POLITECNICO DI TORINO
Repository ISTITUZIONALE

PFAS: A Review of the State of the Art, from Legislation to Analytical Approaches and Toxicological
Aspects for Assessing Contamination in Food and Environment and Related

Original

PFAS: A Review of the State of the Art, from Legislation to Analytical Approaches and Toxicological Aspects for
Assessing Contamination in Food and Environment and Related Risks / Schiavone, Consolato; Portesi, Chiara. - In:
APPLIED SCIENCES. - ISSN 2076-3417. - ELETTRONICO. - 13:11(2023). [10.3390/app13116696]

Availability:
This version is available at: 11583/2979000 since: 2023-06-01T09:26:19Z

Publisher:
MDPI

Published
DOI:10.3390/app13116696

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

28 April 2024



friried applied
e sciences

Review

PFAS: A Review of the State of the Art, from Legislation to
Analytical Approaches and Toxicological Aspects for Assessing
Contamination in Food and Environment and Related Risks

Consolato Schiavone 1-2/*

check for
updates

Citation: Schiavone, C.; Portesi, C.
PFAS: A Review of the State of the
Art, from Legislation to Analytical
Approaches and Toxicological
Aspects for Assessing Contamination
in Food and Environment and
Related Risks. Appl. Sci. 2023, 13,
6696. https://doi.org/10.3390/
app13116696

Academic Editor: Antonio Valero

Received: 19 May 2023
Revised: 29 May 2023
Accepted: 30 May 2023
Published: 31 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Chiara Portesi 1*

National Institute of Metrological Research (INRIM), Strada delle Cacce 91, 10135 Torino, Italy
2 Politecnico di Torino, Corso Castelfilardo 39, 10129 Torino, Italy
*  Correspondence: c.schiavone@inrim.it (C.S.); c.portesi@inrim.it (C.P.); Tel.: +39-011-3919328 (C.S.)

Abstract: More than 7000 synthetic compounds known as per- and poly-fluoroalkyl substances
(PFAS) are applied to food packaging and other materials to provide fat, fire, and/or water resistance
properties. These compounds have exceptional environmental stability and persistence due to the
strong C-F chemical bond, earning them the moniker “forever chemicals”. Emission of PFAS from
industrial waste leads to water, air, and soil contamination. Due to this ubiquitous nature, combined
with the fact that PFAS in humans are known to have carcinogenic and reprotoxic effects and to
cause vaccine resistance and depression of the immunity system, PFAS may constitute a major threat
to human health. For this reason, the attention of the scientific community and of control bodies
is increasing and as a consequence legislation and the scientific literature on PFAS are constantly
evolving. This review aims to provide a comprehensive overview of the state of the art about
current legislation addressing PFAS; targeted and screening method for identification, detection and
quantification of PFAS; toxicity of PFAS; and contamination of environmental and food matrices
and from food contact matrices. A comprehensive review of the latest scientific research and recent
developments in the legislation of PFAS will provide insights into the current understanding of PFAS
and its health implications. Moreover, it will serve as a valuable reference for further studies related
to PFAS and could help in informing future policy decisions.

Keywords: PFAS; food safety; UHPLC-HRMS; environmental contamination; food packaging

1. Introduction

The broad category of hundreds of synthetic chemicals known as per- and polyfluo-
roalkyl substances (PFASs) is widely utilized for a wide range of applications, from Gore-Tex
materials and anti-adherent pans to firefighting foams. They are, however, more frequently
identified as environmental contaminants, and some of them have been connected to harm-
ful effects on human health [1]. The PFAS backbone is constituted by single-bonded carbon
atoms with fluorine atoms covalently bonded to the alkyl chain, one of the strongest in
chemistry, and therefore PFAS do not break down easily in the environment [2]. In addition,
PFASs can be classified in different families [3]: perfluoroalkyl substances and polyfluo-
roalkyl substances for the non-polymers group; and fluoropolymers, perfluoropolyethers,
and side-chain fluorinated polymers for the polymers group. The chemical structures of
the different classes are depicted in Figure 1.

PFAS are known to be ubiquitous forever chemicals that can come in contact with
humans through contaminated environmental and food matrices such as drinking waters
and eggs [4-6] and therefore the attention is constantly increasing at the scientific level and
also outside the scientific community. For instance, companies are starting to use the “PFAS
free” label on their products to demonstrate safety to consumers. The results of a search
on Google Trends, Figure 2 [7], show the increasing interest around PFAS over time on the
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net, where searches in the last two decades (from January 2004 to the current year) have
exponentially grown.
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Figure 1. Classification of PFASs major groups.
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Figure 2. Interest over time of the word “PFAS” in Google searches since 2004. Data source: Google
Trends (https:/ /trends.google.com/trends/explore?date=all&q=PFAS (accessed on 12 May 2023)) [7].

As depicted in Figure 3, the attention of the scientific community to this topic has also
largely increased in the last 15 years. By exploring the Web of Science™ platform [8], by
searching the scientific papers published per year that include the terms “PFAS” and “per”
to avoid false responses based on PFAS acronyms that are not unique, a clear visualization
of the increasing number of scientific papers published on the PFAS topic in the last decade
is obtained, and from 2017 to 2022 a tenfold increase has occurred.

Like other chemical, PFAS are potentially capable to have an adverse effect on human
health [9] and, in parallel to the discovery of the accumulation of different type of PFAS
in the environment and in food, authorities have begun looking into the toxicity of PFAS
and in estimating the human uptake. Regarding toxicity, Velez et al. [10] found that
perfluorooctanoic acid (PFOA) and perfluorohexane sulfonic acid (PFHXS), even at lower
levels than previously reported [11-14], may diminish fecundability.


https://trends.google.com/trends/explore?date=all&q=PFAS
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Figure 3. Chart for scientific papers and scientific papers on food published with the words “PFAS”,
“per” and “food” collecting data from Web of Science™ site since 2008 (2023* data were estimated).

Grandjean et al. [15] underlined the possible need for a specific protection for infants
and children, in particular in relation to their immune system. Abraham et al. [16] demon-
strated that the transdermal absorption of PFOA (and consequently other PFASs) from
cosmetic products can significantly contribute to the total exposure to PFAS for costumers.
Blomberg et al. [17] demonstrated changes in PFAS levels in human milk during breastfeed-
ing depending on the level of exposure (from almost zero to elevated levels). In particular,
PFOS levels increased over time, from colostrum to milk matured, while PFOA ones were
observed to decrease. The level of exposure for children depends on both the specific mix
of PFAS and the source of exposure.

