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Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are synthetic chemicals widely used for domestic and
industrial purposes. Because PFAS are highly persistent, bioaccumulative, and toxic, they pose potential
threats to the environment and human health. This review provides a comprehensive overview of PFAS
occurrence and monitoring across diverse environmental and biological matrices, as well as their
toxicological impacts on soil microbiota, plants, animals, and humans. Advancements and limitations of
PFAS analytical techniques such as liquid chromatography-mass spectrometry, gas chromatography-

mass spectrometry, supercritical fluid chromatography, nuclear magnetic resonance, and high-resolution
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Accepted 15th March 2026 mass spectrometry are evaluated. Moreover, we explore the emerging integration of artificial intelligence
and machine learning approaches in PFAS detection, classification, and toxicity prediction. These data-

DOI: 10.1039/d5ra05298 driven methods offer promising solutions to overcome existing analytical challenges, such as high costs,
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1. Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are
synthetic chemicals widely utilized in various industrial and
consumer products, such as non-stick coatings, fire-fighting
foams, and water-repellent textiles.” Due to their extensive
applications, PFAS have been detected in multiple environ-
mental matrices such as water, soil, and biological systems.*
These compounds are highly persistent, bioaccumulative, and
toxic, and have been linked to severe health risks, including
endocrine disruption, hepatotoxicity, and
carcinogenicity.>” Because PFAS contamination is pervasive,
and these compounds persist in the environment for extended
periods,*® effective strategies for their detection and remedia-
tion are urgently required to mitigate their environmental and
health impacts.

Various analytical techniques are used to detect PFAS in

even

biological and  environmental samples, ie., gas
chromatography-mass spectrometry  (GC-MS), high-
performance  liquid chromatography (HPLC), liquid

chromatography-mass spectrometry (LC-MS), nuclear magnetic
resonance (NMR), high-resolution mass spectrometry (HRMS),
and supercritical fluid chromatography (SFC).****> While these
methods exhibit high sensitivity and specificity, they typically
entail costly instrumentation and complex sample preparation.
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complex sample preparation, and long analysis time.

Other advanced techniques, such as fluorescent detection and
electrochemical sensing are currently reported to effectively
detect PFAS.* Nevertheless, the detection of PFAS at trace levels
remains a challenging task, necessitating continued refinement
of analytical methods.

Numerous studies have made efforts to solve PFAS-
associated problems from various viewpoints. Some have
focused on quantifying PFAS concentrations in environmental
compartments, such as sludge, water, wastewater, soil, and
air.™"” Others have examined analytical trends, environmental
transport, and PFAS bioaccumulation in organisms.'*?° Addi-
tionally, various publications have been devoted to evaluating
various PFAS treatment technologies and their respective
advantages and limitations. These include chemical reduction,
electrochemical degradation, photolysis, thermal degradation,
ultrasonication, microbial degradation, and adsorption.**>"*
Among these approaches, adsorption has received significant
attention due to its high efficiency, reusability, operational
simplicity, and minimal use of toxic reagents or complex
equipment.?*~°

However, most existing reviews on PFAS adsorption
primarily emphasize adsorbent types and removal mechanisms,
whereas the sources of PFAS contamination and their environ-
mental and biological impacts are rarely discussed compre-
hensively. For example, Gomri et al.,*® Calore et al.,”® and Vakili
et al* investigated adsorption mechanisms with various
adsorbents, including activated carbon, biochar, ion-exchange
resins, polymers, nanoparticles, zeolites, and clays. Neverthe-
less, these studies offer limited insights into the origins of PFAS
contamination and their broader ecological and human health
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Fig. 1 The original source of PFAS in the environment.

implications. Therefore, this review aims to bridge this gap by
providing a comprehensive overview of PFAS occurrence in the
environment, their effects on living organisms, and their
removal through adsorption using various adsorbent materials

(Fig. 1).

2. Occurrence of PFAS in various
environmental and biological matrices

2.1. Global distribution and pathways of PFAS
contamination

2.1.1. PFAS in drinking water and groundwater sources.
The presence of PFAS in drinking, surface water, and ground-
water sources has been observed worldwide at varying concen-
trations and compound types (Table S1). A comprehensive
survey of five aquifer systems from 254 wells in the USA detected
24 types of PFAS at concentrations of 1-1000 ng L™".>* Notably,
more than 80% of the detected PFAS consisted of PFOA, PFOS,
and PFBS. Additionally, PFAS with carbon chain lengths
between four and nine exhibited significantly higher detection
frequencies, from nearly 10% to nearly 50% compared to other
compounds.

In China, surface and groundwater samples collected near
fluorochemical industrial zones revealed the predominance of
short-chain PFAS, including PFOA, perfluorobutanoic acid
(PFBA), and PFBS, but at comparatively higher concentrations.*>
PFAS levels in surface and groundwater ranged from were 0.4-
765 pug L™ " and 0.6-306 pg L™, respectively. In most industrial
zones, the PFAS compounds containing four to eight carbon
atoms were dominant. The authors attributed this trend to
national regulatory frameworks that still permit the use of
certain PFAS and the lack of unified international emission
limits for PFOA.** Another reason was suggested that the short-
chain PFAS (e.g., PFBA, PFBS) are more water-soluble than long-
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chain PFAS. This allows them to disperse easily in water bodies,
groundwater, and drinking water sources.

Widespread PFAS contamination has also been documented
in rivers in Spain and Colombia, where short-chain compounds
are frequently dominant. In the Besos River Delta in Spain, 19
types of PFAS, belonging to TFA, TFSA, PFAAs, PFBA, PFPeA,
PFHxA, and PFBS, were detected at very high concentrations,
from 109 ng L' to 1007 ng L™".* Similarly, the PFAS contam-
ination in Bogota River in Colombia also revealed the existence
of PFPeA in five of six samples analyzed.** However, down-
stream water samples exhibited higher levels of long-chain
PFHxS (520 ng L") and PFOS (240 ng L™ '). The authors
attributed these elevated levels to the influence from nearby
industrial activities, such as tanneries, mining operations, food
production, and petrochemical industries, as well as wastewater
and industrial waste plants, combined with the geographical
characteristics of these regions.

2.1.2. PFAS accumulation in food products and household
materials. The accumulation of PFAS in food products and
household materials have been documented with the preva-
lence of PFOS, PFOA, and FTOH containing six to ten carbon
atoms (Table S1). For example, Huang et al.** evaluated the
contamination of PFAS in fast foods, e.g., ice cream, instant
noodles, and bubble tea. They found that 27 kinds of PFAS with
the concentration ranged from below the limit of detection to
2.1 ng g’l. In these fast foods, the long-chain compounds, e.g.,
6:2 diPAP, 6:2 PAP, and PFOA accounted for the majority of
proportion of PFAS, whereas short-chain PFAS were less abun-
dant. The authors presumed that long-chain PFAS are more
lipophilic as indicated by the high oil-water partition coefficient
(log P), whereas short-chain PFAS with lower log P values, are
more water-soluble. PFAS contamination in fast foods primarily
arises during manufacturing, storage, and packaging processes.
Therefore, ice cream, instant noodles, and bubble tea retains
long-chain PFAS, leading to greater accumulation.

