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A B S T R A C T

This work reports the development and analytical validation of FACILE 2.0, a portable multifunctional poten
tiostat designed for electrochemical measurements under both static and microfluidic configurations. The plat
form integrates a compact electrochemical interface, embedded single-board computer, touchscreen control, and 
programmable flow handling, enabling autonomous execution of cyclic voltammetry, square wave voltammetry, 
chronoamperometry, and electrochemical impedance spectroscopy. Analytical performance was first validated 
using benchmark reversible redox systems and electroactive species exhibiting different electron-transfer ki
netics. Under static conditions, calibration studies demonstrated high linearity (R2 up to 0.999), repeatability of 
8% (RSD), and a limit of detection of 0.7 μM for representative redox probes, values comparable to commercial 
benchtop and portable potentiostats. Correlation analyses confirmed strong agreement in current response and 
extracted electrochemical parameters across different techniques. Measurements performed in fluidic mode 
further demonstrate stable and reproducible responses under controlled flow conditions. Following electro
chemical validation, FACILE 2.0, was applied as a representative case study to a label-free immunosensor for the 
detection of Pseudomonas aeruginosa in untreated tap water. Using square wave voltammetry, the system ach
ieved a limit of detection of 1000 CFU/mL (RSD <10%, n = 5), with high specificity against non-target mi
croorganisms (<10% interference).

With a compact footprint (W32 x D18 x H5 cm), low power consumption (<15W maximum), and complete 
portability (1.93 kg), FACILE 2.0 provides a robust, scalable and field-deployable solution for a broad range of 
electrochemical applications, including environmental monitoring, industrial quality control, materials research, 
teaching laboratories, and decentralized biosensing applications.
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1. Introduction

Electrochemical (Bio)sensors (EBs) have emerged as powerful 
analytical tools for the rapid, low-cost detection of chemical and bio
logical targets, offering applications across medical diagnostics, envi
ronmental surveillance, and food safety [1,2]. Their success is driven by 
the unique combination of high sensitivity, compatibility with minia
turized electronics, and potential for point-of-need deployment. At the 
core of these systems is the potentiostat, which enables precise control 
and acquisition of electrochemical signals [3,4].

Beyond biosensing applications, potentiostats play a fundamental 
role in electrochemical research and education, including the charac
terization of redox systems, corrosion studies, battery and energy stor
age research, electrode material development, and analytical chemistry 
training. The availability of compact, affordable, yet high-performance 
platforms is therefore critical not only for pathogen detection but also 
for academic teaching laboratories and decentralized industrial quality 
control settings. Despite considerable progress in biosensing technolo
gies, the architecture of conventional potentiostats remains a key 
bottleneck. Most commercial systems are bulky, expensive, and 
designed for static, laboratory-based measurements, conditions that are 
incompatible with the demands of portable, real-time, or continuous 
sensing [3,5]. These limitations hinder the broader adoption of EBs in 
resource-limited settings and real-time decision-making contexts [6–9].

In recent years, significant efforts have been focused on developing 
compact, portable potentiostats that combine high analytical perfor
mance with low power consumption and modular functionality [5,10,
11]. However, few existing solutions offer seamless integration of mul
tiple sensing modes (static and fluidic), embedded data processing, and 
real-time usability, especially in systems designed for real-world anal
ysis in complex samples across environmental, biomedical, and indus
trial domains [8,12–15].

In this context, we present FACILE 2.0, a multifunctional, portable 
potentiostat developed to support electrochemical (bio)sensing in both 
static and microfluidic configurations. FACILE 2.0 integrates an 
embedded single-board computer, touchscreen interface, onboard con
ductivity sensing, and a modular fluidic system. The platform supports 
high-resolution voltammetric and impedance techniques while main
taining compactness and affordability, offering a field-deployable 
alternative to commercial-grade instruments. Before its application in 
a case of study, the FACILE 2.0's electrochemical performances were 
demonstrated by comparison with measurements of cyclic and square 
wave voltammetry (CV and SWV, respectively), electrochemical 
impedance spectroscopy (EIS), and chronoamperometry (CA) of the 
same electroactive probes: two reversible redox couple of potassium 
ferri/ferrocyanide [Fe(CN)6]3-/4-, and hexaammineruthenium(III/II) 
[Ru(NH3)6]2+/3+, and two biologically relevant species, ascorbic acid 
(AA) and dopamine (DA). The first two redox systems, known for their 
well-defined and reversible electrochemical behavior, were used as 
benchmark references. Comparative measurements were conducted 
using commercial devices such as the Autolab PGSTAT 12 (Metrohm, 
NL), PalmSens 4.0 (PalmSens, NL), and EmStat Blue (PalmSens, NL).

