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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.
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1. Introduction

The broad category of hundreds of synthetic chemicals known as per- and polyfluoroalkyl 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 harmful effects on human health . 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 . In addition, PFASs can be classified in different families :

perfluoroalkyl substances and polyfluoroalkyl 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.
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Figure 1. Classification of PFASs major groups.

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  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 , show the increasing interest around PFAS over time on the net, where searches in the last

two decades (from January 2004 to the current year) have exponentially grown.

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)) .
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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 , 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.

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).

Like other chemical, PFAS are potentially capable to have an adverse effect on human health  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.  found that

perfluorooctanoic acid (PFOA) and perfluorohexane sulfonic acid (PFHxS), even at lower levels than previously

reported , may diminish fecundability.

Grandjean et al.  underlined the possible need for a specific protection for infants and children, in particular in

relation to their immune system. Abraham et al.  demonstrated 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.  demonstrated changes in PFAS levels in human milk during breastfeeding

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.
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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 . 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 . 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, PFNA, PFHxS, and PFOS . In 2022, the European

Union Reference Laboratory for Persistent Organic Pollutants (EURL-POPs) 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 .

2. 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 .

Laine et al.  addressed, beside PFOA, PFHxA as a potential ecotoxicological compound for the freshwater

microbial community. Statistical analysis showed that both PFOA and PFHxA at elevated doses considerably

modified the composition of the microbial community. Moreover, statistical analysis demonstrated 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.

An important factor to consider is the trophic transfer and bioaccumulation of PFAS. The study made by Cara et al.

 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
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studies is a noteworthy finding. The most likely cause is the PFOS and PFOA phase-out performed by 3M in 2000

. Several studies demonstrate a steady decline in PFOS levels throughout the biota.

Li et al.  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.

 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.  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.  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.  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 chemical structure. Solan et al. 

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 susceptible 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.  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.  showed for the first time a link between PFAS concentrations in
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serum and thrombograms of a panel of young and middle-aged persons in Asia, particularly in Taiwan. Moreover,

for PFOS and PFOA, concentrations were higher than the 50th percentile, while the average number of platelets

was at its lowest.

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.
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