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Abstract

Anionic surfactants (ASs) represent a class of contaminants persistently
released into aquatic environments, with anionic fluorinated surfactants emerg-
ing as a significant concern due to their potential to infiltrate potable water
and pose a threat to human health. Therefore, the development of novel
tools for their early detection is crucial. In this study, the methylene blue
(MB) redox probe, previously known for its selectivity toward ASs, was
electropolymerized onto the surface of carbon nanotubes -modified graphite
screen-printed electrodes. The electroanalytical ability of the platform was
tested by cyclic (CV) and square-wave (SWV) voltammetries upon the addi-
tion of sodium dodecyl sulfate as model analyte, due to its ubiquitous pres-
ence in the environment. A comprehensive exploration of key factors, such as
scan cycles, optimal instrumental parameters, and pH effect was undertaken,
revealing a stable and controlled redox response. To further enhance the
sensitivity and detection capabilities of the MB-based sensor, gold nanopar-
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ticles (AuNPs) were incorporated, forming MB@QAuNPs-modified electrodes.
This enhanced system demonstrated excellent linearity (0.051 ng/mL and
550 ng/mL), high reproducibility, and improved detection limits (8.5 pg/mL
and 0.23 ng/mL), attributed to the synergistic effect of MB and AuNPs
in boosting the reduction current. The sensor was successfully applied to
wastewater samples, benchmarked against the MBAS reference method, and
further validated for the detection of two long-chain PFAS in drinking wa-
ter. Supported by quantum mechanical calculations and optical studies, this
proof-of-concept platform represents a sustainable approach for efficient wa-
ter quality monitoring and management.

Keywords:
CEC, surfactants, PFAS, water monitoring, quality control, efficient
management

1. Introduction

With global consumption steadily increasing and the market projected to
reach USD 58.04 billion by 2028 (Muthaiyan Ahalliya et al. (2023); Arora
et al. (2022)), surfactants are extensively used as active ingredients in a broad
range of pharmaceuticals and consumer care products, as well as in house-
hold and industrial applications. Anionic and non-ionic surfactants account
for the majority of production (Gomez et al. (2011); Nakama (2017)), with
anionic types demonstrating intrinsic bioactivity by interacting with pro-
teins and altering the permeability of cell membranes (Deep and Ahluwalia
(2001); Igbal et al. (2005); Prieto et al. (1993); Keller et al. (2006); Pereira
et al. (2015); Tolls et al. (1994)). Their high degree of sorption across envi-
ronmental compartments, solvent properties, toxicity, and foaming capacity
make them harmful to ecosystems and public health, contributing to wa-
ter quality degradation and climate change (Cserhti et al. (2002); Badmus
et al. (2021)). Among the numerous surfactants discharged into the envi-
ronment, fluorinated anionic surfactants stand out as a significant subgroup
of perfluoroalkyl compounds (PFAS). Despite their chemical similarity to
aliphatic anionic surfactants, these pollutants exhibit heightened resistance
to biological degradation and prolonged environmental persistence due to
the high energy of the C-F bond (536 kJ/mol) (Podder et al. (2021); Panieri
et al. (2022); Kovalchuk et al. (2014); Simonetti et al. (2025b)). Perfluo-
rooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), the two
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more common representatives of this class, have been detected in many wa-
ter bodies (Kurwadkar et al. (2022); Méller et al. (2010); Wang et al. (2019);
Kim and Kannan (2007)), which serve as their natural sinks, as well as in
other environmental media such as biota and air (D’Ambro et al. (2020);
Chen et al. (2023); Barber et al. (2007); Cara et al. (2022)). They have also
been found in biological samples, including human serum, plasma and whole
blood (Poothong et al. (2017)) and have been associated with several health
conditions (Canova et al. (2020); Domingo and Nadal (2019); Fenton et al.
(2021)). Due to the trace concentrations, most of the analyses are carried
out using chromatographic separation methods coupled with mass spectrom-
etry (HPLC-MS/MS) conducted in professional laboratories (Al Amin et al.
(2020); Badmus et al. (2021); Mancini et al. (2023)). These analytical proto-
cols could involve a preconcentration step that extends the analysis time and
reduces the reproducibility and sensitivity of the method. Moreover, par-
ticularly for PFAS, the use of isotopically labeled internal standards, which
are not always readily available, significantly increases the analysis costs and
challenges the accurate and specific identification of less conventional and
emerging PFAS (Podder et al. (2021)). Considering the limits of current an-
alytical methods, the development of rapid and sensitive sensors represents a
promising alternative (Menger et al. (2021); Simonetti et al. (2025c¢)). Elec-
trochemical sensors stand out for their sensitivity, simplicity, efficiency, and
portability, driving research into new approaches despite PFAS inertness (Si-
monetti et al. (2025a)). Strategies include molecular imprinted polymers
(MIPs)-modified electrodes combined with nanoparticles (Lu et al. (2022a);
Gao et al. (2023)) or fluoropolymers (Sahu et al. (2022)), the exploitation
of surface activity-driven detection (Ranaweera et al. (2023); Khan et al.
(2022)), and ion transfer across immiscible phases (Garada et al. (2014a)).
However, current sensors remain primarily limited to the detection of PFOA
and PFOS, while the extremely low target concentration limits demand ex-
ceptionally high sensitivity and selectivity, which they often fail to achieve
(Lamichhane and Arrigan (2023)). To address these limitations, this study
presents a novel two-step electrochemical sensing platform based on the se-
lective interaction between methylene blue (MB) and anionic surfactants, ex-
tended to PFAS detection, by-passing extraction steps and enabling ppt-level
detection. First, MB was electropolymerized onto carbon nanotube (CNT)-
modified electrodes to create a redox-active surface, which was evaluated us-
ing sodium dodecyl sulfate (SDS) as a model compound. To further enhance
sensitivity, the platform was subsequently integrated with gold nanoparti-

3
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Figure 1: Virtual prototypes of (a) p—MB DRP110CNT and (b)
MB@AuNPS/DRP110CNT platforms realized in Inventor CAD.

