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Abstract
Per- and polyfluoroalkyl substances (PFAS) are persistent organic pollutants (POP) that can accumulate in food systems. This chapter examines their sources, detection, and mitigation strategies in food. Sources include environmental contamination through soil, water, and air, as well as animal feed, and migration from food contact materials. Analyzing these substances at the required levels is complex due to the diversity of PFAS and food matrices, analytical limitations, and contamination risks. Furthermore, it remains challenging to obtain monitoring data for exposure assessment and to comply with current European regulations. Mitigation strategies for agriculture include soil amendments and phytoremediation, while animal exposure can be reduced through improved practices. Case studies highlight regional variation in PFAS contamination and variation concerning the impact food processing may have on these substances. This stresses the need for more sensitive analytical methods, extended regulations, reduced exposure risk and innovative remediation approaches to address PFAS contamination more effectively.
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1. [bookmark: _Toc188717420]
Introduction
This chapter focusses on the sources of per- and polyfluoroalkyl substances (PFAS) in food, the state-of-the-art of analytical methods for food matrices, and on mitigation and remediation strategies for agriculture. Furthermore, the PFAS concentrations in food items in Europe will be addressed, incorporating differences in concentrations depending on the origin of food (i.e., supermarket, home-grown, bio-food, etc.) and the effects of food processing in fish. Finally, key knowledge gaps and future challenges of PFAS contamination in food are discussed.
1.1. [bookmark: _Toc188717421]General introduction to PFAS
PFAS are a large family of millions of synthetic fluorinated alkyl compounds (Schymanski et al., 2023) that have been extensively used since the 1940s in a wide array of products (Glüge et al., 2020). The definition of PFAS has been changed over the past years (Buck et al., 2011; Wang et al., 2021), and nowadays PFAS are defined as “fluorinated substances that contain at least one fully fluorinated methyl or methylene carbon atom (without any H/Cl/Br/I atom attached to it)” (Wang et al., 2021). PFAS can be further divided into non-polymer and polymer PFAS, which each contain different subclasses, groups and subgroups (Buck et al., 2011), including the frequently studied group of the perfluoroalkyl acids (PFAA). The latter comprises the subgroup of the perfluoroalkyl sulfonic acids (PFSA) like perfluorooctane sulfonic acid (PFOS) and the perfluoroalkyl carboxylic acids (PFCA) like perfluorooctanoic acid (PFOA) (Figure 1).
[image: ]
Figure 1. A simplified family tree of PFAS. Figure made with Microsoft PowerPoint. 
Their physico-chemical stability and surfactant properties give PFAS the water- and oil-repellent characteristics that make them suitable in many industrial branches and as consumer products, including amongst other firefighting foams, non-sticky cookware, textiles, and food contact materials (FCM) (Glüge et al., 2020). Their large production volumes and global use, in combination with their intrinsic properties, have led to the global environmental PFAS-contamination issue (Ackerman Grunfeld et al., 2024; Brusseau et al., 2020; Kurwadkar et al., 2022). The perfluoroalkyl moiety of many PFAS is extremely resistant to environmental and metabolic degradation, leading to high persistence in the environment (Cousins et al., 2020). In addition, many PFAS precursors may degrade into these persistent chemicals (Buck et al., 2011). 
Once released into the environment, PFAS end up in all environmental compartments (Figure 2) (Brusseau et al., 2020; Faust, 2023; Groffen et al., 2021). However, the exact fate and transport of PFAS in the environment are influenced by the characteristics of the individual PFAS itself as well as the specificities of the contaminated site. For example, shorter-chain PFAS are overall more mobile due to their higher water solubility compared to longer-chain PFAS and, thus typically end up in aqueous matrices (Brendel et al., 2018). Some PFAS are known to be taken up and to accumulate in animals and plants (Brake et al., 2023; Li et al., 2022), including crops and livestock (Death et al., 2021; Ghisi et al., 2019; Jha et al., 2021; Schiavone and Portesi, 2023), which eventually leads to human exposure.
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Figure 2. Simplified diagram of the environmental fate and transport of PFAS. GW = groundwater; SW = surface water. Made with Photoshop v26.0.
Dietary exposure is considered to be the most important pathway of human exposure, followed by inhalation and dermal exposure (Zhang et al., 2024). Consumption of PFAS-contaminated food sources has been proven to affect serum PFAS concentrations (Roth et al., 2020; Susmann et al., 2019; Thépaut et al., 2021). PFAS are overall strongly proteinophilic, meaning that they will accumulate primarily in protein-rich tissues such as the liver (Ng and Hungerbühler, 2013). PFAS exposure in humans has been related to various toxic effects, including immunotoxic effects, altered thyroid function, kidney disease, reproductive and developmental effects, and cancer (EFSA Panel on Contaminants in the Food Chain (EFSA CONTAM Panel) et al., 2020; Fenton et al., 2021).     
1.2. [bookmark: _Toc188717422]PFAS legislation in food
Since 2023, levels of four PFAS, i.e. PFOS, PFOA, perfluorononanoic acid (PFNA), and perfluorohexane sulfonic acid (PFHxS), are regulated by EU Regulation 2023/915 in certain foodstuffs of animal origin such as meat, edible offal, fish, crustaceans, bivalve molluscs and eggs (Table 1) (EU, 2023a). Furthermore, the sampling, analysis (including performance requirements), and reporting should be done according to Regulation (EU) 2022/1428 (EU, 2022a).

Table 1. Maximum levels (µg/kg) on a wet weight basis set for the four regulated PFAS and their sum in Regulation (EU) 2023/915 (EU, 2023a).
	Maximum level (µg/kg)

	
	PFOS a
	PFOA a
	PFNA a
	PFHxS a
	Sum of PFOS, PFOA, PFNA, PFHxS b

	Meat 
- of bovine animals, pig and poultry
- of sheep
- of game animals c
	
0.30 
1.0 
5.0
	
0.80
0.20
3.5
	
0.20
0.20
 1.5
	
0.20 
0.20
0.60
	
1.3
1.6 
9.0

	Offal
- of bovine animals, sheep, pig and poultry
- of game animals c
	
6.0 

50
	
0.70

25
	
0.40 

45
	
0.50

3.0
	
8.0
 
50

	Fish meat d
	2.0 – 35 d
	0.2 – 8.0 d
	0.5 – 8.0 d
	0.2 – 1.5 d
	2.0 – 45 d

	Crustaceans and bivalve molluscs
	3.0
	0.70
	1.0
	1.5
	5.0

	Eggs 
	1.0
	0.30
	0.70
	0.30
	1.7

	a The maximum level applies to the sum of linear and branched stereoisomers, whether or not they are chromatographically separated (PFOS: perfluorooctane sulfonic acid, PFOA: perfluorooctanoic acid, PFNA: perfluorononanoic acid, PFHxS: perfluorohexane sulfonic acid).
b For the sum, the maximum levels refer to lower bound concentrations, which are calculated assuming all the values below the limit of quantification (LOQ) are zero.
c With the exception of bear meat/offal
d  The levels have been set according to the type of fish and whether or not the fish meat is intended for the production of food for infants and young children (see Regulation 2023/915 for details)



Moreover, Recommendation (EU) 2022/1431 established limits of quantification (LOQ) that laboratories should achieve and indicative levels above which further investigation into the causes of the contamination should be undertaken (Table 2) (EU, 2022b). Additionally, a list of compounds that EU Member States should monitor was established, including 4 regulated PFAS (PFOA, PFNA, PFHxS, PFOS) and other PFCA with a chain length from 4 to 14 carbons, other PFSA with a chain length from 4 to 13 carbons, perfluorooctane sulphonamide (FOSA) and some emerging PFAS, i.e. acid form of F53B, acid form of GenX, acid form of ADONA, capstone A and B, fluorotelomer alcohols and sulfonates.

Table 2. Limits of quantification (LOQ) and indicative levels defined in Recommendation (EU) 2022/1431 (EU, 2022a).
	
