrolyte. This targeted application may have
enhanced the diffusion of copper ions to the electrode surface, facilitating more efficient
electron transfer, reducing resistance, and allowing for a stronger signal [34]. Furthermore,
the horizontal arrangement of the biosensor could have allowed for better utilization of
the immobilized yeast cells’ catalytic activity, thereby enhancing the overall current re-
sponse [35]. Despite the substantial improvement in current density, the R2 value remained
consistent with previous observations, indicating that the modified experimental setup did
not compromise the reproducibility or linearity of the biosensor’s response to Cu (II) ions,
similar to the vertical dipping method. Moreover, the significant improvement in current
density, without compromising the R2 value, represented a meaningful advancement in the
development of EmStat Pico-based prototype setup. This configuration also aligns with the
goal of enhancing the portability and practical usability of the sensor, as it offers a more
controlled and efficient electrochemical measurement method.

  

 

Figure 3. CA at 0.4 V of S. cerevisiae yeast cells cultured (a) in YPD or (b) in SCD, and immobilized
on a PDA-coated SPE in the presence of different concentrations of CuSO4 under aerobic conditions
using EmStat Pico system with horizontal assembly, (c) relationship between current density and
CuSO4 concentrations and comparison of correlation coefficients (R2) for cell growth in YPD or SCD
at 1000 s.
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3.2. CA of Genetically Engineered Yeast Cells on SPEs Using EmStat PicoSsystem
in Horizontal Assembly

In order to further optimize the sensitivity of the yeast electrochemical biosensor
for copper monitoring, we prepared genetically engineered strains over-expressing CUP1
promoter (C1) and both CUP1 promoter and its trans-activator Cup2 (C2). CUP1 gene
expression is induced in the presence of a copper excess, and its activation is mediated
by the transcription factor Cup2, which is essential for copper resistance [36]. Engineered
strains were grown in selective SCD medium and regularly immobilized onto the electrode
surface with PDA. The electrochemical measurements by CA were performed with the
horizontal assembly of the system (Figure 4a,b) for 2000 s, and the data obtained were
analyzed at 1000 s for linear fitting and calculation of LoD values, as in previous exper-
iments (Tables S11–S14). Results revealed a notable difference in performance between
biosensors prepared using recombinant strains and WT cells (Table S15). The biosen-
sors prepared using C1 (LoD = 43, R2 = 0.98) showed the lowest current density with a
minimum of a 0.73-fold decrease in current density and 1.7-fold lower LoD compared
to WT cells (Table S15). On the other hand, the copper-specific strains C2 (LoD = 26.8,
R2 = 0.98) exhibited a 1.7-fold increase in current density (Table S15) and 1.6-fold lower
LoD compared to the C1 (Figure 4c). This significant increase in current density suggests
that the C2 strain, having the Cup2 trans-activator for enhanced copper responsiveness,
is more efficient in catalyzing the electrochemical reaction in the presence of Cu(II) ions.
Results obtained on the recombinant strains indicate that CUP1 over-expression itself
has a detrimental effect on the electrochemical performance of the biosensor, while in
the presence of Cup2, a significant improvement of the electrochemical parameters, in
terms of current density and copper sensitivity, could be detected. The higher current
density in C2 cells indicates a more effective capacity to transfer electrons during the redox
process, likely due to the activation of copper-specific enzymes and pathways that enhance
the strain’s interaction with Cu(II) ions [22]. Furthermore, the C2 strain also showed a
1.3-fold increase (Table S15) in current density than the WT strain, with similar LoD and
R2 values (Figure 4c and Tables S8 and S14). This improvement indicates that the genetic
modifications made to the C2 strain contributed to an enhanced electrochemical response
when compared to the WT cells. The similarity in R2 values between C2 and WT suggests
that the genetic modifications did not negatively impact the reproducibility or linearity
of the biosensor’s response. Instead, the improvements in current density highlight the
potential of using genetically engineered strains for more sensitive and efficient biosensing
applications, particularly for detecting copper ions in environmental or industrial samples.
The consistent R2 values across all strains also emphasize the reliability and robustness of
the electrochemical measurements, ensuring that the biosensor can provide precise quanti-
tative analysis, regardless of the strain used. This is crucial for both laboratory research and
potential field applications where accuracy and reproducibility are essential. It is worth
mentioning here that the sensors developed in this study exhibit moderate LoD (≥2.2 µM).
However, they demonstrate improved sensitivity compared to certain commercially avail-
able test kits, such as the MQuant® dipsticks (LoD ≥≥ 157.4). While we do not achieve the
ultra-high sensitivity levels reported for some nanostructured or enzymatic systems, the
sensors present distinct advantages in terms of long-term applicability, portability, and the
potential to assess copper in agricultural water samples (Table S16).
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3.3. Transferability of Yeast-Based Biosensors System to Portable Microelectronic Device