cles (AuNPs), which offer several advantages for improving electrochemical
sensor performance (Polli et al. (2023)). Specifically, various studies have
demonstrated their ability to enhance the opto-electronic properties of thi-
azine dyes, particularly with regard to UV-Vis absorption and electrochem-
ical signals (Narband et al. (2009); Shan et al. (2021); Khan et al. (2012);
Cheng et al. (2001)). The analytical performance of this second platform
was thoroughly evaluated, considering key parameters such as linear detec-
tion range, reproducibility, sensitivity, and temporal stabilityall of which con-
firmed favorable sensing characteristics. Moreover, its robustness and high
selectivity against interfering surfactants, including cationic and zwitterionic
species, combined with its remarkable sensitivity in the ppt concentration
range, underscore its potential for PFAS detection. In this regard, com-
putational studies suggest that PFAS electrochemical sensing is facilitated
by hydrophobic and polar interactions between the monomers and MB. Ini-
tial electrochemical tests conducted on one short-chain PFAS and two long-
chain PFAS perfluorobutanoic acid (PFHBA), perfluorooctanesulfonic acid
(PFOS) and perfluoroundecanoic acid (PFUnDA)revealed an even stronger
response than that observed for hydrocarbon surfactants. These promising
results present the future prospect of detecting these less biodegradable com-
pounds, which, unlike hydrocarbon-based surfactants, can infiltrate drinking
water systems, posing a threat to human health. This approach addresses
the need for affordable, ready-to-use solutions that support safe and effective
water management (Simonetti et al. (2025a)).
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2. Outline

Common analytical methods for the determination of anionic surfactants
in water are based on the use of MB, which selectively interacts with anionic
surfactants to form ion-pairs that are soluble in organic solvents (Carroll et al.
(1999); Wyrwas and Zgota-Grzeskowiak (2014); Shyichuk and Zidétkowska
(2016); Gonzdlez-Lépez et al. (2021); Rédenas-Torralba et al. (2005); Ju-
rado et al. (2006); George and White (1999); Germani et al. (2021)). Recent
developments in the state of the art have demonstrated that PFAS are also
considered Methylene Blue Active Substances (MBAS) (Tang et al. (2025);
Rehman et al. (2025); Fang et al. (2018); Lada et al. (2024)). This work
presents the development of a two-step electrochemical platform for PFAS
detection based on the methylene blue active substances (MBAS) principle,
adapted into a solid-state configuration. The sensing strategy is structured
as described in Fig. 1: a) as a proof of concept, MB was immobilized via elec-
tropolymerization onto multi-walled carbon nanotube (MWCNT)-modified
screen-printed graphite electrodes. This approach eliminates the need for lig-
uidliquid extraction and enables direct electrochemical interrogation of sur-
factantMB interactions. The system was initially tested with sodium dodecyl
sulfate (SDS) to optimize experimental conditions such as scan cycles, pH,
and instrumental parameters, ensuring signal stability and reproducibility.
b) To enhance the sensors sensitivity and detection capability, gold nanopar-
ticles (AuNPs) were introduced to form the MB@QAuNPs modified electrode.
The resulting platform was evaluated using both model surfactants and real
water samples, and was then applied to the detection of one short-chain PFAS
and two long-chain PFAS (e.g., PFHBA, PFOS, PFUnDA), confirming its
ppt-level sensitivity and strong selectivity even in complex matrices.

3. Experimental

3.1. Chemicals and reagents

HAuCl, (99,99% MW 339.79 g/mol, d=1,637 g/ml a 25 C) and sodium
citrate (CsHsNazOr - 2H,0, MW 294.10 g/mol, 99,99%) employed in the
synthesis of gold nanoparticles were purchased from Merck-Sigma-Aldrich.
Sodium dodecyl sulfate (SDS, NaC1oHy550,4, MW 288.38 g/mol), polyethy-
lene glycol sorbitan monolaurate (TWEEN 20, Css H114026, 10% w/v aque-
ous), cetyltrimethylammonium bromide (CTAB, Ci9H;oBrN, MW 364.45
g/mol), sodium laureth sulfate (SLES, C' H3(C Hs)11(OC HyC Hy) NOSO3Na,
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MW 288.38 g/mol), sodium tetraborate (BORAX, NayB,O7, MW 201.22
g/mol, 99,99%), benzyldimethylhexadecylammonium chloride (16-BAC,
CH3(CHy)15N(Cl)(CH3)2CHyCsHs, MW 396.06) and methylene blue (MB,
C16H15CIN3S, MW 319.85 g/mol) were also purchased from Merck-Sigma-
Aldrich. Calcium chloride dihydrate (CaCly - 2H,O, MW 147.01 g/mol),
sodium chloride (NaCl, MW 94.47 g/mol), EDTA disodium salt (C19H14N2
NayOg-2H,0, MW 372.24 g/mol) were purchased from Carlo Erba. Sodium
perfluooctansulfonate acid (PFOS, CsF17.S03H, MW 500.13, 50 mg /L, MeOH)
and sodium perfluoroundecanoic acid (PFUnDA, CF;(CFy)gCOH, MW
564.09 g/mol, 50 mg/L, MeOH) solutions were purchased from Wellington
Lab, while heptafluorobutyric acid (PFHBA, CyH;F;05, MW 214.04 g/mol,
99,99%) and butyric acid (CyHgOy, MW 88.11 g/mol, 99,99%) were pur-
chased from Thermo Fisher Scientific. All materials used for PFAS analysis
were purchased PFAS-free and tested before the usage.

3.2. Procedures

All measurements were performed at room temperature under magnetic
stirring, using newly modified screen-printed electrodes as the working elec-
trode, and silver/silver chloride and graphite as the reference and counter
electrodes, respectively.

3.2.1. MB@QAuNPs synthesis

AuNPs were synthesized using the Turkevich method (Turkevich et al.
(1951)). For the functionalization with MB, 3.2 mL of AuNPs were com-
bined with 600 ul. of MB at a concentration of 20 uM. The solution was
left under stirring for one hour and half. Once, nanoparticles exhibited ap-
proximately 20% lower absorbance and shifted towards violet (Fig. S3). The
functionalized nanoparticles were then centrifuged three times at 12000 rpm
for 10 minutes and used.

3.2.2. p—MB DRP110CNT and MB@AuNPS/DRP110CNT electrodes

The DRP110CNT screen printed electrodes were modified by electrode-
position of p-MB sweeping the potential between —0.356 to 1.244 V vs.
Ag/AgCl in 0.25 mM MB solution (0.02 M borate buffer pH 9.14, sup-
porting electrolyte 0.1 M KNOs, sweep rate 50 mV mVs™!) (Zumpano
et al. (2020)). The modified electrode was then rinsed twice and immersed

overnight in the 3 mL buffer solution to remove the excess (Fig. 1la). The
MB@AuNPS/DRP110CNT was made by drop—casting a first layer of 5 ul
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AuNPs onto the working electrode (WE) of DRP—110CNT SPE. Once ad-
sorbed, a second layer of MB (10 pL, 40 uM) was deposited onto the WE
and any unbound MB was subsequently removed (Fig. 1b).