	Limit of quantification / Indicative level (µg/kg) 

	
	PFOS
	PFOA
	PFNA
	PFHxS

	Fruits


	0.002 / 0.010

	0.001 / 0.010

	0.001 / 0.005

	0.004 / 0.015


	Vegetables
	0.002 / 0.010a
	0.001 / 0.010
	0.001 / 0.005
	0.004 / 0.015

	Starchy roots and tubers
	0.002 / 0.010
	0.001 / 0.010
	0.001 / 0.005
	0.004 / 0.015

	Food for infants and young children b
	0.002 / 0.050
	0.001 / 0.050
	0.001 / 0.050
	0.004 / 0.050

	Milk
	0.010 / 0.020
	0.010 / 0.010
	0.020 / 0.050
	0.040 / 0.060

	Fish meat
	0.10 / - c
	0.10 / - c
	0.10 / - c
	0.10 / - c

	Meat of terrestrial animals
	0.10 / - c
	0.10 / - c
	0.10 / - c
	0.10 / - c

	Eggs
	0.30 / - c
	0.30 / - c
	0.30 / - c
	0.30  / - c

	Crustaceans and molluscs
	0.30 / - c
	0.30 / - c
	0.30 / - c
	0.30 / - c

	Edible offal of terrestrial animals
	0.50 / - c
	0.50 / - c
	0.50 / - c
	0.50 / - c

	Fish oil
	0.50 / - c
	0.50 / - c
	0.50 / - c
	0.50 / - c

	a Except for wild fungi, i.e., 1.5 µg/kg
b Indicative level only for baby food, not for infant formula and processed cereal-based food for infants and young children
c No indicative level was set.



In addition, other specifications are available for water intended for human consumption since Directive (EU) 2020/2184 (EU, 2020), further called Drinking Water Directive (DWD), came into force in January 2021 and should be implemented by 2026. The minimum requirements for the ‘sum of PFAS’ covering 20 PFCA and PFSA with a chain length from 4 to 13 carbons and ‘Total PFAS’ were fixed at 0.10 µg/L and 0.50 µg/L, respectively. Additionally, methods of analysis for monitoring these two parameters of the DWD must comply with the technical guidelines on the methods of analysis for monitoring PFAS, namely EN 17892 part A or B for ‘Sum of PFAS’ and (i) TOP assay (total oxidizable precursor assay), (ii) EOF-CIC (combustion ion chromatography (CIC) after extraction of fluorine (EOF)) or (iii) LC-HRMS (liquid chromatography – high-resolution mass spectrometry) suspect and non-target analysis for ‘PFAS total’ (EU, 2024).

