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Abstract 
Poly- and perfluoroalkyl substances (PFASs, CnF2n+1 −R) are synthetic organic chemicals that 

have been applied in numerous consumer products since the 1950s. Their unique molecular 

structures of having a hydrophobic poly- or perfluoroalkyl chain and a hydrophilic functional 

group (e.g., –COOH or –SO3H) make them very useful in surfactant and polymer industries. 

However, their widespread uses have also resulted in increasing global concern since they have 

been reported to persist in the environment and bioaccumulate in both humans and animals, and 

are of toxicological concern.  

 

The primary aim of this doctoral thesis was to explore the multiple exposure pathways to PFASs 

and links between estimated external intakes and internal dose obtained through human blood. 

To do this, validated analytical methods for the determination of a broad range of PFASs in 

human serum, plasma, whole blood, dried blood spot (DBS), and hand wipe samples were 

developed.  

 

Paper I describes the development of a method including rapid protein precipitation and an 

online solid phase extraction coupled to ultra high performance liquid chromatography-tandem 

mass spectrometry (online SPE-UHPLC-MS/MS). This method allowed a simultaneous 

quantification of perfluoroalkyl sulfonates (PFSAs, CnF2n+1SO3H), perfluoroalkyl carboxylates 

(PFCAs, CnF2n+1COOH), perfluoroalkyl phosphonates (PFPAs, CnF2n+1P(O)(OH)2), 

perfluoroalkyl sulfonamides (FOSAs), and polyfluoroalkyl phosphate esters (PAPs) in human 

serum, plasma, and whole blood samples. The sensitive method was successfully applied for 

the analysis of PFASs in only 50 μL blood. The method detection limits (MDLs) were between 

0.0018 and 0.09 ng mL-1, depending on the compound and matrix. The method was 

successfully applied to external interlaboratory and in-house control human blood samples. In 

Paper II, the novel method was used for quantitative determination of PFASs in human serum, 

plasma, and whole blood samples from 61 adults (20–66 years old, 45 women and 16 men) in 

Oslo, Norway. The PFAS concentration and the PFAS distribution between different blood 

matrices were evaluated, and the proportion varied, depending on the compounds. The novel 

information obtained in this study contributes to a better understanding of the distribution of 

PFASs between different blood matrices. Further, the findings are useful for interpretation of 

data on PFAS concentrations from large-scale biomonitoring/epidemiological studies. In Paper 
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III, a method using DBSs for reliable biomonitoring of PFASs were developed and evaluated. 

A standardised blood volume collected on a DBS was also established. Statistical methods 

demonstrated excellent agreement between PFAS concentrations using finger prick DBS 

samples and venous whole blood samples. The findings indicate that the DBS method was 

satisfactory, and allows straightforward determination of PFASs in DBSs without haematocrit 

correction. The findings have a high potential for self-collected DBS in large-scale 

biomonitoring as well as for archived DBS samples. In Paper IV, a method was developed for 

the determination of PFASs in hand wipes. The external exposure to PFASs through hand-to-

mouth and dermal contact was evaluated using hand wipes as the exposure media. The 

determination of PFASs in hand wipes showed that PAPs contributed most to the human 

exposure to PFASs via hand-to-mouth and dermal contacts. Finally, Paper V compared the 

internal exposure and multiple external exposure pathways to PFASs. In total 30 PFASs were 

determined in food and drinks, house dust, indoor air, and hand wipes. The correlation between 

PFAS concentrations measured in serum and estimated external intakes were evaluated. The 

individual daily PFAS intakes from direct and indirect exposure were estimated. The study 

found that dietary exposure is still the major exposure pathway for PFASs. 

 

This thesis demonstrates that biomonitoring is an effective way to evaluate human exposure 

pathways to PFASs. Also, this study provides knowledge that is important to prevent health 

outcomes and evaluate various options to manage exposures effectively. 
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1 Introduction 
1.1 Overview of poly- and perfluoroalkyl substances 

Poly- and perfluoroalkyl substances (PFASs, CnF2n+1 −R) are a broad range of synthetic 

organofluorine compounds. PFASs are based on two structural components; a hydrophobic 

chain where carbon-hydrogen (C–H) bonds are partly replaced (i.e. poly-) or entirely replaced 

(i.e. per-) by carbon-fluorine (C–F) bonds, and a hydrophilic functional group (e.g., –COOH 

and –SO3H) (Buck et al., 2011). The combination of the C-F bond and the alkyl moiety 

(CnF2n+1−) gives PFASs strong covalent bonds and unique surfactant properties. PFASs are 

repellent to water and oil, they have high thermal stability and are resistant to degradation.  