In a final determination published in March 2021 “Regulatory Determinations for
Contaminants on the Fourth Contaminant Candidate List”, the Environmental Protection
Agency (EPA) states that two of the so-called “legacy PFAS”, PFOA and perfluorooctane
sulfonic acid (PFOS), need to be regulated in drinking water due to their already known
contamination and toxicity. On 14 March 2023, the EPA proposed a national drinking water
regulation for PFOA and PFOS. Along with taking this step, the EPA is also addressing
additional PFAS and specific measures for defined PFAS groups. By the end of 2023,
the EPA expects to have the regulation in its final form [18]. In addition, according to
the FDA’s (Food and Drug Administration of US) testing of foods grown or produced in
regions with documented environmental PFAS contamination in the soil, water, or air can
be absorbed by plants and animals, resulting in contaminated foods [19]. In addition, the
European Food Safety Authority (EFSA) published a scientific opinion on their journal
on 2020 stating that fish meat, fruit and fruit products, and eggs and egg products were
the top contributing categories for the combined exposure to PFOA, perfluorononanoic
acid (PFNA), PFHxS, and PFOS for all demographic groups. For the majority of people,
diet is the main way they are exposed to PFAS, although other factors such as breathing in
indoor air and ingesting dust may also play a big part. This focus on food requires EFSA
researchers to establish a Tolerable Weekly Intake (TWI) of 4.4 ng/kg(body weight)/week
based on the intake of the sum of PFOA, PENA, PFHxS, and PFOS [20]. In 2022, the
European Union Reference Laboratory for Persistent Organic Pollutants (EURL-POPs)
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published the “Guidance Document on Analytical Parameters for the Determination of Per-
and Polyfluoroalkyl Substances (PFAS) in Food and Feed,” which established a path for
analytical laboratories around the world to follow in developing and validating robust and
reliable methods for the discovery and quantification of PFAS, as well as implementing a
lower limit of quantification in food and feed to assess the level of contamination [21].

2. Legislation

States and countries around the world are managing PFAS in multiple ways: limiting
or removing their usage in common source material, establishing testing and reporting
requirements, and directing and funding repair.

In this paragraph, an overview of the legislation on PFAS is given for each continent.
The timeline of the legislation is depicted as a visual representation in Figure 4.
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Figure 4. Timeline of PFAS legislation.

The current legislation is lacking in regulating PFAS levels in drinking water and
food, especially outside Europe. An overview of the current regulations is described in
Tables 1-3 [22-27].

Table 1. PFAS levels (ug/L) permitted in drinking water.

Compound Europe us Canada China Japan Australia
PFOA X 0.0040 X 0.080 0.050 0.56
PFOS X 0.0040 X 0.040 0.050 0.070 *
PFNA X 0.0010 X X X X
PFHxS X 0.0010 X X X 0.070 *

Total PFAS 0.50 X 0.030 X X X

* Sum of PFOS and PFHXS; x = not legislated.

Table 2. PFAS levels (ug/kg) permitted in Eggs.

Compound Europe America Asia Africa Oceania
PFOA 1.0 X X X X
PFOS 0.30 X X X X
PENA 0.70 X X X X
PFHXS 0.30 X X X X

Total PFAS X X X X X

x = not legislated.
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Table 3. PFAS levels (ug/kg) permitted in Fish meat.

Compound Europe America Asia Africa Oceania
PFOA 2.0 X X X X
PFOS 1.0 X X X X
PENA 25 X X X X
PFHXS 0.20 X X X X

Total PFAS X X X X X

x = not legislated.

2.1. Europe—European Unions’ Countries

At the European level, major authorities took the first step toward monitoring PFAS
contamination in 2004. In fact, this year the European Union published a regulation of
the production and commercialization of PFOS that was valid until 2019 [28]. That legal
document was replaced by the “Regulation (EU) 2019/1021 of the European Parliament
and of the Council of 20 June 2019 on persistent organic pollutants” [29], where the manu-
facturing, use, and placing on the market of substances listed in Annex I, such as PFOS and
its derivatives CgF17S0,X (X = OH, metal salt (O-M™"), halide, amide, and other derivatives
including polymers, in mixtures or in articles, shall be prohibited with some exemptions. In
2008, a scientific opinion of the panel on pollutants in the food chain was issued by EFSA.,
focusing on PFOA, PFOS, and their salts, which are the byproducts of the breakdown of
PFAS in polymers. The conclusion of the opinion was that the relative contribution of such
precursors to the PFOS and PFOA environmental contamination is not yet understood [30].
Later, in 2018, prior to the TWI declaration, EFSA published the risk assessment on human
health linked to the presence of PFOS and PFOA in food, underlying that “PFOS and
PFOA were detected in blood samples of almost all individuals assessed, demonstrating
ubiquitous exposure”. This already suggested illo tempore the need for novel analyti-
cal methods and legislation developments [31]. In the same opinion, the state-of-the-art
analytical techniques were listed.

The Norwegian Environment Agency, in 2019, submitted a proposal to list PFHxS
(with its salts) and PFHxS-related compounds in Annexes A, B, and/or C to the Stockholm
Convention on POPs. In parallel, the Committee for Risk Assessment (RAC) contributed
with the Dossier Submitter’s suggested scope, which covers roughly 150 chemicals that
potentially degrade to PFHXS. In parallel, the Committee for Socio-economic Analysis
(SEAC) agreed that a more thorough strategy is required to address the dangers associated
with products and mixes containing PFHXS, its salts, and related compounds rather than
relying solely on national rules [32,33]. Due to the advances in technologies that allow it to
reach a lower level of detection and the increasing levels of contamination, on 23 February
2022, the European Commission proposed a ban on all PFASs in firefighting foams through-
out the entire European Union. Such a restriction aims to counter soil and groundwater
contamination as well as threats to the environment and human health. The European
Chemicals Agency (ECHA) assessed the benefits and drawbacks of five possible strategies
for reducing the risks posed by PFAS in firefighting foams [34]. According to “ANNEX XV
RESTRICTION REPORT for Per- and polyfluoroalkyl substances (PFASs) in firefighting
foams” published in March 2022, the proposal aims to prohibit the marketing, use, and
formulation of all PFAS in post-use fire-fighting foams or industry-specific transition pe-
riods [35]. After the proposals for banning PFOA, PFOS, and PFHXxS on 17 January 2023,
the ECHA added perfluoropentanoic acid (PFHpA) to the candidate list of compounds
of very high concern due to its dangerous characteristics. Although this compound is not
REACH-registered, its inclusion on the list can be seen as a preventive action for avoiding
its use ad a PFAS substitute that can be in the substitutions in the future [36].

Denmark, Germany, the Netherlands, Norway, and Sweden took the most significant
step in the fight against per- and polyfluoroalkyl substance contamination in Europe when
they submitted a proposal to ECHA to prohibit PFAS under REACH. The five authorities
found risks related to the manufacture, marketing, and use of the contaminants that are



Appl. Sci. 2023, 13, 6696

6 of 26

not properly controlled and need to be addressed by the EU and EEA (European Economic
Area). ECHA published the detailed proposal, one of the broadest in the EU’s history, on
7 February 2023. RAC and SEAC of ECHA will determine if the proposal satisfies REACH's
legislative requirements during their meetings in March 2023. If so, the committees will
begin conducting a scientific evaluation of the proposal. A six-month consultation is set to
start on 22 March 2023 [37].

2.2. America
2.2.1. United States

In the United States, state legislatures and the federal government are taking actions
in order to protect the environment (water, soils) and public health [38].

The US EPA, after the publication in 2016 of a nonenforceable health advisory on PFOA
and PFOS, unveiled a formal PFAS Action Plan in 2019, then updated it in February 2020.

In the plan, the following points are addressed: maximum contaminant level for
states and local water utilities; listing PFOA and PFOS as hazardous substances under the
CERLCA,; and developing more accurate and innovative techniques to identify contami-
nants in drinking water, soil, and groundwater.

In October 2021, EPA announced the Agency’s PFAS Strategic Roadmap [39], which
represents an important and meaningful step to safeguard communities from PFAS con-
tamination, providing a more enduring and protective solution.

In March 2023, the EPA moved forward with the development of a national drinking
water regulation to establish maximum contaminant levels (MCLs) for 6 PFAS: PFOA,
PFOS, PENA, GenX compounds, PFHxS, and perfluorobutane sulfonic acid (PFBS).

