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Abstract 
PFAS are a class of over 14,000 synthetic compounds characterized by a stable carbon-fluorine bond that 
confers resistance to thermal and biological degradation, resulting in common contamination of various aquatic 
matrices at concentrations ranging from sub-parts per trillion to parts per billion. Demand for directly 
deployable sensitive quantification methods has been spurred by increasingly stringent regulatory responses 
such as the U.S. Environmental Protection Agency (EPA) proposed maximum contaminant levels of 4 ppt for 
PFOA and PFOS in 2024 under its third Fourth Unregulated Contaminant Monitoring Rule and sub-parametric 
values recommended by the EU Drinking Water Directive. Conventional liquid chromatography-tandem mass 
spectrometry provides the required sensitivity but is still limited by centralized infrastructure and slow sample 
preparation that prevents point-of-care or real-time surveillance. Another critically understudied dimension 
includes pharmaceutical matrices, where PFAS can act as formulation excipients or derive from the synthesis of 
fluorinated active pharmaceutical ingredients and pharmacokinetically interfere with albumin binding and 
hepatic CYP450 activity in exposed populations. The current review summarized the existing electrochemical 
sensing strategies, including molecularly imprinted polymers, aptasensors, and CRISPR-Cas12a biosensors, and 
state-of-the-art electrode structures, including metal-organic frameworks, MXenes, and covalent triazine 
frameworks, for targeting PFAS in environmental and biological matrices. While some of these can be 
implemented analytically with detection below 1 ppt, critical benchmarking using regulatory thresholds reveals 
that 10% of sensor studies validate their performance in non-spiked field or clinical matrices. This highlights the 
need for multi-analyte array development to allow standardized sensor validation frameworks across 
environmental and pharmaceutical quality monitoring. 
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1. Introduction: PFAS as a Global Water and 
Pharmaceutical Crisis 
 PFASs are chemically diverse substances sharing 
the common feature of the presence of one or more 
C–F bonds, with a bond dissociation energy (BDE) 
of ~544 kJ/mol, generally considered one of the 
highest BDE values in organic chemistry. This 
thermodynamic stability, along with the combined 
lipophobic and hydrophobic nature of 
perfluorinated alkyl chains, makes PFAS nearly 
impervious to thermal degradation, oxidative 
attack, and microbial metabolism on long-term 
timescales [1]. These compounds were originally 
developed in the 1940s for industrial, military, and 
consumer applications and are found in Arctic ice 
cores, deep-sea sediments, remote wildlife blood, 

and drinking water supplies without a proximal 
industrial source because of their atmospheric 
transport and hydrological mobility properties that 
also show up as low soil sorption coefficients for 
short-chain variants. High albumin binding affinity 
and enterohepatic recirculation contribute to serum 
half-lives in humans of 3-8 and 5.4 years for 
perfluorooctanoic acid (PFOA) and 
perfluorooctane sulfonate (PFOS), the most well-
characterized compounds in the long-chain 
carboxylate and sulfonate subclasses [2]. PFOS 
levels in groundwater routinely exceed Mrds at 
aqueous film-forming foam sites at military 
airfields across North America, Europe, and 
Australia. Short-chain substitute agents, e.g., 
perfluorobutanoic acid, butane sulfonate, and 
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hexafluoropropylene oxide dimer acid, further span 
control limitations through enhanced aqueous 
mobility and accumulated indication of analogous 
toxicological effectiveness at ecologically critical 
concentrations [3]. 
There is a substantial health burden that supports 
regulatory action. In 2023, the International 
Agency for Research on Cancer classified PFOA as 
a Group 1 human carcinogen based on sufficient 
epidemiological evidence of kidney cancer in 
occupationally and environmentally exposed 
cohorts and PFOS as a Group 2B carcinogen. 
Mechanistic pathways include disruption of lipid 
and bile acid homeostasis via peroxisome 
proliferator-activated receptor-alpha agonism and 
competitive displacement of thyroid hormones 
from transthyretin and thyroxine-binding globulin, 
impairing metabolic and neurodevelopmental 
regulation, suppression of vaccine-induced 
antibody responses at serum concentrations 
documented in some communities poisoned with 
these chemicals [4]. Large international prospective 
cohort studies provide evidence of an association 
between prenatal exposure, reduced birth weight, 
delayed onset of puberty, and neurodevelopmental 
sequelae. Ecotoxicological bioaccumulation 
amplifies these effects through aquatic food webs 
to tissue concentrations in piscivorous seabirds and 
marine mammals’ orders of magnitude above the 
surrounding water, with 
reproductive/developmental toxicity confirmed at 
environmentally relevant concentrations. This 
toxicological evidence caused an unprecedented 
regulatory response. In April 2024, the U.S. 
Environmental Protection Agency published 
National Primary Drinking Water Regulations with 
maximum contamination levels of 4 ppt for 
individual PFOA and PFOS, 250 times below 
previous advisory levels; and a health index 
framework for hexafluoropropylene oxide dimer 
acid, perfluorononanoic acid, perfluorohexane 
sulfonate, and perfluorobutane sulfonate, with 
compliance no later than 2029 [5]. In parallel, the 
relayed Drinking Water Directive of the European 
Union proposed a parametric sum of 0.10 µg/L for 
20 specific PFAS and 0.50 µg/L with respect to all 
detectable PFAS that require simultaneous multi-
analyte quantification among EU member states 
until 2026. These thresholds are close to what 
current reference methods can quantify, making 
this analytical challenge as difficult as the 
regulatory challenge [6]. 
Liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) by EPA Methods 533 and 537.1 
achieves instrument detection limits (ILDs) of 0.1-
1 ppt for >40 analytes and is the regulatory 
reference standard, but high instrumentation cost, 
requirement for skilled operators, complexity of 
solid phase extraction methods that leave scope for 
contamination via PFAS-containing lab materials 

in either sample preparation or pre-concentration, 
plus a sample to results turnaround time of " 
Enzyme-linked immunosorbent assay kits are more 
accessible in field environments, but they exhibit 
cross-reactivity among structurally diverse PFAS 
classes, cannot differentiate between long-chain 
and short-chain congeners, and cannot provide 
compound-specific information needed for hazard 
index calculations. There is, therefore, a growing 
and urgent need for PFAS measurement at point of 
care in human biological matrices on either system 
[7]. A component of PFAS pollution that has not 
yet received sufficient attention by environmental 
monitoring strategies is the overlap with 
pharmaceutical science, which has led to three 
functionally distinct monitoring needs. PFAS are 
used as structural excipients in metered-dose 
inhaler valve components, dry powder inhaler 
capsule shells, and transdermal patch membranes to 
modulate or impair drug particle properties on 
surface-altered solid surfaces and to form 
fluoropolymer-laminated, emulsion-formed flexible 
polyurethane foam lining of manufacturing 
equipment with cleaning validation studies 
documenting quantifiable PFAS transfer to aqueous 
drug product batches under operational conditions 
[8]. A significant but poorly characterized point 
source of pharmaceutical synthesis. Effluents 
(output) from the Hyderabad manufacturing cluster 
contain up to 4200 ppt PFOA and 890 ppt PFOS, 
well above EPA MCLs, in wastewater (input) 
entering treatment systems with no removal 
requirements. Most jurisdictions lack specific 
pharmaceutical sector-wide limits on PFC 
discharges. Importantly, concentrations of 
circulating PFAS observed in exposed populations 
pharmacokinetically interact with co-administered 
therapeutics like PFOA and PFOS, competitively 
displacing warfarin from Sudlow Site II on albumin 
(micromolar disassociation constants); inhibit 
CYP3A4, CYP2C9, and UGT1A1 in hepatic 
microsome systems at 10-100 µM; and displace 
thyroxine from thyroxine-binding globulin, directly 
complicating dose titration of levothyroxine, the 
most prescribed drug globally in exposed patients. 
These interactions necessitate PFAS quantification 
in serum, plasma, urine and other biological 
matrices at sensitivity and throughput regimes that 
avoid centralised laboratory infrastructure [9,10]. 
Electrochemical sensing meets this need for 
convergent environmental and pharmaceutical 
monitoring with miniaturizable, field-deployable 
instrumentation compatible with sub-part-per-
trillion detection without the use of mass 
spectrometric infrastructure. Indirect transduction 
approaches (for analytes that lack oxidizable or 
reducible functional groups through the usable 
aqueous potential window) employ surface 
adsorption, bioreceptor-mediated recognition, and 
interfacial impedance modulation [11]. The source-
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to-surface and groundwater-to-human biology 
exposure pathways of PFAS are schematically 
illustrated in the continuum diagram of Figure 1; 
each node in this pathway requires a unique but 
technologically compatible sensing solution, a 
critical and comprehensive survey on the current 
status of electrochemical PFAS sensing across this 
continuum, including molecularly imprinted 
polymer sensors, aptasensors, CRISPR-Cas12a-
coupled biosensors, and advanced electrode 
architectures such as metal–organic frameworks 
(MOFs), MXenes, covalent triazine frameworks 
(CTFs), and bismuth film platforms; benchmarking 
reported detection limits against EPA- and EU-
compliant thresholds; and performance metrics in 
pharmaceutical effluent and serum-dried blood 
spot-urinary matrices before charting the 
translational gaps pertaining to field validation, 
multi-analyte array design, and AI-assisted chemo 
metric interpretation that must be addressed if 
electrochemical sensors are to fulfill their 
regulatory or clinical potential [12,13]. 
 

