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Abstract: This review is a survey of recent advances in studies concerning the impact of poly- and
perfluorinated organic compounds in aquatic organisms. After a brief introduction on poly- and
perfluorinated compounds (PFCs) features, an overview of recent monitoring studies is reported
illustrating ranges of recorded concentrations in water, sediments, and species. Besides presenting
general concepts defining bioaccumulative potential and its indicators, the biodistribution of PFCs
is described taking in consideration different tissues/organs of the investigated species as well as
differences between studies in the wild or under controlled laboratory conditions. The potential
use of species as bioindicators for biomonitoring studies are discussed and data are summarized
in a table reporting the number of monitored PFCs and their total concentration as a function of
investigated species. Moreover, biomolecular effects on taxonomically different species are illustrated.
In the final paragraph, main findings have been summarized and possible solutions to environmental
threats posed by PFCs in the aquatic environment are discussed.

Keywords: polyfluorinated compounds; perfluorinated compounds; perfluoroalkylic compounds; PFC;
ecotoxicity; biomagnification; bioconcentration; environmental impact; pollution; fluorine chemicals

1. Introduction

The peculiar physicochemical properties of fluorinated organic molecules have opened
the way to their large diffusion since the second half of the last century [1]. In particular,
organic molecules containing several fluorine atoms along the carbon skeleton, such as poly-
and perfluoroalkyl substances (PFAS), have been applied as refrigerants, foam-blowing
agents, fire suppressors as well as in fluoropolymeric textiles, paints, and materials for their
oil- and water-resistant features [1–3]. Together with their industrial diffusion, this family
of chemicals, which includes more than 5000 highly fluorinated aliphatic compounds, has
found different applications also in consumer products, from cookware and carpets to
food-packaging and electronics [2,4].

In this review, we will use the acronym PFCs referring to poly- and perfluorinated
compounds where the fluorine atoms are located in different parts of the considered
molecule (including alkylic moieties), while the term PFAS will be used to indicate a
subclass of PFCs consisting only of poly- and perfluoroalkyl substances.

Unfortunately, the initial underestimation of their environmental impact, together
with their large use has caused in the last decades an increased level of environmental
contamination from poly- and perfluorinated compounds (PFCs), and in particular from
PFAS. In fact, due to the chemical stability of the C-F bond, PFAS are resistant to degrada-
tion and represent one of the major classes of persistent organic pollutants (POPs) diffused
in the environment [5,6]. However, their environmental behavior, bioaccumulation, and
toxicological activity, usually follow different paths compared to other widely studied
POPs (e.g., organochlorine and organobromine compounds) [7]. The class of PFAS includes
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perfluoroalkylic acids (PFAA), with perfluoroalkanoic carboxylic acids (PFCA) and per-
fluoroalkane sulphonic acids (PFSA) being the most frequently studied compounds [8].
In the new millennium, research activities of laboratories, regulatory authorities, and in-
dustry have converged to classify, monitor, and regulate these pollutants to contrast their
environmental impact [9].

These activities include the assessment of the qualitative state of the environment,
measured by ecological bioindicators to evaluate the stressful influence of PFAS, particu-
larly in aquatic environments. To minimise the impact of PFAS in aquatic ecosystems and
along trophic networks, it is essential to verify their presence in various environmental
matrices [1,10–13] and to study their effects on organisms [8,14–19].

For the determination of PFAS in aquatic organisms, several studies have been car-
ried out and more sensitive, rapid, and robust extraction and analytical methods have
been recently developed [20–24]. Moreover, literature on PFAS environmental impact is
continuously foraged by new research on their bioconcentration [25], health effects [26],
human exposure, and legal regulation [8]. The purpose of this review is to provide an
organized overview of the impact of PFAS, with a specific focus on aquatic biota, evaluated
through studies on biomonitoring, determination of contamination and biodistribution
profile, evaluation of their bioaccumulative potential, assessment of biomolecular effects
caused by these pollutants, and their aquatic half-life. A critical analysis of literature
data is illustrated in each relevant section and summarized in the conclusive paragraph
highlighting unresolved issues and offering a perspective view for future research.

The fate of PFAS after their release into the environment depends on their transport,
partitioning, and transformation processes and its assessment is crucial to define measures
to contrast their impact. Due to atmospheric and oceanic transport PFAS have been found
in areas far away from the source of contamination [27,28] thus, nowadays, open waters
and their sediments are considered relevant pools of these persistent pollutants [3,29–31].

The PFAS transport cycle depends on the structure and physicochemical properties of
the substance itself as well as on several environmental conditions, including the content
of organic carbon, temperature, salinity, and concentration of atmospheric oxidants in the
aquatic environment [32,33]. Despite PFAS and their precursors could be subjected to a
variety of environmental and biological transformations in different compartments [34,35],
they possess a substantial bioaccumulation potential that varies between individual organ-
isms and species and depends both on the mechanisms of active transport of the organisms
and on the nature of the different PFAS compounds [36,37].

Assessing the environmental fate of PFAS is crucial to evaluate the risk of exposure, to
such persistent pollutants, of animals up to the apex of the trophic network, especially con-
sidering that intake often occurs through ingestion. In fact, in addition to exposure linked
to contamination of the physical environment (air, water, soil), the direct ingestion of a con-
taminated food significantly increases the assimilation of the pollutant [38–46]. For humans,
other routes of PFAS intake are possible through direct exposure to the polluted environ-
ment (e.g., inhalation of dust or atmospheric particulate from industrial sources) [38,47–52]
in addition to the ingestion of contaminated beverages and food, including wild and
farmed seafood [1,53–55]. For instance, a very recent study based in Tanzania has reported
a PFAS contamination level in fish and seafood that would expose humans up to a three-
fold amount of perfluorooctanesulfonic acid (PFOS), with respect to the tolerable dose,
under the regular fish consumption regimen of 0.016–0.027 kg/capita/day [55]. A similar
study, taking into account the contamination of flathead mullet (Mugil cephalus), Atlantic
mackerel (Scomber scombrus), and European plaice (Pleuronectes Platessa), hake (Merluccius
merluccius), and sea bass (Dicentrarchus labrax), has reported PFAS contamination levels that
were above the tolerable daily intake for toddlers’ diet in Italy [56]. In this context, despite
the Organization for Economic Cooperation and Development (OECD) has identified more
than 4500 PFAS-related substances [57], only a few of them (<20) are regularly analysed and
monitored, thus underestimating the real exposure to PFAS. For example, the percentage
of unidentified organofluorine compounds may range from 30 to 90% of the total extracted
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fluorinated substances in wildlife animals or marine mammals [58,59]. Additionally, it
is important to remark that the levels of seafood contamination due to the conservation
and transformation processes increase with the market demand of such products [60] thus,
considering the diffusion of PFAS in the environment, constant and extensive monitoring
of PFAS contamination is required to guarantee food safety to the consumers.

2. Solubility, Persistence and Aquatic Half-Life of PFCs

The solubility of PFCs and their bioavailability as freely dissolved substances in either
salty or freshwater play an important role in possible deviations between the nominal and
measured (under controlled experimental conditions) concentrations of the investigated
substance, posing the risk of potential underestimation of the toxic effect PFCs [61]. Indeed,
a slow dissolution process could lead to a slow accumulation and metabolization as well
as to an increase in the half-life of PFCs (due to the replacement of consumed PFC by
newly dissolved PFC). In this context it is important to highlight that, in addition to the
high absorption rate of PFCs in organic matter dispersed in water and aquatic species, the
ubiquity and persistence of PFCs in water, e.g., about 40 and 90 years for perfluorooctanoic
acid (PFOA) and PFOS, respectively, make these molecules difficult to eradicate [62,63].
Inside an aquatic organism, the half-life can depend on the type of metabolism and is
more sensitive to the type of functional groups. For instance, the presence of sulfonic or
carboxylic acid moieties can increase the half-life of the substance (regardless of the carbon
chain length) [63]. The half-life, is also affected by the type of isomer, as seen for PFOA’s
and perfluorononanoic acid’s (PFNA) isomers in rainbow trout [64]. In general, the half-life
and the rate of elimination from the aquatic organism of the different PFCs vary according
to: (i) the type of PFC and the levels of exposure concentration; (ii) the species and sex of
the organism; (iii) the type of predominant path of intake in the bloodstream (e.g., aqueous
or dietary); (iv) the organs or tissues involved (e.g., gills or intestinal wall); and (v) the
experimental design under controlled conditions.

Regarding the type of exposure, a shorter PFOS half-life (11–17 days) was recorded
in fish fed with contaminated food compared to half-life recorded after aqueous expo-
sure (29–35 days) [65]. Interestingly, PFAS kinetics were faster in northern leopard frog
(Rana pipiens) tadpoles, where the half-life ranged from 1.2 to 3.3 days for all investigated
chemicals: PFOS, perfluorohexanesulfonic acid (PFHxS), PFOA, and 6:2 fluorotelomer
sulfonate (6:2 FTS) [66]. Furthermore, particular attention and should be paid to bio-
transformation processes since PFCs metabolites could have longer half-lives than their
precursors, thus representing new candidates for biomonitoring [13].

The elimination times of PFCs also depend on the size of the organisms and its diet,
a factor that is crucial in the biomagnification processes since a chronic dietary intake
of PFCs is possible as the trophic level rises. For instance, the half-life of PFOS was
5 months in dolphins [67], 12–15 days in rainbow trout [32], and 29–31 days in marbled
flounder (Pseudopleuronectes yokohamae) [68]. Similarly, in juvenile rainbow trout, depura-
tion half-lives ranged from 3 to 43 days and increased with the number of perfluorinated
carbons present in the chemical, while the bioaccumulation decreased in the following
order: PFSAs > PFCAs > perfluoroalkyl phosphonic acid (PFPAs) showing preferential
partitioning into blood and liver [69].

Surprisingly, for wild species, the observed half-life of PFCs is longer, probably due to
the continuous status of pollution of the environment. For example, the 50% clearance of
PFOS from whole fish was greater than 100 days [29,36].

In this context, also the production of chemical alternatives to PFCs does not represent
a viable solution to the threats posed by PFCs impact. For instance, the half-life of 6:2
chlorinated polyfluorinated ether sulfonate (F-53B) (a fluorinated compound alternative to
PFOS) ranged around 10 days in zebrafish larvae indicating a high persistence potential in
aquatic organisms [70].
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3. Bioaccumulative Potential

The environmental impact of PFAS-related pollution is amplified by PFAS stability
which leads to serious risks of bioaccumulation in animals belonging to the higher rankings
in the trophic network, especially for aquatic organisms [11,12]. Recently, a European sur-
vey of persistent toxic substances in seafood has been reported evaluating potential threats
to public health due to their assimilation [41]. For this reason, it is important to evaluate
the bioaccumulative potential of such persistent pollutants as a function of the species,
their diet, and living environment, considering both wild [12] and farmed species [46]. In
this context, it is important to understand if PFAS contamination in a given species derives
from a phenomenon of either direct (absorption or ingestion) or indirect (biomagnification)
assimilation. It is, therefore, crucial to define the various indicators (and the differences
among them) that allow for an overall assessment of the bioaccumulative potential. In fact,
despite the unique definitions of such indicators by the European Chemical Agency [71]
and other researchers in the field [72–75], the bioconcentration, bioaccumulation, and
biomagnification factors are not always determined in the same research work, making it
difficult to compare results between different studies. In this review, we are attempting to
organize and discuss recent literature and compare results from different studies according
to concepts illustrated in Figure 1 for bioconcentration (BCF), bioaccumulation (BAF),
biota–sediment accumulation (BSAF), biomagnification (BMF), and trophic magnification
(TMF) factors, and to the following definitions and equations.
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Bioconcentration factor (BCF)
The BCF is intended to evaluate the uptake of a substance through chemical exposure,

with the exclusion of dietary intake. The determination of BCF requires controlled condi-
tions of exposure, is determinable in a laboratory, and takes into account only respiratory
uptake which is governed by the kinetic constant kRespiratory. On the other hand, elimina-
tion processes (faecal egestion, metabolic biotransformation, gill elimination, and grow
dilution) are taken into account by the cumulative elimination kinetic constant kElimination.
Thus, BCF is defined as the ratio between the kinetic constant of respiratory uptake and
that of elimination (Equation (1)).

When the concentration of the chemical species in a specific tissue or specimen
([Substance]Organism) reaches a constant value (i.e., stationary state or plateau) after prolonged
exposure to the chemical substance, due to the balance between the uptake and the elimination pro-
cesses, BCF can be measured according to Equation (2) where: [Substance]Organism is expressed
as a “weight of substance”/“weight of wet sample” ratio using either mg/kg (ppm) [71]
or g/kg units [72]; [Substance]Water is the concentration of the chemical species freely
dissolved in the water to which the organism is exposed (surrounding medium)—thus
excluding precipitated or adsorbed chemicals in sediments—and expressed as a “weight of
substance”/“volume of the medium” ratio using either mg/L (ppm) [71] or g/L units [72].

BCF (L/kg) = kRespiratory/kElimination (1)

BCFSS (L/kg) = [Substance]Organism/[Substance]Water (2)
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Bioaccumulation factor (BAF)
Differently from BCF which requires controlled conditions and excludes the contribu-

tion of dietary intake, the BAF expresses the bioaccumulation of a substance in an organism
through all possible routes of exposure, including diet, where the dietary uptake is gov-
erned by the kinetic constant kDietary. Thus, BAF can be defined according to Equation (3)
where [Substance]Diet, if known under controlled conditions, is the concentration of the
investigated chemical in the diet, expressed as mg/kg. BAF can be measured, after a sta-
tionary state is reached, according to Equation (4). Under controlled laboratory conditions,
the stationary state is reached when [Substance]Organism reaches a plateau without further
variations. For experiments in the field, the stationary state is assumed to be reached at
the moment of monitoring. It is important to remark that, although measured through the
same items (see Equations (2) and (4)) BAF and BCF cannot be determined in the same
experiment since BCF excludes dietary intake of the investigated chemicals (i.e., animals
are fed with uncontaminated food) while BAF considers dietary intake whether it is known
under controlled conditions ([Substance]Diet) or unknown (in the field measurements).
Differences between BCF and BAF are conceptually crucial since these two factors could be
confused one for the other due to the similar way of determining them under stationary
conditions [71–75].

BAF (L/kg) = (kRespiratory + kDietary [Substance]Diet/[Substance]Water/kElimination (3)

BAFSS (L/kg) = [Substance]Organism/[Substance]Water (4)

Biota–sediment accumulation factor (BSAF)
Another, although less common, measurable potential of bioaccumulation in the field

is the biota–sediment accumulation factor (BSAF). This descriptor expresses the relationship
between the concentration of the test substance in the organism and the concentration of
the test substance in sediments [72] and can be determined according to Equation (5)

BSAF = [Substance]Organism/[Substance]Sediment (5)

Biomagnification factor (BMF)
Different from bioconcentration and bioaccumulation processes that involve a single

type of tissue or organism, the biomagnification process refers to the increased concentra-
tion of a toxic chemical along the food chain, e.g., between prey and its predator. If the
diet of the predator consists of only one type of prey, BMF can be determined, either in the
field or under controlled conditions in the lab, according to Equation (6) as the ratio of the
concentration of a substance in the predator organism [Substance]Predator with that found
in its prey [Substance]Prey [73].

BMF = [Substance]Predator/[Substance]Prey (6)

Additionally, by considering the definitions of BAF and BCF above, BMF could be
evaluated also according to Equation (7) [73].

BMF = BAFPredator/BAFPrey (7)

If the diet of the predator is variable, BMF can still be calculated under controlled
conditions in the lab at the steady-state [71,72]. For instance, “dietary BMFs” may be
determined in laboratory experiments according to Equation (8) by placing the monitored
organism in uncontaminated water and exposing it to the investigated substance uniquely
through the organism’s diet [75].

