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Per- and poly-fluoroalkyl substances (PFAS) are manmade chemicals that are extensively used in a wide
range of industrial and consumer applications owing to their extraordinary features. However, PFAS are
associated with potential risks because of their persistence and bioaccumulation, causing possible harm
to human health and ecosystems. In this case, the fabrication of novel sensing technologies is an
attractive approach that can address the limitations of conventional chromatographic techniques.
Hence, this review highlights the cutting-edge improvements in engineering PFAS nano-sensors,
emphasizing the molecular chemistry advancements in optical, electrochemical, aptamer-based, and
immune-based nano-sensors. Insights into the tried-and-tested strategies according to the in-depth
examination of the detection approach of each nano-sensor at the molecular level are presented. The
potential mechanisms of the interactions between PFAS and emerging nanomaterials are presented,
including fluorophilic interactions, electrostatic interactions, ion-bridging interactions with divalent
cations, hydrophobic interactions, T—m bonds, hydrogen bonds, ionic exchange, and van der Waals
forces in conjunction with materials such as single-atom-supported nanomaterials, carbon dots,
graphene, and metallic nanostructures. This review uses an integrated approach to explore the current
difficulties and potential in the manufacture of PFAS nano-sensors. Notably, the critical sensor
development objectives and the challenges experienced during the process is described. This
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a well-informed and strategic emphasis on enhancing PFAS detection technology. Researchers and
DOI: 10.1039/d4ta07045¢ practitioners may greatly benefit from these insights, making it easier from them to create innovative and

rsc.li/materials-a effective PFAS-detecting systems.
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1. Introduction

A large class of over 15 000 synthetic compounds known as per-
and poly-fluoroalkyl substances (PFAS) is recognized by their
strong carbon-fluorine linkages, which endow them with
remarkable stability and resistance to degradation.”® PFAS are
widely used in consumer goods and operations, making them
widespread environmental pollutants.*® They are found in the
air, water, soil, and even organisms owing to their extensive
usage in nonstick cookware, water-resistant fabrics, firefighting
foams, and industrial processes. Other sources are the chemical
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and textile manufacturing industries. Given that PFAS are
resistant to natural degradation processes, they have become
prevalent in the ecosystem and pose long-term risks to
humans.®*” Over 5000 Chemical Abstracts Service (CAS)
numbers are categorized as PFAS, and most have unknown
identities.® Additionally, unknown precursors can break down
and contribute to the formation of PFAS.

The increasing presence of PFAS in the environment is
a growing concern worldwide.>'® PFAS contaminate the envi-
ronment through direct industrial discharges, runoff from
landfills, and wastewater treatment plant effluents, where they
persist. Therefore, these substances have been found in almost
all environmental matrices, including water sources and
aquatic ecosystems, as well as remote regions unaffected by
direct industrial activities."*> PFAS contamination has been
observed in both urban and rural environments, highlighting
the widespread impact of these chemicals.'>** Numerous PFAS
have the ability to concentrate and accumulate in lower trophic
level plants and animals, which are then ingested and bio-
accumulated by higher trophic level animals (i.e., top preda-
tors), heightening the challenge as their long-term
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accumulation will continue to raise ecological and health-
related concerns over time.* In a study in West Virginia, USA,
45 distinct PFAS chemicals in various river otter tissues were
taken from several watersheds.'® The liver had the greatest
median content of PFAS, followed by the pancreas, lung, kidney,
blood, brain, and muscle. The most common chemicals were
perfluoroalkyl sulfonates (PFSAs), which made up 58-75% of
the total concentrations, and perfluoroalkyl carboxylates
(PFCAs), accounting for 21-35%. Hexafluoropropylene oxide
dimer acid (HFPO-DA) was uncommon; however, some PFAS
compounds, such as 8 : 2 fluorotelomer sulfonate (8 : 2 FTS) and
10: 2 FTS, were often detected in the liver and bile. The otters
from different watersheds had lower liver amounts of PFAS than
those gathered downstream of a fluoropolymer manufacturing
site. This study determined that the median whole-body burden
of PFAS was 1580 pg with blood levels of PFOS and PFOA above
the human toxicity reference values.

Based on probabilistic surveys, 98-99% of the population in
the United States has measurable amounts of at least one PFAS
in their serum."” A data analysis regarding the PFAS concen-
trations in municipal tap water in Massachusetts revealed
a pattern of increasing contamination, with the overall number
of fluorinated compounds showing a notable rise of 5 to 320
times over 25 years.'*' Moreover, a substantial percentage of up
to 94% of these substances are still unknown (also known as
undiscovered PFAS). The primary human exposure route, resi-
dential drinking water, was first investigated when per-
fluorooctanoic acid (PFOA) was found in human blood samples
(mean concentration of 423 ug L™ ') among Americans who were
not exposed to these contaminants at work between 2002 and
2005.”°

PFAS pose a significant concern for both public health and
environmental management.”"** Thus, efforts to mitigate PFAS
contamination require a comprehensive understanding of their
environmental occurrence, origins, and modes of trans-
portation, which will inform effective strategies for monitoring,
remediation, and regulatory measures.”*** It is crucial to
consistently monitor and identify PFAS contamination in the
air, water, and soil to assess the extent of environmental
pollution. Subsequently, policymakers and regulatory agencies
can utilize this knowledge to develop effective policies that
minimize their impact on ecosystems. Additionally, given the
detrimental effects of PFAS on life, identifying sources of
exposure is essential for protecting the public well-being.>
Ongoing monitoring plays a vital role in creating efficient risk
management plans, legal requirements, and initiatives focused
on public health. Detecting PFAS is a fundamental aspect of
informed decision-making aimed at safeguarding both human
health and the environment from potential risks associated
with these persistent compounds.

A few review articles on PFAS sensors has been previously
published, offering a comprehensive summary of the various
methods for the detection of PFAS.***” In contrast to these
outstanding studies, herein we report the latest developments
in PFAS nano-sensor engineering from a molecular chemistry
standpoint. Nanoparticles play a pivotal role in sensing,
demonstrating significant progress in applications such as
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detecting and comprehending the molecular structure of
pollutants and addressing challenges in water treatment and
pollution prevention.*®*®

Sensor technologies for detecting PFAS have significantly
progressed, with improvements in sensitivity, efficiency, and
precision in environmental monitoring being evident. More
intricate sensor platforms such as novel molecular detection
mechanisms that are nano-enabled and nanoparticle-based
sensors have replaced traditional detection methods.”” These
advancements provide improved detection limits up to nano-
molar concentrations and real-time monitoring capabilities to
expand the array of existing tools for PFAS sensing. However,
despite this progression, ongoing development is still necessary
for PFAS detection sensor systems due to the challenges posed
by the diverse nature of PFAS chemicals and their complex
matrices.*® Continued investigation and invention are required
to overcome these limitations and promote the growth of
sensors with improved accuracy, specificity, and versatility. This
effort is critical in meeting the growing demand for reliable
PFAS detection techniques and assuring their usefulness in
protecting the environment. Improving sensor technology can
strengthen environmental protection efforts and get closer to
long-term solutions for efficiently addressing PFAS pollution.

Initially, we provide a concise overview of the physico-
chemical characteristics of PFAS alongside their classification.
We provide a succinct summary of the presently available
nanomaterial-based approaches for the detection of PFAS
together with their drawbacks that arise in the course of
developing new sensors, the objectives that must be remem-
bered, and lastly the nano-sensors that have been created thus
far. To present information for readers on how each sensor
senses PFAS at the molecular level and to outline the previously
tried and tested approaches, we present an in-depth discussion
of the detection method for each sensor. After evaluating the
literature, our discussion focuses on the potential mechanisms
of PFAS interaction comprising fluorophilic interactions, elec-
trostatic interactions, ion-bridging interactions with divalent
cations, hydrophobic interactions, w—m bonds, hydrogen bonds,
ionic exchange, and van der Waal forces with emerging nano-
materials including carbon dots, graphene and metallic nano-
structures. Also, we systematically examine the current
challenges and opportunities associated with the fabrication of
PFAS nano-sensors, adopting an integrative approach. This
comprehensive analysis will provide a holistic perspective,
guiding future research endeavors toward a more informed and
strategic focus.

2. Physicochemical properties of
PFAS

PFAS are fluorinated substances containing at least one fully
fluorinated methyl (-CF;), a methylene carbon atom (-CF,-),
and fully fluorinated alkanediyl (-C,H,,~) moieties or aromatic
rings. A few exceptions reported thus far include the H/Cl/Br/I
atom attached to any carbon atom.** With over 4700 PFAS
varieties documented in the literature, the predominant
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characteristic among these compounds is an alkyl chain with
fluorine as a substituent (C-F bond).*>** This creates a plethora
of divergent physical properties such as high thermal stability,
enhanced chemical stability, strong acidity, and hydrophobic
and lipophobic surfactant properties. It is presumed that this
difference in the properties of PFAS from their hydrocarbon
analogues is due to the incorporation of fluorine groups, and
thus to understand their properties first, we need to understand
the properties of fluorine and the C-F bond, in particular.
Fluorine appears at x = 4 on the Pauling electronegativity
scale, which is the most electronegative element. Its atomic size
is the smallest among the period 2 elements, having an elec-
tronic configuration of 1s?, 2s%, 2p°, where it experiences the
high nuclear charge of nine protons. Thus, ionization by the
removal of an electron to become F' is extremely endothermic
(—401.2 keal mol ") with the 2p electrons held close to the
nucleus. Alternatively, fluorine atoms readily accept electrons to
attain a noble gas-like configuration with the most exothermic
value (+78.3 kcal mol™") among the period 2 elements.** Owing
to the high electronegativity of fluorine compared to that of
carbon, the C-F bond is the strongest bond reported in organic
chemistry (105 kcal mol™), but in PFAS, bond dissociation
energy (BDE) calculations revealed that a higher BDE is required
to dissociate the C-F in their -CF; moieties (117.8-
123.4 k] mol ') than the C-F bonds in their ~-CF,- moieties
(106.4-113.6 kJ mol™') (Fig. 1A).>** The C-F bond is highly
polarised due to the small size of fluorine, thus generating
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a partial charge over the C** and F°~ atoms. The resultant
electrostatic attraction makes the bond less covalent and more
electrostatic (Fig. 1B). Particularly, the electrostatic interaction
between the polarized C°* and F°~ atoms further strengthens
the bonds, classifying them as persistent organic pollutants
(POPs).*”” This argument rationalizes the progressive shortening
of the bond observed for fluoromethane upon substitution by
fluoro groups and is the shortest for tetrafluoromethane. The
polarization of the C-F bonds leads to a change in the H-C-H
bond angle in the hydrocarbon. This rationale is based on the
valence shell electron pair repulsion (VSEPR) theory, which
states that the fluorine group shows an electron-withdrawing
effect and pulls the valence electron towards itself, narrowing
the F-C-H or F-C-F bonds.

The electron-electron repulsion of the electron-rich C-H
bonds of PFAS increases, leading to their widening. On the
contrary, the F groups are larger than the H groups, thus
introducing steric interaction to widen the F-C-F bond angle,
while narrowing the H-C-H bond angle, but this is not the case.
Thus, the H-C-H bond angle of methane is 109.5°, which
increases to 110.2°, and even widens for difluoromethane to
113.8°.® A similar case is fluorosubstituted hydrocarbons,
where despite the —ve charge density over the F atoms, the C-F
bonds close, and the bond angles decrease with an enhance-
ment in the repulsion between the electron-rich C-C bonds,
increasing the bond angle.* Besides this comparison of a series
of progressive fluorinated methane, difluoromethane has

(C) Steric interaction

F-F 1,1-C
— F-F12C

d/‘

F-F 1,3-C
Hydrocarbon
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(D)

Helical
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(A) Representation of the structural properties of PFAS molecules having a fluorocarbon tail (BDE of the C—F bond for —CHz and —CH,—

groups are depicted) and a functional head group. The head group may vary from molecule to molecule, with the main functionalities, such as
carboxylate, phosphate, and sulfonate groups. (B) Structure and electron density map of hexachlorobenzene, where the electron density is
polarized towards the F groups having a reddish colour and the electron-deficient carbon backbone with blue colour. (C) Different types of F—F
steric repulsion interaction between geminal, vicinal, and 1,3-substituted groups. (D) Comparison of structural dissimilarities of a PFAS and its
hydrocarbon analogue, where the hydrocarbon shows the carbon backbone in a zig-zag structure, but owing to the enhanced steric repulsion in
the PFAS molecules, the carbon backbone attains a helical structure.
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a higher polarity than fluoromethane and trifluoro methane.
Thus, introducing CF,-type functionalities in molecules induces
high polarity and low viscosity. The van der Waals radius of
fluorine (1.47 A) compared to hydrogen (1.20 A) is large,
resulting in steric congestion, and the substitution of all three
fluorine atoms dramatically changes the conformation of PFAS
molecules compared to their hydrocarbon analogues. Steric
repulsions are also observed between the fluorine atoms relative
to the 1,3 positions due to the formation of a helical structure
(Fig. 1D). With an increase in the van der Waals radius from H
to F, the C-C bond length of the carbon backbone gets
stretched, and the C-C-C angle gets twisted by 12°, forming
a helical structure with right and left helices in equal propor-
tion, unlike the zig-zag conformation for hydrocarbons
(Fig. 1C). Thus, PFAS are conformationally rigid molecules
having less conformational freedom, which is attributed to the
different steric constraints imposed by the presence of F groups.