3.2.83. Response measurements

Using square wave voltammetry (SWV), all response measurements were
performed by incrementally adding SDS solutions (V= 10 uL) to PBS, with
each measurement repeated seven times to ensure reproducibility.

3.2.4. Matriz effects, selectivity, and method validation

The matrix effect was evaluated as the difference between the current
intensity of the standard in buffer (Zp,ff.,) and the current intensity of the
standard in the matrix (I,,q) the cathodic peak potential (Epc) of -0.26,
as:

[u er_[marix

bulf T 100% (1)
1
buffer

The selectivity of the platform was evaluated by testing its response to
anionic surfactant SLES, non-ionic surfactant TWEEN20, and cationic sur-
factants CTAB and BAC. The response was calculated as:

ISUT‘ actan
Zsurfactant 4 0007 (2)
Istd

where Iy factant 15 the signal of the tested surfactants and Iy4 , that of
the standard. To further assess the platforms resistance to interference, its
response was tested in a PBS solution containing SDS (25 ng/mL) and a
range of potential interfering species. These included Na™ and Ca?* at two
concentrations (0.1 M and 0.5 M), as well as EDTA, citrate, and borate (each
at 0.1 M). The variation in signal response due to interference, evaluated over
7 replicates, was calculated using the formula:

([std - Istd/int)
Istd

-100% (3)

where L4/ is the signal of the standard in presence of interferences. For
the validation step, municipal wastewater samples were diluted 1:100 in
phosphate-buffered saline (PBS) and analyzed using square wave voltamme-
try (SWV) and the standard addition method. The results were compared
with those obtained using the MBAS method (see Supporting Information
for further details). To assess the methods suitability for PFAS analysis,

7
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tap water samples were spiked with PFAS standard compounds. Recov-
ery values (n=3) were compared with those obtained using an accredited
UHPLC-MS/MS method described elsewhere (Mancini et al. (2023).

3.2.5. Data analysis and visualization

Data were analyzed and visualized using Python (version 3.7). Standard
deviations are reported as error bars, and the number of replicates (n) is
indicated for each measurement.

3.3. Instruments

All measurements were conducted in an electrochemical cell, where the
saturated silver/silver chloride electrode and graphite electrode act as the
reference and counter electrodes, respectively. Screen-printed graphite elec-
trodes modified with multi-walled carbon nanotubes (DRP110CNT) were
purchased from Metrohm and used as the working electrodes. Electrochem-
ical measurements (CV, DPV, and SWV) were performed using a PalmSens
potentiostat (Palmsens3). UV-Vis spectra were acquired over a wavelength
range of 190 to 800 nm through T60U-Spectrometer UV-Vis spectropho-
tometer (PGinstrument Ltd). Raman spectroscopy (HORIBA LabRAM HR
Evolution with LabSpec software) was used to analyze the surface of the WE.
For comprehensive sample analysis, point measurements and mapping were
performed at 9 points (15mWatt, A=632.8 nm, 120 s/scan, scan =3). Scan-
ning electron microscopy (SEM) measurements have been carried out with
High-Resolution Field Emission Scanning Electron Microscopy (HR FESEM,
Zeiss Auriga Microscopy). Validation measurements were carried out with
a UHPLC-MS/MS system comprised a Thermo Scientific UHPLC UltiMate
3000 system fitted with a Thermo Scientific TSQ Altis triple quadrupole
mass spectrometer equipped with a ESI ionization probe. UHPLC-MS/MS
method details are reported elsewhere (Mancini et al. (2023)).

3.4. Quantum Mechanical Calculation Details

Quantum Mechanical (QM) calculations on three clusters, each composed
of one methylene blue (MB) cation and one anion, namely dodecyl sul-
fate (DS), perfluorooctanesulfonate (PFOS), or perfluoroundecanesulfonate
(PFUnDA), have been carried out by means of the Orca4.2.1 package (Neese
(2012)), using the density functional theory. Full geometry optimization of
the cluster and of the separate fragments were performed using the PBE
functional (Perdew et al. (1996)). The energies have then been calculated

8
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by using the hybrid BSLYP functional. The all-electron def2-SVP basis set
has been employed to describe all of the atoms of the systems (Weigend and
Ahlrichs (2005)). Solvent effects have been implicitly included in the calcula-
tions by using the CPCM solvation model with water as solvent (Barone and
Cossi (1998)). Dispersion force corrections were included with the DFT-D3
method, together with the Becke-Johnson damping function (Grimme et al.
(2011)). All optimized structures were further post-processed with Multi-
win 3.8 (Lu and Chen (2012)), and several quantum chemistry descriptors
were also visualized with VMD 1.9.3 software (Humphrey et al. (1996)). The
nature of intermolecular interactions was investigated using the Independent
Gradient Model based on Hirshfeld partitioning (IGMH), implemented in the
main function 20 (visual study of weak interaction) of Multiwfn, as described
by Lu and Chen (2022). The IGMH can portray covalent and non-covalent
interactions counterparts in two intra- and intermolecular regions expressed
as follow:

69 = 6gint7’a + 6ginte7’ (4>
where 0¢intra and dginser indicate intramolecular and intermolecular contri-
butions to the gradient of electron density, respectively. This method was
employed to calculate the three-dimensional real space function dge, and
the color-filled maps of dginer Wwas drawn via the VMD code in order to
highlight the different interactions.

4. Results and discussion

4.1. Electropolymerization of MB, characterization, and optimization of the
p-MB/DRP-110CNT

A thin layer of MB was electropolymerized onto the electroactive surface
of a DRP-110 CNT screen-printed electrode, following a previously estab-
lished protocol (Zumpano et al. (2020)) by using CV, with some modifi-
cations. Four characteristic peaks can be identified in the voltammograms
(Fig. 2a) (Pfaffen et al. (2010)): a) the anodic peak at -0.2 V related to the
monomer consumption, decreasing in current intensity during the reaction;
b) the couple of anodic and cathodic peaks at 0.06 V and -0.12 V respec-
tively, related to the polymer formation, progressively increasing in current
intensity; c) the anodic peak at 1 V, presumably referred to the cationic
radical formation during the reaction (Pfaffen et al. (2010)).