States will be forced to establish their requirements at least to those levels when the
final regulations take effect.

In parallel, state policymakers have targeted PFAS substances and have enacted laws
restricting PFAS in firefighting foam; regulating the presence of PFAS in drinking water,
food packaging and consumer products; and allocating funds for clean-up and remediation.

From 2018 to 2021, lawmakers enacted more than 250 PFAS-related bills to regulate
their use in several materials and setting maximum levels of contamination. More than
200 measures with PFAS-related terminology were discussed by legislators in 2022, and
approximately 50 bills on PFAS in food packaging, firefighter personal protective equip-
ment, and environmental remediation were passed in at least 18 states. The issue of PFAS
in consumer items such as apparel, children’s goods, cookware, furniture, cosmetics, and
ski wax were also brought up by lawmakers in their legislation.

After Maine became the first US state in 2021 to ban the sale of products containing
intentionally added PFAS, several states took the lead to regulate PFAS.

2.2.2. Canada

In Canada, starting from 2006, authorities took steps to deal with PFAS in the envi-
ronment [40]. That year, the federal government concluded that PFOS, its salts, and other
compounds could enter the environment resulting in harmful effect on the environment or
its biological diversity, but the human health assessment concluded that concentrations
of PFOS exposure were below levels that might affect human health. By 2012, the govern-
ment included the chemicals spotlighted in 2006 in Canada’s Prohibition of Certain Toxic
Chemicals Regulations.

In 2016, Health Canada (HC) included seven other PFAS, to PFOA and PFOS, for the
drinking water monitoring. A year later, HC published a similar regulation for soil screening.

HC added two additional PFAS in drinking water and soil monitoring from 2018 to
2021 and also issued drinking water quality guidelines for PFOS and PFOA.

In 2021, the Canadian Council of Ministers of the Environment (CCME) issued soil
and groundwater guidelines for PFOS.

Lastly, in spring 2021, Canada proclaimed the intention to consider PFAS as a class,
rather than individual compounds.
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2.2.3. Brazil

Concerning other American countries, in Brazil an action plan was developed for
PFOS in the NIP-Brazil-2015. However, some proposed activities are yet to be finished or
have not yet started [41,42]. The implementation of a specific tracking code for foreign
trade data of PFOS and related compounds is the most notable achievement, and its
importance is highlighted in the face of the infeasibility of tracking foreign trade data for
PFOA. The Brazilian Agricultural Research Corporation (EMBRAPA) is currently working
on the diagnosis of environmental contamination by PFOS from sulfluramid application in
Brazilian soils. However, general challenges such as raising stakeholder commitment and
expanding and enhancing collected information were not overcome yet.

For both PFOS and PFOA, a draft legislation should be developed, establishing restric-
tions and guidelines for the environmental licensing of listed PFAS applications within the
scope of specific exemptions and acceptable purposes under the Stockholm Convention.
The Brazilian National Council for the Environment (CONAMA) resolutions dealing with
water and soil quality should be reviewed for inclusion of listed PFAS in environmental
quality parameters.

2.3. Asia

In a similar course, Asian nations are attempting to tighten their laws [43].

2.3.1. Japan

In Japan, in April 2021, PFOA was added to the list of Class I Specified Chemical
Substances under the CSCA, while the PFOA-related substances were not.

2.3.2. China

In China, in November 2020, 18 compounds, PFOA included, were put on the list
of Priority Control Chemicals, and this is a starting point for the laws and legislation to
take measures on the environmental risk control. On 11 October 2021, China’s Ministry of
Ecology and Environment released a draft planning to manage new pollutants including
PFOA more effectively.

2.3.3. Taiwan

In Taiwan, the government amended the regulation on toxic chemical substances in
September 2020, changing the handling volume by grade and toxicity classification of
PFOA [44].

2.3.4. Singapore
In Singapore, the addition of PFOA as a regulated substance was introduced in 2019.

2.3.5. Indonesia

In Indonesia, since October 2019, the amount of PFOA in some products, including
textiles, bedclothes, and blankets, is regulated.

2.3.6. Thailand

In Thailand, in May 2021, eight molecules, including PFOA, were proposed as Class 4
prohibited substances. On 9 February 2022, the Department of Industrial Works, Ministry
of Industry of Thailand opened a new draft on PFOA regulations, on 21 December 2022
adding PFOA, its salts, and PFOA-related compounds into the hazardous substances list.

2.3.7. Vietham

In Vietnam, for the first time, the Law on Environmental Protection of 2020 specifically
mentions the Stockholm Convention. One of its subordinate laws, the draft decree, lists
PFOA as a substance to be regulated. Later, in November 2021, the Law on Environmental
Protection set allowable limits of POPs including PFOA. On 18 October 2022, Vietham’s
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government issued the Decree No. 82/2022/ND-CP that listed PFOA in the ANNEXII of
Decree 113/2017 /ND-CP.

2.4. Africa

In Africa, although many countries endorsed the Stockholm Convention and developed
national implementation plans (NIPs), efforts taken to minimize PFAS exposure vary [45]. The
NIPs were often developed before 2009, that is, before the listing of PFAS in the Convention,
and many have not been updated since [46]. Therefore, PFAS are often not included in these
NIPs. However, some countries are updating their regulations concerning PFAS.

South Africa

For example, in South Africa, regulations require that PFOS-, POSF-, and PFOS-
containing products be phased out by December 2021 (South African Government Gazette,
2019). Studies of PFAS in Africa have only recently started [40]. From an African view-
point, most nations have trouble incorporating this new class of pollutants into existing
environmental management frameworks. Although countries such as South Africa have
environmental legislation that is well-structured for the regulation of hazardous substances,
chemical-specific management nevertheless necessitates the creation of environmental
quality criteria for such compounds [47,48].

2.5. Oceania
Australia

In Australia, on February 2019, an Intergovernmental Agreement came into effect to
face PFAS contamination [49]. The agreement supports consistent responses to PFAS con-
tamination protecting the environment and human health, keeping in mind that initiatives
must be feasible, risk-appropriate, and supportive of economic stability aiming to support
Australian governments to face PFAS contamination.

2.6. Discussion

Legislatures around the world are responding to the concerns related to risks that
PFAS pose to public health and to the environment by enacting measures to control PFASs
both nationally and across borders. In Europe and the US, authorities and lawmakers
have recently proposed a range of legislation in an effort to reduce or eliminate the use of
PFAS chemicals in consumer products. In parallel, Asian countries such as China, Japan,
and South Korea have begun to take steps towards stricter legislation on PFAS-containing
products in order to protect their citizens” health. Due to increasing public awareness, many
emerging countries are beginning to recognize the need for legislation to regulate PFAS
and protect public health.

It is encouraging to see that governments are actively working to reduce the presence
of PFAS in the environment and in food. The restrictions on the production, use, and
disposal of PFAS products should help to reduce the overall risk posed by these chemicals.