Besides the tail part, they have a head group containing
functionalities such as carboxylates, sulfonates, phosphates,
amines, and many more (Fig. 1A). Owing to the strong electron-
withdrawing nature of the perfluoroalkyl chains, the acidity of
the OH groups is enhanced and the basicity of the organic
functionalities present in the head group diminishes.** The
increase in acidity is also attributed to the hyperconjugative
stabilization by the B-fluorination. Thus, the pK, values
decrease when H atoms are replaced by F atoms in the alkyl
chain. Despite the high electronegativity and lone pair over F,
the low s and p orbitals are low-lying and relatively less polar-
izable, making them bad hydrogen bond acceptors. Thus, to
study the sorption behaviour of PFAS, the pH of the solution
becomes a crucial factor because it contains ionizable func-
tional groups in protonated or deprotonated form. Function-
alities such as carboxylic acid, phosphoric acid, phosphonic
acid, and sulfuric acid show anionic character when they release
H' ions in the solution. Cationic functionalities due to the
presence of amines can accept H' from the solution or the
presence of quaternary ammonium functionalities. Alterna-
tively, zwitterionic PFAS consist of two or more of the above-
mentioned functionalities. Lastly, there are few reported alco-
holic PFAS, which do not ionize in aqueous solution, leading to
the formation of non-ionic PFAS.**

PFAS are very weakly interacting via both intermolecular and
intramolecular pathways owing to the low polarizability of their
F groups, which are characterized by high volatility and low
boiling compared to their hydrocarbon analogs. The lipophobic
character of PFAS originates from their lack of van der Waals
forces. These characteristics of PFAS pose severe challenges in
selective sensing and remediation. The exceptionally low
surface tension of PFAS is an attribute of the meager intermo-
lecular forces between their interacting molecules.** Despite the
high dipole moment of the CF, group, PFAS show a lower crit-
ical micellar concentration (CMC) (i.e., the threshold concen-
tration of PFAS molecules in solution above which they
spontaneously form micellar aggregates) than their hydro-
carbon counterparts, given that the dipole moments of the CH,
groups cancel out each other in their helical chain structure,
giving rise to non-polar and hydrophobic character.

This journal is © The Royal Society of Chemistry 2025
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PFAS form a unique fluorous phase via the creation of
a phase boundary when encountering a mixture of polar and
non-polar solvents, highlighting their amphiphilic character.
Partitioning of fluorous materials resembling a biphasic sepa-
ration process is driven by the free energy of the intermolecular
interaction of PFAS in two phases.* This can be achieved by
following two steps. The first step is the formation of a super-
structure, where the consumption of energy leads to the
assembly of PFAS molecules, further minimizing the surface
tension. In this case, the required free energy depends on the
interaction free energy of the PFAS molecules under self-
assembly and the assembly size. In the second step, once the
self-assembly is established, the molecules interact by van der
Waals forces or other interactions such as H-bonding. This
induces a change in physical properties with a change in the
concentration of PFAS in the solution.

3. Classification of PFAS

PFAS can be classified based on their chain length, chemical
structure, and functional groups attached to the carbon back-
bone. The detailed classification of PFAS is given below. Fig. 2
depicts a flowchart categorizing PFAS based on their carbon
chain length, functional groups, and chemical structure.

3.1. Classification of PFAS based on carbon chain length

The categorization of PFAS according to their carbon chain
length is critical for understanding their environmental destiny,
toxicity, and possible effects on human health and the
ecosystem.**

Generally, short-chain PFAS are comprised of perfluoroalkyl
chains with fewer than six carbon atoms. Short-chain PFAS
include  perfluorobutanesulfonic ~ acid  (PFBS), per-
fluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
and perfluoroheptanoic acid (PFHpA). Long-chain PFAS are
composed of perfluoroalkyl chains containing six or more
carbon atoms. Due to their distinct features, such as oil and
water repellency, thermal stability, and surfactant capabilities,
these compounds are widely employed in various industrial and
consumer applications."”* Long-chain PFAS include per-
fluorooctanoic acid (PFOA), perfluorooctanesulfonic acid
(PFOS), perfluorononanoic acid (PFNA), and perfluorodecanoic
acid (PFDA). Concerns regarding the environmental persistence
and bioaccumulation of long-chain PFAS have led to the use of
alternative compounds.***® Short-chain PFAS are thought to
have lower bioaccumulation potential and shorter environ-
mental persistence than long-chain PFAS.*>*** Long-chain
PFAS are known to have higher bioaccumulation capacity and
longer environmental persistence than short-chain PFAS.**7*®

3.2. Classification of PFAS based on chemical structure

3.2.1. Linear PFAS. Linear PFAS have straight-chain per-
fluoroalkyl groups. The carbon atoms in these fluorinated
chains are arranged linearly. Linear PFAS may have distinct
chemical and physical characteristics depending on the length
of their perfluoroalkyl chain. Linear PFAS include

J. Mater. Chem. A, 2025, 13, 8246-8281 | 8249
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Fig. 2 Classification of PFAS based on carbon chain length, functional groups, and chemical structure with examples.

perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS).

3.2.2. Branched PFAS. Perfluoroalkyl chains with branch-
ing points give branched PFAS their non-linear structures. Their
chemical and physical characteristics may be influenced by
branching. Thus, branched PFAS may show different solubility,
reactivity, and environmental destiny than their linear coun-
terparts. Certain perfluorocarboxylic and perfluorosulfonic
acids are examples of branched PFAS.

3.2.3. Cyclic PFAS. Perfluoroalkyl chains organized in rings
or cycles make up cyclic perfluoroalkyl substances (PFAS). The
existence of ring structures in these compounds may give rise to
unique characteristics such as enhanced stiffness and confor-
mational flexibility. Compared to linear or branched PFAS,
cyclic PFAS may exhibit distinct environmental behaviors and
toxicological profiles. Perfluoropolyethers (PFPEs) and several
perfluoroalkyl phosphonic acids are examples of cyclic PFAS.

The chemical structure-based categorization of PFAS sheds
light on the variety of these substances as well as their possible
characteristics and behaviors. It is essential to comprehend the
structural properties of perfluoroalkyl substances (PFAS) to
predict their destiny in the environment, evaluate their toxicity,
and create mitigation plans that work.

3.3. Classification of PFAS based on functional groups

3.3.1. Perfluoroalkyl (PFASs). PFASs
composed of a perfluoroalkyl chain with an attached sulfonate

sulfonates are

8250 | J Mater. Chem. A, 2025, 13, 8246-8281

(-SO37) functional group. These substances have excellent heat
stability and potent surfactant qualities. PFASs are often
utilized in industrial settings as coatings, firefighting foams,
and surfactants. Perfluorooctanesulfonic acid (PFOS) and per-
fluorobutanesulfonic acid (PFBAS) are two examples of PFASs
(PFBS).

3.3.2. Perfluoroalkyl carboxylates (PFCAs). A perfluoroalkyl
chain is joined to a carboxylate (-COO-) functional group in
PFCAs. Due to their chemical stability and surfactant qualities,
these compounds are widely employed in various consumer and
industrial applications. PFCAs are frequently discovered in the
environment as pollutants and show modest thermal stability.
Perfluorooctanoic acid (PFOA) and perfluorononanoic acid
(PFNA) are two examples of PFCAs (PFNA).

3.3.3. Perfluoropolyethers (PFPEs). PFPEs possess ether
linkages (-O-) in their perfluoroalkyl chain. These substances
are known for having strong chemical and thermal stability as
well as outstanding lubricating qualities. PFPEs are often
utilized in a variety of industrial applications as hydraulic
fluids, lubricants, and heat transfer fluids. Grease and oils
made of perfluoropolyether are examples of PFPEs.

3.3.4. Perfluoroalkyl phosphonic acids (PFPAs). A per-
fluoroalkyl chain is joined to a phosphonic acid (-PO(OH),)
functional group in PFPAs. These substances have strong
solubility in polar liquids and work well as corrosion inhibitors.
Applications needing corrosion protection, such as surface

treatment and metal plating, employ PFPAs.

This journal is © The Royal Society of Chemistry 2025
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Perfluorooctylphosphonic ~ acid  (PFOPA) and  per-
fluorodecylphosphonic acid (PFDoPA) are two common PFPAs.

3.3.5. Perfluoroalkyl phosphinic acids (PFPIAs). A per-
fluoroalkyl chain is joined to a phosphinic acid (-PO(OH))
functional group in PFPIAs. These substances are efficient metal
ion sequestrants with potent chelating properties. PFPIAs are
used in chemical synthesis, wastewater treatment, and metal
extraction, among other sectors. Perfluorooctylphosphinic acid
(PFOPiA) and perfluorodecylphosphinic acid (PFDoPiA) are two
examples of PFPIAs.

3.3.6. Perfluoroalkyl phosphates (PFPs). A perfluoroalkyl
chain is joined to a phosphate (-PO,) functional group in PFPs.
Due to their excellent flame resistance, these substances are
utilized as flame retardants in textiles and polymers. PFPs are
also utilized in specialized applications such as lubricants and
hydraulic fluids. Perfluorooctylphosphate (PFOP) and 2-(per-
fluorohexyl) ethanol phosphate (PFHxP) are two examples
of PFPs.

Functional group-based PFAS categorization sheds light on
the chemical makeup, uses, and environmental characteristics
of these substances. To evaluate the environmental destiny of
PFAS and their toxicity and possible threats to the ecosystem
and human health, it is essential to comprehend the various
functional groups present in these substances.

4. Traditional PFAS detection
methods and their limitations

PFAS detection has been performed using chromatographic
techniques such as liquid chromatography-mass spectrometry
(LC-MS), liquid chromatography-mass spectrometry/mass
spectrometry (LC-MS/MS), gas chromatography-mass spec-
trometry (GC-MS), ultra-high-performance liquid chromatog-
raphy (UHPLC), and HPLC.* The LC-MS/MS technique has long
been established as the gold standard for PFAS detection due to
its remarkable sensitivity, accuracy, and reliability.

Methods 533, 537, and 537.1, certified by the Environmental
Protection Agency (EPA), are essential for identifying PFAS and
providing standardized procedures for tracking these enduring
pollutants.***> Solid-phase extraction (SPE) utilizing a poly-
styrene-divinylbenzene (SDVB) resin is used in Method 533.
Subsequently, LC-MS/MS, equipped with a C18 column, is
utilized for analysis to provide enhanced column efficiency and
analyte resolution in shorter run times. This technique has
been useful in measuring PFAS in various aqueous media,
including drinking water, with LOD in the range of 1.4 to 16
parts per trillion (ppt) for twenty-five analytes. However, the
drawbacks of using this analytical method include its 35 min
minimum run time and sole focus on analyzing drinking water
samples. The solid-phase extraction methodology with LC-MS/
MS investigation is shared by Method 537, an expansion of
Method 533, which enables the measurement of 29 PFAS.
Although it effectively identifies PFAS in drinking water, it is
primarily designed for a given matrix and has the same time
constraint of 35 min as Method 533. Aiming to improve the
analytical procedures, Method 537.1 has been refined in

This journal is © The Royal Society of Chemistry 2025
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response to these restrictions. Method 537.1 reports reduced
detection limits ranging from 0.71 to 2.8 ppt, with an emphasis
on eighteen PFAS analytes. Its primary focus, similar to that of
its predecessors, is on drinking water analysis, which highlights
the necessity for wider application to a variety of matrices such
as soil, food, and air.

Although not recommended by the EPA, other research
groups have presented multiple modifications to these
approaches. For instance, dispersive solid-phase extraction (d-
SPE) was used to assess the quantity of PFOA and PFOS in
honey samples.*® Up to 87% of the sample was recovered and
subjected to micro-ultrahigh performance liquid chromatog-
raphy (UHPLC)-MS/MS analysis. The d-SPE technique distin-
guishes itself from SPE cartridges, which may face clogging
issues when extracting a contaminated matrix. In contrast, the
d-SPE method employs a minimal quantity of sorbents
dispersed in an aqueous solution. This approach ensures effi-
cient compound recovery and minimizes the solvent usage,
while optimizing the utilization of the sorbent surface area.**
Therefore, more research on d-SPE for PFAS analysis in various
water matrices should be conducted. Another quick and easy
analytical technique was reported for analyzing per-
fluorocarboxylic acids (PFCAs) in water medium at small
concentrations.* This study used tetrabutylammonium (TBA)
as an ion pair in combination with solid phase micro extraction
(SPME), followed by in-port derivatization-GC-negative ion
chemical ionization MS. This method was recommended for the
quick screening of PFCAs in ecological matrices given that
involves shorter analytical times, smaller sample and solvent
volumes, and better recoveries.

To fully comprehend the fate and transit of fluorinated
compounds, especially PFAS, in the environment, it is impera-
tive to close the fluorine mass balance.”® Researchers may
ascertain the presence and distribution of PFAS in the envi-
ronment by utilizing the above-mentioned conventional
analytical methods and their modifications. Fig. 3 provides an
outline of the analytical techniques that may be applied to close
the fluorine mass balance. The fluorine mass balance can help
us understand the mechanisms by which PFAS enter, migrate
through, and depart environmental compartments by consid-
ering all sources, sinks, and transformations of these chem-
icals. This knowledge is essential for evaluating the possible
concerns connected to the presence of PFAS, such as their
persistence, bioaccumulation, and possible negative impacts on
ecosystems and public health. Closing the fluorine mass
balance also makes it possible to pinpoint information gaps
and create more precise prediction models for the behavior of
PFAS in the environment, which helps with the creation of
efficient management plans to lessen their effects.