As emphasized in the literature (Yogeswaran and Chen (2008); Cheng
et al. (2001)), Multi-Walled Carbon Nanotubes (MWCNTSs) play a pivotal

9
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Figure 2: (a) Electrochemical polymerization of MB (0.25 mM) in a 0.02 mM borate buffer
solution at pH 9.3, with a scan rate of 50 mV /s for 30 scans on a DRP110CNT electrode.
(b) CV of p-MB/DRP110CNT in the presence of different concentrations of SDS (50 ug/L
- 200ug/L, acetate buffer) and (c) electrode response at different number of scans. Error
bars represent standard deviations (n=10).

role in the polymerization process, by enhancing both the electrode coverage
degree and the electron transfer rate, while reducing the polymer degradation
time. The electrode coverage degree after 30 scanning cycles was estimated
from the polymer surface concentration (I'). T was calculated from the charge
associated with the electropolymerization process (Q), using the following
expression (Braun et al. (2017)) (Eq. 5):

Q

= A (5)

where A is the geometric area of the electrode equal to 0.1256 cm?, n is
the number of electrons (n=2), F is the Faraday constant (96485.33 Cmol '),
and Q is the charge involved in the electrochemical process (8.87 1.12 uC),
estimated by integrating the oxidation peak related to the thirtieth cycle be-
tween -0.2 V and 0.5 V of p-MB. Based on these values, I' is determined to
be 3.66 107'° mol/cm?. In line with our previous findings (Zumpano et al.
(2020)), the polymer thickness is 1.46 nm, calculated as d = v x I" where v
is the molecular thickness of MB in the film, equal to 400 ¢cm?®/mol (Mar-
inho et al. (2012)). To evaluate the electrochemical capacity of the platform
for SDS detection, several CVs were acquired in acetate buffer (pH=5) in a
potential window ranging from +0.5 V to -0.5 V in a concentration range of
50 ng/mL to 200 ng/mL (Fig. 2b) . In the absence of surfactant, the elec-
trochemical profile shows stable anodic and cathodic peaks at approximately
-0.08 V and -0.17 V, respectively. Upon surfactant addition, the current

10
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intensity decreases for both peaks, particularly the cathodic one. This re-
duction is probably due to ionic and hydrophobic interactions between the
cationic dye MB and the anionic surfactant SDS, forming strong ion pairs
insoluble in water (Junqueira et al. (2002); George and White (1999)). Con-
sidering the Lewis acid-base properties of MB and SDS, this interaction may
involve the dye’s amino group, stabilizing the ion pair (Taj Muhammad and
Khan (2017)). SDS molecules adsorb onto the p-MB electrode, increasing the
surface negative charge and forming an insulating layer that hinders charge
transfer at the electrode, thereby affecting the electrochemical response (Ca-
chet et al. (1993); Sen et al. (2016)).

4.2. Optimization of Electrochemical SDS Sensing

To optimize the platforms response, several parameters were examined.
The number of polymerization cycles (10, 30, 50) was varied, showing that
the electrochemical signal increased with more cycles, apparently reaching a
plateau (Fig. 2c). In this regard, the stability of the polymer after 50 cy-
cles decreased, as indicated by repeated 5-minute voltammograms (data not
shown), despite keeping the electrode in buffer solution overnight. Consid-
ering the electrochemical response, realization time, and stability, 30 cycles
were found to provide the best conditions, consistent with the findings of
Braun et al. (2017). The redox behavior of p-MB, which is pH-dependent,
was tested across a pH range of 5-9 (Fig. 3a-b). At acidic pH, p-MB exhibited
quasi-reversible behavior, while alkaline pH led to reduced electrochemical
activity, likely due to polymer degradation. After adding SDS, a decrease
in current was observed, especially at pH 5-7, due to interactions between
SDS and the electrode surface. Plotting E,. as a function of pH (Fig. 3c)
reveals a perfectly linear trend (E,. = -0.050pH +0.05, R? =0.982 in the pres-
ence of SDS and E,. = 0.049pH 40.07, R*=0.995 in the absence of SDS).
Considering the Nernst equation for pH (Eq. 6):

2.303mRT
E=pF -2

nk

From the slope of the line (50 mV/pH), it is possible to derive the ra-
tio m/n (where m represents protons and n represents electrons), which is
approximately 2/3. Therefore, in the process, 2 protons and 3 electrons are
exchanged. Plotting the cathodic peak intensity at around -0.17 V as a func-
tion of pH in the presence and absence of SDS (Fig. 3d), it is possible to
observe greatest differences in terms of current at pH values between 5 and

H (6)
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7. Since the sensor is intended for the analysis of water samples, pH was set
to 7 in phosphate buffer. To characterize the redox process, several voltam-
mograms were acquired by cyclically varying the potential at different scan
rates (Fig. 4a). From the double log plot (Laviron (1979)) of the oxidation
peak current as a function of scan rate (Fig. 4b), a linear trend (R? = 0.994)
can be observed, indicating the dependence of the process on both the dif-
fusion and the adsorption of the species to the electrode. As observed by
Sun et al. (Sun et al. (2012)), the dual oxidation and reduction peaks could
be attributed to the oxidation/reduction and doping/de-doping processes of
p-MB. Using the Laviron equation (Laviron (1979)) (Eq. 7), it is possible
to calculate the transfer coefficient and the electron transfer rate constant,
respectively a and Kg:

RT In TKs RT
(1—a)nF (1—a)nF (1—a«a)nF

From the Eq. 7, we obtain a = 0.274 and K, = 0.186 s~ (for v > 150
mV/s). These values are lower than the standard values of the electrodes
modified with CNT and p-MB, where a ~ 0.5 and K, ~ 0.7 s7! (Sun et al.
(2012)), thus confirming the possible degradation of the p-MB layer. The
electron transfer coefficient « is less than 0.5: when the potential varies little
with the scan rate, it indicates slow kinetics in which the analyte is strongly
adsorbed on the electrode.