As a representative case study, FACILE 2.0 was coupled with an 
electrochemical immunosensor developed for monitoring Pseudomonas 
aeruginosa (P. aeruginosa) presence in tap water, serving as a case study 
to demonstrate the application of the proposed electrochemical system.

P. aeruginosa is a Gram-negative bacterium classified by the World 
Health Organization (WHO) as a high-priority pathogen due to its 
virulence, biofilm formation, and intrinsic antibiotic resistance [16–18]. 
P. aeruginosa is a leading cause of hospital-acquired infections, partic
ularly in Intensive Care Units (ICUs) and among immunocompromised 
patients [19–21], and poses additional risks in aquaculture and 
contaminated food or water supplies [22–26]. Although the presence of 
P. aeruginosa in potable water does not always pose an immediate 
concern, it may still warrant attention, particularly under specific cir
cumstances. Generally, a low presence of this bacterium in water is 

considered physiological, while a high concentration could indicate a 
hygiene problem in the supply system [27].

Traditional detection methods of this bacteria, including culture- 
based assays and automated biochemical platforms, offer high speci
ficity but are time-consuming, costly, and require sampling and analysis 
in laboratory [28–30]. Molecular diagnostics, including Polymerase 
Chain Reaction (PCR) and Loop Mediated Isothermal Amplification 
(LAMP), improve sensitivity but require specialized equipment and 
trained personnel [31,32]. In contrast, electrochemical immunosensors, 
particularly those using label-free detection strategies, offer a portable, 
specific, and rapid alternative for in situ analyses, specific, and rapid 
alternative to the traditional tools [33].

In this work, we report the development of a label-free immuno
sensor based on biochar-modified screen-printed electrodes (SPEs) for 
the detection of P. aeruginosa and its application with the FACILE 2.0 
platform using SWV, as an electrochemical technique. With this tool, 
detection limits of 170 CFU/mL in buffer and 1000 CFU/mL in tap water 
without any pretreatment were obtained, respectively, and reliable 
reproducibility under both controlled and real sample conditions.

This study demonstrates that FACILE 2.0 offers a versatile, scalable 
solution for field-deployable biosensing, bridging the gap between 
benchtop performance and point-of-need monitoring. The combined use 
of sustainable materials, embedded electronics, and fluidic automation 
positions FACILE 2.0 as a promising tool for next-generation electro
chemical sensing platforms.

2. Materials & methods

2.1. Reagents and solutions

All chemicals from commercial sources were of analytical grade. 
Sodium chloride (NaCl), potassium chloride (KCl) sodium dihydrogen 
phosphate (NaH2PO4), disodium hydrogen phosphate (Na2HPO4), 
ethanol (99%), ethanolamine, Tween20, potassium ferricyanide, po
tassium ferrocyanide trihydrate, hexaammineruthenium(III) chloride, 
hexaammineruthenium(II) chloride, ascorbic acid, dopamine, 2-(N- 
morpholino)ethanesulfonic acid (MES, 99%), N-hydroxysuccinimide 
(NHS, 98%), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC, 97%) were purchased from Sigma-Aldrich (Darmstadt, DE). Anti- 
Rabbit IgG (whole molecule) antibody produced in sheep, and Poly
clonal Anti-P. aeruginosa antibody produced in rabbit were purchased 
from Sigma-Aldrich (Darmstadt, DE). All microbial strains, including 
P. aeruginosa, Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), 
and Hepatitis A virus, each with a known titer (CFU/mL), were provided 
by SANA srl (Frosinone, IT). All antibodies were aliquoted and stored at 
4 ◦C for immediate use or at − 20 ◦C for long-term storage. Buffer so
lutions included phosphate-buffered saline (PBS; 3.88 mM NaH2PO4, 
6.12 mM Na2HPO4, 137 mM NaCl, 2.5 mM KCl, pH 7.4) and 100 mM 
MES buffer (pH 6.0). All redox probes and spiked solutions of 
P. aeruginosa were prepared in PBS, unless otherwise specified.