3. Toxicity/Toxicological Effects
3.1. Toxic Effects of PFAS in Organisms

In recent decades, major studies on the toxicological effects of perfluoroalkyl substances
have focused on two of the first legacy compounds discovered, PFOS and PFOA, that are the
most representative molecules for perfluoroalkyl sulfonic acids (PFSAs) and perfluoroalkyl
carboxylic acids (PFCAs), respectively [50-54]. Laine et al. [55] addressed, beside PFOA,
PFHXA as a potential ecotoxicological compound for the freshwater microbial community.
Statistical analysis showed that both PFOA and PFHXxA at elevated doses considerably
modified the composition of the microbial community. Moreover, statistical analysis demon-
strated the more intense toxicity of PFOA, although unexpected outcomes were also found
when PFHxA treatments were contrasted. PFOA reduced the biovolume of the bacteria, but
it was unable to show that they reduced activity by monitoring cell respiration.
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An important factor to consider is the trophic transfer and bioaccumulation of PFAS.
The study made by Cara et al. [56] examined many locations in the Belgian portion of
the Western Scheldt Estuary and the North Sea, sampling various fish and crustacean
species. All matrices included only long-chain PFAS; fish muscle and liver tissue had seven
chemicals, whereas crustaceans contained five. Regardless of the kind of fish or the location,
liver tissue exhibited considerably higher PFAS levels than muscle tissue overall. The fact
that the current study’s PFOS concentrations in fish (P. platessa) and crustaceans (C. crangon
and crab sp.) are lower than those of previous studies is a noteworthy finding. The most
likely cause is the PFOS and PFOA phase-out performed by 3M in 2000 [57]. Several studies
demonstrate a steady decline in PFOS levels throughout the biota.

Li et al. [58] combined targeted and untargeted approaches to predict toxicity using
LC-HRMS, LC-MS, and GC-MS. The study results in a strong positive relationship between
body weight and liver damage for 13 PFASs. Eick et al. [59] investigated dietary predictors
of prenatal PFAS exposure and discovered seven of them in approximately 65% of subjects.
The ingestion of dairy products at least once a week was modestly related to higher levels
of PFNA and perfluorodecanoic acid (PFDeA). For dairy milk and cheese, the relationships
were shown with PFDeA and PFNA, respectively. The level of PFOA, PFDeA, PFNA, and
PFOS were found to correlate with the consumption of fish, chicken, and red meat at least
once a week. The work of Liu et al. [60] contributes to a better understanding of children’s
exposure to PFAS. In particular, 107 raw milk samples and 70 cow feed samples from nine
Chinese provinces were analyzed in order to investigate the correlation between the level
of PFAS of milk and the contamination of PFASs in milk and feed. The findings showed
that children are more vulnerable to the risk of PFAS intake from milk than adults.

The findings of the scientific community aim to assist institutions in defining limits
and maximum levels of contamination and/or exposure that can be tolerated. The PFOS-
induced transcriptional dose-response data were first collected by Chen et al. [61] in
both in vitro and in vivo human and animal studies. After the application of statistical
models that were demonstrated to be feasible and reliable to perform a human health
risk assessment, it was shown that the reference doses for the most sensitive diseases and
pathways were below the EPA reference dose, but similar to the tolerable doses settled
by EFSA. Cytotoxic effects in humans were also addressed by recent studies. Amstutz
et al. [62] investigated the correlation between structure-activity of linear PFASs and their
toxicity, with a focus on their impact on hepatotoxicity in HepG2 cells. The data clearly
demonstrate a relationship between the chemical structure of PFAS and their Reactive
Oxygen Species (ROS) production and cytotoxic activities in HepG2 cells.

The analysis of the impact takes into account both the exposure period and the chem-
ical structure. Solan et al. [63] showed that appropriate data on the impact on health
of short-chain PFAS may be obtained using the same strategies used for in vitro human
cellular models. Human cell lines from six distinct tissues were exposed to five short-chain
PFASs and two legacy PFASs: colon (CaCo-2), brain (HMC-3), kidney (HEK293), lung
(MRC-5), liver (HepaRG), and muscle (RMS-13). RMS-13 showed the highest decline in
viability after being exposed to PFBS for 48 h, whereas HepaRG appeared to be the most sus-
ceptible to hexafluoropropylene oxide-dimer acid (HFPO-DA) exposure. For the long-chain
PFAS cytotoxicity, Caco-2 and MRC-5 were less vulnerable to PFOA exposure, whereas
PFOA had the largest impact on viability in HepaRG, HMC-3, and RMS-13 comparable
to 6:2 FTOH for the short-chain group. An independent t-test was used to compare these
data, but no differences were found. Batzella et al. [64] studied the relationship between
high PFASs exposure and cardiovascular diseases and cardiometabolic outcomes. Blood
samples of 232 male ex-workers in Europe’s most important PFAS manufacturing factory
between 1968 and 2018 were tested, and four out of twelve PFASs were found in at least
half of the samples. The combination of four PFASs combined were positively correlated
with TC, LDL-C, and SBP (markers of cardiovascular diseases). Lin et al. [65] showed for
the first time a link between PFAS concentrations in serum and thrombograms of a panel of
young and middle-aged persons in Asia, particularly in Taiwan. Moreover, for PFOS and
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PFOA, concentrations were higher than the 50th percentile, while the average number of
platelets was at its lowest.

3.2. Discussion

The Toxicology studies on PFAS are incredibly important, as these compounds have
been linked with serious health effects such as cancer, liver damage, and reproductive
issues. Further studies in this area are needed to i. provide valuable additional information
about the potential effects of exposure to different levels of PFAS; ii. support authorities to
take informed decisions on how best to protect public health; and iii. develop informed
policies aimed at regulating the levels of PFAS in the environment and consumer products,
in an effort to protect people from unwanted exposure.

4. Contamination in Environment and Food

Due to the risks posed to human health by the exposure to PFASs, reliable data about
the level of contamination of the environment and food matrices are required and several
studies are already available [66-72]. An updated overview is given in this section and
then summarized in Table 4 (environmental matrices) and Table 5 (food and FCMs).

Table 4. Summary of relevant data from the literature for contamination of PFAS in environment.

Source GenX or Novel PFAS Sum of PFAS
WWTPs EU, New Zealand EU, New Zealand, US
Groundwater EU, US, China EU, US, Chma,.Canada, and
(freshwaters) India

Crude oil China China
Wild animals EU EU

Table 5. Summary of relevant data from the literature for contamination of PFAS in food and from FCMs.

Source GenX or Novel PFAS Sum of PFAS
Drinking water US, Korea EU, US, China, Korea
Blood serum N.A. * EU, US, China, Canada
Breast milk China EU, US, China, Canada
Fish EU EU, US, China, Vietham
Eggs N.A. * EU

*N.A. = not available.

4.1. Environmental Contamination

In order to estimate the risk posed by PFAS to human health, it is important to monitor the
possible source to which humans can be exposed. In this respect, wastewater is known to play a
significant role and several studies [73,74] have studied the level of contamination of sludge from
wastewater treatment plants (WWTPs) in Europe. In particular, Fredriksson et al. [75] detected
novel perfluoroalkyl sulfonamide-based (FASA) copolymers in WWTPs in Sweden. The study
demonstrated that these copolymers come from both domestic and industrial sources. In New
Zealand, Lenka et al. [76] detected, in addition to 20 PFASs, ultrashort-chain perfluoropropionic
acid (PFPrA) in urban waters, coming from two urban WWTPs.

A step forward is understanding the contribution of groundwaters. Several studies
carried out in Europe and US addressed this point and showed high levels of contamination.
In particular, 12 out of 29 PFASs were found in Sweden [77] and 14 out of 24 in the Eastern
United States [78]. Given the large number of PFAS documented in commercial use and
the environment, the PFASs examined here might not reflect the entire PFAS inventory
in groundwater.