BMF = [Substance]Organism/[Substance]Diet (8)
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Conversely, under variable diet, the determination of BMF in the wild could be more
difficult and, in these cases, the use of the trophic magnification factor (see below) would
be more appropriate.

Trophic magnification factor (TMF)
While BMF considers biomagnification from one level of a trophic chain to the next

higher level (i.e., contiguous species in the trophic network), TMF is used to identify
the biomagnification process over an entire food chain or part of it [72]. In particu-
lar, empirical TMFs are deduced from field measurements, represent a weighted aver-
age of BMF over several trophic levels [75], and can be determined from the slope of
log10[Substance]Organism vs. the position (n) of the organism in the trophic chain or calcu-
lated according to Equation (9) [7,74].

Log10 TMF = (log10[Substance]Organism n − log10[Substance]Organism 1)/(n − 1) (9)

The determination of all of the above factors can be affected by choosing to determine
concentrations using either wet or dried weights of the organism/tissue samples. Addi-
tionally, the tendency of organic chemicals to accumulate in lipid/proteic tissues should
be taken into account by lipid/proteic normalization [75]. In the case of PFAS, which
are considered proteinophilic substances, the proteic normalization can be performed by
dividing the chemical concentration by the protein percentage of the animal or of the organ
under examination [75,76].

If significant concentrations of a chemical substance are found in biota in remote areas,
the above bioaccumulation descriptors can be used to assess the substance’s persistence, in
particular for possible long-range transport.

In general, a substance fulfils the bioaccumulation criterion when the BCF or BAF
in aquatic species is higher than 2000 (log10 BAF or log10 BCF > 3.3) and is considered as
“very bioaccumulative” when the BCF or BAF exceeds 5000 (log10 BAF or log10 BCF > 3.7).
On the other hand, with regard to BMF or TMF, values greater than 1 are considered
significantly high [71].

3.1. Bioaccumulation Data

Many studies show that in strongly anthropized environments the above cited em-
pirical descriptors meet the criteria to define PFCs as bioaccumulative substances [25,77]
although, for specific substances such as PFOA, values of BCF and BAF are not always
above the bioaccumulative threshold [71]. Since any of the bioaccumulative factors is deter-
mined based on a specific organism/tissue and can be evaluated in various geographical
areas, it is important to analyse data from different studies to define the bioaccumulative
potential of a specific polyfluorinated organic substance. For these reasons, in the following
paragraphs, bioaccumulation studies are grouped based on the monitoring conditions as
studies in the natural environment or under controlled experimental conditions.

3.1.1. Bioaccumulation in the Wild

Since the bioaccumulative potential depends on the physicochemical properties,
branched, linear, and differently functionalized PFCs show different affinities for tissues
and organisms [33].

Bioaccumulation in Aquatic Flora

Despite the high bioaccumulation potential of PFCs and the intrinsic residential
nature of the flora, there are only few PFCs bioaccumulation studies concerning either
micro or macro aquatic flora. In one of these studies conducted in the Xiamen Sea area, the
calculated BFC for kelp algae (Thallus laminariae) had a range of 2900–4600 L/kg for PFOS
and 6700–14,300 L/kg for PFOA. For the latter, the calculated BCF was higher than that
of the fauna investigated [78]. Conversely, lower BFC values (approximately 1000 L/kg)
were found in the benthic algae of Michigan rivers (United States) [79]. Finally, high
BAF values were calculated for floating plants in Lake Baiyangdian [80]. In particular,
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the log10 BAFs for PFOS, PFOA, PFNA and perfluorodecanoic acid (PFDA) were 3.0–4.1,
1.9–3.7, 2.9–4.4, and 3.2–4.2, respectively [80]. The values of the bioaccumulation factors of
the above studies are similar to those calculated for aquatic fauna (see below) suggesting
that PFCs may have similar (if not higher) bioaccumulation potentials for flora that should
be further investigated.

Bioaccumulation in Aquatic Fauna

In general, long-chain PFCs have a higher bioaccumulative potential in biota than
short-chain ones as observed in Asan Lake (South Korea) where PFDA and PFOS showed
a log10 BAF value > 3.0 in fish species [81].

In the Xiamen Sea area, the BCFs calculated with the quantity of PFAAs in different
trophic levels of aquatic animals ranged from 6400–9700 L/kg to 3300–8000 L/kg for PFOA
and PFOS, respectively [78].

High BAF was determined also in wild crucian carp (Carassius carassius) collected
from the Yubei River (China), with an average log10BAF values of 3.06 (in muscle) and 4.14
(in blood) for p-perfluorononenoxybenzenesulfonate (OBS) similar to the log10BAF values
recorded for PFOS in the same species [82].

In a recent study considering 19 different PFAS, the analysis of seawater, sediment,
and biota (Ruditapes philippinarum) allowed to determine both a log10BAF range of 2.53–4.32
and a log10BSAF range of 1.30–2.50 the Jiaozhou Bay coast area (China) [83]. Interestingly,
these bioaccumulation factors correlated with the number of carbons in the PFAS chain
with log10BAF increasing with the carbon chain length, whereas the log10BSAF values
decreased with the carbon chain longer than C8 [83] since longer chained compounds
would have a higher affinity for sediments.

A trophic transfer has also been detected in the Antarctic ecosystem. In particular,
BMF values of perfluorobutyric acid (PFBA), perfluoroheptanoic acid (PFHpA), PFHxS,
and PFOS between Archaeogastropoda and Neogastropoda ranged between 0.7 and 3.3
and indicated that short-chain PFAS may not be biomagnified along the food chain [84].

Biomagnification phenomena have been evaluated also in Gironde Estuary (France)
based on PFCs concentrations found in mysids and copepods with BMF > 1 for PFOS,
perfluorooctanesulfonamide (FOSA), and long-chain perfluorinated carboxylic acids (PF-
CAs) [85]. Trophic magnification was also proven in urban river environment (Orge,
France) with values of TMFs > 1 for C9–C14 PFCA, C7–C10 PFSAs and several PFAAs such
as sulphonated fluorotelomers 8:2 and 10:2) [86].

3.1.2. PFAS Uptake under Controlled Experimental Conditions

Studies conducted under controlled conditions are important to understand which
PFC is the most accumulated and to understand the differences in bioaccumulation between
different species and tissues. In recent research work, some benthic fish (Pseudogobius sp.)
were fed, for three weeks, with food contaminated with either PFOA, PFOS, or ammonium
2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoate (GenX). After a period of 42-day
purification, the assimilation of PFOA was low (22%) corresponding to a low BMF of 0.021.
Conversely, linear PFOS showed a much higher assimilation rate of 60% with BMF of 0.346,
while GenX did not accumulate in the fish during exposure [65].

In zebrafish (Danio rerio) exposed to 10 µg/L of radiolabelled perfluorooctanoic acid
(14C-PFOA), a BCF ranging between 20 and 30 was observed [87].

Zebrafish larvae exposed to three different concentrations of three PFAS, the deter-
mined BCFs were 113–193 for PFOS, 125–358 for F-53B, and 20–48 for OBS with different
level of effects recorded on larvae’s development [88].

In amphibians (Rana pipiens, Anaxyrus americanus, and Ambystoma tigrinum) BCF
value observed for PFOS (BCFs = 47–259) was greater than that recorded for PFOA
(BCFs = 0.46–2.5) [89]. Similarly, in tadpoles of R. pipiens exposed for 40 days to three
different concentrations of PFOS, PFHxS, PFOA, and 6:2 fluorotelomer sulfonate (6:2 FTS)
the PFOS, showed higher accumulated levels with BCF ranging from 19.6 to 119.3 while
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other PFAS had BCF < 1.0 [66]. A similar trend was observed also for BAF and BSAF
recently calculated on R. pipiens larvae where PFOS bioaccumulated at a higher rate than
PFOA and where BSAF was up to two orders of magnitude lower than BAF [90].

Even higher bioaccumulation potential was observed in Holothuria tubulosa exposed
to 6 PFAS at a concentration of 1 ppm where the log10 BAF ranged from 0.45 (for perfluo-
robutanoic acid (PFBuA) to 5.52 (for PFOS) in gonads and from 1.11 (for PFBuA) to 5.54
(for PFOS in the intestine). The log10 BSAF ranged from 1.1 (for PFOA) to 2.28 (for PFOS)
in gonads and from 0.87 (for PFOS) to 3.56 (for PFOA) in the intestine [91].

As suggested by several protocols, generally the exposure times are about 28 days or
until the steady-state is reached, this condition varies according to the elimination rate and
half-life of the chemical in question.

Since the uptake of PFAS can be reached between 22 and 38 days, several organisms
can accumulate these pollutants in the natural environments, considering a long time of
exposure, thus creating potential problems of biomagnification and, in general, threatening
the health of the ecosystems and organisms that are part of it.

As can be seen in the above studies, the values of bioaccumulation potentials calcu-
lated for field studies are generally higher than those obtained under controlled conditions.
The reason for this difference may be that, unlike laboratory experiments, in nature lower
concentration levels and longer exposure times favours the uptake of contaminants in
organisms for which they have a higher affinity (compared to water). In this way, the or-
ganisms would be able to tolerate the increasing bioaccumulation of the pollutant, without
reaching definitively the stationary state because of the open system of the environment in
which they live.

These experiments, if integrated with molecular–biological approaches, could provide
clear and exhaustive information about this emerging environmental threat. For example,
recent studies of predictive toxicology based on innovative computational methods have
evaluated the differences between some species in the binding affinity between per- and
polyfluoroalkyl substances (PFAS) and liver fatty acid-binding protein (LFABP) finding
similar PFAS bioaccumulation potentials for the investigated organisms. The evaluation
showed that rainbow trout, humans, rats, and chickens have similar binding affinities
for each PFAS, while medaka fish had a significantly weaker binding affinity for some
PFAS [92]. It is therefore important to combine different types of experiments for the
evaluation of bioaccumulation potentials and, in this context, molecular dynamics analysis
opens the way of using computational tools to simulate or support studies where the
sampling of rare or endangered species would be difficult.

4. Biomonitoring PFAS in Aquatic Biota
4.1. Biomonitoring PFAS in Aquatic Flora

Compared to the number of studies regarding the presence of the PFCs in the fauna
(see below), biomonitoring data concerning aquatic flora are very few. One of these was
conducted in Michigan rivers and showed that the benthic algae had concentrations of
PFOS, FOSA, PFOA, and perfluorohexanesulfonic acid (PFHS) of: 2.6–3.1, <1, <0.2, and
<2 ng/g, respectively [79]. Conversely, in the Xiamen Sea area, investigations on Kelp
algae (Thallus laminariae) showed concentrations of 1.64–4.36 ng/g for PFOA and 1.42–3.58
for PFOS while the total PFAS concentration levels, [PFAS]TOT, ranged between 8.15 and
12.98 ng/g [78]. Finally, in the floating plants Ceratophyllum demersum L., Hydrocharis dubia
(Bl.) Backer, and Salvinia natans collected in Lake Baiyangdian (China) high concentration
levels of total PFCs (median value of 19.2 ng/g) were recorded with a prevalence of PFOA
(max value of 10.4 ng/g) and PFNA (max value of 20.1 ng/g) followed by PFDA, PFOS,
and perfluoropentanoic Acid (PFPeA), while PFHpA, perfluorobutanesulfonic acid (PFBS),
PFHxS were not detected [80].



Int. J. Mol. Sci. 2021, 22, 6276 9 of 26

4.2. Biomonitoring PFAS in Aquatic Fauna

Aquatic organisms that live in contaminated environments (natural or artificial) tend
to accumulate the pollutant more than water in which they live and in particular, PFAS in
an aquatic organism can be transferred from the contaminated water, food or suspended
sediment [81]. As already mentioned, although there may be a different biodistribution
of the different PFAS in the different tissues and species, one of the common factors
that play an important role in biota contamination lies in the geographical origin, of the
analysed organisms. It is known that PFAS contamination levels of organisms caught
in waters affected by anthropogenic pollution are generally higher than concentrations
in organisms from open oceans [93–95]. This correlation is highlighted in an important
mollusc aquaculture area Bohai Sea (China) where PFAS contamination was verified in
different species of molluscs sampled in the various mussel farming with higher levels of
contamination in samples taken near industrial areas [95].

For example, in the same sampling area located in the Cantabrian Sea (North Spain),
near ports, sewage effluents, and wastewater, much lower total PFAS concentration
levels [PFAS]TOT were found in seawater (0.06 to 10.9 ng/L) compared to sediment
(0.01–0.13 ng/g) and mussels (0.01–0.06 ng) [96]. Similarly, in the Orge river (France),
the [PFAS]TOT in seawater (73 ng/L) and in sediment (8.4 ng/g) were much lower than that
found and in fish (Leuciscus cephalus) that ranged from 43.1 to 4997.2 ng/g; with a maximum
log10 BAF values recorded for perfluorododecanoic acid (PFDoA) in the following order:
plasma (6.7), liver (5.7), gills (5.7), gonads (5.5), and muscle (5) [97].

Another study near the wastewater area in Lake Tana (Ethiopia), showed that the
averages of [PFAS]TOT were 2.9 ng/L for surface water, 0.30 ng/g in surface sediment,
and 1.2 ng/g in all fish species [98]. A similar trend was observed in Vietnam where
[PFAS]TOT in water (near discharge canal) was 107 ng/L. This represents the greatest
recorded [PFAS]TOT in these types of research, although remaining three orders of mag-
nitude lower than [PFAS]TOT in biota samples [99]. In the same way, in Jiaozhou bay
coast (China) analyses of 35 PFAS carried out in seawater, sediment, and biological sam-
ples (Ruditapes philippinarum) showed, respectively, the following concentration range:
21.1–38.0 ng/L, 0.459 to 1.20 µg/kg, and 15.5–27.5 µg/kg [83].

In addition, significant differences in PFAS levels and composition profiles were found
between the type of analysed samples. For example, in Lake Baiyangdian (China) the most
abundant PFC in water was PFOA (1.70–73.5 ng/L), while in sediments and in aquatic
animals the most abundant PFC was PFOS which was detected with a concentration range
of 0.06–0.64 ng/g and 0.57–13.7 ng/g, respectively [80].

The levels of PFAS in wild sea bass Dicentrarchus labrax were higher (PFOS:
112–12,405 ng/kg; PFOA: 9–487 ng/kg) than those farmed. Interestingly, among farmed sea
bass species, intensively farmed fishes showed lower PFAS values (PFOS: 11–105 ng/kg;
PFOA: 9–51 ng/kg) compared to those extensively farmed [56].

This unexpected result was also supported by a study performed in 246 fishes and
fishery products collected in various aquatic environments in the Netherlands where
[PFAS]TOT was higher in eels (43.6 ng/g) followed by shrimps (6.7 ng/g), marine fish
(seabass) (4.5 ng/g), and farmed fish (e.g., trout, catfish, turbot, salmon, tilapia, pangasius)
(0.06 ng/g) [100]. These studies agree with others where farmed fish showed lower PFAS
contamination than freshwater or marine fish [101–103].

The reason for these results, which appear to contrast with the common expectation of
a wild environment being less contaminated than a farmed habitat, may lie in the transport
of pollutants through vectors by ocean currents or undetected sources of pollution. These
transport phenomena can cause greater contamination in areas further away than those
closest to industrial activities. For example, in the Antarctic ecosystem significant levels
of PFAS have also been found in areas far from potential sources of contamination (e.g.,
[PFAS]TOT = 4.97 ± 1.17 ng/g in Neogastropoda) [84].

Consistent with what was previously reported, for the complete assessment of the
contamination status in an area, it is necessary to analyse the content of the pollutant
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in any the organisms or their environment, and to acquire other information about the
ecosystem (biotic and abiotic components). However, since such monitoring could be
difficult during the screening of wild environment, research should focus on one or more
specific bioindicator species.