Similarly, a study conducted in Antwerp, Belgium, reported
frequent detection of PFOA and PFOS in eggs.** Among detected
17 PFAS compounds, the concentrations of PFBA and PFOS
were the highest at 9.1 ng ¢ ' and 214 ng g~ ', respectively. The
authors presumed that despite PFOS and PFOA have been
gradually phased out in Europe since 2002, PFOS residuals in
soil remains extremely persistent due to its strong adsorption to
soil particles. This property allows PFOS to remain in subsur-
face layers for extended periods, resulting in long-term envi-
ronmental persistence and potential uptake by hens, thereby
transferring PFAS into eggs.

In paper-based food packaging, long-chain PFAS were found
in significantly higher amounts than short-chain PFAS. Vazquez
Loureiro et al.®” reported that paper-based muffin cups con-
tained 13 types of PFAS, with a predominance of long-chain
compounds such as 6:2 to 10:2 FTOH, PFOA, PFDA,
PFUNDA, and PFDoDa. Notably, FTOH compounds (e.g., 6:2,
8:2, and 10:2 moieties) accounted for approximately 90% of
the total PFAS content, with the highest concentration up to
11.5 pg kg™ ', In contrast, short-chain PFAS (PFPeA, PFHpA, and
PFHxA) represented less than 3% of total PFAS, with concen-
trations of 0.028 pg kg™', 0.041 pug kg™', and 0.16 pg kg™,
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respectively. This distribution pattern likely results from the
widespread use of FTOHs in grease-resistant coatings for food
packaging and their high environmental persistence. Moreover,
since FTOHs act as precursors to PFOA, the transformation
process occurs gradually, explaining the relatively low PFOA
concentration (3% of total PFAS, equivalent to 0.38 ug kg™*)
detected in the muffin cup samples.

2.2. Biomonitoring and human exposure

2.2.1. PFAS levels in human body. Biomonitoring studies
have revealed the widespread presence of PFAS in human blood
serum, exhibiting a broad range of compound types and
concentrations (Table S1, please see in the SI file). In a survey of
605 adults in the United States, 38 PFAS species were detected in
serum blood samples at concentrations ranging from below
detection limits to 32.9 ng mL~".*® Noticeably, long-chain PFAS
(e.g., PFOS, PFOA, PFNA, PFHxS, PFDA, and PFHpS) were
detected in 96% of participants. Meanwhile, most short-chain
PFAS (C4-C6 compounds, including PFBS, PFBA, PFPeA, and
PFHxA) showed much lower detection frequencies from 0.3% to
28.6%. Age-related trends were also observed, with older adults
(aged 60 years and above) exhibiting higher PFAS levels than
younger individuals, suggesting bioaccumulation with age.

Similarly, Suzuki et al.** analyzed PFAS concentrations in
blood serum collected from deceased individuals and detected
20 PFAS compounds. Among these PFAS, long-chain
compounds, such as PFOS, PFDA, PFUnDA, PFOA, and PFNA
were present in all serum bloods with concentrations from 0.04
ng mL " to 13 ng mL ", higher than those of short-chain PFAS.
Other studies also confirmed that long-chain PFAS possess
a higher bioaccumulation potential due to their strong affinity
for binding to serum proteins and their tendency to accumulate
in the liver and other tissues over time.****

More investigations into PFAS accumulation in the human
brain and cerebrospinal fluid (CSF) further support the
predominance of long-chain compounds. Suzuki et al.** detec-
ted PFAS in the temporal pole and middle frontal cortex of
deceased individuals with detection frequencies of approxi-
mately 80% for both short-chain PFHxS and long-chain, e.g.,
PFNA, PFOS, PFDA, PFUNnDA, and N-MeFOSAA. The concentra-
tion of PFHXS in both brain region samples only ranged from
0.05t00.97 ng g, while long-chain PFAS were detected at 0.02-
2.7 ng g . In another study, Hu et al.** observed that in cere-
brospinal fluid of human, 26 target PFASs were found with the
quantities from below the limit of detection to 11.8 ng mL ™.
The proportion of these long-chain, e.g., 6: 2 FTSA, PFOS, and
PFOA accounted for more than 75% PFAS compounds with the
average concentration at 0.26 ng mL ™', 0.22 ng mL ', and 0.12
ng mL™", respectively. The authors proposed three key factors
explaining the predominance of long-chain PFAS in human
tissues. First, these compounds are widely used in consumer
products and remain prevalent in the surrounding environ-
ment. Second, their hydrophobic nature enables interaction
with brain tissue phospholipids, facilitating passage across the
blood-brain barrier. Third, long-chain PFAS exhibit high bi-
oaccumulation potential and resistance to degradation in both
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biological and physical media, resulting in their persistence
within the human body.

Along with their presence of PFAS in human blood and
organs, PFAS have also been detected in human breast milk,
though generally at lower concentrations. A survey conducted in
Washington, USA, reported 39 PFAS compounds in breast milk
samples, with concentrations ranging from 52 to 1850 pg mL ™~ *.**
Among them, long-chain PFAS, e.g., PFOA and PFOS, exhibited
the highest mean concentrations from 15 to 30 pg mL ™", while
short-chain PFAS, including PFHpA and PFHXA were detected at
6-10 pg mL . Similarly, Blomberg et al.** analyzed breast milk
samples from women in Ronneby, Sweden, and detected both
long- and short-chain PFAS. The findings showed a comparable
pattern with PFOS and PFOA being the predominant long-chain
PFAS, occurring at concentrations of 40-390 and 20-60 pg mL ™",
respectively. Among the short-chain PFAS, PFHXS was detected in
75% of the measured samples and at concentrations 10-320
pg mL %,

2.2.2. Role of diet in PFAS exposure. Diet plays a crucial
role in PFAS exposure across different sociodemographic
groups, influencing the levels and types of PFAS detected in
humans. Among sensitive groups such as pregnant women and
newborns, dietary intake significantly affects PFAS concentra-
tions. Fabelova et al.*® examined the PFAS levels in maternal
blood and cord blood from 6837 participants in 19 European
cohorts. They found that the PFAS quantities in maternal blood
of pregnancy women were larger, e.g., PFOS (10.9 pg L), PFOA
(2.3 pg L™Y), PFHxS (0.6 pg L"), and PFNA (0.5 pug L") than
those in newborns at 0.99, 1.27, 0.15, and 0.22 pug L™, respec-
tively. The statistical results revealed that greater PFAS
concentrations in maternal blood were associated with
increased consumption of seafood, meat, offal, and eggs. In
contrast, PFAS levels were comparatively lower; however,
elevated PFHxXS and PFNA concentrations were linked to high
daily consumptions of meat and offal. This relationship likely
arises because animals living in PFAS-contaminated environ-
ments accumulate PFAS from their surroundings and diets,
which subsequently leads to biomagnification through the food
chain.