 
Figure 1. Schematic representation of PFAS 
contamination pathways from industrial, 
pharmaceutical sources to environmental 
dissemination and human exposure. The figure 
also depicts integrated electrochemical sensing 
workflows for PFAS monitoring in 
environmental and biological matrices. 
2. Electrochemical characteristics of PFAS and 
the principle of indirect determination 
The electrochemistry of PFAS is fundamentally 
different from all other classes of relevant 
environmental contaminants, and a fundamental 
comprehension of this difference is required for the 
discussion of sensor architectures in the following 
sections. These sub-sections sequentially define the 
electronic bases of PFAS electroinertness, outline 
the indirect sensing approaches required by this 
inertness, and analyze the signal transduction 
mechanisms required to translate these strategies 
into regulatory-testing-competitive analytical 
capabilities. 
2.1 Electroinertness of PFAS Molecules and 
Basic Detection Method 
The intrinsic electroanalytical challenge of PFAS 
detection is the electronic structure of this highly 
stable perfluorinated carbon chain. In comparison, 
none of these characteristics occur in 

perfluoroalkyl substances, whereas heavy metals, 
which can be deposited by anodic stripping; 
phenolic endocrine disruptors oxygenated at carbon 
electrodes; or nitroaromatic compounds reducible 
at moderate negative potentials all have accessible 
π-electron systems, oxidizable heteroatom 
functional groups, and readily reducible groups 
within the aqueous electrochemical window of ca. 
−1.2 to +1.8 V versus Ag/AgCl on carbon 
substrates [14]. The HOMO-LUMO gaps for 
PFOA and PFOS are 9.41 and 9.18 eV, 
respectively, and are among the largest reported for 
environmental chemicals by far, as shown by 
B3LYP/6–311+G** density functional theory 
calculations, due to the electron-withdrawing 
perfluoroalkyl chain that makes the carboxylate 
and sulfonate head groups very resistant to direct 
faradaic processes (Figure 2). Such electronic 
passivity requires a fundamentally different 
detection paradigm. Electroanalysis is not based on 
direct oxidation or reduction but on adsorptive 
preconcentration and relayed signal transduction 
via competitive displacement of a redox-active 
reporter, interfacial impedance reconfiguration 
upon receptor-PFAS binding, or bioreceptor-
coupled amplification cascades [15,16]. 
Adsorptive stripping voltammetry takes advantage 
of the amphiphilicity of PFASs. The hydrophobic 
interaction between the perfluorinated tail and the 
electrode surface, together with the electrostatic 
attraction between the anionic polar head group and 
the positive surface sites, results in the spontaneous 
accumulation at the interface [17]. In the traditional 
two-step system, PFAS accumulate ~30-180 s at 
open circuit before differential pulse or square 
wave voltammetry measures competitive 
displacement of a pre-adsorbed redox probe, 
ferricyanide or hexaammineruthenium, or double 
layer capacitance changes due to the built-up 
amphiphilic monolayer. Molecular dynamics 
simulations and sum-frequency generation 
spectroscopy both show that PFAS preferentially 
orient at the electrode-water interface, with the 
fluorinated tail focused toward hydrophobic 
regions of the electrode and the ionic solvent-
exposed head group facing into the bulk of water 
[18]. The free energy of adsorption for PFOS onto 
graphene is calculated to be −42.3 kJ/mol with an 
increasing affinity with increasing chain length due 
to higher surface contact area and steric 
conformationmechanistic evidence corroborated by 
this correlation at high sensitivity, allowing 
detection limits in adsorptive (cus) platforms across 
literature [19,20]. Electrodeposited bismuth film 
electrodes can chelate PFAS more efficiently than 
glassy carbon or carbon paste as shown by X-ray 
photoelectron spectroscopy (Bi–F binding energy 
of 686.2 eV after PFOS contact), through bismuth 
fluoride coordination at oxide surface layer and 
achieve detection limits of 1–5 ppt for PFOS and 



Electrochemical Detection of PFAS Contaminants Across Environmental and Pharmaceutical Matrices:Sensing 
Mechanisms, Nanomaterial Platforms, Biological Monitoring, and Regulatory Convergence 

 IJDDT Volume 16 Issue 72s 2026 Page: 1774 

PFOA under conditions optimized for 
accumulation potential, electrolyte pH, and ionic 
strength, but their performance is inhibited in 
solution with competing surfactants and natural 
organic matter. Less toxic alternatives are antimony 
film electrodes, which show similar analytical 
performance and lower sensitivity to the speciation 
changes with different ionic compositions of the 
samples [21]. 
 

 
Figure 2. Representative molecular structures 
and electrochemical characteristics of major 
subclasses of PFAS depicting the electroinert 
nature of perfluorinated carbon chains. The 
reason for the preference for indirect 
electrochemical detection strategies is explained 
by HOMO–LUMO gap analysis and interfacial 
adsorption behaviour. 
2.2 Structures for Indirect Signal Transduction 
and Amplification 
Competitive displacement strategies (CDS) form a 
complementary mechanism to conventional 
indirect detection approaches, exploiting the high 
binding affinity of PFAS for hydrophobic electrode 
surfaces or functionalized receptor layers and 
quantitative competition-based displacement of 
pre-adsorbed redox-active reporters proportional to 
analyte concentrations. developed an electroactive 
reporter to detect PFAS binding to self-assembled 
alkyl-thiol monolayers on gold electrodes, which 
was converted into a molecularly imprinted 
polymer sensor format where PFAS-induced 
conformational changes of the crosslinked polymer 
matrix modulate charge transport and redox probe 
access to the electrode surface [22,23]. Two-stage 
architectures based on fluorophilic sorbent 
preconcentration and electrochemical detection on 
a single platform achieve 100–1000-fold 
enrichment factors to concentrate sub-part-per-
trillion environmental concentrations into the 
measurable range of indirect transduction without 
reliance on solid-phase extraction or mass 
spectrometric equipment. Main sensing strategies 
are compared schematically in Figure 3. 
Low intrinsic signal of indirect electrochemistry 
requires multi-level amplification to reach LC-
MS/MS biodetection limits. Nanostructuring by 
deposition/functionalization of gold nanoparticles, 
carbon nanotubes, or graphene oxide increases the 
electroactive surface area by 10-50-fold together 
with the preconcentration capacity and signal 

magnitude. Fluorophilic surface coatings of 
bifunctional nanoparticles will enable integration of 
both recognition and amplification into a single 
nanoscale construct with electroactive cores that 
transduce signals for the accumulation of PFAS 
[24]. The attomolar detection limits of PFOA using 
horseradish peroxidase-labeled secondary aptamers 
for enzymatic signal amplification in sandwich 
bioassay formats. Electrochemiluminescence 
transduction (via luminescence from excited-state 
electrochemical intermediates) provides 10–100-
fold sensitivity gains over state-of-the-art 
differential pulse voltammetry-based approaches. 
Combined with CRISPR-based nucleic acid 
amplification, to our knowledge this represents the 
lowest detection limits reported for such an 
electrochemical PFAS platform. Collectively, these 
amplification architectures overcome the sensitivity 
barrier imposed by the electronic inactivity of 
perfluorinated analytes. The possibilities at both 
mechanistic and instrumental levels for the 
advanced sensor platforms discussed in the 
following sections[25]. 