2.2. Preparation of biochar dispersion and modification of SPEs

Biochar was purchased from Bi-biochar srl (Biella, IT) and supplied 
with a technical sheet detailing its composition and characteristics. SPEs 
were home-made at the University of Rome Tor Vergata [34] using a 
DEK 245 screen-printing machine (Weymouth, UK). The graphite-based 
working electrode was modified by applying the previously prepared 
biochar suspension in ethanol/H2O solution (1:3, v/v) to reach a final 
concentration of 1 mg/mL, followed by homogenization using an ul
trasonic processor (UP200St Hielscher, Teltow, DE) for 30 min at 70% 
amplitude. The resulting biochar-modified SPEs (Bio-SPEs) were then 
employed for all measurements and the development of the 
immunosensor.
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2.3. Apparatus

To test the electrochemical performances of the proposed prototype, 
FACILE 2.0 (detailed in Section 3.1) several electrochemical analyses 
were carried out, including CV, SWV, CA and EIS, using various redox 
probes: [Fe(CN)6]3-/4-, [Ru(NH3)6]2+/3+, AA and DA. The results were 
then compared with data obtained from two commercial portable in
struments, PalmSens 4.0 (PSTrace 10, software) and EmStat Blue 
(PSTrace 10, software), both manufactured by PalmSens (NL), as well as 
the benchtop instrument computer-controlled system Autolab PGSTAT 
12 (Metrohm, NL) equipped with GPES software (Ecochemie, NL). As a 
case study, FACILE 2.0 was employed for the detection of P. aeruginosa in 
water using a label-free electrochemical immunosensor, based on the 
[Fe(CN)6]3-/4- redox probe (see Section 2.4). The measurements were 
compared with those obtained using the PalmSens 4.0, used as reference 
portable instrumentation.

2.4. Preparation of label-free electrochemical immunosensor for 
P. aeruginosa

The working electrode of Bio-SPEs was chemically activated using an 
aqueous solution containing EDC (4 mM) and NHS (5 mM) dissolved in 
100 mM MES buffer (pH 6.0) and incubated in the dark at room tem
perature for 20 min to promote amide bond formation. For the pre- 
coating step, chemically activated Bio-SPEs were incubated with 5 μg/ 
mL of rabbit anti-IgG antibody (secondary antibody – AbII) solution in 
10 mM PBS (pH 7.4), and then incubated overnight at 4 ◦C. Subse
quently, a blocking step was performed by with the addition 6 μL of a 2% 
ethanolamine (ETA) solution in 10 mM PBS (pH 7.4) on the working 
electrode and incubating for 60 min at room temperature. During the 
coating step, 2.5 μg/mL of polyclonal primary anti-P. aeruginosa anti
body (AbI) solution in 10 mM PBS (pH 7.4) was incubated on the 
working electrode to enable selective recognition of the target antigen. A 
calibration curve was generated by incubating several concentrations of 
P. aeruginosa suspensions in 10 mM PBS (pH 7.4) (prepared by SANA srl, 
Frosinone - IT) (0, 10, 100, 1000, 2000, 5000, 15000, and 30000 CFU/ 
mL) onto the surface of the functionalized immunosensor to complete 
the immunological chain with the recognition of the bacteria (target 
antigen) by its primary antibody. Each modified immune-Bio-SPE was 
incubated at room temperature for 25 min to allow specific binding 
between the bacterial antigens and the immobilized antibodies. After 
each deposition step, the electrode was washed three times with 100 μL 
of PBS to remove unbound material. The immunocomplex formation 
(the scheme is reported in Fig. 1) was investigated using SWV as elec
trochemical technique with a 10 mM potassium [Fe(CN)6]3-/4- solution 
as a redox probe. All measurements were performed in quintuplicate (n 
= 5).

2.5. Preparation and analysis of tap water samples

Tap water samples were collected from the public water system of 
Frosinone (IT), where the laboratories of SANA srl are located. The 
water was used without any pretreatment, spiked with increasing 

concentrations of P. aeruginosa, and immediately analyzed without any 
pretreatment, following the matrix study reported in the previous work 
carried out for Hepatitis A virus [35,36].

2.6. Theoretical methods

Signal variations were calculated as the percentage change in current 
with respect to the maximum and minimum values obtained from the 
response curves. This parameter represents the relative change in the 
electrochemical signal in the presence versus the absence of the bacterial 
target (P. aeruginosa) and was calculated using the following expression: 

I%=

(
Imeasured − Imin

IMAX − Imin

)