The aforementioned regulations, with exception of the 2020/2184 EU Directive, focus on four PFAS since they were evaluated together by EFSA because of similar effects in animals, toxicokinetics, and observed levels in human blood (EFSA Panel on Contaminants in the Food Chain (EFSA CONTAM Panel) et al., 2020). Nonetheless, other PFAS are present in the environment. Therefore, the RIVM developed an approach based on relative potency factors (RPF), assuming that cumulative effects of PFAS mixtures contribute to one common toxicological effect, and predictions of these risks can be investigated by dose addition (Bil et al., 2021). This method requires similar toxicity among chemicals that only differ in potency. In addition, the mixtures should not show synergism or antagonism. The relative potency of various chemicals is expressed relative to the potency of an index compounds, which is PFOA in the case of PFAS. Concentrations of individual compounds can then be multiplied with their relative potency to obtain concentrations in PFOA equivalents, which subsequently can be compared with regulations and quality standards to identify potential risks. The RPF methodology, has already been applied successfully for other chemicals such as dioxins and dioxin-like chemicals (Falandysz et al., 2014; Suzuki et al., 2020; Trnovec et al., 2013).
2. [bookmark: _Toc188717423]Sources of PFAS in food
2.1. [bookmark: _Toc188717424]Uptake routes for crops
PFAS contamination of agricultural soils typically takes place through (i) the application of sewage sludge, which itself is often contaminated with PFAS and is commonly used as a fertilizer on agricultural land, (ii) irrigation with PFAS-contaminated water, e.g. near industrial sites or areas with firefighting foam applications, and (iii) more marginally atmospheric deposition through air and rain (Figure 3A) (Ghisi et al., 2019; Kosiarski et al., 2024; Tansel et al., 2024). The physico-chemical properties of the contaminated soils, including organic matter content, pH, and clay mineral content, influence the PFAS bioavailability and uptake by plants. Hence, higher organic content and clay minerals tend to display stronger PFAS-binding capacities, reducing their availability for plant uptake, in contrast to sandy soils characterized by low organic matter content where PFAS movement towards plant roots is expected to be more important (Cai et al., 2021). Moreover, PFAS mobility in the soil solution is also dependent on the type of PFAS (chain length and functional groups), with long-chain PFAS tending to bind more strongly to soil organic matter and short-chain PFAS being more mobile (Adu et al., 2023).
[image: ]
Figure 3. Diagram of the primary sources for PFAS uptake in plants (A) and the uptake and translocation routes in plants (B). Root uptake and translocation within plants depend on the type of PFAS. Root uptake is also affected by soil physico-chemistry. Made with Photoshop v26.0.
Figure 3B displays a schematic, simplified, overview of the primary PFAS uptake and translocation pathways in plants. Plants primarily take up PFAS through absorption by their roots, a step which requires PFAS to cross the hydrophobic phospholipid bilayer of the plasma membrane (Lesmeister et al., 2021). Once inside root tissues, PFAS can be transported to the plant aerial parts through the xylem, a tissue of the plant’s vascular system where water and minerals circulate thanks to the evapotranspiration stream. Like for the soil, the mobility of PFAS in planta depends on their chemical structure, determining different translocation factors (TF, i.e. shoot/root ratios) with short-chain PFAS having higher TF and thus expected to be more mobile compared to long-chain PFAS being more restricted to the roots due to lower TF (Ghisi et al., 2019; Zhou et al., 2021). Another, more minor and less understood pathway for PFAS accumulation in plant aerial parts is PFAS foliar uptake either through gaseous/volatile forms or particle-bound PFAS (Chen et al., 2024; Li et al., 2022). The accumulation of PFAS in plant tissues ranges from ng/g to µg/g of tissue dry weight (Li et al., 2022). 
In addition to the influence of soil and PFAS chemical properties, PFAS uptake and translocation to aerial parts is highly variable between plant species and even among varieties within species. In other words, the PFAS bioaccumulation factor (i.e. the ratio of PFAS concentration in plant tissues to the soil) is very variable among different plant species (Lesmeister et al., 2021). Leafy vegetables, characterized by high transpiration rates (e.g., lettuce and spinach), tend to accumulate more PFAS in aboveground tissues. Being in direct contact with the soil, root vegetables (e.g. carrots) can also accumulate PFAS (Lesmeister et al., 2021; Li et al., 2022; Xu et al., 2024). Although PFAS contamination of crops grown on agricultural land has received a lot of attention, it is also important to consider the impact of home-grown crops on food safety (Lasters et al., 2024). 
In summary, PFAS uptake and accumulation in crops depend on several factors, including the type of PFAS, the plant species, and soil properties. The full complexity and interactions of these factors are only starting to be unveiled and understanding these mechanisms is crucial for managing food safety.
2.2. [bookmark: _Toc188717425]Uptake routes for livestock
Many PFAS are known to bioaccumulate and biomagnify in food webs (Death et al., 2021; Peritore et al., 2023). There are numerous factors affecting the uptake of PFAS by livestock, including the physico-chemistry of the PFAS itself. Typically, a positive relationship can be observed between accumulated levels and the carbon chain length of the PFAS (Feng et al., 2023; Houde et al., 2011). In addition, PFSA accumulate more in organisms than PFCA (Conder et al., 2008). The types of PFAS present in products of animal origin may vary substantially among types of animal product, even within the same region (FSANZ, 2016; Van Leeuw et al., 2024b). 
Livestock may encounter various sources of PFAS contamination (Figure 4). Exposure through foraging has been reported to account for 78% of the PFAS exposure in ruminants, whereas soil exposure accounted for over 80% of the PFAS exposure in poultry and pigs (Brambilla et al., 2015). These proportions can vary depending on the exposure medium (i.e., type of feed, drinking water), but also housing and rotation practices and feeding habits. Overall, livestock is predominantly exposed through dietary pathways, including the ingestion of contaminated soil particles, feed, and drinking water. 
[image: ]
Figure 4. Diagram of the primary sources for PFAS uptake in animals. Made with Photoshop v26.0.
Commercial fishmeal for animals has been reported to contribute substantially to PFAS exposure in some farm animals, including cattle (Guruge et al., 2008). In addition, ruminants can be exposed through plant-based feed. Biosolids from wastewater treatment plants may be used as fertilizer for pastures. These biosolids could contain PFAS, which are subsequently transferred to soil and plants (Sepulvado et al., 2011), which are then consumed by grazing animals. PFAS uptake from biosolid exposure has also been reported for pigs (Fernandes et al., 2019). In addition, plant-based feed may also be already contaminated from the sites where crops were cultivated (e.g. Kowalczyk et al., 2012). Geophageous animals such as chickens may be directly exposed to PFAS from ingestion of soil particles or through feeding on earthworms living in their enclosures (Lasters et al., 2023). Drinking water of animals can also be contaminated through presence of nearby (industrial) sources or runoff (Lupton et al., 2022; Mikkonen et al., 2023). Studies from Australia have reported contamination of PFHxS in livestock and chicken eggs when exposed to a contaminated groundwater well (Bräunig et al., 2017; Drew et al., 2021). 
Besides dietary exposure, PFAS-contaminated dust particles may also contribute to PFAS exposure in livestock. These particles can be either directly inhaled by the animals, or first deposited onto animal feed sources such as vegetation. Animals that live in, or closer to, urbanized areas, which often contain more sources of PFAS, are typically exposed more to airborne PFAS compared to animals living in more remote areas (Cui et al., 2019). Furthermore, game animals accumulate higher concentrations of PFAS in their tissues compared to livestock due to outdoor living (Death et al., 2021). Finally, the substrate or bedding of animals could contribute to the PFAS exposure. PFAS concentrations in chicken eggs have been linked to exposure to recycled cardboard, dried paper pulp and wood shavings (Fernandes et al., 2019).
Once taken up, most PFAS can be easily absorbed from the gastrointestinal tract. Since most PFAS are metabolically inert, they are not metabolized (Pizzurro et al., 2019). Elimination occurs primarily through urine or feces, although transplacental transfer, lactational transfer, and deposition into eggs have also been reported (Feng et al., 2023; Guruge et al., 2008; Kowalczyk et al., 2012). Being proteinophilic, PFAS typically end up in protein-rich tissues such as serum liver and kidneys (Pizzurro et al., 2019). Elimination rates and half-lives in animals differ substantially among types of PFAS and can range from several days to years depending on the animal species (as reviewed by Death et al., 2021). 
2.3. [bookmark: _Toc188717426]Migration from food contact materials
FCM are materials and items designed to come into contact with food during its manufacture, transport, storage, etc. FCM should be sufficiently inert so their constituents neither adversely affect consumer health nor influence the quality of the food. Examples of FCM are containers used in the food transport industry, packaging materials, kitchenware, and tableware. 