 
Figure 3. Comparative illustration of major 
indirect electrochemical sensing mechanisms for 
PFAS detection including adsorptive stripping 
voltammetry, molecularly imprinted polymer 
sensing, and aptamer-based 
electrochemiluminescence biosensing. 
Representative signal transduction pathways 
and analytical response trends of PFOS and 
PFOA are also summarised. 
3. Electrochemical Sensors Based on 
Molecularly Imprinted Polymers 
Molecularly imprinted polymers are a specific 
synthetic receptor approach specifically suited for 
PFAS electrochemical detection, solving the dual 
challenges of few natural biological receptors with 
high binding affinity to perfluorinated compounds 
and the low immunogenicity of fluorinated 
analytes, which limits the development of 
antibody-based immunoassay. Rational MIP 
architectures selective for PFAS, their integration 
with emerging high-performance electrode 
nanomaterials, and translation toward multi-analyte 
systems are addressed in the next subsection. 
3.1 Template selection, electropolymerized MIP 
films and functional monomer design 
An effective PFAS MIP must be effectively 
developed by taking advantage of the dual 
chemical nature of perfluoroalkyl analytes where 
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ionic interactions between cationic monomers, 
primarily 2-(methacryloyloxy)ethyl 
trimethylammonium chloride, and carboxylate or 
sulfonate head groups are enhanced by 
hydrophobic interactions between the fluorinated 
chain and the polymer matrix during cross-linking 
[26]. Using NOESY NMR-determined interaction 
geometries for the PFOA template and DFT-
calculated binding energies (-8.4, -9.1, & -7.6 
kcal/mol for PFOA), acrylamide, itaconic acid and 
4-vinylpyridine are identified as functionally 
optimal monomers. The incorporation of 
fluorinated functional monomers like 2-
(trifluoromethyl)acrylic acid makes the cavity walls 
fluorophilic due to C-F...H-C and C-F...C-F 
interactions, which significantly improves the 
recognition of short-chain PFAS in the separation, 
compared to conventional hydrophobic monomers, 
where the weaker driving forces from noncovalent 
bonding with standard monomers limit the 
molecular sensitivity of short-chain PFAS 
compared to long ones [27]. The need for blank 
subtraction protocols for template leaching during 
synthesis, as well as contamination of laboratory 
plasticware is discussed. The use of shorter chain 
PFAS as synthetic proxies in structural analogue 
templates reduces contamination risk without loss 
of geometric cavity complementarity, although 
explicit validation of cross-reactivity profiles prior 
to supervision in regulatory monitoring contexts is 
mandatory [28]. Their clinical commonality 
challenged their ability to cause greater MIP 
detection on the surface of the electrode in a single 
step, which allows for simultaneous polymer 
formation and molecularly imprinted electrode 
modification without any intermediate step. The 
prior research showed that densely packed amine- 
and catechol-functionalized surfaces provide 
complementarity in hydrogen bonding and π- 
Electrochemical impedance spectroscopy detects 
PFOA at 1.5 ppt using polydopamine molecularly 
imprinted polymers on glassy carbon electrodes 
modified with gold nanoparticles. stacking 
interactions to optimize interactions with the 
carboxylate head group. 0.8 parts per trillion 
detection limits by differential pulse voltammetry 
were obtained for polyaniline molecularly 
imprinted polymer films on carbon nanotube-
modified screen-printed electrodes prepared by 
cyclic voltammetric electro polymerization using 
perfluorooctanesulfonate (PFOS) as the template, 
with selectivity coefficients of 8.4-fold preference 
for PFOS over perfluorooctanoic acid (PFOA) at 
equal concentrations [29]. Electro polymerization 
of orthophenylene diamine on reduced graphene 
oxide modified glassy carbon electrodes results in 
dense, highly crosslinked films with narrow cavity 
dimensions that are suitable for differentiating 
PFAS based on head group chemistry and for the 
detection of both PFOS (1.2 ppt) and PFOA (2.0 

ppt) with recoveries of 96–104% in spiked river 
water achieving performance equivalent to EPA 
MCL thresholds under controlled matrix conditions 
(Figure 4).The critical parameters determining the 
sensitivity of electropolymerized MIP 
performance: deposition potential waveform; 
template-to-monomer molar ratio and the protocol 
for extracting the template, usually 0.5–1.0 M 
NaOH in methanol–water, an incomplete extraction 
(proven to be a major factor for lower sensitivity), 
needs explicit indication as background signal 
stabilises after successive extractions until blank 
absorbance no longer dips [30,31]. 
 

 
Figure 4. Schematic representation of 
molecularly imprinted polymer preparation, 
selective PFAS recognition, and electrochemical 
sensing performance on AuNP/GCE platforms. 
The calibration behaviour and selectivity 
towards PFOS over structurally related 
interferents are also shown. 
3.2 Short-chain Detection and Multi-PFAS 
Array Platforms Enhanced by Nanoparticles 
Low dimensional nanostructures like gold 
nanoparticles, carbon nanofibers and magnetic iron 
oxide particles embedded within or underneath 
MIP films, overcome the limitation of electron 
transport in thick polymer matrices and at the same 
time improve the preconcentration capacity. 
Polyaniline M IP composites with carbon 
nanofiber-enhanced electron transport pathways 
connecting analyte-binding cavities to the current 
collector are sufficient for PFOS detection as low 
as 0.6 ppt; magnetic nanoparticle-incorporated 
composites that concentrate 100 mL sample 
volumes directly onto the sensor surface provide 
both this enrichment factor and sub-part-per-trillion 
detection capability in complex environmental 
matrices without solid-phase extraction 
infrastructure [32,33]. However, their clinical 
commonality challenged their ability to cause 
greater MIP detection due to: reduced hydrophobic 
attachment in a smaller cavity; a reduced molecular 
footprint lowering occupancy and thermodynamic 
goodness-of-fit resulting in less tendency for 
surface accumulation; and high aqueous solubility 
within suggested vapour pressures. Published MIP 
sensors for these analytes have detection limits in 
the range of 5-50 ppt and are therefore unsuitable 
for direct compliance monitoring without 
preconcentration [34]. Cyclodextrin-based co-
recognition elements embedded within the polymer 
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matrix provide further inclusion complex 
formation, enhancing short-chain carboxylic acids 
sensitivity by two-to-four fold in proof-of-concept 
configurations. Dual-template imprinting in one 
polymer matrix enabled CPE-based simultaneous 
detection using electrochemical impedance 
spectroscopy at 1.8 and 1.5 ppt, respectively, for 
multi-PFAS (PFOA and PFOS) needed for EPA 
Hazard Index compliance and EU sum-parametric 
verification [35]. Spatially distinct MIP-modified 
electrodes within an array (each electrode 
imprinted with a unique PFAS template on the 
same printed substrate), interfaced to principal 
component analysis and partial least squares 
regression extend simultaneous quantification from 
two to four or six analytes but can provide 
additional internal consistency verification using 
correlated response patternsan essential 
countermeasure that protects against false-positives 
generated by non-specific matrix interferences that 
identifies research priorities for multi-analyte 
sensors in the final section  [36]. 
4. Electrochemical Aptamer-Based Biosensors 
and CRISPR-Coupled Platforms 
While molecularly imprinted polymers establish 
PFAS recognition by means of synthetic cavity 
complementarity, aptamer-based platforms utilize 
nucleic acid folding thermodynamics to yield 
bioreceptors with dissociation constants in the low 
nanomolar range - a binding affinity window that 
with electrocatalytic transduction and nuclease-
based amplification cascades, is realized to extend 
detection limits one to two orders of magnitude 
below EPA MCL levels. In the following 
subsections, we explore SELEX-derived aptamer 
development and integration architectures on an 
electrode and closing out with quantifying signal 
amplification gains driven by CRISPR-Cas12a 
coupling. 
4.1 SELEX-Derived Aptamers, Electrode 
Architectures and Typical Structure-Switching 
By using the Systematic Evolution of Ligands by 
Exponential Enrichment (SELEX) protocol, PFOS-
selective DNA aptamers with dissociation 
constants ranging from 19-400 nM were achieved 
depending on selection conditions, counter-
selection stringency, and aptamer length and 
multiple independent electrochemical platforms 
have incorporated well-characterized sequences 
reported against PFOS and PFOA to provide a 
reproducible molecular recognition framework 
across sensor stracture [37]. Short-chain PFAS 
aptamer sequences have yet to be validated due to 
weak, non-specific interactions of C4 -C6 
compounds with nucleic acid libraries that interfere 
with partitioning steps in SELEX; a machine 
learning model trained on experimentally 
determined PFAS–aptamer interaction data was 
utilized to predict candidate sequences for the 
under-represented targets and predicted vs 

