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Abstract 
 
To comprise the future requirements to detect low levels of perfluoroalkane acids, including 
branched and linear perfluorooctane sulfonic acid (PFOS), perfluorooctanoic acid (PFOA), 
and perfluorohexane sulfonic acid (PFHxS) in food items, here analytical methods for 
determination of PFOS, PFOA and PFHxS in six different food matrices (cow milk, butter, 
chicken egg, chicken meat, beef, and fish) were optimized and validated. The optimized 
method was based on alkaline digestion and solid-liquid extraction using acetonitrile, 
followed by solid phase extraction (SPE) using a weak anion exchange cartridge as clean-up. 
In the case of milk and egg samples, an additional clean-up with graphitized carbon (ENVI-
Carb) was applied. The separation was performed on an ultra-performance liquid 
chromatograph (UPLC) in negative electrospray ionization mode (MS/MS). The method 
showed an effective way to eliminate taurodeoxycholic acid (TDC), a bile acid that is an 
endogenous interference compound in egg sample causing ionization suppression during 
electrospray ionization. Validation was performed and resulted in recoveries for the target 
analytes at an acceptable level >70%, the limits of quantification (LOQs) in all matrices were 
3.1, 3.4, 4.9 pg/g for PFHxS, PFOA, and L-PFOS, respectively. The optimized method was 
successfully applied to 53 food samples from the Swedish market (n=18) and food samples 
provided by 11 countries through the United Nations Environment Programme project, Global 
Monitoring Plan 2 on Persistent Organic Pollutants (UNEP/GMP2) (n=35). PFOS and PFOA 
were detected in all samples, and PFHxS was detected in 80% of the samples. With this 
method, concentrations in the low pg/g range in food samples were quantified including the 
branched PFOS isomers. This method can be applied to enforce potential future limit values 
for PFOS and PFOA as discussed based on the recent European Food Safety Authority 
(EFSA) report.  
Further method optimization and validation is still needed for foods of plant origin such as 
vegetables, flour, nuts and bread. 
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1 Introduction 
Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are used in a wide range of consumer 
products and industrial applications due to their unique physical-chemical properties. Due to 
the historical production and use of PFAS, resulting in the release of these persistent 
substances to the environment, a number of these substances have been detected globally in 
the environment, wildlife, and humans [1] [2] [3]. In 2008, the European Food Safety 
Authority (EFSA) established a tolerable daily intake (TDI) of 150 ng/kg b.w. per day for 
perfluorooctane sulfonic acid (PFOS), and 1500 ng/kg b.w. per day for perfluorooctanoic acid 
(PFOA) [4] and concluded that the general population in Europe is unlikely to suffer negative 
health effects from dietary exposure to these chemicals. In 2018, the new report by the 
EFSA’s Scientific Panel on Contaminants in the Food Chain dramatically decreased the 
values for intakes, therefore “safe food concentrations” need to be revisited. The 2018 EFSA 
report derived tolerable weekly intakes (TWI) based on human epidemiology data. The new 
TWI for PFOS is now changed to 13 ng/kg b.w./week (comparable to 150 ng/kg b.w/day) and 
PFOA to 6 ng/kg b.w./week (comparable to 1500 ng/kg b.w/day) (EFSA 2018)[5]. The TWIs 
recommended in the new EFSA report requires a sensitive method to be able to detect low 
levels of PFOS and PFOA in food items. In order to define the required method detection 
limits for PFOS and PFOA, the following assumptions were used. The TWI limits of PFOS 
and PFOA for three food categories (meat, milk, and fish) as the most important categories 
contributors of PFOS and PFOA exposure in adult were computed [5]. Average consumption 
values for each food categories were based on the Comprehensive Food Consumption 
Database published by EFSA (2011) [6]. The limits of PFOS and PFOA intake are presented 
in Table 1. Water is not included into this study although the contribution to 10% of human 
exposure. According to the Europe Commission Regulation (EC) No 589/2014 [7], the LOQ 
for a confirmatory method shall be about one fifth (20%) of the maximum level which are 
also presented in Table 1. The required method detection limits were found to be 33.8 pg/g 
and 15.6 pg/g for PFOS and PFOA in meat, 4.8 pg/mL and 2.2 pg/mL for PFOS and PFOA in 
milk, and 282 pg/g and 130 pg/g for PFOS and PFOA in fish, respectively. 
 
Table 1. Computation of tolerable weekly intakes (TWI) and the limit of intake, based on average consumption 
pattern for three food categories (meat, milk, and fish) in an adult person (65 kg). 

  Adult 
65 kg 

% Share of PFOS and PFOA in dietary 
consumption (value of consumption) 

TWI for each 
category* (ng/wk) 

Limit of intake** 
 (20% of the limit) 

 

TWI
(ng/
kg 
bw 
wk) 

TWI 
(ng/ 
wk)  

Meat Milk Fish Meat Milk Fish Meat 
pg/g 

Milk 
pg/mL 

Fish  
pg/g 

PFOS 13 845 
20% 

(1000 g/wk) 
20% 

(7.0 L/wk) 
50% 

(300 g/wk) 

169 169 423 169 
(33.8) 

24 
(4.8) 

1408 
(281.6) 

PFOA 6 390 78 78 195 78 
(15.6) 

11  
(2.2) 

650 
(130) 

*   TWI for each category = % Share of PFOS and PFOA in dietary consumption * TWI 
** Limit of intake = TWI for each category * value of consumption 
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The determination of the trace levels of PFOS, PFOA, and perfluorohexane sulfonic acid 
(PFHxS) in food and biological tissues still constitutes significant analytical challenges [8] 
due to very low concentrations of these compounds in biota, severe matrix effects, and 
contamination problems from laboratory and instruments. There is a very high number of 
records where data were found not to be detected in the new EFSA report with 21,411 results 
for food samples analyzed (obtained from 16 European countries) and 74% and 91% of the 
data were found below limit of detection/limit of quantification (< LOD/LOQ) for PFOS and 
PFOA, respectively [5]. A more sensitive, precise and accurate analytical method is needed 
for quantification of dietary human exposure to PFAS. 
 
The aim of this study is to optimize an existing or develop a new analytical method for 
detecting PFOS and PFOA with low LOQs (pg/g level) in different food matrices, which 
include meat, egg and dairy products. Besides, PFHxS is also evaluated in this investigation, 
as this compound is under review for listing as a persistent organic pollutant (POP) into either 
Annex A, B or C of the Stockholm Convention on Persistent Organic Pollutants.  
Specific tasks in this study include: 1) Method development and validation for analyzing 
PFOS, PFOA, and PFHxS in different food matrices of animal origin by conducting spike 
recovery experiments with different amounts of test sample matrices (e.g., 0.5 g, 1 g, 2 g) and 
testing different extraction methods and cleanup methods; and 2) Apply the validated methods 
onto food samples.  

2 Background: 
Perfluoroalkyl substances (PFAS). Perfluoroalkyl substances (PFAS) are used in a wide range 
of consumer products and industrial applications due to their unique physical-chemical 
properties such as inertness and exceptional surface tension-lowering potential. The most 
important applications include surface treatment of textiles, paper, carpet and leather and in 
metal plating, performance chemicals (such as aqueous-film forming foams (AFFF) for fire-
fighting and as herbicides/insecticides) or emulsifiers in fluoropolymer production [9]. 
 
The strong C-F bond and high electronegativity and small size of the fluorine atom give the 
perfluoroalkyl substances their unique physical-chemical properties that are quite different 
from their hydrocarbon counterparts. The perfluoroalkyl moiety has both hydrophobic and 
lipophobic nature, so it is miscible in aqueous and hydrocarbon solvents [10] [11]. Due to the 
exceptional stability of the C-F bond, numerous ionic PFAS such as perfluoroalkane sulfonic 
acids (PFSAs including PFOS, and PFHxS) and perfluoroalkyl carboxylates (PFCAs 
including perfluorooctanoate, PFOA), show extreme persistence in the environment. They are 
resistant against extreme environments (e.g., extreme pH and high temperature), hydrolysis, 
photolysis, microbial degradation, and metabolism, which result in increasing usage in 
various industrial applications for these substances [9]. 
 