Although the EPA-approved methods and their modifica-
tions have been instrumental in detecting PFAS, their draw-
backs, such as the time-consuming nature of the analysis and
matrix specificity, highlight the need for more sophisticated
sensor approaches. Also, the issue of peak separation with PFOA
and PFOS in chromatographic systems is one of the most well-
known drawbacks. This is because the blank comes from
common polymeric materials, which means that PFOA may be
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Fig. 3 Outline of the analytical techniques that may be applied to
close the fluorine mass balance in PFAS. The widths of the boxes show
the general coverage of the technique within the appropriate category
of fluorinated chemicals, and the heights indicate the general sensi-
tivity of the method. Reproduced from ref. 56 Copyright 2024, ACS.

maintained and eluted after the injected PFOA.*” Only volatile,
semi-volatile, and neutral PFAS can be detected by gas chro-
matography (GC) and requires a combination of electron
impact (EI) or chemical ionization (CI) to provide the benefit of
mass spectral library application, which limits its applicability
and makes it less common than LC.® Nevertheless, the LC-MS
method has drawbacks comparable to that of the GC-MS tech-
nique, including the need for lengthy sample analysis and high
costs (average cost of $400 per sample analysis) for typical
environmental monitoring applications.*® It is essential to have
rapid, portable, affordable, and easy-to-use detection tech-
niques to fulfill the increasing need for thorough PFAS moni-
toring in a range of environmental settings.

A promising strategy to circumvent the limitations of exist-
ing technologies is to use advanced nano-sensors composed of
newly developed nanomaterials and sensing processes. This
will ensure that PFAS can be detected effectively and widely
outside standard laboratory settings with better LOD and
improved precision.
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5. Nano-sensors for PFAS detection

Awide range of 0D, 1D, 2D, and 3D nanomaterials, both organic
and inorganic, has unique physiochemical characteristics and
can be used to fabricate sensors for detecting PFAS and other
organic contaminants.***® These nanoparticles are vital
components that provide a diverse framework for customizing
the performance of sensors.®”*> The categorization of PFAS
sensors is inextricably tied to their underlying processes with
materials and output signals (Fig. 4). Optical sensors use
nanomaterials with various optical characteristics to modulate
light signals to detect PFAS. Surface-enhanced Raman scat-
tering (SERS) sensors, made possible by nanomaterials, use
increased Raman signals to detect PFAS with greater specificity.
Electrochemical sensors, which use nanomaterials with good
electrocatalytic capabilities, provide quantitative signals indic-
ative of PFAS concentrations via electrochemical processes.
Immunosensors are based on functionalized nanomaterials,
which allow the selective binding of PFAS to antibodies on
nanomaterial surfaces, resulting in measurable signals. Micro-
fluidic sensors incorporate nanoparticles into microfluidic
systems, providing accurate and regulated PFAS detection,
while also increasing the overall efficiency and speed in sensing
operations. This comprehensive viewpoint highlights the crit-
ical significance of nanomaterials in several sensor modalities
for PFAS detection, stressing their subtle contributions to
sensor design and operation.

5.1. Optical PFAS nano-sensors

Optical nano-sensors are an innovative class of sensing devices
that use the unique features of nanomaterials to detect and
analyze a wide range of chemicals at the nanoscale. These
sensors use optical principles to detect light-matter interac-
tions very sensitively and selectively.®* Nanomaterials, including
nanoparticles, quantum dots, and nanocomposites, are crucial
in improving the optical characteristics of these sensors.
Colorimetry, fluorescence, plasmonics, and surface-enhanced
Raman spectroscopy (SERS) are all methods used by optical
nano-sensors. The inclusion of nanomaterials enables fine
control of the sensor parameters, allowing customized
responses to specific analytes. In the context of PFAS detection,
optical nano-sensors have benefits such as fast reaction times,
high sensitivity, and real-time operation. Optical nano-sensors
are promising technology at the vanguard of advanced
sensing platforms because of their adaptability in various
applications, ranging from complex medical diagnostics to
environmental monitoring.

5.1.1. Colorimetric PFAS nano-sensors. Nanomaterials that
change color in the presence of a target, such as a specific
molecule or ion, are commonly employed in colorimetric
sensors. The analyte concentration is connected with the
change in hue to generate an easy and visible readout. A
detailed examination of optical sensors employing gold nano-
particles (AuNPs) designed for sensing anionic pollutants was
reported, specifically considering PFOS and PFOA.** Various
optical sensors were constructed, employing AuNPs as the

This journal is © The Royal Society of Chemistry 2025
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experimental basis for anions. The identification process for the
targeted anions involves induced aggregation, binding of
anions, release (of dye or other substances), and etching of
AuNP (Fig. 5A). The functionalization of AuNPs in these sensors
involved employing thiol-terminated polystyrene or monolayers
of alkane thiolates terminated with poly(ethylene glycol) (PEG-
thiol) and perfluorinated thiols (F-thiol). In the former config-
uration, PFOA dislocates the polystyrene ligands by attaching
them to the AuNPs, leading to their aggregation through

(A) . Aggregating

Au NP

Binding

=
Targets = er
# Y Releasing

TAAA RN

or
Surface Functionalisation

Y  Etching
(B)

TMB + H,0, |

\/

oxTMB + HQ(?; 4

MoS,
nanoflowers
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e 7 TMB + H,0,

\\/ oxTMB + H,0

(lower oxidation)

~°  PFOS

> Fe;0, NPs

Fig. 5 (A) Illustration of the possible interactions between Au NPs and
the target analyte. Reproduced from ref. 64 Copyright 2017, Elsevier.
(B) MoS,/FesO4 nano-flowers for the colorimetric determination of
PFAS producing a blue hue when 3,3,5,5-tetramethylbenzidine (TMB)
is oxidized in H,O,. Reproduced from ref. 65 Copyright 2019, Elsevier.

This journal is © The Royal Society of Chemistry 2025

fluorine-fluorine (F-F) interactions. This aggregation induces
a discernible color shift from red to blue-purple. Notably, the
observed color change is perceptible to the naked eye, albeit
with a detection threshold above 103 ppm, a comparatively
elevated concentration. The authors proposed the potential for
color-changing aggregation induced by perfluorinated carbox-
ylic acids (PFCAs) as a broader class. In the latter sensor design,
the F-thiol functionalization facilitates the binding of PFAS via
F-F interactions, ensuing in the precipitation of AuNPs from the
solution. With an increase in PFAS concentration, the red color
intensity of the reaction media diminishes. This color modu-
lation is observable and quantifiable through visual inspection
and spectroscopy. Due to the inherent affinity of PFAS for the
F-F interaction, the sensor can detect multiple PFAS species
with different functional moieties, although short-chain PFAS
(<C7) display reduced sensitivity, which is attributed to their
decreased hydrophobicity. Remarkably, this sensor achieved
a detection limit as low as 10 ppb for long-chain PFAS (>C7).
In another study, MoS,/Fe;0, nano-flowers were employed
as a platform for the colorimetric detection of PFAS due to their
inherent peroxidase-mimicking and electroactive properties,
which could produce a blue hue when 3,3,5,5-tetrame-
thylbenzidine (TMB) was oxidized with H,O,, as illustrated in
Fig. 5B.®* The recognition mechanism involves electrostatic
interactions and hydrogen bonding between the hydroxyl
groups of the Fe;O, nanoparticles and the sulfonate groups of
PFOS. Additionally, the steric hindrance effect resulting from
the spatial arrangement of these moieties contributed to the
excellent specificity of this sensor. To assess the specificity of
the sensors, various target chemicals, including analogs of
PFOS such as octanoic acid (OA), decanoic acid (DA), dodeca-
noic acid (DDA), dodecanediol, 1-dodecyl amine, sodium
dodecyl sulfate (SDS), sodium dodecyl benzene sulfonate
(SDBS), cetyltrimethylammonium bromide (CTAB), sodium
octadecanesulfonate, and 1-hexadecane sulfonate (SHDS), were
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introduced as interferences during the detection. The recovery
rate for these interfering substances in river and tap water
samples was found to be ~85%. This underlines the robustness
and applicability of the MoS,/Fe;0, nano-flower-based sensor
for the detection of PFAS in complex environmental samples.
Table 1 represents the attributes of the reported optical PFAS
nano-sensors.

Colorimetric PFAS nano-sensors have benefits such as quick
and visually perceptible detection, making them a natural
choice for the on-site monitoring of PFAS. The detection levels
may vary depending on the specific targeted PFAS compounds
and the sensor design but commonly fall in the range of 1 to 100
ug L~'. These sensors frequently have excellent sensitivity,
allowing them to detect tiny concentrations, and their
simplicity allows user-friendly applications that do not require
complicated equipment. However, the possibility for interfer-
ence from compounds with comparable color-changing capa-
bilities limits the specificity of colorimetric PFAS nano-sensors
in complicated sample matrices. Furthermore, they may impose
detection thresholds because they rely on observable color
changes, making them less suited for ultra-trace PFAS levels.
Furthermore, colorimetric sensors may lack the quantitative
precision of more complex analytical techniques, making it
challenging to detect PFAS concentrations correctly. Quantita-
tively, the precision of colorimetric sensors may vary, with
detection errors typically falling in the range of £10% to £50%,
depending on factors such as sensor design, calibration, and
environmental conditions.

5.1.2. Fluorescence PFAS nano-sensors. To detect PFAS,
fluorescence-based PFAS nano-sensors use the concept of “turn
on” or “turn off” procedures. The presence of PFAS causes
a considerable increase in fluorescence intensity in the “turn
on” configuration, generally due to the particular binding or
interaction between PFAS and the nanomaterials or displace-
ment of fluorophores, resulting in a perceptible and quantita-
tive signal augmentation. In contrast, in the “turn off”
mechanism, the fluorescence intensity decreases following
PFAS engagement, often due to quenching effects or formation
of a complex, allowing sensitive and selective PFAS detection
with detection limits ranging from ng L™" to ug L™ ' depending
on the specific nanomaterial used, experimental conditions,
and detection method employed, via deviations in the emission
characteristics of fluorescent nanomaterials (Fig. 6A). These
technologies provide flexible approaches for constructing very
sensitive and selective PFAS sensors based on fluorescence
responses.

Using a surface molecular imprinting approach, Feng and
colleagues created a fluorescence sensor for perfluorooctane
sulfonate (PFOS, CgF;,503).”> A molecularly imprinted polymer
(MIP) was immobilized onto SiO, NPs throughout this proce-
dure. A hybrid monolayer consisting of a covalently anchored
fluorescent dye and organic amine was generated on the surface
of MIP-SiO, NPs under acidic conditions (pH 3.5), functioning
as receptor sites for CgF,,;SO; via acid-base pairing and
hydrogen-bond interactions. The fluorescence quenching was
caused by electron transfer between the fluorescent dye and
PFOS, which was enhanced by the selective binding of PFOS

8254 | J Mater. Chem. A, 2025, 13, 8246-8281

Table 1 Attributes of various colorimetric PFAS nano-sensors reported
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(A) Illustration of the two possible mechanisms of fluorescence manipulations either by releasing fluorophores or forming a ternary

complex with the fluorophore, receptor and PFOs. Reproduced from ref. 71 Copyright 2023, the Royal Society of Chemistry. (B) Schematic of
turn-off sensing of PFOS anions via energy and charge transfer channels by MIP-SiO, NPs. Reproduced from ref. 72 Copyright 2014, Elsevier. (C)
Schematic of the interaction between SeN-CDs and PFOA for fluorescence quenching turn off sensing. Reproduced from ref. 73 Copyright 2019,

Springer.

within the recognition cavities of the polymer matrix. Surface-
anchored primary amino ligands incorporated into SiO, NPs
with molecularly imprinted polymer (MIP) caps acted as
recognition elements. These ligands engaged PFOS through
robust acid-base and/or hydrogen-bond interactions. Upon
rebinding to the recognition cavities, the PFOS anions
quenched the fluorescence emission of the FITC dye via energy
and charge transfer pathways (Fig. 6B). The effectiveness of this
quenching process is correlated with the binding affinity of
PFOS to the surface of MIP-capped NPs. The proposed method
demonstrated the precise and selective detection of PFOS in
water, achieving a detection limit as low as 5.57 pug L™". The
linear relationship extended across the concentration range of
5.57-48.54 pg L~ (corresponding to 10.36-90.2 nM).

Carbon dots (CDs) are widely explored fluorescent nano-
materials in the ratio-fluoro-metric sensing of organic and
inorganic analytes.” A fluorometric approach was proposed for
the detection of PFOA employing CDs co-doped with selenium
and nitrogen (SeN-CDs) as a fluorescent platform, where
complex formed between SeN-CDs and PFOA showed rational
quenching (turn off).” This method is suitable for the quanti-
tative aqueous sensing of PFOA in the range of 10-70 M with an
LOD of 1.8 M. The combination of SeN-CDs and PFOA is shown
in Fig. 6C. Because carboxylate and fluorocarbon groups are
hydrophilic and hydrophobic, respectively, PFOA molecules
tend to adsorb on hydrophilic surfaces and interact with nearby
surface carboxylate groups via complexation. “Selenium has
electron affinity to receive electrons because of its comparatively
high electronegativity value, whereas fluorine in PFOA has an
even greater electronegativity to draw electrons from
surrounding groups. Given that SeN-CDs are extremely soluble,
PFOA molecules can spontaneously reach the surface of the
nanoprobes and form complexes via carboxylate groups based
on hydrophilic attraction. Additionally, surface Se-containing

This journal is © The Royal Society of Chemistry 2025

groups tend to donate electrons to PFOA”.”® This results in
the formation of an SeN-CD-PFOA complex. Thus, the internal
electron transfer in the chelation complex accounts for the
observed quenching and shorter lifetime.