observed dissociation constants agree within one 
order of magnitude over a five-compound 
validation set [38]. 
Thiol-terminated aptamers self-assembled on gold 
electrode surfaces via Au–S chemisorption yield 
orientationally defined monolayers, with surface 
coverage controlled through mixed-monolayer 
formation using short-chain alkanethiol spacers. 
This gives rise to differential pulse or square wave 
voltammetry outputs that are thus concentration 
dependent, as PFAS binding induces 
conformational changes in the aptamer whereby 
ferrocene (or methylene blue) redox labels 
conjugated to the aptamer terminus become more 
accessible. Graphene oxide and reduced graphene 
oxide platforms further expand upon this 
architecture through π-stacking nucleobase 
attachment and covalent amide linkages to edge 
carboxylic groups, while rolling circle 
amplification coupled with redox probe 
intercalation into the amplified DNA product 
enables PFOA detection at 0.05 ppt — over >80-
fold below the EPA MCL but multi-step enzymatic 
requirements limit direct field adaptation [39,40]. 
PFAS Induces Aptamer Conformational 
Reorganization the unique mechanism allows 
sensor structure-switching biosensing in the 
absence of labelledsecondary reagents in split-
aptamer designs (one fragment anchored on the 
electrode, one carrying a redox reporter), 
hybridization occurs in the absence of target and 
dissociates upon PFAS-induced folding of G-
quadruplexes or hairpins enabling PFOS detection 
at 0.5 ppt with six-order-of-magnitude dynamic 
ranges recorded on AuNP-modified glassy carbon 
electrodes (the broadest analytical range reported 
for any electrochemical PFAS platform) [41]. For 
compliance monitoring by regulatory agencies, 
PFAS binding that increases the electrochemical 
response is preferable—false-negative instead of 
false-positive results would trigger confirmatory 
LC-MS/MS analysis and be more detrimental for 
public health [42]. 
4.2 Coupled electrochemical and 
electrochemiluminescence detection based on 
CRISPR-Cas12a 
 
The CRISPR-Cas12a is activated by crRNA-guided 
target recognition in double stranded DNA, and 
then nonspecifically cleaves non-target single 
stranded DNA through collateral trans-cleavage 
activity, which allows for a record gain signal 
amplification approach when combined with 
aptamer-based PFAS recognition [43]. In this 
architecture, binding of PFAS to its aptamer 
liberates a complement strand of crRNA that 
triggers activation of Cas12a, which then cleaves 
electrochemically active reporter ssDNA in large 
excess creating an output signal proportional to the 
analyte concentration with subsequent 
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amplification (Figure 5). In an electrochemical 
realisation under optimized buffer conditions, 
PFOA detection limits approaching 0.05–0.1 ppt 
have been reached, whereas CRISPR 
hybridization-effect approaches (where Cas12a-
triggered cleavage releases Ru(bpy)₃²⁺-labeled 
reporter fragments from electrode-anchored 
duplexes) allow sub-ppt PFOA detection (0.01 ppt) 
with signal amplification >3 orders of magnitude 
over non-CRISPR aptasensor formats, via an SPCE 
functional device with SCG design prototype 
limitations, and combined acceptance efficiencies 
and report fragment capacity beyond the 
capabilities of previous target binding assays to 
provide very low limit measurements that must also 
be safe for human use[44,45]. 

 
Figure 5. Electrochemical biosensing 
architectures involving aptamer-based 
recognition, and CRISPR-Cas12a amplification 
approaches, for ultrasensitive detection of 
PFAS. The figure also compares the signal 
amplification efficiency with the detection limits 
with respect to the EPA 4 ppt regulatory 
threshold. 
A major translational barrier that still remains for 
the use of CRISPR-Cas12a platforms in 
electrochemical detection is the lack of 
publications on CRISPR CLIP detection and 
mechanistic studies. Cas12a protein is sensitive to 
denaturation by ionic strength variation, heavy 
metal cofactors and dissolved organic matter 
present in real environmental and biological 
matrices, thus requiring sample conditioning steps 
that partially made up the operational simplicity 
benefits of the electrochemical readout [11]. DNA-
based biorecognition elements without enzymatic 
amplification – e.g., G-quadruplex DNAzymes, 
split-aptamers and DNAzyme-aptamer chimeric 
constructs (Table 1)  achieve an intermediate 
sensitivity of 1–10 ppt with substantially enhanced 
matrix robustness; they are a pragmatic 
intermediate between MIP platforms and fully 
amplified CRISPR biosensor components for field-
deployable configurations. The aptasensor and 
CRISPR-coupled architectures discussed here 
collectively define the limits of bioreceptor 
sensitivity that all of the nanomaterial electrode 
platforms reviewed [46,47]. 
5. Advanced Nanomaterial-Based Electrode 
Platforms 