Ideally, the latter should respond to certain characteristics such as: being common
and easy to sample, provide a high response in the presence of toxicants, show tolerance
and resistance to environmental variability, and possess a reduced mobility—e.g., sessile
species (for the evaluation of restricted spatial contamination), etc. [104,105]. In this way,
although generally higher values are found in organisms living in the areas of the most
contaminated areas, some species bioaccumulate more than others for example because
the pollutant enters more easily into them for direct assimilation linked to their feeding
behaviours (e.g., filter feeder) or for indirect assimilation (biomagnification) connected to
their position (top) of the food chain (e.g., predators).

Indeed, PFAS bioindicator species already provide much information on the quality
of an environment, and the concentrations found in their tissues reflect (albeit with much
higher values) the levels of environmental contamination from PFAS [106].

Therefore, an overview of the [PFAS]TOT values found in various aquatic organisms
sampled in different countries is reported in Table 1.

Table 1. Number of monitored PFCs (PFAS) and their total concentration as a function of investigated species in different
locations in wild environment.

Fish Location in Wild Samples Analysed 1 [PFAS]TOT (ng/g) Ref.

Red seabream
(Pagrus major)

China
Seawater Muscle Σ9 PFAS: 0.04–2.14 [107]

Chameleon goby
(Tridentiger trigonocephalus)

China
Seawater Muscle Σ6 PFAS: 10.97–12.93 [78]

Baltic cod
(Gadus morhua)

Baltic Sea
Seawater Liver Σ28 PFAS: 6.03–23.9 [108]

Shortfin mako shark
(Isurus oxyrinchus)

Greece
Seawater Muscle, Gills, Heart Σ15 PFAS: 3.2–10.3 [109]

Angular roughshark
(Oxynotus centrina)

Greece
Seawater Muscle, Liver Σ15 PFAS: 17.9–85.1 [109]

Giant devil ray
(Mobula mobular)

Greece
Seawater Muscle, Gills Σ15 PFAS: 1.5–4.4 [109]

Smalltooth sand tiger
(Odontaspisferox)

Greece
Seawater Gills, Liver Σ15 PFAS: 62.2–65.4 [109]

Bigeye thresher
(Alopias superciliosus)

Greece
Seawater Muscle, Gills, Liver, Heart Σ15 PFAS: 3.1–48.1 [109]

Sharpnose sevengills shark
(Heptranchias perlo)

Greece
Seawater Muscle, Gills, Liver, Gonad, Heart Σ15 PFAS: <LOQ-35 [109]

Bluntnose sixgills shark
(Hexanchus griseus)

Greece
Seawater Muscle, Gills, Liver, Gonad, Heart Σ15 PFAS: 1.1–66.3 [109]

Blue shark
(Prionace glauca)

Greece
Seawater Muscle, Gills, Liver, Heart Σ15 PFAS: 0.3–15.5 [109]

Atlantic croaker
(Micropogonias undulatus)

South Carolina
Seawater Whole fish Σ11 PFAS: 15.2–21.3 [110]

Red drum
(Sciaenops ocellatus)

South Carolina
Seawater Whole fish Σ11 PFAS: 11.3–66.1 [110]
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Table 1. Cont.

Fish Location in Wild Samples Analysed 1 [PFAS]TOT (ng/g) Ref.

Spot
(Leiostomus xanthurus)

South Carolina
Seawater Whole fish Σ11 PFAS: 14.7–67.8 [110]

Spotted seatrout
(Cynoscion nebulosus)

South Carolina
Seawater Whole fish Σ11 PFAS: 17.3–85.4 [110]

Striped mullet
(Mugil cephalus)

South Carolina
Seawater Whole fish Σ11 PFAS: 6.2–20.7 [110]

Yellow croaker
(Larimichthys polyactis)

China
Freshwater Liver, Muscle Σ8 PFAS: 8.99–87.9 [111]

Mandarin fish
(Siniperca chuatsi)

China
Freshwater Liver, Muscle, Eggs Σ8 PFAS: 3.02–51.2 [111]

Crucian Carp
(Carassius carassius)

China
Freshwater Muscle Σ8 PFAS: 3.15–4.09 [111]

Crucian Carp
(Carassius carassius)

South Korea
Freshwater Muscle Σ19 PFAS: 17.6 ± 10.0 [81]

Common Carp
(Cyprinus carpio)

South Korea
Freshwater Muscle Σ19 PFAS: 50.6 ± 71.6 [81]

Grass carp
(Ctenopharyngodon idellus)

China
Freshwater Muscle Σ6 PFAS: 8.87–10.66 [78]

Barbel steed
(Hemibarbus labeo)

South Korea
Freshwater Muscle Σ19 PFAS 16.7 ± 2.7 [81]

Bass
(Micropterus salmoides)

South Korea
Freshwater Muscle Σ19 PFAS: 40.3 ± 13.7 [81]

Bass
(Micropterus salmoides)

China
Freshwater Muscle Σ8 PFAS: 3.02 [111]

Bluegill
(Lepomis macrochirus)

South Korea
Freshwater Muscle Σ19 PFAS: 32.4 ± 11.0 [81]

Skygager
(Chanodichthys dabryi)

South Korea
Freshwater Muscle Σ19 PFAS: 30.5 ± 25.3 [81]

Tilapia
(Oreochrommic niloticus)

Vietnam
Freshwater Liver, Muscle Σ13 PFAS: 0.5–10.6 [99]

Stripped snakehead
(Chana striata)

Vietnam
Freshwater Liver, Muscle Σ13 PFAS: 0.18–1.01 [99]

Dusky sleeper
(Eleotris fusca)

Vietnam
Freshwater Whole body Σ13 PFAS: 0.92 [99]

Shark catfish
(Pangasius elongatus)

Vietnam
Freshwater Whole body Σ13 PFAS: 0.3 [99]

Flying barb
(Esomus danricus)

Vietnam
Freshwater Whole body Σ13 PFAS: 0.91 [99]

Ninespine stickleback
(Pungitius pungitius)

Alaska
Freshwater Whole body Σ31 PFAS: 3.66–15.6 [112]

European eel
(Anguilla anguilla)

Netherlands
Freshwater Muscle Σ16 PFAS: 4.7–172 [100]

Crustacea

Ghost crab
(Ocytopode stimpsoni)

China
Seawater Soft tissues Σ6 PFAS: 7.8–10.47 [78]

Hermit crab
(Clibanarius infraspinatus)

China
Seawater Soft tissues Σ6 PFAS: 7.73–8.06 [78]



Int. J. Mol. Sci. 2021, 22, 6276 12 of 26

Table 1. Cont.

Fish Location in Wild Samples Analysed 1 [PFAS]TOT (ng/g) Ref.

Asian paddle crab
(Charybdis japonica)

Vietnam
Freshwater Soft tissues Σ13 PFAS: 0.61 [99]

Giant prawn
(Macrobrachium rosenbergii)

Vietnam
Freshwater Soft tissues Σ13 PFAS: 0.24–0.58 [99]

Shrimp
(Palaemon longirostris)

France
Estuarine areas Whole body Σ22 PFAS: 4.5 ± 1.2 [85]

Brown shrimp
(crangon crangon)

France
Estuarine areas Whole body Σ22 PFAS: 11 ± 2 [85]

Mysid shrimps
(Mysidacea, ind.)

France
Estuarine areas Whole body Σ22 PFAS: 7.2 ± 2.0 [85]

Copepods
(Copepoda, ind.)

France
Estuarine areas Whole body Σ22 PFAS: 2.9 ± 0.8 [85]

Zooplankton
(Copepoda, Cladocera)

Italy
Freshwater Whole body Σ12 PFAS: 7.6 [113]

Mollusca

Shell fish
(Ruditapes philippinarum)

China
Seawater Soft tissues Σ19 PFAS: 15.5–27.5 [83]

Oyster
(Cassostrea gigas)

China
Seawater Soft tissues Σ6 PFAS: 12.45–12.76 [78]

Quagga mussels
(Dreissena bugensis)

Belgium
Freshwater Soft tissues Σ15 PFAS: 21.88 [114]

Asian clam
(Corbicula fuminea)

Belgium
Freshwater Soft tissues Σ15 PFAS: 20.79 [114]

Golden clam
(Corbicula fluminea)

Vietnam
Freshwater Soft tissues Σ13 PFAS: 0.73 [99]

Golden apple snail
(Pomacea canaliculata)

Vietnam
Freshwater Soft tissues Σ13 PFAS: 0.22–0.6 [99]

Mammalian

Killer whales
(Orcinus orca)

Greenland
Seawater liver Σ36 PFAS: 614 ± 49 [58]

Harbor seals
(Phoca vitulina)

Sweden
Seawater liver Σ36 PFAS: 640 ± 51 [58]

Ringed seals
(Phoca hispida)

Sweden
Seawater liver Σ36 PFAS: 536 ± 43 [58]

1 Values (ng/g) reported the total PFAS concentration indicated as average, average ± standard deviation, or min–max concentration
ranges. The symbol Σ precedes the number of PFAS contributing to the total concentration.

The concentration levels of the PFAS correlate differently with the various tissues,
based on the affinity of the individual PFAS for the different matrices, species due to the
different intra- and interspecific physiological metabolic mechanisms of absorption and
elimination of the pollutant.

On this basis, the values of bioaccumulation factors would provide a deeper insight
of the affinity of a given PFC towards specific tissues. Not all the biomonitoring studies
discussed above contain information about bioaccumulation factor and values reported in
the literature are discussed below as a function of the type of tissues.

A value of BFC ranging between 8160–9680 L/kg for PFOA and 6430–7960 L/kg for
PFOS was recorded in Grass carp muscle from the Xiamen freshwater area [78]. On the
other hand, in saltwater, soft tissues of Ocypode stimpsoni showed a BCF of 6490–7440 L/kg
for PFOA and 3270–4240 L/kg for PFOS, while in soft tissues of Ostrea gigas BCF ranged
between 6410–9680 (PFOA) and 4180–6430 L/kg (PFOS) [78]. In Jiaozhou Bay (China) soft
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tissues of saltwater clam (Ruditapes philippinarum) showed log10BAF between 2.53–4.32 for
all 19 types of PFAS detected with values positively correlated with carbon chain length
(C8–C13) [83]. Conversely, high values of log10BAF were calculated for small crustacean
(mysids and copepods) in France estuarine area. In particular, in the whole body, the highest
value was detected for L-FOSA (4.1 for copepods and 4.9 for mysids), confirming the great
threat of PFCs due to their bioaccumulation (and biomagnification) potential also in small
organisms [85]. Conversely, a biomonitoring screening conducted on different aquatic
organisms and tissues in Vietnam, reported that BCF values in seven fish species were
always higher in the liver (max BCF value found in tilapia for heneicosafluoroundecanoic
acid (PFUnDA) of 142,764 L/kg followed by PFDA of 22,953 L/kg, PFDoA of 7729 L/kg,
and PFOS of 3551 L/kg) than in the muscles (max BCF value found in tilapia for PFUnDA
of 9169 L/kg) and the whole body (max BCF value found in dusky sleeper for PFNA of
1627 L/kg) [99]. On the other hand, in the same study, BCF values were higher in bivalves’
soft tissues (max BCF value found in golden freshwater clam for PFHxS of 2781 L/kg)
than in crustaceans (max BCF value found in paddle crab for PFHpA of 1523 L/kg) and
gastropods (max BCF value found in golden applesnail for PFHxS of 1606 L/kg) [99]. These
reported bioaccumulative potential data are coherent with the evidence emerged in the
recent review of Burkhard [25] where differences in BFC values between different PFCs,
aquatic organisms and tissues are reported.

5. Biodistribution and Contamination Profile

The distribution and contamination profile of PFAS in the aquatic organism is con-
sistent with the results of previous studies, which showed that the distribution can be
affected by different variables such as environmental contamination specific metabolism
and diet [98,115,116]. Therefore, besides differences due to geographical location, it is im-
portant to remark that biodistribution studies must compare species as close as possible to
each other, since the diet, and physiological mechanisms are intrinsically different between
different species.

5.1. Contamination Profile

A study comparing fishes with different nutritional behaviour showed that herbiv-
orous and omnivorous fishes, such as Labeobarbus intermedius, Oreochromis niloticus, and
Clarias gariepinus, contained a higher proportion of short-chain PFAS with respect to pisciv-
orous fishes Labeobarbus megastoma and Labeobarbus gorguari. The latter, however, contained
an overall higher total PFAS concentrations and a higher proportion of long-chain PFAS
with respect to non-piscivorous species [98]. Conversely, a higher percentage of long-chain
PFAS has been recorded for the PFCs contamination profile in the plasma of the threatened
herbivore manatee of the West Indies (Trichechus manatus) [117]. The contamination profile
could change also depending on the sampling site, even when belonging to the same area.
For instance, a study on molluscs from the semi-closed basin of the Bohai (China) and
investigating the presence of 23 PFCs, showed differences between aquaculture sites and
more restricted areas with PFOA being the more abundant component (87% of the total
PFAS) showing a very high frequency of detection (i.e., percentage of samples where PFOA
has been detected) of 98%, followed by PFNA, perfluorodecane sulfonic acid (PFDS) and
PFOS [95]. Indeed, the most frequently detected PFCs in various tissues of aquatic or-
ganisms are long-chain PFAS such as PFOS [56,58,115,117–119] and PFOA [78,83,95]. This
frequency is particularly important when referred to organisms that are directly consumed
by humans or by endangered species. A worryingly study focusing on the analysis of
11 PFAS in different edible fish species sampled in South Carolina (mullet, croaker, spot,
red drum, seatrout, and flounder), showed that the concentrations of PFOS were between
25.5–69.6% of the total detected PFAS, with values exceeding the threshold limits allowed
for food consumption [110].

The concentration levels of a specific PFC in the different tissues of the same species
(e.g., PFOA in the liver of species A vs. PFOA in plasma of species A) are usually correlated.
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However, this correlation may lack for the same PFC analysed in the same organs of
different species (e.g., PFOA in the liver of species A vs. PFOA in the liver of species B). This
may be partially due to the differences in species and tissue-specific proteins, circulation
mechanisms, depuration pathways, and feeding behaviour among the species [115]. For
example, PFOS accounted for 87.6% of the total PFCs in minnow eggs, whereas it only
accounted for 42.6% of the total fluorinated compounds in white shrimp eggs [115]. The
same also applies to phylogenetically close species, and for [PFAS]TOT, in a recent work,
for example, considering the same marine area but different species (of mollusc) analysed,
[PFAS]TOT showed the following trend: clams > mussels > scallops > peels > oysters [95].

In general, individuals of the same species from different sampling sites should
accumulate PFAS in the same proportion thus reflecting PFAS contamination of their local
habitat. For example, in crab Ocytopode stimsoni the ratio between PFOA and PFOS found in
tissues was the same as that found in water and sediment from the two different sampling
areas in Xiamen [78].

However, this correlation between PFCs contamination in the organism and its habitat
does not always occur since a given organism could be selective in the type of uptaken
PFAS thus presenting a different contamination profile compared to the collection site. For
example, despite the predominance of PFOS compared to PFOA in water and sediments of
two sampling areas of Xiamen, the oyster Cassostrea gigas shows higher PFOA concentration
levels than PFOS) [78]. Similarly, in biomonitoring research conducted in Vietnam, the
concentrations of PFOA and PFOS in water were dominant compared to the other 11 PFAS;
however, in the biological samples of various organisms analysed, PFUnDA showed to
be more present, in particular in the liver of the tilapia fish [99]. Additionally, in the
west coast of Korea, biomonitoring screening on fish showed higher PFAS levels than
crabs, gastropods, and bivalves; however, the different affinity of PFHpA and PFOS
for the organism did not allow to reproduce in the organism the same contamination
profile of the environment due to different bioaccumulative factors of the investigated
PFCs [120]. For this reason, it is very important to validate any biomonitoring study
by determining the significance of the correlation between the level of contamination
(e.g., total PFAS) of the organism as a signal for environmental contamination and the
profile of contamination (e.g., the contribution of each PFC to the contamination). While a
contaminated organism is generally a reliable indicator of a contaminated site, the profile
of contamination of the organism would represent that of the environment only in the case
of similar bioaccumulative factors of the different contaminants.