Also, crude oil, according to EPA [79], needs to be tested due to its presence in the
interface between soil and groundwater. Yao et al. [80] proved that crude oil may be a
significant source of PFAS contamination in the environment because they are applied
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in oil exploitation activity. PFCAs (27%) and p-perfluorousnonenoxybenzene sulphonate
(OBS) (31%) made up the majority of the crude oil sample, while PFSAs (16%), ether-
substituted polyfluoroalkyl (linear) sulphonic acids (OPFLSAs) (10%), 6:2 fluorotelomer
sulfonamidoalkyl betaine (6:2 FTAB) (7%) and hydrogen-substituted polyfluoroalkyl (linear)
carboxylic acids (HPFLCAs) (5%) made the rest of the samples. Their findings showed that
certain new PFASs appeared in crude oil as a result of the use of chemical oil additives
during the oil drilling process.

Ng et al. [81] focused their study on rivers, another important possible source of con-
tamination, looking for the occurrence of PFAS in the Danube River Basin. The researchers
used both target and suspect screening (non-targeted) approaches that allowed them to
detect a total of 82 PFAS, 72 of which were detected only by suspect screening. PFOS
was the only compound found in all of the water and biota matrices studied. Five PFAS
were detected only in influent wastewater samples and not in effluent wastewater samples,
indicating that they were successfully removed during wastewater treatment.

Another approach for assessing contamination coming from the terrestrial environ-
ment is to use wild animals as indicators to monitor PFAS. Moretti et al. [82] determined
legacy and emerging poly- and per-fluoropolyethers in 28 wild boars using an HPLC-HRMS
method. Boars were chosen because they are already confirmed to be suitable models to
monitor PFAS contamination in the terrestrial environment [83,84]. The boars come from
Italy and the analysis was carried out by sampling the boars’ livers. The chloropolyflu-
oropolyeters carboxylates and their related dechlorinated congeners, HPFPECAs, were
discovered for the first time in pooled liver from Italian wild boars. These PFASs might be
used as an indicator for terrestrial food chains. This preliminary data shows that the panel
of PFAS with toxicological significance should be expanded.

4.2. Contamination of Food and from Food Contact Materials

Global concern is spreading fast due to the high levels of PFAS detected in blood
serum [85-88]. The FDA’s Total Diet Study was one of the first studies monitoring PFAS in
food in the United States. Genualdi et al. [89] found out that three out of 167 samples were
detected positive, but no foods had concentrations of PFAS above 150 ng/kg.

In this paragraph, an updated overview of the scientific research around PFAS con-
tamination in relevant food and food related matrices is reported.

In the last decades many studies addressed the level of PFAS in drinking water [90-92].

Liu et al. [93] collected data on a total of 18 PFASs in 526 samples of drinking water
from 66 Chinese cities. Cities that produce PTFE have significantly greater levels of PFOA
in their drinking water than cities that do not (with significance explained by a p < 0.05).
The study showed that most Chinese cities have PFAS levels in drinking water that are
higher than strict international guidelines and higher than Chinese health advisories.

Domingo et al. [94] collected 30 samples at different stages of drinking water treatment
in Catalonia and found relevant concentration of PFOS and PFOA.

Scher et al. [95] analyzed the occurrence of PFAS in garden produce at homes to dis-
cover if soils with a history of contaminated drinking water could determine contamination
for fruits and vegetables. The detection of PFBA and, with lower occurrence, PFPeA demon-
strated the uptake of short-chained PFASs from soil to plants and confirmed that PFBA and
PFPeA had the highest “foliage to root concentration factor” (defined as the concentration
in foliage/concentration in the root). It was also established that PFBA concentrations
strongly depended on the type of vegetable and on the water loading.

Babayev et al. [96] aimed to understand the levels of PFAS in drinking water and blood
serum for people in the southeast Alaska community. This pilot research confirmed that
water samples nearby airport operations and fire training sites are strongly contaminated
and found a positive correlation between PFAS concentrations in serum and well water.
The most prevalent substances were PFOS, PFOA, PFHxS, and PFHXA.

Gloria B. Post [97] published a mini-review on the Environmental Health Perspec-
tives (EHP) about the PFAS levels in breast milk in the US and Canada populations. The
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researcher confirmed that it will be necessary to take preventive actions to protect breast-
feeding mothers from exposure to PFAS in order to reduce their quantities in breast milk in
the general population. Han et al. [98] looked for 30 PFAS in 100 pooled human breast milk
samples during the 2017-2020 National Human Milk Survey to characterize the exposure
risks of legacy and emerging PFAS in perinatal women and their children in China. The
findings showed that L-PFOA, L-PFOS, and 6:2 CI-PFESA were the three most common
PFAS found in Chinese human milk.

Giari et al. [99] studied PFAS levels in fish species providing a significant information
on the level of contamination of fish in the Po River, Italy. Prevalently were detected PFOS,
PFDA and PFUnDA, while GenX and C604 were not detected. For the first time this study
focused on the PFAS partitioning in a parasite-fish system obtaining that the infection state
did not significantly alter the accumulation of PFAS in fish.

More than 500 samples of fish filets were characterized by Barbo et al. [100] in the US
from 2013 to 2015 as part of the US EPA’s monitoring programs. The study demonstrated
that almost all fish in American rivers, streams, and the Great Lakes were contaminated by
significant levels of PFAS, primarily PFOS, whereas seafood purchased at grocery stores has
significantly lower levels of PFAS. Other studies, such as Kumar et al. [101], made progress
in detecting PFAS contamination by looking for fluorinated compounds in fish samples
in the Baltic Sea and Finnish lakes, and PFOS was found in all the 1134 fishes analyzed,
and also long-chain PFCAs were frequently detected. The monitoring of PFOS levels over
the last decades do not show any decrease, so this demonstrates that no effective actions
have been taken. In the Czech Republic, Semerad et al. [102] confirmed contamination in
freshwater fishes. In particular, long-chain PFASs were detected at a relevant concentration,
with short-chain PFASs and GenX measured at relatively low levels. A study focused on
fish filet samples [103] showed that from 2014 and 2019 a decrease of PFAS occurred, while
PFOS increased. Hoa et al. [104] deepened the study on fish by investigating distribution
of PFAS contamination in the different tissues. The fish blood samples were found to be
contaminated by 17 PFAS, with concentrations from 5.2 ng/mL to 29 ng/mL. In addition,
the concentrations were substantially higher in liver samples than in muscle samples. In
general, the study demonstrated that PFAS have unique distribution profiles depending on
the species, tissue, and location. Riidel et al. [105] derived a filet-to-whole fish conversion
factor to assess potential risks posed by the consumption of fish filet.

PFAS contamination in eggs has been studied as well due to their greasy nature [106,107].
Miller et al. [108] investigating temporal trends of PFAS in eggs of different species. Among
all PFAS, PFOS was found to be present in the highest concentration, even if with a decreasing
trend over time probably due their industrial phase out in the last decades. On the contrary,
long chain PFAS such as perfluorotridecanoic acid (PFTrDA) and perfluoroundecanoic acid
(PFUdA) were found to increase. These results were confirmed by Gléria Pereira et al. [109],
during a monitoring over 35 years in eggs of the northern gannet in UK.

Investigations by Granby et al. [110] of the Technical University of Denmark (DTU)
National Food Institute unequivocally show that the PFAS entered the eggs through fish
meal in the chicken diet. Hence, substituting a non-contaminated feed component might
substantially lower the amount of PFAS in the eggs within a few weeks.