The achievable sensitivity gains with MIP and 
aptamer biorecognition are constrained by the 
fundamental limits of the underlying electrode 
substrate regarding electroactive surface area, 
electron transport kinetics and analyte 
preconcentration capacity. These substrate-level 
limitations are addressed through the use of 
advanced nanomaterial architectures such as metal-
organic frameworks, MXenes, covalent triazine 
frameworks, and three-dimensional carbon 
platforms with designed fluorophilic pore 
chemistry, metallic conductivity and surface areas 
two orders of magnitude higher than conventional 
glassy carbon to together enable a three- (to four) 
orders of magnitude increase in detection limits 
into the regulatory sub-ppt regime for a broad 
spectrum of sample matrices. 
5.1 Covalent Triazine Framework Platforms 
and MXenes, and Metal–Organic Frameworks 
The fluorinated ligand-modified zirconium-based 
UiO-66 frameworks show maximum PFAS 
adsorption capacities of 312 mg/g for PFOS under 
Langmuir isotherm conditions, which are five-to-
tenfold higher than those of the commercial 
granular activated carbon sorbent materials, via C–
F···H, C–F···π, and C–F···metal coordination 
interactions in tunable pore interiors [48,49]. PFOS 
detection at 2.1 ppt with 92–106% recovery in 
spiked environmental water is achieved by 
adsorptive stripping voltammetry for fluorinated 
UiO-66 integrated with bismuth film electrodes by 
in-situ electrodeposition on MOF-coated glassy 
carbon substrates. Iron-porphyrin and copper-based 
MOFs with inherent redox activity at the metal 
center serve as dual-function PFAS sorbents and 
signal transducers without the need for an added 
redox reporter, while MIL-101(Cr) and MIL-
53(Al) embedded in carbon paste electrodes bind 
the sulfonate head group via Lewis acid metal sites, 
resulting in detection limits of 0.5–5 ppt for long-
chain PFAS. By differential pulse voltammetry, 
Ti3C2Tx MXenes reach detection of PFOA at 5 
ppt through C-F···Ti and C-F···F surface 
interactions by combining metallic conductivity 
(3,700-6,500 S/cm) and natural fluorine-terminated 
surface chemistry that provides intrinsic 
fluorophilic affinity [50–52]. Functionalisation 
with ionic liquid polymers containing cationic 
imidazolium groups increases PFOS selectivity by 
electrostatic capture of the head group, while the 
fluorinated chain adsorbs on the MXene basal 
plane, which lowers detection limits to 1.5 ppt by 
square wave voltammetry. MXene–AuNP hybrid 
electrodes further extend this capability by 
providing aptamer conjugation sites through thiol 
chemisorption on the gold nanoparticle surfaces, 
while the MXene scaffold provides conductive 
support and an additional PFAS accumulation area. 
The composite Ti 3 C 2 T x -ZIF-8 architectures 
that combine MOF selective pore confinement and 
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MXene conductivity provide initial detection limits 
approaching 0.8 ppt for long-chain PFAS in buffer, 
but matrix validation is limited [53,54]. 
Covalent triazine frameworks (CTFs) are made 
from triazine rings and aromatic nitrile linkers, 
which provide high nitrogen content for Lewis 
basic sites for fluorine coordination and π-electron-
rich aromatic systems for interacting with PFAS 
through C-F···π interactions, and permanent 
mesoporosity for analyte diffusion to the binding 
sites [55]. pyrene-triazine CTF modified glassy 
carbon electrodes enable PFOS detection at 1.8 ppt 
with selectivity coefficients demonstrating 12.3-
fold preference over ten co-present surfactant 
interferences, rationalised by DFT binding energy 
calculations of −11.4 kcal/mol for PFOS on CTF 
versus −4.2 kcal/mol for sodium dodecyl sulfate—a 
computed selectivity margin quantitatively 
consistent with experimental discrimination. CTF–
aptasensor composites immobilising PFAS-
selective aptamers via nucleobase–triazine 
πStacking interactions combine the recognition 
selectivity of the aptamer and the preconcentration 
capacity of CTFs, enabling PFOS detection at 0.9 
ppt in a label-free impedimetric format [56,57]. 
5.2 Bismuth Film Platforms and 3D Carbon 
Architectures 
The freeze-dried graphene oxide hydrogels were 
then thermally reduced into three-dimensional 
graphene aerogels with additional internal surface 
areas of 500–2,000 m2/g with ultra-hydrophobic 
cores, suitable for PFAS preconcentration over 
long accumulation times. Aerogel-modified glassy 
carbon electrodes are comparable to planar reduced 
graphene oxide films of the same geometrical area 
and for PFOA detection a 15-fold higher analyte 
accumulation was attained than similar sized planar 
reduced graphene oxide films, with limits of 
detection for PFOS reduced from the previous state 
of MIPs at 3.0 ppt. Application of nitrogen-doped 
carbon aerogels with urea or melamine as nitrogen 
sources has been demonstrated to reduce PFOS 
detection limits down to as low as an impressive 
LOD of 1.4 ppt through additional N–F dipolar 
interactions, carrying performance into competitive 
levels with the best performing MIP platforms 
under similar conditions [58]. 
Electrodeposited bismuth films from bismuth 
nitrate solutions onto carbon screen-printed 
substrates represent the most chemically stable 
advanced electrode material enabling field-
deployable PFAS adsorptive stripping 
voltammetry. This material provides a synergy of 
favourable PFAS preconcentration via formation of 
a bismuth-fluoride interface layer, lead-free 
functionality, and compatibility with battery-
powered portable potentiostats [59]. Field-
deployable screen-printed bismuth film platforms 
have been applied to monitor industrial effluent 
monitoring points and show 85–109% spike 

recovery over seven-day continuous deployment 
periods for landfill leachate and pharmaceutical 
manufacturing wastewater matrices, demonstrating 
field durability that, coupled with the comparative 
analytical and practical performance parameters 
summarised in Table 1, offer potentially 
pronounced favourable conditions compared to the 
higher [60,61]. 
Table 1. PFAS Classes, Regulatory Limits, and 
Comparative Analytical Performance of LC-
MS/MS versus Electrochemical Methods 

PFAS 
Class 

Key 
Compo
unds 

Chai
n 
Lengt
h 

EPA 
MCL 
(2024) 

EU 
DWD 
Limit 

LC
-
MS 
LO
D 

Bes
t 
EC 
LO
D 
(La
b) 

Re
f.   

Long-
chain 
PFCAs 

PFOA, 
PFNA, 
PFDA 

C7+ 
4 ppt 
(PFO
A) 

0.1 
ug/L 
(sum) 

0.1
-1 
ppt 

0.0
5-5 
ppt 

[5, 
35, 
87, 
10
4] 

Long-
chain 
PFSAs 

PFOS, 
PFDS 

C6+ 
4 ppt 
(PFOS
) 

0.1 
ug/L 
(sum) 

0.1
-1 
ppt 

0.1-
10 
ppt 

[5, 
35, 
86, 
10
4] 

Short-
chain 
PFCAs 

PFBA, 
PFPeA, 
PFHxA 

C4-
C6 

No 
individ
ual 
MCL 

Sum-
based 

1-5 
ppt 

10-
500 
ppt 

[6, 
24, 
97
] 

Short-
chain 
PFSAs 

PFBS, 
PFHxS 

C4-
C6 

10 ppt 
(PFBS 
sum) 

Sum-
based 

0.5
-2 
ppt 

5-
200 
ppt 

[5, 
24, 
97
] 

Replace
ment 
PFAS 

GenX 
(HFPO-
DA), 
ADONA 

C4+ 
branc
hed 

10 ppt 
(GenX 
sum) 

Emerg
ing 

0.5
-5 
ppt 

10-
300 
ppt
* 

[6, 
24, 
87
] 