5.2. Tissues Biodistribution

Besides bioaccumulating differently between species, PFCs are also variably dis-
tributed among the different tissues of the same organism generally based on the type of
PFC intake. It is noteworthy that in exposure experiments through contaminated food,
the highest concentration levels were recorded in the liver followed by blood and kidneys;
while in aqueous exposure studies, higher concentrations were found in the blood followed
by the kidneys and liver [65] (Figure 2).

In a study on sharks, PFASs were found at different concentration levels in the fol-
lowing order: gonads > heart > liver > gills > muscle [42,99]. Likewise, in European chub
(Leuciscus cephalus) tissues, PFCs accumulation level followed the order: plasma > liver >
gills > gonads > muscle [97]. In Danjiangkou reservoir and Hanjiang river (China), different
fish species and tissues were analysed showing a higher concentration of PFAS in the liver
and egg than in the muscles of the same individuals [111]. Additionally, in Vietnam, two
species of fishes showed greater contamination of PFCs in the liver rather than in the
muscles [99]. Similarly, PFAS contamination in various tissues of fish caught from lakes
in the Alpine area was observed to be at a higher concentration in the blood and liver
with respect to than found in the muscles [23]. In Taihu Lake (China) an investigation of
different tissues of various aquatic organisms showed the highest concentration of PFASs
in the liver and eggs while the lowest was in muscle [115].
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In an experiment on zebrafish exposed to 14C-PFOA, autoradiograms confirmed the
highest labelling of PFOA in bile, intestine (an enterohepatic circulation of PFOA), and in
the maturation of vitellogenic oocytes [87].

Within the same organism, the pollutant is distributed differently in the different
tissues, influencing their physiological conditions and often leading to biomolecular effects
that negatively affect the individual. Therefore, biodistribution studies represent a major
concern for the health of exposed animals since most of the organs or tissues having the
major affinity for PFCs accumulation are involved in vital functions.

6. Effects of PFCs Exposure

The effects of perfluoroalkylic emerging pollutants are worrying since they involve
the functionality of several organs and are generally more severe with increasing time of
exposure and concentration of the contaminant [8,26,38,121]. Compared to the effects of
PFCs studied in humans, the biomolecular effects shown in aquatic organisms are more
subject to controlled laboratory conditions, derive from a variety of experiments, and thus
represent a wider panorama of possible consequences to PFCs exposure [16,17,87,122–132].
Furthermore, although the human or mammalian model in general [18] may be far from
the other animal models considered for these experiments, it is also known that aquatic
organisms have long provided valuable information for the study of basic biological
processes [133] showing also biomolecular responses similar to humans [134].

In addition, research on aquatic organisms is useful for safeguarding the balance
of the ecosystems and for evaluating adverse and potential effects (e.g., biomolecular,
physiological, toxic: cytotoxic, genotoxic, embryotoxic, etc.) on all species that are part of
the studied trophic network.

In this context, it is important to analyse the data concerning the toxicity descriptors,
EC50, LC50, and IC50, defined below.

An EC50 (effective concentration) an estimate of the concentration of a toxic substance
that is required to produce an observed effect (endpoint) in 50% of the group of organisms
exposed to the substance. An LC50 (lethal concentration) is a special case of the EC50 in
which the recorded effect or endpoint is the death of the organism [135,136].

Finally, the IC50 (inhibitory concentration) is the concentration of the chemical com-
pound required for the inhibition of the process or biological component of 50% of the
group of organisms exposed to the substance [135].

On these bases, all the effects reported below have been organized and presented as a
function of the studied aquatic organisms.

6.1. Algae

The primary producers in the trophic network are usually plants and algae that
constitute the first level of the food chain. Therefore, it is important to verify the effects
of perfluorinated compounds in plant or algal organisms. In fact, besides consequences
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on the same plant organisms, bioaccumulation of PFCs in plants and algae can have an
impact on the individuals who feed on them or onto any organism linked with their system
of ecological relationship. Parameters to be considered when assessing ecotoxicity in
macrophytes can include root elongation rates, growth inhibition, and photosynthesis.

For instance, the aquatic toxicity of seven PFAS (PFBA, 2,2,3,3,4,4,5,5-Octafluoro-1-
pentanol (5H 4:1 FTOH), PFOA, PFNA, PFDA, perfluoroundecanoic acid (PFUnA) and
PFDoA) was observed to determine the effect on the elongation of the roots of the seeds of
Lactuca sativa (EC50 range: 0.14–4.19 mM) and on the photosynthesis of Pseudokirchneriella
subcapitata (EC50 range: 0.39–4.85 mM). Results showed that toxic effects are more severe
with the length of the fluorinated carbon chain except for PFBA in P. subcapitata [137].

A similar correlation emerged in a toxicity test on species representative of the algal
flora of the Baltic Sea (Chlorella vulgaris, Skeletonema marinoi, and Geitlerinema amphibium). In
particular, the growth inhibition effect of PFCs (perfluorohexanoic acid (PFHxA), PFHpA,
PFOA, and PFNA) at 72 h expressed as EC50 values ranged from 0.28 mM to 12.84 mM [14].

Toxicity test of PFOS on green algae Selenastrum capricornutum and Chlorella vulgaris,
the floating macrophyte Lemna gibba, was performed to observe autotroph inhibition of
growth. The NOEC (No Observed Effect Concentration) values were 5.3, 8.2, and 6.6 mg/L
for S. capricornutum, C. vulgaris, and L. gibba, respectively. The most sensitive organism
based on IC50 was L. gibba, with IC50 value of 31 mg/L [138]. Similarly, in microalga
Isochrysis galbana acute EC50/72 h value for PFOS was 37.5 mg/L instead for PFOA was
163.6 mg/L [16].

The observed toxicological threshold is higher than concentrations of PFCs recorded
in the aquatic media which usually range from few units of ng/L in less contaminated
site to hundreds of ng/L in contaminated sites [6,139]. However, this finding should not
promote a careless dispersion of PFCs pollutants in the environment, since PFCs have
shown a very high bioaccumulative potential which increases the actual concentration in
the organism by several order of magnitude compared to the environmental concentration.

6.2. Invertebrates

In recent decades, aquatic invertebrates have received increasing attention for their
use as research models to study the effects of various types of toxic substances. In addition,
their use constitutes a valid alternative that minimizes ethical concerns and offers the
opportunity to observe behaviours, anatomy, physiological principles, pathologies, results
of genetic manipulation, and mechanisms of pharmacological actions [140].

Genotoxic effects of PFOS, PFOA, PFNA, and PFDA were investigated on marine
mussels (Perna viridis) showing that exposure could damage the organism’s genetic ma-
terial to varying extents, including DNA strand breaks, fragmentation, and apoptosis. In
particular, PFOS exhibited higher genotoxicity than the other tested compounds. Although
primary DNA damage was shown to be recoverable after exposure ceased, permanent
genetic damage caused by elevated PFCs concentrations was not restored [124].

In sea urchins Glyptocidaris crenularis, exposure to PFOS (followed by a period of
purification) resulted in decreased motor skills, nutrition, and dropped spines. Furthermore,
it also modified the activity of superoxide dismutase in the coelomic fluid and the activity
of methylation and demethylation catalases in the gonad [126].

Toxicological descriptors EC50 and LC50 in embryos of Paracentrotus lividus, showed
high embryotoxicity of increasing concentrations of PFOS and perfluorooctanesulfonyl
fluoride (POSF). Indeed, low concentrations of these PFCs caused malformations in the
skeletal system and high concentrations inhibited the growth of embryos in the early
life stages. As a result, POSF (EC50/72 h was 1.074 mg/L) was more toxic than PFOS
(EC50/72 h: 1.795 mg/L) [17]. In another study on P. lividus embryos, and with different
biological effects taken into consideration (retarded plutei, skeletal malformations; blocked
gastrula or blastula [17] vs. growth inhibition [16]), and EC50/96 h for PFOS (20 mg/L) and
PFOA (110 mg/L) was determined [16], while EC/LC50/96 h levels for PFOS and PFOA
were 1.7 mg/L and 19 mg/L, respectively, in sea urchin embryos of Strongylocentrotus pur-
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puratus [141]. Similarly in crustacean Siriella armata Acute EC50/96 h values for PFOS was
6.9 mg/L and for PFOA was 15.5 mg/L [16], while in another mysid species Americamysis
bahia the EC/LC50/96 h levels for PFOS and PFOA were 5 and 24 mg/L, respectively [141].

Regarding the development of Mitilus galloprovincialis embryos, the EC50/96 h was
1.1 mg/L for PFOS and 12 mg/L for PFOA; while regarding survival, the LC50/48 h values
were 1.07 for PFOS and 9.98 for PFOA [141].

Furthermore, genotoxic effects in adults of Mytilus edulis exposed to PFOA were
recorded by the significant alteration of the activity of antioxidant enzymes and numerous
processes including those related to lipid metabolism, amino acids, and carbohydrates [142].

Toxic effects of PFOA and PFOS have also been observed in freshwater species such as
Dugesia japonica, Physa acuta, Daphnia magna, and Neocaridina denticulate. In the latter study,
PFOS was more toxic than PFOA, with an LC50/96 h ranging from 23 to 178 mg/L while
PFOA had LC50/96 h ranging from 337 to 672 mg/L. The most sensitive freshwater species
to PFOS was N. denticulate (LC50/96 h of 10 mg/L) while P. acuta showed the greatest
resistance to exposure [123].

Small invertebrates (such as the aforementioned Daphnia magna) form the basis of the
food chain and can contaminate the entire trophic network through the phenomenon of
biomagnification. In addition, the experiments conducted on these organisms are important
to evaluate survival rate under stress conditions and to analyse the biological effects of
PFCs in easy-to-manage model systems. For example, in midge larvae (Chironomus riparius)
exposed to sediments containing various PFAS bioaccumulation has been observed mainly
during the fourth instar larvae exponential growth phase [143]. Concerning the effects
deriving from exposure to PFOS and PFBS, C. riparius has shown that direct mutagenicity
or induced stress conditions can be the basis for an increase in the mutation rate with
negative evolutionary consequences [125].

In rotifers, reproductive bioassays indicated that exposure to PFOS and PFOA inhib-
ited the growth of organisms, their production and hatching of eggs [144].

In D. magna, the aquatic toxicity of a fluoroalkylated polymer and perfluoroalkyl
carboxylic acids (PFBA, PFHxA, PFOA) showed that the acute toxicity decreased with de-
creasing carbon chain length, although the polymer did not show a dose-related effect [128].
Similarly, in Daphnia carinata, exposed to various concentrations of PFOA and PFOS, acute
(48 h) and chronic (21 days) toxicity tests showed that PFOS expresses greater toxicity
causing, among others, effects of inducing gene aberrations. In particular, the LC50/48 h
values for PFOA and PFOS were 78.2 mg/L and 8.8 mg/L, respectively. Additionally,
chronic exposure to PFOS at a concentration of 0.001 mg/L showed effects of mortality and
reproductive defects [4]. As seen in algae for growth reduction (IC50), the endpoints of a
toxicity experiment can be of different types. Therefore, also in other organisms, studies
must be based on the most representative response arising from the biological process more
sensitive to PFC-related stress. For example, in the bioluminescent dinoflagellates Pyrocystis
lunula treated with PFOA (EC50/24 h: 18 mg/L) and PFOS (EC50/24 h: 4.9 mg/L), the
chosen endpoint was a lower emission of light (bioluminescence output) compared to a
control corresponding to an adverse response of the organism to chemicals [141].

6.3. Fishes

Laboratory studies on the toxic effect of PFAS related to their bioconcentration and
specific tissue distribution in fish, may be useful for predicting the persistence and envi-
ronmental effects of chemicals. Moreover, these studies allow the creation physiologically
based pharmacokinetic (PBPK) model that incorporates the biotransformation of the PFCs
precursors and simultaneously predicts the distribution of the precursor and its metabolites
in the different tissues.

An example of PBPK for PFCs in rainbow trout (Oncorhynchus mykiss) was the formation
of PFOA from the biotransformation of 8:2 fluorotelomer carboxylic acid (8:2 FTCA) [131].
Regarding the negative effect of PFCs in fish, exposure of Chinook salmon (Oncorhynchus
tshawytscha) to a mixture of 16 substances, including 3 perfluorinated compounds (PFDA,
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PFOS, FOSA), resulted in disorders on the mitochondrial function of the liver and its
physiological processes [130].

Similarly, another study on the evaluation of the cytotoxic and genotoxic effects of
PFDoA, on the Japanese medaka fish, Oryzias latipes, showed that subchronic exposure to
such compound caused DNA damage with simultaneous induction of different erythrocyte
abnormalities [132].

Similarly to invertebrate studies, in Psetta maxima, PFOS acute EC50 values (0.11 mg/L)
were higher than PFOA toxicity with EC50 = 11.9 mg/L [16].

In zebrafish embryos, sublethal exposure to PFOS, PFNA, and PFOA caused a decrease
in the total body length, increased the expression of a muscle development regulating
gene (tfc3a) while decreasing the expression of genes involved in protein transport (ap1s),
hyperactive locomotor activity and behavioural changes that remained permanent in
adults [129].

These results are reasonably connected to the chemical accumulation through yolk
proteins in oocytes [87], with consequent plausible risks of adverse effects on early embry-
onic development and offspring health. PFOS and PFOA inhibited embryo development
and caused embryo abnormality and death [122]. Moreover, PFOA and PFOS inhibited
the growth of zebrafish liver cells line and increased the percentage of cell apoptosis
significantly with the treatment [127].

Conversely, zebrafish larvae exposed to F-53B, PFOS, and OBS, increased energy
expenditure, reduced feed intake (as a function of concentration), and, except for OBS, the
expression of genes involved in metabolic pathways at the transcriptional and translational
level [88]. Interestingly, molecular docking computational studies revealed that the binding
affinities of PFAS to glucokinase decreases following the order F-53B > PFOS > OBS.
Experimental findings confirmed that F-53B has the highest potential for bioconcentration
and the strongest metabolic disturbing effects [88].

Additionally, exposure to perfluoropolyethers (PFPeS), PFHxS, perfluoroheptanesul-
fonic acid (PFHpS), or PFOS resulted in a shared toxicity phenotype characterized by body
axis and swim bladder defects, as well as hyperactivity [145]. Interestingly, the observed
neurotoxicity of the development is directly proportional to the increase in the length
of the carbon chain [145]. For instance, in another PFAA-exposure study in zebrafish
embryos/embryonic cells, sulfonic acid toxicity was greater than carboxylic acid one, with
a mortality rate that increased with carbon chain length (PFOA > PFHxA � PFBA) [146].
This finding is in agreement with previous studies showing an LC50 (48 h exposure) of
1005 mg/L for PFOA and of 107 mg/L for PFOS [122].

Interestingly, while exposure of zebrafish embryos to either PFOS or PFOA showed
higher toxicity of PFOS, the exposure to a mixture of the two PFCs showed complex
interactive effects that varied from additive to synergistic, antagonistic, and, lastly, again to
synergic effect, by increasing the molar ratios of PFOS [147].

6.4. Amphibians

Another class of organisms widely used in laboratory tests is represented by amphib-
ians. These organisms are excellent models for the study of diseases due to their easy
management, breeding, high resistance, and human-like genetic context. Moreover, these
models are particularly useful when the impact of high doses of environmentally relevant
PFCs needs to be investigated.