× 100 Eq. 1 

where Imeasured is the signal measured at a given target concentration, Imin 
is the minimum value of the current range, IMAX is the maximum value of 
the current range. The response curve as a function of P. aeruginosa 
concentration was fitted using a four-parameter logistic model (4 PL), 
according to the Warwick method, previously applied in studies con
ducted by our group [2,37]. The limit of detection (LOD) and the limit of 
quantification (LOQ) were defined as the sum of the mean signal 
measured in the absence of P. aeruginosa and three or ten times the 
corresponding standard deviation, respectively. Various concentrations 
of P. aeruginosa were tested in quintuplicate. The working ranges were 
defined as the concentration windows corresponding to the transition 
from 20% to 80% of relative signal variation within the binding curves. 
To assess specificity, signal variations were expressed as signal change 
using the following formula: 

Signal Gain=
(

Imeasured − Iblank

Itarget − Iblank

)

× 100 Eq. 2 

where Imeasured represents the signal in the presence of a potential 
interferent, and Iblank is the average current measured in the absence of 
the target or any interfering species (negative control), and Itarget is the 
average current measured in the presence of Pseudomonas.

3. Results and discussion

3.1. Description of the FACILE 2.0 prototype

We have developed FACILE 2.0, a portable analytical platform that 
integrates electrochemical multi-transduction capabilities, modular ar
chitecture, microfluidic handling, and fast readout (Fig. 2, S1, S2). 
FACILE 2.0 supports dual operational modes: static, for batch or 
endpoint measurements, and dynamic, for continuous flow-based as
says. This dual-mode functionality significantly enhances the platform's 
adaptability across a broad range of analytical scenarios, including both 
laboratory-based studies and in situ field applications. Beyond bio
sensing applications, this architecture enables the platform to function 
as a general-purpose electrochemical workstation suitable for method 
development, materials characterization, corrosion studies, energy 
storage research, and advanced teaching laboratories.

Fig. 1. Schematic representation of the P. aeruginosa immunosensor assembly. SPEs were first modified with biochar via drop-casting and subsequently 
activated with EDC/NHS chemistry to enable covalent immobilization of the secondary antibody (AbII). The primary antibody (AbI) was then immobilized to 
complete the immunological chain for target recognition. All immobilization steps were carried out in 10 mM PBS buffer (pH 7.4). Electrochemical measurements 
were performed by SWV using a 10 mM [Fe(CN)6]3-/4- solution as a redox probe. All experiments were conducted in quintuplicate (n = 5).
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At the core of the FACILE 2.0 system architecture is the EmStat Blue 
potentiostat module (Analog Devices Inc./PalmSens), a compact, dual- 
channel electrochemical interface capable of performing a comprehen
sive suite of electrochemical techniques, including amperometry, vol
tammetry, and EIS. The EmStat Blue can be operated via PSTrace 10, a 
widely adopted and user-friendly software platform that enables real- 
time control, data acquisition, and visualization. The use of PSTrace 
10 facilitates direct benchmarking of FACILE 2.0 against established 
laboratory instrumentation, ensuring performance comparability and 
methodological consistency.

In addition to its electrochemical capabilities, the system has been 
extended to support conductivity measurements through the integration 
of a dedicated module composed of a microcontroller unit interfaced 
with a set of analog front-end daughter boards from Analog Devices. 
This subsystem was specifically configured for aqueous media charac
terization, aligning with common requirements in water quality moni
toring and environmental sensing applications. This setup enables the 
measurement of conductivity, pH, and oxidation-reduction potential. 
FACILE 2.0 was hence supplied with the conductivity probe model 
2301T-F equipped with a thermal probe (Apera Instruments, LLC; Co
lumbus, Ohio, US).

A peristaltic pump was utilized to deliver the low flow rates required 
for microfluidic operations, with precise regulation achieved via a 
custom-developed control subsystem incorporating an STM32 micro
controller and a MOSFET-based power stage. The embedded firmware, 
specifically engineered for this application, enables precise flow control 
within a range of 5 μL/min to 10 mL/min, with a minimum step size of 5 
μL/min. This architecture ensures accurate and reproducible flow 
modulation, supporting both continuous and discrete microfluidic pro
tocols, as well as efficient priming and purging of fluidic lines connected 
to the experimental chamber. This functionality guarantees efficient 
sample transport, thereby maximizing mass transfer and ensuring 
optimal analyte interaction with the integrated biosensing elements. 
The embedded control software provides dynamic selection and 
execution of electrochemical analysis techniques, allowing method 
adaptation based on the specific analytical requirements. The platform's 
capability to perform high-sensitivity analyses on microvolumes is 
particularly advantageous in applications where sample availability is 
limited or when detecting analytes at trace concentrations. This level of 

analytical performance supports deployment in industrial production 
environments, where the system can operate as both an online and 
offline tool for real-time and batch-mode quality control of 
manufacturing matrices.