Field performance typically 2-10-fold above 
laboratory LOD. EC: electrochemical; LOD: limit 
of detection. 
6. Portable, field-deployable, and 
pharmaceutical matrix sensor platforms 
The nanomaterial electrode architectures and 
bioreceptor platforms discussed in the previous 
sections provide the sensitivity basics required for 
sub-ppt PFAS detection, but the translation of 
laboratory-demonstrated limits of detection to 
practical field-monitoring/clinical biomonitoring 
applications requires the combination of this 
performance with instrument miniaturisation, 
matrix-tolerant sensor designs, and operational 
workflows that lend themselves to non-expert 
independent deployment. These include 
the portable platforms based on screen-printing and 
transistors, artificial intelligence assisted analysis 
integrated with smart phones including assessment 
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of sensors for low abundant molecules in relevant 
matrices for pharmaceutical monitoring. 
6.1 Portable Electrochemical Platforms: Screen-
printed Electrodes, Organic Electrochemical 
Transistors and Paper-based Systems 
Mass production of the carbon-based, screen-
printed electrodes deposited in a sequential pattern 
of the carbon ink, silver reference and dielectric 
insulating inks on flexible polymer substrates 
allows mass deployment for environmental 
monitoring at per-unit costs of less than USD 1.00. 
Rapid 15-minute PFAS measurements from 5 mL 
water samples are achievable without laboratory 
infrastructure using field-deployable bismuth film-
modified carbon screen-printed electrodes 
interfaced with miniaturised battery-powered 
potentiostats, offering detection limits of 2–8 ppt 
for long-chain PFAS under field conditions [62]. 
batch-to-batch reproducibility is limited by relative 
standard deviations of 5–12% due to variations in 
ink viscosity and printing pressure inconsistency 
and can be controlled by robotic printing 
automation and ratiometric redox probe 
normalisation as an internal calibrator relative to 
polished glassy carbon electrodes. We have 
successfully developed gold-modified screen-
printed electrode aptasensors with ferrocene and 
methylene blue as spectrally resolvable dual redox 
labels for simultaneous PFOA and PFOS detection 
at concentrations of 3-5 ppt in spiked drinking 
water, approaching but not consistently exceeding 
EPA individual MCL thresholds across a wide 
diversity of water matrix compositions [25,63]. 
Organic electrochemical transistors (OECTs) are 
three-terminal devices, where changes in the 
potential of the gate electrode induced by analyte 
binding modulate the source-drain current through 
a channel formed by an electrolyte-gated poly (3,4-
ethylenedioxythiophene) poly (styrene sulfonate) 
semiconductor, resulting in transistor gain of three 
to five orders of magnitude that convert small 
changes in PFAS-induced gate charge density into 
large drain current modulations without molecular 
amplification cascades, yielding PFOS detection 
limits as low as 0.1 ppt in drinking water 
matrices[64]. Flexible polyimide substrates have 
emerged as a promising material for on-pipe 
continuous environmental monitoring using 
selectively gated organic electrochemical 
transistors (OECTs) based on different response 
mechanisms such as the specific binding of 
analytes to highly specific aptamer sensors [65]. 
However, susceptibility to ionic strength 
fluctuation or pH variation and dissolved organic 
matter (DOM) require differential OECT designs 
combined with non-aptamer control transistors 
fabricated in the same chip geometry for 
subtraction of common mode interference [66]. 
Electrochemical sensors that do not depend on a 
pump can be fabricated by depositing conductive 

carbon and silver inks on generic paper-based 
substrates such as filter paper or nitrocellulose, and 
the approach is based on passive capillary action to 
deliver the sample [67]. The polyaniline MIP-
modified carbon nanotube-loaded conductive paper 
electrodes showed a detection limit of PFOA 8.5 
ppt by differential pulse voltammetry, adequate for 
screening for contaminated sites, as the positive 
results should be followed by confirmatory LC–
MS/MS. The laser-induced graphene on polyimide 
film obtained via CO2 laser scribing of porous 
graphitic carbon shows highly internal porosity 
provides a binder-free and solvent-free electrode to 
pre-concentrate PFASs [68]. A textile-based 
electrochemical sensor using carbon-loaded yarns 
on a polyester textile substrate and suggested for 
passive sampling of stormwater outfalls and 
groundwater monitoring wells is shown in Figure 
6. Currently, limits of detection in the 10–50 ppt 
range are reported for long-chain PFAS (since the 
fluorophilic yarn coating needs to be optimized 
prior to achieving regulatory thresholds[69,70]. 
Despite these advancements, further optimization 
of fluorophilic coatings and electrode material 
interfaces remains critical to consistently reach and 
surpass the stringent regulatory thresholds for 
PFAS detection in diverse environmental matrices 
[71]. Such a sensor design is illustrated in Figure 
6. 

 
Figure 6. Portable and field-deployable 
electrochemical PFAS sensing platforms based 
on screen-printed electrodes, organic 
electrochemical transistors and paper-based 
molecularly imprinted polymer devices for 
rapid in situ monitoring Also illustrated are 
smartphone-assisted analytics, wireless data 
transmission and AI-enabled chemometric 
interpretation for multiplex PFAS analysis. 
6.2 Smartphone Integration, Machine Learning, 
Detection of Pharmaceutical Effluent in 
Biological Matrix 
Miniaturized Bluetooth low-energy potentiostats 
and custom mobile applications enable 
smartphone-interfaced electrochemical analysis for 
real-time voltammetric acquisition, automated peak 
detection, spatially tagged GPS-based mapping of 
contamination, and cloud-based regulatory 
reporting workflows [72]. It is shown that 
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convolutional neural network classifiers trained on 
full voltammetric spectral datasets can achieve 
cross-validation correlation coefficients of 0.96–
0.99 for individual compound concentration 
prediction in six-component PFAS mixtures, 
compared to conventional peak integrating 
methods, for which ideal peak integration would 
not be applicable at all, in samples where spectral 
overlap from co-present PFAS congeners and 
matrix constituents is significant [73]. To apply 
transfer learning of pre-trained models to new 
sensor configurations or geographic water matrix 
signatures, only 20–30 site-specific calibration 
measurements are needed, reducing the per-site 
experimental burden to a practically manageable 
scale for geographically distributed AI-enhanced 
PFAS monitoring programs [74]. 
The electrochemical sensing matrices of PFAS 
studied in the literature so far, pharmaceutical 
manufacturing wastewater is the most analytically 
challenging environment, which contains variable 
ionic strength, heavy metal catalyst residues, 
organic solvent traces and co-contaminant 
surfactants. Abstract Bismuth film adsorptive 
stripping voltammetry (AFSV) systems, used as 
inline flow-through detectors in pharmaceutical 
plant effluent streams, demonstrate detection limits 
of 8 parts per trillion, continuous perfluorooctanoic 
acid (PFOA) monitoring at five-minute 
measurement intervals, and 97% operational 
uptime during 30-day pilot deployments—the first 
reported inline electrochemical per- and 
polyfluoroalkyl substances (PFAS) monitoring 
coupled with highly controlled production 
processes in a pharmaceutical manufacturing 
environment. Reduction of ionic strength in 
dilution-based matrix normalisation from 65-130% 
recovery to 85-110% after twofold dilution within 
bismuth film and aptamer platforms for undiluted 
industrial effluents [75]. Aptamer–electrochemical 
impedance spectroscopy sensors validated in 
aqueous buffers from pH 4–9 containing 5–20% 
propylene glycol or polyethylene glycol have 
PFOA detection limits of 5–18 ppt across the full 
range of organic co-solvent concentrations found in 
oral liquid formulations, providing preliminary 
feasibility for initial leachable screening of drug 
products during early formulation development 
[76]. 
Accurate quantification of PFAS in human serum, 
plasma, urine and dried blood spots meets the need 
described support clinical biomonitoring because 
circulating PFAS compete with warfarin, 
levothyroxine and lipid-regulating drugs for 
albumin binding 26 and inhibit hepatic CYP450 
enzymes, such that interindividual variation in 
concentrations of these common medications may 
be influenced by PFAS exposure [28]. Typical 
serum PFAS concentrations in the US general 
population are generally higher than 1.5 and 4.1 

ng/mL for PFOA and PFOS respectively, while 
occupationally exposed pharmaceutical fluorination 
workers report short-chain PFAS urine 
concentrations of ~50–5000 ppt (within the 
detection capability of optimised electrochemical 
platforms with proper matrix preparation) [77,78]. 
These zwitterionic poly(sulfobetaine methacrylate) 
coatings on gold aptamer electrodes reduce non-
specific adsorption of albumin by >95%, while 
maintaining full accessibility of the coated; 
simultaneously allowing direct serum detection of 
PFOA down to 8.5 ppt in diluted solutions without 
a protein precipitation step. Magnetic bead (MB)-
aptamer extraction for sample volumes as low as 
100 μL permits simultaneous removal and 
preconcentration of serum proteins with PFOS 
detection down to 3.2 ppt with a recovery range of 
88–105%. Dried blood spot microsampling, 
methanol extraction, and aptamer screen-printed 
electrode detection of nanogram-level PFOA in a 
20 µL fingerprick volume enables determination of 
PFOA at 15 ppt with 79-91% recovery from spiked 
whole blood - permitting large-scale population-
wide epidemiological biomonitoring without 
venipuncture [79]. Training set data from your 
Table 2summarizes the collective performance of 
biological matrices on leading electrochemical 
platforms in the context of general population and 
occupational exposure reference ranges and 
stratifies the validation status by matrix type, 
sensor structure, and compliance with regulatory 
thresholds for studies published over the time 
course from 2020 to 2025.[80–84] 
Table 2. Electrochemical PFAS Sensors (2020-
2025): Electrode Platform, Method, LOD, 
Linear Range, Matrix, and Validation Status 

Electrode 
Platform 

Tar
get 

Meth
od 

L
O
D 

Lin
ear 
Ran
ge 

Matrix 
Valid
ation 

R
ef. 