 

Human exposure to PFASs can occur from the use of consumer products, consumption of food 

and beverages, and contact with environmental media. Several PFASs have been detected in 

environmental samples, but so far most of the studies performed on PFASs in human blood 

have been limited to the determination of perfluoroalkyl acids (PFAAs), a class of PFASs that 

are perfluorinated and have an acid functional group. The most well-known PFAAs are 

perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) (Wang et al., 2017), where 

PFOS has eight perfluorinated carbons and belong to the groups of perfluoroalkyl sulfonates 

(PFSAs, CnF2n+1SO3H) while PFOA has seven perfluorinated carbons and belongs to the 

perfluoroalkyl carboxylates (PFCAs, CnF2n+1COOH), respectively. The elimination half-lives 

observed in human serum are 5.3, 3.4, and 2.7 years for perfluorohexanesulfonate (PFHxS), 

PFOS and PFOA, respectively (Li et al., 2018). Also, Zhang et al. (2013) have reported the 

elimination half-life of perfluorononanoate (PFNA) at 3.2 years. There is still limited 

knowledge on the exposure pathways of PFAAs to humans, and since human exposure may 

occur both through direct and indirect exposure (precursor compounds).  

 

Due to the growing concern for exposure to PFASs, in the year 2000s, the leading manufacturer, 

the 3M Company phased out the production of PFOS and related compounds and provided 

shorter-chain PFAAs as replacements (U.S. EPA, 2002). In 2009, the Stockholm Convention 

on persistent organic pollutants (POPs) included PFOS in Annex B (i.e. restricted use) 

(Stockholm Convention, 2009). Also, PFOA and long-chain PFCAs were committed by the 

stewardship program to be phased out by 2015 (U.S. EPA, 2006). Furthermore, PFOA is 

identified as a substance of very high concern under the REACH regulation by the European 
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Chemicals Agency (ECHA) (ECHA, 2017). The industry started to replace the restricted 

chemicals with similar non-restricted ones at least in the U.S. and Europe (Herzke et al., 2012). 

Some of these alternatives are precursors to PFCAs, such as polyfluoroalkyl phosphate esters 

(PAPs) and fluorotelomer alcohols (FTOHs). PAPs are phosphoric acid esters and contain one 

to three polyfluoroalkyl groups per molecule (i.e. mono-, di-, and tri-). PAPs have been detected 

in the environment worldwide and are by far the most dominant class of PFASs observed in the 

indoor dust (Eriksson and Kärrman, 2015). FTOHs are volatile PFASs and have been 

recognised as the dominant PFAS class in indoor air worldwide (Makey et al., 2017). 

Perfluoroalkyl sulfonamides (FOSAs) and perfluoroalkyl sulfonamidoethanols (FOSEs) are 

known as PFOS precursors and have been detected in different environmental matrices such as 

indoor air and dust (Makey et al., 2017; Miralles-Marco and Harrad, 2015). 

 

PFASs under focus in this study are presented in Table 1.1, and the family tree of these PFASs 

is shown in Figure 1.1.   
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Table 1.1. List of selected PFASs. 

Target PFASs Abbreviation Molecular formula 
Perfluoroalkyl sulfonates (PFSAs)   

Perfluorobutanesulfonate PFBS [C4F9O3S]- 
Perfluorohexanesulfonate PFHxS [C6F13O3S]- 
Perfluoroheptanesulfonate PFHpS [C7F15O3S]- 
Perfluorooctanesulfonate PFOS [C8F17O3S]- 
Perfluorodecanesulfonate PFDS [C10F21O3S]- 

Perfluoroalkyl carboxylates (PFCAs)   

Perfluoropentanoate PFPeA [C5F9O2]- 
Perfluorohexanoate PFHxA [C6F11O2]- 
Perfluoroheptanoate PFHpA [C7F13O2]- 
Perfluorooctanoate PFOA [C8F15O2]- 
Perfluorononanoate PFNA [C9F17O2]- 
Perfluorodecanoate PFDA [C10F19O2]- 
Perfluoroundecanoate PFUnDA [C11F21O2]- 
Perfluorododecanoate PFDoDA [C12F23O2]- 
Perfluorotridecanoate PFTrDA [C13F25O2]- 
Perfluorotetradecanoate PFTeDA [C14F27O2]- 

Perfluoroalkyl phosphonates (PFPAs)   