For example, in a study on the PFCs influence on the nervous system of the Northern
leopard frogs (Lithobates pipiens) it was observed that PFCs should be evaluated for a
potential role in diseases that target dopamine production. In detail, dopamine levels
decreased significantly in the brains of frogs treated with PFOA (1000 ppb) and PFOS (100
and 1000 ppb) [148].

A recent study has been conducted also for skin exposure to PFCs, occurring through
contact with dry moss containing PFAS at 0, 80, 800, and 8000 ppb. The survival and
growth of toads (Anaxyrus americanus), salamanders (Ambystoma tigrinum), and frogs (Rana
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pipiens), and effects on the final length of the muzzle (SVL), on the mass index of the scale
(SMI), and the measurements of the relative body conditions, have been demonstrated and
varied by species and compound [149].

Serious disorders in the liver and heart in Xenopus embryogenesis were observed
during the evaluation of developmental toxicity and teratogenicity of PFHxA and PFHpA.
PFHpA, which has one additional carbon atom with respect to PFHxA, produced more
serious effects by increasing the phosphorylation of the signal-regulated extracellular
kinase (ERK) and the N-terminal c-Jun (JNK) [150]. Conversely, tadpoles of Xenopus laevis
exposed to increasing concentrations of PFOS and PFBS showed hepatohistological effects
at concentrations of 100 and 1000 µg/L. Despite the absence of significant effects on survival
and growth, PFOS caused spermatogonial degeneration [151], and administering PFOS,
PFHxS, PFOA, 6:2 FTS at different concentrations in tadpoles of Rana pipiens resulted in
developmental delays [66].

7. Critical Aspects and Future Environmental Implications

The negative impact of PFCs in the aquatic environment is a major concern for the
entire ecosystem that relies on the delicate equilibria between water, bed, shoreline, and
the species living in them. The effect of PFCs contamination depends on the exposure
conditions (currents, temperature, exposure time, concentration, etc.) and on the physio-
logical mechanism of the affected organism. By comparing taxonomically different aquatic
organisms, it is remarkable that micro-and macrophytes showed the highest resistance
to effects caused by PFCs exposure. Algae are more prone to survive bioaccumulative
processes and are therefore the most suitable resident organisms for biomonitoring studies.
Nevertheless, their survival rate does not exempt them from suffering negative effects
of PFCs exposure, such as growth inhibition or development anomalies. Moreover, once
contaminated, the restoration of a pristine state depends on the elimination time which, for
instance, is generally longer for long-chained PFAS.

Conversely, in the animal kingdom, the effect of PFCs exposure includes, among oth-
ers, DNA damage, aberrations in gene expression, endocrine system disruption, morpho-
logical and functional anomalies. When exposure involves fish or echinoderms embryos,
such effects are worsened and lead to growth inhibition, developmental anomalies, and
death. Tolerance toward PFCs exposure increases with the size of the exposed organisms,
either among different species or within individuals of the same species. This is particularly
true when individuals of different sizes are exposed to the same concentration of the con-
taminant, due to either size (or growth) dilution phenomena or to changes in toxicokinetics
related to ontogenesis.

In this context, the high bioaccumulation factors and the negative effects recorded
after prolonged exposure to low concentrations of PFCs pose serious questions about
the assessment of the limit of tolerable PFCs contaminations indicated in environmental
regulations. Additionally, some of the effects could be underestimated, especially in the
case of emerging pollutants, if ecotoxicological studies are limited to a few conditions
or species. A high variability of bioaccumulation and toxic effect has been observed
among individuals of different species and upon variation of exposure conditions (e.g.,
contaminated water, contaminated food, or contaminated sediments).

The results of bioaccumulation studies along species belonging to the same food chain
are useful to highlight those species that are less prone to bioconcentrate the monitored
substance, thus suggesting strategies for preferential consumption. However, due to
the variability of environmental conditions and type of exposure (acute, chronic, diffuse,
localized, etc.), the comparison of results arising from different studies requires careful
data treatment or normalization.

Despite the negative impact of PFCs has prompted regulatory limitations to their use
and production, the development of new alternative PFCs poses new potential environ-
mental threats. In these cases, ecotoxicity studies performed under controlled conditions
on animal models are crucial to evaluate all the risks of the use of alternative PFCs.



Int. J. Mol. Sci. 2021, 22, 6276 20 of 26

In this frame, contrast measures to PFCs related pollution are emerging among
biodegradation studies taking into consideration PFAS degrading microorganisms. Addi-
tionally, alternative policies to production limitations are those involving waste manage-
ment both at the industrial and at the consumer level, since the best pollution prevention is
to avoid dispersion of PFCs containing materials in the environment.
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Concentration); N-terminal c-Jun (JNK); Organization for Economic Cooperation and De-
velopment (OECD); perfluoroalkane sulphonic acids (PFSA); perfluoroalkanoic carboxylic
acids (PFCA); perfluoroalkyl phosphonic acid (PFPAs); perfluoroalkylic acids (PFAA);
perfluorobutanesulfonic acid (PFBS); perfluorobutanoic acid (PFBuA); perfluorobutyric
acid (PFBA); perfluorodecane sulfonic acid (PFDS); perfluorodecanoic acid (PFDA); perflu-
orododecanoic acid (PFDoA); perfluorohexanoic acid (PFHxA); perfluoroheptanesulfonic
acid (PFHpS); perfluoroheptanoic acid (PFHpA); perfluorohexanesulfonic acid (PFHxS);
perfluorononanoic acid (PFNA) perfluorononanoic acid (PFNA); perfluorononenoxyben-
zenesulfonate (OBS); perfluorooctane sulfonamide (FOSA); perfluorooctanesulfonic acid
(PFOS); perfluorooctanesulfonyl fluoride (POSF); perfluorooctanoic acid (PFOA); perfluo-
ropentanoic acid (PFPeA); perfluoropolyethers (PFPeS); perfluoroundecanoic acid (PFUnA);
persistent organic pollutants (POPs); physiologically based pharmacokinetic (PBPK); poly-
and perfluoroalkyl substances (PFAS); poly- and perfluorinated compounds (PFCs); steady
state bio-accumulation factor (BAFSS); steady state bio-concentration factor (BCFSS); trophic
magnification factors (TMF).
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17. Gunduz, G.; Parlak, H.; Arslan, O.; Boyacİoglu, M.; Karaaslan, M. Embryotoxic effects of perfluorooctane sulfonate compounds
in Sea Urchin Paracentrotus lividus. Fresenius Environ. Bull. 2013, 22, 171–177.

18. Lilienthal, H.; Dieter, H.H.; Hölzer, J.; Wilhelm, M. Recent experimental results of effects of perfluoroalkyl substances in laboratory
animals—Relation to current regulations and guidance values. Int. J. Hyg. Environ. Health 2017, 220, 766–775. [CrossRef] [PubMed]

19. Liew, Z.; Goudarzi, H.; Oulhote, Y. Developmental Exposures to Perfluoroalkyl Substances (PFASs): An Update of Associated
Health Outcomes. Curr. Environ. Health Rep. 2018, 5, 1–19. [CrossRef]

20. Villaverde-de-Sáa, E.; Quintana, J.B.; Rodil, R.; Ferrero-Refojos, R.; Rubí, E.; Cela, R. Determination of perfluorinated compounds
in mollusks by matrix solid-phase dispersion and liquid chromatography-tandem mass spectrometry. Anal. Bioanal. Chem. 2012,
402, 509–518. [CrossRef] [PubMed]

21. Valsecchi, S.; Rusconi, M.; Polesello, S. Determination of perfluorinated compounds in aquatic organisms: A review. Anal. Bioanal.
Chem. 2013, 405, 143–157. [CrossRef]

22. Valsecchi, S.; Conti, D.; Crebelli, R.; Polesello, S.; Rusconi, M.; Mazzoni, M.; Preziosi, E.; Carere, M.; Lucentini, L.; Ferretti, E.; et al.
Deriving environmental quality standards for perfluorooctanoic acid (PFOA) and related short chain perfluorinated alkyl acids.
J. Hazard Mater. 2017, 323, 84–98. [CrossRef] [PubMed]

23. Valsecchi, S.; Babut, M.; Mazzoni, M.; Pascariello, S.; Ferrario, C.; De Felice, B.; Bettinetti, R.; Veyrand, B.; Marchand, P.;
Polesello, S. Per- and Polyfluoroalkyl Substances (PFAS) in Fish from European Lakes: Current Contamination Status, Sources,
and Perspectives for Monitoring. Environ. Toxicol. Chem. 2021, 40, 658–676. [CrossRef] [PubMed]

24. Rodriguez, K.L.; Hwang, J.H.; Esfahani, A.R.; Sadmani, A.H.M.A.; Lee, W.H. Recent Developments of PFAS-Detecting Sensors
and Future Direction: A Review. Micromachines 2020, 11, 667. [CrossRef]

25. Burkhard, L.P. Evaluation of published bioconcentration factor (BCF) and bioaccumulation factor (BAF) data for per- and
polyfluoroalkyl substances across aquatic species. Environ. Toxicol. Chem. 2021. [CrossRef]

26. Brase, R.A.; Mullin, E.J.; Spink, D.C. Legacy and Emerging Per- and Polyfluoroalkyl Substances: Analytical Techniques, Environ-
mental Fate, and Health Effects. Int. J. Mol. Sci. 2021, 22, 995. [CrossRef]

27. Vierke, L.; Staude, C.; Biegel-Engler, A.; Drost, W.; Schulte, C. Perfluorooctanoic acid (PFOA)—Main concerns and regulatory
developments in Europe from an environmental point of view. Environ. Sci. Eur. 2012, 24, 16. [CrossRef]

28. Prevedouros, K.; Cousins, I.T.; Buck, R.C.; Korzeniowski, S.H. Sources, fate and transport of perfluorocarboxylates. Environ. Sci.
Technol. 2006, 40, 32–44. [CrossRef] [PubMed]

29. Yamashita, N.; Kannan, K.; Taniyasu, S.; Horii, Y.; Petrick, G.; Gamo, T. A global survey of perfluorinated acids in oceans.
Mar. Pollut. Bull. 2005, 51, 658–668. [CrossRef]

30. Dassuncao, C.; Hu, X.C.; Zhang, X.; Bossi, R.; Dam, M.; Mikkelsen, B.; Sunderland, E.M. Temporal Shifts in Poly- and Perfluo-
roalkyl Substances (PFASs) in North Atlantic Pilot Whales Indicate Large Contribution of Atmospheric Precursors. Environ. Sci.
Technol. 2017, 51, 4512–4521. [CrossRef] [PubMed]

31. Casal, P.; González-Gaya, B.; Zhang, Y.; Reardon, A.J.; Martin, J.W.; Jiménez, B.; Dachs, J. Accumulation of Perfluoroalkylated
Substances in Oceanic Plankton. Environ. Sci. Technol. 2017, 51, 2766–2775. [CrossRef]

32. Martin, J.W.; Mabury, S.A.; Solomon, K.R.; Muir, D.C. Bioconcentration and tissue distribution of perfluorinated acids in rainbow
trout (Oncorhynchus mykiss). Environ. Toxicol. Chem. 2003, 22, 196–204. [CrossRef] [PubMed]

http://doi.org/10.1155/2019/2717528
http://doi.org/10.1021/acs.estlett.0c00255
http://doi.org/10.1021/es020519q
http://www.ncbi.nlm.nih.gov/pubmed/12188342
http://doi.org/10.1021/es0303440
http://doi.org/10.1021/es052580b
http://doi.org/10.1021/es104326w
http://www.ncbi.nlm.nih.gov/pubmed/21542574
http://doi.org/10.1016/j.etap.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/21783999
http://doi.org/10.1002/etc.310
http://doi.org/10.1039/c2em30037k
http://doi.org/10.1016/j.ijheh.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28286084
http://doi.org/10.1007/s40572-018-0173-4
http://doi.org/10.1007/s00216-011-5302-y
http://www.ncbi.nlm.nih.gov/pubmed/21847527
http://doi.org/10.1007/s00216-012-6492-7
http://doi.org/10.1016/j.jhazmat.2016.04.055
http://www.ncbi.nlm.nih.gov/pubmed/27156398
http://doi.org/10.1002/etc.4815
http://www.ncbi.nlm.nih.gov/pubmed/32644251
http://doi.org/10.3390/mi11070667
http://doi.org/10.1002/etc.5010
http://doi.org/10.3390/ijms22030995
http://doi.org/10.1186/2190-4715-24-16
http://doi.org/10.1021/es0512475
http://www.ncbi.nlm.nih.gov/pubmed/16433330
http://doi.org/10.1016/j.marpolbul.2005.04.026
http://doi.org/10.1021/acs.est.7b00293
http://www.ncbi.nlm.nih.gov/pubmed/28350446
http://doi.org/10.1021/acs.est.6b05821
http://doi.org/10.1002/etc.5620220126
http://www.ncbi.nlm.nih.gov/pubmed/12503765


Int. J. Mol. Sci. 2021, 22, 6276 22 of 26

33. Ahrens, L.; Bundschuh, M. Fate and effects of poly- and perfluoroalkyl substances in the aquatic environment: A review.
Environ. Toxicol. Chem. 2014, 33, 1921–1929. [CrossRef]

34. Martin, J.W.; Ellis, D.A.; Mabury, S.A.; Hurley, M.D.; Wallington, T.J. Atmospheric chemistry of perfluoroalkanesulfonamides:
Kinetic and product studies of the OH radical and Cl atom initiated oxidation of N-ethyl perfluorobutanesulfonamide. Environ. Sci.
Technol. 2006, 40, 864–872. [CrossRef]

35. Butt, C.M.; Muir, D.C.; Mabury, S.A. Biotransformation pathways of fluorotelomer-based polyfluoroalkyl substances: A review.
Environ. Toxicol. Chem. 2014, 33, 243–267. [CrossRef]

36. Alexander, J.; Auðunsson, G.A.; Benford, D.; Cockburn, A.; Cravedi, J.; Dogliotti, E.; Di Domenico, A.; Fernández-Cruz, M.L.;
Fink-Gremmels, J.; Fürst, P.; et al. Perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and their salts scientific
opinion of the panel on contaminants in the food chain. EFSA J. 2008, 6, 653. [CrossRef]

37. Knutsen, H.K.; Alexander, J.; Barregård, L.; Bignami, M.; Brüschweiler, B.; Ceccatelli, S.; Cottrill, B.; Dinovi, M.; Edler, L.;
Grasl-Kraupp, B.; et al. Risk to human health related to the presence of perfluorooctane sulfonic acid and perfluorooctanoic acid
in food. EFSA J. 2018, 16, 5194. [CrossRef]

38. Haug, L.S.; Thomsen, C.; Brantsaeter, A.L.; Kvalem, H.E.; Haugen, M.; Becher, G.; Alexander, J.; Meltzer, H.M.; Knutsen, H.K. Diet
and particularly seafood are major sources of perfluorinated compounds in humans. Environ. Int. 2010, 36, 772–778. [CrossRef]

39. Wu, Y.; Wang, Y.; Li, J.; Zhao, Y.; Guo, F.; Liu, J.; Cai, Z. Perfluorinated compounds in seafood from coastal areas in China.
Environ. Int. 2012, 42, 67–71. [CrossRef] [PubMed]

40. Squadrone, S.; Ciccotelli, V.; Favaro, L.; Scanzio, T.; Prearo, M.; Abete, M.C. Fish consumption as a source of human exposure
to perfluorinated alkyl substances in Italy: Analysis of two edible fish from Lake Maggiore. Chemosphere 2014, 114, 181–186.
[CrossRef]