PFAS are commonly used in FCM due to their carbon-fluorine bonds, which provide high resistance to degradation, even at elevated temperatures. Additionally, their physicochemical properties offer resistance to oil and moisture. For decades, PFAS have been used to produce polytetrafluoroethylene (PTFE), commonly known as Teflon®, and to produce frying pans and pots due to its non-sticky properties. More recently, since the ban of certain single-use plastic products on the EU market in July 2021 (EU, 2019), alternatives were introduced on the market (e.g. bagasse, wheat pulp, wood, paper and board, etc.). However, these new alternatives require treatment of the material to achieve physical properties comparable to plastic. Indeed, without a coating or treatment, certain materials, such as paper and board, bagasse, etc., cannot withstand certain types of food (e.g., fatty food). Non-sticky coatings for paper and board are the most frequent application of PFAS in FCM (Bokkers et al., 2019; Peters et al., 2019). However, information about the composition of the PFAS blend in such applications is scarce (Lerch et al., 2023). When the FCM is in contact with food, migration of its constituents can occur and thus pose a risk to the consumer(EFSA Panel on Contaminants in the Food Chain (EFSA CONTAM Panel) et al., 2020). Indeed, the European Food Safety Authority (EFSA) considered that FCM can also be a source of human exposure to PFAS, although their impact is considered minor compared to other sources (EFSA Panel on Contaminants in the Food Chain (EFSA CONTAM Panel) et al., 2020). In a recent Belgian study on 78 paper and board articles and 15 pulp-based (bagasse, wheat) articles intended for takeaway, 11 PFAS (out of the 25 PFAS targeted) were detected in the samples, mainly perfluoroalkyl carboxylic acids (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA and PFTrDA) and PFOS. While all pulp-based samples contained PFAS, 43% of the paper and board samples showed the presence of these chemicals (Di Mario et al., 2024).
In order to minimize the risks of PFAS migration from FCM to food, the increased concerns about PFAS are leading regulatory authorities to act against the manufacturing and use of these chemicals on their own, as well as their placement on the market in other substances, mixtures, or articles (e.g., the PFAS restriction proposal to ECHA (ECHA, 2021).
3. [bookmark: _Toc188717427]Analytical methods to determine PFAS in food
3.1. [bookmark: _Toc188717428]Sampling and preservation
Guidelines for the proper sampling and preservation of PFAS-contaminated (or potentially contaminated) items have been set by multiple organizations, including the European Union (EU, 2022a). Sampling should be conducted by trained personnel who are familiar with potential contamination occurring during sampling and processing of samples. Since PFAS can be present in various consumer products, it is recommended to avoid certain PFAS-containing materials, such as PTFE, to ensure that samples are not contaminated by the sampling equipment itself (Rodowa et al., 2020). Suitable materials for sampling containers include stainless steel, polypropylene (PP), or high-density polyethylene (HDPE). These materials are recommended over other types of containers, e.g. glass, since PFAS may adsorb onto glass surfaces (ISO, 2009). In addition, clothes or gloves worn during sampling may contain fluorinated compounds (Gremmel et al., 2016) and some laboratory items may contain fluoropolymers that may cause contamination of samples during processing (Lath et al., 2019; Martin et al., 2004). Furthermore, cosmetics, such as sunscreen, have to be avoided during sampling as they may also contain PFAS (Keawmanee et al., 2015). Moreover, attention must be paid to the filters in laboratory fume hoods, especially when changing them. It is therefore important to assess the blank contamination using field, laboratory, and equipment blanks as quality control (Denly et al., 2019; Rodowa et al., 2020). In general, every material that might contain fluoropolymers has to be either avoided or cleaned with polar solvents (and tested for blank contamination), prior sampling or sample processing, but preferably PFAS-free materials have to be used (Androulakakis et al., 2022).
Food samples to be analyzed for PFAS contamination are often simply purchased or collected from supermarkets, or, in case of homegrown food, collected by hand from gardens (Bedi et al., 2023; Genualdi et al., 2022; Lasters et al., 2024, 2022; Liu et al., 2024; Piva et al., 2023; Roberts et al., 2023). To ensure PFAS stability, it is recommended to keep the samples below 0°C over time, before analysis. Analyte interconversions (increasing concentrations of two perfluorooctane sulphonamide acetic acids were correlated to decreasing concentrations of two perfluorooctane sulphonamide ethanols) were observed when water samples were stored at 4°C for 7 days, which is the typical temperature at which water samples are stored prior to analysis (Woudneh et al., 2019).
3.2. [bookmark: _Toc188717429]Extraction and clean-up
Food items are typically extracted using an organic solvent, followed by purification steps to reduce matrix-effects (Iannone et al., 2024; Ogunbiyi et al., 2023). (Zhang et al., 2022)Commonly used methods to extract PFAS from food matrices are described below and include solid-liquid extraction (SLE) (Gao et al., 2018; Gosetti et al., 2010; Groffen et al., 2019; Powley et al., 2005; Zabaleta et al., 2015), solid-phase extraction (SPE) (Ogunbiyi et al., 2023), ion-pair extraction (IPE) (Lacina et al., 2011; So et al., 2006), and ‘Quick, Easy, Cheap, Effective, Rugged and Safe’ (QuEChERS) method (Genualdi et al., 2021; Hwang et al., 2024; Liu et al., 2024). Acetonitrile (ACN) and methanol (MeOH) are considered good and common solvents for the extraction of PFAS due to their medium polarity functionalities (Sadia et al., 2020). Although ACN showed better recoveries than some other solvents in the solid-liquid extraction of various food matrices (Sadia et al., 2020), degradation of PFAS homologues (primarily per- and polyfluoroalkyl ether acids) after 30 days in polar aprotic (neither accepting nor donating hydrogen atoms) solvents has been reported (Zhang et al., 2022), indicating that solvent choice is important as it can have substantial impacts on the analytical performance.
SLE aims to remove soluble components from solid matrices using large volumes of high-purity solvents such as MeOH and ACN. To overcome inefficient extraction of non-polar long-chain and hydrophilic short-chain PFAS, which has been reported for aquatic organisms (Valsecchi et al., 2013), the solvent polarities have to be adjusted based on the PFAS compounds of interest (Luque et al., 2010). 
The application of SPE techniques results in the isolation and preconcentration of PFAS and is often used for direct extraction of PFAS from liquid samples due to the advantage of simultaneously extracting and cleaning-up the extracts (Ogunbiyi et al., 2023). Although these methods are often fast, they also have limitations: SPE cartridges can be expensive, whereas clogging of the SPE column with matrix residues can limit SPE efficiency. When using on-line SPE methods, carry-over effects tend to occur, requiring multiple washing steps with solvents varying in polarity (Ogunbiyi et al., 2023).
IPE uses a counter ion to facilitate the distribution of ionic PFAS into organic phases and is also commonly used to extract PFAS from solid food matrices (Iannone et al., 2024; Ogunbiyi et al., 2023; Sungur et al., 2018). Typically, the samples undergo either acid or alkaline digestion prior to ion pairing with tetra-n-butylammonium hydrogen (TBA), which helps in reducing the polarity of PFAS in the matrix (Ogunbiyi et al., 2023). On the downside, the matrix can be co-extracted during the extraction of the ion-pair, which often leads to a high lipid content in the extracts and subsequently poor PFAS recovery (Sadia et al., 2020). To address this issue, alkaline-based ion pairing extraction coupled with SPE can been used (Sadia et al., 2020). Acid-based digestion, although already successfully used for food items before (Lacina et al., 2011), is less optimal than alkaline-based digestion as it can lead to partial oxidation of PFAS precursors resulting in impurities in the analysis of PFAS (Ogunbiyi et al., 2023; Young et al., 2012). Nonetheless, co-extraction of other compounds that interfere with short-chain PFAS also seems to occur during alkaline digestion, due to the presence of glycerol and fatty acids that are being released during digestion (Lacina et al., 2011).
(Ogunbiyi et al., 2023)The QuEChERS method, i.e. homogenized samples are agitated for a very short time (typically 1 min) with ACN and water solvents and then centrifuged with a mixture of salts to transfer PFAS in the upper phase, has the capability of extracting PFAS from a wide variety of food items, especially when coupled with an SPE cleanup step (Abafe et al., 2021; Gallocchio et al., 2022; Genualdi et al., 2021; Hlouskova et al., 2013; P. Meng et al., 2022). The QuEChERS method can be used to extract both non-ionic and ionic PFAS, although further cleanup might hamper this (P. Meng et al., 2022). To overcome the loss of some PFAS classes, a ‘quick, easy, cheap, effective, rugged, safe, efficient, and robust’ (QuEChERSER) method, which covers a broader range of polarities, can be used instead (Taylor and Sapozhnikova, 2022).
To eliminate matrix interference, endogenous substances must be removed after extraction and prior to analysis. Depending on the targeted analyte and matrix composition, retentive and non-retentive SPE methods have been used (Iannone et al., 2024; Ogunbiyi et al., 2023). Retentive SPE covers weak anion exchangers (WAX) and hydrophilic-lipophilic (HLB) sorbents, although the latter often shows low recoveries of short-chain PFAS due to poor retention of hydrophilic compounds on the sorbent materials (So et al., 2006). The electrostatic interactions between short-chain PFAS and WAX sorbents result in better recoveries (Pan et al., 2020). Mixed-mode WAX sorbents can be used to extract and fractionate cationic, zwitterionic and neutral PFAS and different solvents can be used to elute different PFAS homologues (Ogunbiyi et al., 2023). Non-retentive SPE methods using graphitized carbon have also been used to remove co-extracted compounds from the samples (Groffen et al., 2022; Lasters et al., 2022; L. Meng et al., 2022; S. Wang et al., 2022) and could eliminate matrix interferences prior to instrumental analysis. However, graphitized carbon might not be sufficient as a clean-up for high-fat and protein-based food items, for which suppression of PFAS homologues has been reported (Sadia et al., 2020). In such cases, an additional clean-up step, for example using WAX SPE, might be required. Graphitized carbon SPE are used, often as a first purification step, in combination with WAX SPE for dirty matrices.
3.3. [bookmark: _Toc188717430]Analytical techniques
