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Abstract

Per- and polyfluoroalkyl substances (PFAS) are persistent environmental contaminants with bioaccumulation potential,
particularly affecting aquatic ecosystems and human health also via fish consumption. There is therefore a need for reli-
able extraction methods and studies to accurately assess PFAS levels in fish, crucial for understanding bioaccumulation
and potential toxicological effects on both fish and humans through consumption. This study investigated PFAS levels in
freshwater fish from Swiss lakes, focusing on six common species: Coregonus wartmanni, Cyprinus carpio, Oncorhynchus
mykiss, Perca fluviatilis, Salmo trutta, and Squalius cephalus. Utilizing an optimized QUEChERS extraction method, 15
PFAS were analyzed in 218 fish fillet samples using liquid chromatography-mass spectrometry (LC-MS/MS). The results
were compared to EU regulations and EFSA guidelines for tolerable weekly intake (TWI), with a specific focus on correla-
tions between fish size and PFAS concentration. Our findings reveal significant PFAS contamination, particularly in Perca
Sfluviatilis with perfluorooctane sulfonic acid (PFOS) and perfluorohexane sulfonic acid (PFHxS) levels often exceeding EU
safety limits. TWI, calculated for a person of 70 kg body weight and an intake of 200 g of fish fillet, is exceeded in 95%
of Coregonus wartmanni, 100% of Squalius cephalus, and in 55%, 50%, and 36% of the specimens Oncorhynchus mykiss,
Salmo trutta, and Perca fluviatilis respectively. Correlation analysis between PFAS concentration and fish size in 121 Salmo
trutta specimens revealed significant positive correlations for perfluorobutane sulfonic acid (PFBS), perfluorodecanoic acid
(PFDA), and perfluorohexane sulfonic acid (PFHxS), and a negative correlation for perfluoropentanoic acid (PFPeA). These
results underscore the critical need for continuous monitoring and regulatory efforts to mitigate PFAS exposure risks to both
ecosystems and human health.
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Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) rep-
resent a class of anthropogenic chemicals widely used for
their water-repellent and oleophobic properties in numer-
ous industrial and consumer products. Because of their
persistence in the environment and their ability to bioac-
cumulate, PFAS have become global contaminants, pre-
sent in multiple environmental matrices, including fresh-
water sources [1]. Their alarming prevalence has raised
significant questions about potential impacts on human
health and ecosystem [2, 3]. In particular, PFAS exposure
has been associated with different types of cancer, devel-
opmental toxicity, and immunotoxicity [4]. In freshwa-
ter ecosystems, fish are particularly vulnerable to PFAS
exposure because of their location in trophic systems and
their direct exposure to dissolved and particulate contami-
nants [5]. Therefore, analysis of PFAS in freshwater fish is
critical to understanding bioaccumulation dynamics, eco-
toxicological effects, and potential toxicological implica-
tions for fish fauna and human health through consumption
of contaminated fish [3, 6]. In this context, many studies
have highlighted the importance of fish as bioindicators
of PFAS presence in the environment [7, 8]. Recent stud-
ies have shown how PFAS can adversely affect fish health
by inducing endocrine, immunological, and reproductive
alterations. This has been shown both in the laboratory on
zebrafish and environmental studies [9—-11]. These effects
are largely related to the bioaccumulation of these com-
pounds in lipid tissues, from where they act by interfering
with fat metabolism and pancreatic activity [1, 10, 12].

The broad class of these compounds and the variabil-
ity of biological responses necessitate a holistic approach
to assess their environmental impact. This is especially
important because fish are a source of PFAS assimilation
in humans through consumption [13—15]. There are a num-
ber of studies reporting selective sampling and correlation
between sampling location, human activities, pollution
mock, and PFAS concentration [12, 13, 16-20].

In a recent study published by Jaus et al. in 2023 [21],
83 fish samples from lakes and streams in Switzerland
were analyzed. The analysis showed the main presence of
5 PFAS (i.e., perfluorooctane sulfonate (PFOS), perfluo-
rooctanoic acid (PFOA), perfluorononanoic acid (PFNA),
perfluoroundecanoic acid (PFUnDa), and perfluorodeca-
noic acid (PFDA)) out of 15 PFAS analyzed with PFOS
exceeding European Union (EU) limits in 4 samples. In
general, other available data on the status of PFAS con-
tamination of fish in Swiss reservoirs and watercourses
are scarce and often refer to studies conducted on border
water sources between Switzerland and France, Italy, or
Austria [19, 21, 22].
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The quantitative determination of PFAS in fish tissue
requires effective and reliable extraction methods to ensure
the accuracy and repeatability of analytical results. In addi-
tion, reaching low limits of quantification is often challeng-
ing because of the complexity of the matrix. Commonly
used methods include solid phase extraction (SPE) and the
QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and
Safe) extraction [5, 8, 16, 18, 19, 23-25]. The SPE method is
widely used for pre-concentration and purification of PFAS
from aqueous and biological samples, and is particularly
effective in reducing the presence of interferents and improv-
ing the detection limits of analytes [9, 21, 24]. Initially
developed for pesticide analysis, the QUEChERS method
has also been adapted for the extraction of a wide variety of
compounds including some PFAS. This method is based on
two main steps, i.e., solvent extraction procedure (namely,
salting out) and a purification step (namely, cleanup) using
salts that reduce the miscibility and improve the separation
between aqueous matrices and organic solvents and absorb-
ing powders for dispersive solid phase extraction (dSPE),
respectively. QUEChERS is appreciated for its simplicity,
rapidity, and relatively low cost. In addition, thanks mainly
to the cleanup phase, it is possible to reduce the matrix
effect for complex matrices such as foodstuffs [8, 25-28].
QuEChERS preparation has the great advantage of being
more flexible than SPE, allowing the analysis of a wide spec-
trum of compounds, ranging from drugs, to plant protection
products, through precise PFAS [25, 28-30]. This makes
the QUEChERS method even more sustainable than the SPE
for carrying out various types of analysis without upsetting
laboratory procedures or buying over specific, target-related
solid phases as is the case for the SPE [16, 19, 31, 32]. In
this study, a method of extracting fish flesh samples using
QuEChERS was therefore optimized and employed for
PFAS content assessment.

The determination of 15 PFAS contained in the fillet
of more than 200 fish caught in Swiss lakes, ponds, and
lowland rivers is reported in this study. In particular, the
fish analyzed belong to the six most common fish species
in Switzerland: Coregonus wartmanni (whitefish), Cypri-
nus carpio (common carp), Oncorhynchus mykiss (rainbow
trout), Perca fluviatilis (perch), Salmo trutta (brown trout),
and Squalius cephalus (common chub) [19, 21, 33, 34].
These fish species all have food interest and are subject to
fishing. In this context, it is known that in food fisheries,
the species plays a key role in the organoleptic quality of
the catch, as does the size of the fish, which is proportional
to the age of the animal and environmental conditions [35].
Several studies have explored the relationship between the
size of the animal and the content of PFAS, with no con-
sensus emerging [8, 12, 17, 36, 37]. A correlation between
size and content of major PFAS was also carried out for
fish of the species Salmo trutta, the most represented in this
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study and for which the size was available. The concentra-
tion of PFAS in the edible part of fish was compared with the
requirements of Commission Regulation (EU) 2022/2388
in addition to the tolerable weekly intake (TWI) set by the
European Food Safety Authority (EFSA) of 4.4 ng/kg body
weight per week for the sum of perfluorooctane sulfonate
(PFOS), perfluorooctanoic acid (PFOA), perfluorononanoic
acid (PFNA), and perfluorohexane sulfonic acid (PFHxS)
[26].