MIP-
PEDOT/Au
NP/GCE 

PF
OS 

DPV 
0.8 
ppt 

0.00
2-10 
ppb 

Drinking 
water 

Lab-
spiked 

[2
2, 
29
, 
98
] 

MIP-
PANI/rGO/
SPE 

PF
OA, 
PF
OS 

DPV/
EIS 

1.2 
ppt 

0.00
4-
100 
ppb 

River, 
groundw
ater 

Lab-
spiked 

[2
9, 
79
, 
10
4] 

Aptamer-
Au/thiol/GC
E 

PF
OS 

SWV 
0.3 
ppt 

0.00
1-50 
ppb 

Tap 
water, 
serum 

Lab-
spiked 

[3
7, 
41
, 
46
] 

CRISPR-
Cas12a/ITO 

PF
OA 

ECL 
0.0
5 

0.00
01-

Drinking 
water 

Buffer 
only 

[4
3, 
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ppt 10 
ppb 

46
] 

MOF-UiO-
66-F/Bi/SPE 

PF
OS, 
PF
OA 

AdS
V 

2.1 
ppt 

0.00
7-
200 
ppb 

Environ
mental 
water 

Field-
spiked 

[4
9, 
50
, 
53
] 

MXene-
Ti3C2Tx/G
CE 

PF
OA 

DPV 
5 
ppt 

0.01
-500 
ppb 

Tap 
water 

Lab-
spiked 

[5
1, 
83
, 
86
] 

CTF-
modified 
GCE 

PF
OS 

AdS
V 

1.8 
ppt 

0.00
6-80 
ppb 

Ground
water 

Lab-
spiked 

[4
8, 
55
] 

AuNP-
aptamer/SP
E 

PF
OA, 
PF
OS 

SWV 
3.0 
ppt 

0.01
-100 
ppb 

On-site 
river 
water 

Field 
validat
ed 

[4
1, 
42
, 
10
4] 

Paper-
SPCE/MIP 

PF
OA 

DPV 
8.5 
ppt 

0.03
-
100
0 
ppb 

Tap, 
river 
water 

Lab-
spiked 

[2
9, 
89
, 
98
] 

OECT/PED
OT:PSS-apt 

PF
OS 

Trans
fer 

0.1 
ppt 

0.00
03-
10 
ppb 

Drinking 
water 

Field-
tested 

[2
2, 
23
, 
65
, 
85
] 

pSBMA-
aptamer/Au
NP 

PF
OA 

EIS 
8.5 
ppt 

0.03
-500 
ppb 

Undilute
d serum 

Lab-
spiked 
serum 

[6
7, 
81
, 
10
3] 

PANI-
MIP/carbon 
paste 

PFB
S 

DPV 
12 
ppt 

0.04
-800 
ppb 

Occupati
onal 
urine 

Field-
tested 

[2
4, 
80
, 
84
] 

Bi-film/SPE 
inline 

PF
OA 

AdS
V 

8 
ppt 

0.03
-200 
ppb 

Pharma 
effluent 

Field 
pilot 

[3
5, 
62
, 
10
8] 

DBS-
aptamer/SP
E 

PF
OA 

DPV 
15 
ppt 

0.05
-
100
0 

Dried 
blood 
spot 

Proof 
of 
conce
pt 

[8
1, 
96
, 

ppb 10
3] 

Smartphone
-SPE/apt 

PF
OA 

DPV 
5.5 
ppt 

0.01
8-
500 
ppb 

On-site 
tap 
water 

Protot
ype 

[7
2, 
97
, 
10
0, 
10
5] 

DPV: differential pulse voltammetry; SWV: square 
wave voltammetry; EIS: electrochemical 
impedance spectroscopy; AdSV: adsorptive 
stripping voltammetry; ECL: 
electrochemiluminescence; GCE: glassy carbon 
electrode; SPE: screen-printed electrode; MIP: 
molecularly imprinted polymer; OECT: organic 
electrochemical transistor; DBS: dried blood spot; 
pSBMA: poly(sulfobetaine methacrylate). 
7. Future Directions and the Regulatory 
Alignment of Analytical Benchmarking 
The electrochemical detection strategies, 
nanomaterial electrode architectures, bioreceptor 
platforms, and field-deployable sensor 
configurations for PFAS with sub-ppt 
quantification under laboratory-controlled 
conditions. The sensitivity window of lab 
demonstrations to translate into regulatory, 
pharmaceutical, and clinical contexts through 
systematic benchmarking against established EPA 
and EU thresholds, mechanistic characterization of 
matrix interference, and identification of 
translational research needs that will dictate 
acceptance of this technology by regulators 
alongside LC-MS/MS reference methods. 
7.1 Comparison of laboratory test results with 
regulatory thresholds in the field 
Under optimized laboratory conditions, OECT 
aptasensors, CRISPR-Cas12a 
electrochemiluminescence biosensors, split-
aptamer AuNP-modified glassy carbon electrodes, 
and MIP-PEDOT:PSS-AuNP composites have 
shown limits of detection from 0.05 to 0.8 ppt, 
which are orders of magnitude lower than the EPA 
maximum contaminant level (MCL) of 4 ppt for 
PFOA and PFOS, respectively, indicating that 
electrochemical sensing is analytically sufficient in 
principle [22,86]. In contrast, systematic analysis of 
47 studies (2020–2025) showed that only 23% 
validated performance in non-spiked environmental 
or biological samples and less than 10% achieved 
±20% accuracy to LC-MS/MS reference values 
across the 1–10 ppt regulatory decision range, thus 
limiting the use of buffer-based detection limits as 
standalone performance metrics for regulatory 
assessment [87,88]. As shown in the data in Table 
3, OECT aptasensor and microfluidic 
electrochemical chip configurations are the most 
robust in reaching or surpassing the EPA 4 ppt 
MCL after relevant matrix validation, while paper-
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based MIP (5–15 ppt), bismuth film field kits (10 
ppt) and smartphone-interfaced screen-printed 
platforms (8–20 ppt) have enough sensitivity for 
contaminating screening and pharmaceutical 
effluent surveillance but must be used in tandem 
with confirmatory LC-MS/MS analysis to officially 
determine compliance with regulatory Maximum 
Contaminant Levels [89–91]. 
7.2 Impact on the Matrix and Action Strategy 
The three main mechanisms that systematically 
degrade translation from laboratory detection limit 
to field-verified measurement uncertainty. In 
surface and groundwater, natural organic matter, 
such as aromatic humic acid, at concentrations 
from 1-50 mg/L preferentially adsorbs onto 
hydrophobic metal oxide electrode surface sites, 
leading to the overlapping of background 
voltammetric signals and steric barriers of the 
aptamer binding to PFAS (per- and polyfluoroalkyl 
substances), and thus reducing the effective 
sensitivity by up to two- to tenfold relative to 
buffer. Limited selectivity in multi-PFAS mixtures 
leads to apparent overestimation of concentrations 
by inferring substitutive cross-reactivity in single-
analyte formats, while reduced sensitivity from 
progressive coat accumulation during extended 
deployment prevents regeneration, resulting in 
insensitivity during analytes’ operational lifetimes 
[92,93]. Examples of such measured mitigation 
strategies are two-dimensional phase-output solid-
phase extraction using weak anion exchange or 
graphite-treated carbon sorbents in simultaneous 
PFAS enrichment and organic matter depletion; 
fluorophilic electrode surface coatings for 
differential C–F affinity over aromatic humic 
substances by surface energy design 
(electrochemical discrimination against 
electroactive media); and concurrently determined 
blank voltammogram subtraction using reference 
electrodes contained within the same measurement 
cell. Divalent cations have been shown to 
paradoxically enhance PFAS adsorption by 
bridging between anionic head groups, leading to 
location specific calibration shifts and showing the 
requirement for site-specific validation to ensure 
that universal buffer based calibrations are 
analytically defensible for products regulated based 
on analytical results [94,95]. 
7.3 Simultaneous Detection of Multiple PFAS 
The EPA Hazard Index framework requiring one-
stop quantitation of 6 or more PFAS 
simultaneously at a sub-10 ppt level and a clinical 
requirement for individual congener discrimination 
to explore specific contributions from albumin 
binding and CYP450 inhibition functionally expose 
the single- or dual-analyte sensor architecture in 
contemporary electrochemical platforms as their 
most prominent unresolved vulnerability [96]. The 
most analytically feasible configuration for 
regulatory-grade simultaneous multi-PFAS analysis 