Concerns. As a consequence of increasing production and usage of PFAS resulting in the 
release of these persistent substances to the environment, a number of these substances have 
been detected globally in the environment, wildlife, and humans [1] [2] [3]. PFOA and PFOS 
are the representatives for PFCAs and PFSAs, respectively, which have been studied most 
extensively, PFHxS to a lesser extent. PFOA and PFOS have both been found to be persistent, 
toxic and bioaccumulative in the environment and in wildlife [12][13] [14].  
 
The toxicology studies on the PFAS [13] [14] [15] [16] and their persistence properties have 
led to concern among scientists regarding the exposure of the general population to these 
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compounds. Several findings have shown ubiquitous occurrence of PFCAs and PFSAs in 
human blood [2] [1] [17], food items, drinking water, inhalation of air, and ingestion of dust 
have been identified as human exposure pathways for PFAS; food has been suggested as the 
major direct exposure pathway for most PFAS in the general population from Sweden [18], 
Spain [19] and Norway [20], and also in EFSA’s scientific evaluation on the risks of human 
health related to the presence of  PFOS and PFOA in food. These studies also showed that 
fish, meat, egg, and dairy products were the dominant food groups with respect to human 
exposure to PFAS (the samples studied in this investigation included these matrices). Food 
items can be contaminated through environmental accumulation [21], through food 
processing, or via migration from surface-treated food contact materials [22]. The 
contamination of food items with PFAS might be due to two different processes: 
bioaccumulation in aquatic and terrestrial food chain (the animals may contain PFSAs due to 
exposure of air, water, or feeds containing those compounds); and transfer of PFAS from food 
contact materials used in food processing and packaging [23]. PFAS have been reported in 
food items from various countries, e.g. Spain [19], Canada [24], Norway [25], and others [26] 
[18].  
 
Regulations. In response to the increasing number of PFAS detected in the environment, 
wildlife, human blood, and food products, legislation restricting the production and use of 
some PFAS has been introduced globally. PFOS and its salt has been listed in Annex B under 
the Stockholm Convention on Persistent Organic Pollutants (POPs) since 2009 [27] [28]; 
PFOA was listed in 2019 in Annex A; PFHxS is under evaluation for possible listing into 
Annex A, B or C of the Stockholm Convention (UNEP 2018) [29]. In the European Union 
(EU), PFOS is included in the POP regulation (EC 850/2004). The EU regulates PFOA and 
related compounds and suggests that PFOA is a promising candidate for being identified as a 
Substance of Very High Concern (SVHC) under Registration, Evaluation, Authorisation, and 
Restriction of Chemicals (REACH) (REACH, EC No. 1907/2006) [30]. The EFSA 
recommendation on PFOS and PFOA decreased the values for intakes between the EFSA’s 
scientific reports in 2008 and 2018, their respective TDIs were lowered almost 100-fold for 
PFOS and >1500-fold for PFOA. Other countries have also regulated these compounds, for 
example, the United States Environmental Protection Agency (US EPA) and Food Standards 
Australia New Zealand (FSANZ) considered a comprehensive international assessment on the 
health effects of PFAS. The US EPA established TDIs for PFOS (30 ng/kg b.w. per day) 
based on decreased neonatal rat body weight from a two-generation study [31], and PFOA (20 
ng/kg b.w. per day) based on reduced ossification and accelerated puberty effects observed in 
a developmental toxicity study in mice [32]. FSANZ established their own TDIs (20 ng/kg 
b.w. per day) for PFOS based on decreased parental and offspring body weight gains in a 
multigeneration reproductive toxicity study in rats, (160 ng/kg b.w. per day) for PFOA based 
on a no observed adverse effect level (NOAEL) for fetal toxicity in a developmental and 
reproductive study in mice [33]. These low levels of TDIs and TWIs has drawn attention in 
difficulties in analytical methodology to comprise future requirements to detect the low level 
of PFAS in food items. 
 
PFAS analysis in food. Several studies have investigated different strategies to determine the 
concentrations of PFAS in food. For determination of PFAS in such complex and variable 
matrices as food, co-extraction and co-elution of matrix compound may occur and, when 
using mass spectrometry (MS) detection, the co-elution of target analytes with interfering 
substance will impact quantitative analysis of PFAS [21] [34] [35], and all of that are a rather 
challenging task in many ways. To overcome matrix effects (co-extraction of lipids, 
ionization suppression due to co-elution of structurally similar substances), different steps of 
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pre-treatment, extraction, and clean-up has been employed to ensure transfer all PFAS to the 
physical state that enables the analysis and final detection of enriched PFAS and purify the 
extract prior to instrumental determination.  
 
In order to ensure a complete transfer of PFAS from the sample to the final extract, a 
digestion step prior to the extraction by adding either alkali or acid to destroy matrix 
interferences and release the bound PFAS from proteins in the biological matrix has been 
used [36]. Protein and lipids digestion need to be achieved to ensure the release of the bound 
PFAS from the proteins and lipids [36]. Digestion with formic acid have previously been 
applied in biological samples [17] [37] and also applied for food samples [26] [38]. Most of 
the food samples digestion used previously have been based on alkaline digestion [39] [36] 
[36] [40] [41].  
 
Several extraction methods are available for PFAS analysis, which include solid-liquid 
extraction of the PFAS from the food matrix using a medium polarity organic solvent 
(methanol [10] or acetonitrile [42]) or a mixture of an organic solvent with water [43]; an ion-
pair extraction method is a liquid–liquid extraction (LLE) with an ion-pairing agent such as 
tetra-n-butylammonium hydrogen (TBA) that will form an ion-pair with the anionic PFAS to 
help reduce the polarity of the PFAS, and then the ion-pair will be extracted using a non polar 
organic solvent as methyl-tert-butyl ether (MTBE) [44]. 
    
Analytical issues. Matrix effects on ionization when using electrospray ionization (ESI), often 
play a significant role in trace analysis of PFAS. In order to be able to detect low levels of 
PFAS in a complex matrix such as various food matrix, the co-eluting matrix interference 
either suppressing or enhancing the ionization need to be removed from the extract prior to 
instrumental analysis [39]. Effects such as signal enhancement or suppression have been 
reported for PFAS in human sera, wastewater treatment plant sludge, paper fibers, soil, indoor 
dust, and food samples [39] [35] [45] [46] [16] [47]. An efficient clean-up is necessary for 
removal of co-extracted matrix constituent especially when a large volume of sample matrix 
is being concentrated for trace level analysis. Without further sample clean-up, ionization 
suppression or enhancement may lead to inaccuracy of results [34]. Solid phase extraction 
(SPE) has been used as a fast clean-up alternative, representing an option for isolation and/or 
pre-concentration of PFAS from different food samples. A wide variety of SPE methods have 
been reported for extraction and clean-up of the sample, different column types of different 
sorbent chemistry have been used. Taniyasu and co-workers [48] tested two different types of 
SPE cartridges, HLB (hydrophilic–lipophilic balanced sorbents) and WAX (weak anion 
exchange) cartridges for water analysis and found the WAX cartridge more effective with 
recoveries ranging from 80% to 90% for both PFOS and PFOA. Contrary to these results, 
Gebbink and co-workers used the WAX cartridge after solid-liquid extraction (SLE) 
procedure for food samples (milk and fish), and reported low recoveries varying from 6% to 
46% for PFOA and 9% to 80% for PFOS [42]. Other types of sorbent like silica based (C8, 
C18) [49] or graphitized carbon (ENVI-Carb) [26] have been used as clean-up step; ENVI-
Carb was shown to reduce the matrix effect by removing the planar co-extracted components 
from both biotic and abiotic samples such as chlorophylls or sterols [26]. 
 