Materials and methods
Materials and reagents

Analytes labeled PFAS standards were purchased from Neo-
chema (namely, perfluorobutanoic acid (PFBA), perfluoro-
pentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid
(PFOA), perfluorononanoic acid (PFNA), perfluorodeca-
noic acid (PFDA), perfluoroundecanoic acid (PFUnDA),
perfluorobutane sulfonic acid (PFBS), perfluorohexane sul-
fonic acid (PFHxS), perfluorooctane sulfonic acid (PFOS),
perfluorooctane sulfonamide (PFOSA), perfluoropentane-
sulfonic acid (PFPeS), perfluorotetradecanoic acid (PFTA),
and perfluorododecanoic acid (PFDoDa), more information
are given in Table S1 of Supplementary Information (SI)).
Isotopically labelled standards (surrogate standards) were
obtained from Wellington Laboratories (namely, sodium
perfluoro-1-(13C8)-octanesulfonate (PFOS 13C8), per-
fluoro-n-(1,2-13C2)-hexanoic acid (MPFHxA), perfluoro-
n-[1,2-13C2] octanoic acid (M8PFOA)) (Table S2). Liquid
chromatography-mass spectrometry (LC-MS)-grade ace-
tonitrile (>99.9%, ACN) and methanol (MeOH; >99.9%)
were obtained from Honeywell. A Sartorius Arium®
water purification system was used for ultrapure water.
Evian® water was obtained from local supermarket. For-
mic acid < 98% p.a. was obtained from CarlRoth. Ammonia
hydroxide 25% and activated carbon <5 mm were obtained
from Sigma-Aldrich. Chromabond QuEChERS Mix XII
composed of 4 g MgSO, and 1 g NaCl (extraction, 5 g)
and Chromabond QuEChERS Mix XX composed of 1.2 g
MgSO, and 0.4 g diamino (i.e., primary secondary amine
(PSA)) (clean-up, AOAC 2007.01, 1.6 g) were obtained
from Macherey Nagel. Filter (0.45 um 13 mm) was obtained
from BGB (Boeckten CH). Polypropylene tubes were pur-
chased from CELLSTAR® Greiner Bio-One.

Fish samples
This study is based on fillet analysis of 218 fish specimens

intended for human consumption, caught in Switzerland
between 2022 and 2024. The fish were mostly donated by

recreational fishermen, or came from fishing and monitor-
ing campaigns organized by public entities. The following
inclusion criteria were assessed: the fish were harvested
following laboratory recommendations to avoid PFAS con-
tamination, the fish come from areas where fishing is not
restricted, the fish were caught in lowland lakes, ponds, and
rivers (<2000 m above sea), and come from areas with com-
parable degree of urbanization [19]. Therefore, the following
exclusion criteria were observed: fish species of which too
few individuals are available (< 5), fish that come from no-
fishing zones due to PFAS pollution, fish that were taken
or prepared without following laboratory instructions, fish
caught at >2000 m above sea. To minimize the risk of PFAS
contamination, it was recommended to collect fish in special
high-density polyethylene (HDPE) bags that have been pre-
viously analyzed for the absence of PFAS. Fishermen were
instructed to eviscerate fish immediately after capture, care-
fully avoiding damage to the liver, stomach, and other sys-
tems. They were also asked to inspect the fish visually and
discard any that were non-compliant, to prevent contamina-
tion of the fillet by bile acids such as cholic acid, digestive
juices, or feces, which could lead to matrix effects or false
positive results [38, 39]. Regarding the preparation of fish to
separate the fillet for analysis from the waste parts, the labo-
ratory either provided the necessary materials for fish prepa-
ration and tested free of PFAS (cutting board, knife, nitrile
gloves, HDPE bags), or did the preparation in-house. The
following fish species were analyzed: Coregonus wartmanni
(N=20), Cyprinus carpio (N=11), Oncorhynchus mykiss
(N=11), Perca fluviatilis (N=38), Salmo trutta (N=131),
and Squalius cephalus (N="T). Thanks to the participation
of authorities and amateur fishermen, it was also possible
to know the size of 121 Salmo trutta out of 131. This infor-
mation was used for the correlation study between size and
PFAS content.

Sample preparation

The fillet of each sample was collected and homogenized
using a Satrap Coira blender. 10+ 0.5 g of each sample was
weighed and collected in a 50-mL polypropylene (PP) Fal-
con tube, then frozen at — 20 °C before extraction. PFAS
concentration was expressed per mass of fillet, based on the
mass of each sample.

Extraction protocol

Samples were extracted using an optimized QUEChERS
extraction method. For each sample, a PP Falcon tube con-
taining the fillet was thawed and 7 mL of Evian® water
was added to each tube and the mixture was shaken. A vol-
ume of 70 pL of isotopically labeled standard solution at
0.1 mg/kg (surrogate standards) was added. Then, a volume
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of 10 mL of acetonitrile acidified with 150 pL of formic
acid was added. The Falcon tube was vigorously mixed
and vortexed. The XII Mix Chromabond® QuEChERS was
added and the falcon tube was shaken for 1 min. The mix-
ture was centrifugated at 241 RCF for 10 min. A volume
of 7 mL of the supernatant was collected and added to XX
Mix Chromabond® QuEChERS. The mixture was shaken
and vortexed, then filtered with a 0.45 pm 13 mm filter in a
PP Falcon tube. Solvent was removed in an oven at 60 °C
for 12 h, and then the crude was redissolved in 1 mL of
methanol:H,O (70:30) solution and added in the PP Falcon
tube. The solution was filtered on 0.45 pm 13 mm filter in a
1.5-mL glass vial for LC analysis.

Chemical analysis

Chemical analyses were carried out by liquid chromatog-
raphy with tandem mass spectrometry (LC-MS/MS) on
an LCMS-8060NX instrument (Shimadzu) with SB C-18
column (4.6 X 150 mm, 2.7 pm, Agilent). The column tem-
perature was set at 40 °C. The volume injected was 20 L. A
binary gradient with a flow rate of 0.3 mL min~' was used.
Mobile phase A was made of 95% of water, 5% of MeOH,
and 5 mM of ammonium acetate, while mobile phase B con-
tained 5% of water and 95% of MeOH. The gradient was as
follows: 0% of B at first, and increased to 100% by 5 min, a
plateau up to 6 min, then from 100 to 0% in 2 min and a pla-
teau up to 11 min. Mass spectrometric detection was carried
out on a triple quadrupole LC-MS/MS system (8060 system
Shimadzu Scientific, Inc., Columbia, MD, USA). The mass
spectrometer was operating with electrospray ionization with
negative polarization mode (ESI-). The multiple reaction
monitoring (MRM) and compound-dependent parameters
such as mass transition, collision energy (CE), and retention
time are illustrated in Table S3.

