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Per- and polyfluoroalkyl substances, possessing chemically and thermally stable C—F bonds, have been
widely used in various products owing to their flame retardancy, chemical resistance, and water- and oil-
repellent characteristics. Among these, some perfluoroalkyl substances (‘specific PFASs’) are beginning to
raise concerns regarding their potential toxicity to living organisms and bioaccumulation. Recently,
specific PFASs originating from fire-extinguishing foam, wastewater from semiconductor manufacturing
plants, and fluororesin-coated waste have been detected in agueous environments worldwide. These
species are mainly present at low concentrations (parts-per-trillion (ppt) level) and have prompted strin-
gent regulations, such as drinking water standards. Liquid chromatography—tandem mass spectrometry
remains the gold standard for detecting specific PFASs at the ppt level. However, its implementation
necessitates skilled handling and long analysis durations. To address these problems, based on inter-
actions with specific PFASs at the nano-level, there has been active development of materials aimed at
detecting specific PFASs with high sensitivity, in a simple manner, and in a short time. Several materials
capable of detecting specific PFASs at parts-per-billion (ppb) to parts-per-million (ppm) levels are already
undergoing verification research with a view to practical application. Nevertheless, the detection of
specific PFASs at the ppt level in actual aqueous environments remains challenging owing to limited
selectivity against contaminants and difficulty in widespread on-site detection. This review provides a
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comprehensive overview of detection materials and technologies for specific PFASs. Moreover, it compre-
hensively discusses the detection mechanisms and sensing performance of specific PFAS detection
materials, as well as issues facing practical application, and presents future prospects for materials and

rsc.li/nanoscale their development aimed at the simple, rapid, and highly sensitive detection of specific PFASs.

coatings, and food packaging, due to their flame retardancy,
chemical resistance, and water and oil repellency, which stem
from their inertness, high durability, and the low surface
energy of the C-F bond.”” In contrast, certain PFASs (‘specific

1. Introduction

PFASs is a general term for fluorinated substances that contain
at least one fully fluorinated methyl or methylene carbon
atom."” Among these compounds, those with a hydrophobic
methylene backbone and hydrophilic terminal functional
groups (e.g., -COOH and -SOzH) exhibit surfactant properties
(Fig. 1).*”® PFASs have been extensively used in a wide range of
industrial and consumer products, including fire-extinguish-
ing foams, semiconductor manufacturing, water-repellent L )\
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Fig. 1 Chemical structures of representative ‘specific PFASs’, such as
PFOA and PFOS (hydrophilic moieties: —-COOH and —SOzH; hydrophobic
moiety: a carbon chain with a C—F bond (485 kJ mol™)).
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PFASs’) emitted, leaked or leached from manufacturing facili-
ties and waste products have been increasingly detected in
public water bodies and groundwater through wastewater dis-
charge and precipitation.'®>> The C-F bond in PFASs exhibits
the highest bond dissociation energy (approximately 485 kJ
mol™") among covalent single bonds in organic compounds,
which renders it extremely chemically and thermally
stable.”**® Consequently, PFASs are highly resistant to
decomposition in aqueous environments and persist as
‘forever chemicals’.>”*®

In recent years, living organisms have been exposed to PFAS
through drinking and domestic water.>*>* Specific PFASs,**?*
such as perfluorooctanoic acid (PFOA) and perfluorooctanesul-
fonic acid (PFOS), have raised concerns about their potential
for toxicity to living organisms, including carcinogenicity,*®*”
immunosuppression,*®*° endocrine disruption,*®*’ and
bioaccumulation.*>*” In particular, these specific PFASs have
been reported to be present at high concentrations (several
ppm levels) in water bodies near certain areas such as fire
training grounds and semiconductor manufacturing
plants.*®*° Consequently, many countries worldwide have
begun regulating the concentrations of specific PFASs in
aqueous environments, while strengthening their monitoring
to promote environmental and health management. The
World Health Organization has proposed a guideline limit of
100 ppt for the total concentration of PFASs in drinking water
and is aiming for a strict management system.’® Several
countries have established more stringent drinking-water stan-
dards. For example, the U.S. Environmental Protection Agency
(EPA) sets a limit of 4 ppt for PFOA and PFOS, respectively,>
while Denmark has established a limit of 2 ppt for the com-
bined concentration of PFOA, PFOS, perfluorohexanesulfonic
acid, and perfluorononanoic acid (PFNA).>?

Specific PFASs in aqueous environments are typically
present at ppt levels,>*™” necessitating ultrasensitive detection
technologies. Liquid chromatography-tandem mass spec-
trometry (LC-MS/MS), the current gold standard, can detect
specific PFASs at the ppt level.>® However, the analysis is cost-
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and time-intensive (USD 200-300 per sample; half a day to
more than a day to measure PFAS-containing samples (it is
estimated that the process from sample collection to receiving
the measurement results from the external contractor takes
2-6 weeks.)’®) and requires expensive equipment (USD
1000 000-2 000 000) and skilled technicians.®®®' As regular
monitoring systems for specific PFASs begin to be established
globally, LC-MS/MS measurements of all water bodies and
industrial sites suspected of contamination are not feasible.®>

Based on the above, alternative detection technologies are
being investigated to enable prompt, facile, and low-cost detec-
tion of specific PFAS in aqueous environments. Many of these
technologies are based on nano-level interactions between the
detection materials and specific PFASs (Fig. 2). This review pro-
vides a comprehensive overview of specific PFAS detection
research reported in recent years, focusing on nano-level inter-
action-based detection mechanisms and sensing performance.
This review systematically summarizes the detection mecha-
nism of each detection research, along with its limit of detec-
tion (LOD), detection time, measurement solvent, interfering
species, and detection selectivity. In addition, based on a sys-
tematic comparison of specific PFAS detection research, it dis-
cusses challenges in applying the research to actual aqueous
environments and presents requirements for future develop-
ment prospects.

2. Nano-level interaction-based
detection of specific PFAS

Recent major research enabling rapid, low-cost, and simple
detection of specific PFASs was classified based on differences
in detection mechanisms. Colorimetric detection (Section 2.1)
involves observing changes in absorbance due to the inter-
action of specific PFASs with the surface of a detection
material. Fluorescence detection (Section 2.2) involves detect-
ing changes in the excitation state of the material or the
energy transfer process associated with the interaction
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2.1. Colorimetric detection
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2.2. Fluorescence detection
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Fig. 2 Overview of specific PFAS detection technologies discussed in sections 2.1-2.4 (colorimetric, fluorescence, electrochemical, and SERS
detection) and their detection mechanisms based on nanolevel interactions with specific PFASs. (Abbreviations: SERS: surface-enhanced Raman
scattering; LOD: limit of detection; Au NPs: gold nanoparticles; Ag NPs: silver nanoparticles; and AlQ: aggregation-induced quenching.).

between the specific PFAS and the detection material, resulting
in a fluorescence signal. Electrochemical detection (Section
2.3) involves converting the interaction between specific PFASs
and nanostructures on the electrode surface into an electrical
signal. Surface-enhanced Raman scattering (SERS) detection
(Section 2.4) utilizes the interaction between specific PFASs
and nanometal surfaces to detect vibrational spectra with high
sensitivity. This review focuses on major research that utilizes
the detection mechanism based on nano-level interactions
with specific PFASs, and outlines the detection process for
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specific PFASs, the detection ability for PFAS (PFAS as a single
substance such as PFOA and PFOS), the reactivity of detection
materials to contaminants such as ions and surfactants, and
challenges for practical application.