Androulakakis et al. [111] studied freshwater and terrestrial top predators from North-
ern Europe. The majority of apex predators (AP) and their prey were found to be contam-
inated, and, in particular the three perfluoroalkylphosphinic acids were detected in all
the samples. The study demonstrated a strong correlation between the geographic origin
of the specimens and the quantities of PFAS in AP, with samples taken from urban and
agricultural regions being significantly more polluted than those taken from pristine or
semi-pristine places.

The migration of PFAS from Food Contact Materials (FCMs) is considered to be a
relevant source of contamination. According to Galbiati et al. [112], some substances in the
group of PFASs used in the FCM production have been classified as endocrine-disrupting
chemicals (EDCs), therefore it is important to investigate their possible migration into



Appl. Sci. 2023, 13, 6696

13 of 26

foods. Lerch et al. [113] conducted migration tests on paper FCMs treated with PFAS for
understanding their behavior at high temperature applications, and it was found that PFAS
migration to real foods contributes significantly to tolerable weekly intake. Minet et al. [114]
studied the use and release of PFASs in FCMs in Canada and the US and showed that FCM
containing minimal concentration of PFAS can nonetheless contaminate the entire waste
stream. In Canada, Schwartz-Narbonne et al. [115] tested fast food packaging for PFAS
contamination by comparing compostable bowls to single-use plastic bowls. Despite the
fact that compostable bowls are promoted as “green” alternatives to plastic bowls, they
have been positively tested for PFAS contamination sources and therefore appear to be a
regrettable alternative to single-use bowls.

Testing food simulants and leakage of non-intentionally added substances (NIAS) by
FCMs is not the only way to estimate the level of contamination of PFAS related to food
packaging migration. It is also important to investigate the exposure of consumers [116-120].
Susmann et al. [121], for example, studied the dietary habits of the US population, monitoring the
exposure to PFASs also through food packaging. The results showed that popcorn consumption
is associated with significantly higher levels of PFOA, PENA, PFDA, and PFOS in serum.
This correlation was not detected in other types of foods, e.g., pizza. That outcome could be
accounted for as an effect of the migration from microwave popcorn packaging.

The fact that PFAS can contaminate humans is demonstrated by studies addressing
the measurement of PFAS levels in blood serum. The work of Richterova et al. [122] was
the first research to use standardized, consistent, and quality-controlled PFAS exposure
data from Europe. This research was carried out as a European Human Biomonitoring
Initiative (HBM4EU) aligned study. A total of 1957 children and teenagers from Sweden,
Norway, Slovakia, Spain, Slovenia, Greece, France, Germany, and Belgium were tested.
Almost all subjects tested positive for PFOS, PFOA, PFNA, and PFHxS. Teenagers in the
North and West of Europe have much higher PFAS values than those in the South and
East. The eating of fish and shellfish was linked to greater PFAS concentrations, while
consuming eggs was linked to increased concentrations of PFOS and PFNA. These findings
offer details on possible PFAS exposure sources for focused PFAS in food monitoring.

4.3. Discussion

Monitoring PFAS in food and environment is critical to understanding and managing
potential health and environmental impacts. Accurate and reliable measurements of levels
of PFAS in our soils, water, and foods will ensure the development of effective action in
preventing and/or mitigating the possible risk related to PFAS.

According to recent studies, several food matrices, including those intended for
infants and children, have been found to be positive to PFAS contamination at levels that
are strongly dependent on the geographical area (e.g., proximity to industrial areas). In
addition, it is concerning to see how high PFAS levels are in food contact materials. We need
to take steps to reduce our exposure by using materials that are free from this contaminant.
The health risks associated with the long-term consumption of PFAS are still not fully
understood, so it is important to take proactive steps to reduce our exposure whenever
possible, as phasing out PFAS from production of FCM.

5. Analytical Techniques for Detection and Quantification of PFAS

The established methods for performing PFAS analysis are based on Liquid
Chromatography-Mass Spectrometry (LC-MS). Both the sample preparation and the devel-
opment of the chromatographic set-up are crucial steps for reliable, precise, and accurate
measurements. According to the literature, the conventional reverse phase separation
stationary phase column is the most widely utilized [123-126] approach. To improve the
chromatographic performance, columns equipped with polar functionalized C;g alkyl
chains were introduced [127]. The adoption of columns with polar groups on the surface of
the stationary phase permits them to better retain the more polar compounds, in particular
the shortest one at the first minutes of elution. In addition, the implementation of an
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isocratic elution method [128] enabled the thorough investigation of Cy, C3, Cy4, Cg, Cg, and
alternative PFAS by using a special hybrid HILIC /ion-exchange column. In this way, it
was possible to quickly and easily analyze legacy, alternative, and ultrashort-chain PFAS in
water samples.

The development of novel analytical methods is a crucial step because the legal limits
are changing rapidly so that the actual techniques can become rapidly obsolete. Decreasing
the limit of quantification is the biggest challenge for the ultra-trace search for PFAS in
environmental and food matrices.

An overview of the analytical technique strategy is depicted in Table 6.

Table 6. Scheme of analytical techniques strategy.

Sampling and Storage Extraction and Clean-Up Analytical Detection Techniques
- QuEChERS - 2D-LC-HRMS
- POCIS (WAX, HLB) - o8 - LCMS/MS
- microporous PE diffusion - ZSep - LCHRMS
assive sampler - EMRipid - ICPMS
o e P - dSPE - FT-ICR-MS
. - ITsp - NMR
- Different depth levels . . . .
. . Multistep sorption and filtration - GC-MS
- HDPE containers at different T .
- TFreeze or air-dr with cellulose - DSF
y - ultra-centrifugation - Aptasensor “in situ”
- SPE (WAX or F-cotton fibers) - Circular dichroism

5.1. Sampling and Storage

The first step to improve the level of detection and quantification in complex matri-
ces, in particular from the environment (air, water, soil), is the sampling. For analyzing
26 PFASs in drinking water treatment plant (DWTP) Gobelius et al. [129] used two ap-
proaches, based on hydrophilic-lipophilic balance (HLB) and weak anion exchange (WAX)
of polar organic chemical integrative samplers (POCIS) which were calibrated and used in
the investigation. The average PFAS concentration was measured to be rather stable over
the course of the days, demonstrating the suitability of the calibration method used for
the passive samplers POCIS-WAX and POCIS-HLB. In general, there were no appreciable
differences in the detection of individual PFAS contents in drinking water between POCIS-
WAX, POCIS-HLB, and composite water samples (collected in aliquots during periods).
It is noteworthy that POCIS-HLB had low absorption rates, which may account for the
fact that perfluorobutanoic acid (PFBA) was only found using POCIS-WAX and composite
water sampling. New microporous polyethylene (PE) diffusion passive sampler was also
tested for PFAS groundwater monitoring [130]. Using this design, the linear absorption
phase of PFASs was successfully extended and a mean t; /, of 240 days was estimated.

For testing the best condition for storing the samples, Woudneh et al. [131] measured
the stability of 29 PFAS in different types of water stored at different temperatures. PFAS
were spiked in different water samples that were then kept in HDPE containers for up to
180 days at +20, +4, and —20 °C. The study showed that keeping the samples below 0 °C is
the only way to ensure the stability of PFAS over time because the effects of the analyte
interconversions were noticeable within 7 days of storage at 4 °C, which is the temperature
that is normally used to stock aqueous samples for analysis of PFAS.