Quality assurance/quality control

A procedural blank including all solvents and equipment
used for the sample preparation was run every extraction
batch, and a duplicate and a spiked sample were included
each 10 samples. To exclude loss and degradation of PFAS
standards during the extraction procedure, spikes at 0.1
and 0.5 mg/kg were performed in 7 mL of Evian water and
extracted according to the reported procedure. The values
were compared with a direct curve in solvent. The recoveries
repeated in triplicate are shown in Table S4 of Supplemen-
tary Information. A calibration curve subjected to the same
extraction treatment as the samples is performed between
0.001 and 10 mg/kg range and showed slope ratios > 0.995.
Samples with concentration of a target compound exceed-
ing the highest point of the calibration curve were diluted
and reanalyzed, for the final value expressed in mg/kg the
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dilution factor was considered. Quality assurance and quality
control procedures included the use of appropriate internal
standards in each sample and the addition of standards at
a concentration of 0.1 or 0.5 mg/kg for every 10 samples
analyzed to determinate method recoveries and ensure the
accuracy of quantification. The limits of detection (LODs),
calculated using the signal-to-noise ratio of 3:1, ranged from
0.001 to 0.02 mg/kg. The limits of quantification (LOQ)
were determined according to sample recoveries at low
concentrations [25] (0.007, 0.05, 0.1 pg/kg) that met the
experimental criteria with recovery rates (R%) between 70
and 130%. The LOQs were found to range from 0.007 to
0.05 mg/kg.

Statistical analysis and box-whisker plots

Shapiro—Wilk tests were conducted to check for normality
within groups. An unpaired two-sample 7 test, following
an F test for variance homogeneity, was used to evaluate
significant differences between two normal distributed and
homogeneous sets of data. The correlations between size in
centimeters and PFAS concentrations in fillet were assessed
by Spearman correlation analysis. Significance was set at
a=0.05 in all tests. Box-whisker plots include median (hori-
zontal line), mean (symbol “x”), median of the 3rd quartile,
median of the 1st quartile, maximum and minimum values in
the dataset, and outliers (symbol “e”). Quartile calculation
is based on exclusive median.

Results and discussion
Extraction of PFAS from fish fillet

The choice of the most appropriate extraction method
depends on several factors, including the type of sample,
the concentration range of PFAS of interest, and the need to
minimize the influence of the interferents [24, 26]. Method
reliability is crucial not only to ensure data accuracy, but
also to comply with regulatory standards, such as EFSA rec-
ommendations and European requirements, and to provide
valid information for ecotoxicological and human health
risk assessments [28, 40, 41]. A reliable method also allows
monitoring the effectiveness of environmental management
policies and regulation of PFAS use, thereby contributing to
the protection of aquatic ecosystems and public health [3]. In
this work, QUEChERS extraction was chosen for its ease of
use but, more importantly, for its flexibility in terms of com-
pounds that can be analyzed with this type of extraction [16,
21, 24,26, 28]. The performance of the extraction method is
evaluated on the basis of the recoveries rates. In fact, recov-
ery rate assessment in doped samples is recognized as the
best approach to evaluate the performance of an analytical
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method, particularly in the case of complex matrices [29, 42,
43]. The recoveries found were between 75 and 115% and
were calculated as the arithmetic mean of all the recoveries
analyzed. The detailed values for each target compound are
reported in Table S5 of Supplementary Information.

PFAS levels in fish

The dataset presents PFAS contamination in fish exam-
ined between 2022 and 2024. The results are shown in
Table 1 as average concentration per species analyzed, cor-
responding standard deviation, and detection frequency in
the population. In terms of diversity of PFAS, the species
Perca fluviatilis has the highest diversity of compounds

(positive for all PFAS tested), followed by Salmo trutta,
Oncorhynchus mykiss, and Cyprinus carpio (9 PFAS out
of 15) (Table 1). In particular, Perca fluviatilis is the only
species of this study in which PFHpS, PFPeS, PFTA,
PFOSA, and PFDoDA were detected. Perca fluviatilis is a
species known to bioaccumulate a wide variety of differ-
ent PFAS in comparison with other freshwater fish species
[12, 15, 21, 22], as confirmed in this study. The variety
and the high concentrations of PFAS in Perca fluviatilis
are associated, according to the literature, at least in part
with its purely carnivorous diet, that places this species in
a trophic level particularly sensitive to this type of pollut-
ants [12]. Also, within the framework of this study, Perca
fluviatilis is the only species that has a purely carnivorous

Table 1 Summary of
concentrations of per- and
polyfluoroalkyl substances
in fish fillets. Av, average

Coregonus wartmanni
(N=20)
Av (ug/kg) (min—max)

concentration in pg/kg; SD, PFBS 0.08 (0.04-0.13)
standard deviation; F (%), PFDA 0.74 (0.07-2.39)
iriquency of Positives (>L0Q); PFHpA -
-7, not quantified (< LOQ)
PFHpS -
PFHxA -
PFHxS  5.07 (0.02-16.10)
PFNA 0.16 (0.06-0.29)
PFOA -
PFOS 20.12 (0.69-109.90)
PFOSA -
PFPeA -
PFPeS -
PFTA -
PFDoDA -
PFUnA  0.32 (0.06-0.74)
Perca fluviatilis
(N=38)
Av (ug/kg) (min—max)
PFBS 0.05 (0.01-0.07)
PFDA 1.43 (0.04-4.60)
PFHpA  0.02 (0.010-0.10)
PFHpS  0.20 (0.10-0.30)
PFHxA  0.22 (0.01-1.10)
PFHxS  0.46 (0.10-1.55)
PFNA 0.18 (0.07-0.30)
PFOA 0.01 (0.01-0.02)
PFOS 19.17 (0.01-41.50)
PFOSA  0.10 (0.10-0.20)
PFPeA 0.28 (0.01-1.21)
PFPeS 0.16 (0.10-0.20)
PFTA 0.30 (0.20-0.40)
PFDoDA 0.45 (0.30-0.60)
PFUnA  0.54 (0.03-2.70)

Oncorhynchus mykiss
(N=11)

Cyprinus carpio
N=11)

F (%) Av (ug/kg) (min—max) F (%) Av (ug/kg) (min-max) F (%)

45% - -

95%  0.37 (0.09-1.52) 100% 0.02 (0.01-0.04) 64%
0.03 (0.02-0.04) 27%  0.02° 10%
0.05 (0.02-0.07) 18%  0.03? 10%

60% 1.56 (0.06-14.63) 100% 0.44 (0.04-1.74) 80%

50%  0.03 (0.02-0.03) 18%  0.07 (0.01-0.17) 20%
0.02 (0.02) 9% 0.03 (0.02-0.03) 40%

100% 3.58 (0.10-6.77) 64%  4.56 (0.13-19.40) 100%
0.05 (0.04-0.05) 18%  0.50 (0.28-0.94) 100%