Due to its high sensitivity and selectivity, liquid chromatography/negative electrospray 
ionization (ESI) associated with tandem mass spectrometry (LC-MS/MS) is the preferred 
technique for quantifying PFAS trace levels. Most liquid chromatographic separations for 
perfluorinated compounds uses C18 or C8 stationary phases. Mass spectrometry (MS) detector 
in general displays repeatability compared to most other detectors, especially the ultra violet-
visible (UV-VIS) absorbance detector [50]. LC-MS/MS is a highly sensitive and selective 
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technique for measuring the concentration of analytes in complex matrices due to the 
fragmentation of specific isolated precursor ions. However, one of the biggest challenges 
using LC-MS/MS methods with electrospray ionization (ESI) is ionization suppression or 
enhancement which can occur when endogenous co-eluting compounds, in case of the 
biological matrix (i.e. salts, amines, fatty acids, etc.), are present in the extract [51]. There 
have been a variety of approaches taken to remove these interfering compounds including the 
use of ENVI-Carb, ion-exchange or silica [15] [22] [48] [45]. 
 
A number of methods [10] [15] [22] [26] [39] [34] [35] [42] [48] [45] have been tested for 
analysis of PFAS in selected food matrices. However, method recoveries were strongly 
dependent on the sample matrix and the combination approach of extraction and clean-up for 
the sample. Effects from co-extracted matrix constituents from complex food matrices of 
various origin were observed, or the method sensitivity was not good enough for analysis of 
low levels of PFAS. Nevertheless, poor recoveries and matrix suppression ultimately limit the 
method sensitivity. Table 2 in the Appendix summarizes different extraction and clean-up 
strategies for food samples, including the recoveries and limit of quantification (LOQ) for 
different methods.   

3 Material and method 
3.1 Standards and reagents 

Analytical native standard (UNEP-PFAS-SOLN. A) of PFAS is a solution/mixture of eleven 
native linear perfluoroalkylcarboxylic acids PFCAs (C4-C14), four native 
perfluoroalkylsulfonic acids (C4, C6, and C10 linear; C8 linear and branched), native perfluoro-
1-octanesulfonamide, and native sodium 1H,1H,2H,2H-perfluorooctane sulfonate, all of 
chemical purities >98%. Mass-labelled standard UNEP-PFAS-EXT. A (purity >99%) and 
mass-labelled standard UNEP-PFAS-INJ. A (purity >99% per 13C or >94% per 18O) were 
used for monitoring the recovery during the extraction procedure. UNEP-PFAS-EXT.A was 
used as an extraction standard (internal standard IS) and was a mixture of ten mass-labelled 
(13C) PFCAs (C4-C12 and C14), three mass-labelled (13C) perfluoroalkylsulfonates (C4, C6, and 
C8), perfluoro-1-[13C8]octanesulfonamide, and sodium 1H,1H,2H,2H-perfluoro-1-[1,2-
13C2]octane sulfonate in methanol. UNEP-PFAS-INJ.A was used as an injection standard 
(recovery standard RS) and was a mixture of seven mass-labelled (13C) PFCAs (C4-C6 and C8 
-C11), and two mass-labelled (18O and 13C) perfluoroalkylsulfonates (C6 and C8). All the 
standards were purchased from Wellington Laboratories (Guelph, Ontario, Canada). Milli-Q 
water was used throughout the experiment. Methanol (LC-MS grade, ≥99.9%), methanol 
(HPLC grade, ≥99.8%), acetonitrile (HPLC grade, ≥99.8%), sodium hydroxide and ammonia 
solution (0.91, 25%) were acquired from Fisher Scientific (Waltham, Massachusetts, United 
States), ammonium acetate (≥99.0%), and acetic acid (glacial) from Sigma Aldrich 
(Darmstadt, Germany). 
 

3.2 Food samples 

Six different dietary test matrices, representing the dominant food groups with respect to 
human exposure to PFAS, were included for method development and quantitative analysis 
(cow milk, butter, chicken egg, chicken meat, beef, and fish) as listed in Table 3 in the 
Appendix. Most food samples were from developing countries through the UNEP/GMP2 
(United Nations Environment Programme Project on Global Monitoring Plan 2 on Persistent 



 11 

Organic Pollutants) project collected from mid 2017 to end of 2018. Three food samples of 
each type but different brands were purchased from the local supermarket in Örebro, Sweden 
in February 2019. 

3.2.1 Sample preparation 
For local Swedish samples, each individual dairy product (milk, butter) and whole chicken 
egg sample (egg yolk and egg white) were pooled in 50 mL polypropylene tubes, the muscles 
tissue of meat products (beef, fish, chicken) were homogenized and pooled to 50 mL 
polypropylene tube and stored in a freezer (-20 ◦C) until analysis. 
The UNEP/GMP2 samples were collected in the country of origin, either kept in the original 
packaging or placed into HDPE bottles or plastic bags and shipped to Sweden. Most samples 
were received frozen and were kept frozen (-20 ◦C) until analysis.   

3.3 Extraction and clean-up 

In the current study, different sample digestion methods using either acid or alkaline, different 
extraction methods using either ion-pair or solid-liquid extraction with different organic 
solvents (methanol, acetonitrile), and different clean-up methods using either ENVI-Carb or 
solid phase extraction were tested to obtain the most suitable method. A schematic is provided 
for the experimental study design (Figure 1). 

 
Figure 1. Schematic diagram of the experimental study design for sample preparation of food samples, including 
digestion (alkaline and acid), extraction (methanol and acetonitrile), and clean-up (ENVI-Carb and solid phase extraction) 
methods. 

 
3.3.1 Sample digestion 

3.3.1.1 Acid digestion: 
A homogenized food sample (2 g) was spiked with 5 µL mass-labelled standard solution          
(200 pg/µL, IS). After thorough mixing, 6 mL of formic acid:water (1:1, v:v) was added, the 
sample was vortex-mixed, sonicated for 15 min, and then centrifuged (20 min at 5000 rpm). 
The supernatant was transferred to a 15 mL PP tube and diluted with Milli-Q water to 15 mL 
before solid phase extraction (SPE).  
 



 12 

3.3.1.2 Alkaline digestion: 
The procedure as described in 3.3.1.1. was applied except that 5 mL aqueous sodium 
hydroxide (NaOH, 0.2 M) was used instead of 6 mL of formic acid: water (1:1, v:v). The pH 
of the supernatant was adjusted to pH 4 by adding 1 mL hydrochloric acid (1 M) before solid 
phase extraction (SPE).  

3.3.2 Extraction  
3.3.2.1 Ion-pair extraction: 

This protocol begins with alkaline digestion and then ion-pair extraction, followed by solid 
phase extraction (SPE). In short, an amount of 2 g of homogenized food sample was spiked 
with 5 µL of mass-labelled standard solution (200 pg/µL, IS). After thorough mixing,  
5 mL NaOH (0.2 M) in water was added, and the sample was vortex-mixed and sonicated for 
15 min. TBA-solution (2 mL, 0.5 M) and 5 mL MTBE, were added to the sample, vortex-
mixed, sonicated for 15 min, and then centrifuged (20 min at 5000 rpm). The top MTBE layer 
was transferred to a 15 mL polypropylene tube and the extraction was repeated twice with   
4 mL MTBE. The combined extract was evaporated to a final volume of approximately 1 mL 
under a gentle stream of dry nitrogen gas after adding 1 mL methanol. The extract was diluted 
with Milli-Q water to 15 mL before sold phase extraction (SPE).  
 

3.3.2.2 Solid -liquid extraction:  
This protocol begins alkaline digestion and then solid-liquid extraction with either one of two 
organic solvents, methanol or acetonitrile, followed by solid phase extraction (SPE). Briefly, 
an amount of 2 g of homogenized sample was spiked with 5 µL of mass-labelled standard 
solution (200 pg/µL, IS), and 5 mL of NaOH (0.2 M) in water was added, and the sample was 
vortex-mixed and sonicated for 15 min. One milliliter of 1 M hydrochloric acid and 5 mL 
organic solvent was added. The sample was sonicated for 15 min and centrifuged 
(20 min at 5000 rpm). The supernatant was transferred to a 50 mL centrifuge tube, and the 
extraction was repeated twice with 4 mL organic solvent. The combined supernatant was 
diluted with Milli-Q water to 50 mL. 
 