Similarly, a past study of 2545 pregnant women from the
Shanghai Birth Cohort reported that animal-based foods were
significant contributors to PFAS accumulation.*® The findings
reported that concentrations of 10 PFAS compounds ranged
from 0.02 to 14.8 ng mL™'. High concentrations of PFOA, PFOS,
PFBS and PFHxS were positively correlated with the consump-
tion of seafood (e.g., shrimp and crab) and animal organs (e.g.,
kidneys, liver, and bones). Notably, the majority of pregnant
women who consumed plant-based foods, ie., vegetables,
fruits, beans, and fiber-rich foods at a moderate or higher
frequency had significantly lower concentrations of PFNA,
PFDA, and PFUA.

Dietary fiber and plant-based foods also appear to mitigate
PFAS accumulation in other populations. Indeed, Hampson
et al.*’ reported that the consumption of whole fruits, cooked
grains (e.g., rice and oatmeal), grain-based foods (e.g., bread and
pasta), and vegetables in Hispanic young adults in Southern
California resulted in low exposure to PFAS. As fruits,
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vegetables, and grains are major sources of dietary fiber, these
findings suggest that higher fiber intake may promote PFAS
elimination and help lower body burdens.

Furthermore, dairy consumption also showed an inverse
correlation with the concentration of PFAS in human serum.
Fabelova et al.*® and Sultan et al.*® reported that dairy-rich diets,
particularly those including milk, were not associated with
elevated PFAS levels in newborns, women, or adolescents. Dairy
intake may enhance intestinal motility and improve digestive
efficiency, thereby facilitating PFAS excretion through feces
rather than accumulation in blood. Interestingly, lactose-
intolerant individuals may experience even faster PFAS elimi-
nation. However, Vestergren et al.** measured that approxi-
mately 39% of the total PFAS in cows was eventually excreted
into milk, suggesting potential exposure through dairy prod-
ucts, albeit at lower levels.

Recently, Zhou et al.*® revealed that pro-inflammatory diets
(e.g., ultra-processed foods, refined carbohydrates, unhealthy
fats, and added sugars) can exacerbate PFAS-induced oxidative
stress and inflammation. Their study identified a novel inter-
action, that is, individuals with high dietary inflammatory index
scores exhibited stronger associations between PFAS exposure
and biomarkers, e.g., neutrophil count and alkaline phospha-
tase, which indicated synergistic adverse effects. Notably, anti-
inflammatory nutrients such as dietary fiber and vitamin D
correlate with reduced PFAS concentrations. Interestingly, while
n-3 polyunsaturated fatty acids are typically regarded as bene-
ficial, they were found to correlate with elevated PFAS levels.
This leads to the complex and context-dependent nature of
dietary influences on PFAS exposure.

2.2.3. Role of occupation in PFAS exposure. Apart from
diet, occupational exposure to PFAS is a main factor that often
result in serum concentrations higher than those found in the
general population group.®* At the workplace, fluorochemical
workers exposure to PFAS through inhalation of aerosolized
particles and dermal absorption from handled materials.
Indeed, Freberg et al.** indicated that professional ski waxing
technicians exposed to very high levels of fluorinated vapors
and dust during the thermal application of waxes. PFOA was
detected in serum at the highest median concentration of 50 ng
mL ', approximately 25 times higher than the general pop-
ulation. Moreover, this cohort provided the first evidence for
perfluorotetradecanoic acid in human serum.

Firefighting remains another high-risk occupation in
comparison to other occupations due to the use of aqueous
film-forming foam and the presence of PFAS in personal
protective equipment.”*** Mitchell et al®> revealed that fire-
fighters had the highest concentrations of PFHxS and PFOS
compared to other essential workers, including healthcare staff.
Similarly, Trowbridge et al.*® also confirmed that female fire-
fighters in San Francisco found significantly higher levels of
PFHXS, PFUnDA, and PFNA compared to female office workers.
Hence, even within the same geographic region, occupational
tasks create a distinct “toxicological fingerprint”.

2.2.4. Role of lifestyle in PFAS exposure. Dietary habits
represent one of the most significant non-occupational path-
ways for PFAS bioaccumulation mainly due to the consumption
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of specific food groups acting as a primary driver of serum
concentration variability. Biomonitoring programs in Michi-
gan, Minnesota, New York and Wisconsin identified a strong
correlation between the consumption of locally caught fish and
significantly elevated levels of PFAS.””*® Yamada et al.** found
that frequent seafood consumers were the dietary population
that most exposed to PFOA, PFNA, and PFHXS.

2.3. PFAS in wildlife and agriculture systems

2.3.1. Influence of PFAS on soil microbiota and plant
uptake. The impact of PFAS on plant uptake varies among species
and plant tissues, reflecting differences in accumulation and
translocation behavior. Nassazzi et al® investigated the concen-
tration of PFAS on Helianthus annuus, Brassica juncea, and
Cannabis sativa and observed that 12 types of PFAS were detected
in different tissues, with each PFAS administered at a concentra-
tion of 1.5 mg kg™'. Among these species, Brassica juncea exhibited
the highest accumulation capacity with PFAS concentrations two
to seven times greater than those in Helianthus annuus and
Cannabis sativa. In the seeds, stems, and leaves of all three plants,
short-chain PFAS were frequently detected (60-90%) at concen-
trations from 29 ng g ' to 21 669 ng g '. Meanwhile, long-chain
PFAS, e.g., PFSA and PFCAs predominated in roots with detec-
tion frequencies between 27% and 52% and concentrations from
3.3 ng g ' to 10551 ng ¢ . The authors explained that because
short-chain PFAS are more water-soluble and mobile, they are
likely to be translocated through water uptake and transpiration to
aerial parts of the plants.** In contrast, long-chain PFAS tend to
remain in roots due to their hydrophobicity, persistence, and
higher bioaccumulation potential.

Jiang et al.** also reported consistent results in soybean roots,
where long-chain PFAS were detected more frequently than short-
chain compounds. Using the translocation factor (TF) index
calculated as the ratio of PFAS concentrations in stems and roots,
the authors found that long-chain PFAS exhibited lower TF values
(0.09-0.19) than short-chain PFAS (1-16). This difference was
attributed to the greater hydrophilicity of short-chain PFAS, which
facilitates their migration through the xylem along with water and
mineral ions. Interestingly, soybean plants exposed to a PFAS
mixture showed significantly higher PFOA and PFOS concentra-
tions than those exposed to individual compounds at equivalent
levels. This suggests that the synergistic effects of PFAS mixtures
enhance the uptake of individual PFAS.