40%  0.03 (0.01-0.05) 18%  0.02 (0.01-0.02) 70%
Salmo trutta Squalius cephalus
(N=131) (N=T)

F (%) Av (ug/kg) (min-max) F (%) Av (ug/kg) (min-max) F (%)

11%  0.02 (0.01-0.04) 5% 0.01 (0.01-0.02) 29%

79%  0.37 (0.01-3.18) 100% 0.50 (0.02—-1.56) 57%

18%  0.03 (0.01-0.11) 27%  0.40° 14%

11% - -

26%  0.05 (0.15-0.44) 18% -

47%  1.56 (0.01-11.10) 100% 0.60 (0.2-1.26) 71%

39%  0.03 (0.01-0.27) 18% 0.10° 14%

5% 0.02 (0.01-0.22) 9% -

71%  3.58 (0.01-157.00) 64%  6.40(1.16-21.30) 100%

5% - -

26%  0.05(0.01-3.54) 18% 0.10° 14%

5% - -

16% - -

16% - -

63%  0.03 (0.01-0.59) 18%  0.40 (0.38-0.40) 29%

#The positive result refers to only one specimen
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diet, feeding on zooplankton, macroinvertebrates, and fish
species.

The PFAS present at the highest concentrations in all fish
species examined is PFOS, followed by PFNA and PFHxS
(Table 1). This is consistent with what has been described in
the literature, particularly regarding the presence of PFOS
at higher concentration than other PFAS [7, 12, 13, 17,
19-21]. The concentration of PFOS is significantly higher
in the species Coregonus wartmanni and Perca fluviatilis,
in comparison with the other species (p <0.05) (Fig. 1A).
The PFOS concentrations found in this study are compara-
ble with what has been observed in studies conducted in the
same geographical areas with values between 3.7-37.7 ug/
kg and 2-20 pg/kg found by Jaus et al. and Valsecchi et al.,
respectively [19, 21]. Coregonus wartmanni species also
shows the highest PFHxS values (p <0.05) (Fig. 1B). In
contrast, PFNA concentration is not significantly different
among the species and its concentrations remain 10 to 100
times lower than PFOS, i.e., which is comparable with what
has been described in the literature (Figure S1) [6, 19, 21].
None of the PFAS found at lower concentrations (below
5 pg/kg) shows significant differences between species. In

W Coregonuswartmanni B Cyprinus carpio

B Oncorhynchus mykiss || Perca fluviatilis

W Salmo trutta W Squalius cephalus

70.0 1 A

60.0 -
50.0 1
400 1
30.0 1 ;

20.0 1 ° o

PFOS Concentration (ug/kg)

10.0 1

0.0

18.0 1 * B
16.0 1 .

14.0 1
12.0 1
10.0 1

8.0 1

6.0 1 3
3
4.0
2.0 1 %
00 " e =

Fig. 1 Box-whisker plot of the fillet PFOS (A) and PFHxS (B) con-
centration. PFOS and PFHxS concentration is compared between spe-
cies by a t-test (*p-value <0.05). PFOS concentration is significantly
higher in Coregonus wartmanni and Perca fluviatilis than in the other
species (p-value <0.05) but does not differ between these two species.
PFHXS concentration is significantly higher in Coregonus wartmanni
species (p-value <0.05) in comparison to the other species

PFHxS Concentration (ug/kg)
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terms of frequency, there are six most frequent PFAS found
in the fish analyzed: PFOS, PFHxS, PFDA, PFPeA, PFUnA,
and PFNA. PFOS is the most frequently detected in all spe-
cies while the frequency of the other five compounds varies
between species [5, 19-21].

In particular, a high detection frequency for PFHxS was
observed in this study in contrast to the study of Valsecchi
and colleagues, which was conducted in Switzerland and
Italy but on different fish species. Valsecchi et al. showed
a higher frequency of the compound PFDoDA, which was
only found in Perca fluviatilis in this study. Differences in
PFAS concentration can be associated both with differences
in metabolism among the fish species considered, diet and
plasma lipid and protein content, as well as with specifici-
ties related to anthropogenic pollution of fishing areas [5,
12, 18, 44, 45]. Regarding the species-specificity, recent
studies show how the serum proteome and serum protein
concentration contribute to the difference in PFAS bioac-
cumulation. This is related to the type of serum protein most
present in fish, which is not always albumin and whose type
can vary among species. Serum proteins are responsible for
the transport of PFAS as well as fatty acids, so they directly
affect their bioaccumulation [8, 37, 44]. Furthermore, it is
known that PFDoDA is preferentially accumulated in the
liver compared with the fillet. In the case of PFHxS, on the
other hand, an increased frequency of detection in the fil-
let with respect to the liver is shown [12, 17, 20, 46]. The
presence of PFAS in fish is also directly related to the type
of PFAS found in the environment, the concentrations, and
varieties of which can change greatly even within the same
geographic areas [2, 3, 5, 17, 46].

Correlation between PFAS concentration and fish
size

The size of a fish is proportional to its age and developmen-
tal condition and to the quality and quantity of available
nutrition [8, 16, 17, 20, 23, 36]. Size also determines the
quality of the catch. Indeed, for the same species, the larger
a specimen is, the greater its interest in terms of food [45].
In this study, the size data of 121 among the 131 specimens
of Salmo trutta were available. This allowed a correlation
between PFAS content and specimen size (Table 2). Corre-
lation was made only for PFAS that were measured > LOQ
in this species, namely PFBS, PFDA PFHpA, PFHxA,
PFHxS, PFOS, and PFPeA. No correlation was observed
between specimen size and concentration of PFOS, PFHpA,
and PFHxA (Table 2). In contrast, the compounds PFBS,
PFDA, and PFHxS showed a positive correlation between
size and content (Table 2 and Figure S2). Interestingly, the
compound PFPeA, on the other hand, shows a negative cor-
relation between size and quantity (Table 2 and Figure S2).
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Table2 Correlation between fish size and PFAS concentration for
121 Salmo trutta specimens. Correlation is calculated using a Spear-
man correlation analysis. All data are integrated (where <LOQ was
considered as=0). F (%), frequency of positives; r, correlation coef-
ficient; nd, not detected; ns, not significant (p-value > 0.05)

PFAS F (%) Correlation Correlation type r p-value
PFBS 32%  Yes Positive 0.23 0.013
PFDA 70%  Yes Positive 0.61 <0.001
PFHpA 16% No nd 0.05 ns
PFHxA 17% No nd 0.1 ns
PFHxS 74%  Yes Positive 0.34 <0.001
PFOS 100% No nd 0.09 ns
PFPeA 88%  Yes Negative —-047 <0.001
YPFAS 100% No nd 0.11 ns

The correlation between fish size and PFAS content is
discussed in several studies without an unambiguous con-
sensus emerging, except in the case of PFOS, where evi-
dences suggested that there is no correlation between content
and fish size, as confirmed by this study [8, 16, 17, 20, 36].
Based on the literature reviewed, this is the first time that a
negative correlation has been shown between a PFAS, in this
case PFPeA, and fish size. This statistically robust finding
is likely to be associated with the fact that the compound
PFPeA is a short-chain (C5) PFAS, and these kind of PFAS
are known to poorly bioaccumulate and are characterized by
a short half-life in animals [7, 9, 15, 18, 20, 21]. PFPeA is
used to replace more toxic PFAS, along with PFBS, which,
however, has bioaccumulation potential [11, 47]. The rela-
tionship between bioaccumulation potential and fish size
with regard to some of the PFAS replacements is thus sug-
gested by this study. In fact, PFBS shows a positive correla-
tion, likely due to its bioaccumulation potential, as opposed
to PFPeA. PFHxS content is also characterized by a posi-
tive correlation between fish size and content of this PFAS,
which is consistent with the bioaccumulation characteristics
described in the literature for this compound [5, 8, 15, 37].