3.3.3 Clean-up 
3.3.3.1 Solid phase extraction SPE: 

Solid phase extraction was applied after each evaluation step (digestion (acid, alkaline), and 
extraction (ion-pair, solid-liquid extraction)). The solid phase extraction (SPE) was performed 
by loading the supernatant on weak anion exchange (Waters Oasis® WAX) cartridge 
preconditioned with 4 mL 0.1% ammonium hydroxide in methanol, followed by 4 mL 
methanol and then 4 mL Milli-Q water. The cartridge was thereafter washed with 4 mL Milli-
Q water, 4 mL ammonium acetate buffer solution with a pH 4. After drying the cartridge for 
10 min under vacuum, it was washed with 4 mL of methanol (this fraction was discarded). 
The second fraction was eluted with 4 mL 0.1% ammonium hydroxide in methanol. The SPE 
second fraction was evaporated under a gentle stream of high-purity nitrogen to 200 µL, then 
300 µL 2 mM ammonium acetate in water and 5 μl of recovery standard solution (200 pg/μl, 
RS) were added. The 500 µL extract was vortex-mixing and centrifuged (5 min at 5000 rpm), 
then transferred to LC vial for instrumental analysis.  
 

3.3.3.2 ENVI-Carb SPE cartridge: 
ENVI-Carb clean-up was performed after digestion and extraction steps. First digestion of 2 g 
of homogenized sample, spiked with 5 µL of mass-labelled standard solution (200 pg/µL, IS), 
was performed. NaOH (5 mL, 0.2 M) in methanol was added, the sample was vortex-mixed 
and sonicated for 15 min, and the supernatant passed through the ENVI-Carb SPE cartridge.  
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Extraction, using ion-pair extraction or solid-liquid extraction with two different organic 
solvents (methanol, acetonitrile) was performed as described before, then the organic solvent 
was passed through the ENVI-Carb SPE cartridge. 
 

3.4 Instrumental analysis and quantification 

Separation and quantification of target PFAS was performed using an Ultra performance 
liquid chromatograph coupled to a tandem mass spectrometer (UPLC-MS/MS). The 
separation of target compounds was performed by Waters Acquity UPLC® on a BEH 
(Ethylene Bridged Hybrid) C18 column (1.7 μm particle size, 2.1 x 100 mm length) using  
2 mM ammonium acetate as mobile phases. A 10 μL extract aliquot was injected onto the 
column, with a mobile phase gradient as described elsewhere [52]. Temperatures of column 
and sample manager were set at 50 ◦C and 20 ◦C, respectively. The determination of target 
compounds was performed on a tandem quadrupole, XEVO TQS mass spectrometer (Waters 
Corporation Milford, USA), in electrospray ionization (ESI) negative mode, with the source 
and desolvation temperatures set at 150 ◦C and 400 ◦C, respectively. The analyses were 
performed with a multiple reaction monitoring (MRM) method that monitored two mass 
transitions (parent ion/product daughter ion) for every analyte. For quantification, two product 
ions monitored one for quantification and the other for verification to ensure specific and 
accurate quantification. The information on ion transitions for both labelled and native, 
collision energies (CE) are provided in Table 4. Identification of analytes was based on the 
retention time of the mass-labelled standards and quantification was based on the relative 
response factor (RF) using corresponding mass-labelled compounds to native compounds. 
 
In this study, branched isomers were only quantified for PFOS. Since the isomers of PFOS 
were not baseline resolved, they were separated in different groups; L-PFOS,                       
(3-, 4-, 5-PFOS), and (6-, 2-PFOS) as illustrated in Figure 2. Some of the isomers (di-methyl-
PFOS, 1-PFOS) were expected to be very low and were not evaluated in this investigation. 
The quantification of branched PFOS was performed based on different product ions to obtain 
the best responses for each cluster group. The first cluster containing the three br-PFOS (3-, 
4-, 5-PFOS) was quantified using transition 499>80, and the second cluster (6-, 2-PFOS) was 
quantified on the 499>169 transition. The sum PFOS thereafter refers to the sum 
concentrations of the br-PFOS (6-, 2-, and 3-, 4-, 5-PFOS) and L-PFOS. The software 
MassLynx V 4.1 was used for acquisition and analysis. 
 

3.4.1 Quality control and quality assurance 
For each batch of samples, two procedural blanks (extraction blank) were extracted 
concomitantly and analyzed for controlling the background contamination introduced and 
originating throughout the extraction from various sources in the laboratory. One control 
sample (spiked sample) was also extracted and analyzed in order to simultaneously control 
the repeatability of the analytical method and investigate new systematic errors. An isolator 
column (Waters, USA) had been installed after the solvent mixer of the LC pump before 
sample injector to separate any contamination originating from the LC system. For 
instrumental quality control, with each sequence of 9 samples, one standard dissolved in a 
pure solvent (MeOH/water 40/60 with 2 mmol/L ammonium acetate) was injected to confirm 
system stability. Methanol injections were carried out after and before the standard injection 
to control for contamination generated in the LC system. Quantification of analytes was based 
on internal calibration with its corresponding mass-labelled standard together with its native 
compound. The calibration curve consisting of a concentration series of 5, 10, 20, 40, 80, 150, 
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300, 500, 1000, 2000, 3000 and 4000 pg/mL with a fixed amount of IS and RS added 
(correlation coefficients >0.99) was used for quantification of the target analyte concentration. 
 

3.5 Method validation experiments 

Method validation is a key in analysis of chemical compounds, necessary for obtaining 
reliable results [53]. The final method was validated addressing selectivity, precision, 
accuracy, limit of detection (LOD), limit of quantification (LOQ), recovery, matrix effect, and 
method applicability.  
 
Selectivity (for identification purposes) refers to the ability of a method to measure the 
amount of the analyte that is claimed to be measured without the presence of interference. The 
method selectivity was addressed by comparing the retention times of PFAS in the standards 
and in the samples [54]. 
 
Precision and accuracy was tested in triplicate analyses of local food samples from each 
matrix (since no certified reference materials were available for the analytes and matrices of 
interest) spiked with the native standard solution (UNEP-PFAS-SOLN. A) at two 
concentrations, 200 and 1000 pg, and performed on three different days [54]. 
 
Precision (intra-day and inter-day) is expressed as the percentage relative standard deviation 
(RSD%) of the triplicate analyses. The accuracy of quantified concentrations was evaluated 
by comparison the concentration with theoretical levels after subtraction of endogenous 
present concentrations. 
 
Limit of detection (LOD) and limit of quantification (LOQ) calculations were performed by 
analyzing triplicate procedural blanks on three different days. LOD is defined as the lowest 
concentration of the analyte that can be reliably detected by the method at a specified level of 
confidence; LOQ is defined as the lowest concentration of the analyte that was able to be 
identified and quantitatively measured in a sample using an analytical method with specified 
accuracy and precision [55]. The LOD and LOQ were derived from the arithmetic mean plus 
three times and ten times the standard deviation, respectively, of the analyte signal in the 
procedural blanks (as suggested in the Eurachem validation guideline) [54]. 
 
Total method recoveries were evaluated by comparing  the IS normalized to RS in samples 
compared to IS normalized to RS in non-extracted solvent standard.  
 
Possible matrix effects on the ionization in ESI-MS/MS determination were evaluated by 
comparison of the peak area for recovery standard in the sample and the area for recovery 
standards dissolved in a pure solvent (MeOH/water 40/60 with 2 mmol/L ammonium acetate). 

4 Results and discussion 
4.1 Method optimization: 

The aim of optimization the extraction and clean-up procedure was to obtain all target 
analytes in the final extract with trace level detection of the targeted compounds in the food 
samples. The high concentration of target analyte should not lead to inaccurate results 
caused by matrix effects in electrospray ionization, nor compromise recoveries of the target 
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analytes. For this objective, each step of digestion, extraction, and clean-up was evaluated 
separately. 
 
Choice of the optimal sample size has a major effect of the performance of the analytical 
method, a small sample size could result in a decrease in method sensitivity, while a larger 
sample size could result in increased matrix effect and increased usage of organic solvent. In 
the current study, 2 g of food sample was chosen as the suitable sample size to control the 
matrix effect (avoiding the large sample size) and be able to detect the trace level of target 
analytes (avoiding the small sample size). 