A key enhancement introduced in the FACILE 2.0 prototype is the 
integration of a dedicated Single Board Computer (SBC) as the central 
processing unit coupled with a 7-inch capacitive touch screen for local 
system interaction. The graphical user interface is managed via a Win
dows 10-based environment, providing a stable and flexible platform for 
executing measurement routines and system-level functions.

All configuration, control, and data management operations of the 
instrument can be executed locally through the integrated touchscreen 
interface, optionally supported by a Bluetooth keyboard. Additionally, 
full remote access and operation are enabled via Ethernet or Wi-Fi 
connectivity, allowing for seamless integration into laboratory or in
dustrial network infrastructures.

The system architecture is modular, with the three primary func
tional subsystems interfaced to the SBC via USB communication chan
nels, ensuring reliable data exchange and simplified hardware 
integration. An additional external USB port is provided for peripheral 
connectivity, such as USB flash drives or external storage devices, 
facilitating data export, firmware updates, or extended logging 
operations.

The integration of an internal CPU unit permits the development of 
the instrument's measurement and control software using a high-level 
programming environment, such as LabVIEW 2020. This graphical 
development framework supports rapid and efficient software devel
opment and code maintenance, thereby facilitating streamlined imple
mentation and future scalability of the instrument's functionality 
through the integration of additional functions.

Software development and validation are performed on a standard 
development workstation, after which the compiled application is 
deployed to the SBC's internal storage via local network transfer or 
through removable media (e.g., USB drive). The update process is 
similarly straightforward, supporting both local and remote firmware/ 
software upgrades, which enhances maintainability and supports long- 
term system evolution in both laboratory and industrial environments. 
The electronic components of the FACILE 2.0 system are housed within a 
custom-machined, screen-printed metal enclosure, which provides both 
mechanical robustness and electromagnetic shielding to minimize sus
ceptibility to external electrical interference. Power is supplied either 
via a standard 12 V DC mains adapter (15 W maximum power con
sumption) or, for field-deployable applications, through an external 12 
V battery pack, ensuring operational flexibility in both laboratory and 
off-grid environments.

Thermal characterization of the system was performed using an 
infrared thermographic camera to assess the operating temperatures of 
all critical subsystems, including the CPU unit. All components were 
confirmed to operate within nominal thermal specifications under 
standard working conditions (Fig. S3). Nevertheless, to enhance thermal 
management and maintain optimal airflow within the enclosure, a low- 
noise axial cooling fan (25 mm diameter) was integrated into the 
housing. Owing to its modular architecture and compatibility with 
standard three-electrode configurations, FACILE 2.0 can be readily 
employed in educational electrochemistry laboratories as a teaching 
instrument, as well as research environments requiring flexible elec
troanalytical experimentation. Its user-friendly interface lowers the 
technical barrier typically associated with advanced electrochemical 
instrumentation. Thanks to its compact footprint (W32 x D18 x H5 cm), 
and lightweight (1.93 kg), robust hardware architecture, and autono
mous power capability, FACILE 2.0 is particularly suited for field-based 
analytical deployments. Its design incorporates both operational reli
ability and environmental resilience, making it a robust platform for on- 
site chemical and biochemical analyses across a range of industrial and 
environmental monitoring scenarios.

Fig. 2. Facile 2.0 potentiostat. The instrument is equipped with a) the con
ductivity probe model 2301T-F (Apera Instruments LLC, Columbus, Ohio, US) 
furnished with a temperature sensor); b) connecting cables for electrochemical 
measurements on electrodes from DropSens S.L. (Llanera, Spain) and, c) Micrux 
Technologies S.L. (Oviedo, Spain); d) Bluetooth keyboard.
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3.2. Electrochemical performance of FACILE 2.0 under static conditions

FACILE 2.0 supports a comprehensive suite of electrochemical 
techniques, including voltammetric, pulsed, amperometric, coulo
metric, and impedimetric modes, delivering performance on par with 
laboratory-grade instrumentation. Initially, to assess its physical/elec
trical performances, a conductivity test was performed; the correlated 
results are reported in SI (Table S1). Afterwords, to validate FACILE 2.0 
analytical capabilities, CV, SWV, and CA were conducted under static 
conditions using both FACILE 2.0 (Fig. 3a-c) and commercial PalmSens 
4.0 (Figs. S4 and S5), with the reversible redox couple [Fe(CN)6]3-/4- 

across concentrations ranging from 0 to 20 mM. All measurements were 
performed in triplicate (n = 3) to ensure reproducibility. EIS, as a 
complementary technique, is discussed in detail in SI (Fig. S6).