Food quality of fish

Fish are considered an extremely valuable food source in
relation to their nutritional content, particularly due to their
richness in protein, omega-3 fatty acids, vitamins (such as
D and B12), and minerals (such as iodine, selenium, and
zinc) [48-50]. Nevertheless, due to their position in the
food chain, the nutritional quality of fish is often affected
by the presence of bioaccumulated pollutant in the flesh [19,
34]. This also relates to PFAS pollution. Indeed, fish are
known to bioaccumulate PFAS to the point that in some
cases authorities have decreed no-fishing zones in highly
polluted waters, with the aim of preserving the health of
the population [7, 9, 12, 45]. For this reason, the European
Commission has set limit values for PFOS, PFOA, PFENA,
and PFHxS content in a number of fish [26] including the
species Coregonus wartmanni, Oncorhynchus mykiss, Perca
Sfluviatilis, and Salmo trutta (EU 2022/2388) [26]. The per-
centage of fish analyzed in this study whose concentration
of PFOS, PFOA, PENA, or PFHxS exceeds the requirements
of EU 2022/2388 is shown in Table 3. None of the tested
fish exceeded the requirements of EU 2022/2388 for PFOA
and PFNA, while a greater percentage of samples analyzed
exceeded the requirements for PFOS and PFHxS (Table 3).
The relatively low concentration of PFOA and PFNA is
likely attributable to the type of pollutants to which the fish
are exposed, generally characterized by a higher prevalence
of other PFAS, and the type of metabolism [1, 2, 11, 12,
21]. In fact, for all PFAS, bioaccumulation is greater in the
liver than in muscle and this is particularly significant in the
case of PFOA, which explains the low concentration of this
compound in the fillet [8, 36, 37].

The compounds PFOS, PFOA, PFNA, and PFHxS are
known to be particularly problematic in toxicological terms
[2, 15, 35, 47]. In fact, these compounds have been associ-
ated with developmental disorders and adverse effects on
serum cholesterol, liver, immune system, and birth weight
[2, 3, 11]. For this reason, EFSA has set a tolerable weekly

Table 3 Percentage of fish

dine th - ¢ Coregonus Oncorhyn- Perca fluviatilis ~ Salmo trutta
exceeding the requirements . . h ki
of EU regulation 2022/2388 yarimann s mmss
(% S.amplel> E}J Rngﬂind PFOS % Sample >EUReg 5% 18% 5% 24%
maximum levels in pg/kg
wet weight according to EU EU Reg. (ng/kg) 35.0 7.0 35.0 7.0
regulation 2022/2388 (EU Reg. ~ PFOA % Sample>EU Reg 0% 0% 0% 0%
(pg/kg)). Species Cyprinus EU Reg. (ng/kg) 8.0 1.0 8.0 1.0
carpio ‘;ﬂd iqualius cephalus PFNA % Sample>EUReg 0% 0% 0% 0%
are not listed in EU regulation
2022/2388 therefore not shown EU Reg. (ng/ke) 8.0 23 8.0 23
in the table PFHxS % Sample>EUReg  50% 45% 5% 27%
EU Reg. (ng/kg) 1.5 0.2 1.5 0.2
> PFOS, PFOA, % Sample>EU Reg 10% 18% 0% 24%
PFNA PFHXS  EU Reg. (ng/ke) 45.0 8.0 45.0 8.0
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Table 4 Tolerable weekly intake (TWI) set by EFSA here calculated for a person of 70 kg body weight and an intake of 200 g of fish fillet

Coregonus wartmanni

Oncorhynchus mykiss

Perca fluviatilis Salmo trutta Cyprinus carpio Squalius cephalus

TWI 95% 55%
(70 kg body weight, 200 g
of fillet)

58% 50% 36% 100%

intake (TWI) of 4.4 ng/kg body weight per week for the sum
of PFOS, PFOA, PFNA, and PFHxS [15, 26]. TW1 is related
to the maximum amount that can be ingested weekly without
posing a significant risk to health. Considering an amount
of 200 g of fish fillet for a person of 70 kg body weight, the
TWI would be exceeded by a considerable percentage of
the fish analyzed in this study, as shown in Table 4 [48]. In
particular, TWI is exceeded in virtually all specimens of
Coregonus wartmanni (95% of the specimens) and in all
specimens of Squalius cephalus (100%), while it is exceeded
in about one in two specimens for Oncorhynchus mykiss,
Perca fluviatilis, and Salmo trutta. Exposure to PFAS, par-
ticularly PFOS, through the consumption of contaminated
food that exceeds the TWI can lead to long-term health
risks [6]. These risks are partly due to the bioaccumula-
tion of PFAS in organs such as the liver and kidneys. PFAS
mainly disrupt fat and carbohydrate metabolism, leading to
increased serum cholesterol levels, which raise the risk of
cardiovascular diseases. Additionally, they cause elevated
serum alanine transaminase (ALT) levels and reduced birth
weight [51-53]. While this information primarily relates to
PFOS exposure, it likely applies to other PFAS as well, and
further research is needed to confirm this [6, 53].

Conclusions

The purpose of this work was to provide insight into the
level of PFAS in fish from lowland water in Switzerland,
focusing on the highest food quality part of the fish, the
fillet. The fish tested represent a random sample of what
might be food-caught fish. Samples were extracted using an
optimized QuEChERS method that is robust and reliable for
PFAS quantification even in complex matrices such as fish
flesh, thus confirming its great potential. The data obtained
were compared with European limits and requirements [26].

Overall, the data of this study highlight the significant
bioaccumulation of PFAS compounds such as PFOS, PFOA,
PFNA, and PFHxS in the analyzed fish species, confirming
the bioaccumulation phenomenon observed in these animals
[7,9,12].