PFAS contamination also exerts pronounced effects on soil
microbiota. Liu et al.®* showed that PFAS exposure markedly
reduced rhizosphere microbial diversity. In the control sample
(without PFAS), 308 microbial species were identified, while
PFAS-contaminated soils contained only 32-108 species. Such
reductions indicate that PFAS disturb rhizosphere microbial
community structure, disrupting ecological balance and
potentially impairing soil and plant health. These changes may
also propagate through the food chain, indirectly affecting
animals and humans.

Recently, Jiang et al.®* analyzed genetic changes in the micro-
bial communities of PFAS-exposed soybean soils. These
researchers observed that PFAS substantially altered nitrogen-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cycling gene abundance in both bulk and rhizosphere soils. PFAS
exposure suppressed nitrification genes (AOA and AOB amoA) and
denitrification genes, while mixtures of PFAS upregulated the
nitrogen-fixation gene nifH in soybean nodules. These findings
suggest that PFAS disrupt key soil microbial processes, particularly
those involved in nitrogen cycling. Therefore, monitoring and
regulating PFAS concentrations in soil are essential for preserving
microbial community stability and supporting the sustainable
development of terrestrial ecosystems.

2.3.2. Contamination of PFAS in domestic animals and
wildlife. PFAS contamination has also been documented in
domestic animals with measurable levels detected in all horse
and dog blood samples analyzed.** Overall, PFAS concentra-
tions were higher in dogs than in horses, averaging at
0.0029 mg L' and 0.0018 mg L™ ", respectively. This disparity
likely reflects dogs' greater exposure to indoor sources such as
drinking water and household dust. Notably, dogs consuming
well water exhibited significantly higher PFOS (0.00493 mg L")
and PFHxS (0.00326 mg L") levels in their blood compared to
those drinking bottled water (PFOS: 0.00174 mg L', PFHXxS:
0.00054 mg L"), PFAS exposure was also linked to alterations in
health biomarkers. Indeed, dogs showed elevated alkaline
phosphatase and alanine aminotransferase levels, while horses
exhibited higher creatine kinase and gamma-glutamyl trans-
ferase levels, indicating potential kidney and liver stress. These
fluctuations in biochemical markers suggest that PFAS expo-
sure can adversely affect internal organ function. Therefore,
minimizing PFAS contamination in the environment is essen-
tial for safeguarding the long-term health of domestic animals,
alongside conventional veterinary care and nutrition.

Several studies also investigated PFAS bioaccumulation across
a range of wildlife species. For example, seventeen types of PFAS
contamination were detected in various vertebrates at Holloman
Air Force Base with concentrations from 0.024 mg kg™ to 97 mg
kg% Fig. 2 shows heat map on the PFAS concentration across
different clades, tissues, and species. Aquatic birds and littoral-
zone house mice exhibited the highest PFAS levels with PFOS
averaging greater than 10 mg kg, while upland desert rodents
showed significantly lower concentrations. These variations can be
attributed to differences in exposure pathways. Aquatic organisms
ingest PFAS through contaminated water, sediments, and prey,
while terrestrial rodents experience less direct contact. PFHXS
concentrations were also elevated in littoral mice and aquatic
birds, up to 11 mg kg ', whereas upland rodents accumulated
PFAS to a much lesser extent.

In another study, PFAS exposure in birds and mammals from
the marine and terrestrial Norwegian was also investigated.®
The analysis revealed 73 types of PFAS found in the eggs in birds
and in plasma and liver samples of mammals. Total PFAS
concentration ranged from 0.006 mg kg™ ' to 0.045 mg kg ' in
birds and from 0.00074 mg kg~ to 0.27 mg kg~ ' in mammals.
Notably, long-chain PFCAs, e.g., PFUnDA and PFTrDA consti-
tuted more than half of the total PFAS burden in seabirds.
Meanwhile, PFNA, PFDA, and PFUnDA collectively accounted
for over 70% of the PFAS in most mammalian samples. In
mammalian samples, PFNA, PFDA, and PFUnDA together
accounted for over 70% of the total PFAS content. The authors
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attributed these discrepancies to differences in species-specific
feeding behaviors, habitats, and regional contamination sour-
ces, particularly among marine mammals.

2.3.3. PFAS transfer through biosolids and irrigation
practices. PFAS transferring through biosolids is one of the
most common modes of PFAS contamination. Levine et al.%
evaluated PFAS leaching from different compost amendments
and reported distinct differences in leaching potential among
PFAS types. Short-chain PFAS, such as PFHxA and PFBS,
exhibited higher leaching capacities with concentrations
ranging from 0.31 to 1.2 pg L™, PFHxA was detected in 7.8% of
all samples but declined below detection limits after four weeks,
while PFBS was found in 20% of samples without a consistent
temporal pattern. In contrast, long-chain PFAS, ie., PFOA,
remained persistently elevated throughout the study, occurring
in 33% of samples with a mean concentration of 0.14 pg L.
The authors interpreted that greater mobility of short-chain
PFAS led to rapid leaching of total PFAS. On the other hand,
long-chain PFAS exhibit strong sorption to soil particles, giving
rise to their long-term persistence. While PFAS were detected in
compost leachates, levels were below regulatory limits and
presented minimal risk to the ecosystem. However, long-term
groundwater contamination and bioaccumulation potential
still need to be assessed by continued monitoring.

Irrigation water has also been identified as a significant
source of PFAS exposure, as demonstrated by hydroponic
cultivation studies. Gu et al.®® investigated PFAS accumulation
in lettuce, cabbage, and cucumber exposed to 17 PFASs with
concentrations in plants from 4.000 pg g~ ' to 13.456 pg g~ . The
study revealed a U-shaped relationship between PFAS accumu-
lation and the root concentration factor (RCF), defined as the
ratio of PFAS concentration in plant roots to that in the
hydroponic solution. For instance, the RCF of PFBA in lettuce
reached 98, decreased to 26 for PFHXA, and increased sharply to
2437 for PFUnDA. This pattern reflects a negative correlation
between PFAS chain length and root absorption. Short-chain
PFAS (e.g., PFBA, PFHxA) were more readily absorbed due to
their higher hydrophilicity. Meanwhile, long-chain PFAS (e.g.,
PFUnDA) showed stronger adsorption on root surfaces owing to
their hydrophobicity and larger molecular size.