High and ultra performance liquid-chromatography tandem mass spectrometry (HPLC-MS/MS or UPLC-MS/MS) are the most commonly used techniques to quantify PFAS concentrations in food items (Iannone et al., 2024; Ogunbiyi et al., 2023). LC-MS-based approaches often use reverse phase separation stationary phase columns or columns with polar functionalized C18 alkyl chains, allowing for better retention of more polar chemicals at the first minutes of elution (Schiavone and Portesi, 2023). These LC-MS typically operate with an electrospray ionization (ESI) mode (Groffen et al., 2022; Lasters et al., 2022; L. Meng et al., 2022; S. Wang et al., 2022), being more sensitive than atmospheric pressure chemical ionization (APCI) and atmospheric pressure photoionization (APPI) (Zacs and Bartkevics, 2016). However, ESI is more susceptible to ion enhancement or suppression caused by matrix effects compared to these other ionization sources (Zacs and Bartkevics, 2016). Another targeted approach includes nano-ESI-HRMS, a high sensitivity, short run time, and low injection volume demanding technique, facilitating the detection of polar molecules, including ultrashort-chain PFAS, which are often underestimated or overlooked in LC-MS (Wu et al., 2022). However, to the best of our knowledge this technique has not yet been applied to food items. GC-MS, albeit used less often, can be applied to analyze neutral and volatile PFAS from food matrices or FCMs (Wolf et al., 2024). Furthermore, High resolution mass spectrometry (HRMS) techniques can be applied as sensitive method for trace analysis of PFAS in complex food matrices, ensuring high sensitivity and selectivity (Barola et al., 2020; Chiesa et al., 2018; Chiumiento et al., 2023; Zacs and Bartkevics, 2016)
Despite the fact that over 7 million PFAS molecules are listed in PubChem (Schymanski et al., 2023), targeted analyses of PFAS typically include panels of only 40 - 50 compounds detected by ESI-MS using isotopically labelled standards. Therefore, non-targeted qualitative methods are needed to close the fluorine mass balance (i.e. a tool used to determine the fraction of fluorine accounted for by known PFAS) as much as possible by measuring the PFAS concentrations that are not targeted in typical panel analyses, including PFAS precursors and polymers, as well as organo-fluorine and inorganic fluorine.
Suspect-screening and untargeted qualitative approaches, typically using LC-accurate mass MS instruments (HRMS) using time-of-flight (TOF) or Orbitrap, provide information on accurate mass and empirical formula for the identification of unknown PFAS. A generalized workflow for the identification of novel PFAS includes the selection of peaks by mass filtering (only in case of suspect-screening), followed by fitting the molecular formula to the exact mass of interest, and then the generation and ranking of structures using MS/MS databases and fragmentation prediction tools (Bletsou et al., 2015). Both data-independent acquisition (DIA) and data-dependent acquisition (DDA) approaches are often used as acquisition mode (Guo and Huan, 2020; Ogunbiyi et al., 2023). In DDA mode, only certain precursor ions are selected, based on their intensity and abundance in full scan mode, and subsequently fragmented one at a time, whereas in DIA mode all selected ions in the mass to charge ratio (m/z) range are fragmented and ionized, allowing a more comprehensive screening and detection of all peaks without inclusion of a mass filter or threshold before injection of the samples into the MS instrument (Ogunbiyi et al., 2023). A second non-targeted approach is suspect-screening analysis, making use of databases with information on the accurate mass, molecular formula and isotopic patterns of potential PFAS candidates (Boisacq et al., 2023; Phillips et al., 2018). Although non-targeted approaches have been used to characterize PFAS contamination in various matrices, including FCM (Boisacq et al., 2023; Liguori-Bills et al., 2023; Ren et al., 2022; Stroski et al., 2024; Vera et al., 2024), they have only been used sporadically to determine unknown, novel PFAS in food items (Kaufmann et al., 2022; Y.-Q. Wang et al., 2022).  
Other qualitative techniques to characterize unknown PFAS in samples include the total oxidizable precursor (TOP) assay, particle-induced gamma-ray emission (PIGE) spectroscopy, fluorine nuclear magnetic resonance spectroscopy (19F-NMR), and determination of adsorbable organic fluorine (AOF) and extractable organic fluorine (EOF) by combustion ion chromatography (CIC). Although, to the best of our knowledge, these techniques have not been applied on food samples yet, some have been used on FCM (Sapozhnikova et al., 2023; Schaider et al., 2017). Seen that they can provide complementary information to targeted, suspect-screening, and non-targeted approaches, these are promising techniques that require further method optimization and validation for food products. 
The TOP assay oxidizes PFAA precursors to PFAA which can be measured using targeted analysis. By measuring the increase in PFAA concentrations before and after TOP assay, an estimate of the concentration of PFAA precursors can be obtained (Ateia et al., 2023). However, this is nothing more than just an estimate because oxidation can be incomplete (Ateia et al., 2023). The chain length of the PFAA after oxidation gives an indication of the minimum chain length of the precursor molecule. Nonetheless, precursors cannot be differentiated based on their functional group as some PFAA precursors are oxidized to the same end product. By using gamma-ray wavelength emissions of fluorine when impacted by a proton ion beam, PIGE can be used to assess total fluorine of materials isolated on a thin surface (Ritter et al., 2017; Schaider et al., 2017). Fluorine-based calibration standards can be used to perform quantification. The downside of this technique is that PIGE cannot distinguish between PFAS groups and chain lengths nor between organic and inorganic fluorine. 19F-NMR can be used to determine total PFAS. The terminal -CF3 moiety provides a unique chemical shift which can be differentiated by 19F-NMR from other organic fluorine signals and inorganic fluorine (Camdzic et al., 2023). The AOF/CIC technique is, like PIGE, not specific to PFAS, but can be used to determine the organofluorine concentration by passing samples through carbon-based sorbents on which organofluorine chemicals adsorb. After removal of inorganic fluorine (which sometimes can be difficult), the sorbent is combusted at high temperatures and the gas, after passing through deionized water, is then analyzed for fluorine by ion chromatography (Wagner et al., 2013). In the EOF method, the extract of the sample is combusted at high temperature to measure the release fluorine using ion chromatography (Miyake et al., 2007). Similar to AOF and PIGE, it does not provide details on the structure nor whether the fluorine is inorganic or organically bound, but the combination of AOF and EOF with CIC makes it possible to estimate the levels of organofluorine compounds (Aro et al., 2022). 
3.4. [bookmark: _Toc188717431]Quality control/Quality assurance (QC/QA)
Thousands of PFAS are registered in databases, and the development of new methodologies is essential to monitor these compounds effectively. However, the analysis of PFAS in various matrices and the related quality assurance (QA) and quality control (QC) measures pose several challenges.
In Europe, most laboratories conducting PFAS analysis follow the "Guidance Document on Analytical Parameters for the Determination of Per-and Polyfluoroalkyl Substances (PFAS) in Food and Feed" issued by the European Union Reference Laboratory for Halogenated POPs in Feed and Food (EURL-POPs) (EURL for halogenated POPs in feed and food, 2024). This document outlines essential guidance on analytical quality assurance, method validation parameters, instrumentation details, and protocols for measuring and reporting results. Furthermore, for drinking water, Member States are required to adhere to the recommendations of the “Technical guidelines on the methods of analysis for monitoring PFAS in water intended for human consumption” (EU, 2024, 2020), describing specific methodologies and analytical requirements to analyze PFAS in drinking water.
A primordial challenge is the limited availability of analytical reference standards (Wang et al., 2023) whether native or isotopically labelled, as accurate detection often depends on the existence of established reference points for comparison. Indeed, analytical reference standards exist only for a limited number of PFAS. Some examples of suppliers are Wellington Laboratories, LGC, Agilent and Restek. 
In addition, the analysis of PFAS is further complicated by the presence of isomers. Indeed, some PFAS are a mixture of linear and branched structural isomers. This is mainly the case for sulfonate PFAS, such as PFOS, where the branched isomers are challenging to quantify. The EU guidance documents have provided approaches to ensure the comparability of the results obtained by different laboratories. To harmonize the quantification, the EURL-POPs recommend quantifying the branched isomers by one of the three following approaches: using (i) an analytical PFOS standard that includes a known ratio of branched and linear PFOS, (ii) a linear PFOS standard and calculating the concentration based on the average of the two mass transitions (m/z 499 → 99 and m/z 499 → 80) or (iii) a linear PFOS standard and calculating the concentration on the parent ion (m/z 498.93022) by HRMS. In the drinking water technical guidelines, it is highlighted that the quantitation of PFAS should include its linear and branched forms (EU, 2024). 
Laboratories aiming to be qualified in PFAS analysis should validate their methods according to the criteria set out in Commission Implementing Regulation (EU) 2022/1428 (described in section B.3.; Methods of analysis: specific performance requirements) and the available guidelines, such as the applicability of the foodstuffs specified in Regulation (EC) No. 1881/2006 (linearity, limit of quantification, recovery, selectivity of the method, specificity, trueness, or precision of the analytical method). Method validation is a crucial process to ensure that a method is suitable for its intended use. Based on the results of the validation, the measurement uncertainty can be determined, which is a crucial parameter when reporting analytical results and evaluating compliance.