2.1. Colorimetric detection

Colorimetric detection based on nano-level interactions with
specific PFASs can be divided into three categories, based on
the [1] aggregation state of the detection material, [2] catalytic
reaction of the detection material (nanozyme), and [3] absor-
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bance of dyes that form hydrophobic ion pairs and F-F inter-
actions. These methods are being explored as promising strat-
egies for the rapid and simple on-site detection of specific
PFASs.

[1] In aggregation-based detection, the detection material
aggregates through interaction with specific PFASs, allowing
detection through changes in the absorption spectrum or
visible colour (Fig. 3A).%® This method commonly involves gold
nanoparticles (Au NPs), which exhibit colour transitions
between dispersed and aggregated states owing to plasmon
resonance. The surface of Au NPs is typically modified with
functional groups that can enhance reactivity with specific
PFASs. For example, Ma et al. prepared cyclodextrin (CD)-modi-
fied Au NPs (CD@Au NPs) and achieved a LOD of 70.4 ppb for
PFOA within 1 h (without solid-phase extraction (SPE)), lever-
aging host-guest interactions in a water/N,N-dimethyl-
formamide (DMF) mixed solution.®* Jung et al synthesized
citrate-coated Au NPs, which were surface-modified with per-
fluoroalkyl chains (carbon chain length of 6 or more).** In
citrate-coated Au NPs, after mixing the NPs with multiple types
of PFASs (perfluorohexanoic acid (PFHxA), PFNA, perfluorode-
canoic acid (PFDA), and perfluorooctyl phosphonic acid
(PFOPA) each as a single substance) in water, changes in the
absorption spectrum over time were observed due to NP aggre-
gation arising from different amounts of PFASs attached via F-
F interactions with the perfluoroalkyl chains, exhibiting a LOD
of 42.7-2005 ppb (without SPE). These NPs showed high reac-
tivity to long-chain PFASs (such as PFDA and PFNA) that easily
undergo F-F interactions with perfluoroalkyl chains, and the
absorption spectrum immediately changed with the addition
of a small amount of PFASs. Unfortunately, the selectivity of
these NPs for detecting specific PFASs was low, and the
increase in hydrophobic interactions due to the adsorption of
dissolved organic matter other than specific PFASs and the
decrease in electrostatic interactions due to changes in pH
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may also cause NPs to aggregate, potentially affecting the time-
dependent changes in the absorption spectrum after addition
of PFASs. As these detection mechanisms rely on aggregation
of NPs, controlling dispersion stability -~ such as through
surface modification of NPs using surfactants structurally dis-
similar to PFASs, ensuring that aggregation occurs only upon
interaction with PFASs — may potentially suppress reactivity to
contaminants. Nonetheless, due to the evaluation of changes
in absorbance and absorption spectrum at the same wave-
length, it is expected to be difficult to distinguish between
different types and concentrations of PFASs in the presence of
multiple PFASs using this method. Consequently, aggregation-
based methods using Au NPs typically achieve a LOD only in
the tens-of-ppb range.®***

[2] Catalytic-reaction-based detection uses nanozymes, com-
posed of metal oxides or carbon materials, that catalyse the
production of reactive oxygen species (ROS) (Fig. 3B).°°
Detection is accomplished by comparing the colorimetric
response of 3,3',5,5"-tetramethylbenzidine (TMB) in the pres-
ence and absence of specific PFASs. The nanozyme detects
specific PFASs through the following process: (1) The colour-
less TMB is oxidized by ROS generated on the nanozyme
surface and turns blue. (2) When specific PFASs adsorb onto
the nanozyme surface, ROS generation is inhibited, and no
colouration of the added TMB occurs. By comparing the colori-
metric responses of TMB in steps (1) and (2), the concentration
of specific PFASs can be quantified. This detection method
has been actively investigated in recent years, and various
nanozymes have been fabricated, including metal-organic
frameworks (MOFs),*®° zeolitic imidazolate frameworks
(IFs),”" metal oxide clusters,”” gold nanoclusters,”* and supra-
molecular polymers.”* These nanozymes can detect PFOA or
PFOS (each as a single substance) in water (and in methanol,
in some cases) within 1 h (without SPE), with a LOD within the
range of approximately 50-400 ppb. These materials were
hardly affected by contaminants such as ions (e.g., Na', K,
and CI7) found in tap water and river water, and surfactants
with structures similar to specific PFAS (e.g., sodium dodecyl
sulfate (SDS) and sodium dodecyl benzenesulfonate (SDBS)).
Because this method evaluates changes in absorbance at the
same wavelength, it is expected to be difficult to distinguish
between different types and concentrations of PFASs in the
presence of multiple PFASs. Notably, nanozymes with
improved reactivity toward specific PFASs and ROS generation
capacity (e.g, perfluoroalkyl-functionalized MOFs
(Fe;0,@MON-F@Ru and PCN-222(Fe)-3F),°>”° copper(1)-car-
bonitride (Cu-CN),”> and copper-substituted cobalt-based
Prussian blue derivative nanoboxes (CuCO-PBA NBs)®®) have
achieved improved LODs of approximately 6-7 ppb. Although
the nanozymes structurally optimized to interact with specific
PFASs by the introduction of perfluoroalkyl chains prone to F-
F interactions and cavity structures that increase the specific
surface area®®®’%7> have made substantial progress toward
achieving unprecedented ppt-level LODs in the colorimetric
detection of specific PFASs, their application is limited by a
complicated reaction process involving multiple reagents (an

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Schematic of the colorimetric detection mechanism of specific PFASs: (A) aggregation induced by specific PFAS adsorption on Au NP sur-
faces; (B) inhibition of colouration resulting from specific PFAS adsorption onto the surface of nanozymes catalysing ROS generation; (C) monitoring
the colour change of a solution containing hydrophobic ion pairs formed by dyes and specific PFASs using astkCARE™. Reproduced with permission
from ref. 63, Copyright 2025 Royal Society of Chemistry; ref. 65, Copyright 2024 American Chemical Society; and ref. 80 Copyright 2018 Elsevier.

example reaction procedure is as follows: after incubating the
nanozyme dispersion and PFAS aqueous solution for several
tens of minutes, the mixture is treated with TMB solution,
which is reactive to ROS. The treated solution is incubated for
several tens of minutes, and its absorbance is measured at pre-
determined time points). These materials were affected by
competitive adsorption involving some ions that easily coordi-
nate with the terminal groups (e.g,, -COOH and -SOz;H) of
specific PFASs, such as Cu®>* and SDS, as well as surfactants
with structures similar to specific PFASs. Due to the involve-
ment of ROSs generated on the nanozyme surface in detecting
specific PFASs, further sensitivity improvements can be
expected by performing SPE to remove contaminants such as
ions and surfactants from these detection materials. Since the
detection mechanism involves inhibiting ROS generation due
to surface adsorption of PFASs onto the nanozyme, through

This journal is © The Royal Society of Chemistry 2026

surface modifications with substituents capable of altering
interactions with different types of PFASs (e.g., perfluoroalkyl
chains with varying carbon chains lengths’®), it is potentially
possible to distinguish between different types and concen-
trations of PFASs under conditions where multiple PFASs
coexist.