Consequently, since the kinetics are slower, in order to increase electron
transfer and improve sensor sensitivity by reducing capacitive current, cal-
ibration was performed using Square Wave Voltammetry (SWV) measure-
ments. Various accumulation (preconcentration) times were also evaluated
to optimize the signal and further increase the sensitivity of the technique.
Fig. S4 shows the impact of accumulation time on SWV measurement for
SDS at a potential of 0.00 V. The peak current increased up to 150 s, after
which no substantial change in peak current was observed. Consequently,
an accumulation time of 150 s was selected for all subsequent measurements.
The sensor was calibrated directly in aqueous phosphate buffer (pH=7) in the
presence of 0.1 mM KCI (Fig. 4c). The electrochemical platform exhibits a
linearity range between 25 ng/mL and 200 ng/mL, with a Limit of Detection
(LoD) of 5 ng/mL (SD = 0.2 for n=10) (Fig. 4d). Even if these results are
promising, higher-sensitivity is required to reach advanced precision, moving
closer to microgram per liters threshold and below (Union (2020)) .

E,.=E°— Inv (7)

12



10 | i
29
=10 /
=20 | /
-30 |
-04-02 0 0204 -04-02 0 0204
pH =5 —6 pH =5 —6
|~7 —8 -9 7 8 9
E(V) vs. AglAgClin KCl_ ~ E(V) vs. AglAgClin KCI_,
(©) (d)
-0.154 m=-0.05+001 -10 o L,
20.20] AN 970072001 | _j4] 9\ -~ with SDS
R>=0.995 1
025 el £18 s
-0.30] N ~
-0.351m =-0.05+0.01°3 6]
-0.401q=0.05+0.03 & 1
_045/R2=0982 k00 o o "
5 6 7 8 9 5 6 7 8 9
pH pH

Figure 3: Cyclic voltammogramms (CVs) of p-MB/DRP110CNT recorded at pH 5-9 in the
absence (a) and presence (b) of SDS 100 ng/mL at a scan rate of 50 mV/s. (¢) Cathodic

peak potential (E,.) in the absence (dotted
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Figure 4: (a) Effect of increasing scan rate from 10 mV/s (in red) to 1000 mV /s (in light
blue) in the presence of SDS (100 ng/mL) using p-MB/DRP110CNT; (b) double-log plot
of log I,. vs log v; (c) Square wave voltammetry (SWV) of p-MB/DRP110CNT with
increasing SDS concentrations (25-200 ng/mL), and (d) calibration plot: Al,. vs SDS

concentration.
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Figure 5: (a) Selected spectra during the titration of AuNPs with additions of 200 pL of
MB (20 pM); each spectrum corresponds to one incremental addition of 200 pL, progressing
from red (0 moles of MB added) to light blue (56 nmoli of MB added). Inset: selected
spectra during the titration of MB (20 uM) in presence of different aliquots (200 uL) of
AuNPs from light blue (0 moles of AuNPs added) to dark violet (2 pmoli of AuNPs added).
In (b) and (c) SEM images of AuNPs and MB@AuNPs; (d) particle-size distribution (the
diameter was measured by ImageJ software).

4.8. Preliminary Study of Opto-electrochemical Properties

To enhance the platform’s sensitivity, the surface of the working electrode
from the previous platform was modified with a layer-by-layer coating of gold
nanoparticles (AuNPs) with a mean diameter of 25 nm (Fig. 5b), synthesized
by the Turkevich citrate reduction method (Turkevich et al. (1951)). It
was therefore conducted a preliminary study to evaluate the interactions
between the thiazinic dye MB and the citrate-stabilized gold nanoparticles,
as well as to investigate the mechanism of SDS interaction within this system.
For this purpose, a fixed volume of gold nanoparticles was titrated with
various aliquots of dye and the UV-Vis spectra were recorded, after system
stabilization.

As observed in Fig. 5a following the additions of MB, the local plas-
monic resonance of gold nanoparticles (LSPR) at 530 nm begins to decrease,
and visually, the color of the nanoparticles starts to shift towards purple.
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If no interaction had occurred, the band associated with LSPR would have
decreased with increasing MB concentration, due to dilution effects, and a
simple isosbestic peak would have been observed between the LSPR peak and
the dye peak (Narband et al. (2009)). Conversely, after the addition of only
12 nmoles of MB, a small peak attributable to the dye begins to appear in the
region between 600 and 700 nm of the spectrum. Continuing to add the dye,
the LSPR peak begins to broaden due to nanoparticle precipitation, while
the shoulder associated with MB becomes increasingly pronounced, until
the LSPR peak disappears. As shown in the graph, there exists a thresh-
old concentration above which the nanoparticles are completely coated with
MB molecules and begin to precipitate. The found threshold concentration
of MB from the UV-Vis spectrum is 0.32 pM (Shan et al. (2021)). Gold
nanoparticles synthesized using the Turkevich method exhibit a weak nega-
tive charge, attributed to the citrate used as a stabilizer and reducing agent.
Since the thiazine dye carries a positive charge, it interacts weakly with
the gold nanoparticles. The high surface-to-volume ratio and ionic strength
drive the adsorption of methylene blue molecules, which distribute around
the nanoparticles, forming a Self-Assembled Monolayer (SAM) of dye. In
literature (Narband et al. (2009)), it has been demonstrated that when a
solution of cationic thiazinic dye, such as methylene blue or toluidine blue, is
titrated with a gold colloid, the dye’s extinction coefficient increases by up to
ten fold. In the inset in Fig. 5a, it is possible to observe how the absorbance
at 662 nm and 615 nm (in blue) increases with increasing concentration of
added nanoparticles, reaching a maximum absorbance of 0.93 (at 662 nm),
before starting to decrease. Already with the first addition of nanoparticles
(200 pL), the extinction coefficient increases by approximately 30%, from
3.16 - 10*Lmol~tem™ to 4.03 - 10*Lmol~*em™' (at 662 nm). This increase
is attributed to the coordination of thiazinic groups around the nanoparticle
rather than nanoparticle aggregation (Ding et al. (2006)). As observed for
thionine (Ding et al. (2006)), the packing of methylene blue molecules in-
creases the local concentration of dye molecules, reflected in an increase in
transversal absorption and thus absorption intensity of both the peak at 662
nm and the peak at 615 nm (Narband et al. (2009)). Additionally, the elec-
tronic coupling between adsorbed dye molecules on the nanoparticle causes a
slight blue shift of the 662 nm band. The increase in intensity of the 615 nm
peak associated with the dimer is instead may be attributed to the formation
of clusters between nanoparticles, resulting from charge neutralization.The
SEM images, shown in Fig. 5c, revealed the presence of those clusters. After
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adding MB, the size of AuNPs slightly increases from 25 4+ 0.3 nm to 29 +
0.6 nm (Fig. 5d) and clusters of about 100 nm can be observed in Fig. 5c.
To investigate the interaction between MB@AuNPs and the analytes, small
aliquots of 1uL of aqueous solutions (to exclude dilution effects) of SDS and
one long-chain PFAS, perfluorooctanesulfonic acid (PFOS), at concentrations
ranging from 0.1 ng/ml to 5 ng/mL were added, and the UV-Vis spectrum
was recorded each time (Fig. 6a-b).