Results obtained from the electrochemical characterization of biosensors prepared
by using different cell types, such as WT and recombinant strains, paved the way for
the development of form factor prototype for PoC application for detection of different
concentrations of copper. To this aim, SPE connectors were used for in-house integration of
yeast-based biosensors to EmStat Pico development board, powered by 2x AAA batteries
and connected to an Android tablet via Bluetooth to pass instructions using PStouch
software, version 2.8 (Figure 5a). To perform real-time, online monitoring of the different
concentrations of copper gathered by the proposed handheld device, a Python-based web
application is also introduced (Figure 5b). The web application is platform independent and
allows data to be accessed and visualized by any device having a web browser (Figure 5c,d).

The system’s backend logic leverages Python Flask, an open-source micro-framework
for building web applications using the Python language, while the data layer relies on
Google Firebase for remote data storage and management [37]. Firebase runs on Google’s
infrastructure and its cloud to provide a suite of tools to develop and manage cross-platform
applications. The database interacts with the Python flask application that handles all the
CRUD (create, read, update, and delete) operations. Moreover, its key-value NoSQL
paradigm makes it suitable to seamlessly interact with Python data structures. Figure 6
illustrates the information flow within the proposed web application, starting from the
data collection system. This process, running on board the EmStat Pico board, generates a
.csv file containing all the sensor readings. Once the file is ready, the web application User
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Interface (UI) allows browsing of the filesystem and selection of the .csv file to be uploaded
to the remote database. This routine first converts the input file into a format that is suitable
for the Firebase NoSQL: a new key having the name of the .csv file is created in the database
root, and all the current density data is serialized and stored as value associated with the
key. Once all data is uploaded, it can therefore be retrieved via file name.

Figure 5. (a) Working prototype of handheld device with in-house biosensors connected to Android
tablet for electrochemical quantification of CuSO4, (b) display of index page of web application,
(c) display of data visualization page of web application for i-T trace, (d) display of data visualization
page of web application for classification of sample into different categories based on current density
values at 2500 s of CA data [28].

 

Figure 6. Working information flow and system architecture of the proposed Python-based web
application for real-time monitoring of different concentrations of copper captured by the developed
handheld device [28].

Besides data uploading, the web application also offers Data Visualization and Data
Analysis functionalities, allowing users to view current density vs. time curves, and
analyze concentration levels of copper based on CA data (Figure 5b). When the user asks
to visualize data, a routine based on JavaScript engine fetches all the stored filenames from
the database and prompts a list of checkboxes where the user can select only the files to
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visualize and compare. When the subset of data to be visualized is selected, the user is
redirected to the data visualization page. Here current density curves are plotted over
time, and a box plot is generated to show the distribution of current density values at a
specific time point (2500 s), allowing users to classify samples into different concentration
categories of CuSO4 (Figure 5c,d). To do so, the Python backend logic inputs all file keys
and retrieves from the real-time database all the values associated with each. The matplotlib
python library is then used to create visualization charts. At this stage, if the user request is
to visualize the current density curves over time, all current density values are stored in a
list, and a cumulative plot is created by overlapping the current density curves from all
the selected files. If the user request is to visualize current density distribution, only the
current density values corresponding to time, for instance 2500 s, are collected for each
file and displayed as a scatterplot. To render the charts on the webpage UI, the base64
Python library is utilized, as it bypasses saving the matplotlib-generated image by using
the Input/Output buffer directly [28].

The testing of the device along with web application was performed using the known
concentration of copper. The CA was carried out at 0.4 V for a total of 5000 s using biosen-
sors prepared by immobilizing WT cells on SPEs integrated to EmStat Pico development
board, measuring current density changes as the concentration of CuSO4 varied [28]. The
obtained data was saved in .csv format in the tablet and analyzed using web application.
The application was able to distinguish between different known concentrations of copper
and display them in the form of a line graph and a box plot (Figure 5d).