 
4.1.1 Sample digestion 

Both acid and alkaline digestions were evaluated in this study by investigating the recoveries 
of spiked internal standards in triplicate of each food matrix and using either formic acid or 
sodium hydroxide, followed with SPE (Waters Oasis® WAX) clean-up.  
 
Alkaline digestion showed better recoveries compared with acid digestion in the case of beef, 
fish and chicken samples, and the recoveries for other matrices (milk, butter, egg) showed 
quite comparable recoveries between acid and alkaline digestion as illustrated in Figure 3a. 
Therefore, based on the recovery results, digestion with NaOH was chosen for sample 
digestion. 
 
Since this evaluation was a spike experiment, it may not be able to represent the effectiveness 
of sample digestion with regards to dissociation of any protein-bound PFAS in a real sample. 
This digestion test was evaluated again using the optimized method (see below) to show if 
this step may yield more PFAS released with the use of sample digestion; analyses of two 
samples, milk and egg which showed high concentrations of PFOS in the sample, showed no 
significant difference in concentrations of PFOS, PFOA, and PFHxS comparing digestion 
with acid, alkaline, or without any digestion. However, the alkaline digestion step was kept 
for all extractions to ensure the release any of the bound PFAS from proteins and lipids [36]. 
 

4.1.2 Extraction method 
Different extraction methods were evaluated, which included ion-pair and solid-liquid 
extraction with a different organic solvent (methanol, acetonitrile). The samples were first 
digested with NaOH and extracted with three different extraction methods (ion pair, solid-
liquid extraction with methanol, and acetonitrile as an organic solvent) and followed with SPE 
(Waters Oasis® WAX) clean-up. The result of the ion-pair extraction method showed lower 
recoveries between 30% and 80% (very low recoveries for beef and fish matrices from 15% 
to 30%) for target analytes compared with solid-liquid extraction (Figure 3b). The recoveries 
were found to be strongly matrix dependent, therefore the low recoveries of ion-pair 
extraction caused by the presence of the high level of the lipid in the food matrix, that high-fat 
content will be dissolved and transferred to the final extract throughout the using of nonpolar 
organic solvent (MTBE) and cause the low recovery. The results of low recoveries in ion-pair 
extraction were comparable with Vestergren’s method recoveries [39] in a range between 
50% and 80%. Low method recovery will ultimately constrain the method performance for 
detection of trace level of the target analyte. 
 
Methanol and acetonitrile are both organic solvents with medium polarity properties and 
considered as good solvents for PFAS’s extraction. Of the two, methanol is slightly more 
polar compared with acetonitrile. The solid-liquid extraction using these organic solvents 
followed with SPE clean-up showed different recoveries (Figure 3b). Using acetonitrile as an 
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organic solvent in solid-liquid extraction showed better recoveries compared with methanol, 
as illustrated in Figure 3b. 
  

 

 
Figure 3. Investigation of sample digestion and solid-liquid extraction. a. Comparison of 
recoveries of target analytes between acid and alkaline digestion follow by solid phase extraction 
(SPE) clean-up. b. Comparison of recoveries of sample extraction with different organic solvents 
(methanol (MeOH) and acetonitrile (ACN)). The error bar in both charts represents the standard 
deviation from triplicate samples.  
 
4.1.3 Optimization of cleanup steps 

In the present study, ENVI-Carb and solid phase extraction were tested for purifying the 
extract as a clean-up step. Using ENVI-Carb only as clean-up step was not possible as a result 
of high-fat content in the solid-liquid extract where a gelatinous liquid was formed during 
evaporation for solvent reducing. The best results were obtained by using the solid phase 
extraction (SPE) with weak anion exchange (WAX) adsorbent as clean-up step. It showed 
effective clean-up results of simultaneously removing the endogenous co-eluting interference 
compounds from the solid-liquid extract and help enrich the target analytes in the final extract 
(Figure 4). However, huge ionization suppression (85% for PFOS in egg sample) (comparison 
between the peak area of recovery standards of these matrices with those with standard in 
solvent) were observed for milk and chicken egg matrices (Figure 4). 
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In the case of milk and chicken egg matrices, further clean-up with ENVI-Carb was 
investigated, different amounts of sorbent of ENVI-Carb SPE cartridge (100, 250 mg) was 
tested as an extra clean-up step for both matrices. The ENVI-Carb, at both sizes (100, 250 
mg), proved to be efficient to minimize ionization suppression (peak area of recovery 
standards in sample matrices/peak area of recovery standard = 1, Figure 4). 
 

 
Figure 4. Comparison of the recovery standard (RS response= peak area for recovery standard in 
the sample / peak area of recovery standard in the solvent) response for applying an extra clean-up 
for milk and egg matrices. The results represent using SPE clean up, and SPE with an extra clean 
up step with ENVI-Carb SPE cartridge (250 mg) for milk and egg matrices, respectively. The error 
bar in the chart represents the standard deviation of triplicate samples.  

 
The chicken egg matrix showed different results, and the suppression occurred only on the 
PFOS signal. This was caused by the endogenous co-eluting interference which elutes at the 
same retention time as PFOS. This interfering compound has been identified as one of four 
cholic acid isomers (taurodeoxycholic acid TDC, molecular weight: 498.2968) [56] to co-
elute with PFOS in the C18 column LC separation conditions. The TDC is an endogenous 
compound formed in the liver cell, normally found in matrices of animal origin, and has a 
similar mass (498.2968) as PFOS (498.9297). Further, the isotopes of TDC share the same 
daughter ion using the transition 499>80 as can be see the chemical structure of TDC in 
Figure 5 in the Appendix. The co-eluting interference (TDC) might lead to false positive 
identification or overestimation of the determined level of PFOS concentration when the 
transition of 499>80 is used. Thereby the transition 499>80 was commonly avoided in many 
studies and the transition 499>99 was used. However, trace levels of PFOS might not be 
detected in the transition 499>99 with the significant suppression (Figure 4), therefore this 
suppression should be eliminated to avoid bias. 
 
Several studies suggest that the signal suppression in ESI occurs due to an increase in 
viscosity and surface tension in droplets due to a high concentration of matrix interferences. 
Thereby the interfering matrix will reduce the solvent evaporation and the number of gas-
phase ions available for detection [57] [58]. Therefore, to avoid ionization suppression, the 
endogenous co-eluting interference (TDC) needs to be eliminated by efficient clean-up or 
chromatographic separation. In the present study, the ENVI-Carb SPE cartridge (250 mg) 
showed an efficient method to remove the endogenous interfering compound (TDC) from 
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chicken egg extract, and eliminate the suppression on the PFOS signal as shown in the bar 
chart in Figure 4. The graphitized carbon (ENVI-Carb) has a strong affinity for planar 
molecules (such as chlorophylls, sterols, and plant pigment) [26]. As well as the endogenous 
interfering compound (TDC) which has a planar structure as shown Figure 5 in the Appendix. 
The TDC showed affinity for the ENVI-Carb which retains this interference compound. 
PFAS have SP3 hybridized carbon atoms resulting in a three-dimensional structure which 
showed no retention in the ENVI-Carb and remained in the organic solvent.  
 
In the present study, the smaller size of ENVI-Carb SPE cartridge (100 mg) showed the 
removal of a portion of the TDC from a chicken egg, as had been noticed in an inconsistency 
of the results between two transitions (499>80 and 499>99), where 499>80 showed much 
higher levels of PFOS than the other, suggesting over-estimation of results. Nevertheless, the 
ENVI-Carb SPE cartridge (250 mg) was shown to be able to eliminate the interfering 
compound TDC from egg sample extracts, as can be seen in Figure 6 in the Appendix. That 
indicates improving the efficiency of eliminating the endogenous compound TDC (which 
cause the matrix effect) by increasing the size of ENVI-Carb used for clean-up.  
 