Regular consumption of fish within a balanced diet
is important for health in terms of providing long-chain
n-3 fatty acids, as well as protein, peptides, vitamin D,
selenium, phosphorus, and calcium [49, 50]. Adequate
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intake of these substances is possible with regular fish
consumption, ideally as a minimum twice a week [16, 47,
50]. At this level of consumption, depending on the spe-
cies of fish, toxicological concerns may emerge with TWI
exceedances for PFAS. This study intended to contribute
to a better description of the issue by highlighting how
the choice of fish species can contribute to an excessive
intake of PFAS through the diet. In fact, fish can accumu-
late PFAS to levels that can pose health risks [9, 15, 35].
This is particularly evident in fish species like Coregonus
wartmanni and Squalius cephalus, where nearly all sam-
ples tested in this study exceeded the TWI established
by the EFSA. This study also suggests that the use of
low-bioaccumulative PFAS substitutes, such as PFPeA,
is confirmed to be encouraging in terms of presence and
accumulation in fish, and thus risk to human health. In
fact, this compound not only has low concentrations in
fish, but also a negative correlation between the size of
the animal and the concentration in the edible portion.
Further studies are needed to monitor the evolution of
PFAS content in fish as a function of restrictions on the
use of these compounds in industrial applications, as well
as the use of replacement PFAS characterized by lower
toxicity and bioaccumulation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-024-05524-1.

Acknowledgements We thank the Scitec Research laboratory in Laus-
anne, Switzerland, and in particular Sylvia Maftre and Dr. Emmanuel
Kottelat, for analytical support. We thank the International Commis-
sion for the Protection of the Italian-Swiss Waters (CIPAIS) and all
cantonal authorities who contributed to the study, i.e., Département
de la mobilité, du territoire et de I’environnement (DMTE), Service
de I’Environnement (SEN), Direction de I’environnement industriel,
urbain et rural, Direction générale de 1’environnement, and Diparti-
mento del Territorio, Divisione dell’Ambiente, Sezione della protezi-
one dell’aria dell’acqua e del suolo.

Author contribution Conceptualization: Camille Coquoz, Denise
Bussien Grosjean, Francesco Danza, Nicola Solca, Davide Staedler;
Methodology: Davide Staedler, Fiorella Lucarini; Formal analysis and
investigation: Myléne Soudani, Lucie Hegg, Camille Rime; Writing—
original draft preparation: Myléne Soudani, Fiorella Lucarini, Davide
Staedler; Writing—review and editing: Myléne Soudani, Fiorella
Lucarini, Davide Staedler; Funding acquisition: Camille Coquoz, Den-
ise Bussien Grosjean, Francesco Danza, Nicola Solca, Davide Steadler;
Resources: Camille Coquoz, Denise Bussien Grosjean, Francesco
Danza, Nicola Solca, Davide Steadler; Supervision: Davide Staedler,
Fiorella Lucarini.


https://doi.org/10.1007/s00216-024-05524-1

Determination of per- and polyfluoroalkyl substances (PFAS) in six different fish species. ..

Funding Open access funding provided by University of Applied Sci-
ences and Arts Western Switzerland (HES-SO).

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Macorps N, Labadie P, Assoumani A, Lestremau F, Budzinski
H. Per- and polyfluoroalkyl substances (PFAS) in surface sedi-
ments: occurrence, patterns, spatial distribution and contribution
of unattributed precursors in French aquatic environments. Sci
Total Environ. 2023;874:162493. https://doi.org/10.1016/j.scito
tenv.2023.162493.

2. Ehsan MN, Riza M, Pervez MN, Khyum MMO, Liang YN, Nad-
deo V. Environmental and health impacts of PFAS: sources, dis-
tribution and sustainable management in North Carolina (USA).
Sci Total Environ. 2023;878. https://doi.org/10.1016/j.scitotenv.
2023.163123.

3. Manojkumar Y, Pilli S, Rao PV, Tyagi RD. Sources, occurrence
and toxic effects of emerging per- and polyfluoroalkyl substances
(PFAS). Neurotoxicol Teratol. 2023;97. https://doi.org/10.1016/j.
ntt.2023.107174.

4. Ramirez Carnero A, Lestido-Cardama A, Vazquez Loureiro P,
Barbosa-Pereira L, Rodriguez Bernaldo de Quirds A, Sendén R.
Presence of perfluoroalkyl and polyfluoroalkyl substances (PFAS)
in food contact materials (FCM) and its migration to food. Foods.
2021;10(7):1443. 10.3390/foods10071443.

5. Brown AS, Yun XY, McKenzie ER, Heron CG, Field JA, Salice CJ.
Spatial and temporal variability of and polyfluoroalkyl substances
(PFAS) in environmental media of a small pond: toward an improved
understanding of PFAS bioaccumulation in fish. Sci Total Environ.
2023;880. https://doi.org/10.1016/j.scitotenv.2023.163149.

6. Pulster EL, Rullo K, Gilbert S, Ash TM, Goetting B, Campbell
K, et al. Assessing per- and polyfluoroalkyl substances (PFAS) in
sediments and fishes in a large, urbanized estuary and the potential
human health implications. Front Mar Sci. 2022;9. https://doi.org/
10.3389/fmars.2022.1046667.

7. Pan CG, Zhao JL, Liu YS, Zhang QQ, Chen ZF, Lai HIJ, et al.
Bioaccumulation and risk assessment of per- and polyfluoroalkyl
substances in wild freshwater fish from rivers in the Pearl River
Delta region. South China Ecotox Environ Safe. 2014;107:192-9.

8. Goeritz I, Falk S, Stahl T, Schifers C, Schlechtriem C. Biomag-
nification and tissue distribution of perfluoroalkyl substances
(PFASSs) in market-size rainbow trout. Environ Toxicol Chem.
2013;32(9):2078-88.

9. Savoca D, Pace A. Bioaccumulation, biodistribution, toxicol-
ogy and biomonitoring of organofluorine compounds in aquatic

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

organisms. Int J Mol Sci. 2021;22(12). https://doi.org/10.3390/
ijms22126276.

Sant KE, Venezia OL, Sinno PP, Timme-Laragy AR. Perfluorobu-
tanesulfonic acid disrupts pancreatic organogenesis and regula-
tion of lipid metabolism in the zebrafish. Danio rerio Toxicol Sci.
2019;167(1):258-68.

Valsecchi S, Conti D, Crebelli R, Polesello S, Rusconi M, Maz-
zoni M, et al. Deriving environmental quality standards for per-
fluorooctanoic acid (PFOA) and related short chain perfluorinated
alkyl acids. J Hazard Mater. 2017;323:84-98.

Macorps N, Le Menach K, Pardon P, Guerin-Rechdaoui S, Rocher
V, Budzinski H, et al. Bioaccumulation of per- and polyfluoro-
alkyl substance in fish from an urban river: occurrence, patterns
and investigation of potential ecological drivers. Environ Pollut.
2022;303. https://doi.org/10.1016/j.envpol.2022.119165.

Fair PA, Wolf B, White ND, Arnott SA, Kannan K, Karthikraj
R, et al. Perfluoroalkyl substances (PFASs) in edible fish spe-
cies from Charleston Harbor and tributaries, South Carolina,
United States: exposure and risk assessment. Environ Res.
2019;171:266-77.

Barhoumi B, Sander SG, Driss MR, Tolosa I. Survey of legacy
and emerging per- and polyfluorinated alkyl substances in Medi-
terranean seafood from a North African ecosystem. Environ Pol-
lut. 2022;292. https://doi.org/10.1016/j.envpol.2021.118398.
Teunen L, Bervoets L, Belpaire C, Jonge MD, Groffen T. PFAS
accumulation in indigenous and translocated aquatic organ-
isms from Belgium, with translation to human and ecological
health risk. Environ Sci Eur. 2021;33(1). https://doi.org/10.1186/
$12302-021-00477-z.