Furthermore, it is recommended to include QC parameters during each analysis sequence to evaluate the quality of the data obtained and evaluate potential errors and/or contamination (EU, 2022a, 2009; EURL for halogenated POPs in feed and food, 2024). It is recommended to routinely check the reagent blanks (i.e., procedural blanks, analyzed according to the validated analytical method) to ensure that no contamination has occurred during the procedure or sample injection. If contamination continuously occurs, it should be recorded on a QC chart to plot the occurrence of the contamination over time graphically. It includes statistical control limits that indicate the acceptability or invalidity of the results. In addition, control samples should be used as an internal QC measure and recorded on QC charts. A control sample is a sample that has been fortified with an analyte of known concentration and is used to verify the precision and accuracy of the analytical method. Certified reference materials (CRMs) are ideally recommended for these purposes. However, the availability of CRMs is limited (Pelch et al., 2023; Valsecchi et al., 2013; Zhou et al., 2023), but exists for some matrices like drinking water (e.g. IRMM-428 WATER from Institute for Reference Materials and Measurements (IRMM) and fish (e.g. IRMM-427 PIKE-PERCH from IRMM). When CRMs are not available, materials from successful interlaboratory studies can be used. Participating in interlaboratory proficiency tests (PT) is essential for laboratories involved in chemical analysis. These tests help to ensure that laboratories maintain high standards of accuracy and reliability in their testing methods. For PFAS, different proficiency test schemes are, among others, available at FAPAS Proficiency Testing, ERA Waters, LGC Standards, DRRR or Phenova. Furthermore, the EURL-POPs organizes different PTs focusing on the analysis of PFAS in food, which are commercially available. If PT or reference material is not available, laboratories have alternative options. They can initiate comparisons with other laboratories independently or perform a blind sample test that has been fortified by an external party not involved in the analysis.
In summary, although some guidance documents and directives are available in view of PFAS analysis, significant progress is still required. Specifically, the lack of certain reference materials and standards poses challenges limiting the effectiveness and consistency of testing methods.
[bookmark: _Toc188717432] 3.5 Analytical challenges related to legislation
The analysis of PFAS poses significant challenges, particularly in reaching low LOQ (Brunn et al., 2023; EURL for halogenated POPs in feed and food, 2024; PerkinElmer, 2023; Stecconi et al., 2024) with adequate specificity and selectivity, avoiding contamination, and controlling potential interferences from the matrix.
Lowering the LOQ for ultra-short- and short-chain PFAS, such as trifluoroacetic acid (TFA) (Björnsdotter et al., 2020; Wang et al., 2024) and perfluorobutanoic acid (PFBA) (Stecconi et al., 2024), is mainly complicated due to contamination potentially issued from laboratory equipment or instruments, consumables, and solvents (Björnsdotter et al., 2020; Wang et al., 2024). In addition, contamination can also occur for long-chain PFAS (Nahar et al., 2023) and are visible, for example, in extraction blank samples (Nahar et al., 2023; Organtini et al., 2023) or in the instrumental blanks when issued from the LC instrument, LC solvent or mass-labelled standards (Phomsopha et al., 2022). Although the exact source may differ and remain unknown, it is crucial to take appropriate measures to avoid or drastically reduce laboratory contamination before analysis (Björnsdotter et al., 2020; Liang et al., 2023) to meet the LOQ criteria outlined in the Commission Implementing Regulation (EU) 2022/1428 (EU, 2022a) and Commission Recommendation (EU) 2022/1431 (EU, 2022b). 
Analysis of PFAS is typically conducted by LC coupled to a triple quadrupole mass spectrometer (MS/MS), which offers enhanced sensitivity and specificity due to the detection of multiple MS/MS transitions for confirmation. However, short-chain PFAS like PFBA and perfluoropentanoic acid (PFPeA) suffer from limited fragmentation, yielding only one MS/MS transition and no secondary transitions for verification (Bangma et al., 2023, 2021; Genualdi et al., 2022). This limitation can be resolved by a second analysis on an LC column with different characteristics to confirm the detection of the short-chain PFAS (Ballesteros-Gómez et al., 2010), although this can be time-consuming.
Alternatively, HRMS (Chiumiento et al., 2023; Ogunbiyi et al., 2023) could be applied in which the precision and accuracy of the data can benefit largely from the high level of accurate mass-to-charge (m/z) ratio precision (<5 ppm). However, other issues may arise, such as the lack of sensitivity of hexafluoropropylene oxide-dimer acid (HFPO-DA or GenX) (Brase et al., 2021; Mullin et al., 2019; Vughs et al., 2019) at low concentrations in HRMS due to in-source fragmentation.
Another challenge is the analysis of ultra-short-chain PFAS (e.g. TFA) due to their polar and water-soluble nature, which leads to non-retention on reversed-phase LC columns and inadequate separation (Björnsdotter et al., 2020), something which can be solved by using ion-exchange columns, with superior retention properties for hydrophilic substances, together with optimized mobile phase pH and flow rates (Taniyasu et al., 2008). 
Finally, the matrix in which PFAS are present may also interfere with the analysis. For example, the bile salt taurodeoxycholic acid can compromise the analysis of PFOS in the liver and eggs since these two molecules coelute and share the same MS/MS transitions (Ballesteros-Gómez et al., 2010; Bangma et al., 2023; Benskin et al., 2007; Chiumiento et al., 2023). This issue can be addressed by quantifying PFOS using the other MS/MS transition and identifying PFOS with a HRMS instrument or another LC column with different characteristics.
The trade-off between sensitivity and specificity is a common consideration in analytical chemistry, and researchers must carefully evaluate the analytical requirements of their study to determine the most suitable instrumentation for achieving accurate and reliable results in PFAS analysis. In addition, avoiding and reducing the risk of PFAS contamination during sampling and analysis should be aimed (see below).
Overall, monitoring various PFAS across various matrices is crucial for generating new and up-to-date data and facilitating risk assessment and the establishment of new maximum levels in European legislation, potentially extending to other PFAS or foodstuffs than those currently regulated. However, setting new and lower maximum limits requires laboratories to establish lower LOQ, which in turn requires the development of more sensitive analytical methods to meet the criteria outlined in the regulations. Therefore, it can be concluded that the analysis of PFAS following regulations remains challenging. 
4. [bookmark: _Toc188717433]Mitigation strategies for agriculture
4.1. [bookmark: _Toc188717434]Phytomanagement
Phytomanagement strategies in view of PFAS prevention and/or reduction may vary from soil amendment applications, biological (microbes and/or plants) remediation, crop, and variety selection (adapted to the level of soil contamination and specific crop requirements), etc. In the paragraphs below, some examples and their limitations are described.
Limiting the application of PFAS-contaminated biosolids such as sewage sludge, monitoring, and if needed filtering, irrigation water, and reducing atmospheric deposition to prevent PFAS from entering agricultural land are important steps in phytomanagement. In addition, a key aspect to prevent PFAS accumulation in crops is to reduce PFAS mobility in contaminated soils (Bolan et al., 2021). This can be achieved by adding matrices/substances that can adsorb PFAS present in the soil, such as activated carbon (Navarro et al., 2023), biochar (Ramos and Ashworth, 2024; Sørmo et al., 2021), or organically modified clays (Dong et al., 2024; Mukhopadhyay et al., 2021). If these strategies prove to efficiently limit PFAS uptake by plants, it remains to be assessed if this positive effect is stable over time (see (Navarro et al., 2023)) and what are the long lasting impacts of such amendments on soil health, which is a key aspect of the Mission Soil of the EU Green Deal (EU, 2023b). High-temperature treatments (e.g. pyrolysis) (Alinezhad et al., 2022; Keller et al., 2024) and electrochemical degradation techniques (Mirabediny et al., 2023) have been developed to break down PFAS, but, in addition to being soil-health unfriendly, these methods are energy-intensive and expensive, and are therefore not sustainable to remediate large areas of contaminated agricultural land. 
Remediation strategies based on the exploitation of biological activities suffer from the fact that PFAS are generally very stable and resistant to breakdown, but also because of the complexity of PFAS mixtures in soils. Hence, developing remediation methods based on microbial degradation of PFAS in soil, as have been successfully applied for other organic contaminants (e.g. petroleum hydrocarbons (Chunyan et al., 2023; Wu et al., 2017)), is challenging, as most naturally occurring microbes lack enzymes capable of breaking down the stable carbon-fluorine bonds found in PFAS. However, new approaches in environmental biotechnology are being explored to leverage certain microbial (Berhanu et al., 2023; Smorada et al., 2024) or enzyme-assisted (Harris et al., 2024; Marciesky et al., 2023) processes that may hold promise for biodegradation.
Phytoremediation, using plants to remove, bind or degrade contaminants from soils, is also being explored as a natural and cost-effective alternative way to manage PFAS contamination in agricultural land (Kavusi et al., 2023). Although several studies have reported some success (e.g. hemp (Nason et al., 2024), or grass species (He et al., 2023)), such approaches encounter similar limitations. Indeed, phytoextraction approaches, where the aim is to accumulate PFAS in harvestable parts of the plants (e.g., roots or stems), are limited due to the overall limited uptake and mobility of PFAS in most plant species. In addition, PFAS uptake by plants is chain length dependent, as was mentioned elsewhere. A more favorable outcome is expected for the more mobile short-chain PFAS (e.g. in sunflower and mustard (Nassazzi et al., 2023)). The effectiveness of specific soil amendment applications, including surfactants and desorbing agents, enhancing PFAS mobility is also being examined (Bolan et al., 2021).
A more viable option is to implement phytomanagement solutions (Burges et al., 2018) at the contaminated sites in which a plant cover is used to minimize PFAS movement, preventing wind and water erosion that could otherwise disperse PFAS to adjacent areas or to underground water (Evangelou and Robinson, 2022). If the applied plant species  limits the accumulation of PFAS in above-ground tissues, the plant biomass can then be valorized for non-food applications, such as biomaterials or energy, restoring some economic values to heavily contaminated agricultural land. 
Another effective strategy for minimizing PFAS contamination in cultivated crops is selecting plant species or varieties that naturally limit PFAS uptake and translocation to edible tissues. Since PFAS uptake and translocation vary widely among plant species (as described elsewhere), selecting crops with lower bioaccumulation potential (e.g., cereals grains instead of leafy vegetables) for cultivation on marginally contaminated soils can help in reducing the risk of PFAS entry into the food chain. Furthermore, natural variation in the extent of PFAS uptake and accumulation within crop species (e.g. Yu et al., 2021, 2018) could be exploited to identify varieties with lower PFAS-uptake risk, and potentially initiate selective breeding programs (Xiang et al., 2019). 