Further investigation carried out to ensure the elimination of the TDC by using different size 
of ENVI-Carb. Three egg samples were extracted with the optimized method described below 
(see section Optimized method) by performing different clean-up steps (without ENVI-Carb 
clean-up, with 100mg, and 250mg ENVI-Carb), and analyzed for the presence of TDC using 
high-resolution quadrupole time-of-flight mass spectrometry (QTOF-MS). The TDC was 
present in the first and second egg samples (without and with 100 mg ENVI-Carb) as can be 
seen in Figure 7 in the Appendix. The presence of the TDC in the chromatograms was 
observed in both samples, and the ion intensity had been reduced by applying 100 mg ENVI-
Carb. The TDC signal was not present in the egg sample with 250 mg ENVI-Carb as clean-
up, as shown in Figure 7 in the Appendix. Therefore, the TDC was 100% eliminated with 
increasing the size of ENVI-Carb and prevent quantification error coming from matrix 
interference.  
 

4.1.4 The optimized method 
A schematic is provided for the optimized method in Figure 8. The optimized method 
consisted of alkaline digestion and solid-liquid extraction, followed by solid phase extraction 
(SPE) using weak anion exchange (Waters Oasis® WAX) and additional clean-up with 
ENVI-Carb (for milk and egg samples). Briefly, an amount of 2 g of homogenized food 
sample was weighed into a polypropylene (PP) centrifuge tube and spiked with 5 µL of mass-
labelled standard solution (200 pg/µL, IS). After thorough mixing, 5 mL of sodium hydroxide 
(0.2 M) in water was added, and the sample was vortex-mixed and sonicated for  
15 min in a sonication bath at room temperature. One milliliter of 1 M hydrochloric acid and 
5 mL acetonitrile was added. The sample was sonicated for 15 min and centrifuged 
(20 min at 5000 rpm), and the supernatant was transferred to a 50 mL centrifuge tube. The 
extraction process was repeated twice with 4 mL acetonitrile and the supernatants were 
combined in the 50 mL centrifuge tube and then diluted with Milli-Q water to 50 mL. After 
centrifugation (20 min at 5000 rpm), solid phase extraction was performed by loading the 
diluted supernatant on WAX cartridges (6 mL, 150 mg, 30 µm) preconditioned with 4 mL  
0.1% ammonium hydroxide in methanol, followed by 4 mL methanol and then 4 mL Milli-Q 
water. The cartridge was thereafter washed with 4 mL Milli-Q water, and 4 mL ammonium 
acetate buffer solution with a pH 4. After drying the cartridge for 10 min under vacuum, it 
was washed with 4 mL of methanol (this fraction was discarded). To collect target 
compounds, the cartridge was eluted with 4 mL 0.1% ammonium hydroxide in methanol. 
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For milk and egg samples, further clean-up was performed using Supelclean ENVI-Carb SPE 
cartridges (3 mL, 250 mg; Sigma Aldrich), prewashed with 3 mL methanol, and washed with 
1 mL methanol added to the extract after loading the SPE eluent. 
 
The final extract was concentrated by evaporation under a gentle stream of high-purity 
nitrogen to 200 µL. Then 300 µL of 2 mM ammonium acetate in water and 5 μL of recovery 
standard solution (200 pg/μL, RS) were added. The 500 µL extract was vortex-mixed and 
centrifuged (5 min at 5000 rpm), then transferred to LC vial for instrumental analysis. 

 
Figure 8. Schematic diagram of optimized method for extracting PFAS from food samples. 

 

4.2 Method validation 
Certified reference materials for PFAS relevant for the studied matrices at concentrations 
close to the LOQ were not available, especially when the LOQ for target analytes are as low 
as those reported in the present study. Therefore, the method selectivity was conducted by 
comparing the retention time in the chromatograms of standards in pure solvent with that of 
spiked food samples. This demonstrated that the target analytes were determined to be within 
a standard deviation < 20%, in the presence of matrix. 
 
The intra-day (within a day) and inter-day (between days) precision are summarized in Table 
5 in the Appendix. The RSD for spiking with low concentration (0.2 ng) of the native 
standard solution was, for PFHxS and PFOA, less than 10% in all matrices. For the linear (L-) 
PFOS and branched (br-) PFOS (isomers of PFOS) the RSD was less than 16% and 24 %, 
respectively (for all matrices). The RSD for spiking with a high concentration (1 ng) of the 
native standard solution, was less than 8% for L- and br-PFOS, PFOA, and PFHxS. 
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The accuracy of experiments is presented by spike experiments with the results summarized 
in Table 6 in the Appendix. The target analytes were in the range between 91% and 111% for 
PFHxS, PFOA, and L-PFOS, and for br-PFOS they were in the wider range of 91% to 129%. 
 
The LODs for the present method for all matrices were 1.1, 1.4, and 1.6 pg/g for PFHxS, 
PFOA, and L-PFOS, respectively. These low LODs where achieved by e.g. using a sensitive 
instrument, achieving low procedural blank contamination, and increasing the sample 
concentration factor (4 times concentration in this study). The LOQs for the optimized 
method for all matrices were 3.1, 3.4, and 4.9 pg/g for PFHxS, PFOA, and L-PFOS, 
respectively. The LODs and LOQs reported here are among the lowest reported so far 
(compare e.g. [10] [36] [39]) with respect to the acceptable recovery (between 50% and 
120%). The total method recoveries for all target analyte were at an acceptable level > 70% 
(Figure 9) and shown in the Table 6 in the Appendix. The method showed also acceptable 
recoveries for other PFAS. The average recoveries for triplicate samples (including all 
matrices) performed in three different days where higher than > 70% for C4-C11 PFAS with 
lower recoveries in the range between 35% and 50% for long chain (C12-C14) compounds. 
 

 
Figure 9. Recovery data for 1 ng of the internal standards three PFAS spiked to all tested matrices 
(triplicate analyses three different days). The error bar in the chart represents the standard 
deviation of triplicate samples in three different days for spiked samples with 0.2-1 ng native 
standard.  

5 Application of the method on food samples 
The optimized method in this study was applied to quantify PFHxS, PFOA, and PFOS in 53 
food samples of animal origin, six different matrices (cow milk, butter, beef, fish, chicken 
meat, and chicken egg) tested. The detailed results can be found in Table 7 in the Appendix. 
This optimized method showed a broad applicability range of analyzing food samples with 
different compositions ranging from simple water to samples with complex fat and protein 
contents with detectable concentrations between 1.6 to 1900 pg/g. 
 
PFOS and PFOA were 100% detected in all food samples. When using the LOQs from the 
EFSA report, all samples from the current study will show PFOS and PFOA results below 
respective LOQs for PFOS and PFOA. The optimized extraction method can provide better 
understanding on PFAS contamination in food at low levels (Table 8). Many of the studies 
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and data reported in EFSA 2018 did not have adequate sensitivity. The less sensitive methods 
resulted in a high number of non-quantified concentrations with 74% and 91% of the samples 
found below LOQs for PFOS and PFOA, respectively in the recent EFSA report [5]. Due to 
the substantial lack of suitable analytical data, many assumptions have been made in order to 
derive exposure estimations which might not reflect the actual situation and the conclusions 
may be uncertain. 
 