In case of air samples, to overcome the issue of sampling air including the particulate
matter and the gaseous phase for the discovery of unknown novel PFASs, the study
of Yu et al. [132] showed the use of a cryogenic air sampler (CAS) to simultaneously
collect atmospheric gaseous phase and particulate matter comprehensively. Five groups of
chlorinated perfluoropolyethers were reported for the first time in this study.

Simon et al. [133] studied a fast and simple extraction method for PFAS contaminated
soil. The samples of soil were freeze-dried or air-dried before analysis and were also
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collected from different locations. Johnson [134] analyzed soils samples collected at different
depth levels. It was the first known study of this type and the results showed that this sort
of sampling provides insightful information about the type, source and the consequence of
the contamination.

5.2. Extraction and Clean-Up

As contaminants, in real matrices PFASs are usually present in very low concentration
(trace levels) so it is necessary to extract them prior to the analysis. As a first step, the
methods needed to be validated in water samples, and in 2019 the ISO 21675:2019 “Wa-
ter quality—Determination of perfluoroalkyl and polyfluoroalkyl substances (PFAS) in
water—Method using solid phase extraction and liquid chromatography-tandem mass
spectrometry (LC-MS/MS)” was published. To validate the method an inter-laboratory
trial (ILT) was conducted by Taniyasu et al. [135], involving 27 labs in total. The results
suggested that the storage at 28 °C of water samples is preferred for those that are not
analyzed within four weeks of collection, and it is also recommended to rinse the container
wall with methanol prior to the elution step in order to improve recovery and achieve re-
peatable results for long-chain PFAS. More complex matrices have been already addressed,
such as plant-based materials with the aim of developing and testing a straightforward
extraction and clean-up approach for the measurement of five PFAS classes in various plant
tissues [136]. The method demonstrated to be suitable for PFAS analysis, and adequate val-
idation parameters were achieved for the majority of analytes. Addressing other matrices
than water, Drabova et al. [137] studied the clean-up methods for fatty matrices, which is
a critical step for PFAS analysis. Four different sorbents’ lipid clean-up capabilities were
assessed in samples of fatty fish following extraction using Quick Easy Cheap Effective
Rugged Safe (QUEChERS) or the ethyl acetate technique. The sorbents tested were silica,
Z-Sep, C13, and EMR-lipid. The most efficient dispersive-Solid Phase Extraction (dSPE)
sorbent was the EMR-lipid one performed after a QuUEChERS extraction.

The QUEChERSER (more than QuEChERS) method validated by Taylor et al. [138]
increases the polarity range of QuUEChERS. The technique is essentially performed by an
ACN/H;0 extraction followed by an ultra-centrifugation to obtain the fraction for LC. In
addition, from the acetonitrile layer derived by the further addition of QUEChERS salts in
the remaining initial extract it was possible to obtain, due to the salting-out effect into the
Instrument Top Sample Preparation (ITSP) clean-up, a fraction for Gas Chromatography
(GC). The method demonstrated advancement in clean-up efficiency, matrix effect, and
recoveries compared to other PFAS analysis methods in food stuff previously used by
US federal agencies. The ITSP proved to be a faster and automated approach to evaluate
clean-up efficiency compared to the dSPE one.

Gallocchio et al. [139] demonstrated the effectiveness of a QUEChERS extraction/clean-
up method shortening the time required per analysis of environmental and food matrices,
also increasing the efficiency and resulting in approximately 30 samples being ready for
LC-MS/MS analysis in one working day. Based on these results, Askeland et al. [140]
proposed a novel method based on a multistep sorption of PFASs for high volume direct
injection of aqueous samples, which involves sorbent addition with biochar, centrifugation
of samples, methanol addition, and a filtration with a 0.22 pm syringe filter of cellulose
prior to direct injection in a triple quadrupole LC-MS. The innovation of this method is the
provision of high sample throughput due to the exclusion of instrument preparation and
determination of equilibrium time.

5.3. Analytical Detection Techniques

Mass spectrometry in all of its forms is the elite technique for the identification and
quantification of PFAS, and there are numerous examples [141-145].

Wau et al. [146], aiming to speed up the analysis of PFAS, developed and applied a hy-
phenated nano-electrospray ionization to HRMS (Nano-ESI-HRMS) to analyze wastewater
and aqueous film-forming foams (AFFFs) samples collected from three local wastewater



Appl. Sci. 2023, 13, 6696

16 of 26

treatment plants (WWTPs). Nano-ESI-HRMS enables detection of various PFAS with
the inclusion of the ultra-short chain and other very polar molecules which are often un-
derestimated in LC. This approach has the advantages of saving time (lower than two
minutes per sample) without compromising accuracy and sensitivity. Taking a step for-
ward in the rapid identification of PFAS, Dodds et al. [147] devised a quick and efficient
method for separating isobar molecules such as 6:2 FTS and Hydro-EVE that differs only for
0.023 m/z. Even with HRMS instruments, mass separation of these precursors is extremely
difficult. Collision cross section (CCS) is the phenomenon that underpins ion mobility
separation; whereas other LC techniques separate molecules based on their interaction
with the stationary phase of the column (polarity) over time, the additional step of this
analysis allows for separation based on atom spatial distribution (molecular size).

The scientific community is also working to develop new approaches to fight PFAS
contamination through various techniques that may be more rapid or “in situ”.

Jackson et al. [148] studied albumin as the main protein involved as a carrier for some
PFAS compounds in human serum, aiming to use this affinity to rapidly characterize the
contaminants. Albumin has numerous nonspecific sites that selectively bind hormones,
fatty acids, drugs, and several xenobiotics, particularly PFASs. Prior to the development of
the current technology, the methods for determining this affinity, such as surface plasmon
resonance or titration chemistry, required too much time because of the large number of
distinct PFAS that needed to be examined. Differential Scanning Fluorimetry (DSF) is
a quick, high-throughput technique for determining ligand-binding interactions, and it
is most frequently used to assess the stability of proteins under various circumstances.
The findings showed that DSF can specify protein binding affinities and pinpoint the
physicochemical factors that contribute to protein binding for a significant number of PFAS.
A different approach to perform a rapid and in situ analysis was found by Park et al. [149]
who discovered the aptamer binding to PFOA (Kp = 5.5 uM) phenomenon for the first time,
owing to the alkyl length, which is important in the physicochemical event. To investigate
this behavior, a fluorescence-based aptasensor was created, which allows for easy and
rapid monitoring of PFAS and other emerging pollutants in situ. The results obtained
utilizing a multimode plate reader were compared to traditional LC-MS detection methods.
NMR spectroscopy and circular dichroism analysis were performed to compare the binding
strengths of the aptamer with and without the addition of PFOA, and the results show that
the aptamer can bind long alkyl chains with specificity.

In parallel to routine quantification of legacy PFAS, in order to monitor the global
contamination levels, it is also necessary to detect all possible fluorinated substances,
which may be toxic as well. The untargeted approach is the only way to discover all the
organic fluorinated compounds, and it is usually performed with high-resolution mass
spectrometry [150-153].