In another investigation, the fluorescent turn-on visual
sensing of PFOS utilizing blue fluorescent CDs and berberine
chloride hydrate (BH) was proposed.” It was observed that
when BH was introduced in pH 6.09 Britton-Robinson (BR)
buffer solution, the fluorescence of CDs decreased. No other
perfluorinated molecule caused the fluorescence to be partially
restored (turned on) at 448 nm, which seemed to increase at
533 nm when PFOS was introduced. PFOS/PFOA did not impair
the fluorescence of the CDs. However, PFOS boosted the fluo-
rescence intensity of BH. This showed that fluorescence
amplification in the CD-BH system occurs due to the interaction
between BH and PFOS when PFOS is present. Alternatively, the
CD-BH-PFOS solution has a more significant visualization
impact (higher identification by the naked-eye) than the BH-
PFOS system (colorless to yellowish green). Table 2 presents
the attributes of the reported fluorescence PFAS sensors.

Fluorescence-based PFAS nano-sensors have several bene-
fits, including excellent sensitivity with detection specificity
often exceeding 90% for targeted PFAS compounds, enabling
the detection of trace amounts of PFAS with great accuracy.
These sensors frequently give real-time and quantitative results,
allowing the detection of PFAS across a wide dynamic range.
However, their drawbacks include the possibility of interference
from complicated sample matrices, which may impair the
sensor specificity, and the need for specialized equipment,
increasing the total cost and complexity of the detection system.
For example, different organic and inorganic chemicals may
interfere with the fluorescence signal in complex environmental
samples such as wastewater and soil extracts, resulting in false-
positive or false-negative findings. Furthermore, the
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photobleaching of fluorophores and sensitivity to environ-
mental conditions may cause difficulties in maintaining the
stability of the sensor over long periods.

5.1.3. Optical scattering PFAS nano-sensors. PFAS nano-
sensors based on optical scattering involve the use of several
methods such as Raman scattering, Rayleigh light scattering,
resonance light scattering, and resonance shift to provide
sensitive PFAS detection and quantification. For instance, Ray-
leigh light scattering methods may identify PFAS compounds at
concentrations as low as 0.1 ng L™, whereas Raman scattering
techniques can detect them as low as 1 ng L™". Even higher
sensitivity is possible using resonance shift and resonance light
scattering methods, which have detection limits as low as
0.01 ng L™ for certain PFAS species. When incoming photons
interact with PFAS molecules in Raman scattering, specific
frequency changes in the scattered light correlate with the
rotational and vibrational transitions in the molecules.** PFAS
nano-sensors monitor these optical scattering events to identify
molecular interactions, enabling accurate and targeted PFAS
sensing in diverse complex matrices. When the wavelengths of
Rayleigh scattering and molecule absorption coincide, a partic-
ular type of light scattering known as resonance light scattering
(RLS) occurs. This resonance, which is seen when incoming
light interacts with specific molecules, strengthens the scat-
tering signal. Rayleigh light scattering and resonance shift-
based PFAS nano-sensors have not been reported to date.
There is not much evidence of advancements using these
particular sensing approaches in the research landscape in this
field. However, there are a few reports on PFAS nano-sensors
using SERS, suggesting some advancement in alternative
sensing techniques.

The PFAS, metal surface distance, particle orientation, and
conformation affect SERS and the shape, size, and assembly of
metallic nanoparticle (MNP). The intensity of the interaction
between the PFAS and MNP determines the signal enhance-
ment. As seen in Fig. 7A, the Raman intensity changes with the
location of the analyte. The position of the analyte determines
the Raman intensity, where at position 1, there is minimal
Raman scattering due to the negligible electromagnetic charge
transfer external to the metal surface; at position 2, charge
transfer with MNP results in a weak Raman spectrum; and at
position 3, significant electromagnetic charge transfer causes
enhanced Raman scattering, which is known as a hotspot and is
attributed to localized surface plasmon resonance (LSPR)
effects.

Fang and colleagues used SERS methods to identify fire-
fighting foams, essential sources of PFAS in the environment.*
They obtained an LOD of 50 ppb for perfluorooctanoic acid
(PFOA) using two SERS substrates, namely, nanosphere lithog-
raphy Ag and graphene oxide (GO) membrane, loaded with dye-
fluoro surfactant (FS) precipitate ion pairs. The adsorption of
certain PFAS compounds was aided by adding Si-Ag-GO
membranes with flat surfaces. The experiments under
controlled conditions showed that adding a dye, such as ethyl
violet, considerably enhanced the loading capacity of FS on the
GO surface. Using various colors, the replacement of per-
fluorooctanesulfonic acid (PFOS) with PFOA and modifications

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (A) Schematic of surface-enhanced Raman scattering (SERS)
sensing of an organic analyte on AuNPs. Reproduced from ref. 85
Copyright 2015, the Royal Society of Chemistry. (B—I) Raman spectral
analysis of the assembly of dye—FS—-GO; LOD of the assembly of dye—
FS—-Ag (J and K) and dye—FS—-GO (H and ). Reproduced from ref. 83
Copyright 2016, the Royal Society of Chemistry.

to the ion-pair components were investigated, offering insights
into the SERS substrate detection capabilities. Dye-FS-Ag and
dye-FS-GO LOD assemblies were observed, where the latter had
a 50 ppb LOD. The silicon peak at 512 cm™* was used as the
reference for the GO membrane. The Raman spectrum analysis
of the dye-FS-GO and dye-FS-GO LOD incubation assemblies
is displayed in Fig. 7B-1. Table 2 represents the attributes of the
reported optical scattering PFAS sensors.

One of the advantages of SERS is its adjustable surface,
allowing improved detection using direct and indirect
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methods.*® Furthermore, the adaptability of this technology
enables the creation of nano-sensors with various uses. Never-
theless, there are obstacles to overcome, such as the difficulty of
fabricating substrates, the possibility of signal fluctuation due
to external factors, and the related expense of creating highly
reproducible SERS substrates. These issues must be resolved for
SERS-based PFAS nano-sensors to be widely used in practical
applications.

5.1.4. Plasmonic PFAS nano-sensors. Plasmonics plays
a significant role in the development of PFAS nano-sensors.
AuNPs and AgNPs are often used in the detection of PFAS
using plasmonic nano-sensors.®”” These nano-sensors use the
distinctive optical features of AgNPs and AuNPs, such as surface
plasmon resonance (SPR). SPR is an aspect of sensing that uses
variations in refractive index close to a metal surface. Surface
plasmons are excited when polarized light strikes a metal
surface at a particular angle, causing the surface plasmon
phenomenon. SPR is used to detect PFAS and other pollutants
in various sensor platforms, such as optical fibers and nano-
particles.*® In recent advancements, utilizing SPR in conjunc-
tion with nanostructures and molecularly imprinted polymers
(MIPs) has improved the sensitivity and selectivity, with detec-
tion limits as low as pg mL ™" for a variety of target analytes.®

Cladding

POF Resin block

POF

Gold film

Resinblock

Photoresist Bufler layer

Gold film

~

White light source

POF

/

/
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MIP was deposited on a D-shaped plastic optical fiber (POF)
shielded with a photoresist buffer layer and a thin Au film.** To
generate this optical platform, the POF cladding was removed
(along a half circle), the buffer layer was spin-coated over the
uncovered core, and then an Au film was sputtered on it. The
multilayer on the D-shaped POF contained a 60 nm thin Au film
and a buffer layer with a thickness of 1.5 um. The POF had a 980
pm core (polymethyl methacrylate) and 10 um cladding (fluo-
rinated polymer) in size. The SPR-POF sensor, a spectrometer
(350 nm to 1023 nm), and a halogen lamp (360 nm to 1700 nm)
coupled to a PC formed the basis of this straightforward and
inexpensive experimental setup (Fig. 8). The process entailed
building a unique MIP with binding sites engineered to identify
perfluorinated chemicals (PFCs) precisely. A plasmonic POF,
a type of optical fiber intended to facilitate the SPR processes,
was combined with this MIP. The refractive index at the POF
surface varied due to MIP interaction with PFCs. The excep-
tional capacity of the plasmonic POF to facilitate SPR makes the
plasmonic component very important. The local refractive index
near the point of foci changes as PFCs bind to the MIP, which
causes noticeable changes in the SPR signal. Thus, PFCs can be
directly and label-free detected in water samples employing our
real-time SPR change monitoring technique.

Photoresist BufYer lay

Resin block

Gold film

Resin block

Laptop

Spectrometer

—MIP receptor

Resin block

Photoresist Butter laver

Fig. 8 Experimental setup and production techniques for implementing an SPR sensor in a D-shaped POF with an MIP receptor. Reproduced

from ref. 89 Copyright 2018, MDBI.
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Table 3 Comparison of various optical PFAS nano-sensors
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Optical PFAS Detection

nano-sensor type principle Sensitivity Specificity

Real-time
monitoring

Advantages Disadvantages

Colorimetry Color change in the Moderate Limited  No

presence of PFAS

Fluorescence
quenching or
enhancement in the
presence of PFAS

Fluorescence High High

Molecular Yes

specificity

Enhancement of
Raman signals in
the presence of PFAS

Optical
scattering

High

Plasmonic Change in SPR
signals
upon binding of

PFAS

High High

The label-free detection and real-time monitoring capabil-
ities of SPR make it an advantageous tool for the detection of
PFAS. Nevertheless, there are obstacles to overcome, such as the
requirement for specialized tools and possible interference
from intricate sample matrices. SPR-based biosensors for the
detection of PFAS are being actively investigated by researchers,
which is advancing environmental monitoring. Table 3 presents
a comparative summary of the salient features of each type of
optical PFAS nano-sensor, emphasizing their real-time moni-
toring capabilities, sensitivity, specificity, detection principles,
benefits, and drawbacks.

5.2. Electrochemical PFAS nano-sensors

By applying the principles of electrochemistry to transform the
binding events between PFAS molecules and sensing surfaces
into detectable electrical signals, electrochemical nano-sensors
present a viable approach for the detection PFAS.**** Electro-
chemical sensors work based on the electrical current generated
by oxidation-reduction reactions on the surface of elec-
trodes.*** Specifically, a conductive electrode surface is grafted
with a selective chemical receptor, which is usually nanosized
for improved sensitization and interacts with a target analyte.*
This is the standard construction of an electrochemical sensor.
A reference electrode, a counter electrode, and a functional
anode or cathode electrode are the three electrode types often
utilized in the system. The presence and quantity of the analyte
are ascertained by comparing the variation in electric current
across the electrode caused by the analyte molecule attaching to
the receptor to calibration curves.

This technique often involves the use of different electrode
materials and surface changes to improve the sensitivity and
selectivity. As a result, it offers a reliable and effective way to

monitor PFAS contamination in various environmental

This journal is © The Royal Society of Chemistry 2025

(visual inspection)

Simple visual detection
No need for complex
instrumentation

Limited sensitivity
Quantification may be
challenging

Rapid response time
Susceptible to background
fluorescence
Photobleaching may occur

High sensitivity

Quantitative analysis
capability

Real-time monitoring Signal interference from
the sample matrix
Signal reproducibility
challenges

Complex fabrication

processes

High sensitivity
Multiplexing capability

Molecular specificity
Label-free sensing Equipment complexity
and cost

Limited to thin sensing

layers on the sensor surface

Instantaneous monitoring

Highly sensitive

matrices.”® There are many different types of electrochemical
sensors, which are divided into different categories based on
how strong an electrical signal they can detect. For instance,
conductometric sensors measure changes in conductance (G),
impedimetric sensors measure variations in impedance (Z) over
a frequency (Hz) range, potentiometric sensors quantify varia-
tions in the ion-selective membrane potential (mV), and vol-
tammetric sensors quantify the variation in current (pA) that
results from the initial electrochemical reaction triggered by an
applied voltage (mV). The two types of PFAS electrochemical
sensors that are most often described are voltammetric and
potentiometric. Table 4 represents the attributes of the reported
electrochemical PFAS sensors.