To assess its reliability, the results of the proposed electrochemical 
platform were compared with those from commercial PalmSens 4.0 for 
the same concentrations of [Fe(CN)6]3-/4- using the different electro
chemical techniques. The measurements obtained with the two in
struments revealed a strong correlation between them, as shown in 
Fig. 4, confirming that FACILE 2.0 provides reliable and comparable 
data to those generated by commercial potentiostats. The calibration 
curves for [Fe(CN)6]3-/4- obtained (Fig. 3d-f) demonstrate high sensi
tivity, with coefficients of determination (R2) of 0.999, 0.969, and 
0.998, and slopes of 1.03, 3.30, and 0.11 for CV (IpA), SWV, and CA, 
respectively, and excellent signal reproducibility of the FACILE 2.0 
instrumentation. The linear fitting functions for each technique are 
summarized in Table 1. Moreover, from the CV analysis, analytical pa
rameters such as the ratio of anodic to cathodic peak current (IpA/IpC) 
and peak-to-peak separation (ΔE) were extracted.

To underline the analytical performance of FACILE 2.0, a correlation 
study was conducted. As shown in Fig. 4, alongside the data reported in 
Fig. 3g and h, the results demonstrate a high degree of agreement across 
all tested electrochemical techniques. The nearly overlapping response 
trends confirm the reliability of FACILE 2.0 in replicating voltammetric 
and chronoamperometric outputs with excellent reproducibility. These 
findings reinforce the robustness of the platform's analogue signal 
acquisition and processing architecture, establishing FACILE 2.0 as a 
credible and accurate tool for multiparametric electrochemical analysis.

To enable a more quantitative assessment of FACILE 2.0's 

performance, four electroactive probes were analyzed [Fe(CN)6]3-/4-, 
[Ru(NH3)6]2+/3+ (both reversible probes), AA and DA (non-reversible 
probes). The intentional selection of both reversible and irreversible 
redox systems validates the platform as a universal analytical instru
ment, independent of specific biosensing configurations. For a compre
hensive comparison, identical experiments were conducted on 
commercial platforms (see Apparatus paragraph), providing a robust 
comparison across systems. The data summarized in Table 2 demon
strate satisfactory sensitivity and reproducibility for the Facile 2.0 
platform, underscoring its reliability as a viable alternative to com
mercial systems. Notably, the repeatability, expressed as RSD% for [Fe 
(CN)6]3-/4- was 8% for FACXILE 2.0, comparable with PalmSens 4.0 
(10%), EmStat Blue (12%), and Autolab PGSTAT 12 (7%). Similarly, the 
limit of detection (LOD) for FACILE 2.0 was 0.7 μM, closely matching 
PalmSens 4.0 and EmStat Blue (0.6 μM) and slightly higher than Autolab 
PGSTAT 12 (0.5 μM). These results highlight the platform's excellent 
reliability across both reversible and irreversible systems.

3.3. Electrochemical performance of FACILE 2.0 in fluidic mode

Measurements were also conducted in fluidic mode by actuating the 
device's integrated peristaltic pump in a “start-stop” configuration. In 
this setup, the solvent flows from the sampling point to the electrode 
interface and then pauses briefly to allow for measurement.

This dynamic fluidic analysis ensures precise control over the timing 
of the solvent-electrode interaction, thereby enhancing sensitivity and 
accuracy in the electrochemical readouts. The electrochemical and 
operative results obtained by changing the flow rate or the electro
chemical probe concentrations are reported in Fig. 5. A preliminary 
study was first conducted to identify the most suitable flow rate, 
balancing current intensity with signal reproducibility. This assessment 
involved testing various concentrations of the electroactive probe [Fe 
(CN)6]3-/4- in combination with different flow rates. As shown in Fig. 5a, 
a flow rate of 1 mL/min was selected as the optimal condition. Building 
on this optimization, CA measurements were then performed-similarly 
to the static mode analysis, to evaluate the system's response to suc
cessive additions of the redox probe until electrode saturation was 
reached. This step aimed to assess the device's performance under 
demanding conditions, thus further validating the robustness and 

Fig. 3. Electrochemical performance of FACILE 2.0 under static conditions. (a-c) CV (scan rate of 50 mV/s, potential window from − 800 to 800 mV), SWV 
(amplitude 0.2 V, frequency 30 Hz, potential window from − 400 to 800 mV), and CA (260 mV, acquisition at 120 s) response for [Fe(CN)6]3-/4- over 0 to 20 mM. (d-f) 
Corresponding calibration curves showing high linearity. (g,h) Comparison of IpA/IpC ratios and ΔE values from CV measurements between FACILE 2.0 and PalmSens 
4.0, confirming comparable analytical performance. All measurements were performed in triplicate (n = 3).