[3] Dye-based detection uses dyes that can interact with
specific PFASs at the nano-level (e.g., porphyrin derivatives
with perfluoroalkyl chains that interact with PFASs via F-F
interactions,”®”® and methylene green that forms ion pairs
with PFOS”). Among these, a portable kit called astkCARE™,
which uses a dye (ethyl violet) similar to the active substance
in methylene blue, is currently undergoing verification
research with a view to practical application. This detection
method involves extracting the hydrophobic ion pairs formed
between ethyl violet and specific PFASs into an organic solvent
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(e.g., ethyl violet), enabling quantitative determination of the
specific PFASs based on the colour change of the dye
(Fig. 3C).5>®" Additionally, the degree of colour change in the
hydrophobic ion pairs formed by PFOA or PFOS and ethyl
violet allows for the separate detection of PFOA and PFOS. In
this method, without SPE, the formation of coordination
bonds with inorganic anions (primary constituents in tap
water: Cl~, SO,>, and others) was suggested, necessitating the
removal of contaminants via SPE for enhanced sensitivity.
However, astkCARE™ still involves several issues, including
ppb-level LOD, the need for SPE to achieve a low LOD, the use
of organic solvents that are generally non-disposable during
the dissolution of materials responsible for detecting specific
PFASs, and long detection time (approximately 3 h) that
includes SPE. A porphyrin derivative,”® featuring perfluoroalkyl
chains with varying carbon chain lengths, has been reported
to be able to control the type of PFAS susceptible to F-F inter-
actions. This perfluoroalkyl chain has the following character-
istics: (1) the hydrophobicity of the C-F bond site allows it to
repel hydrocarbon contaminants such as dissolved organic
matter.’> (2) The low polarity and polarizability of the C-F
bond site make it difficult to solvate ions, making it less sus-
ceptible to contaminants such as inorganic anions.®?
Therefore, optimizing the carbon chain length (hydrophobi-
city) of the perfluoroalkyl chain to match the carbon chain
length of PFASs in aqueous environments enables the selective
detection of different types of PFASs from aqueous environ-
ments containing contaminants. Based on (1) and (2), introdu-
cing perfluoroalkyl chains of various carbon chain lengths
into dyes such as ethyl violet enables potential identification
of the target PFASs in aqueous environments where multiple
PFASs, dissolved organic matter, and inorganic anions coexist.
In contrast, since most perfluoroalkyl chain-containing dyes
are not water-soluble, PFASs cannot be detected directly in
water; instead, detection and identification of PFASs must be
performed in the organic solvent in which the dye is dissolved.

Based on [1]-[3], for practical application in on-site detec-
tion in actual aqueous environments, it is necessary to resolve
issues such as the detection of specific PFASs at ppt levels,
which is the regulatory value, the identification of the target
PFASs in aqueous environments where multiple PFASs and
contaminants exist based on differences in absorbance and
absorption wavelength of detection materials, and the use of
SPE and organic solvents.

2.2. Fluorescence detection

The detection of specific PFASs using fluorescent and quench-
ing materials relies on changes in fluorescence intensity and
wavelength that occur when the environment around the
detection material changes owing to nano-level interactions
with specific PFASs. These methods can be divided into three
types: [1] ‘turn-off type’, in which the fluorescence intensity
decreases upon the adsorption or binding of specific PFASs to
the material surface; [2] ‘turn-on type’, in which the fluo-
rescence intensity increases; and [3] ‘ratiometric type’, in
which the fluorescence spectrum shifts upon specific PFAS
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binding. The detection performance of these materials relies
on electron and energy transfer at the material surface, where
specific PFASs are present. By optimizing the type of detection
material and its interaction with specific PFASs, highly sensi-
tive and selective detection of specific PFASs has been
achieved, with a LOD at the ppt-ppb level.

[1] In ‘turn-off type’ detection, PFASs form aggregates by
coordinating with the surface of the fluorescence material
through electrostatic and hydrophobic interactions, causing
aggregation-induced quenching (AIQ) (Fig. 4A).** Perylene-
diimide-based fluorescent sensors (PDI-2+, Dalapati et al.®?)
and aggregation-induced conjugated polymers (FTD-MI, Zhao
et al.®®) quantitatively measure the AIQ of PFOA or PFOS by
coordinating them to the surface of materials, respectively.
Detection of specific PFASs (PFOA or PFOS, respectively) in
these materials has achieved LODs of 0.32-1.9 ppb within
approximately 1 min (without SPE) in water or in water/
dimethyl sulfoxide (DMSO) mixed solution, with minimal
influence of contaminants such as ions (e.g., Na', K', and CI")
found in tap water and river water, and surfactants with struc-
tures similar to specific PFASs (e.g., SDS and SDBS). Due to the
evaluation of changes in fluorescence intensity at the same
wavelength, these detection materials are expected to face
difficulties in detecting and identifying each PFAS individually
when multiple PFASs coexist. Furthermore, this method
cannot completely eliminate the influence of background light
from the detector during fluorescence measurements, making
it necessary to exercise caution when interpreting small spec-
tral changes.

[2] In ‘turn-on type’ materials, specific PFASs alter the elec-
tronic environment on the material surface, suppressing non-
radiative quenching and increasing the fluorescence intensity
of the detection material (Fig. 4B).*® Dalapati et al. synthesized
a Zr-MOF (U-1)® incorporating a hydrophobic perylene imide
and a bifunctional MOF (UiO-66-N(CH;)**).#” In the case of
U-1, the fluorescence intensity increased within 30 min
(without SPE) in water or in water/organic solvent (DMSO or
acetonitrile (MeCN)) mixed solution owing to the ‘relaxation of
n-n interactions via PFOA trapping within pores’. In contrast,
Ui0-66-N(CH;)** exhibited increased intensity via ‘ion
exchange between anionic dyes adsorbed on the material
surface and PFOA’, demonstrating a LOD of approximately
100-700 ppb. These materials were hardly affected by contami-
nants such as dissolved organic matter (e.g., lauric acid)
present in tap water or river water, or surfactants with struc-
tures similar to specific PFASs (e.g.,, SDS and hexadecyltri-
methylammonium bromide (CTAB)). Due to the evaluation of
changes in fluorescence intensity at the same wavelength,
these detection materials are expected to face difficulties in
detecting and identifying each PFAS individually under the
coexistence of multiple PFASs. Hassan et al. developed a hexa-
nuclear cerium oxocluster ([Ceq(p3-0)4(n3-OH),]">*) that exhi-
bits aggregation-induced emission (AIE) upon interaction with
PFAS and F-F bonds.®® [Ces(j15-0)4(p3-OH),]">* was able to
effectively quantify low concentrations of PFOA (LOD: 0.24
ppb) and PFNA (LOD: 0.4 ppb) within 10 min (without SPE) in