Table 7. Concentration results (pg/g ww) of PFOA, PFOS, and PFHxS in 53 food samples 
analyzed with the optimized method. 
  PFHxS PFOA L-PFOS  br-PFOS Sum PFOS 

Milk 

Sweden 1  3.0 4.7 5.0 nd 5.00 
Sweden 2  1.4 4.5 3.1 1.4 4.50 
Sweden 3  1.8 4.6 4.2 1.6 5.80 

Kenya 5.6 4.8 68.1 21.8 89.9 
Senegal 2.4 4.5 17.7 9.2 26.9 
Uganda 3.8 5.6 3.5 0.8 4.30 
Brazil 2.8 5.2 26.3 7.6 33.9 

Butter 

Sweden 1 2.6 8.1 15 4.3 19.3 
Sweden 2  4.1 6.8 19.3 2.0 21.3 
Sweden 3  18 56 7.2 0.9 8.10 

Brazil Nd 4.2 79.2 34.8 114 
Argentina Nd 5.1 7.7 5.5 13.2 
Senegal 3.2 9.4 5.6 Nd 5.60 
Jamaica 3.8 6.8 13.3 5.7 19.00 

Beef 

Sweden 1  4.4 6.4 10.6 5.6 16.2 
Sweden 2  Nd 11 15.5 10.6 26.1 
Sweden 3  2.1 7.6 9.8 3.2 13.0 
Jamaica Nd 8 20.9 10.2 31.1 

Thailand 1 2.9 5 7.5 3.2 10.7 
Thailand 2 11 7.9 61.5 21.7 83.2 
Thailand 3 4.7 5.1 16.5 7.5 24.0 
Thailand 4 5.9 7 27.0 9.4 36.4 

Uganda nd 8.4 24.8 10.5 35.3 

Fish 

Sweden 1  nd 11 41 9.1 50.1 
Sweden 2  nd 7.7 10.9 5.5 16.4 
Sweden 3  5.5 6.7 20.3 8.4 28.7 
Thailand 1 5.1 6.7 66.5 20.4 86.9 
Thailand 2 12 4.0 33.7 10 43.7 

Jamaica 19 7.8 66.5 20.5 87.0 
Uganda Nd 6.8 16.4 2.6 19.0 
Brazil* 62 12 1850 391 2241 
Senegal Nd 15 45.6 12.9 58.5 

Senegal 2 5.7 4.7 15.6 8.1 23.7 
      Continuing….. 
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Chicken 

Sweden 1  3.6 5.1 12.4 4.05 16.5 
Sweden 2  3.6 6.1 10.1 4.4 14.5 
Sweden 3  3.3 5.4 6.4 2.3 8.70 

Tuvalu Nd 5.7 7.5 nd 7.50 
Uganda Nd 6.9 18 7.65 25.7 

Egg 

Sweden 1  8.5 14 47.5 21.4 68.9 
Sweden 2  7.6 13 42.5 18.9 61.4 
Sweden 3  3.8 9.1 20.4 8.8 29.2 
Senegal 22 13 59.4 25.4 84.8 
Uganda 6.2 20 48.8 8.8 57.6 
Vanuatu 6.6 14 87.4 10.5 97.9 
Thailand 3.9 9.2 3.9 1.8 5.70 
Kenya 1  94 13 72.3 44.5 117 
Kenya 2  232 4.8 25 12 37 

Fiji 124 37 172 40.4 212 
Barbados 1 1190 7.5 30.0 48.2 78.2 
Barbados 2 738 10 40.6 92.4 133 
Barbados 3 1480 6.2 17.5 31.7 49.2 

Antigua and 
Barbuda 58 10 50 37.3 87.3 

Thailand 2  24 3.6 8.3 14.7 23 
*  Brazil sample was freeze-dried. 
nd, not detected 

 
 
Table 8. The limit of quantification (LOQ) of PFOA, PFOS, and PFHxS  for the optimized method in this 
current study, and lower bound/ upper bound (LB/UB)* reported in EFSA 2018 report. 

 Current study (pg/g) LB/UB in EFSA 2018 report (pg/g) 
 LOQ Meat product Fish product 

PFOS 3.9 550 / 750 2080 / 2590 
PFOA 3.4 100 / 340 180 / 900 
PFHxS 4.9 - - 

* The LB is obtained by assigning a value of zero to all samples reported as lower than the LOD (< LOD) or LOQ (< LOQ). 
The UB is obtained by assigning the numerical value of the LOD to values reported as < LOD and LOQ to values reported as < LOQ 
(maximum possible value), depending on whether the LOD or LOQ is reported by the laboratory. 

 
The highest PFOA and the sum PFOS (sum linear and branched PFOS) concentrations were 
found in chicken egg (4.3, 211 pg/g), and fish samples (4.2, 55.3 pg/g) for PFOA and sum 
PFOS, respectively. With the exception of the fish sample from Brazil, which showed an 
extraordinarily high concentration of 2200 pg/g for the sum PFOS. 
 
The concentrations detected in all samples were lower (by up to a factor 100) than those 
reported in the EFSA 2018 report as upper and lower bound, but were in same order of 
magnitude as PFOA observed in meat and fish from the USA at concentrations between 20 
and 200 pg/g [59], and also Ericson et al [19] found the average concentrations of PFOA and 
PFOS in milk samples from the Spanish market in the same range as reported in this work.  
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PFHxS was detected in 80% of the analyzed food samples in the range between 2 pg/g and     
1500 pg/g, indicating that PFHxS contamination should not be ignored. These PFHxS 
concentrations were quite similar to the concentrations reported in a dietary exposure study 
conducted in the Netherlands (2-44 pg/g) [60], except that Barbados egg samples in this study 
showed a higher concentration of PFHxS (range 730-1500 pg/g) compared with other egg 
samples (2-231 pg/g) in this study, and at similar concentrations as observed in eggs from 
Sweden (<10-128 pg/g) [61], Norway (3.5 pg/g) [62], the Netherlands and Greece (<0.5 ng/g) 
[41]. 
  
A small number of samples from each region was included to demonstrate the applicability of 
the optimized method. The results of those samples are indicative and may not be 
representative for concentration levels in the respective countries.  

6  Conclusion  
The optimized analytical method was be successfully applied for determining the trace levels 
of PFOS, PFOA, and PFHxS in food samples. The method detection limit requirement for the 
estimation of TWIs recommended in EFSA 2018 report was achieved. The sensitivity of the 
optimized method has a potential to improve the quality of the dietary exposure assessment of 
PFAS via food and can be applied in food control to ensure that PFOS and PFOA in food do 
not pose a risk to human health. This optimized method can detect trace levels of PFAS, so 
that robust methods can be applied to enforce potential future limit values for PFOS and 
PFOA as discussed based on the recent EFSA report. Method development is still needed for 
other matrices than those presented in this study, including foods of plant origin such as 
vegetables, flour, nuts, and others. 
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Table 2. Overview of analytical methods reported in the literature for the analysis of PFAS in food matrices.  

Matrix Sample 
size Extraction Clean up LOQ Recovery Instrument Reference 

Food 
basket 2 g SLE 

(methanol) ----- 
PFOA (2.6−3.6 ng/g) 
PFOS (2.0−2.7 ng/g) 

 
80-115% 

LC-MS/MS 
C18 column 

(2.1×50mm,5) 
[10] 

Fast food, 
fish 10 g SLE (hexane, 

acetonitrile) 

Na2SO4, 
H2SO4 in silica 

column 
0.1 -0.25 ng/g 

greater than 
74% 

 
GC–PCI-MS [63] 

Food 
basket 5 g SLE 

(acetonitrile) 

SPE (mixed 
mode C18+ 

aminopropyl) 
1.8 – 20 pg/g 59 - 98% 

 

HPLC/HRMS 
C18 column 

(50 × 2.1 mm, 1.7) 
 

[64] 

Food 
basket 1 g SLE 

(methanol) 
SPE(WAX) + 
ENVI-Carb 

0,001 - 0.65 ng/g 
 

32-74% PFOS 
61-130% PFOA 

 

LC-MS/MS 
C18 (150 × 2,1, 5) 

 
[19] 

Food 
basket 2.5-5 g LSE 

(acetonitrile) SPE(WAX) 0.1–5 pg/g 1–48% UPLC-MS/MS 
(50 × 2.1, 1.7) [42] 

Food 
basket 2-10 g 

Alkaline 
digestion + 

ion-pair 

SPE (filled with 
Florisil and 
ENVI-Carb) 

1.5-9 pg/g 52-104% UPLC-MS/MS 
(50 × 2.1, 1.7) [18] 

Food 
basket 1 g LSE 

(methanol) SPE (WAX) 0.11 -0.33 ng/g 75 - 104% LC-MS/MS 
C18 (2.1 × 50 mm) [24] 

Fish, 
oyster 
tissue 

1 g 
Alkaline 

digestion in 
methanol 

SPE (HLB) 10 pg   PFOS, 
36.8 pg    PFOA 

149.1% PFOS, 
25%      PFOA 

HPLC-MS/MS 
C18 (2.1, 50,5) [36] 

Food 
basket 10 g 

Alkaline 
digestion + 

LLE 
(methanol) 