E. Paialunga et al.                                                                                                                                                                                                                              Talanta 307 (2026) 129761 

5 



reliability of the fluidic configuration. Fig. 5b–c depict the results ob
tained through these analyses.

3.4. Integration of the label-free electrochemical immunosensor for 
P. aeruginosa with the FACILE 2.0 potentiostat

As a proof-of-concept application in the biosensing field, a label-free 
electrochemical immunosensor for the detection of Pseudomonas aeru
ginosa was developed. For the initial analytical characterization, all 
experiments were performed under controlled conditions using 10 mM 
phosphate-buffered saline (PBS, pH 7.4) as the buffer. The 

immunosensor assembly, hence, the concentrations of the primary and 
secondary antibodies, as well as the conditions for immunocomplex 
formation, were systematically optimized and reported in SI (see 
Fig. S7). As illustrated in Fig. 6a, the immunocomplex forms upon 
exposure to serially diluted bacterial suspensions in the same buffer, 
promoting antigen–antibody interactions on the functionalized surface, 
and the interaction was carried out of 25 min at room temperature. 
Electrochemical sensing was performed using SWV in the presence of a 
10 mM [Fe(CN)6]3-/4- as redox probe. Increasing concentrations of the 
target bacterium led to a progressive decrease in the current signal, 
consistent with electrode surface blockage caused by immunocomplex 
formation. This response is governed by blocking access to the electrode 
(BAE) mechanism, a hallmark of label-free voltammetric immuno
sensors. Upon target recognition, the formation of the immunocomplex 
impedes the diffusion of the redox probe to the electrode surface, 
thereby attenuating electron transfer at the electrode–electrolyte inter
face [34]. The resulting calibration curve (Fig. 6b) displayed a typical 
sigmoidal trend as a function of the logarithm of bacterial concentration, 
in agreement with a molecular saturation model. The system exhibited 
good reproducibility, with an RSD% (n = 5) below 10% across inde
pendent replicates. The LOD was determined to be 170 CFU/mL, while 
the limit of quantification (LOQ) was found to be 200 CFU/mL. The 
working range extended from 220 to 8800 CFU/mL. Comparable results 
were obtained by using the PalmSens device for the sensing of the 
immunosensing platforms (data not reported). Subsequently, to further 
assess the robustness of the system under real-world conditions, the 
immunosensor was tested in tap water samples spiked with known 
concentrations of P. aeruginosa. The calibration curve obtained in this 
condition (Fig. 6c) confirmed the sensor's ability to selectively detect the 
pathogen even in the presence of a more complex matrix, with a LOD of 
1000 CFU/mL and a linear response over the range of 1000 - 4300 
CFU/mL. As observed previously in PBS, FACILE 2.0 delivered results 
that were in close agreement with those of the PalmSens 4.0 system, 
demonstrating comparable sensitivity and reproducibility. The analyt
ical parameters remained within the relative standard deviation (RSD%, 
n = 5) range calculated across quintuplicate measurements, supporting 
the platform's consistency under real sample conditions. Finally, as 
shown in Fig. 6d, the specificity of the biosensor was evaluated in the 
presence of non-target microbial species. Three potential interferents 
were selected: E. coli, S. aureus, and Hepatitis A virus. The first two 
represent common bacterial species that may coexist with P. aeruginosa 
in clinical and environmental samples, while Hepatitis A virus, although 
virologically distinct, was included due to its frequent occurrence in 
water matrices. In all cases, the biosensor exhibited negligible 
cross-reactivity with all tested interferents, demonstrating strong target 
specificity and minimal signal interference. Indeed, no significant vari
ations in the electrochemical signal were observed, confirming the high 
specificity of the system toward P. aeruginosa. These findings highlight 
the potential of using the FACILE 2.0 potentiostat with biofunctionalized 

Fig. 4. Correlation analysis of electrochemical measurement between FACILE 2.0 and commercial instrument. (a) IpA from CV; (b) Peak current from SWV; 
(c) Current at 60 s from chronoamperometry. Strong linear correlation (R2 

> 0.997) confirms the reliability of FACILE 2.0 for reproducible electrochemical 
measurements.