This journal is © The Royal Society of Chemistry 2026
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water, and different types of PFASs such as PFHxA and PFDA
could be distinguished from each other based on the change
in fluorescence of the materials. This material was unaffected
by ionic contaminants (e.g., Na', K', and CI7) found in tap
water and river water. Xu et al. synthesized a Tb(m) coordi-
nation polymer ({Tb(L)(NO3)(H;0),},) that displays AIE upon
electrostatic interaction with specific PFASs, achieving PFOA
detection at ultra-low concentrations within 10 min (without
SPE) in water (LOD: 27.3 ppt) and is unaffected by interfering
ions or surfactants.® {Tb(L)(NO;)(H,0),}, was unaffected by
contaminants such as ions (e.g., Na', K', and CI~) present in
tap water or river water, or surfactants (e.g., SDS and SDBS)
with structures similar to specific PFASs. Due to the evaluation

This journal is © The Royal Society of Chemistry 2026

of changes in fluorescence intensity at the same wavelength,
these detection materials are also expected to face difficulties
in detecting and identifying each PFAS individually in the pres-
ence of multiple PFASs. A composite (SA hydrogel-N,F-CD com-
posite) formed by encapsulating fluorinated carbon dots
(F-CD) in an alginate hydrogel increased the luminescence
quantum yield by confining PFOA within the nanoscale space
via F-F interactions between F-CD and PFOA. Although this
system was noted to achieve ultra-high-sensitivity detection
within 1 h (without SPE) in water (LOD: 0.001 ppt), it also
exhibited slight fluorescence due to F-F interactions with con-
taminant (NaF).”>°" The detection mechanism of this compo-
site relies on F-F interactions with PFASs in the nanoscale
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space, enabling enhanced selectivity for specific PFAS detec-
tion through removal of contaminants (NaF) using SPE.
Similar to other ‘turn-off type’ detection materials, all detec-
tion materials for ‘turn-on type’ are expected to have difficulty
detecting and identifying individual PFASs in the presence of
multiple PFASs, as they evaluate changes in fluorescence inten-
sity at a single wavelength.

[3] The ‘ratiometric type’ quantifies specific PFASs by ana-
lysing the intensity ratio of fluorescence wavelengths before
and after the specific PFASs interact with the detection
material, offering improved performance in complex aqueous
environments (Fig. 4C).°> Lanthanide MOF-based surface
molecularly imprinted polymer probes (Eu/Tb-MOF@MIPs,
Yang et al.®®) were noted to amplify fluorescent polymers
(PPE-Py*, Concellén et al.®*), and probes combining molyb-
denum boride (MoB) quantum dots (QDs) with N,F-CD (MoB
QD/N,F-CD, Wang et al.®*) enabled PFOA detection in water
(without SPE) (LOD: 0.1-40.6 ppb). Some materials were
affected by ions (e.g., Fe*" and Fe*") that readily coordinate
with the terminal functional groups of specific PFASs. Due to
the interaction between the surfaces of the material and
specific PFASs being involved in the detection mechanism, the
selectivity for detecting specific PFASs is expected to improve
by removing contaminants using SPE. Based on the intensity
ratio of different fluorescence wavelengths, these materials
may enable the detection and identification of PFAS types and
concentrations in the presence of multiple PFASs. These
methods primarily relied on changes in the ratio of two fluo-
rescence intensities induced by binding to PFOA via F-F and
electrostatic interactions. Donor-acceptor conjugated polymers
(PF-DBT-Im, Chen et al’®) and aggregation-induced conju-
gated polymers (FTD-C8-MI, Zhao et al.®) incorporate struc-
tures exhibiting both fluorescence resonance energy transfer
(FRET) and AIE within the same backbone. These detection
materials enable the quantification of PFOA and PFOS present
in water at the ppb level within several minutes (without SPE)
based on the change in fluorescence by altering FRET through
electrostatic or hydrophobic interactions with specific PFASs
(LOD: 0.32-7.15 ppb). Several materials®*° are affected by con-
taminants (e.g., SO4>~, NO;~, Cl~, hydroquinone (HQUI), SDS,
and SDBS) that promote the aggregation of detection materials
involved in the fluorescence energy transfer through electro-
static, hydrophobic, and n-n interactions. By improving the
dispersion stability of the detection material using surfactants
that are structurally dissimilar to PFASs (and do not impair
interactions with PFASs), it is considered possible to prevent
the aggregation of the detection material caused by contami-
nants. Similar to other ‘ratiometric’ detection materials, based
on the intensity ratio of different fluorescence wavelengths for
the detection of PFASs, this method enables the detection and
identification of PFAS species and concentrations even in the
presence of multiple PFASs.

In terms of on-site detection of PFASs using fluorescent
materials, the verification research of FRED-PFAS™, a compo-
site sensor consisting of a CD derivative capable of binding to
specific PFASs and an indicator molecule (dye), is underway
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(Fig. 4D).>>°%7 The portable FRED-PFAS™ can detect PFOA at
the ppb-ppm level in organic solvents (methanol) and showed
no response to Cl~, CO;>7, or surfactants like SDS, although it
faces several challenges, such as insufficient performance at
the ppt level, undifferentiable from PFASs (fluorotelomers and
aqueous film-forming foam) other than PFOA, the need for
SPE to achieve a low LOD, the use of methanol that is generally
non-disposable during the dissolution of materials responsible
for detecting specific PFASs, and a long detection time
(approximately 4 h) that includes SPE. Additionally, since
FRED-PFAS™ is a detection technology based on changes in
fluorescence intensity at the same wavelength, it is expected to
be difficult to distinguish the target PFASs from aqueous
environments where multiple PFASs coexist.

Considering these findings, on-site detection of specific
PFASs in actual aqueous environments requires overcoming
challenges such as detection of specific PFAS at ppt levels in
water containing contaminants, identification of the target
PFASs in water containing multiple PFASs and contaminants
due to differences in the fluorescence intensity and wavelength
of the detection material, and the use of SPE and organic
solvents.

2.3. Electrochemical detection

PFASs are electrochemically inactive and cannot be oxidized or
reduced. Therefore, direct electrochemical detection of specific
PFASs is generally not possible, and indirect strategies that
enhance sensitivity are required. These approaches promote
nano-level interfacial reactions between the electrode surface
and specific PFAS to detect the target substance as an electri-
cal signal. Representative technologies include [1] fabrication
of electrodes incorporating nanostructures that can interact
with specific PFASs, and [2] nanosized template synthesis of
specific PFASs on the electrode surface. By improving the elec-
tron-transfer properties of the electrode surface and adsorp-
tion of specific PFASs at the interface, high-sensitivity electro-
chemical detection at the ppt—ppb level can be realized. On
the other hand, for stable specific PFAS detection, a support-
ing electrolyte such as phosphate-buffered saline (PBS) must
be used in all electrochemical measurements.