As observed for a similar system (Grueso et al. (2023)), following ad-
ditions of surfactant at a concentration very low respect to the CMC, the
absorbance at 530 nm decreases, due to monomer interaction with NPs. Re-
porting the percentage absorbance change as a function of surfactant con-
centration (Fig. 6b) reveals a trend similar to an adsorption isotherm. Since
the absorbance change (Ay — A;) is proportional to the amount of surfactant
absorbed, the data were fitted with various curves. Among these, the Sips
model, described by the equation (Eq. 8):

1 g?(?)n ®)

where O is the fractional surface coverage, C is the surfactant concen-
tration, K is the equilibrium constant, and n is the heterogeneity factor,
provided the best fit. The Sips model is particularly suitable for describing
surfactants adsorption on surfaces (Wang and Guo (2020)). This trend thus
appears to confirm a potential adsorption of the SDS monomers around the
functionalized gold nanoparticles. A very similar trend is also observed for
PFOS (Fig. 6b); the values for the fitted K are 0.07 mL/ng and 0.05 mL/ng
for SDS and PFOS respectively. Furthermore, the SERS spectra of AuNPs
and MB@AuNPs have been acquired in the absence and presence of SDS
in the spectral range between 200 and 2000 ecm ™! (Fig. 6c-d). As observed
for a similar system (Liang et al. (2017)), the addition of surfactant clearly
diminishes the intensity of the SERS spectra. In particular, the main peaks
associated with the dye at 440, 496 and 598 (C-N-C and C-S-C skeletal de-
formation) (Li et al. (2016)), at 663 and 704 (out-of-plan bending of C-H)
(Li et al. (2016)), 880, 940, 1059, 1147 ((in-plan bending C-H) (Li et al.
(2016)), and 1173 (stretching C-N) (Li et al. (2016)) undergo a significant
and reproducible decrease in SERS intensity, suggesting the interaction with
both the amino group and the planar rings of MB. To get additional insight
into the interactions between MB and the surfactant, we have conducted a
QM study of the MB-DS cluster by optimizing its structure using DFT cal-
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Figure 6: (a) UV-vis spectra of AuNPs after sequential additions of 1uL of PFOS solution.
(b) Relative absorbance (AA/Ag) as a function of surfactant concentration (ng/mL). The
spectra range in color from dark blue to light blue with increasing PFOS concentration;
the initial red spectrum corresponds to AuNPs in the absence of PFOS. In (c) and (d)
SERS spectra (7-point Savitzky-Golay smoothing) of AuNPs (in red), of MB@QAuNPs (in
light blue), and of MB@QAuNPs in the presence of SDS (black).(e) Optimized geometry
of the methylene blue-dodecyl sulfate cluster. Carbon, hydrogen, nitrogen, sulfur, and
oxygen atoms are shown in grey, white, blue, yellow, and red, respectively. (e) Cyclic
voltammograms of MB immobilized on AuNPs/DRP110CNT: in the presence of Oy (dot-
ted black line), in the absence of Oy (solid black line), with SDS at 50 pg/mL (solid red
line) and 50 ng/mL (solid blue line), and on bare SPE (dashed yellow line).
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culations. The optimized geometry is shown in Fig. 6e. As it can be seen,
the MB cation and SDS anion form electrostatic interactions between one
of the two N*(CHjz)y group of MB which is positively charged and prefers
to cluster with the anionic head group of SDS (SO;). Note that the opti-
mized S-N distance is 3.63A and the minimum optimized O-H distances are
2.02 and 2.28A. Besides such electrostatic interactions, MB and SD also form
hydrophobic interactions. The alkyl chain of the surfactant indeed arrange
near the hydrophobic center of the dye, thus interacting via hydrophobic in-
teractions with the MB planar rings. In order to quantify the strength of
the interactions formed, we have calculated the interaction energy between
MB and SD in the optimized structure which is of -14.5 kcal/mol. The re-
sults of the quantum mechanical calculation reveal the strong interaction
between SDS and methylene blue through dispersive and electrostatic forces.
Through these interactions, the surfactant can be adsorbed onto the surface
of the electrode modified with methylene blue, altering the electronic and
optical properties of the dye.