5.2.1.
PFAS nano-sensors can precisely detect and measure PFAS
chemicals using the electrical responses produced by voltam-
metric processes.'® Enhancing the sensitivity and enabling
real-time monitoring through integrating nanomaterials and
advanced electrode modification methods meet the pressing
requirement for effective PFAS detection in various environ-
mental conditions such as pH fluctuation, salinity, and
temperature. Pristine glassy carbon electrodes (GCE) were
modified using a drop-casting method to add an ultrathin
coating of gold nanostars (AuNS).'” This modification aimed to
increase the sensitivity of the electrode to ferrocene carboxylic
acid, an electrochemical probe.'”” Subsequently, these AuNS-
coated GCEs were further modified by adding a layer of o-phe-
nylenediamine (o-PD) imprinted with perfluorooctanesulfonate
(PFOS) using cyclic voltammetry for electropolymerization. This
increased the sensitivity of the sensor to PFOS, as seen in
Fig. 9A. Differential pulse voltammetry (DPV) was utilized to
track the oxidation peak of ferrocene carboxylic acid (FcCOOH)
in its Fe?/Fe®" states to examine the dynamics of the interaction
between the molecularly imprinted polymer (MIP) layer and

Voltammetric PFAS nano-sensors. Voltammetric

J. Mater. Chem. A, 2025, 13, 8246-8281 | 8259


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta07045c

View Article Online

Review

Journal of Materials Chemistry A

«H05
[euSIs 90UISIUTWN[IWIYI0III

B A9 8889 1€ ST d Jo yead

Sjoaysoureu

SOT 0C 00%-0¢S [eo1d£y ® Yy ‘sandoo Jurpuoq 4-D vOlId oro114d4jod jo sdIN YN¢D-3 urqyenin 90UISAUTWIN]TWAYI0IIIIH
"SOdd 103 Auyge
padunouoid € Sunensuowap ‘sdrn
urym sayrs 3urpuiq jo Aeire anbrun e (surwrerpauajduayd s[remoueu
66 T 20T X S— 0T X T 2onpoid saInjonisouru uoqIe) SOAd -0)Ajod jo dTN uoqred padop-0o-N ‘g
Iahe] a[qnop oy 4q adueyoeded
JO UOTRUIWI[d 9Y) pUE SoWN
uoIsnyIp 19)10ys 03 Jurpea| ‘soid aqouid drpInpjororw
JO 110dSUBI) 9A1IDSAUOD ) SAILI[IOB] S9POIIII[R0IDTUL
¥0T S00°0 — A0 9y jo adeys anbrun oy, vodd TOT-TIN-ID IO parerSipiayug souepaduug
juazInoojoyd
3urseaIoap pue I9JSULI} _d dURIPUIY
o119)s Zursearour Aq ssao01d sAeire oyejoueu 101
[ea1wayd01399[9-030yd 30211pUl aprweioedjod UIM PayIpoOW SapOIII[D
£0T 10°0 00°005-50°0 po-Teusis e ur s3Nsa1 yodd Surppy Jsodd JO SdIN uoqed pajurid-usaIdg
juaroojoyd
sasearour Ajoreuontodoid oprurejoeijod
20T 98 09°CT00S-90°0SC SO JO UOIIBIIUIIUOD aY3 Jursearouf S0dd JO SAIIN sfe1re aqnioueu QL1
juarmoojoyd Jurseardop
pue ‘I9JSUeI} 9 JOUBIPUIY OLINS
Zursearour Aq $s2001d [BOTWAYD0IIOI[D
-ojoyd 30a11pul JO-[RUSIS © sfeire ayepjouLU
10T 10 000T-020°0 ul S3NSal YOI JO Uonippe ayL vodd IpIwe[AIde JO ST 101g-sooniedoueu 13y [E92TWAYD01303[9-030Ud
SATIN PIBAID PUEB dPOIIII[D
a3 38 ULIINDO0 WOIJ I9JSueI)
Uu0I1199[9 SN0aUd301939Y Aue pajuasdid
A[[ngssaodons 31 ‘aouasaid SOAd ul dIN ad-0jo (W STQ0"0 SNIPEI) SOPOIIA[D
00T Sz°0 SZ7°0-0 paysodap Ajfesorpoue sem qd-0 Uaym SOdd (wru 6z) 19he] Uy v oIdBW UOQIed ASSB[D Anowonusjod
'SO4d 01 UonoeINe
duomns e Juniqryxa ‘SdIAl UIIIm Sa3Is
Zurpuiq jo JuswadueLIe dAOUNSIP B (surwrerpauajduayd s[remoueu
66 TT 2 0T X6, 0T XT 9)BAID SaINJONIISOURU UOgIeD SOdd -0)A1od jo dTIN uoqied padop-0D-N‘d
sururedopAjod
86 Tv00°0 8-10°0 — sodd Jo dIN SAN NV
(sodd)
/6 08 ‘{(vo4d) o€ ,0T-0T UOTIOBAI UONN[0Ad UIS0IPAH SO4d ‘Vodd sed uadoipAH Sapo1}dI[e0URU I Anourureljop
REN| (,_1381) ao1 (,_1 31) 98uey UOTIORINUT SYAJ/WSTUBYIIN ATeue jo31B], 2qoid/1oydasay [eLIdJRWOURU WIOJIB[d adAy 10suas DI

SIOSUDS-OURU SY4d (D3J) 1821Wayd04109)8 payiodal ay) JO sexNquiy  + a19el

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 2282 9202/T /7 UO papeojumod "GZ0Z Arenuer 62 Uo paus!ignd 8oy sseo0y uedo

This journal is © The Royal Society of Chemistry 2025

8260 | J Mater. Chem. A, 2025, 13, 8246-828]1


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta07045c

Open Access Article. Published on 29 January 2025. Downloaded on 4/1/2026 4:28:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

PFOS. The oxidation peak for the MIP/AuNS/GCE combination
completely disappeared, as shown in Fig. 9A, before PFOS was
removed, demonstrating the capacity of the MIP layer to prevent
charge transfer between the working electrode and the solution.
This voltammetric sensor shows promise in the detection of
PFOS, with a 3¢ method-calculated exceptionally low LOD of
0.015 nM. The proposed sensing probe demonstrated compe-
tence in identifying PFOS traces in tap water. Significant inter-
ferences were found during the experiments, especially with
perfluorobutanoic acid (PFBA) or perfluorobutanesulfonic acid
(PFBS). The smaller sizes of PFBA and PFBS molecules are
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thought to be responsible for this interference phenomenon
given that they allow them to get through the MIP layer and
occupy PFOS-shaped voids through non-specific binding.
Therefore, it is essential to perform a preliminary screening of
unidentified samples to determine whether smaller PFAS
molecules, including PFBA and PFBS, are present.
Electropolymerized molecularly imprinted poly(o-phenyl-
enediamine) (0-PD MIPs) with a thickness of 170 + 10 nm (N =
3) in combination with ferrocene carboxylic acid (FcCOOH) as
a reversible redox probe was used to functionalize Au electrodes
to counteract the low EC activity of PFOS, which is evident in the

Drop-casting of
AuNS particles

' Electropolymerization
of o-PD/PFOS

| Template removal of
! PFOS

Functionalized
Au electrode

Template Removal

Sample

A PFOS-MIP mIP

\,

\,

- 3
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(A) Representation of an improved voltammetric sensor for PFOS using gold nanostars (AuNS) and molecularly imprinted polymer (MIP).

Reproduced from ref. 107 Copyright 2022, Elsevier. (B) Schematic of functionalized Au electrodes using electropolymerized and molecularly
imprinted poly(o-phenylenediamine) (o-PD MIPs) in conjunction with ferrocene carboxylic acid (FcCOOH) as a reversible redox probe for
voltammetric detection of PFOS. Reproduced from ref. 108 Copyright 2018, the American Chemical Society.
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recorded voltammograms (Fig. 9B).1® An LOD of 0.02 pg L "
was obtained using two linear working ranges of 0.05-2.45 and
4.75-750.19 pg L~'. This produced an LOD 10 times more
sensitive than the ambient PL for PFOS at 0.2 pg L™". The vol-
tammetric signal decreased when PFOS was present in the
sample, establishing a correlation between the signal and PFOS
content. The relationship between the concentration of PFOS in
the solution and the voltammetric signal of the reporter mole-
cule FcCOOH was shown to be inversely proportional.

One of the most important benefits of using voltammetric
PFAS nano-sensors is that they can identify PFAS chemicals
even at low concentrations, which makes it easier to respond
quickly to environmental contamination incidents.” Addi-
tionally, adding nanomaterials improves the sensor perfor-
mance by increasing the PFAS detection sensitivity and
selectivity, as discussed above. However, certain issues still exist
and require ongoing improvement. To facilitate the wide use of
nano-sensors and regular monitoring, the high expenses related
to their creation and operation must be addressed. Further-
more, improving the electron transfer conditions and address-
ing non-specific binding problems, mainly when interacting
compounds are present, will improve the precision and

A

View Article Online

Review

dependability of PFAS nano-sensors in complex environmental
samples. Voltammetric PFAS nano-sensors can confirm their
position as indispensable instruments in the continuous
endeavors to observe and lessen the effects of PFAS pollution on
the environment by addressing these areas for development.

5.2.2. Potentiometric PFAS nano-sensors. Potentiometry,
a method for measuring the voltage or electrical potential
difference of a system, is the foundation on which potentio-
metric PFAS nano-sensors are based. The excellent sensitivity
and selectivity of these nano-sensors are particularly engineered
to detect PFAS. The interaction of PFAS compounds with the
detecting components causes these nano-sensors to respond
potentiometrically, as measured by electrical potential changes.
This creative method uses nanotechnology to improve the PFAS
detection accuracy, a breakthrough in environmental
sensing.'®

The electric potential drop by GenX PFAS binding to o-phe-
nylenediamine (0-PD MIP) was examined. In this study,
a significant blockage in the current flow was observed.*® This
strategy worked well for hexafluoropropylene oxide-dimer acid
(HFPO-DA), a GenX PFAS, with an LOD of 0.000083 pg L.
Interestingly, this LOD was higher than LC-MS/MS sensitivity
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Fig.10 A) Fabrication and functioning of p-MIP: molecularly imprinted polymer-modified microelectrodes for the ultrasensitive quantification of
GenX (HFPO-DA) by potentiometry: (a) oxidation of ferrocene methanol, producing a voltammogram and (b) electropolymerization of o-
phenylenediamine, forming a molecularly imprinted polymer (MIP) that traps GenX molecules. (c) MIP layer insulating the electrode, affecting the
current response during ferrocene methanol oxidation. (d) Extracting GenX exposes specific surface sites, influencing the current response, and
in contaminated systems, GenX adsorption blocks surface sites correlating with analyte concentration. Reproduced from ref. 110 Copyright
2020, the American Chemical Society. (B) Schematic of the potentiometric response of PFOA-MIP depending on the concentrations of various
anions and PFOA conditioning solution before the test. Reproduced from ref. 109 Copyright 2016, Elsevier.
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(0.0001 pg L™"). This method involved coating a glassy carbon
electrode with a 75 nm-thick layer of 0-PD MIP using FcCOOH
as a buffer (Fig. 10A). The inhibitory effect of the intercalation of
PFOS with the MIP, which was connected to the PFOS content in
the sample, resulted in a discernible loss in potential. Exam-
ining PFOS allowed the identification of concentrations as low
as 0.025 ug L', demonstrating a relative standard deviation of
6.2%. Notably, this sensitivity was 250-times lower than that of
the LC-MS/MS technique. This method remained significantly
more efficient, surpassing the PL of 0.2 pug L™ for PFOS and 0.4
ug L' for PFOA by 8 and 16 times, respectively.!*

A new method was applied to improve the development and
production of potentiometric PFAS nano-sensors.'® To accom-
plish the potentiometric detection of PFOA, an MIP was devel-
oped by electrodepositing polypyrrole (Py) with a thickness of
~600 nm onto a cheap electrode surface, specifically pencil lead
(Fig. 10B). To improve the selectivity, methylene blue (MB) was
added to the pyrrole polymer matrix. This was to promote the
selectivity by facilitating ion pair formation involving fluoro-
surfactants, often found in MB and aqueous film-forming
foams (AFFFs). Consequently, this nano-sensor exhibited
notable fluoro-surfactant detection capabilities, including
PFOA, PFOS, and 1H,1H,2H,2H-perfluorooctanesulfonic acid
(6:2FTS), at concentrations in the range of 10 uM to 10 mM.
The LOD for PFOA was notably reduced to around 100 nM, or 41
ppb, demonstrating the sensitivity and usefulness of this
potentiometric nano-sensor in accurately and selectively iden-
tifying PFAS chemicals.

Potentiometric PFAS nano-sensors are useful tools for
analytical and environmental applications because of their low
detection limits and capacity for real-time monitoring.
However, certain aspects still require further work to increase
their overall performance, including managing the possible
influence from intricate sample matrices, maintaining long-
term stability, and maximizing scalability for broad use.
Potentiometric PFAS nano-sensors have great promise, and thus
further research and development efforts should be directed
toward addressing these obstacles to facilitate their broader
application in regulatory compliance and environmental
monitoring.

5.2.3. Photo-electrochemical PFAS nano-sensors. Novel
photo-electrochemical sensors (PEC sensors) based on photo-
electric chemistry principles are emerging in the field of sensing
technology.”™ These sensors are intended for the precise
sensing of biological and chemical constituents. When exposed
to light, the essential premise of PEC sensors is the creation of
an electric current via the transfer of valence electrons inside
the photoexcited material, which initiates chemical
processes."> PEC sensors significantly limit the background
noise by using light as the excitation source and photocurrents
as recognition signals, resulting in increased sensitivity
compared to traditional technology.*® This novel technology
takes advantage of the distinctive characteristics of light and
photo-induced currents, establishing PEC sensors as viable
instruments for improving the accuracy and sensitivity of
molecular research.

This journal is © The Royal Society of Chemistry 2025
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A nanostructured probe for PEC sensing was constructed
using MIP-modified Agl nanoparticle-BiOI nanoflake arrays as
the photoactive electrode (designated as MIP@AgI-BiOINFs).'**
The MIP formation process is shown in Fig. 11A. The Agl-
BiOINFs were produced in situ utilizing a simple sequential
ionic layer adsorption and reaction (SILAR) method, which also
served as the matrix for grafting the MIP recognition element.
This PEC sensor detected PFOA with remarkable sensitivity and
selectivity. In the absence of PFOA, triethanolamine (TEA)
serves as an electron donor, amplifying the photocurrent on the
modified electrode MIP@AgI-BiOINFs/FTO (where FTO refers to
fluorine-doped tin oxide glass). Conversely, PFOA inhibits
quencher molecules (TEA) from accessing the electrode surface
and capturing photo-generated holes, impeding this process
(Fig. 11B). The photocurrent gradually decreases until it ceases
due to the steric barrier between AgI and PFOA caused by the
adsorption of PFOA on the MIP@AgEI-BiOINF arrays. The PEC
analysis exhibited remarkable linearity in the PFOA concentra-
tion range of 0.02 to 1000.0 ppb, with an LOD of 0.01 ppb.