[1] In the context of nanostructured electrodes, Shanbhag
et al. fabricated a graphene-based electrode (G/CPE) with high
adsorption capacity for specific PFASs owing to its high
specific surface area.”® G/CPE can quantify changes in electri-
cal signals resulting from interactions between graphene
n-electrons and specific PFASs, and was able to instantly detect
PFOA (LOD: 4.31 ppb) and PFDA (LOD: 8.53 ppb) using PBS as
the supporting electrolyte (without SPE). Nevertheless, this
detection material was noted to be reactive toward contami-
nants, such as zn**, Ni**, and HQUI, which are likely to
compete for adsorption through interactions similar to those
of PFASs (e.g:, electrostatic and hydrophobic interactions). To
this end, removal of contaminants using SPE is recommended
prior to detecting specific PFASs. Since this electrode cannot
identify interactions based on the slight structural differences
between various PFASs, detecting and identifying each PFAS in

This journal is © The Royal Society of Chemistry 2026
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the presence of multiple PFASs is expected to be difficult. Au
NPs,” 1% silver nanoparticles (Ag NPs),'* and copper-incor-
porated nanostructures (F-Cu-NH,BDC, Zheng et al ;"%
Cu@CuO aerogel, Xu et al.'®") with excellent electron transfer
properties have been used for highly sensitive detection of
PFASs (Fig. 5A)."% In general, the surfaces of Au NPs or Ag NPs
can be functionalized with substances capable of interacting
with specific PFASs, such as dyes (MB@AuNPs, Simonetti
et al.®®), perfluoroalkyl chains (carbon chain length of 8 or
more) (PFTD/AuNPs/GCE, Calvillo Solis et al'%), citrate
(MXene-AgNPs'%?), and nickel oxide (AuNPs/NiOScZ/SPCE,
Comnea-Stancu et al.'°"). These materials were able to quantify
trace amounts of PFASs (perfluorobutanoic acid (PFBA), PFOA,
PFOS, perfluoroundecanoic acid (PFUnDA), each a single sub-
stance) within 1 h using PBS or KHCO; as the supporting elec-
trolyte (without SPE) (LOD: 0.033-24.0 ppt). However, it was
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revealed that electrochemical reactivity toward contaminants
such as Mg>* and Na*, which readily coordinate with the term-
inal functional groups of specific PFASs, as well as SDS and
SDBS, which have structures similar to specific PFASs, and
that the selectivity for PFAS detection was low. In the detection
technologies described in [1], while these materials have the
advantage of detecting ppt-level specific PFASs through electro-
static interactions or hydrophobic interactions between the
electrode and the specific PFAS, the interaction between the
material surface and the specific PFAS significantly influences
the detection mechanism; consequently, they are susceptible
to interference from inorganic anions and surfactants, and
have the limitation necessitating the contaminant removal
step using SPE. These materials, by surface-modifying sub-
stances with varying abilities to interact with various PFASs
(e.g., perfluoroalkyl chains with varying carbon chain lengths
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Fig. 5 Schematic of the electrochemical detection of specific PFASs: detection mechanism: adsorption of specific PFASs onto nanosized templates
prepared on the electrode surface by the electrolytic polymerization of (A) dopamine or (B) o-phenylenediamine; (C) electrical signal enhancement
using electrodes incorporating substances capable of interacting with specific PFASs. Reproduced with permissions from ref. 103 and 105, Copyright

2023 Elsevier; and ref. 106, Copyright 2025 American Chemical Society.
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(3-12)),”® may enable detection and identification tailored to
the type and concentration of PFASs even in the presence of
multiple PFASs.

[2] In nanosized template synthesis, electrolytic polymeriz-
ation of dopamine or o-phenylenediamine occurs on the elec-
trode surface in the presence of PFOS (Fig. 5B and C).'%>7%®
The binding of PFOS to the nanosized template can be
detected as a change in electrical signal. Sensors fabricated by
Amin et al. (molecularly imprinted poly o-PD on Au interdigi-
tated microelectrodes)'®® and Lu et al (MIP/AuNS/GCE)'%®
achieved ppt-level LODs within minutes (without SPE). Some
of these materials demonstrate high detection sensitivity for
PFOS among PFAS species (perfluoropentanoic acid (PFPA),
perfluoroheptanoic acid (PFHpA), and PFOA, each as a single
substance) under conditions using PBS as the supporting elec-
trolyte. Nevertheless, sensitivity to some contaminants such as

a’, ClI", and humic acid, which are likely to competitively
adsorb to the electrode surface through similar interactions
(e.g., electrostatic and hydrophobic interactions) to PFASs, has
been reported.'”® The methods used to enhance the detection
sensitivity and selectivity of this electrode for specific PFASs
include removing contaminants via SPE and surface modifi-
cation of the electrode using substituents that readily interact
with PFASs. In the detection technologies described in [2],
these materials have the advantage of controlling the detection
sensitivity for PFOS and other PFASs through nanosized tem-
plates fabricated on the electrode surface using PFOS. On the
other hand, the nanosized template synthesis for different
types of PFASs (especially those with short carbon chains) is
challenging (due to weak interactions between the monomers
used in electrolytic polymerization and PFASs with short
carbon chains), and they are susceptible to competitive adsorp-
tion with inorganic anions and surfactants on the material
surface, and have the limitation necessitating a process for
removing contaminants using SPE. Therefore, by applying the
methods described in [1] (incorporation of nanostructures and
surface modification of substituents that easily interact with
PFASs) to electrodes equipped with nanosized templates, it is
potentially possible to distinguish between different types and
concentrations of PFASs in the presence of multiple PFASs
without SPE.

As described in [1] and [2], to apply this technology to on-
site detection in actual aqueous environments, it is necessary
to resolve issues such as installation of equipment for electro-
chemical detection in a wide area (ensuring a stable power
source and preparing the optimal supporting electrolyte for
each water body), selective detection of PFAS in the presence
of contaminants, and identification of the target PFASs in
aqueous environments where multiple PFASs exist due to
differences in potential.

2.4. SERS detection

SERS is a powerful spectroscopic technology capable of detect-
ing molecule-specific vibrational spectra. For ultra-low concen-
tration analysis of specific PFASs using SERS, the selection of a
substrate capable of enhancing Raman signals and the immo-
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bilization of specific PFASs onto the substrate are critical.
Typically, substrates are coated with Ag NPs that provide elec-
tromagnetic enhancement via localized surface plasmon reso-
nance. To detect changes in Raman signals based on the pres-
ence of specific PFASs on the substrate, two approaches have
been designed: [1] sandwiching specific PFASs between Ag NPs
and Au NPs, and [2] adding or modifying materials to the Ag
NP surface to facilitate specific PFAS immobilization.