4.4. Electrochemical characterization and evaluation of the electroanalytical
capability of the platform

After evaluating various fabrication methods, we selected post-deposition
functionalization by directly drop-casting MB onto AuNPs-modified work-
ing electrode (WE), using a dye-to-nanoparticles ratio of 1:4, that was found
optimal in preliminary studies. This modification technique proves advan-
tageous, as it enhances both platforms sensitivity and processing efficiency
(Wieszczycka et al. (2021)). CVs confirmed that MB binds irreversibly to
AuNPs while retaining its electrochemical activity, contrary to some liter-
ature reports (Svetlii et al. (1993)). Specifically, as shown in Fig. 6f, MB
exhibits reversible redox behavior with a AE of 50 mV (Ding et al. (2006)).
In contrast, some literature studies, such as that by V. Svetlii et al. (Svetlii
et al. (1993)), suggest that once MB is immobilized on a gold electrode,
it loses its electrochemical activity. We also observed this phenomenon
for pMB onto AuNPs-modified SPE (Fig. S7). SERS spectroscopy con-
firmed the interaction between SDS and MB, with SDS significantly damp-
ing MBs SERS signals (Fig. S5). Increasing SDS concentrations shifted
MBs reduction peak to more negative potentials, indicating increased sur-
face hydrophobicity and negative charge (Fig. 7a). The platform showed
two linear response ranges for SDS detection (0.05 - 1 ng/mL and 5 - 50
ng/mL), with LoD values of 8.5 pg/mL and 0.23 ng/mL (Fig. 7b-c). The
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Figure 7: (a) Square wave voltammograms (SWVs) of MBQAuNPs/DRP110CNT in the
presence of SDS (0.05-50 ng/mL, from red to dark blue); (b) Calibration curve for SDS
in PBS (pH 7.0, 0.1 mM KCl), covering the range 0.051 ng/mL and (c) calibration curve
covering the range 550 ng/mL. Insets show the full concentration interval, with the two
linear response regions highlighted in pink for clarity; (d) Time stability. Error bars
represent standard deviations (n=3); (e) Reproducibility and (f) selectivity evaluated using
the anionic SLES (in light blue), PFHBA, PFOS, and PFunDA (25 ng/mL ea) (in red),
butyric acid, TWEEN20, CTAB, BAC (25 ng/mL ea) (in blue) along with interference
resistance (in yellow). Error bars represent standard deviations (n=7).
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double linear trend is attributed to complex surfactant adsorption phenom-
ena, which are related to the saturation of adsorption sites and/or onset
micellization, that reduces SDS molecules availability (Hu and Bard (1997)).
Sensor showed stable response during repeatable use: reproducibility was
confirmed with ten successive SWVs in PBS, showing negligible signal vari-
ation (RSD=0.07%)(Fig. 7e); minimal output change was observed after 3
days storage respect to fresh electrode. Furthermore, the matrix effect was
calculated to be 16.5 0.7% (n=7) with high selectivity for AS and PFAS
(Fig. 7f). Specifically, the selectivity of the sensor was assessed by evalu-
ating its response to other commonly used surfactants, including the com-
mercial cationic surfactants cetyltrimethylammonium bromide (CTAB) and
benzalkonium chloride (BAC), as well as the zwitterionic surfactant TWEEN
20 each at a concentration of 25 ng/mL. These surfactants are widely em-
ployed in pharmaceutical, cosmetic, and personal care products. CTAB and
BAC are primarily used as antimicrobial agents, disinfectants, and antisep-
tics, while TWEEN 20 is commonly applied as a non-ionic emulsifier, sta-
bilizer, and solubilizing agent in formulations such as creams, vaccines, and
drug delivery systems (Amaral et al. (2008); Zheng et al. (2020)). Due to
their extensive usewhich became particularly prominent during the COVID-
19 pandemicand their potential functional similarity to the target analytes,
these compounds represent possible interferents in sensor performance. How-
ever, as shown in Fig. 7f, the presence of these organic compounds did not
significantly affect the sensor’s ability to detect the target analytes. The
sensor exhibited negligible signal changes (less than 10 %) or no response
upon their introduction into the test solution. As described in the Materials
and Methods section, the sensors response to SDS (25 ng/mL) was evaluated
in the presence of common inorganic ions found in water (Ca*", Na™) at
two concentrations (0.1 M and 0.5 M), as well as in the presence of three
anions commonly used in pharmaceutical and personal care product formu-
lations (EDTA, citrate, and borate) at a fixed concentration of 0.1 M as
in Glumac et al. (2024), to simulate potential co-occurrence in environmen-
tal water samples. From Fig. 7f, it is clear that the platform demonstrates
outstanding resistance to inorganic ions, maintaining a robust SDS signal
even at higher salt concentrations (0.5 M), demonstrating its sensitivity to-
ward structurally related congeners. The sensor also features prominently
in the electrochemical sensing of another tested anionic surfactant, SLES,
which exhibited a response comparable to that of SDS. This platform was
successfully employed for the analysis of three municipal wastewater efflu-
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Figure 8: (a) Electron localization function (ELF) in Bohr and (b) molecular electrostatic
potential (MEP) maps of MB; (¢) ELF after PFOS adsorption; (d) IGMH analysis of
PFOS-MB, PFnDA-MB, and DS-MB complexes.

ents, as reported in the SI. The results perfectly benchmark the reference
MBAS method, with a relative error (E,%) lower than 10%. Finally, the
feasibility of using MB@AuNPs-modified SPE for the detection of PFAS was
preliminary explored, including tests with one short-chain PFAS and two
long-chain PFAS: perfluorobutanoic acid (PFHBA), perfluorooctanesulfonic
acid (PFOS) and perfluoroundecanoic acid (PFUnDA). The proposed sensor
exhibited a robust signal response for PFOS and PFUnDA, even higher than
that of SDS (=125 %) (Fig. 7f), suggesting its potential suitability for the
detection of these pollutants. The sensor also demonstrated sensitivity to
the tested short-chain PFAS, even if with a lower signal (~=58 %), yet still
higher than that obtained for the aliphatic compound butyric acid (=15 %),
in agreement with the findings reported by Tang et al. (2025).

4.5. Promising PFAS detection in drinking water

Computational calculations were carried out to unveil the interaction
mechanism between PFAS and MB, focusing on PFOS and PFUDA, which
exhibited a higher response. To uncover the underlying electronic characteris-
tics of MB, the electron localization function (ELF) of the dye was computed
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using Multiwfn (Lu and Chen (2012)) and displayed in the color-filled map
in Fig. 8a. Higher ELF values (>0.5), indicated in red, correspond to highly
localized electrons, which suggest the presence of covalent bonds, inner shells,
or lone electron pairs. In contrast, lower ELF values (<0.5) indicate regions
of electron delocalization (Carpio-Martinez and Cortés-Guzman (2023)). As
shown in Fig. 8a, the color gradients confirm the occurrence of delocalized
electrons, with maximum ELF values around hydrogen and sulfur atoms in-
dicating the presence of bonding and non-bonding electrons (Karpagavalli
et al. (2024)). Blue regions around the carbon atoms in aromatic rings re-
veal a de-localized electron cloud, while electron depletion regions between
the valence and inner shells appear as small blue circles around carbon, sul-
fur, and nitrogen atoms. Additionally, the Molecular Electrostatic Potential
(MEP) was calculated based on the optimized molecular configuration. The
most positive regions in the map, shown in blue in Fig. 8b, represent electron-
deficient areas primarily distributed around nitrogen atoms, which are the
preferred adsorption sites for ASs (Shan et al. (2021)). The ELF color-filled
map was computed after PFOS adsorption onto MB and displayed in Fig. 8c.
As revealed by the map, PFOS cause a strong modification of ELF. Specifi-
cally, the interactions with PFOS modifies the map in the region of nitrogen
atoms in the dimethylamino groups. Moreover, the modifications also in-
volve the aromatic planar skeleton of MB, which becomes blue and partially
disappeares from the map, suggesting a redistribution and a delocalization
of the charge attributable to PFOS interaction.

PFAS-MB complexes, optimized at high theroretical level, are reported in
Fig. 8d, and compared with DS-MB complex. Both PFOS-MB and PFUnDA-
MB exhibited negative adsorption energies of -75.3 and -76.7 kcal/mol, re-
spectively, with bond distances between 2.20 and 3.96 A, suggesting the
occurrence of strong interactions with the dye. The PFUnDA-MB complex
exhibited a higher adsorption energy compared to the PFOS-MB complex,
probably due to its longer chain length. Moreover, it is important to note
that PFAS show stronger interaction energies with MB as compared with
DS.