PEC sensors are inherently small, which makes it possible
for them to be easily integrated into handheld devices, an
essential feature for monitoring.”" Their facile integration
across various analytical domains, ranging from environmental
monitoring to biological diagnostics, demonstrates their
adaptability and promotes interdisciplinary applications.
However, selecting ideal photoactive materials is crucial to the
performance of PEC sensors, which makes customizing sensors
for a given application difficult. Moreover, PEC sensors may be
less accessible because of the complexity of the instrumentation
needed for their deployment. Also, the considerable expenses
linked to developing and implementing PEC sensor technology
may impede its wider use. Thus, to address these challenges,
research is being conducted, opening the door to the contin-
uous development and use of photo-electrochemical sensors in
various areas."*'?

5.2.4. Impedance PFAS nano-sensors. Impedance PFAS
nano-sensors operate based on the principle of electrical
impedance, measuring the opposition that PFAS compounds
pose to the flow of an alternating current.”* These nano-sensors
leverage the interaction between PFAS molecules and a trans-
ducer surface, causing changes in the electrical impedance,
which can be quantified. The impedance response is a sensitive
and selective indicator, allowing the detection and estimation
of PFAS in various environmental samples. This principle offers
a foundation for designing advanced sensing technologies
capable of addressing the challenges associated with PFAS
monitoring and contributing to ecological safety.

The use of Au electrodes with o-PD MIPs for impedimetric
measurements was more efficient than DPV."'®* With a sensi-
tivity of 0.0001 pg L™, comparatively, the LC-MS/MS technique
performed worse than this approach, demonstrating an LOD of
0.041 pg L' for PFOA. Also, other researchers detected PFOS
with an LOD of 0.00000102 pg L~" using Cu electrodes and
polyester paper containing poly(aniline) MIPs (PANI)."”
According to an additional study, impedance PFAS nano-
sensors have significant benefits. They can perform affinity-
based capture operations with significant surface areas and
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Fig. 11 A) Schematic of molecularly imprinted polymer (MIP) formation. (B) Schematic of the SILAR deposition of Agl-BiOINF films on MIP and
the principle of PFOA PEC determination utilizing MIP@AgI-BiOINFs/FTO. Reproduced from ref. 101 Copyright 2015, Elsevier.

pore volumes, improving the detection capabilities with an LOD
of 0.5 ng L™ 1.1

The porous structure of MOFs combined with their enor-
mous surface area (10°-10* m” g~') enhances the number of
interfaces and active sites suitable for interactions with specific
compounds. Fig. 12A illustrates the range of contact modalities
that MOFs and PFAS species display, including redox, electro-
static, H-bonding, hydrophobic, and attractive intermolecular
fluorine-fluorine (F-F) interactions."*®*'** The precise composi-
tion of PFAS molecules and structural arrangement of MOFs
determine the specific interactions occurring. Specifically, both
quantum-chemistry simulations and empirical research show
that the negatively charged fluorine functions in individual
molecules are attracted to each another. They strategically
integrated metal-organic frameworks (MOFs) such as Cr-MIL-
101 into interdigitated microelectrodes (IDpEs) to enable

8264 | J Mater. Chem. A, 2025, 13, 8246-8281

rapid detection, shorter reaction times, and the removal of
reference electrodes (Fig. 12B). Furthermore, by using hydrogen
bonds and electrostatic interactions, these nano-sensors
showed an impressive performance for the identification of
PFAS. The small number of publications emphasizes the early
stages of this field of study, despite these developments. Thus,
more research is needed, especially in verified reference color-

imetric techniques, sensitivity, selectivity, and stability
enhancements.
5.2.5. Electrochemiluminescence @ PFAS nano-sensors.

Electrochemical processes and luminescence are combined in
electrochemiluminescence (ECL) photofluorescence-based
sensors to produce light.””® These sensors are based on ECL-
based sensing devices, which wuse high-energy electron
processes to enable light emissions from luminophores. They
serve as the foundation for the sensitive and targeted detection

This journal is © The Royal Society of Chemistry 2025
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planar interdigitated device, showcasing a microchannel formed by a tape-cut and filled with Cr-MIL101. The microchannel is positioned
between the upper and lower interdigitated microelectrode arrays, providing a top-view perspective). Reproduced from ref. 104 Copyright 2020,

the American Chemical Society.

of PFAS.*** These nano-sensors are usually comprised of nano-
enhanced catalytic processes for PFAS breakdown, revealing
the possibility of sustainable chemistry in converting PFAS
compounds.’® Furthermore, the advancement and use of
innovative nano-sensor technologies are critical for the identi-
fication, tracking, and degradation of PFAS pollutants, with an
emphasis on creative solutions for the detection of PFAS
contamination at low levels in water sources. Carbon dots can
contribute to the electrochemiluminescence sensing process,
opening up new possibilities for PFAS detection.'>***

A novel electrochemiluminescence (ECL) sensor was con-
structed to detect PFOA. Using S,05> as a co-reactant, this
sensor used 2D ultrathin g-C3;N, (utg-C3N,) nanosheets modified
by molecularly imprinting polypyrrole as a cathodic ECL emitter
(Fig. 13).' The utg-C3N, nanosheets functionalized with MIP
(MIP@utg-C;N,) exhibited an ECL signal with a consistent and

Sile
sl

Szosz' SO,,Z’

ECL Signals

MIP@utg-C;N/GCE

A _PFOA (—PFOA-“

(33} Mrp

utg-C3N,

ECL Signals

Fig. 13 lllustrative electrochemiluminescence detection technique
for PFOA with MIP-functionalized utg-CszN4 in S,08%~ system.
Reproduced from ref. 105 Copyright 2015, Elsevier.

This journal is © The Royal Society of Chemistry 2025

notable enhancement. The ECL signal decreased due to the
effective oxidation of the PFOA target by the electro-generated
strong oxidant, namely SO, ~ radicals produced by the reduc-
tion of the co-reactant S,04>". This was attributed to the lower
yield of excited utg-C;N, (g-C,N;). This novel approach led to the
development of a highly selective and sensitive MIP@utg-C3;Nj,-
based signal-off ECL sensor for the detection of PFOA. The newly
developed ECL sensor demonstrated a linear response in two
different PFOA concentration ranges of 0.02 to 40.0 ng mL ™" and
50.0-400.0 ng mL ", The estimated detection limit (S/N = 3) was
0.01 ng mL ™" (i.e., 0.01 ppb), which is noteworthy given that it is
comparable to the results from well-established LC-MS/MS
techniques. However, electrochemiluminescent PFAS nano-
sensors are still in the early stage of research. Thus, their
further exploration and optimization are necessary for practical
applications. Table 5 shows a brief comparison of various elec-
trochemical PFAS nano-sensors.

5.3. Aptamer-based PFAS nano-sensors

Aptamer-based PFAS nano-sensors provide a very sensitive and
selective method for detecting PFAS. These nano-sensors take
advantage of the unique capabilities of aptamers, single-
stranded DNA, or RNA, which can attach to particular mole-
cules of interest."**'*® The basic idea is to create aptamers with
selectivity for PFAS, allowing the development of nanoscale
sensors capable of detecting and measuring these pollutants in
water and other environmental samples.'” SELEX, which
stands for sequential evolution of ligands by exponential
enrichment, is a technique that selects aptamers with affinity
for a specific target from a huge oligonucleotide library. The
SELEX procedure generates 10° aptamer sequences. At the base
pair level, finding the best candidates is a sophisticated process
that uses various analytical tools. The engineered aptamer can
interact with the target with different binding mechanisms such
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Table 5 Comparison of various electrochemical PFAS nano-sensors
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Electrochemical PFAS Real-time
nano-sensor type Detection principle  Sensitivity Specificity monitoring Advantages Disadvantages
Voltammetry Electrochemical High Moderate  Limited High sensitivity, simple Limited specificity may
redox reactions operation require complex electrodes
Potentiometry Potential difference Moderate High Limited High specificity, stable  Slower response compared
measurement signal to some techniques
Photo-electrochemical Light-induced redox Moderate High Limited Selective and sensitive, ~Complex instrumentation,
reactions to high potential for sensitivity to light
miniaturization conditions
Impedance Measurement of Moderate Moderate Possible Label-free, potential for Limited feature
electrical to high to high real-time monitoring prominence at higher
impedance frequencies
Electrochemiluminescence Electrochemical High High Possible High sensitivity, low Instrumentation
process producing detection limits complexity, limited to
light specific PFAS
A defined
RNA or ssDNA three-dimensional aptamer/target
(<100 nt) structure complex
mﬁm% folding molecular recognition
—_—
M binding
binding mechanisms:
- “induced fit"
- structure compatibility
- electrostatic interactions
- hydrogen bridges
aAAg
d % Watson-Crick pairing  Non-canonical pairing
T [ . . .
i T Thesine | Gusnics 0.5mM PFOAat 5 °C
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Fig. 14

(A) Schematic of the structure and mechanisms of aptamer target complex formation. Reproduced from ref. 128 Copyright 2013, Swiss

Med WKkly. (B) PFOA_JYP_2 predicted 2D structures with 0 mM PFOA & 0.5 mM PFOA and 1D-'H NMR spectra showing the changes in Watson—
Crick pairing and non-canonical pairing before and after adding & 0.5 mM PFO. Reproduced from ref. 129 Copyright 2022, Elsevier.

as induced fit, structural compatibility, electrostatic interaction,
and hydrogen bridges (Fig. 14A)."*®

Environmental sensing has advanced significantly since the
use of DNA aptamers was pioneered to detect PFAS and related

8266 | J Mater. Chem. A, 2025, 13, 8246-8281

fluorinated chemicals.*® Owing to its unique binding affinity to
PFOA, a designed aptamer was easily integrated into a fluores-
cence-based aptamer sensor, allowing the sensing of aqueous
PFOA at a remarkable LOD of 0.17 uM. The conformational shift

This journal is © The Royal Society of Chemistry 2025
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in the aptamer upon interaction with PFOA mitigated the
quenching impact on the fluorescence of fluorescein, which was
the basis for the sensing mechanism. Structural insights are
displayed in Fig. 14B, indicating the expected configuration of
the 30-base aptamer after binding PFOA. The aptamer was
combined with PFOA solutions at varying concentrations (0.5-
50 puM) for the experimental evaluation. The fluorescence
intensity was measured after 40 min of incubation, showing
a linear increase with increasing PFOA concentrations.

Using 1D-"H and 2D NOESY NMR methods, the secondary
structure of the PFOA_JYP_2 aptamer was investigated both
with and without PFOA (Fig. 14B)."* Changes in the chemical
shifts in the range of 10-14 ppm were seen in 1D-'H NMR
spectra, corresponding to the imino protons of the guanine (G)
and thymine (T) bases.’ In the absence of PFOA, the aptamer
displayed two peaks at 13.4 and 13.5 ppm and five peaks at 12.4,

>

SPR-POF Biosensor

Photoresist

Experimental setup

View Article Online
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12.44, 12.5, 12.6, and 12.8 ppm, signifying two thymines and
five guanines, respectively, in the Watson-Crick base pairing
range (12-14 ppm). New peaks appeared at 12.1, 12.2, 12.7, and
13.6 ppm in the presence of PFOA, indicating three guanines
and one thymine. Furthermore, peaks (e.g., 10.5, 10.8, 11.3,
11.5, and 11.8 ppm) that correspond to non-Watson-Crick base
guanines and thymines emerged in the range of 10-12 ppm.
According to Neves and colleagues, the appearance of these
base pairs indicated conformational alterations and aptamer
folding caused by contact with PFOA.***

Significantly, the sensor demonstrated very low sensitivity to
interferences, as demonstrated by its effective use in wastewater
discharge monitoring." The aptamer sensor based on fluo-
rescence exhibited exceptional sensitivity, making it especially
appropriate for detecting levels of PFOA in water close to
unintentional spills and manufacturing regions where elevated
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Fig. 15 (A) Schematic of optical immunosensor surface functionalized with gold system based on POF-SPR platform. Reproduced from ref. 134

Copyright 2018, Elsevier. (B) Schematic of PFOS detection based on the interaction between PPRE-modified gold nanoparticle probes and
activated PPARa with silver. Reproduced from ref. 135 Copyright 2011, Elsevier. (C) Illustration of an electrochemical immunosensor for the highly
sensitive detection of PFOS. This sensor utilizes glassy carbon electrodes (GCE) modified with multi-walled carbon nanohorns (MWNHs) as
substrates for both bioanode and biocathode. Biocatalysts, namely glutamic dehydrogenase (GLDH) and bilirubin oxidase (BOD), are employed in
the detection process. Reproduced from ref. 136 Copyright 2014, the Electrochemical Society of Japan.
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amounts of PFAS are predictable. Although the present LOD
cannot measure concentrations below regulatory limits,
fluorescence-based sensors have an advantage in that they can
function in solution without requiring immobilization of the
receptor on solid supports. Thus far, this is the only report of
PFAS detection using aptamers.