is microelectrode arrays (MEAs) with spatially 
separated stacking of aptamer or MIP coatings 
targeting individual PFAS species in combination 
with partial least squares regression or neural 
network deconvolution. Recently, array 
electrochemical impedance spectroscopy (AEIS) 
showed simultaneous quantification of four 
compounds, PFOA, PFOS, PFHxS, and PFBS, with 
detection limits ranging from 2 to 8 ppt, spiked in 
drinking water. This proof-of-concept requires 
validation in non-spiked field and biological 
matrices before regulatory claims can be made 
[97,98]. 
7.4 Chemometric Interpretation Assisted by 
Artificial Intelligence 
Convolutional neural network classifiers developed 
on full voltammetric or impedimetric spectral 
datasets provide individual compound 
concentration prediction (cross-validation 
correlation coefficients of 0.96–0.99) in six-
component PFAS mixtures and outperform 
conventional peak integration by 15–40% accuracy 
(as determined across concentration ranges 
scanned) [99]. Lastly, pre-trained models can be 
rapidly modified via transfer learning to new sensor 
configurations or geographic signatures of water 
matrices with only ~20-30 site-specific calibration 
measurements, thereby reducing per-site 
experimental burdens to a practically feasible scale 
for large geographically distributed monitoring 
networks [100]. Using random forest ensemble 
classifiers on sensor array outputs of field samples 
aqueous film-forming foam contamination 
signatures are distinguished from industrial process 
PFAS release profiles with 89% source attribution 
accuracy, extending analytical significance beyond 
concentration reporting to providing critical 
contamination source information required for 
estimation of regulatory liability and selection of 
remediation strategy [101]. 
7.5 Regulatory System on Electrochemical 
PFAS Sensors in Pharmaceuticals 
FDA Process Analytical Technology guidance 
proactively describes PFAS electrochemical 
sensors as real-time PAT acceptability tools for 
water for injection and purified water systems’ 
essential characteristics of quality in 
fluoropolymer-lined manufacturing facilities. ICH 
Q3 extractables and leachables guidance provides 
the analytical method validation framework 
electrochemical sensors must meet to be accepted 
in drug product and primary packaging PFAS 
monitoring. For facilities using fluoropolymers, 
expanding the water quality monitoring 
requirements of the United States Pharmacopoeia 
(USP) chapter 1231 to include electrochemical 
PFAS monitoring would provide an officially 
recognized validation route [102]. Since there are 
no national laboratory standards for regular 
biomonitoring of workers, the clinical application 
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that can be implemented most immediately is 
occupational urinary PFAS electrochemical 
monitoring of pharmaceutical fluorination workers, 
for whom the required sensitivity for short-chain 
PFAS is 10–50ppt, which this platform is able to 
provide [103,104]. 
7.6 Standardization, Validation, and Future 
Research Priorities 
To achieve regulatory acceptance, these assays 
require standardized validation protocols stating 
bias within ±20% versus LC-MS/MS, relative 
standard deviation <15%, and selectivity 
characterization against ≥10 structurally related 
interferents (similar to EPA Method 301 and ISO 
5667 frameworks) as well as interlaboratory 
precision studies or use of certified reference 
material for assay calibration. Identify high-priority 
research directions to address systematic gaps in 
literature since 2020–2025, including 
electrochemical sensors for PFAS precursors and 
transformation products, e.g., fluorotelomer 
sulfonates, sulfonamides, and electrochemical 
oxidation byproductsnot addressed by any current 
platform but arising from EPA Hazard Index 
consideration; continuously deployable fouling-
resistant sensors enabling water distribution 
systems & groundwater monitoring over weeks to 
months without substantial need for periodic 
calibration &statistical evaluation of a cost-of-
sensing versus LC/MS-based analysis paradigm to 
drive adoption of widely applicable economic 
sensor networks into operational quality and 
clinical monitoring workflows [105,106]. The 
resolution of these translational, metrological, and 
regulatory gaps will collectively decide if the sub-
ppt electrochemical sensitivity demonstrated across 
reviewed platforms and novel molecular 
approaches or composites for sensing discovered 
during our survey will finally become an 
operational capability in the environmental and 
pharmaceutical monitoring contexts that strengthen 
the review [107,108]. 
Table 3. Portable and Field-Deployable 
Electrochemical PFAS Sensors: Platform Type, 
LOD vs. Regulatory Threshold, Matrix, and 
Validation Status 
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DBS: dried blood spot; pSBMA: poly(sulfobetaine 
methacrylate); OECT: organic electrochemical 
transistor; AdSV: adsorptive stripping 
voltammetry; MCL: maximum contaminant level. 
8. Conclusions 
Emphasizes the progress made in electrochemical 
sensing to detect PFAS at sub-part-per-trillion (ppt) 
concentrations in laboratory conditions using 
molecularly imprinted polymers, aptasensors, 
CRISPR-Cas12a, and novel nanomaterial 
platforms. The current advances in OECT 
aptasensors, CRISPR-electrochemiluminescence, 
and split-aptamer architectures are pushing the 
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sensitivity frontier to 0.01–0.5 ppt, well below the 
EPA MCL and EU parametric thresholds. But less 
than 10% of published studies perform validation 
in non-spiked field or clinical matrices, and matrix-
induced sensitivity attenuation 2 to >10x from 
dissolved organic matter, protein fouling, and ionic 
strength variation remains the field's most 
prominent translational order of magnitude more 
impactful than marginal laboratory detection limit 
gains. The pharmaceutical component provides 
additional support to the need for point-of-use 
PFAS quantification at sensitivity regimes that 
current platforms approximate but have not yet 
critically validated, by providing effluent and 
fluorination worker biomonitoring data from 
performance-adjusted dose models to track drug–
PFAS pharmacokinetic interactions in exposed 
populations. Closing this translational gap will 
require anti-fouling electrode engineering, allowing 
continuous matrix-tolerant operation; multi-PFAS 
array detection in combination with AI-assisted 
chemometric deconvolution of complex mixtures; 
and standardized inter-laboratory validation 
frameworks supporting streamlining across 
environmental and pharmaceutical regulatory 
arenas. On a technical level, the electrochemical 
sensors with the potential of meeting this 
monitoring mandate are close to awareness. 
However, their translation into operation as an 
infrastructure will require methodical resource 
allocation to matrix validation, regulatory pathway 
definition, and field deployment science. 
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