Similarly, another study on PFAS bioaccumulation in
hydroponically grown lettuce confirmed this distinction.*
Under an exposure concentration of 5 ug L' in the hydroponic
medium, long-chain PFCAs and PFUnDA accumulated in
lettuce roots at concentrations from 109 ng g ' to 348 ng g~ .
Meanwhile, short-chain PFAS were detected at much lower
levels (1.8-20 ng g~ ). This difference arises because both root
surface adsorption and internal uptake govern PFAS accumu-
lation. Long-chain PFAS tend to adhere to the lipophilic root
surface and bind strongly to root cell membrane proteins rather
than being translocated into internal tissues.”®”*

3. Toxicology of PFAS

3.1. Impact on liver, kidneys, and immune system

Exposure to PFAS has been linked to impaired functioning of
vital human organs, including the liver, kidneys, muscles, and
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microglia. For instance, Niu et al.”> proved that PFAS exposure
significantly increases uric acid levels and the risk of hyper-
uricemia in human. Each log-unit increase in PFAS was asso-
ciated with 4.2-11.6 pumol L™ rise in uric acid levels, while the
risk of hyperuricemia increased by 6-28%. Noticeably, the
decline in kidney function mediates the PFAS-induced elevation
of uric acid and the risk of hyperuricemia. Each log-unit
increase in PFAS corresponded to a decline in the estimated
glomerular filtration rate from —2.06 mL min~"' per 1.73 m” to
—3.22 mL min~ " per 1.73 m”. The authors concluded that there
is no safe threshold of PFAS exposure; as even low concentra-
tions may have adverse health effects. Moreover, they identified
reduced kidney function as a key mechanism contributing to
hyperuricemia following PFAS exposure.

Similarly, Solan et al.”® reported that PFAS exposure induces
intracellular reactive oxygen species (ROS) generation in liver
cells, leading to oxidative stress in kidney, muscle, and micro-
glia cell lines. At a PFAS concentration of 1 uM, ROS production
in liver cell lines was 5.8 times higher than in control groups.
Under the same exposure conditions, the activities of

15918 | RSC Adv., 2026, 16, 15913-15927

antioxidant enzymes, such as glutathione peroxidase, catalase,
and superoxide dismutase increased by 2.3 to 7.4 times
compared to controls. However, excessive upregulation of these
enzymes is not necessarily beneficial, as the overproduction of
ROS can lead to cellular oxidative damage and metabolic
dysfunction.

In addition to hepatic and renal effects, PFAS exposure has
been conclusively associated with immune-mediated disorders
across various age groups, including infants, adolescents, and
adults. Recent studies have linked PFAS in breast milk to
a reduction in the efficacy of secretory immunoglobulin anti-
bodies.” Due to the strong binding affinity of PFAS to secretory
immunoglobulins, these interactions may disrupt immune
protein function and increase health risks for infants. Similarly,
a survey among U.S. adolescents revealed that moderate to high
serum levels of PFHxS, PFOA, and PFNA (0.7-5.1 ng mL ™~ ") were
associated with asthma, wheezing, and immunosuppression.”
In adults from in the Czech Republic, another study identified
PFOA, PFOS, and PFUnDA as significant contributors to atopic
eczema and allergic diseases.” Thus, chronic PFAS exposure

© 2026 The Author(s). Published by the Royal Society of Chemistry
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may impair immune regulation, heightening susceptibility to
allergic and autoimmune disorders.

In terms of mechanistic insights, the toxicology of PFAS
compounds can be due to their structural role as fatty acid
mimetics.”” Indeed, C-F bonds of PFAS are highly stable and
biologically persistent. Such property allows them to interact
with nuclear receptors, e.g., peroxisome proliferator-activated
receptor alpha (PPARa).”® When PFAS compounds bind to
PPARao, they cause the conformational change of PPARa. This
promotes the expression of genes involved in lipid metabolism
and peroxisome proliferation.” However, PFAS can interact
through non-PPARa pathways, including the indirect activation
of the constitutive androstane receptor, and the pregane X
receptor.®* The indirect activation mechanism involves
dephosphorylation that is PPARa-independent. These interac-
tions lead to mitochondrial dysfunction and the induction of
oxidative stress. Furthermore, PFAS exposure exhibits potent
immune modulation by disrupting signaling in B-lymphocytes
(B cells) and altering cytokine production (e.g., IL-6 and TNF-
).®* This immunotoxicity is a critical driver for the low regula-
tory limits recently proposed, as it directly correlates with sup-
pressed immune responses and decreased vaccine efficacy in
pediatric populations.

3.2. Neurotoxicity and endocrine disruption

Neurotoxicity induced by PFAS exposure has been widely
documented in recent years. Rios-Bonilla et al.®* investigated
the neurite outgrowth inhibition by PFAS mixtures, and indi-
cated that 12 tested PFAS compounds inhibited neurite
outgrowth in differentiated SH-SY5Y neuroblastoma cells.
Among them, PFOS, PFOA, and PFNA exhibited the strongest
inhibitory effects, reducing neurite outgrowth by 27%, 21%,
and 17%, respectively. The authors claimed that PFOS, PFOA,
and PFNA have higher liposome-water distribution ratios (3.5-
4.9); therefore, they easily accumulate in biological membranes,
thereby increasing cellular toxicity and impairing neurite
outgrowth.

PFOS, one of the most persistent and abundant PFAS
compounds, can also act synergistically with other environ-
mental contaminants. For example, PFOS in combination with
glyphosate (a common herbicide ingredient) to induce neuro-
inflammatory responses in SH-SY5Y neuronal and C6 astrocytic
cell lines.*® This synergistic toxicity was observed at an ICs,
value of 4.59 uM after 48 h of exposure, compared to individual
ICs, value of 68.14 pM for glyphosate and 11.43 uM for PFOS.
Furthermore, PFAS exposure in offspring has been linked to
neurobehavioral and developmental impairments. The total of
PFAS concentrations in serum was 8-1307 ng mL™'.** First,
offspring exposed to PFAS displayed delayed acquisition of the
negative geotaxis reflex, slower motor development. Second,
male offspring in the exposure group had lower weights
compared to low exposure groups. These findings suggest that
PFAS exposure can interfere with normal neurodevelopment
and affect motor coordination and sex-specific behavioral
patterns. Consequently, the long-term neurodevelopmental

© 2026 The Author(s). Published by the Royal Society of Chemistry
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consequences
investigation.