5.4. Immunonanosensors for PFAS

Immunonanosensors for the detection of PFAS using particular
antibodies or antigens have been reported to gather and
determine PFAS molecules. These nano-sensors exploit the
extremely specific binding interactions of antibodies with PFAS
chemicals, enabling sensitive and accurate detection. The
immobilization of these identification components on nano-
materials increases the sensor surface area, allowing a greater
binding capacity and enhancing the overall PFAS detection
performance.**

Monoclonal and custom-designed antibodies, often created
through a surrogate for amplification, were employed to achieve
precise and selective binding of PFA compounds.*® Utilizing
monoclonal antibodies targeting a-lipoic acid compounds, self-
assembled monolayers of these antibodies were affixed onto the
surface of plastic optical fibers (POF) by Cennamo and
colleagues (Fig. 15A)."** This immunonanosensor showed an
LOD of 0.21 pug L™" for both PFOS and PFOA. These sensors
formed self-assembling monolayers on plastic optical fiber
surfaces by grafting antibodies created using an enzyme-linked
immunosorbent assay (ELISA) onto AuNPs functionalized with
a-lipophilic acid molecules. SPR was used for signal detection,
and MIPs were attached to AuNPs to act as a sensing platform.
The recognition event, governed by the anionic functional
groups of PFAS and van der Waals interactions, induced
measurable signals and resonant wavelength shifts upon
contact with PFOS/PFOA, reflecting changes in refractive
index.'?”

Table 6 Comparison of the nano-sensors for PFAS detection®

View Article Online
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As an agonist for peroxisome proliferator-activated receptor
alpha (PPAR), PFAS has ramifications in activating several
target genes via this transcription factor. A new immunona-
nosensor captured the active PPAR complex using monoclonal
anti-PPAR antibodies on a microplate.'*” In this system, AuNPs
modified with PPARa-responsive elements (PPRE) selectively
bind to the activated complex, and silver was introduced to
amplify the signal, exhibiting a positive correlation with PFOS
concentration and achieving a low detection limit of 5 ppt
(Fig. 15B). Another sensor employed streptavidin-modified
quantum dots (QDs) as a fluorescent marker that binds to
the PFOS-activated PPARa complex.**® The PFOS concentration
was directly correlated with the fluorescence intensity of the
QDs, with a low detection limit of 2.5 ppt. Although PPARa
sensors are promising, their field adaptability is limited due to
the repeated reagent addition, washing, and incubation
processes they currently need. The application of this
approach can be increased by converting it to the lateral flow
assay format, allowing the on-site determination of total PFAS
concentration.

Using modified glassy carbon electrodes (GCE) as the bio-
anode and biocathode substrates and glutamic dehydrogenase
(GLDH) and bilirubin oxidase (BOD) as biocatalysts, an inno-
vative electrochemical immunosensor was developed for the
sensitive detection of PFOS (Fig. 15C)."** This immunosensor
made use of the inhibitory effect of PFOS on biocatalysis within
an enzymatic biofuel cell (BFC). The one-compartment BFC had
an open circuit potential (V,) of 30.65 mV and maximum power
density of 27.5 W em 2. The biosensor displayed a broad linear
detection range of 5 to 500 nmol L™" based on the V,. and PFOS
concentration. It also demonstrated a significant correlation
(R> = 0.976) with a measurement frequency of three times
(n = 3). The PFOS may further lower the open circuit voltage of
the BFC by blocking the enzymatic activity of bilirubin oxidase
and glutamic dehydrogenase. Following a 20 min interaction,

Type of sensor LOD (ngL™") LOQ (ngL™") Sensitivity Major advantages Major disadvantages
Optical sensors 0.1-10 0.5-50 High; dependent on High specificity and rapid High cost of
fluorophore or detection; suitable for real-  instrumentation; may require
chromophore properties time monitoring; non- complex sample preparation
invasive methods for environmental matrices
Electrochemical 1-100 5-200 High; depends on electrode ~ Simple instrumentation; May suffer from electrode
sensors material and surface portable and cost-effective; ~ fouling; requires precise
modifications amenable to on-site calibration for environmental
applications samples
Aptamer-based 0.01-1 0.05-5 Very high; aptamers offer Highly specific recognition = Production of aptamers can
Sensors strong binding affinity and  of PFAS; tunable for be costly and time-
specificity different PFAS compounds;  consuming; stability may be
reusable in certain formats  limited under environmental
conditions
Immunosensors  0.1-5 0.5-20 High; depends on High specificity; adaptable  Expensive antibodies; limited

antibody-antigen
interactions

“ LOD* - limit of detection and LOQ** - limit of quantification.

8268 | J Mater. Chem. A, 2025, 13, 8246-8281

to multiple formats (e.g.,
ELISA, lateral flow assays);
well-established methods

reusability; potential for
cross-reactivity among
structurally similar PFAS

This journal is © The Royal Society of Chemistry 2025
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the detection limit was 1.6 nmol L_l. Furthermore, in micro- 6. Possible mechanism of interaction

polluted water, the biosensor demonstrated significant selec- .
tivity for PFOS over structurally related perfluorinated of PFAS with nano-probes

compounds and contemporaneous molecules (SMNBS and
SDS). For the PFOS detection in complex aqueous matrices
using the standard addition technique, precision was
confirmed with an RSD ranging from 3.6% to 7.7%. Table 6
presents a broader overview of the reported nano-sensors for
the detection of PFAS.

The implementation of different materials for the sensing or
removal of PFAS has been challenging because the water stream
to be decontaminated contains organic molecules with
a concentration 2.5 + 0.3 x 10° times higher than the PFAS, and
the remediation of the water source will lead to the concentra-
tion of the non-fluorinated organic molecules, whereas the
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Fig. 16 Representation of different types of molecular-level interaction pertaining to sensing and remediation of PFAS molecules in agueous
solution. (A) Fluorophilic interaction (dashed lines) occurring between a fluorinated carbon substrate and PFOS. (B) Electrostatic interaction
occurring between quaternary ammonium cation and the PFOS anion. (C) Ammonium cations that are part of an anion exchange resin, where
the PFOS anion faces strong electrostatic interaction to separate from the aqueous elution phase. (D) Water present in the systems attaining its
stable structure by phasing out the carbon material to participate in hydrophobic interaction with the carbon chain of PFOS. (E) Carboxylate-
derived carbon support participating in sensing of PFOS anions via Ca®* cation bridge interaction. (F) Carboxylic acid groups of the substrate and
the PFAS interacting via hydrogen bonding interactions. (G) van der Waals interaction stabilizing solution-phase self-assembly of PFOS in
aqueous solution. (H) t—m interaction leading to adsorption of the phenyl substituted PFAS over carbon material having wt-delocalized system.
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majority of the PFAS will still be present in water bodies.*
Polluted groundwater streams also contain different particles
(micro to nano dimensional) and dissolved salts. The solution
phase sorption of PFAS depends on the net free energy change
accompanying the interactional transition of PFAS molecules
from the aqueous phase to the solid phase. This can be
a combination of both (i) solvation effects such as enthalpy and
entropy changes associated with solvent-solvent, solute—
solvent, and solvent-sorbent interaction and (ii) molecular
interactions between the solute and sorbent. Thus, in this
section, we highlight different chemical interactions as possible
sources for the selective sensing and removal of PFAS from
water bodies. Fig. 16 summarises all the possible interactions of
the PFAS moiety with nano-probes.

6.1. Fluorophilic interactions

Non-bonding interactions are decisive in recognizing two or
more molecular entities, which is crucial for sensing inert
entities such as PFAS. The C-F bonds may participate in dipole-
dipole and point dipole interaction with ionic groups and
dipolar groups, which can lead to C-F---F-C intermolecular
dispersion interactions, often referred to as fluorophilic inter-
actions.”™ This fluorophilic interaction is weak, but its magni-
tude depends on the number of interacting groups (Fig. 16A).
This proposition can be easily supported by literature reports,
where ionic fluorogels and magnetic fluorinated polymers were
employed for PFAS removal from water sources, which showed
high affinity and high capacity of PFAS removal from water
bodies compared to non-fluorinated versions of the
sorbents.”*'*® The removal efficiencies drastically decreased
with a decrease in the chain length of the PFAS, resulting in
a decrease in the sorption properties of the fluorinated polymer.
Thus, in sensing small-chain PFAS molecules, electrostatic
interactions may play a governing role over fluorophilic
interactions.***

6.2. Electrostatic interactions

Electrostatic interaction is a form of non-covalent interaction
between charged particles that can be attractive as well as
repulsive. There are two sources of electrostatic interaction in
PFAS, the first being the low pK, of PFAS in an aqueous solu-
tion.*** Owing to the electron-withdrawing effect of the fluo-
roalkyl chains, the head group containing CO, and SO; is always
in its ionic form (Fig. 16B). Long-chain PFAS are the most
common in the aquatic environment. With concentrations
above 1000 ppm, they can form micelles or hemimicelles in
groundwater, attaining stability in the aquatic environment.
PFAS can also aggregate with foreign particles suspended in
water bodies to form aggregation even at concentrations lower
than their CMC. PFAS are generally found as anions, but
depending on the pH and functional groups present, they can
be anionic, cationic, and zwitterionic.*®® In the case of anionic
PFAS, when the solution pH is below the pK,, they exist as
neutral molecules, whereas above the pK, value, as anions. This
is the opposite in the case of cationic PFAS, where at lower pH
values than pK, they exist in the cationic form; otherwise, in the
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neutral form. However, in the case of zwitterionic PFAS, when
the solution pH is lower than the first pK,, they exist as cations,
and higher than the second pKj,, as anions. When the pH of the
solution is between these two limiting values, PFAS exist as
charge neutralized species with separate cationic and anionic
functionalities. Thus, the sensing of cationic and zwitterionic
PFAS is strongly dependent on the pH of the solution. This
affects their transportation and adsorption, posing severe
difficulties in the design of materials for the remediation of
these species. Based on electrostatic interactions and hydro-
phobic interactions, the uptake of PFAS can be accomplished
from water sources by ion exchangers.

6.3. Ion exchange

Ion exchange resin attracts molecules of opposite charge and
releases an equal number of the same charged ions to an
aqueous solution until equilibrium is established.”*® The
effectiveness of this process depends on different factors
including the charge on the PFAS ion, the charge density of the
PFAS ions, the polarizability of the ions, the degree of cross-
linking of the ion exchange resin, the ion exchange capacity
of the resin, the functional groups present in the ion exchanger,
and nature and concentration of the eluted ions.** Among them,
the most crucial factor is the ion exchange capacity of the resin,
which varies with the pH of the solution and may affect the
uptake of PFAS with an increase in pH (Fig. 16C). Also, the
coexistence of other anions in the solution may compete with
the uptake of PFAS, making the presence of hydrophobic
interaction a governing factor in the PFAS uptake.™**

6.4. Hydrophobic interaction

Structurally, PFAS are comprised of a hydrophobic tail
predominantly due to their C-F bonds and a hydrophilic head
comprised of sulphonic acid and carboxylic acid head groups.
This type of interaction describes the strong interaction
between a hydrophobic molecule and a hydrophobic carbon
surface.’® One of the cheapest and benchmark materials for
PFAS sensing is activated carbon, which is already used for
remediation and filtering applications."® Electrostatic and non-
electrostatic interactions drive the adsorption of molecules
such as PFAS on activated carbon. In the case of non-
electrostatic interactions, they include dispersion and hydro-
phobic interaction, whereas electrostatic or coulombic interac-
tion applies for PFAS in dissociated form in aqueous condition.
The adsorption of PFAS over activated carbon is a result of their
surface composition and heteroatom content, mainly surface
oxygen content. When a material such as activated carbon,
carbon dots, or graphene is immersed in an aqueous solution, it
either attains ionic form by dissociating its surface functional-
ities or absorbs the ion in the solution to develop a surface
charge."” The negative surface charge originates from the
dissociation of surface functionalities such as carboxylates,
sulphonates, or phenolic groups. The positively charged char-
acter of the surface originates from the adsorption of positively
charged metal ions on the surface and due to the electron
density, acting as a Lewis base and abstracting protons from the
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solution. Thus, the development of surface charge by carbon
materials enhances the possibilities of electrostatic interaction
with PAFS, leading to their adsorption. The surface oxygen
content also dictates the hydrophobic interaction between the
hydrophobic PFAS molecule and the hydrophobic carbon
surface."® The water molecules in aqueous solution have
a strong tendency to associate with each other to retain their
structure, thus phasing out the hydrophobic components to
form a separate phase (Fig. 16D). Therefore, hydrophobic
interaction is advantageous for the sensing and remediation of
long-chain PFAS molecules in the aqueous environment.

6.5. Cation bridge interaction

PFAS molecules, including long-chain PFSA and short-chain
PFCA, showed enhanced sorption in the presence of divalent
cationic species.’ This was not only due to the pH of the
solution but also an effect of the ionic strength in the charge
neutralization of anionic PFAS. Finally, the formation of
cationic bridges between the —ve-charged head group of the
PFAS molecules and the —ve-charged surface of the absorber is
under investigation. The effect is small for short-chain PFAS but
stronger for the long-chain PFAS and becomes a predominant
factor with an increase in the charge density of the cations in
the solution. This phenomenon has excellent benefits when
polyvalent cations are used, which helps better pack PFAS
molecules on the adsorbent surface.’ Generally, the adsorp-
tion of PFAS on surfaces decreases with an increase in pH.
However, the opposite trend was observed due to the presence
of divalent cations in the solution given that the alkalinity of the
solution increased the —ve charge density of the absorbent
surface, improving the cation bridge interaction (Fig. 16E).
Besides this, the divalent cation can also bridge two PFAS
anions in the solution. Single-atom functionalized graphene
and carbon dots can be very effective in PFAS remediation given
that the transition metal single atoms are supported or stabi-
lized by primary, secondary, or tertiary amine-based donors or
carboxylate functionalities and can favourably interact with
anionic PFAS via salt bridge interaction, leading counterion ion
condensation and phase separation.