In summary, mitigating PFAS contamination in agriculture is complex due to the persistence and mobility of PFAS in various environmental compartments and to the high variability of PFAS uptake and translocation observed among plant species and PFAS molecules themselves. Therefore, a comprehensive PFAS management strategy in agriculture should typically combine several approaches, i.e., soil amendment application, biological (microbes and/or plants) remediation, crop and variety selection, adapted to the level of soil contamination and specific crop requirements. Although these offer promising future directions for PFAS remediation, much work is still required to design efficient and cost-effective phytomanagement solutions. Tailoring these approaches to specific agricultural contexts will furthermore be essential to minimize the negative impact of PFAS on food safety and to support sustainable farming practices in affected areas.
4.2. [bookmark: _Toc188717435]Reduction of livestock exposure
As described elsewhere, farm practices and housing conditions may have a substantial impact on the concentrations of PFAS in livestock and may thus also support exposure reduction. To gain a better insight into the most optimal risk assessment and management strategies, both the farm information, e.g., housing conditions, and environmental monitoring data should be available. For example, provided that the quantification and detection limits are below relevant health-based criteria for PFAS, identification of PFAS in very low environmental concentrations or PFAS with short half-lives are unlikely to have a large influence in the risk assessment of a specific contaminated site (Mikkonen et al., 2023). 
There are currently few mitigation strategies available to reduce PFAS contamination already present in affected livestock. To identify the food-safety risks of PFAS contamination of livestock, the concentrations of PFAS in the tissues should be compared to the maximum levels according to regulation (e.g., Table 1 for European maximum levels) or to the indicative levels above which further investigation into the causes of the contamination should be undertaken by EU Member States (Table 2). However, these levels are based on concentrations of PFAS in meat and offal, meaning that animals have already been slaughtered then and that attempts to reduce the PFAS concentrations in those animals by managing the livestock is no longer possible. Only for the remaining, living part of that livestock this can be aimed. Using tissue partitioning coefficients and half-time elimination information, acceptable serum concentrations for cattle meat (based on the maximum tolerable levels according to regulation) can be calculated. These acceptable serum levels can then be compared with reported livestock serum levels from PFAS-contaminated sites(Mikkonen et al., 2023). Then, by using clearance models, the duration of depuration needed to achieve the acceptable levels can be estimated (Mikkonen et al., 2023). 
There are multiple ways to minimize exposure of livestock, of which most primarily focus on remediation of soil and water, being the basis of the animal food chain. Each technique has its own pros and cons, and all require further monitoring. The conventional and emerging remediation technologies for soil and water have been reviewed elsewhere (Concawe, 2024; Mahinroosta and Senevirathna, 2020; Ross et al., 2018; Wanninayake, 2021).
The uptake routes for livestock have been described elsewhere. Regarding risk assessment and mitigation, the determinants of PFAS exposure in livestock should be addressed as measures on the level of such factors (e.g., foraging/grazing and animal feed, dust, substrate, and bedding) can help to reduce exposure. For example, a positive association between clay fraction in the outdoor substrate of a chicken enclosure and PFAS concentrations in the chicken eggs has been reported (Lasters et al., 2023). In addition, the presence of earthworms in the soil was considered a significant determinant of presence of PFAS in chicken eggs. To reduce exposure via these sources, it has been recommended to introduce a sandy soil which reduces PFAS adsorption to this sandy layer as well as the amount of earthworms present in the soil (Lasters et al., 2023). The number of sources and types of drinking water (e.g., tap water, rainwater, surface water, etc.) should be considered as PFAS concentrations may vary across the different types. Finally, PFAS contamination in the feed, and substrates/bedding should be monitored. As some animals may spend a substantial amount of time in feedlots prior to slaughter, a reduction in the exposure to the feedlots compared to the pastures allows to estimate the depuration timeframes needed to achieve acceptable levels for human consumption (Mikkonen et al., 2023). 
5. [bookmark: _Toc188717436]Case studies
5.1. [bookmark: _Toc188717437]PFAS levels in Belgian food
In 2021, the federal research institute for public health, animal health and food safety in Belgium (Sciensano) launched in Belgium the project FLUOREX ‘Exposure assessment of perfluoroalkyl substances as a follow-up on the concerns raised in the recent opinion of EFSA’, financed by the Federal Public Service Health, Food Chain Safety and Environment, Contractual Research (FLUOREX, RF 21/6350) (Van Leeuw et al., 2024a). The PFAS selection (25 molecules in total) included the four regulated PFAS (PFOS, PFOA, PFNA, PFHxS), other carboxylate-PFAS (C4-C14), sulfonate-PFAS (C4-C13), and PFAS substitutes (DONA, F53B minor and major forms and HFPO-DA) based on Recommendation (EU) 2022/1431 (EU, 2022b) and Regulation (EU) 2023/915 (EU, 2023a). First, a comprehensive sampling yielded 283 samples, reflecting all beverages and foods relevant for PFAS exposure and Belgian consumption habits. Next, the selected samples were analyzed with validated methods using an Orbitrap Q Exactive (LC-HRMS, Thermo), thereby taking into account the QC measures from the EURL guidance (EURL for halogenated POPs in feed and food, 2024). It should be noted that these methods are very sensitive, with most of the LOQs, defined as the lowest validated level, ranging from 0.002 to 0.05 ng/g, depending on the compounds and matrices considered.
With this very sensitive analytical method, widespread PFAS contamination in various foodstuffs was demonstrated. It should be noted that water samples were not included (Van Leeuw et al., 2024b). Although approximately 57 % of the samples contained none of the 25 studied PFAS, about 23 % contained only one PFAS, 15 % between 2 to 5 PFAS and less than 5 % between 6 to 11 PFAS (Figure 5). 
[image: ]
Figure 5. Overview of the percentage of PFAS detections in the samples (out of 25 PFAS in total) (FLUOREX project) (Van Leeuw et al., 2024a, 2024b).
PFOS was the most frequently detected compound (19% of the samples), followed by PFOA (15%). Nine PFAS were below the LOQ (i.e., PFTeDA, PFPeS, PFHpS, PFDS, PFUnDS, PFDoDS, PFTrDS, Minor F53B, HFPO-DA) in the samples. For the food commodities considered, at least one PFAS was quantified in 74 %, 68 %, 60 % and 57 % of the fish, vegetables, water, and composite dishes samples, respectively (Figure 6). No PFAS were detected (i.e., above the LOQ) in the nine egg samples independently of their origin (caged, free-range, organic), neither in five seasonings and sauces nor in three sugar and confectionery. The average relative contribution of the four regulated PFAS to the sum of the 25 analyzed PFAS was 53 %, ranging from 0 % to 100 %. In 35 samples (i.e., about 28 % of the samples with detected PFAS), mainly plant-based products, only the most short-chain PFAS (< 7 carbons) other than those regulated were found (PFBA, PFPeA, PFHxA, PFHpA and PFBS). For animal-based products, PFOS was mostly detected and, specifically for fish and other seafood and game animals, also carboxylic molecules with long chains (8-13 carbons) (PFOA, PFNA, PFDA, PFUnDA, PFDoDA and PFTrDA) were detected.
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Figure 6. Percentage of foodstuffs on the Belgian market that contains PFAS. Made with Microsoft PowerPoint. Results of the FLUOREX project (Van Leeuw et al., 2024a, 2024b).
As for the concentrations reported, the total concentration for the 25 PFAS analyzed in this study ranged from <LOQ to 5.4 µg/kg. Individual detections higher than 1.0 µg/kg were found for PFOA, PFUnDA and PFTrDA (maximum of 2.9 µg/kg) in crab samples, PFOS in grey shrimp and PFBA in red pepper.
Only one sample among the regulated categories (see regulation section) exceeded the maximum levels set by the Commission Regulation (EU) 2023/915 (EU, 2023a), i.e. the crab sample from the Irish sea with a PFOA content of 1.2 µg/kg. Furthermore, indicative levels are mentioned in Recommendation (EU) 2022/1431 (EU, 2022b) for several groups, meaning that further investigation of causes of the contamination are recommended to be carried out when the levels are exceeded. Seven samples of vegetables, mainly from Belgium (5/7), and one  fruit (also from Belgium) exceeded the indicative level of 0.01 µg/kg for PFOA in fruits and vegetables, with a maximum concentration of 0.20 µg/kg in oyster mushrooms. 
Despite the detection of many PFAS in food items and beverages from Belgian supermarkets, only very few exceedances of the maximum acceptable levels were reported. On the other hand, the concentrations in home-produced vegetables, fruits and chicken eggs are often much higher than those reported for items bought in supermarkets, especially close to PFAS sources and hotspot areas. This is not only the case in Belgium (Colles et al., 2022; Consortium UAntwerpen, VITO, PIH, UHasselt en VUB, 2023; Lasters et al., 2024, 2023, 2022), but also in other countries across the globe (Dimitrakopoulou et al., 2024; Scher et al., 2018). Although speculative, this is likely caused by the less controlled and regulated environment (e.g., housing of hens) compared to food destined for supermarkets. 
5.2. [bookmark: _Toc188717438]Effect of food processing in fish
Amongst others, the fate of PFAS during food processing varies depending on the PFAS compound (subclasses, subgroups, individual PFAS compounds (e.g., long-chain versus short-chain), the processing process(es) applied, the food matrix and the edible species (ITRC Per- and Polyfluoroalkyl Substances Team, 2023). In addition, transformation of polyfluorinated PFAS or precursors occurs in certain circumstances, leading to other PFAS contamination profiles in food matrices before and after processing, as well as temporal and/or spatial differences in occurrence of PFAS (ITRC Per- and Polyfluoroalkyl Substances Team, 2023).