In addition to neurotoxicity, numerous studies have identi-
fied PFAS as endocrine-disrupting chemicals capable of inter-
fering with sex hormone production and pubertal development.
He et al.® revealed in a survey of PFAS-exposed 921 adolescents
in the USA that PFAS exposure was associated with decreased
total testosterone levels, elevated sex hormone-binding globulin
(SHBG) levels, and reduced estradiol concentrations in pubertal
individuals. Zhang et al.®*® explained that PFAS may competi-
tively bind to sex hormone binding globulin, inhibit steroido-
genic enzyme activity, and interfere with sex hormone
biosynthesis, thereby disturbing endocrine balance. Similarly,
Averina et al.*” found that PFAS exposure significantly impacted
puberty development scores in boys and early menarche in girls.
Specifically, PFDA and PFUnDA were positively associated with
early menarche, while PFAS and PFOA were positively associ-
ated with puberty development score in boys. In girls, PFOA
considerably altered the free testosterone index. By contrast,
PFOA and PFHpA strongly affected to androstendione and 17-
OH-progesterone and estradiol in boys. Thus, the significant
impact of several PFAS on hormonal imbalance and precocious
pubert in adolescents requires careful monitoring by health
authorities to assess potential risks and implement preventive
measures.

of PFAS exposure warrant comprehensive

3.3. Reproductive and fetal development concerns

Human reproductive health is negatively affected by PFAS
exposure. To evaluate the impact of PFAS on fertility, Zhan
et al.® compared groups of women with and without experi-
encing polycystic ovarian syndrome. The outcome revealed that
PFAS mixture in plasma was linked to an increased prevalence
of polycystic ovarian syndrome. Notably, PFAS compounds such
as CI-PFESA and HFPO-DA 6 : 2 exhibited the highest percentage
of 29% and 39% of the common group for polycystic ovarian
syndrome, respectively. Several studies elucidated that 6:2 CI-
PFESA and HFPO-DA may disrupt the expression of key
hormones and receptors involved in hypothalamic-pituitary—
ovarian axis signaling, potentially increasing the risk of poly-
cystic ovarian syndrome under PFAS exposure.®*>*° In another
study, the occurrence of 13 types of PFAS in placenta tissue of 50
Israeli women was associated with the series of pregnancy-
related complications.”* Specifically, 70% of participants expe-
rienced gestational diabetes mellitus, while 20% developed
preeclampsia. In these cases, PFOA concentrations in placental
tissue were detected with the highest value (0.09 ng g )
compared to other PFAS (0.02-0.06 ng g~'). Both individual
PFOA exposure and PFAS mixtures are linked to insulin resis-
tance, disruption of glucose metabolism, and the onset of
preeclampsia through mechanisms involving vascular damage
and oxidative stress.”**

Along with reproductive complications, PFAS exposure also
poses serious risks to fetal development. Zhang et al.*® observed
that prenatal PFAS exposure was associated with lower birth
weight and reduced gestational age. Among six PFAS detected in
the plasma of pregnant women during early gestation, PFOA

RSC Adv, 2026, 16, 15913-15927 | 15919


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05298j

Open Access Article. Published on 23 March 2026. Downloaded on 6/20/2026 5:47:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

exposure corresponded to an average reduction of 89.1 g in
birth weight. Meanwhile, PFNA exposure was associated with
a 2.3 day decrease in gestational age. These effects were
particularly pronounced in mothers with the lowest plasma
folate levels. The authors suggested that PFAS may interfere
with placental nutrient transport by competing for membrane
transporters and may also induce epigenetic modifications such
as DNA methylation in cord blood. Similarly, Groisman et al.**
also mentioned that 10% of the surveyed population had small-
for-gestational-age infants. PFAS exposure has a pronounced
impact on fetal development, lowering birth weight and gesta-
tional age.

PFAS contamination not only impacts natural conception
and pregnancy outcomes but also impairs success rates in
assisted reproductive technologies such as in vitro fertilization
(IVF). Shen et al® detected eight PFAS compounds in the
plasma of Chinese women undergoing IVF treatment. PFNA
exposure was linked to reduced numbers of retrieved oocytes
(<1.3), two PN zygotes (<0.9), and cleavage embryos (<0.8)
among women in the highest PFNA quartile (2.34-32.19 ng
mL ") compared to those in the lowest quartile (0.18-1.13 ng
mL ). Additionally, PFOS led to the decrease of 2 PN zygotes
(<0.7) and cleavage embryos (<0.5). PFHxS was found to nega-
tively affect clinical pregnancy rates in frozen embryo transfer
cycles. Mechanistically, these effects are liked to PFAS-induced
interference with peroxisome proliferator-activated receptor
signaling, oxidative stress, and apoptosis pathways, ultimately
impairing oocyte maturation. The findings suggest that PFAS
exposure can increase female infertility risk by disrupting
ovarian function and steroid hormone synthesis.

4. Advancements in the detection of
PFAS

4.1. Evolution of PFAS analytical techniques

4.1.1. Liquid chromatography-mass spectrometry. Liquid
chromatography-mass spectrometry (LC-MS) is the most prev-
alent analytical technique for PFAS detection due to high
selectivity and sensitivity.”® This method allows for precise
differentiation and quantification of PFAS at trace concentra-
tions in complex environmental and biological matrices. LC-MS
provides robust quantitative accuracy, making it suitable for use
in regulatory monitoring and environmental risk assessment.*

Recently, Zou et al.?® developed an advanced LC-MS method
integrating large-volume injection with online solid-phase
extraction for simultaneous detection and quantification of
ultrashort-chain, short-chain, and long-chain FPAS. With
matrix effects ranging from 80% to 120%, the method obtained
high analytical reliability and was validated for diverse water
samples, including surface water, sewage effluent, and seawater
(Fig. 3). Similarly, LC-MS can effectively analyze both long- and
short-chain PFAS without requiring derivatization. For example,
Taniyasu et al.'® successfully quantified perfluorinated acids in
rainwater samples at sub-ng L' concentrations using a high-
performance liquid chromatography-tandem mass
spectrometry.
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However, LC-MS remains a costly technique, requiring
sophisticated instrumentation and highly trained personnel for
operation and data interpretation. This method is also prone to
ion suppression, particularly in complex matrices such as salts
and biosolids, which can compromise analytical accuracy.'**
Despite these limitations, LC-MS continues to be regarded as
the gold standard for PFAS detection across various environ-
mental and biological media. Recent advancements have inte-
grated ion mobility spectrometry and quadrupole time-of-flight
mass spectrometry (QTOF-MS) within LC systems, achieving
higher analytical precision and shorter analysis times.'”> These
hybrid systems enhance target identification by incorporating
collision cross-section values, thereby improving confidence in
compound characterization and quantification.

4.1.2. Gas chromatography-mass spectrometry. Gas
chromatography-mass spectrometry (GC-MS) is another
analytical technique employed for detecting volatile or derivat-
ized PFAS. Compared to LC-MS, GC-MS requires chemical
derivatization to render PFAS molecules volatile and suitable for
chromatographic separation.'® This method is highly effective
for analyzing volatile and semi-volatile PFAS, such as fluoro-
telomer alcohols and perfluorooctane sulfonamide.'® The key
advantages of GC-MS include its capacity for high-resolution
separation and accurate quantification of volatile PFAS.
However, GC-MS is less effective for PFAS compounds with high
boiling points and low vapor pressures, which are more
appropriately analyzed using LC-MS. Despite this limitation,
GC-MS remains an essential tool for the qualitative and quan-
titative assessment of volatile PFAS species.