SPE (WAX) + 
ENVI-Carb 

2.2 pg PFOS 
38 pg PFOA 

 
7 – 157% UPLC-MS/MS 

(50 × 2.1, 1.7) [62] 

Food 
basket 1 g 

Alkaline 
digestion + 

ion-pair 

nylon filter 
(0.2 μm) 

 
LOD: 0.5 ng/g Not reported 

HPLC-MS/MS 
C18 (50 × 2.1., 5) 

 

 
[40] 

Food 
basket 2.5 - 5 g Alkaline + 

ion-pair 

SPE (filled with 
Florisil and 
ENVI-Carb) 

PFOA 13 pg/g 
PFOS 4.5 pg/g 50-80% UPLC-MS/MS 

(50 × 2.1, 1.7) [39] 

Chicken 
egg 1 g Alkaline 

digestion SPE (WAX) 0.5 ng/g 60-115% 
LC-MS/MS 

C18 (150 × 2,1, 5) 
 

[41] 

 
Table 3. Number of food samples used in the current study 

Food matrices Sweden 
UNEP/GMP2 

Number of Samples  ISO-3 code for origin country 

Milk 3 4 KEN, SEN, UGA, BRA 
Butter 3 4 SEN, ARG, JAM, BRA 
Beef 3 6 JAM, UGA, THA 
Fish 3 7 SEN, UGA, THA, JAM, BRA 

Chicken  3 2 UGA, TUV 

Egg 3 12 SEN, UGA, VUT, THA, KEN, FJI, 
ATG, BAB 

Total samples 18 35  
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Table 4. Instrumental mass spectrometry settings for the target compounds 

Compound Molecular 
formula 

Precursor 
ion (m/z) 

Product 
ion 1 
(m/z) 

Molecular 
formula 

CE 
(eV) 

Product 
ion 2 
(m/z) 

CE 
(eV) 

Internal 
standard 

PFHxS [C6F13SO3]- 399 99 [FSO3]- 30 80 34 18O2-PFHxS 

PFOA [C8F15O2]- 413 369 [C7F15]- 10 169 18 13C4-PFOA 

PFOS [C8F17SO3]- 499 99 [FSO3]- 38 80 44,34 13C4-PFOS 
 

13C2-PFOA [13C2
12C6F15O2]

- 
415 370 [13C1

12C6F15]- 10    

18O2-PFHxS [C6F13S18O2O]- 403 103 [FS18O2O]- 30    

13C4-PFOS [13C4
12C4F17SO

3]- 
503 80 [SO3]- 38    

13C3-PFHxS [13C3C3F13SO3]- 402 99 [FSO3]- 30    

13C8-PFOA [13C8F15O2]- 421 376 [13C7F15]- 10    

13C8-PFOS [13C8F17SO3]- 507 99 [FSO3]- 38    

CE Collision energy 
 
Table 5. The intra-day (within day) and inter-day (between days) precision expressed as relative 
standard deviations, RSD% for all tested matrices spiked at two levels of native standard (0.2 – 1 
ng) (triplicate analyses three different days). 

    PFHxS PFOA L-PFOS Br-PFOS 

Milk 

0,2 ng 
intra-day 
precision 

d1 1.83 4.34 2.31 13.38 
d2 0.64 0.10 6.48 7.43 
d3 4.53 0.72 0.89 9.64 

inter-day precision 2.33 1.72 3.22 10.15 

1 ng 
intra-day 
precision 

d1 0.33 0.23 0.45 1.98 
d2 2.08 0.89 2.65 2.35 
d3 0.99 2.69 1.46 2.02 

inter-day precision 1.13 1.27 1.52 2.12 

Butter 

0,2 ng 
intra-day 
precision 

d1 3.50 0.91 5.84 1.21 
d2 4.87 2.19 5.72 2.57 
d3 4.36 3.62 5.92 2.00 

inter-day precision 4.24 2.24 5.83 1.93 

1 ng 
intra-day 
precision 

d1 0.74 0.73 6.25 1.13 
d2 3.28 0.29 3.25 5.41 
d3 2.34 2.41 2.24 3.25 

inter-day precision 2.12 1.15 3.92 3.27 

Beef 0,2 ng intra-day 
precision 

d1 2.28 1.75 3.90 14.24 

Continuing … 
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d2 9.64 8.08 10.66 23.89 
d3 1.23 2.27 2.11 3.65 

inter-day precision 4.39 4.03 5.56 13.93 

1 ng 
intra-day 
precision 

d1 0.84 1.33 1.39 3.75 
d2 2.75 1.58 3.97 5.04 
d3 1.01 1.37 0.67 3.59 

inter-day precision 1.53 1.43 2.01 4.13 

Fish 

0,2 ng 
intra-day 
precision 

d1 2.67 1.89 3.79 20.26 
d2 5.32 8.08 3.03 23.98 
d3 5.87 4.68 6.69 9.19 

inter-day precision 4.62 4.88 4.50 17.81 

1 ng 
intra-day 
precision 

d1 1.33 0.84 2.52 6.03 
d2 6.85 6.45 7.24 5.19 
d3 4.25 6.83 7.27 9.25 

inter-day precision 4.15 4.71 5.67 6.82 

Chicken 

0,2 ng 
intra-day 
precision 

d1 1.71 5.31 6.28 1.83 
d2 7.33 4.89 15.48 20.79 
d3 4.36 3.62 5.92 7.53 

inter-day precision 4.47 4.60 9.22 10.05 

1 ng 
intra-day 
precision 

d1 5.78 9.47 1.53 9.03 
d2 6.43 6.75 7.68 7.17 
d3 2.34 2.41 2.24 7.56 

inter-day precision 4.85 6.21 3.82 7.92 

Egg 

0,2 ng 
intra-day 
precision 

d1 4.75 3.33 9.95 1.47 
d2 1.21 1.96 4.89 2.76 
d3 3.04 3.76 7.04 5.13 

inter-day precision 3.00 3.02 7.29 3.12 

1 ng 
intra-day 
precision 

d1 0.54 1.07 0.31 7.08 
d2 1.80 3.90 2.32 0.20 
d3 3.95 1.32 2.74 1.97 

inter-day precision 2.10 2.10 1.79 3.08 
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Table 6. Accuracy data for target analytes spiked at two concentration levels of native standard  
(0.2 – 1 ng) to all tested matrices (the accuracy represent the average of triplicate analyses in three 
different days), and the recovery data for 1 ng of the internal standards spiked to all tested matrices (the 
recovery represent the average of triplicate analyses in three different days).  

  Accuracy% Recovery% 
  PFHxS PFOA L-PFOS br-PFOS IS_PFHxS IS_PFOS IS_PFOA 

Milk 0.2 ng 106 106  102  108  101 94 98 
1 ng 97  98  94  104  93 88 93 

Beef 0.2 ng 100  108  105  104  89 80 85 
1 ng 94  97  96  102  88 78 82 

Fish 0.2 ng 105  111  106  91  79 75 77 
1 ng 90  95  90  93  75 75 75 

Butter 0.2 ng 105  108  96  115  93 93 90 
1 ng 94  100  95  100  95 94 88 

Egg 0.2 ng 105  110  109  113  76 77 79 
1 ng 94  100  93  100  93 84 80 

Chicken 
0.2 ng 105  111  107  129  77 81 75 
1 ng 91  97  93  101  77 78 77 

 
 

 
Figure 5. Chemical structure of taurodeoxycholic acid (TDC). 
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Figure 6. LC-MS/MS diagnostic ion chromatograms of PFOS 499>80 obtained in egg samples 
spiked with 1 ng native standard and extracted with the optimized method, (a) without ENVI-Carb as 
extra cleaning, (b) with 100 mg ENVI-Carb, (c) with 250 mg ENVI-Carb, (d) represent the ion 
chromatograms for 1 ng standard spiked in pure solvent. 
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Figure 7. Chromatograms of TDC (accurate mass 498,3500) from QTOF-MS in egg samples 
spiked with 1 ng native standard and extracted with the optimized method, a) without ENVI-Carb 
clean up, b) with 100mg ENVI-Carb clean-up, c) 250mg ENVI-Carb clean-up.  

 
 
 
 
 
 