Most studies on the effect of food processing on PFAS focused on (i) the compounds PFOS and/or PFOA, (ii) migration from food contact materials and/or (iii) fish. In addition to studies being scarce, the results are also often inconclusive, more specifically about whether losses or increases of certain PFAS compounds occur. Studies on changes on the level of bioaccessibility/-availability of PFAS due to cooking/processing are especially scarce. Some examples of studies that addressed the topic of the impact food processing may have on the behavior and fate of PFAS specifically in fish are listed below (non-limitative). Migration aspects from contact materials are not included here but were discussed before. Most available studies on the impact of food processing on PFAS concerned fish, an important contributor of dietary exposure to PFAS (EFSA Panel on Contaminants in the Food Chain (EFSA CONTAM Panel) et al., 2020), though with inconsistent results. 
In 2014, Bhavsar et al. (2014) reported increasing PFOS concentrations during cooking of fish fillets, but largely unchanged total amounts of PFOS. The cooking method used or the fish species itself appeared to lead to minor changes. Their observations did thus not confirm the earlier findings of Del Gobbo et al. (2008) who found cooking by baking, boiling and frying 18 fish species to reduce perfluorinated acids (PFAA) with baking having the largest effect (and even no longer detectable when baked for 15 min at 163 °C). In contrast, Vassiliadou et al. (2015) reported generally increased PFAS concentrations in most cases due to water evaporation after frying or grilling of fish/shellfish. Cooking  seafood by steaming appeared to have different outcomes depending on the fish species and PFAS compound (though not consistently related to the compounds’ chain length) (Barbosa et al., 2018). For instance, in mussels, PFDA was found to be no longer detectable after steaming, while PFBA significantly increased. In contrast, in skipjack tuna, a significant increase of PFTrDA and PFDA was observed, in contrast to a significant decrease of PFUnDA, PFDoDA and PFOS as a result of cooking by steaming. Taylor et al. (2019) found PFAS concentrations not to be reduced in a consistent way by cooking (boiling, frying, and baking) seafood. For instance, while PFOS, PFOA, and PFHxS doubled in concentration after boiling of prawns, boiling of Blue Swimmer crab did not significantly change the PFOS concentration but halved those of PFHxS and PFOA. After cooking (boiling, baking, frying), PFAS appeared to be liberated to oil and water; the authors suggested mass loss during cooking to be responsible for increased concentrations. Sungur et al. (2021) studied the impact of cooking method (boiling, baking, frying), cooking oil (olive, sunflower) and cooking time (10, 15, 20 min) on the level of PFOS and PFOA in eight fish species. The decrease after cooking was as follows: frying>boiling>baking, with the highest reduction (70% to 86% for PFOA and 82% to 89% for PFOS) when frying in sunflower oil for 20 minutes. According to the authors, fish species did not seem to play a significant role. In their systematic review and meta-analysis, Vendl et al. (2022) highlighted the reduction of PFAS concentrations due to thermal processing (cooking) of fish. They found PFAS reduction to be favored when cooking for longer times and using larger relative volumes of cooking media, as well as a stronger decrease of shorter chains PFAS in oil-based cooking compared to PFAS with longer chains. Also, Chen et al. (2023) stated that cooking by means of boiling or frying could efficiently decrease PFAS in seafood whereas Wei et al. (2024) recommends including water-based cooking methods to minimize PFAS health risks.
Some studies focused on one fish or seafood species. For example, Kim et al. (2020) observed a reduction of the total PFAS content when grilling (91%), steaming (75%), frying (58%), and braising (47%) mackerel fillets. However, variation among the different PFAS also appeared to be the case with a significant effect for some cooking methods for some compounds, though not for all. Braising (with seasoning) together with potato decreased PFAS content in fish even more but increased it in potato. Pretreatment by washing decreased the PFAS content by 74% on average, though not significantly further when increasing the washing frequency. Pretreatment of 15 minutes soaking in liquid also reduced the PFAS concentrations, i.e., by 51% when using sake and by 80% when using rice-washed solution. PFBA and PFTrDA remained present after all pretreatments assessed. Unfortunately, not all EFSA-4 compounds were present in the naturally contaminated fish sample and therefore, risks could not be evaluated in this study. Also for grass carp, the effect of boiling, steaming, grilling and frying on the levels of PFAS was studied (Hu et al., 2020). While concentrations (ng/g wet weight) of short-chain PFAS decreased, those of long-chain PFAS increased in cooked fish fillets. Expressed as amounts (ng) of PFAS, these decreased in cooked fish fillets except for PFOS. In the cooking juice, short-chain PFAS were dominant with the highest amounts of PFBS after boiling and frying. 
In addition to the results obtained for fish cooking, also the majority of processes used for preparing traditional whale foods (beluga blubber) gave inconsistent results as to their influence on the concentrations of PFAS (Binnington et al., 2017). Roasting increased the concentration of certain PFAS (through solvent depletion) whereas the solid-liquid phase separation during ageing depleted some ionogenic PFAS from the lipid-rich liquid oil phase. Only one literature source reported changed bioaccessibility of PFAS (PFOS and PFUnDA) when cooking seafood, i.e. a generally higher bioaccessibility percentage (Alves et al., 2017). 
6. [bookmark: _Toc188717439]Summary
The chapter focuses on the occurrence, analysis, and mitigation of PFAS in food. PFAS are synthetic compounds widely used for their durability and surfactant properties in industrial and consumer products, but their persistence in the environment leads to bioaccumulation in food chains and potential health risks. Key sources of PFAS in food include environmental contamination through soil, water, and air, uptake by crops and livestock, and migration from FCMs. Factors like soil properties, plant species, and PFAS chain length influence their uptake and accumulation in crops, while livestock exposure primarily occurs through contaminated feed, water, and soil.
Analytical challenges for PFAS include obtaining low detection limits, reducing contamination risks, and addressing matrix interferences. Advanced methods like LC-MS/MS and LC-HRMS are employed, though specific issues persist with short-chain PFAS and complex food matrices. QC measures, such as participation in PTs and the availability of CRMs, are essential for reliable analysis. Despite progress, gaps remain in analytical standards for emerging PFAS and untargeted screening methods to capture their wide diversity.
Mitigation strategies in agriculture include soil amendments (e.g., biochar, activated carbon) to reduce PFAS mobility, phytoremediation using plants to extract, capture and retain PFAS, and selective breeding of crop varieties with low bioaccumulation potential. For livestock, exposure can be minimized by managing contaminated soil, water, and feed sources and employing risk assessment frameworks to estimate acceptable PFAS levels in animal products. However, current remediation methods for heavily contaminated sites remain energy-intensive and costly.
Case studies, such as PFAS levels in Belgian food, reveal widespread contamination with significant variation based on food type and source. Short-chain PFAS are more prevalent in plant-based foods, while animal-based products like fish show higher levels of long-chain PFAS. Food processing can alter PFAS levels, with some methods potentially reducing the concentrations of certain PFAS, though results are inconsistent across studies.
This chapter underscores the need for more sensitive analytical techniques, PFAS-occurrence data, comprehensive regulations, and innovative remediation approaches to address PFAS contamination. Future research should prioritize developing standards for novel PFAS, improving risk assessments, designing sustainable mitigation strategies for agriculture and food production to enhance food safety and environmental protection and monitoring presence of PFAS in varying food and beverage types.
7. [bookmark: _Toc188717440]Future trends
Targeted analysis approaches are typically insufficient to cover all different types of PFAS that are potentially present in food items. Therefore, there is a need for analytical methods to sensitively screen a broader range of PFAS to get a better estimation on the fluorine mass balance. Furthermore, targeted analyses now typically focus on a small number of PFAS as analytical standards for the majority of PFAS are still lacking. Therefore, there is a need to synthesize new and relevant analytical standards in order to develop and optimize targeted methods that would enable identification of these novel PFAS, including ultrashort-chain PFAS, in food items, the confirmation of non-target screening data, as well characterization of the health risks posed by these novel PFAS by using them in (eco)toxicity tests. To comply with regulatory changes, more sensitive analysis methods, with proper QA/QC procedures, are required. Furthermore, maximum acceptable levels of many PFAS are still missing and risk assessment for these emerging PFAS is required to finetune and establish regulations. Another option would be to define RPFs for a larger number of PFAS, which can then be used to determine PFAS concentrations based on toxicity equivalents to, for example, PFOA, which is regulated. The downside of this approach may be that RPF values can be highly variable depending on the toxicity endpoint and that concentrations of PFAS equivalents, based on one endpoint, are then compared to maximum acceptable levels that were defined based on other toxicological endpoints. Finally, more research concerning remediation and mitigation strategies is needed to reduce crop and livestock exposure, and thus contribute to food safety.
8. [bookmark: _Toc188717441]Where to look for further information
· Interstate Technology and Regulatory Council (ITRC) online document on PFAS (https://pfas-1.itrcweb.org/) 
· European Union Reference Laboratory for Halogenated Persistent Organic Pollutants in Feed and Food (EURL POPs). https://eurl-pops.eu/ 
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