Xiao et al. [154] developed for the first time a non-targeted method using fluorine
extraction using fluoro-cotton fibers put in SPE cartridges. The interaction F-F aids in the
extraction and, as a result, enhancement of organic fluorine compounds. In this study, rice
samples were grown in artificially contaminated soils with perfluoroalkyl substance soils
to validate the method. This method improved the use of extraction methods to aid in
untargeted characterization, but it is also possible to improve chromatographic conditions
for the purpose. A novel analytical method for the non-targeted detection of total PFAS
was developed by Renai et al. [155] for the analysis of fire-fighting AFFFs. The researchers
performed the untargeted identification due to a LCxLC chromatography system coupled
to a high-resolution mass spectrometer. The peak capacity of chromatographic systems was
increased by using the 2D-LC method and this was essential to map the chemical space of
complicated mixtures such as AFFFs.

For screening all possible PFAS on AFFFs, Young et al. [156] tested a method based on
the Fourier-transform (FT) ion cyclotron resonance (ICR) MS. One of the purposes of this
study was to show the effectiveness of FT-ICR MS direct infusion for suspect and non-target
detection of PFAS in a complex mixture of AFFFs. Molecular structure cannot be determined
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definitively by direct infusion MS (or any mass analyzer) by detecting the molecular ion
alone, but the study shows that the list of known PFASs can be expanded during subsequent
analyses using accepted structural identification standards. Another alternative approach
for untargeted analysis of perfluorinated compounds is the inductively-coupled plasma
(ICP) MS. This method allows Jamari et al. [157] to identify all fluorinated compounds
whether or not they are ionized under electro spray conditions, and a fluorinated standard
is available. This non-targeted approach is well adapted to assist in identifying a large
proportion of organofluorines not detected.

5.4. Discussion

Analytical techniques for the detection of PFAS have come a long way and continue to
develop. Currently, modern PFAS analysis can use various methods, including the combi-
nation of various hyphenated chromatography techniques such as liquid chromatography-
mass spectrometry (LC-MS) and gas chromatography-mass spectrometry (GC-MS). These
techniques allow for accurate and sensitive detection of individual PFAS and sometimes
even identifying specific PFAS precursors. So far, the main innovations rely on in situ and
high throughput techniques which are necessary to answer the monitoring requests. In par-
allel, the implementation of non-targeted screening methods will allow the understanding
of the novel classes of PFAS introduced in the industry products and, also, the characteriza-
tion of their presence in environment and food. The development of even more accurate
and sensitive in situ and screening techniques will constitute the main strategy to fight
PFAS contamination and to provide reliable inputs to regulatory bodies and lawmakers.

6. Future Perspectives

PFAS and PFAS contamination are nowadays a “hot-topic” that interest all levels of
society, from scientific communities to citizens. Worldwide, authorities are actively and
constantly working on legislation to reduce the release of PFASs into the environment,
while waiting for expert opinions from the scientific community on the levels of actual con-
tamination. Researchers are addressing this topic from different points of view, including
toxicological studies and advances in analytical methods for detection of PFAS traces in
real matrices. Groundwater and food are already known to be the most common sources of
contamination for humans, and drinking water and plant-based foods are currently under
deeper investigation. Improving untargeted analysis of perfluorinated compounds is an
important step toward an exhaustive comprehension of the possible risk posed by PFAS
to the environment and to human health. To this end, screening methods based on high-
resolution mass spectrometry can constitute a powerful tool to discover new PFAS analytes
at every stage of the food chain. It is also of paramount importance to monitor the PFAS
levels in biological samples from animals and humans in order to evaluate the correlation
between food and environmental contamination and the PFAS intake and accumulation in
human bodies.
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Abbreviations

2D-LC 2 dimensions Liquid Chromatography

ACN Acetonitrile

AFFFs Aqueous Film-Forming Foams

AP Apex Predator

CAS Cryogenic Air Sampler

CCME Canadian Council of Ministers of the Environment

Ccs Collision Cross Section

CERLCA Comprehensive Environmental Response, Compensation and Liability Act

CI-PFESA Chlorinated polyfluorinated ether sulfonic acids

CONAMA  Brazilian National Council for the Environment

CSCA China Standard Conformity Assessment

dSPE dispersive Solid Phase Extraction

DSF Differential Scanning Fluorimetry

DWTP Drinking Water Treatment Plant

ECHA European Chemicals Agency

EDCs Endocrine-Disrupting Chemicals

EEA European Economic Area

EFSA European Food Safety Authority

EHP Environmental Health Perspectives

EMBRAPA  Brazilian Agricultural Research Corporation

EPA Environmental Protection Agency

ESI Electronspray Ionization

EU European Union

EURL European Union Reference Laboratory

FASA Perfluoroalkane sulfonamide

FCMs Food Contact Materials

FDA Food and Drug Administration

FTAB Fluorotelomer sulfonamidoalkyl betaine

FTOH Fluorotelomer alcohol

FTS Fluorotelomer sulfonate

FT-ICR Fourier-Transform Ion Cyclotron Resonance

GC MS Gas Chromatography Mass Spectrometry

GenX same as HFPO-DA

HC Health Canada

HDPE High Density PolyEthylene

HFPO-DA  Hexafluoropropylene oxide-dimer acid or GenX

HILIC Hydrophilic interaction liquid chromatography

HLB Hydrophilic-lipophilic balance

HPLC High Performance Liquid Chromatography

HPFPECAs  Hydro- perfluoroether carboxylic acid

HPFLCAs Hydrogen-substituted polyfluoroalkyl (linear) carboxylic acids

HRMS High-resolution mass spectrometry

Hydro-EVE 2,2,3,3-Tetrafluoro-3-{ [1,1,'1,2,3‘,3—hexaﬂu0ro—3—(1,2,2,2—tetraﬂu0roethoxy)
propan-2-ylJoxy}propanoic acid

ICP-MS Inductively Coupled Plasma Mass Spectrometry

ILT Inter-laboratory trial

ISO International Organization for Standardization

ITsp Instrument Top Sample Preparation

LC-MS/MS  Liquid Chromatography coupled to tandem Mass Spectrometry

L-PFOA Linear perfluorooctanoic acid

L-PFOS Linear perfluorooctane sulfonic acid

MCLs Maximum contaminant levels

NIAS Non-intentionally added substances

NMR Nuclear Magnetic Resonance

OBS p-perfluorousnonenoxybenzene sulphonate

PE Polyethylene
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PFAAs Long-chain perfluoroalkyl acids
PFAS Perfluoroalkyl substances

PFBA Perfluorobutanoic acid

PFBS Perfluorobutane sulfonic acid
PFCAs Perfluoroalkyl carboxylic acids
PFDA Perfluorodecanoic acid

PFTrDA Perfluorotridecanoic acid
PFUdA Perfluoroundecanoic acid
PFHpA Perfluoroheptanoic acid

PFHxA Perfluorohexanoic acid

PFHxS Perfluorohexane sulfonic acid
PENA Perfluorononanoic acid

PFOA Perfluorooctanoic acid

PFOS Perfluorooctane sulfonic acid
PFPeA Perfluoropentanoic acid

PFPrA Perfluoropropionic acid

PFSAs Perfluoroalkyl sulfonic acids
POCIS Polar Organic Chemical Integrative Samplers
POPs Persistent Organic Pollutants
POSF Perfluorooctane sulfonyl fluoride
PTFE Polytetrafluoroethylene
QuEChERS  Quick Easy Cheap Effective Rugged and Safe
RAC Committee for Risk Assessment
REACH European Chemicals Regulation
ROS Reactive Oxygen species

SEAC Committee for Socio-economic Analysis
SPE Solid Phase Extraction

TOF Time-of-flight

TWI Tolerable Weekly Intake

WAX Weak anion exchange

WWTPs Wastewater treatment plants

Us United States
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