. Ali AM, Sanden M, Higgins CP, Hale SE, Alarif WM, Al-Lihaibi

SS, et al. Legacy and emerging per- and polyfluorinated alkyl sub-
stances (PFASs) in sediment and edible fish from the Eastern Red
Sea. Environ Pollut. 2021;280. https://doi.org/10.1016/j.envpol.
2021.116935.

Babut M, Labadie P, Simonnet-Laprade C, Munoz G, Roger
MC, Ferrari BJD, et al. Per- and poly-fluoroalkyl compounds in
freshwater fish from the Rhone River: influence of fish size, diet,
prey contamination and biotransformation. Sci Total Environ.
2017,605:38—47.

Miege C, Peretti A, Labadie P, Budzinski H, Le Bizec B, Vorkamp
K, et al. Occurrence of priority and emerging organic compounds
in fishes from the Rhone River (France). Anal Bioanal Chem.
2012;404(9):2721-35.

Valsecchi S, Babut M, Mazzoni M, Pascariello S, Ferrario C,
De Felice B, et al. Perfluoroalkyl substances (PFASs) in fish
from European lakes: current contamination status, sources,
and perspectives for monitoring. Environ Toxicol Chem.
2021;40(3):658-76.

Giari L, Guerranti C, Perra G, Cincinelli A, Gavioli A, Lanzoni
M, et al. PFAS levels in fish species in the Po River (Italy): new
generation PFAS, fish ecological traits and parasitism in the fore-
ground. Sci Total Environ. 2023;876. https://doi.org/10.1016/j.
scitotenv.2023.162828.

Jaus A, Rhyn P, Valentini J. Trace level analysis of per- and poly-
fluorinated substances in fish from various regions in Switzerland.
Toxics. 2023;11(11). https://doi.org/10.3390/toxics11110909.
Lago di Lugano: indagine sulle sostanze pericolose — contaminanti
organici persistenti nella fauna ittica. Campagna 2015; Interna-
tional Commission for the Protection of the Italian-Swiss Waters
(CIPAIS). CIPAIS: 2016; Available online: http://www.cipais.org.
Accessed on 15 May 2024.

Jeppesen E, Mehner T, Winfield 1J, Kangur K, Sarvala J, Ger-
deaux D, et al. Impacts of climate warming on the long-term
dynamics of key fish species in 24 European lakes. Hydrobiologia.
2012;694(1):1-39.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.scitotenv.2023.162493
https://doi.org/10.1016/j.scitotenv.2023.162493
https://doi.org/10.1016/j.scitotenv.2023.163123
https://doi.org/10.1016/j.scitotenv.2023.163123
https://doi.org/10.1016/j.ntt.2023.107174
https://doi.org/10.1016/j.ntt.2023.107174
https://doi.org/10.1016/j.scitotenv.2023.163149
https://doi.org/10.3389/fmars.2022.1046667
https://doi.org/10.3389/fmars.2022.1046667
https://doi.org/10.3390/ijms22126276
https://doi.org/10.3390/ijms22126276
https://doi.org/10.1016/j.envpol.2022.119165
https://doi.org/10.1016/j.envpol.2021.118398
https://doi.org/10.1186/s12302-021-00477-z
https://doi.org/10.1186/s12302-021-00477-z
https://doi.org/10.1016/j.envpol.2021.116935
https://doi.org/10.1016/j.envpol.2021.116935
https://doi.org/10.1016/j.scitotenv.2023.162828
https://doi.org/10.1016/j.scitotenv.2023.162828
https://doi.org/10.3390/toxics11110909
http://www.cipais.org

M. Soudani et al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hu HJ, Liu M, Shen L, Zhang L, Zhu H, Wu Q. Simultaneous
determination of multiple perfluoroalkyl and polyfluoroalkyl sub-
stances in aquatic products by ultra-performance liquid chroma-
tography-tandem mass spectrometry with automated solid-phase
extraction. J Chromatogr B. 2023;1224. https://doi.org/10.1016/j.
jchromb.2023.123736.

Liu XQ, Liu ZZ, Zhao HY, Shi RR, Wang J, Liu JJ, et al. Develop-
ment and validation of modified QUEChERS method combined
with LC-MS/MS for high-throughput analysis of per- and poly-
fluoroalkyl substances in fish samples. Microchem J. 2024;199.
https://doi.org/10.1016/j.microc.2024.110037.

Stecconi T, Tavoloni T, Stramenga A, Bacchiocchi S, Barola C,
Dubbini A, et al. A LC-MS/MS procedure for the analysis of 19
perfluoroalkyl substances in food fulfilling recent EU regulations
requests. Talanta. 2024;266. https://doi.org/10.1016/j.talanta.
2023.125054.

Song NE, Jung YS, Choi JY, Koo M, Choi HK, Seo DH, et al.
Development and application of a multi-residue method to deter-
mine pesticides in agricultural water using QUEChERS extraction
and LC-MS/MS analysis. Separations. 2020;7(4). https://doi.org/
10.3390/separations7040052.

Hwang SH, Ryu SY, Seo D, Kim SY, Lee JH, Cho YS. Develop-
ment of a method using QUEChERS and LC-MS/MS for analysis
of per- and polyfluoroalkyl substances in rice matrix. Food Chem.
2024;445. https://doi.org/10.1016/j.foodchem.2024.138687.
Pareja L, Cesio V, Heinzen H, Fernandez-Alba AR. Evaluation of
various QUEChERS based methods for the analysis of herbicides
and other commonly used pesticides in polished rice by LC-MS/
MS. Talanta. 2011;83(5):1613-22.

Molina-Ruiz JM, Cieslik E, Cieslik I, Walkowska I. Determina-
tion of pesticide residues in fish tissues by modified QUEChERS
method and dual-d-SPE clean-up coupled to gas chromatography-
mass spectrometry. Environ Sci Pollut R. 2015;22(1):369-78.
Zabaleta I, Bizkarguenaga E, Prieto A, Ortiz-Zarragoitia M,
Fernandez LA, Zuloaga O. Simultaneous determination of per-
fluorinated compounds and their potential precursors in mussel
tissue and fish muscle tissue and liver samples by liquid chroma-
tography-electrospray-tandem mass spectrometry. J Chromatogr
A.2015;1387:13-23.

Lehotay SJ, Son KA, Kwon H, Koesukwiwat U, Fu WS, Mas-
tovska K, et al. Comparison of QUEChERS sample preparation
methods for the analysis of pesticide residues in fruits and veg-
etables. J Chromatogr A. 2010;1217(16):2548-60.

Selz OM, Seehausen O. A taxonomic revision of ten whitefish
species from the lakes Lucerne, Sarnen, Sempach and Zug, Swit-
zerland, with descriptions of seven new species (Teleostei, Core-
gonidae). Zookeys. 2023;1144:95-169.