Table 1 
Electrochemical performance of FACILE 2.0

CVanodic CVcathodic SWV CA

Linear 
Function

y = 1.030x +
0.067

y = 0.921x – 
0.209

y = 3.296x – 
0.855

y = 0.109x – 
0.023

Slope 1.030 − 0.921 3.296 0.109
R2 0.999 0.997 0.996 0.998

Table 2 
Comparison of the static analytical performance of FACILE 2.0 with commercial 
potentiostats.

PalmSens 
4.0

Facile 
2.0

Emstat Autolab

Fe2þ/ 

3þ
LOD (μM) 0.6 0.7 0.6 0.5
LOQ (μM) 1.8 2.2 1.8 1.6
Sensitivity (mA/M 
cm2)

8.7 10.1 8.7 7.5

Reproducibility (RSD 
%)

10 8 12 7

Hx2þ/ 

3þ
LOD (μM) 2.3 3.6 2.7 1.6
LOQ (μM) 6.8 10.9 7 5.1
Sensitivity (mA/M 
cm2)

5 5 5.8 4.2

Reproducibility (RSD 
%)

8 8 10 7

AA LOD (μM) 0.4 0.8 0.6 0.3
LOQ (μM) 1.3 2.6 1.9 1.1
Sensitivity (mA/M 
cm2)

12.2 8.4 10.4 9.4

Reproducibility (RSD 
%)

11 7 12 8

Dp LOD (μM) 0.6 2.7 0.7 0.4
LOQ (μM) 1.9 8.1 3.2 1.4
Sensitivity (mA/M 
cm2)

8.1 26.8 10.3 6.9

Reproducibility (RSD 
%)

5 7 8 7

Note: Fe2+/3+ and Hx2+/3+ refer to [Fe(CN)6] 3-/34− and [Ru(NH3)6]2+/3+, 
respectively.
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immunosensors as a rapid, sensitive, and reliable strategy for pathogen 
detection in complex environments. The use of nanostructured materials 
and targeted immobilization strategies proved essential for enhancing 
the overall performance of the sensor.

4. Conclusions and perspectives

This study presents FACILE 2.0, a next-generation portable poten
tiostat that bridges the gap between lab-grade analytical performance 
and field-ready electrochemical analysis. Its integration of dual-mode 

measurement capabilities (static and fluidic), embedded data process
ing, and programmable fluidic control represents a significant step to
ward compact and autonomous electroanalytical instrumentation.

The electrochemical validation demonstrated the reliability of the 
signal acquisition architecture across multiple techniques and operating 
conditions, confirming the platform's suitability for multiparametric 
measurements. The subsequent coupling with a biochar-based, label- 
free immunosensor for the detection of Pseudomonas aeruginosa further 
illustrated its applicability in complex real matrices, supporting its use in 
decentralized monitoring scenarios.

Fig. 5. Electrochemical performance of FACILE 2.0 in fluidic mode. (a) Optimization of flow rate (0.5, 0.75, 1, and 1.5 mL/min) and probe concentration using 
[Fe(CN)6]3-/4- as a redox couple. (b) Chronoamperometric response at 1 mL/min with successive probe additions (from 0 to 4.4 mM). (c) Calibration curve under 
dynamic conditions, showing high signal linearity and reproducibility (RSD%<10).

Fig. 6. Schematic description of label-free immunosensor for P. aeruginosa. (a) Schematic representation of the of label-free electrochemical immunosensor- 
based on Bio-SPEs for P. aeruginosa detection. Immunocomplex formation blocks redox probe access, suppressing the current signal. (b) Voltametric responses in 
10 mM PBS buffer (pH 7.4) at increasing concentrations of P. aeruginosa, showing a sigmoidal calibration curve. (c) Calibration curve in untreated tap water spiked 
with known concentrations of P. aeruginosa, confirming system robustness. (d) Specificity assessment in the presence of non-target interfering species: the elec
trochemical signal remains unchanged, confirming the high selectivity of the system toward P. aeruginosa.
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Beyond the specific biosensing application presented here, FACILE 
2.0 constitutes a versatile electroanalytical workstation adaptable to a 
broad range of research, environmental, industrial, and educational 
contexts. Its modular architecture, integrated control interface, and 
compact design enable flexible implementation in both laboratory and 
field environments, providing a scalable foundation for future de
velopments in portable electrochemical instrumentation.

Looking forward, FACILE 2.0 offers a flexible foundation for further 
enhancements, including multi-analyte detection, cloud-based data 
integration, and AI-assisted signal interpretation. Its open and modular 
design also supports adaptation to different targets and analytical needs, 
contributing to the development of portable electroanalytical systems 
for diverse scientific and industrial applications.
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