41. Vandermeersch, G.; Lourenço, H.M.; Alvarez-Muñoz, D.; Cunha, S.; Diogène, J.; Cano-Sancho, G.; Sloth, J.J.; Kwadijk, C.;
Barcelo, D.; Allegaert, W.; et al. Environmental contaminants of emerging concern in seafood–European database on contaminant
levels. Environ. Res. 2015, 143, 29–45. [CrossRef]

42. Alves, L.M.; Nunes, M.; Marchand, P.; Le Bizec, B.; Mendes, S.; Correia, J.P.; Lemos, M.F.; Novais, S.C. Blue sharks (Prionace glauca)
as bioindicators of pollution and health in the Atlantic Ocean: Contamination levels and biochemical stress responses. Sci. Total
Environ. 2016, 563–564, 282–292. [CrossRef]

43. Habibullah-Al-Mamun, M.; Ahmed, M.K.; Raknuzzaman, M.; Islam, M.S.; Ali, M.M.; Tokumura, M.; Masunaga, S. Occurrence
and assessment of perfluoroalkyl acids (PFAAs) in commonly consumed seafood from the coastal area of Bangladesh. Mar. Pollut.
Bull. 2017, 124, 775–785. [CrossRef]

44. Rasmussen, R.R.; Søndergaard, A.B.; Bøknæs, N.; Cederberg, T.L.; Sloth, J.J.; Granby, K. Effects of industrial processing on
essential elements and regulated and emerging contaminant levels in seafood. Food Chem. Toxicol. 2017, 104, 85–94. [CrossRef]
[PubMed]

45. Hu, X.C.; Dassuncao, C.; Zhang, X.; Grandjean, P.; Weihe, P.; Webster, G.M.; Nielsen, F.; Sunderland, E.M. Can profiles of poly-
and Perfluoroalkyl substances (PFASs) in human serum provide information on major exposure sources? Environ. Health 2018,
17, 11. [CrossRef] [PubMed]

46. Fattore, E.; Bagnati, R.; Colombo, A.; Fanelli, R.; Miniero, R.; Brambilla, G.; Di Domenico, A.; Roncarati, A.; Davoli, E. Perfuorooc-
tane Sulfonate (PFOS), Perfluorooctanoic Acid (PFOA), Brominated Dioxins (PBDDs) and Furans (PBDFs) in Wild and Farmed
Organisms at Different Trophic Levels in the Mediterranean Sea. Toxics 2018, 6, 50. [CrossRef] [PubMed]

47. Tittlemier, S.A.; Pepper, K.; Seymour, C.; Moisey, J.; Bronson, R.; Cao, X.L.; Dabeka, R.W. Dietary exposure of Canadians to
perfluorinated carboxylates and perfluorooctane sulfonate via consumption of meat, fish, fast foods, and food items prepared in
their packaging. J. Agric. Food Chem. 2007, 55, 3203–3210. [CrossRef] [PubMed]

48. Ericson, I.; Martí-Cid, R.; Nadal, M.; Van Bavel, B.; Lindström, G.; Domingo, J.L. Human exposure to perfluorinated chemicals
through the diet: Intake of perfluorinated compounds in foods from the Catalan (Spain) market. J. Agric. Food Chem. 2008,
56, 1787–1794. [CrossRef]

49. Fromme, H.; Tittlemier, S.A.; Völkel, W.; Wilhelm, M.; Twardella, D. Perfluorinated compounds—Exposure assessment for the
general population in Western countries. Int. J. Hyg. Environ. Health 2009, 212, 239–270. [CrossRef]

50. Kato, K.; Calafat, A.M.; Wong, L.Y.; Wanigatunga, A.A.; Caudill, S.P.; Needham, L.L. Polyfluoroalkyl compounds in pooled sera
from children participating in the National Health and Nutrition Examination Survey 2001–2002. Environ. Sci. Technol. 2009,
43, 2641–2647. [CrossRef]

51. Kato, K.; Wong, L.Y.; Jia, L.T.; Kuklenyik, Z.; Calafat, A.M. Trends in exposure to polyfluoroalkyl chemicals in the U.S. Population:
1999–2008. Environ. Sci. Technol. 2011, 45, 8037–8045. [CrossRef] [PubMed]

52. D’Hollander, W.; de Voogt, P.; De Coen, W.; Bervoets, L. Perfluorinated substances in human food and other sources of human
exposure. Rev. Environ. Contam. Toxicol. 2010, 208, 179–215. [CrossRef] [PubMed]

53. Boone, J.S.; Vigo, C.; Boone, T.; Byrne, C.; Ferrario, J.; Benson, R.; Donohue, J.; Simmons, J.E.; Kolpin, D.W.; Furlong, E.T.; et al. Per-
and polyfluoroalkyl substances in source and treated drinking waters of the United States. Sci. Total Environ. 2019, 653, 359–369.
[CrossRef] [PubMed]

54. Augustsson, A.; Lennqvist, T.; Osbeck, C.; Tibblin, P.; Glynn, A.; Nguyen, M.A.; Westberg, E.; Vestergren, R. Consumption of
freshwater fish: A variable but significant risk factor for PFOS exposure. Environ. Res. 2021, 192, 110284. [CrossRef]

http://doi.org/10.1002/etc.2663
http://doi.org/10.1021/es051362f
http://doi.org/10.1002/etc.2407
http://doi.org/10.2903/j.efsa.2008.653
http://doi.org/10.2903/j.efsa.2018.5194
http://doi.org/10.1016/j.envint.2010.05.016
http://doi.org/10.1016/j.envint.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21550116
http://doi.org/10.1016/j.chemosphere.2014.04.085
http://doi.org/10.1016/j.envres.2015.06.011
http://doi.org/10.1016/j.scitotenv.2016.04.085
http://doi.org/10.1016/j.marpolbul.2017.02.053
http://doi.org/10.1016/j.fct.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28189477
http://doi.org/10.1186/s12940-018-0355-4
http://www.ncbi.nlm.nih.gov/pubmed/29391068
http://doi.org/10.3390/toxics6030050
http://www.ncbi.nlm.nih.gov/pubmed/30135353
http://doi.org/10.1021/jf0634045
http://www.ncbi.nlm.nih.gov/pubmed/17381114
http://doi.org/10.1021/jf0732408
http://doi.org/10.1016/j.ijheh.2008.04.007
http://doi.org/10.1021/es803156p
http://doi.org/10.1021/es1043613
http://www.ncbi.nlm.nih.gov/pubmed/21469664
http://doi.org/10.1007/978-1-4419-6880-7_4
http://www.ncbi.nlm.nih.gov/pubmed/20811865
http://doi.org/10.1016/j.scitotenv.2018.10.245
http://www.ncbi.nlm.nih.gov/pubmed/30412881
http://doi.org/10.1016/j.envres.2020.110284


Int. J. Mol. Sci. 2021, 22, 6276 23 of 26

55. Groffen, T.; Rijnders, J.; van Doorn, L.; Jorissen, C.; De Borger, S.M.; Luttikhuis, D.O.; de Deyn, L.; Covaci, A.; Bervoets, L.
Preliminary study on the distribution of metals and persistent organic pollutants (POPs), including perfluoroalkylated acids
(PFAS), in the aquatic environment near Morogoro, Tanzania, and the potential health risks for humans. Environ. Res. 2021,
192, 110299. [CrossRef]

56. Barbarossa, A.; Gazzotti, T.; Farabegoli, F.; Mancini, F.R.; Zironi, E.; Busani, L.; Pagliuca, G. Assessment of Perfluorooctane
Sulfonate and Perfluorooctanoic Acid Exposure Through Fish Consumption in Italy. Ital. J. Food Saf. 2016, 5, 6055. [CrossRef]

57. Costello, M.C.S.; Lee, L.S. Sources, Fate, and Plant Uptake in Agricultural Systems of Per- and Polyfluoroalkyl Substances.
Curr. Pollut. Rep. 2020. [CrossRef]

58. Spaan, K.M.; van Noordenburg, C.; Plassmann, M.M.; Schultes, L.; Shaw, S.; Berger, M.; Heide-Jørgensen, M.P.; Rosing-Asvid, A.;
Granquist, S.M.; Dietz, R.; et al. Fluorine Mass Balance and Suspect Screening in Marine Mammals from the Northern Hemisphere.
Environ. Sci. Technol. 2020, 54, 4046–4058. [CrossRef]

59. Spaan, K.M.; van Noordenburg, C.; Plassmann, M.M.; Schultes, L.; Shaw, S.; Berger, M.; Heide-Jørgensen, M.P.; Rosing-Asvid, A.;
Granquist, S.M.; Dietz, R.; et al. Correction to Fluorine Mass Balance and Suspect Screening in Marine Mammals from the
Northern Hemisphere. Environ. Sci. Technol. 2021, 55, 6518–6520. [CrossRef]

60. Thompson, L.A.; Darwish, W.S. Environmental Chemical Contaminants in Food: Review of a Global Problem. J. Toxicol. 2019,
2019, 2345283. [CrossRef]

61. Rewerts, J.N.; Christie, E.C.; Robel, A.E.; Anderson, T.A.; McCarthy, C.; Salice, C.J.; Field, J.A. Considerations for Accurate
Exposures in Ecotoxicological Assessments of Perfluorinated Carboxylates and Sulfonates. Environ. Toxicol. Chem. 2021,
40, 677–688. [CrossRef] [PubMed]

62. Kucharzyk, K.H.; Darlington, R.; Benotti, M.; Deeb, R.; Hawley, E. Novel treatment technologies for PFAS compounds: A critical
review. J. Environ. Manag. 2017, 204, 757–764. [CrossRef] [PubMed]

63. Death, C.; Bell, C.; Champness, D.; Milne, C.; Reichman, S.; Hagen, T. Per- and polyfluoroalkyl substances (PFAS) in livestock and
game species: A review. Sci. Total Environ. 2021, 774, 144795. [CrossRef] [PubMed]

64. De Silva, A.O.; Tseng, P.J.; Mabury, S.A. Toxicokinetics of perfluorocarboxylate isomers in rainbow trout. Environ. Toxicol. Chem.
2009, 28, 330–337. [CrossRef]

65. Hassell, K.L.; Coggan, T.L.; Cresswell, T.; Kolobaric, A.; Berry, K.; Crosbie, N.D.; Blackbeard, J.; Pettigrove, V.J.; Clarke, B.O.
Dietary Uptake and Depuration Kinetics of Perfluorooctane Sulfonate, Perfluorooctanoic Acid, and Hexafluoropropylene Oxide
Dimer Acid (GenX) in a Benthic Fish. Environ. Toxicol. Chem. 2020, 39, 595–603. [CrossRef]

66. Hoover, G.M.; Chislock, M.F.; Tornabene, B.J.; Guffey, S.C.; Choi, Y.J.; De Perre, C.; Hoverman, J.T.; Lee, L.S.; Sepúlveda, M.S.
Uptake and Depuration of Four Per/Polyfluoroalkyl Substances (PFASS) in Northern Leopard Frog Rana pipiens Tadpoles.
Environ. Sci. Technol. Lett. 2017, 4, 399–403. [CrossRef]

67. Houde, M.; Balmer, B.C.; Brandsma, S.; Wells, R.S.; Rowles, T.K.; Solomon, K.R.; Muir, D.C. Perfluoroalkyl compounds in
relation to life-history and reproductive parameters in bottlenose dolphins (Tursiops truncatus) from Sarasota Bay, Florida, USA.
Environ. Toxicol. Chem. 2006, 25, 2405–2412. [CrossRef]

68. Sakurai, T.; Kobayashi, J.; Kinoshita, K.; Ito, N.; Serizawa, S.; Shiraishi, H.; Lee, J.H.; Horiguchi, T.; Maki, H.; Mizukawa, K.; et al.
Transfer kinetics of perfluorooctane sulfonate from water and sediment to a marine benthic fish, the marbled flounder (Pseudo-
pleuronectes yokohamae). Environ. Toxicol. Chem. 2013, 32, 2009–2017. [CrossRef]

69. Lee, H.; De Silva, A.O.; Mabury, S.A. Dietary bioaccumulation of perfluorophosphonates and perfluorophosphinates in juvenile
rainbow trout: Evidence of metabolism of perfluorophosphinates. Environ. Sci. Technol. 2012, 46, 3489–3497. [CrossRef]

70. Wu, Y.; Deng, M.; Jin, Y.; Mu, X.; He, X.; Luu, N.T.; Yang, C.; Tu, W. Uptake and elimination of emerging polyfluoroalkyl substance
F-53B in zebrafish larvae: Response of oxidative stress biomarkers. Chemosphere 2019, 215, 182–188. [CrossRef] [PubMed]

71. ECHA. Guidance on Information Requirements and Chemical Safety Assessment. Chapter R.11: PBT/vPvB Assess-
ment. 2017. Available online: https://echa.europa.eu/documents/10162/13632/information_requirements_r11_en.pdf
(accessed on 1 April 2021).

72. Arnot, J.A.; Gobas, F.A. A review of bioconcentration factor (BCF) and bioaccumulation factor (BAF) assessments for organic
chemicals in aquatic organisms. Environ. Rev. 2006, 14, 257–297. [CrossRef]

73. Mackay, D.; Arnot, J.A.; Gobas, F.A.; Powell, D.E. Mathematical relationships between metrics of chemical bioaccumulation in
fish. Environ. Toxicol. Chem. 2013, 32, 1459–1466. [CrossRef] [PubMed]

74. Mackay, D.; Celsie, A.K.D.; Powell, D.E.; Parnis, J.M. Bioconcentration, bioaccumulation, biomagnification and trophic magnifica-
tion: A modelling perspective. Environ. Sci. Process Impacts 2018, 20, 72–85. [CrossRef] [PubMed]

75. Franklin, J. How reliable are field-derived biomagnification factors and trophic magnification factors as indicators of bioaccumu-
lation potential? Conclusions from a case study on per- and polyfluoroalkyl substances. Integr. Environ. Assess. Manag. 2016,
12, 6–20. [CrossRef]

76. Weisbrod, A.V.; Woodburn, K.B.; Koelmans, A.A.; Parkerton, T.F.; McElroy, A.E.; Borgå, K. Evaluation of bioaccumulation using
in vivo laboratory and field studies. Integr. Environ. Assess. Manag. 2009, 5, 598–623. [CrossRef]

77. Wang, Y.; Chang, W.; Wang, L.; Zhang, Y.; Zhang, Y.; Wang, M.; Wang, Y.; Li, P. A review of sources, multimedia distribution and
health risks of novel fluorinated alternatives. Ecotoxicol. Environ. Saf. 2019, 182, 109402. [CrossRef]

78. Dai, Z.; Zeng, F. Distribution and Bioaccumulation of Perfluoroalkyl Acids in Xiamen Coastal Waters. J. Chem. 2019, 2019, 2612853.
[CrossRef]

http://doi.org/10.1016/j.envres.2020.110299
http://doi.org/10.4081/ijfs.2016.6055
http://doi.org/10.1007/s40726-020-00168-y
http://doi.org/10.1021/acs.est.9b06773
http://doi.org/10.1021/acs.est.0c06864
http://doi.org/10.1155/2019/2345283
http://doi.org/10.1002/etc.4667
http://www.ncbi.nlm.nih.gov/pubmed/31944348
http://doi.org/10.1016/j.jenvman.2017.08.016
http://www.ncbi.nlm.nih.gov/pubmed/28818342
http://doi.org/10.1016/j.scitotenv.2020.144795
http://www.ncbi.nlm.nih.gov/pubmed/33609849
http://doi.org/10.1897/08-088.1
http://doi.org/10.1002/etc.4640
http://doi.org/10.1021/acs.estlett.7b00339
http://doi.org/10.1897/05-499R.1
http://doi.org/10.1002/etc.2270
http://doi.org/10.1021/es204533m
http://doi.org/10.1016/j.chemosphere.2018.10.025
http://www.ncbi.nlm.nih.gov/pubmed/30317088
https://echa.europa.eu/documents/10162/13632/information_requirements_r11_en.pdf
http://doi.org/10.1139/a06-005
http://doi.org/10.1002/etc.2205
http://www.ncbi.nlm.nih.gov/pubmed/23440888
http://doi.org/10.1039/C7EM00485K
http://www.ncbi.nlm.nih.gov/pubmed/29260171
http://doi.org/10.1002/ieam.1642
http://doi.org/10.1897/IEAM_2009-004.1
http://doi.org/10.1016/j.ecoenv.2019.109402
http://doi.org/10.1155/2019/2612853