4. Conclusions
This work demonstrates the successful development of a portable electrochemical

biosensor for the detection of copper in environmental samples, addressing the need for
efficient and real-time monitoring tools. By immobilizing S. cerevisiae yeast cells on a
PDA-coated carbon SPE, we optimized the sensor performance by testing a horizontal
assembly and reducing the volume of electrolyte. This resulted in a notable improvement
in both current density and sensitivity. The application of genetically engineered yeast
strains further enhanced the biosensor’s sensitivity to copper ions. The biosensor displayed
high reproducibility and linearity over a wider range of copper concentrations, making it
suitable for precise and reliable detection. Additionally, the incorporation of a Bluetooth-
enabled platform and a web application for data analysis facilitates on-site monitoring,
offering a user-friendly and cost-effective solution for in-field applications, especially in
resource-limited settings. It is worth mentioning here that the present study was conducted
in a controlled MOPS buffer system to evaluate the fundamental electrochemical response
of the yeast-based biosensor to Cu2+. The coexisting ions (e.g., Zn2+, Pb2+, Ca2+, etc.)
commonly found in environmental matrices may affect selectivity and could potentially
induce cross-reactivity. The investigations along with spike testing, validation of sensor
performance under field-relevant environmental conditions, and conducting long-term
monitoring will be critical in translating the current platform to field applications and will
be reported in a future study. However, this system represents a promising advancement
in the development of portable biosensors, with the potential to provide an accessible tool
and contribute to sustainable practices for managing copper toxicity in different areas of
application from environmental, agricultural, and clinical diagnostics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios15090583/s1, Table S1: Current densities at 2500 s for biosensors
prepared using WT S. cerevisiae cells cultured in YPD characterised using EmStat Pico in vertical
assembly; Table S2: Linear fitting and LoD calculations for current densities obtained at 2500 s for
biosensors prepared using WT cells cultured in YPD and characterised using EmStat Pico in vertical

https://www.mdpi.com/article/10.3390/bios15090583/s1
https://www.mdpi.com/article/10.3390/bios15090583/s1
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assembly; Table S3: Comparison of current densities at 2500 s for biosensors prepared using WT cells
cultured in YPD and characterised using EmStat Pico, single channel and multichannel potentiostat
in vertical assembly; Table S4: Comparison of LoD for biosensors prepared using WT cells cultured
in YPD and characterised using sin-gle channel and multichannel potentiostat with EmStat Pico;
Table S5: Current densities at 1000 s for biosensors prepared using WT cells cultured in YPD and
characterised us-ing EmStat Pico in horizontal assembly; Table S6: Linear fitting and LoD calculations
for current densities obtained at 1000 s for biosensors prepared using WT cells cultured in YPD
and characterised using EmStat Pico in horizontal assembly; Table S7: Current Densities at 1000 s
for biosensors prepared using WT cells cultured in SCD and characterised us-ing EmStat Pico in
horizontal assembly; Table S8: Linear fitting and LoD calculations for current densities obtained at
1000 s for biosensors prepared using WT cells cultured in SCD and characterised using EmStat Pico
in horizontal assembly; Table S9: Comparison of current densities for biosensors prepared using
WT cells cultured in YPD and characterised using EmStat Pico in horizontal and vertical assemblies;
Table S10: Comparison of current densities for biosensors prepared using WT cells cultured in SCD
and YPD and characterised using EmStat Pico in horizontal and vertical assemblies, respectively;
Table S11: Current Densities at 1000 s for biosensors prepared using C1 cells cultured in SCD-Ura
and character-ised using EmStat Pico in horizontal assembly; Table S12: Linear fitting and LoD
calculations for current densities obtained at 1000 s for biosensors prepared using C1 cells cultured in
SCD-Ura and characterised using EmStat Pico in horizontal assembly; Table S13: Current Densities at
1000 s for biosensors prepared using C2 cells cultured in SCD-Ura and character-ised using EmStat
Pico in horizontal assembly; Table S14: Linear fitting and LoD calculations for current densities
obtained at 1000 s for biosensors prepared us-ing C2 cells cultured in SCD-Ura and characterised
using EmStat Pico in horizontal assembly; Table S15: Comparison of current densities for biosensors
prepared using C1, C2 and WT cells characterised using EmStat Pico in horizontal assemblies;
Table S16: Comparison Table: Enzyme/Nanomaterial-based sensors and commercially available
copper detection methods (2020–2025). References [38–46] are cited in Supplementary Materials.
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