The nature of the interactions formed between the anion and the dye
was further investigated through Hirshfeld partitioning of molecular density
(IGMH) analysis (Lu and Chen (2022)). Blue and green zones mapped be-
tween fragments represent regions where attractive interactions occur that
stabilize the complexes. As observable in Fig. 8d, in all the three complexes
dispersive interactions are formed between the alkyl chain of the anion and
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the MB aromatic skeleton. Aside from dispersion forces, IGMH analysis
reveals the formation of electrostatic interactions, between one of the two
positively charged dimethylamino groups of MB and the anionic head group.

An important aspect that is worth mentioning is that fluorines high elec-
tronegativity enables it to act as a Lewis base and to interact with posi-
tively charged MB forming stronger interactions as compared to hydrocar-
bon surfactants and contributing to increased adsorption energy (Leung et al.
(2023)).

In light of these promising results, the platform was calibrated for the
two previously tested PFAS under the optimized conditions found in the
preliminary analyses and further confirmed (Fig. 9e-f and S8). Notably, it
exhibited significantly higher sensitivity toward the tested PFAS compared to
SDS, with a fivefold increase in sensitivity, fully aligned with computational
predictions. As the concentration of PFAS increased, the peak current of
MB decreased, indicating a linear relationship between peak current PFAS
concentration, as for SDS. Regression parameters were evaluated to obtain
insight into linearity. The coefficients of determination (R?) for PFOS and
PFUnDA were 0.998 and 0.999, respectively, demonstrating a nearly perfect
linear fit. The calibration curves are shown in Fig. 9a-b, and the limits
of detection (LoDs) were calculated to be 2.7 and 2.9 ppt for PFOS and
PFUnDA, respectively.

To further validate its performance, SWV analysis was conducted on two
fortified (0.2 ng/mL) tap water samples (Fig. 9e-f). As shown in Fig. 9e,
sensor results closely match those obtained via the reference UHPLC-MS/MS
method, achieving excellent recoveries for both long-chain sulfonic and car-
boxylic acids. Specifically, the sensors demonstrated recoveries ranging from
89% to 111%, for PFOS and PFUnDA respectively (Fig. 9e). Compared
to conventional methods, the proposed platform exhibits outstanding accu-
racy and precision, with a maximum relative error (E,%) of 11% in detecting
PFOS and PFUnDA at ppt levels - a sensitivity achieved by only a few sen-
sors reported in the literature (Tab. 1). Furthermore, the materials used
for fabrication are cost-effective and easy to prepare, highlighting the poten-
tial of MB@AuNPs-based electrochemical sensors for detecting other PFAS
congeners with suitable modifications.
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Figure 9: SWVs and linear calibration plots for PFOS (ab) and PFUnDA (cd) over the
concentration range of 0.051 ng/mL; Error bars indicate the standard deviation (n = 7).
(f) SWVs of spiked water samples and (e¢) comparison of the results with the reference
method(n=3).

Table 1: Comparison of potential sensors for anionic surfactants and PFAS in water ma-
trices

Platform Analytes  Range (ug/L) LOD (ug/L) Matrix ref.
MIP-Au SPE PFOA 0.041-621.11 0.041 n.r. Moro et al. (2021)
PVC-oNPOE-Au el. PFCA-PFSA 0.5-5 0.025 nr. Garada et al. (2014b)
MIPs-Pencil lead el. PFOA 4140.7-4140700.0 0.041 wwW Fang et al. (2016)
AgNPs on carbon fiber microel. PFOS 0.010-1 0.037 n.r. Khan et al. (2022)
o-PD MIP film + AuNS on GCE PFOS 0.025 - 500 0.075 dw Lu et al. (2022b)
o-PD MIP film on BDD/CNW el. PFOS 0.1-100 1.2 dw and ww  Pierpaoli et al. (2023)
ZnONPs/MIP-SPE SDS 288.3-2883 188 WW Faradilla et al. (2021)
MB@AuNPs/DRP110CNT SDS 0.05-1 and 5-50  0.0085 and 0.23 wWwW This Work
MB@AuNPs/DRP110CNT PFOS 0.05-1 0.0027 dw This Work
MB@AuNPs/DRP110CNT PFUnDA 0.05-1 0.0029 dw This Work

Abbreviations: MIP Molecularly Imprinted Polymer; SPE Screen Printed
Electrode; GCE Glassy Carbon electrode; PVC Poly Vinyl Chloride;
oNPOE 2-Nitrophenyl Octyl Ether; CNWs B,N-codoped Carbon
Nanowalls; PFCA Perfluoroalkyl Carboxylic Acid; PFSA Perfluoroalkyl
Sulfonic Acid; ww wastewater; dw drinking water.
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5. Conclusions

In conclusion, this research presents the fabrication of a novel electro-
chemical platform designed for the detection of anionic surfactants (ASs) at
ppt and ppb concentration levels in aqueous matrices. Detection is facili-
tated by exploiting the selectivity and the redox properties of the MB dye,
whose opto-electrochemical properties have been significantly enhanced by
the intercalation of a AuNPs layer. This allows for the direct adsorption
of the dye onto the working electrode (WE), thus reducing issues related to
time, costs, and reproducibility. The interaction of SDS with the sensor was
unveiled at a high chemical-physics level through optical and electrochemi-
cal techniques, revealing the selective interaction between the standard and
the platform. This configuration shows excellent linear ranges: 0.051 ng/mL
and 550 ng/mL, high reproducibility and sensibility (LoD of 8.5 pg/mL and
0.23 ng/mkL), benchmarking the results of the reference MBAS method. In
addition, the materials utilized to fabricate MB@QAuNPs/DRP110CNT were
both cost-effective and undemanding to prepare. Conclusively, the platform
was tested and validated for PFOS and PFUnDA, yielding results consisting
with that of the accredited method, and showing an even higher sensitivity,
with a mechanism unveiled, for the first time, through computational calcu-
lations. While further studies are needed to fully validate its applicability
and assess performance across a broader range of PFAS and environmental
matrices, this platform offers promising prospects for both targeted and non-
targeted electrochemical sensing of other PFAS congeners, with appropriate
modifications, being potential as future early-warning tool supporting safe
water management.
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