Int. J. Mol. Sci. 2021, 22, 6276 24 of 26

79. Catherine, M.; Nadège, B.; Charles, P.; Yann, A. Perfluoroalkyl substances (PFASs) in the marine environment: Spatial distribution
and temporal profile shifts in shellfish from French coasts. Chemosphere 2019, 228, 640–648. [CrossRef] [PubMed]

80. Shi, Y.; Pan, Y.; Wang, J.; Cai, Y. Distribution of perfluorinated compounds in water, sediment, biota and floating plants in
Baiyangdian Lake, China. J. Environ. Monit. 2012, 14, 636–642. [CrossRef] [PubMed]

81. Lee, Y.M.; Lee, J.Y.; Kim, M.K.; Yang, H.; Lee, J.E.; Son, Y.; Kho, Y.; Choi, K.; Zoh, K.D. Concentration and distribution of per- and
polyfluoroalkyl substances (PFAS) in the Asan Lake area of South Korea. J. Hazard. Mater. 2020, 381, 120909. [CrossRef] [PubMed]

82. Shi, Y.; Song, X.; Jin, Q.; Li, W.; He, S.; Cai, Y. Tissue distribution and bioaccumulation of a novel polyfluoroalkyl benzenesulfonate
in crucian carp. Environ. Int. 2020, 135, 105418. [CrossRef]

83. Cui, W.J.; Peng, J.X.; Tan, Z.J.; Zhai, Y.X.; Guo, M.M.; Li, Z.X.; Mou, H.J. Pollution Characteristics of Perfluorinated Alkyl Sub-
stances (PFASs) in Seawater, Sediments, and Biological Samples from Jiaozhou Bay, China. Huan Jing Ke Xue 2019, 40, 3990–3999.
[CrossRef] [PubMed]

84. Gao, K.; Miao, X.; Fu, J.; Chen, Y.; Li, H.; Pan, W.; Fu, J.; Zhang, Q.; Zhang, A.; Jiang, G. Occurrence and trophic transfer of per-
and polyfluoroalkyl substances in an Antarctic ecosystem. Environ. Pollut. 2020, 257, 113383. [CrossRef]

85. Munoz, G.; Budzinski, H.; Babut, M.; Lobry, J.; Selleslagh, J.; Tapie, N.; Labadie, P. Temporal variations of perfluoroalkyl
substances partitioning between surface water, suspended sediment, and biota in a macrotidal estuary. Chemosphere 2019,
233, 319–326. [CrossRef] [PubMed]

86. Simonnet-Laprade, C.; Budzinski, H.; Maciejewski, K.; Le Menach, K.; Santos, R.; Alliot, F.; Goutte, A.; Labadie, P. Biomagnification
of perfluoroalkyl acids (PFAAs) in the food web of an urban river: Assessment of the trophic transfer of targeted and unknown
precursors and implications. Environ. Sci. Process Impacts 2019, 21, 1864–1874. [CrossRef] [PubMed]

87. Ulhaq, M.; Sundström, M.; Larsson, P.; Gabrielsson, J.; Bergman, Å.; Norrgren, L.; Örn, S. Tissue uptake, distribution and
elimination of (14)C-PFOA in zebrafish (Danio rerio). Aquat. Toxicol. 2015, 163, 148–157. [CrossRef] [PubMed]

88. Tu, W.; Martínez, R.; Navarro-Martin, L.; Kostyniuk, D.J.; Hum, C.; Huang, J.; Deng, M.; Jin, Y.; Chan, H.M.; Mennigen, J.A.
Bioconcentration and Metabolic Effects of Emerging PFOS Alternatives in Developing Zebrafish. Environ. Sci. Technol. 2019,
53, 13427–13439. [CrossRef] [PubMed]

89. Abercrombie, S.A.; de Perre, C.; Choi, Y.J.; Tornabene, B.J.; Sepúlveda, M.S.; Lee, L.S.; Hoverman, J.T. Larval amphibians rapidly
bioaccumulate poly- and perfluoroalkyl substances. Ecotoxicol. Environ. Saf. 2019, 178, 137–145. [CrossRef]

90. Flynn, R.W.; Iacchetta, M.; de Perre, C.; Lee, L.; Sepúlveda, M.S.; Hoverman, J.T. Chronic Per-/Polyfluoroalkyl Substance
Exposure under Environmentally Relevant Conditions Delays Development in Northern Leopard Frog (Rana pipiens) Larvae.
Environ. Toxicol. Chem. 2021, 40, 711–716. [CrossRef]

91. Martín, J.; Hidalgo, F.; García-Corcoles, M.T.; Ibáñez-Yuste, A.J.; Alonso, E.; Vilchez, J.L.; Zafra-Gómez, A. Bioaccumulation of
perfluoroalkyl substances in marine echinoderms: Results of laboratory-scale experiments with Holothuria tubulosa Gmelin, 1791.
Chemosphere 2019, 215, 261–271. [CrossRef]

92. Cheng, W.; Doering, J.A.; LaLone, C.; Ng, C. Integrative Computational Approaches to Inform Relative Bioaccumulation Potential
of Per- and Polyfluoroalkyl Substances Across Species. Toxicol. Sci. 2021, 180, 212–223. [CrossRef]

93. Berger, U.; Glynn, A.; Holmström, K.E.; Berglund, M.; Ankarberg, E.H.; Törnkvist, A. Fish consumption as a source of human
exposure to perfluorinated alkyl substances in Sweden—Analysis of edible fish from Lake Vättern and the Baltic Sea. Chemosphere
2009, 76, 799–804. [CrossRef] [PubMed]

94. Schuetze, A.; Heberer, T.; Effkemann, S.; Juergensen, S. Occurrence and assessment of perfluorinated chemicals in wild fish from
Northern Germany. Chemosphere 2010, 78, 647–652. [CrossRef] [PubMed]

95. Guo, M.; Zheng, G.; Peng, J.; Meng, D.; Wu, H.; Tan, Z.; Li, F.; Zhai, Y. Distribution of perfluorinated alkyl substances in marine
shellfish along the Chinese Bohai Sea coast. J. Environ. Sci. Health B 2019, 54, 271–280. [CrossRef]

96. Gómez, C.; Vicente, J.; Echavarri-Erasun, B.; Porte, C.; Lacorte, S. Occurrence of perfluorinated compounds in water, sediment
and mussels from the Cantabrian Sea (North Spain). Mar. Pollut. Bull. 2011, 62, 948–955. [CrossRef] [PubMed]

97. Labadie, P.; Chevreuil, M. Partitioning behaviour of perfluorinated alkyl contaminants between water, sediment and fish in the
Orge River (nearby Paris, France). Environ. Pollut. 2011, 391–397. [CrossRef]

98. Ahrens, L.; Gashaw, H.; Sjöholm, M.; Gebrehiwot, S.G.; Getahun, A.; Derbe, E.; Bishop, K.; Åkerblom, S. Poly- and perfluo-
roalkylated substances (PFASs) in water, sediment and fish muscle tissue from Lake Tana, Ethiopia and implications for human
exposure. Chemosphere 2016, 165, 352–357. [CrossRef] [PubMed]

99. Lam, N.H.; Cho, C.R.; Kannan, K.; Cho, H.S. A nationwide survey of perfluorinated alkyl substances in waters, sediment
and biota collected from aquatic environment in Vietnam: Distributions and bioconcentration profiles. J. Hazard. Mater. 2017,
323, 116–127. [CrossRef]

100. Zafeiraki, E.; Gebbink, W.A.; Hoogenboom, R.; Kotterman, M.; Kwadijk, C.; Dassenakis, E.; van Leeuwen, S. Occurrence of
perfluoroalkyl substances (PFASs) in a large number of wild and farmed aquatic animals collected in the Netherlands. Chemosphere
2019, 232, 415–423. [CrossRef]

101. Koponen, J.; Airaksinen, R.; Hallikainen, A.; Vuorinen, P.J.; Mannio, J.; Kiviranta, H. Perfluoroalkyl acids in various edible Baltic,
freshwater, and farmed fish in Finland. Chemosphere 2015, 129, 186–191. [CrossRef]

102. Brambilla, G.; D’Hollander, W.; Oliaei, F.; Stahl, T.; Weber, R. Pathways and factors for food safety and food security at PFOS
contaminated sites within a problem based learning approach. Chemosphere 2015, 129, 192–202. [CrossRef] [PubMed]

http://doi.org/10.1016/j.chemosphere.2019.04.205
http://www.ncbi.nlm.nih.gov/pubmed/31063911
http://doi.org/10.1039/C1EM10772K
http://www.ncbi.nlm.nih.gov/pubmed/22200049
http://doi.org/10.1016/j.jhazmat.2019.120909
http://www.ncbi.nlm.nih.gov/pubmed/31352148
http://doi.org/10.1016/j.envint.2019.105418
http://doi.org/10.13227/j.hjkx.201901104
http://www.ncbi.nlm.nih.gov/pubmed/31854861
http://doi.org/10.1016/j.envpol.2019.113383
http://doi.org/10.1016/j.chemosphere.2019.05.281
http://www.ncbi.nlm.nih.gov/pubmed/31176133
http://doi.org/10.1039/C9EM00322C
http://www.ncbi.nlm.nih.gov/pubmed/31524218
http://doi.org/10.1016/j.aquatox.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25897689
http://doi.org/10.1021/acs.est.9b03820
http://www.ncbi.nlm.nih.gov/pubmed/31609598
http://doi.org/10.1016/j.ecoenv.2019.04.022
http://doi.org/10.1002/etc.4690
http://doi.org/10.1016/j.chemosphere.2018.10.037
http://doi.org/10.1093/toxsci/kfab004
http://doi.org/10.1016/j.chemosphere.2009.04.044
http://www.ncbi.nlm.nih.gov/pubmed/19457539
http://doi.org/10.1016/j.chemosphere.2009.12.015
http://www.ncbi.nlm.nih.gov/pubmed/20044123
http://doi.org/10.1080/03601234.2018.1559570
http://doi.org/10.1016/j.marpolbul.2011.02.049
http://www.ncbi.nlm.nih.gov/pubmed/21421248
http://doi.org/10.1016/j.envpol.2010.10.039
http://doi.org/10.1016/j.chemosphere.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/27665295
http://doi.org/10.1016/j.jhazmat.2016.04.010
http://doi.org/10.1016/j.chemosphere.2019.05.200
http://doi.org/10.1016/j.chemosphere.2014.08.077
http://doi.org/10.1016/j.chemosphere.2014.09.050
http://www.ncbi.nlm.nih.gov/pubmed/25439130


Int. J. Mol. Sci. 2021, 22, 6276 25 of 26

103. Mwakalapa, E.B.; Mmochi, A.J.; Müller, M.H.B.; Mdegela, R.H.; Lyche, J.L.; Polder, A. Occurrence and levels of persistent organic
pollutants (POPs) in farmed and wild marine fish from Tanzania. A pilot study. Chemosphere 2018, 191, 438–449. [CrossRef]

104. Zhou, Q.; Zhang, J.; Fu, J.; Shi, J.; Jiang, G. Biomonitoring: An appealing tool for assessment of metal pollution in the aquatic
ecosystem. Anal. Chim. Acta 2008, 606, 135–150. [CrossRef] [PubMed]

105. Parmar, T.K.; Rawtani, D.; Agrawal, Y.K. Bioindicators: The natural indicator of environmental pollution. Front. Life Sci. 2016,
9, 110–118. [CrossRef]

106. Nakayama, S.F.; Yoshikane, M.; Onoda, Y.; Nishihama, Y.; Iwai-Shimada, M.; Takagi, M.; Kobayashi, Y.; Isobe, T. Worldwide
Trends in Tracing Poly- and Perfluoroalkyl Substances (PFAS) in the Environment. Trac. Trends Anal. Chem. 2019, 121, 115410.
[CrossRef]

107. Gao, Y.; Li, X.; Li, X.; Zhang, Q.; Li, H. Simultaneous determination of 21 trace perfluoroalkyl substances in fish by isotope
dilution ultrahigh performance liquid chromatography tandem mass spectrometry. J. Chromatogr. B Analyt. Technol. Biomed.
Life Sci. 2018, 1084, 45–52. [CrossRef] [PubMed]

108. Schultes, L.; Sandblom, O.; Broeg, K.; Bignert, A.; Benskin, J.P. Temporal Trends (1981–2013) of Per- and Polyfluoroalkyl Substances
and Total Fluorine in Baltic cod (Gadus morhua). Environ. Toxicol. Chem. 2020, 39, 300–309. [CrossRef]

109. Zafeiraki, E.; Gebbink, W.A.; van Leeuwen, S.P.J.; Dassenakis, E.; Megalofonou, P. Occurrence and tissue distribution of
perfluoroalkyl substances (PFASs) in sharks and rays from the eastern Mediterranean Sea. Environ. Pollut. 2019, 252, 379–387.
[CrossRef]

110. Fair, P.A.; Wolf, B.; White, N.D.; Arnott, S.A.; Kannan, K.; Karthikraj, R.; Vena, J.E. Perfluoroalkyl substances (PFASs) in edible fish
species from Charleston Harbor and tributaries, South Carolina, United States: Exposure and risk assessment. Environ. Res. 2019,
171, 266–277. [CrossRef] [PubMed]

111. He, X.; Dai, K.; Li, A.; Chen, H. Occurrence and assessment of perfluorinated compounds in fish from the Danjiangkou reservoir
and Hanjiang river in China. Food Chem. 2015, 174, 180–187. [CrossRef]

112. Zheng, G.; Miller, P.; von Hippel, F.A.; Buck, C.L.; Carpenter, D.O.; Salamova, A. Legacy and emerging semi-volatile organic
compounds in sentinel fish from an arctic formerly used defense site in Alaska. Environ. Pollut. 2020, 259, 113872. [CrossRef]

113. Pascariello, S.; Mazzoni, M.; Bettinetti, R.; Manca, M.; Patelli, M.; Piscia, R.; Valsecchi, S.; Polesello, S. Organic Contaminants in
Zooplankton of Italian Subalpine Lakes: Patterns of Distribution and Seasonal Variations. Water 2019, 11, 1901. [CrossRef]

114. Teunen, L.; Bervoets, L.; Belpaire, C.; De Jonge, M.; Groffen, T. PFAS accumulation in indigenous and translocated aquatic
organisms from Belgium, with translation to human and ecological health risk. Environ. Sci. Eur. 2021, 33, 39. [CrossRef]

115. Fang, S.; Zhao, S.; Zhang, Y.; Zhong, W.; Zhu, L. Distribution of perfluoroalkyl substances (PFASs) with isomer analysis among
the tissues of aquatic organisms in Taihu Lake, China. Environ. Pollut. 2014, 193, 224–232. [CrossRef] [PubMed]

116. Stahl, L.L.; Snyder, B.D.; Olsen, A.R.; Kincaid, T.M.; Wathen, J.B.; McCarty, H.B. Perfluorinated compounds in fish from U.S.
urban rivers and the Great Lakes. Sci. Total Environ. 2014, 499, 185–195. [CrossRef] [PubMed]