[1] Feng et al. deposited a mixture of Ag NPs and PFASs
onto a substrate containing Au NPs, allowing the PFAS to be
sandwiched between the Ag NPs and Au NPs after drying
(Fig. 6A)."°° This sandwich method enabled the identification
of PFHxA, PFOA, and PFBS in water based on slight differences
in the Raman signal peak positions, with a LOD value of 100
ppb for each (without SPE). The effect assessment of contami-
nants on this method had been untested. Identification of
PFAS using this method relies on slight differences in the peak
positions of Raman signals originating from structurally
similar types of PFASs; hence, in the presence of multiple
PFASs, peak position shifts are expected to occur competitively
in principle, making detection and identification based on
PFAS types and concentrations difficult.
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Fig. 6 Schematic of the SERS detection of specific PFASs: detection
mechanism: (A) enhancement of the Raman signal by sandwiching
specific PFASs with Au NPs and Ag NPs, (B) enhancement of the Raman
signal using Ag NPs modified with substances capable of interacting
with specific PFASs. Reproduced with permissions from ref. 109,
Copyright 2023 American Chemical Society; and ref. 111, Copyright
2023 Elsevier.
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Ref.
109
110
111
112
113
114

sandwiching PFASs with Au NPs and

Ag NPs
using Ag NPs modified with substances

Enhancement of the Raman signal by
Enhancement of the Raman signal
capable of interacting with PFASs

Selectivity Detection mechanism

Untested
Untested
Untested
Untested

Good
Good

Tap water, oxalic acid,

Interfering species
Lake water, soil, and
urine samples

citric acid, and
succinic acid

Measurement

solvent
Water
Water
MeOH
Water
Water

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
Water

Detection

time
1s
1s
1s
1s
1s
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1s

(ec)
LOD
100 ppb
49.1 ppb
0.53 ppt
1 ppt
(PFOA)
4.28 ppb
(PFOS)
0.40 ppt
40 ppt

Analytes
PFHxA
PFOA
PFBS
PFOS
PFOA
PFOA
PFOS
PFOA
PFOS
PFOA

Graphene and Ag NPs printed

p-phenylenediamine (SAp-PD)
on a kapton substrate

f-CD/Ag nanocomplexes in the
microstructured optical fiber

AgNPs on fish scale substrates
nanoparticles

Material
Au@AgNRs
Self-assembled
AgNR substrate

that the “Selectivity” column was “Untested”. “Good” in the “Selectivity” column indicates that the detection material did not show significant changes in the interfering species tested in

Abbreviations: PFHxA: perfluorohexanoic acid; PFOA: perfluorooctanoic acid; PFBS: perfluorobutanesulfonic acid; PFOS: perfluorooctanesulfonic acid; and MeOH: methanol. “—” indicates
that research.

Table 4 Summary table of PFAS detection by SERS technology. Interfering species of each research were excerpted from representative ions, surfactants, and dissolved organic matter, among

others
Detection
method

SERS

View Article Online
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[2] Kumar et al. added malachite green, which forms ion
pairs with specific PFASs, to increase the affinity between Ag
NPs on a substrate and specific PFASs.''° This method
enabled the rapid quantification of PFOS in water, with a
LOD of 49.1 ppb. In addition, there was no effect from con-
taminants contained in soil and lake water, and urine (e.g.,
major components in soil and lake water: Cl~, SO,>~, and
humic acid; major components in urine: Na*, K*, Cl~, SO,>7,
and urea). Due to the high affinity between Ag NPs on this
SERS substrate and different types of PFASs, the slight differ-
ences in the peak positions of Raman signals from different
types of PFASs are expected to be easily recognized.
Nevertheless, under conditions where multiple PFASs of
different types with highly similar structures coexist, shifts in
the peak positions of Raman signals can also occur due to
competition in principle, making detection and identification
based on the PFAS type and concentration difficult. To
support the immobilization of specific PFASs onto substrates,
Ag NPs have been surface-modified with p-phenylenediamine
nanoparticles (Park et al'''), thiol molecules (Rothstein
et al.''?), graphene (McDonnell et al.'*®), and CD (Li et al.''*),
which can interact with specific PFASs (Fig. 6B). On this SERS
substrate containing Ag NPs, changes in Raman signals
before and after the addition of PFOA or PFOS in water (and
in methanol, in some cases) could be immediately detected
and identified, achieving a LOD of 0.4-40 ppt. The SERS sub-
strate’'’  containing Ag NPs surface-modified with
p-phenylenediamine nanoparticles could instantly dis-
tinguish changes in the peak positions of Raman signals
before and after addition of PFOA in water, achieving a LOD
of 0.53 ppt. The reactivity toward inorganic anions (primary
constituents in tap water: Cl~, SO,>7, and others) was evalu-
ated, though it had minimal impact on the detection of
specific PFASs. The Ag NPs on this SERS substrate readily
interact with different types of PFASs, making it easier to
recognize the slight differences in the peak positions of
Raman signals from different PFASs. On the other hand,
under conditions where multiple PFASs of different types
with similar structures coexist, shifts in the peak positions of
Raman signals are also expected to occur due to competition
in principle, making detection and identification based on
the sPFAS type and concentration difficult. SERS substrates
containing thiol molecules,""> graphene,'® and CD"'*-
surface-modified Ag NPs could instantly distinguish changes
in the peak positions of Raman signals before and after
addition of PFOA or PFOS in water (some in methanol), with
a LOD ranging from 0.4 to 40 ppt. The effect of contaminants
on these SERS substrates had not been evaluated. The Ag NPs
on these SERS substrates also interact readily with each type
of PFAS, making it easier to recognize the slight differences
in the peak positions of Raman signals from different PFASs.
Nonetheless, under conditions where multiple structurally
similar PFASs coexist, shifts in the peak positions of Raman
signals are also expected to occur due to fundamental compe-
tition, making detection and identification based on the
PFAS type and concentration difficult.

This journal is © The Royal Society of Chemistry 2026
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In many cases, the effects of contaminants (e.g., ions, sur-
factants, and dissolved organic matter) on detection perform-
ance remain to be clarified. Besides, there are fewer examples
of detection and identification of PFAS species other than
PFOA and PFOS compared to other studies. These research,
based on slight differences in the peak positions of Raman
signals corresponding to different types of PFASs with highly
similar structures, indicate that under conditions where mul-
tiple PFASs coexist, shifts in the peak positions of Raman
signals can also occur due to competition; therefore, while
further consideration is necessary, it is highly possible that
detection and identification will become difficult depending
on the type and concentration of PFASs. To apply this
method for on-site detection in actual aqueous environments,
it is necessary to verify changes in the peak positions of
Raman signals under conditions where various PFASs are
present, as well as the feasibility of identifying target PFASs
from aqueous environments containing multiple PFASs and
contaminants.

3. Conclusion

Although regular monitoring of specific PFASs in aqueous
environments is being prioritized worldwide, LC-MS/MS
remains the only technique capable of detecting and identify-
ing specific PFASs at the ppt level. However, LC-MS/MS is
expensive, time-intensive, and inaccessible to non-experts, ren-
dering it unsuitable for assessing potentially contaminated
water sources. This review outlines rapid and sensitive detec-
tion research based on nano-level interaction with specific
PFASs that can overcome the challenges of LC-MS/MS.
Detection methods for specific PFASs can be divided into col-
orimetric (section 2.1), fluorescence (section 2.2), electro-
chemical (section 2.3), and SERS (section 2.4)-based methods.
The corresponding detection mechanisms and optimization
methods to improve detection sensitivity, along with LOD
values, are summarized (Table 1: colorimetric, Table 2: fluo-
rescence, Table 3: electrochemical, and Table 4: SERS). These
detection research studies enable the detection of specific
PFASs in a short time (within several minutes to hours) com-
pared with LC-MS/MS, which requires half a day to more than
a day of measurement time. However, among the major
specific PFAS detection research studies summarized, few were
able to detect several ppt levels in actual aqueous environ-
ments. Furthermore, due to challenges such as undesirable
reactions and interactions caused by contaminants, as well as
the difficulty of detecting and identifying only the target PFASs
in aqueous environments with varying pH levels where mul-
tiple PFASs and contaminants coexist, consequently, most
research based on nano-level interactions with specific PFASs
has not advanced to verification research for use in actual on-
site detection (selective detection of specific PFASs at several
ppt levels in aqueous environments with different pH levels
containing contaminants such as ions and dissolved organic
matter).