Mazzoni M, Ferrario C, Bettinetti R, Piscia R, Cicala D, Volta
P, et al. Trophic magnification of legacy (PCB, DDT and Hg)
and emerging pollutants (PFAS) in the fish community of a small
protected Southern Alpine lake (Lake Mergozzo, Northern Italy).
Water-Sui. 2020;12(6). https://doi.org/10.3390/w12061591.

Cao Y, Wang LZ. How to statistically disentangle the effects of
environmental factors and human disturbances: a review. Water-
Sui. 2023;15(4). https://doi.org/10.3390/w15040734.

Baduel C, Lai FY, Townsend K, Mueller JF. Size and age-concen-
tration relationships for perfluoroalkyl substances in stingray liv-
ers from eastern Australia. Sci Total Environ. 2014;496:523-30.
Falk S, Failing K, Georgii S, Brunn H, Stahl T. Tissue spe-
cific uptake and elimination of perfluoroalkyl acids (PFAAs)
in adult rainbow trout after dietary exposure. Chemosphere.
2015;129:150-6.

Yeh Y-H, Hwang D-F. High-performance liquid chromatographic
determination for bile components in fish, chicken and duck. J
Chromatogr B Biomed Appl. 2001;751(1):1-8.

Springer

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Takayama T, Shingu A, Kato S, Nagatomo R, Tsutsumi T, Inoue
K. Countermeasure for interfered monitoring ion of perfluorooc-
tanesulfonic acid (PFOS) from intrinsic food samples based on
LC-MS/MS analysis of per- and polyfluoroalkyl substances. J
Food Compos Anal. 2024;133: 106436.

Guckert M, Rupp J, Niirenberg G, Nodler K, Koschorreck J,
Berger U, et al. Differences in the internal PFAS patterns of her-
bivores, omnivores and carnivores-lessons learned from target
screening and the total oxidizable precursor assay. Sci Total Envi-
ron. 2023;875. https://doi.org/10.1016/j.scitotenv.2023.162361.
Mertens H, Noll B, Schwerdtle T, Abraham K, Monien BH. Less
is more: a methodological assessment of extraction techniques
for per- and polyfluoroalkyl substances (PFAS) analysis in mam-
malian tissues. Anal Bioanal Chem. 2023;415(24):5925-38.
Van Eeckhaut A, Lanckmans K, Sarre S, Smolders I, Michotte
Y. Validation of bioanalytical LC-MS/MS assays: evaluation of
matrix effects. ] Chromatogr B. 2009;877(23):2198-207.
Stramenga A, Tavoloni T, Stecconi T, Galarini R, Giannotti M,
Siracusa M, et al. Perfluoroalkyl and polyfluoroalkyl substances
(PFASs): an optimized LC-MS/MS procedure for feed analysis.
J Chromatogr B. 2021;1186. https://doi.org/10.1016/j.jchromb.
2021.123009.

Point AD, Crimmins BS, Holsen TM, Fernando S, Hopke PK,
Darie CC. Can blood proteome diversity among fish species help
explain perfluoroalkyl acid trophodynamics in aquatic food webs?
Sci Total Environ. 2023;875. https://doi.org/10.1016/j.scitotenv.
2023.162337.

Pickard HM, Ruyle BJ, Thackray CP, Chovancova A, Dassun-
cao C, Becanova J, et al. PFAS and precursor bioaccumulation
in freshwater recreational fish: implications for fish advisories.
Environ Sci Technol. 2022;56(22):15573-83.

Kaboré HA, Goeury K, Desrosiers M, Duy SV, Liu JX, Cabana
G, et al. Novel and legacy per- and polyfluoroalkyl substances
(PFAS) in freshwater sporting fish from background and firefight-
ing foam impacted ecosystems in Eastern Canada. Sci Total Envi-
ron. 2022;816. https://doi.org/10.1016/j.scitotenv.2021.151563.
Ateia M, Maroli A, Tharayil N, Karanfil T. The overlooked short-
and ultrashort-chain poly- and perfluorinated substances: a review.
Chemosphere. 2019;220:866-82.

Lofstedt A, de Roos B, Fernandes PG. Less than half of the Euro-
pean dietary recommendations for fish consumption are satisfied
by national seafood supplies. Eur J Nutr. 2021;60(8):4219-28.
Sioen I, De Henauw S, Verbeke W, Verdonck F, Willems JL,
Van Camp J. Fish consumption is a safe solution to increase
the intake of long-chain -3 fatty acids. Public Health Nutr.
2008;11(11):1107-16.

Tilami SK, Sampels S. Nutritional value of fish: lipids, proteins,
vitamins, and minerals. Rev Fish Sci Aquac. 2018;26(2):243-53.
Lu Y, Guan R, Zhu N, Hao J, Peng H, He A, et al. A critical
review on the bioaccumulation, transportation, and elimination
of per- and polyfluoroalkyl substances in human beings. Crit Rev
Environ Sci Technol. 2024;54(2):95-116.

Seo S-H, Son M-H, Choi S-D, Lee D-H, Chang Y-S. Influence
of exposure to perfluoroalkyl substances (PFASs) on the Korean
general population: 10-year trend and health effects. Environ Int.
2018;113:149-61.

Melnyk LJ, Lazorchak JM, Kusnierz DH, Perlman GD, Lin J, Ven-
katapathy R, et al. One Health assessment of persistent organic
chemicals and PFAS for consumption of restored anadromous
fish. J Expo Sci Environ Epidemiol 2023. https://doi.org/10.1038/
s41370-023-00620-3.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.jchromb.2023.123736
https://doi.org/10.1016/j.jchromb.2023.123736
https://doi.org/10.1016/j.microc.2024.110037
https://doi.org/10.1016/j.talanta.2023.125054
https://doi.org/10.1016/j.talanta.2023.125054
https://doi.org/10.3390/separations7040052
https://doi.org/10.3390/separations7040052
https://doi.org/10.1016/j.foodchem.2024.138687
https://doi.org/10.3390/w12061591
https://doi.org/10.3390/w15040734
https://doi.org/10.1016/j.scitotenv.2023.162361
https://doi.org/10.1016/j.jchromb.2021.123009
https://doi.org/10.1016/j.jchromb.2021.123009
https://doi.org/10.1016/j.scitotenv.2023.162337
https://doi.org/10.1016/j.scitotenv.2023.162337
https://doi.org/10.1016/j.scitotenv.2021.151563
https://doi.org/10.1038/s41370-023-00620-3
https://doi.org/10.1038/s41370-023-00620-3

	Determination of per- and polyfluoroalkyl substances (PFAS) in six different fish species from Swiss lakes
	Abstract
	Introduction
	Materials and methods
	Materials and reagents
	Fish samples
	Sample preparation
	Extraction protocol
	Chemical analysis
	Quality assurancequality control
	Statistical analysis and box-whisker plots

	Results and discussion
	Extraction of PFAS from fish fillet
	PFAS levels in fish
	Correlation between PFAS concentration and fish size
	Food quality of fish

	Conclusions
	Acknowledgements 
	References