117. Palmer, K.; Bangma, J.T.; Reiner, J.L.; Bonde, R.K.; Korte, J.E.; Boggs, A.; Bowden, J.A. Per- and polyfluoroalkyl substances (PFAS)
in plasma of the West Indian manatee (Trichechus manatus). Mar. Pollut. Bull. 2019, 140, 610–615. [CrossRef]

118. Guerranti, C.; Ancora, S.; Bianchi, N.; Perra, G.; Fanello, E.L.; Corsolini, S.; Fossi, M.C.; Focardi, S.E. Perfluorinated compounds in
blood of Caretta caretta from the Mediterranean Sea. Mar. Pollut. Bull. 2013, 73, 98–101. [CrossRef]

119. Villanger, G.D.; Kovacs, K.M.; Lydersen, C.; Haug, L.S.; Sabaredzovic, A.; Jenssen, B.M.; Routti, H. Perfluoroalkyl substances
(PFASs) in white whales (Delphinapterus leucas) from Svalbard—A comparison of concentrations in plasma sampled 15 years
apart. Environ. Pollut. 2020, 263, 114497. [CrossRef]

120. Naile, J.E.; Khim, J.S.; Hong, S.; Park, J.; Kwon, B.O.; Ryu, J.S.; Hwang, J.H.; Jones, P.D.; Giesy, J.P. Distributions and bioconcentra-
tion characteristics of perfluorinated compounds in environmental samples collected from the west coast of Korea. Chemosphere
2013, 90, 387–394. [CrossRef]

121. Bil, W.; Zeilmaker, M.; Fragki, S.; Lijzen, J.; Verbruggen, E.; Bokkers, B. Risk Assessment of Per- and Polyfluoroalkyl Substance
Mixtures: A Relative Potency Factor Approach. Environ. Toxicol. Chem. 2021, 40, 859–870. [CrossRef]

122. Ye, L.; Wu, L.L.; Jiang, Y.X.; Zhang, C.J.; Chen, L. Toxicological study of PFOS/PFOA to zebrafish (Danio rerio) embryos. Huan Jing
Ke Xue 2009, 30, 1727–1732. [PubMed]

123. Li, M.H. Toxicity of perfluorooctane sulfonate and perfluorooctanoic acid to plants and aquatic invertebrates. Environ. Toxicol.
2009, 24, 95–101. [CrossRef]

124. Liu, C.; Chang, V.W.; Gin, K.Y.; Nguyen, V.T. Genotoxicity of perfluorinated chemicals (PFCs) to the green mussel (Perna viridis).
Sci. Total Environ. 2014, 487, 117–122. [CrossRef]

125. Stefani, F.; Rusconi, M.; Valsecchi, S.; Marziali, L. Evolutionary ecotoxicology of perfluoralkyl substances (PFASs) inferred from
multigenerational exposure: A case study with Chironomus riparius (Diptera, Chironomidae). Aquat. Toxicol. 2014, 156, 41–51.
[CrossRef]

126. Ding, G.; Wang, L.; Zhang, J.; Wei, Y.; Wei, L.; Li, Y.; Shao, M.; Xiong, D. Toxicity and DNA methylation changes induced by
perfluorooctane sulfonate (PFOS) in sea urchin Glyptocidaris crenularis. Chemosphere 2015, 128, 225–230. [CrossRef] [PubMed]

127. Cui, Y.; Liu, W.; Xie, W.; Yu, W.; Wang, C.; Chen, H. Investigation of the Effects of Perfluorooctanoic Acid (PFOA) and
Perfluorooctane Sulfonate (PFOS) on Apoptosis and Cell Cycle in a Zebrafish (Danio rerio) Liver Cell Line. Int. J. Environ. Res.
Public Health 2015, 12, 15673–15682. [CrossRef]

http://doi.org/10.1016/j.chemosphere.2017.09.121
http://doi.org/10.1016/j.aca.2007.11.018
http://www.ncbi.nlm.nih.gov/pubmed/18082645
http://doi.org/10.1080/21553769.2016.1162753
http://doi.org/10.1016/j.trac.2019.02.011
http://doi.org/10.1016/j.jchromb.2018.03.008
http://www.ncbi.nlm.nih.gov/pubmed/29567443
http://doi.org/10.1002/etc.4615
http://doi.org/10.1016/j.envpol.2019.05.120
http://doi.org/10.1016/j.envres.2019.01.021
http://www.ncbi.nlm.nih.gov/pubmed/30703622
http://doi.org/10.1016/j.foodchem.2014.11.018
http://doi.org/10.1016/j.envpol.2019.113872
http://doi.org/10.3390/w11091901
http://doi.org/10.1186/s12302-021-00477-z
http://doi.org/10.1016/j.envpol.2014.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25058420
http://doi.org/10.1016/j.scitotenv.2014.07.126
http://www.ncbi.nlm.nih.gov/pubmed/25190044
http://doi.org/10.1016/j.marpolbul.2019.02.010
http://doi.org/10.1016/j.marpolbul.2013.05.033
http://doi.org/10.1016/j.envpol.2020.114497
http://doi.org/10.1016/j.chemosphere.2012.07.033
http://doi.org/10.1002/etc.4835
http://www.ncbi.nlm.nih.gov/pubmed/19662859
http://doi.org/10.1002/tox.20396
http://doi.org/10.1016/j.scitotenv.2014.04.017
http://doi.org/10.1016/j.aquatox.2014.07.020
http://doi.org/10.1016/j.chemosphere.2015.01.045
http://www.ncbi.nlm.nih.gov/pubmed/25723714
http://doi.org/10.3390/ijerph121215012


Int. J. Mol. Sci. 2021, 22, 6276 26 of 26

128. Barmentlo, S.H.; Stel, J.M.; van Doorn, M.; Eschauzier, C.; de Voogt, P.; Kraak, M.H. Acute and chronic toxicity of short chained
perfluoroalkyl substances to Daphnia magna. Environ. Pollut. 2015, 198, 47–53. [CrossRef] [PubMed]

129. Jantzen, C.E.; Annunziato, K.M.; Cooper, K.R. Behavioral, morphometric, and gene expression effects in adult zebrafish
(Danio rerio) embryonically exposed to PFOA, PFOS, and PFNA. Aquat. Toxicol. 2016, 180, 123–130. [CrossRef] [PubMed]

130. Yeh, A.; Marcinek, D.J.; Meador, J.P.; Gallagher, E.P. Effect of contaminants of emerging concern on liver mitochondrial function
in Chinook salmon. Aquat. Toxicol. 2017, 190, 21–31. [CrossRef]

131. Mittal, V.K.; Ng, C.A. Formation of PFAAs in fish through biotransformation: A PBPK approach. Chemosphere 2018, 202, 218–227.
[CrossRef]

132. Ayanda, I.O.; Yang, M.; Yu, Z.; Zha, J. Cytotoxic and genotoxic effects of perfluorododecanoic acid (PFDoA) in Japanese medaka.
Knowl. Manag. Aquat. Ecosyst. 2018, 419, 9. [CrossRef]

133. Schmale, M.C.; Nairn, R.S.; Winn, R.N. Aquatic animal models of human disease. Comp. Biochem. Physiol. C Toxicol. Pharmacol.
2007, 145, 1–4. [CrossRef]

134. Amoatey, P.; Baawain, M.S. Effects of pollution on freshwater aquatic organisms. Water Environ. Res. 2019, 91, 1272–1287.
[CrossRef]

135. Sebaugh, J.L. Guidelines for accurate EC50/IC50 estimation. Pharm. Stat. 2011, 10, 128–134. [CrossRef] [PubMed]
136. Hemmer, M.J.; Barron, M.G.; Greene, R.M. Comparative toxicity of eight oil dispersants, Louisiana sweet crude oil (LSC), and

chemically dispersed LSC to two aquatic test species. Environ. Toxicol. Chem. 2011, 30, 2244–2252. [CrossRef] [PubMed]
137. Ding, G.; Wouterse, M.; Baerselman, R.; Peijnenburg, W.J. Toxicity of polyfluorinated and perfluorinated compounds to lettuce

(Lactuca sativa) and green algae (Pseudokirchneriella subcapitata). Arch. Environ. Contam. Toxicol. 2012, 62, 49–55. [CrossRef]
[PubMed]

138. Boudreau, T.M.; Sibley, P.K.; Mabury, S.A.; Muir, D.G.; Solomon, K.R. Laboratory evaluation of the toxicity of Perfluorooctane
Sulfonate (PFOS) on Selenastrum capricornutum, Chlorella vulgaris, Lemna gibba, Daphnia magna, and Daphnia pulicaria. Arch. Environ.
Contam. Toxicol. 2003, 44, 307–313. [CrossRef]

139. Banzhaf, S.; Filipovic, M.; Lewis, J.; Sparrenbom, C.J.; Barthel, R. A review of contamination of surface-, ground-, and drinking
water in Sweden by perfluoroalkyl and polyfluoroalkyl substances (PFASs). Ambio 2017, 46, 335–346. [CrossRef]

140. Wilson-Sanders, S.E. Invertebrate models for biomedical research, testing, and education. ILAR J. 2011, 52, 126–152. [CrossRef]
141. Hayman, N.T.; Rosen, G.; Colvin, M.A.; Conder, J.; Arblaster, J.A. Aquatic toxicity evaluations of PFOS and PFOA for five

standard marine endpoints. Chemosphere 2021, 273, 129699. [CrossRef]
142. Li, F.; Yu, Y.; Guo, M.; Lin, Y.; Jiang, Y.; Qu, M.; Sun, X.; Li, Z.; Zhai, Y.; Tan, Z. Integrated analysis of physiological, transcriptomics

and metabolomics provides insights into detoxication disruption of PFOA exposure in Mytilus edulis. Ecotoxicol. Environ. Saf.
2021, 214, 112081. [CrossRef] [PubMed]

143. Bertin, D.; Ferrari, B.J.; Labadie, P.; Sapin, A.; Garric, J.; Budzinski, H.; Houde, M.; Babut, M. Bioaccumulation of perfluoroalkyl
compounds in midge (Chironomus riparius) larvae exposed to sediment. Environ. Pollut. 2014, 189, 27–34. [CrossRef] [PubMed]

144. Zhang, L.; Niu, J.; Wang, Y.; Shi, J.; Huang, Q. Chronic effects of PFOA and PFOS on sexual reproduction of freshwater rotifer
Brachionus calyciflorus. Chemosphere 2014, 114, 114–120. [CrossRef] [PubMed]

145. Gaballah, S.; Swank, A.; Sobus, J.R.; Howey, X.M.; Schmid, J.; Catron, T.; McCord, J.; Hines, E.; Strynar, M.; Tal, T. Evaluation
of Developmental Toxicity, Developmental Neurotoxicity, and Tissue Dose in Zebrafish Exposed to GenX and Other PFAS.
Environ. Health Perspect. 2020, 128, 47005. [CrossRef] [PubMed]

146. Wasel, O.; Thompson, K.M.; Gao, Y.; Godfrey, A.E.; Gao, J.; Mahapatra, C.T.; Lee, L.S.; Sepúlveda, M.S.; Freeman, J.L. Comparison
of zebrafish in vitro and in vivo developmental toxicity assessments of perfluoroalkyl acids (PFAAs). J. Toxicol. Environ. Health A
2021, 84, 125–136. [CrossRef] [PubMed]

147. Ding, G.; Zhang, J.; Chen, Y.; Wang, L.; Wang, M.; Xiong, D.; Sun, Y. Combined effects of PFOS and PFOA on zebrafish (Danio
rerio) embryos. Arch. Environ. Contam. Toxicol. 2013, 64, 668–675. [CrossRef]

148. Foguth, R.M.; Flynn, R.W.; de Perre, C.; Iacchetta, M.; Lee, L.S.; Sepúlveda, M.S.; Cannon, J.R. Developmental exposure to
perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) selectively decreases brain dopamine levels in Northern
leopard frogs. Toxicol. Appl. Pharmacol. 2019, 377, 114623. [CrossRef]

149. Abercrombie, S.A.; de Perre, C.; Iacchetta, M.; Flynn, R.W.; Sepúlveda, M.S.; Lee, L.S.; Hoverman, J.T. Sublethal Effects of Dermal
Exposure to Poly- and Perfluoroalkyl Substances on Postmetamorphic Amphibians. Environ. Toxicol. Chem. 2021, 40, 717–726.
[CrossRef]

150. Kim, M.; Park, M.S.; Son, J.; Park, I.; Lee, H.K.; Kim, C.; Min, B.H.; Ryoo, J.; Choi, K.S.; Lee, D.S.; et al. Perfluoroheptanoic
acid affects amphibian embryogenesis by inducing the phosphorylation of ERK and JNK. Int. J. Mol. Med. 2015, 36, 1693–1700.
[CrossRef]

151. Lou, Q.Q.; Zhang, Y.F.; Zhou, Z.; Shi, Y.L.; Ge, Y.N.; Ren, D.K.; Xu, H.M.; Zhao, Y.X.; Wei, W.J.; Qin, Z.F. Effects of perfluo-
rooctanesulfonate and perfluorobutanesulfonate on the growth and sexual development of Xenopus laevis. Ecotoxicology 2013,
22, 1133–1144. [CrossRef]

http://doi.org/10.1016/j.envpol.2014.12.025
http://www.ncbi.nlm.nih.gov/pubmed/25553346
http://doi.org/10.1016/j.aquatox.2016.09.011
http://www.ncbi.nlm.nih.gov/pubmed/27710860
http://doi.org/10.1016/j.aquatox.2017.06.011
http://doi.org/10.1016/j.chemosphere.2018.03.064
http://doi.org/10.1051/kmae/2017058
http://doi.org/10.1016/j.cbpc.2006.11.013
http://doi.org/10.1002/wer.1221
http://doi.org/10.1002/pst.426
http://www.ncbi.nlm.nih.gov/pubmed/22328315
http://doi.org/10.1002/etc.619
http://www.ncbi.nlm.nih.gov/pubmed/21766318
http://doi.org/10.1007/s00244-011-9684-9
http://www.ncbi.nlm.nih.gov/pubmed/21626016
http://doi.org/10.1007/s00244-002-2102-6
http://doi.org/10.1007/s13280-016-0848-8
http://doi.org/10.1093/ilar.52.2.126
http://doi.org/10.1016/j.chemosphere.2021.129699
http://doi.org/10.1016/j.ecoenv.2021.112081
http://www.ncbi.nlm.nih.gov/pubmed/33677383
http://doi.org/10.1016/j.envpol.2014.02.018
http://www.ncbi.nlm.nih.gov/pubmed/24631894
http://doi.org/10.1016/j.chemosphere.2014.03.099
http://www.ncbi.nlm.nih.gov/pubmed/25113191
http://doi.org/10.1289/EHP5843
http://www.ncbi.nlm.nih.gov/pubmed/32271623
http://doi.org/10.1080/15287394.2020.1842272
http://www.ncbi.nlm.nih.gov/pubmed/33143551
http://doi.org/10.1007/s00244-012-9864-2
http://doi.org/10.1016/j.taap.2019.114623
http://doi.org/10.1002/etc.4711
http://doi.org/10.3892/ijmm.2015.2370
http://doi.org/10.1007/s10646-013-1100-y

	Introduction 
	Solubility, Persistence and Aquatic Half-Life of PFCs 
	Bioaccumulative Potential 
	Bioaccumulation Data 
	Bioaccumulation in the Wild 
	PFAS Uptake under Controlled Experimental Conditions 


	Biomonitoring PFAS in Aquatic Biota 
	Biomonitoring PFAS in Aquatic Flora 
	Biomonitoring PFAS in Aquatic Fauna 

	Biodistribution and Contamination Profile 
	Contamination Profile 
	Tissues Biodistribution 

	Effects of PFCs Exposure 
	Algae 
	Invertebrates 
	Fishes 
	Amphibians 

	Critical Aspects and Future Environmental Implications 
	References