This journal is © The Royal Society of Chemistry 2026
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4. Future prospects for detection
research based on nano-level
interactions

While diverse technologies based on nano-level interactions
are being explored for detecting trace specific PFASs, each
method faces specific challenges. Colorimetric detection
(section 2.1) of specific PFASs was performed primarily in
water (without SPE) and was able to detect PFOA, PFOS, and
other PFASs at several ppb-ppm levels; however, this method
has not achieved detection of PFAS at regulatory levels (several
ppt levels) established in countries worldwide. For this reason,
it is urgent to achieve the LOD at the ppt level for PFAS-respon-
sive dyes by combining surface modification with substituents
that enhance interactions with PFAS (e.g., perfluoroalkyl
chains capable of F-F interactions’® and quaternary
ammonium groups enabling electrostatic interactions'"”) and
expansion of the PFAS-responsive site (e.g., introduction of
cavity structures or increasing specific surface area through
porosity). Due to the influence of contaminants such as ions
found in tap water or river water and surfactants with struc-
tures similar to specific PFASs, some detection materials rec-
ommend removing contaminants via SPE prior to detection of
PFASs. Due to the evaluation of changes in absorbance and
absorption spectrum at the same wavelength, it is expected to
be difficult to distinguish different types and concentrations of
PFASs in the presence of multiple PFASs using this method.
Research on colorimetric detection for on-site detection (with
SPE) is also underway, and PFOA or PFOS were successfully
detected based on the colour tones of the hydrophobic ion
pairs formed between the extracted PFOA or PFOS and a dye in
ethyl acetate. However, even with prolonged SPE, contami-
nants cannot be completely removed, making it impossible to
detect specific PFASs at the ppt level. Furthermore, it necessi-
tates the use of ethyl acetate that cannot be disposed of as
general waste when detecting specific PFASs. By introducing
perfluoroalkyl chains’® of varying carbon chain lengths
capable of identifying different types of PFASs into dyes used
for colorimetric detection verification research, it is potentially
possible to suppress reactivity with inorganic anions and
achieve identification of target PFASs in aqueous environ-
ments where multiple PFASs coexist. However, many dyes
incorporating perfluoroalkyl chains are not water-soluble,
making it impossible to directly detect PFASs in water; there-
fore, detection and identification of PFASs must be performed
in organic solvents where the dyes are soluble.

Fluorescence detection (Section 2.2) enables the highly sen-
sitive detection of PFOA, PFOS, and other PFASs at the ppt-
ppb levels, primarily in water (without SPE) compared to col-
orimetric detection. This method showed LODs for PFAS detec-
tion that are close to regulatory levels (several ppt levels) set
around the world. However, for detection materials with LODs
close to the ppt level, the quantitation capabilities of specific
PFASs tend to be compromised due to the influence of ions
that readily coordinate with the terminal functional groups of
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specific PFASs found in tap water or river water, as well as con-
taminants from surfactants with structures similar to specific
PFASs. Therefore, it is necessary to remove contaminants that
reduce the quantification abilities of specific PFASs using SPE,
and the formation of multi-point interactions through simul-
taneous modification with substituents (e.g., perfluoroalkyl
chains’® and quaternary ammonium groups enabling electro-
static interactions'"”) that are less susceptible to contaminants
and more likely to interact with specific PFASs, incorporation
of biological recognition elements (e.g., enzymes, antibodies,
or aptamers),’'® and the improvement of dispersion stability
for detection materials using surfactants structurally dissimi-
lar to PFASs (e.g., surfactin,"'”"*° organometallic nonclassical
surfactants,”® and bolaamphiphile surfactants'*®) are
required. Because the ‘turn-off type’ and ‘turn-on type’ evaluate
changes in fluorescence intensity at the same wavelength, it is
expected that these detection materials will also have difficulty
distinguishing between different PFAS in the presence of mul-
tiple PFASs. Based on the intensity ratio of different fluo-
rescent wavelengths, the ‘ratiometric type’ is expected to
enable detection and identification of PFAS types and concen-
trations in the coexistence of multiple PFASs. Furthermore, on-
site application of this research requires a large number of
high-resolution portable fluorometers (USD 20 000-30 000) for
detecting specific PFASs, making the widespread use in
aqueous environments impractical. Similar to colorimetric
detection, verification research of fluorescence detection (with
SPE) for on-site detection is also underway, and PFOA or PFOS
extracted with in methanol were successfully detected using a
composite sensor consisting of a CD derivative and an indi-
cator molecule (dye). However, even with long-term SPE, it is
not possible to completely remove contaminants, making it
impossible to detect specific PFASs at the ppt level.
Furthermore, it cannot identify PFASs other than PFOA (such
as fluorotelomers or aqueous film-forming foam).
Furthermore, methanol, which cannot be disposed of as
general waste, must be used during the implementation of
SPE and the detection of specific PFASs. In the verification
research of fluorescence detection for on-site detection, since
the detection technology relies on changes in fluorescence
intensity at the same wavelength, it is anticipated that detect-
ing and identifying the target PFASs from aqueous environ-
ments where multiple PFASs coexist will be difficult.

The electrodes used in electrochemical detection (section
2.3) enabled high-sensitivity detection of PFOA, PFOS, and
other PFASs at ppt-ppb levels in buffers containing specific
PFASs (e.g., PBS and KHCO;) (without SPE). This method
showed LODs for PFAS detection that are close to regulatory
levels (several ppt levels) set around the world. However, some
electrodes with LODs close to the ppt level are susceptible to
interference from contaminants such as Na“ and CI~, which
are likely to competitively adsorb onto electrode surfaces
through interactions similar to those with PFASs; humic acid,
a representative dissolved organic compound; as well as SDS
and SDBS, which have structures similar to specific PFASs;
consequently, the quantification capabilities of specific PFASs
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is easily reduced. Therefore, it is necessary to remove contami-
nants that reduce the quantitative accuracy of specific PFASs
using SPE, and the surface design combining the formation of
multi-point interactions through simultaneous modification
with substituents (e.g., perfluoroalkyl chains with carbon
chain lengths as short as those of PFASs with short carbon
chains”® and quaternary ammonium groups enabling electro-
static interactions'"?) that are less susceptible to contaminants
on the electrode and readily interact with PFASs (especially
PFASs with short carbon chains) and the incorporation of
PFAS-templated nanostructures (especially PFASs with
medium to long carbon chain lengths that readily form nano-
sized templates) is required. There are issues such as the need
for a supporting electrolyte for all electrochemical measure-
ments and limitations on use in areas where power supply is
unstable. Among these, research on forming nanosized tem-
plates on the electrode surface has been able to control the
detection ability of different types of PFASs; therefore, by com-
bining this material with surface modification of substituents
that easily interact with PFASs, it is expected that detection
and identification will be possible based on the type and con-
centration of PFASs in the coexistence of multiple PFASs.