4.1.3. Supercritical fluid chromatography. Supercritical
fluid chromatography (SFC) is a promising alternative analytical
technique for PFAS determination, offering rapid separation
and minimal solvent consumption.’™ In this method, super-
critical CO, serves as the mobile phase, substantially reducing
the environmental impact associated with the extensive use of
organic solvents in LC-MS. It is useful to separate isomeric
mixtures that may co-elute in conventional liquid chromatog-
raphy systems. This is because the operating temperature range
is below the threshold at which enantiomers co-elute.'*> SFC-MS
can also provide complementary analytical information to LC-
MS such that the overall detection coverage of PFAS is
enhanced. However, the high instrumental cost and the need
for extensive optimization currently constrain its widespread
adoption compared to LC-MS and GC-MS. Despite these chal-
lenges, SFC-MS remains a promising tool for PFAS character-
ization, particularly in high-throughput analytical applications.

4.1.4. Nuclear magnetic resonance. Nuclear magnetic
resonance (NMR) spectroscopy is an effective tool for structural
elucidation of PFAS, providing detailed molecular-level
insights. In contrast to mass spectrometry, NMR does not
require ionization of the analyte, and therefore, it is a non-
destructive analytical technique. Among various nuclei,
fluorine-19 (*°F-NMR) is most commonly applied for direct
analysis of the fluorinated backbones of PFAS compounds.****%®
One notable advantage of NMR is that it is able to distinguish
between structural isomers and provide quantitative data on
PFAS mixtures. Additionally, NMR is free from ion suppression

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PFAS analyses using conventional reverse-phase column system (a), the system combining with large volume injection (900 plL) and
online solid phase extraction (b). The total concentration (c) and composition (d) of FPAS in bottled water (BW), surface water (SW), sewage
effluent (SE) and seawater samples (Sea). Reprinted with the permission from ref. 98 Copyright (2024), Elsevier.

effects often affect mass spectrometry-based analyses.'”

However, NMR is less sensitive compared to LC-MS and there-
fore less appropriate for analysis at the trace level of PFAS. The
high instrument cost and need for large-scale sample prepara-
tion also inhibit its routine usage in environmental monitoring.

4.1.5. High-resolution mass spectrometry. High-resolution
mass spectrometry (HRMS) is a powerful analytical approach for
identifying both known and emerging PFAS in complex envi-
ronmental matrices. Techniques such as orbitrap-MS and time-
of-flight HRMS enable non-targeted screening, thus enabling
researchers to detect new PFAS compounds that fall outside
standard reference libraries.''*"* HRMS with ultra-high mass
accuracy can effectively resolve PFAS isomers and degradation
products. Also, HRMS can be used for retrospective analysis that
allows previously acquired datasets to be re-examined for newly
identified PFAS compounds.** For example, an on-line solid-
phase extraction LC-HRMS method was used to determine
PFAS levels in PM, 5 (particles =< 2.5 um in diameter) collected at
urban sites in Ireland and detected perfluorobutyrate (PFBA),
perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid
(PFOS), and fluorotelomer sulfonates (4: 2 FTS, 6 : 2 FTS, and 8 :

© 2026 The Author(s). Published by the Royal Society of Chemistry

2 FTS)."** These findings prove the effectiveness of HRMS in
detecting both regulated and emerging PFAS in air samples.
However, this technique requires advanced data processing
equipment and skilled operators because massive databases
have to be handled with great care to distill authentic signals
from the ambient noise. Despite these challenges, HRMS
remains an indispensable technique for environmental foren-
sics, regulatory surveillance, and advancing PFAS research.

4.2. Advances in PFAS screening via Al-driven and machine
learning-based detection

The integration of artificial intelligence (AI) and machine
learning (ML) into physicochemical and biochemical engi-
neering has advanced significantly over the past two decades.
Machine learning algorithms, with their exceptional data-
processing and predictive capabilities, have enabled rapid
handling of complex datasets and facilitated high-accuracy
modeling. Al-powered tools have greatly reduced the cost and
time associated with experimental modeling, which is known as
a traditionally resource-intensive process."™* The accuracy and
reliability of these computational models have been validated
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through large-scale studies, thereby strengthening confidence
in Al-based approaches for solving real-world challenges across
diverse scientific and industrial domains.*****® In this context,
Al-based detection has emerged as a promising strategy for
biomedical diagnostics, environmental monitoring, and
process optimization, enhancing accuracy, efficiency, and
scalability in analytical science.

Identifying PFAS sources using supervised ML models has
been widely applied."*"® For example, Kibbey et al.*** used
a dataset of 1197 environmental water samples containing PFAS
component concentrations to train three conventional machine
learning classifiers (extra trees, support-vector machines, K-
neighbors) and one multilayer perceptron feedforward deep
neural network. They found that all models had high classifi-
cation accuracies of more than 90%. Moreover, the deep neural
network and extra trees exhibited the best performance in di-
stinguishing samples from diverse PFAS sources with accura-
cies of more than 95%. In a subsequent study, Kibbey et al.***
continued to develop their models including random forest,
gradient boosting decision trees, support vector machines, and
deep neural network trained on an enlarged dataset of above
8000 samples. Using ten PFAS components as input variables,
random forest algorithm was found the best classifiers with the
highest accuracy of 96.4%.

Al and ML techniques have recently been applied to inves-
tigate the toxicity and immunosuppressive effects of PFAS
exposure. Indeed, Xuan et al'* employed three models
including random forest, extreme gradient boosting, and cate-
gorical boosting models to classify the immunosuppressive
activity of 146 PFAS compounds. Among them, the random
forest model demonstrated superior performance, achieving
high accuracy (AUC scores of 0.96) and robustness validated
through five-fold cross-validation over 500 iterations. Molecular
descriptors, such as concentration and structural features, were
analyzed to identify key molecular determinants driving
immunosuppressive behavior.

In another study, deep transfer learning was employed to
predict acute toxicity of 8163 PFAS compounds, which listed in
the existing databases as illustrated in Fig. 4."** The experi-
ments were conducted via a deep neural network trained on
Mordred descriptors from a comprehensive dataset of organic
compounds. This transfer learning approach successfully
transferred knowledge from a large organic compound dataset
to predict PFAS toxicity. Up to 3429 compounds were classified
as moderately toxic according to US Environmental Protection
Agency (EPA) class III. Surprisingly, for compounds with
uncertain predictions, SelectiveNet was applied to improve
reliability by abstaining from 40 out of 58 ambiguous cases,
thereby conservatively handling high-uncertainty predictions
(classified as EPA Class I). Both the experiments emphasize the
importance of Al and ML in PFAS research. By efficiently pro-
cessing large-scale chemical data and enhancing predictive
accuracy, Al-driven models not only improve understanding of
PFAS toxicity mechanisms but also support environmental risk
assessments and health hazard evaluations.