6.6. Hydrogen bonding

The fluorocarbon tail of PFAS does not participate in H-bonding
interaction due to the high stabilization of the s and p orbitals,
making the F groups nonpolarizable and a poor acceptor of
hydrogen bonds, but the oxygen atoms present in the head
functional groups are suitable hydrogen bonding acceptors
(Fig. 16F). PFAS show weak intermolecular interaction with the
surrounding phase, which is the leading cause of their mobility
and persistent air pollution unless strong forces such as
hydrogen bonding interaction between the head group and the
water molecules hold them together.** PFAS molecules in the
ionized form at the air-water interface interact to form a belt of
hydrogen bonding interactions.’® This interaction may help
PFAS in foam stabilization and decrease their mobility. pH
influences the extent of H-bonding of the PFAS at the air-water
interface, where the pK, of PFAS at the surface and bulk is
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different, leading to the formation of dissimilar aggregation
states.'®> Aggregation can also be caused due to contributions
from van der Waals interaction.

6.7. van der Waals interaction

Weak intermolecular interaction is the leading cause of micel-
lization or aggregation of PFAS."™ In the long-range interac-
tions, the particles tend to attract each other due to van der
Waals forces, and based on the contribution of other interacting
forces such as electrostatic interaction, they come close to each
other, whereas the van der Waals forces tend to repel each
other. This particle-particle interaction with respect to separa-
tion distance causes the stabilization of colloidal PFAS solu-
tions (Fig. 16G). This can be essential in sensing and separating
PFAS in aqueous solution.

6.8. - interaction

In the case of PFAS having phenyl aromatic rings as substitu-
ents, they have a crucial driving force in the form of mw-m
interaction to get absorbed on the surface of absorbers having
a t-electron cloud (Fig. 16H). Here, one of the systems with an
electron-rich moiety containing a m-electron cloud acts as
a donor, interacting with entities that have electron-deficient -
electron systems, leading to donor-acceptor - interaction.'>*

Based on the aforementioned molecular level interactions,
metal single-atom-supported graphene and carbon dots (CDs)
can be a viable substrate for sensing PFAS.®>'*>'¢ To support
our proposition, here we highlight the role of graphene and
carbon dot substrates in sensing applications. CDs possess
excellent optical properties with strong absorption and emis-
sion properties with high photostability. CDs were imple-
mented for sensing Hg>" in tap water and mineral water. The
surface functionalities of CDs such as carboxyl and ammine
groups led to the enhanced optical sensing of Hg** with
a sensitivity in the ppb range. The strong metal-CD support
interaction not only perturbed the photoexcited state of the CDs
but also decreased the lifetime of the Hg**-CD photoexcited
state, which decreased with an increase in the concentration of
the Hg”* in the solution.'™ Thus, metal single-atom function-
alized CDs can be a viable substrate for the optical sensing of
PFAS owing to the strong electrostatic interaction between the
positively charged single metal atom and negatively charged
PFAS molecules and hydrophobic and strong van der Waals
interaction between the CD substrate and the PFAS molecules.
Different extents of interaction with different first-row transi-
tion metal atoms may also lead to the selective lifetime-based
sensing of PFAS. Alternatively, functionalized graphene and
its quantum dot interface have been well studied in the
substitution of different functionalities, which have strong
interaction with metal ions, leading to the formation of single-
atom graphene materials.”*®***® By virtue of the high electron
mobility facilitated by graphene, the selectivity of intermolec-
ular interactions imparted by the surface functionalities and
redox properties by transition metal single atoms, it becomes an
excellent candidate for the electrochemical sensing of PFAS.'*
Substrates such as fluorographene may lead to enhanced
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fluorophilic interaction, hydrophobic interaction in the carbon
framework, and the single metal sites in electrostatic interac-
tion may lead to enhanced selectivity for PFAS sensing over the
hydrocarbons present in water bodies.'*” The added benefit of
graphene-based systems is that they can participate in -7
interaction with PFAS, leading to their selective detection with
phenyl substituents over the saturated carbon-chained PFAS.

7. Techniques for PFAS removal and
integration with electrochemical
methods using nanomaterials

PFAS removal is a crucial task because of their chemical
stability, persistence, and extensive environmental presence.
Adsorption, advanced oxidation processes (AOPs), membrane
filtering, and biological approaches are all common methods
for the removal of PFAS, each having its own level of efficiency
and limitations. Recent advances in nanomaterials have
considerably improved the effectiveness of these treatments,
particularly when combined with electrochemical methods,
allowing more inventive and economical PFAS remediation.

7.1. Adsorption

Nanomaterials such as carbon nanotubes, graphene oxide,
MOFs, and functionalized silica have high surface areas,
tunable porosity, and functional surface groups, making them
effective PFAS adsorbents.'*'*> For example, carbon dots
functionalized with amines or quaternary ammonium groups
interact strongly with PFAS via electrostatic and hydrophobic
forces. Integrating these nanoparticles into adsorption columns
or filters can result in excellent PFAS removal effectiveness, even
at low concentrations.

7.2. Advanced oxidation processes

Advanced oxidation processes (AOPs) employ nanomaterials
such as TiO, and doped ZnO nanoparticles to destroy PFAS
using photocatalytic processes.’®® When triggered by UV or
visible light, these nanoparticles produce reactive oxygen
species (ROS), which can degrade PFAS into shorter-chain
chemicals or mineralize them entirely. Doping TiO, with fluo-
rine or nitrogen can enhance light absorption in the visible
spectrum, leading to higher efficiency in real-world situations.

7.3. Membrane filtration

Nanomaterial-enabled membranes, including graphene oxide-
coated or nanofiber membranes, improve classic filtering
methods such as reverse osmosis (RO) and nanofiltration
(NF).***'* The exact pore diameters and chemical selectivity of
these membranes allow them to successfully reject PFAS
compounds. Furthermore, they have antifouling qualities that
increase their operating longevity.

7.4. Biological methods

Nanomaterials can promote microbial systems by functioning
as electron carriers or catalytic sites, despite the resistance of
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PFAS to biodegradation.'®® Biochar and carbon nanotubes, for
example, can aid in the breakdown of PFAS precursors by
facilitating electron transfer during microbial degradation
processes.

7.5. Integration of electrochemical techniques with
nanomaterial-based approaches

Electrochemical approaches, such as electrochemical oxidation,
reduction, and electrocatalysis, provide potential avenues for
the degradation of PFAS.'” These approaches can be success-
fully combined with nanomaterial-based PFAS removal strate-
gies to overcome their individual limitations and improve their
performance.

7.5.1. Electrochemical oxidation coupled with adsorption.
Nanomaterials such as carbon nanotubes and MOFs can absorb
and concentrate PFAS in water by electrochemical oxidation and
adsorption. Subsequently, electrochemical oxidation can be
employed to destroy the adsorbed PFAS on the adsorbent,
renewing the nanomaterial for future usage. For example, when
paired with carbon-based adsorbents, boron-doped diamond
(BDD) electrodes may effectively oxidize PFAS, resulting in the
near-complete mineralization of pollutants.

7.5.2. Electro-Fenton processes with
Electro-Fenton processes, which produce hydroxyl radicals
through electrochemical reactions, can be enhanced using
nanocatalysts such as iron oxide nanoparticles. These nano-
particles serve as either homogeneous or heterogeneous cata-
lysts, boosting ROS generation and increasing the PFAS
breakdown rates. Magnetic nanoparticles, for example, make it
easier to recover and reuse materials, hence boosting the
process sustainability.

7.5.3. Electrochemical membrane reactors. Nanomaterial-
coated membranes, including graphene oxide and carbon
nanotubes, can function as electrochemical reactors. Using an
electric potential, these membranes can destroy PFAS mole-
cules, while also purifying water. This dual functionality lowers
energy usage and operational complexity.

In conclusion, combining electrochemical techniques with
nanomaterial-based PFAS removal technologies provides a very
effective and long-term solution to the issues faced by PFAS
contamination. Nanomaterials such as carbon-based adsor-
bents, catalytic nanoparticles, and improved membranes
improve the effectiveness of adsorption, AOPs, and filtering
processes, while electrochemical approaches provide effective
routes for PFAS degradation and material regeneration. By
harnessing the synergies between these technologies, it is
feasible to obtain better removal rates, lower energy usage, and
less secondary waste. Continued study and development of
these integrated systems will be essential for developing scal-
able and cost-effective PFAS remediation methods.

nanomaterials.

8. Challenges, prospects, and
conclusion

Due to the ubiquitous and persistent character of per- and PFAS,
the accurate sensing of these pollutants is critical for successful
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environmental monitoring. PFAS are found in diverse matrices,
including water, soil, and air, and pose a substantial hazard to
the ecosystem and human health. Sensing technologies are
critical in measuring PFAS concentrations in these samples,
giving necessary data for risk assessment and informed
decision-making. Real-time and accurate detection tools, such
as sensors created particularly for PFAS, provide significant
information on contamination. A dependable PFAS sensor can
provide near-instant data capturing to allow rapid actions to
limit exposure hazards. Furthermore, they present critical levels
of data for water quality managers, government agencies, and
communities for implementing targeted remediation plans and
ensuring regulatory compliance.

The sensing of PFAS poses considerable hurdles for sensors
due to their complex and diverse nature. Given that PFAS have
diverse compositions and structures, a single interaction type is
insufficient for thorough detection. Sophisticated methods that
incorporate several identification components are required to
provide PFAS sensing that is precise and dependable. These
components should be able to distinguish between the distinct
qualities of different types of PFAS simultaneously. Overcoming
the PFAS variety and chemistry complexities is crucial for sensor
development, creating a robust and adaptive platform that can
handle the peculiarities of diverse PFAS compounds. Given the
complex chemical differences across the PFAS family,
researchers are continuously investigating novel approaches to
improve the selectivity and sensitivity of sensors.

The choice between specific and broad-spectrum PFAS
detection sensors is a critical factor in addressing the
complexities of PFAS contamination. Sensors tailored to indi-
vidual PFAS compounds, such as PFOS and PFOA, offer high
specificity but may fall short of capturing the full spectrum of
PFAS diversity. Alternatively, sensors designed to detect PFCAs,
PFSAs, or total PFAS provide a broader perspective, ensuring
a comprehensive approach for their monitoring. Striking the
right balance between specificity and broad applicability is
paramount, considering the varying prevalence of PFAS in
different environments. Achieving this balance enables effective
monitoring that caters to the specific chemical makeup of PFAS
contaminants, while accommodating the diverse monitoring
needs dictated by their widespread occurrence in various
settings.

A combination of environmental parameters, nanomaterial
characteristics, and interactions at the solute-sensing interface
creates significant challenges in creating PFAS nano-sensors.
Ecological aspects such as temperature, moisture, and pH
levels substantially influence the functioning of nano-sensors.
Maintaining the stability of sensors in various environments
necessitates novel approaches, such as strong coatings and
encapsulating methods to protect nanomaterials from external
impacts. Nanomaterial parameters, such as size, composition,
and surface features, substantially influence the sensitivity and
selectivity of sensors. Ensuring the best performance of nano-
sensors necessitates a thorough understanding of these
features to create materials that improve the PFAS detection
accuracy. Furthermore, the complex interactions at the solute-
sensing surface highlight the need for surface engineering
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techniques that increase selective and reliable PFAS binding.
Given the dynamic nature of environmental matrices, flexible
sensor designs capable of handling various situations are
required. Addressing these issues will be imperative in
improving the reliability and effectiveness of PFAS nano-
sensors, opening the path for their successful deployment in
environmental monitoring applications.

The vital need for real-time evaluation during soil and
wastewater remediation operations is driving the demand for
field-deployable continuous monitoring sensors in the context
of PFAS detection. Continuous monitoring is required by
regulatory requirements to guarantee compliance with
permissible PFAS concentrations. This pressing requirement
has fueled research into creating robust sensors capable of
withstanding various environmental conditions. These sensors
are critical in measuring PFAS levels in real time, allowing
operators to respond quickly to swings and departures from
regulatory norms. The real-time data from these sensors
enables proactive decision-making in environmental manage-
ment, allowing effective and timely actions to mitigate PFAS
pollution. The development of sensors is consistent with the
overall objective of protecting environmental quality and
human health in the face of PFAS issues.

Technological developments in semiconductor and metallic
nanoparticles provide bright prospects for the PFAS sensing
industry. The introduction of electrical, optical, and catalytic
capabilities is the main reason for the revolutionary effect of
these materials. Because of their unique qualities such as
increased sensitivity and selectivity metallic nanoparticles and
semiconductors are excellent choices for enhancing PFAS
detection techniques. These cutting-edge materials may be used
in sensor designs to increase their application, especially in
analytical instruments. Furthermore, optical features improve
the detection accuracy and electronic qualities allow effective
signal transduction. Their catalytic functionality is a further
factor increasing the total sensitivity of PFAS sensors. With
enhanced capabilities for precise and effective PFAS detection
in diverse environmental conditions, this development in
sensor technology represents a substantial advancement. It
addresses critical demands in ecological monitoring and
management. Overall, deploying PFAS nano-sensors in envi-
ronmental monitoring requires overcoming obstacles,
including sensitivity and selectivity problems. Using the
potential of these nano-sensors provides a viable path for the
accurate and timely detection of PFAS, greatly aiding in cleanup
operations and expanding our knowledge of their effects on the
ecosystem.
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