The SERS substrates containing Ag NPs used for SERS detec-
tion (section 2.4) was able to detect PFOA, PFOS, and other
PFASs mainly in water with high sensitivity at the ppt-ppb level
based on slight differences in the peak positions of Raman
signals. This method showed LODs for PFAS detection that are
close to regulatory levels (several ppt levels) set around the
world. The few studies evaluating the effect of contaminants on
the developed SERS substrate did not show the effect of con-
taminants such as ions and dissolved organic matter present in
tap water, soil water, lake water, and urine. In many cases, the
effect of contaminants on SERS substrates remains unvalidated;
therefore, SERS substrates exhibiting ppt-level LODs must be
closely monitored to ensure that the quantification capabilities
of specific PFASs do not decrease in the presence of contami-
nants. If the SERS substrate is affected by contaminants, it will
be necessary to remove the contaminants by SPE, which will
reduce the quantification capabilities of specific PFASs, and
simultaneous modification of the SERS substrate with multiple
substituents (e.g., perfluoroalkyl chains’® and quaternary
ammonium groups enabling electrostatic interactions'') that
are less susceptible to contaminants and more likely to interact
with specific PFASs, and surface modification with compounds
that balance the affinity between different PFASs (amphiphilic
self-assembled monolayer or polymer brushes containing both
cationic and hydrophobic domains'***?*), or selective host
molecules (e.g., B-CD and calixarenes'*>"*®) are required. This
method relies on slight differences in peak positions of Raman
signals originating from structurally similar types of PFASs; con-
sequently, in the presence of multiple PFASs, shifts in the peak
positions of Raman signals can also occur due to competition,
making detection and identification based on the PFAS type
and concentration inherently difficult.

Among the four major detection research covered in this
review, all except colorimetric detection have achieved the

This journal is © The Royal Society of Chemistry 2026
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detection and quantification of specific PFASs at the ppt level.
However, due to detection mechanisms based on nano-level
interactions with specific PFASs, detection materials with
lower LODs (ppt level) within each research were -easily
affected by contaminants such as ions, surfactants, and dis-
solved organic matter, which reduces the quantitative accuracy
of specific PFASs. Moreover, in most experiments, aqueous
solutions containing dissolved PFOA or PFOS alone have been
used. To date, there have been few research on (1) selective
detection and quantification of PFOA or PFOS (each as a single
substance) from aqueous environments containing contami-
nants, and (2) selective detection and quantification of the
target PFASs from mixed solutions containing various PFASs.
In the major detection research, several technologies have
been found to be able to detect different types of PFASs (each
as a single substance) by utilizing the nano-level interactions
between PFASs and the surface of detection materials (colori-
metric detection: F-F interactions,®® fluorescence detection:
hydrophobic interactions,” electrochemical detection: selec-
tive adsorption to templates on the material surface,'®® and
SERS detection: differences in Raman signal wavelengths
derived from the vibration of C-F bonds in various PFASs').
These detection research studies exhibit some responsiveness
to contaminants (SERS detection alone is often untested),
although their effect is smaller compared to the responsive-
ness observed during PFAS detection. Therefore, it is highly
anticipated that (1) selective detection and quantification of
PFOA or PFOS (each as a single substance) from aqueous
environments containing contaminants is feasible without
SPE. Meanwhile, much of current research capable of detect-
ing multiple types of PFASs (each as a single substance) relies
on changes in absorbance or fluorescence intensity at the
same wavelength, or slight changes in electrical or Raman
signals. Hence, (2) selective detection and quantification of
the target PFASs from mixed solutions containing various
PFASs is considered difficult to achieve due to competitive or
cancelling interactions between different types of PFASs and
the detection material. (Different types of PFASs cannot be
identified, and the decrease in quantitative accuracy is
expected.) To achieve selective detection and quantification of
the specific PFASs in (2), it is necessary to develop materials
where the wavelengths of absorption, fluorescence, and Raman
signals vary significantly depending on the type of PFAS, as well
as electrodes where the degree of interaction changes substan-
tially according to the type of PFAS. To use future PFAS detec-
tion research in actual aqueous environments, it is necessary to
incorporate the latest findings outlined in this review into
material design and achieve detection and quantification of
PFASs without SPE under conditions (water containing a
mixture of multiple PFASs, inorganic anions, and dissolved
organic matter, among others) resembling actual aqueous
environments, such as those described in (1) and (2).

In perspectives of on-site analysis of actual aqueous environ-
ments, given the trend toward stricter regulations on specific
PFASs in various countries around the world (increase in the
number of PFAS types subject to regulation and further

This journal is © The Royal Society of Chemistry 2026
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reduction of permissible concentrations in water'*’), it is impor-
tant (the necessary requirements) to be able to quickly detect,
quantify, and identify multiple PFASs in the extensive water
bodies using a simple method. However, the major research out-
lined in this review has the challenge of failing to meet the fol-
lowing requirements for on-site analysis of actual water environ-
ments. Colorimetric detection: detecting and quantifying PFAS
at regulatory ppt levels; establishing technology that do not use
SPE and organic solvents. Fluorescence detection: identification
and quantification of target PFASs from water containing mul-
tiple PFASs and contaminants; establishment of technology not
requiring SPE and organic solvents. Electrochemical detection:
selective PFAS detection and quantification in the presence of
contaminants; identification and quantification of target PFASs
from water containing multiple PFASs; securing stable power
sources across wide areas; preparation of optimal supporting
electrolytes for each water body. SERS detection: detection and
quantitative capabilities for various PFAS species remain
unclear; detection and quantitative capabilities for PFASs in the
presence of contaminants remain unclear; development of SERS
substrates required for the highly sensitive detection, quantifi-
cation, and identification of different types of PFASs.

To carry out on-site analysis of actual water environments over
extensive water bodies, the developed detection technology must
be portable so that it can be easily used in each water body. In
fact, label-free optical PFAS detection technology is being investi-
gated as an emerging technology for portable specific PFAS
detection.’*®*"** While these portable technologies have the
potential to become platforms for specific PFAS detection due to
their low power consumption, they have challenges such as
insufficient LODs (hundreds of ppt to a few ppb), unknown
effects on contaminants, and the need for high levels of expertise
in each portable technology (device setup). Although each detec-
tion research is beginning to obtain promising results indicating
its potential to detect, quantify, and identify multiple PFASs,
setting up new equipment tailored to each detection research for
portability — a requirement for conducting on-site analysis across
extensive water bodies - could become a barrier to adoption.
Conversely, inexpensive portable spectrophotometers for water
quality analysis, necessary for implementation in extensive water
bodies, are actually being used at each site.”**™*** Therefore,
among the verification research studies outlined in this review, if
the technology capable of detecting and quantifying ppt-level
PFASs in colorimetric detection without using SPE and organic
solvents can be established and the requirements for on-site ana-
lysis of actual water environments can be met, it is expected that
combining this technology with portable spectrophotometers will
bring us the closest to quickly realizing on-site detection in
aqueous environments across the country, where regulations on
specific PFASs are being strengthened.
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