Despite their promising performance, machine learning
models for PFAS source identification and toxicity prediction
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still remain several limitations. One major concern is dataset
bias. Because many training datasets are geographically or
environmentally constrained, this leads to restrain the gener-
alizability of models to unrepresented regions or sample types.
In addition, validation challenges arise due to the scarcity of
standardized and high-quality PFAS datasets. Thus, cross-study
comparisons and model benchmarking become difficult. Vari-
ations in sampling procedures, detection limits, and analytical
methods may also introduce inconsistencies that affect model
accuracy and robustness. Furthermore, interpretability of
predictions remains a significant issue, particularly for complex
models such as deep neural networks, where the relationships
between molecular descriptors and toxicological outcomes are
often less transparent. This lack of transparency hinders
mechanistic understanding and regulatory acceptance. There-
fore, future studies should prioritize the development of
explainable AI frameworks, larger and more diverse training
datasets, and standardized validation protocols to enhance the
reliability and interpretability of PFAS-related predictive
modeling.

5. Future direction and
recommendations

Although this review aims to provide critical insights into the
occurrence, impacts, and detection methods for PFAS, certain
specific points were not thoroughly addressed or critically
analyzed. These gaps present valuable opportunities for future
research and reviews on the similar topics. In the distribution
sections, the occurrence of PFAS in other environments, including
sediment, soil, air, and seawater, was not addressed. The omission
of this detracts from the discussion of PFAS distribution across
different media because these environments are considered to be
large reservoirs for the storage of PFAS."*™** Moreover, these
reservoirs can serve as intermediaries in the transport of PFAS
between different environmental compartments. For instance,
several reports confirmed that temperature variations at the
water-air interface and sea spray aerosol processes contribute to
the volatilization and atmospheric transfer of PFAS."***** The
impact of demographic factors on PFAS exposure was not exam-
ined in depth. Variables such as lifestyle, age, gender, race,
ethnicity, religion, income, education, and health status signifi-
cantly influence PFAS accumulation in humans.”***** Future
studies should therefore integrate these demographic parameters
to develop a more comprehensive and up-to-date database on
PFAS exposure across populations.

The toxicological effects of PFAS on humans also require
broader evaluation. Apart from the well-documented impacts on
the liver, kidneys, endocrine disruption and neuron activities di-
scussed in Section 3, PFAS exposure has adverse effects on the
lungs, heart, gastrointestinal tract, and skeletal system.'*'3¢
Additionally, chronic exposure to PFAS may result in long-term
diseases, e.g., cancer and cardiovascular diseases,””'* as well as
metabolic disorders, e.g, impaired glucose metabolism and
obesity."*** Furthermore, the level of toxicity of PFAS is highly
exposure-dependent, and can vary significantly across populations

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05298j

Open Access Article. Published on 23 March 2026. Downloaded on 6/20/2026 5:47:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

1) Dataset aggregation

LDToxDB  LDToxDB PFAS-like

Graph embeddings

oy

m
{ nAtoms: 10,

nRings: 2,
nDblBond: 2

Fingerprints
Descriptors

2) Molecular featurization

‘-..-"'

N
LDToxDB

4) Transfer learning

View Article Online

RSC Advances

3) Model benchmarking 5) Uncertainty analysis

D8

PFAS-like
P

6) Selective prediction

Fig. 4 Machine-learning technique for PFAS toxicity prediction. (1) Database aggregation from known toxic PFAS. (2) Molecular featurization to
encode structural features. (3) Model benchmarking using different models for acute toxicity prediction. (4) Transfer learning. (5) Uncertainty
analysis to reassess uncertain results for more reliable final outcomes. (6) Selective prediction using a model with higher abstention. Reprinted

with the permission from ref. 124 Copyright (2021), ACS Publications.

due to geographic, occupational, and lifestyle factors.'*!*+14¢
Tracking PFAS concentrations in diverse demographic groups is
essential for accurate health risk assessment and for informing
effective regulatory measures. Oncoming studies should clarify
these associations and establish evidence-based exposure limits to
better safeguard public health.

Despite the significant advancements in PFAS analysis as
discussed in Section 4, current analytical methods also have
various challenges. The most prevalent approach is LC-MS, but
this technique is prone to complex sample preparation and
matrix impacts that can be detrimental to the accuracy of
quantitation. Similarly, GC-MS is applicable to volatile PFAS but
requires derivatization for non-volatile PFAS, leading to
increased analysis time and potential errors. SFC offers faster
separation and lower solvent use but struggles with highly polar
compounds and demands bulky CO, storage systems. NMR
spectroscopy is valuable for structural elucidation but is
insensitive and unsuitable for trace-level detection. In the case
of HRMS, it is suitable for the identification of unknown PFAS
but is expensive and requires expertise in data interpretation. In
further studies, researchers should leverage emerging and
innovative PFAS quantification strategies, such as suspect and
non-target screening with HRMS,"”'** machine learning-
assisted data analysis,””®"* and newly developed field-
deployable sensors, e.g., optical-based sensor, electrochemical-
based sensor,” molecular imprinting polymer-based nano-
sensor,"* and photothermal cantilever deflection spectroscopy
with the detection limit of approximately 30 pg,*** for real-time
monitoring of PFAS. Such innovations are aimed at enhanced
detection accuracy, reduced price, and broadened monitoring
potential for various environmental and biological samples.

Further research should emphasize the societal, ecological,
and economic consequences of PFAS contamination. For
economic impacts, the U.S. Department of Defense spent over
$91.6 billion in 2022 on PFAS remediation.” In Zhuzhou, China,

© 2026 The Author(s). Published by the Royal Society of Chemistry

treating 1 m® of landfill leachate would remove approximately 1 g
of PFAS."® The U.S. Centers for Disease Control and Prevention
estimated billions of dollars in medical costs incurred due to
PFAS-induced diseases.”” PFAS contamination has also caused
serious agricultural losses because contaminated land and live-
stock are often deemed unsafe for utilization, resulting in finan-
cial hardship for farmers and food supply chain disruption.'*®
Moreover, the longevity of PFAS in water sources has forced cities
to invest in costly filtration systems, such as activated carbon and
reverse osmosis, to render drinking water safe, adding further
strain on public resources and infrastructure.' Because of these
reasons, voluntary initiatives have been established to regulate
PFAS exposure mostly in developed countries.'* To sum up, future
works should investigate these aspects more to make a broader
and more critical review of PFAS effects.
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