Perfluorohexylphosphonate PFHxPA [C6HF13O3P]- 
Perfluorooctylphosphonate PFOPA [C8HF17O3P]- 
Perfluorodecylphosphonate PFDPA [C10HF21O3P]- 

Perfluoroalkyl sulfonamides (FOSAs)   

Perfluorooctanesulfonamide PFOSA [C8HF17NO2S]- 
N-methyl perfluorooctanesulfonamide  MeFOSA [C9H3F17NO2S]- 
N-ethyl perfluorooctanesulfonamide EtFOSA [C10H5F17NO2S]- 

Perfluoroalkyl sulfonamidoethanols (FOSEs)  

N-methyl perfluorooctanesulfonamide  MeFOSE [C11H8F17NO3S]- 
N-ethyl perfluorooctanesulfonamide EtFOSE [C12H10F17NO3S]- 

Polyfluoroalkyl phosphate esters (PAPs)   

6:2 polyfluoroalkyl phosphate monoester 6:2PAP [C8H5F13O4P]- 
8:2 polyfluoroalkyl phosphate monoester 8:2PAP [C10H5F17O4P]- 
6:2 polyfluoroalkyl phosphate diester 6:2diPAP [C16H8F26O4P]- 
8:2 polyfluoroalkyl phosphate diester 8:2diPAP [C20H8F34O4P]- 

Fluorotelomer alcohols (FTOHs)   

6:2 fluorotelomer alcohol 6:2FTOH [C8H5F13O]- 
8:2 fluorotelomer alcohol 8:2FTOH [C10H5F17O]- 
10:2 fluorotelomer alcohol 10:2FTOH [C12H5F21O]- 
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Figure 1.1. Family tree of PFASs including individual compounds selected for this study. 
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1.2 Production and use of PFASs 

PFASs have been synthesised via two techniques, electrochemical fluorination (ECF) and 

telomerisation processes (Lau et al., 2004). Initially, PFASs were mainly manufactured using 

an ECF process. In this process, hydrogen atoms are replaced with fluorine using anhydrous 

fluoride passing through the starting material (Buck et al., 2011) (Figure 1.2). The ECF of 

octane sulfonyl fluoride (C8H17SO2F) yields perfluorooctane sulfonyl fluoride (POSF), which 

is the primary material used to produce PFOS and POSF derivatives such as FOSAs and FOSEs. 

This process can lead to rearrangement and breakage of the carbon chain and produces a mixture 

of linear and branched isomers in the case of the synthesis of PFOS and PFOA (Land et al., 

2015). In 2000, the 3M company announced a global phase-out of POSF-based products, which 

can be further processed to yield PFOS and a series of functional raw material such as 

sulfonamides and sulfonamide alcohols. Also, the company announced that they would no 

longer produce PFOA by the ECF process (Buck et al., 2011), but rather by the telomerisation 

process. The production of POSF was replaced with perfluoroalkyl moieties that have only four 

perfluorinated carbons as building blocks (perfluorobutane sulfonyl fluoride, PBSF) (Buck et 

al., 2011; Olsen et al., 2009).  

  

In the telomerisation process, which is based on polymerisation, only linear homologues are 

produced (Figure 1.3). The starting process is the reaction between pentafluoroethyl (or 

perfluoroethyl) iodide (CF3CF2I, PFEI) and tetrafluoroethylene (CF2=CF2, TFE) to yield a 

mixture of perfluoroalkyl iodides (CF3CF2I, PFAI). The PFAI mixture is further reacted to give 

PFCAs such as PFOA and PFNA, as well as PFPAs and FTOHs (Buck et al., 2012). FTOHs 

are essential intermediate products that can be further used in the production of PAPs. 

 

A major use of PFASs is as surfactants because PFASs repel water, grease and dirt. Therefore 

PFASs have been used as detergents or impregnating agents in numerous consumer products 

such as textiles, carpets and leather protection, metal plating, food packaging paper, floor 

polishes, personal care products, firefighting foams, photographic industry, photolithography, 

semiconductors, hydraulic fluids for the aviation industry, and pesticides. These applications 

represent a major part of known PFASs applications. 
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Figure 1.2. A simplified scheme of the ECF process to produce PFOS, PFOA, and POSF 

derivatives (i.e. FOSAs and FOSEs). Adapted from Buck et al. (2011) 

 

 

Figure 1.3. A simplified scheme of the telomerisation process to produce PFCAs, PFPAs, 

FTOHs, and PAPs. Adapted from Buck et al. (2011) 
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PFOS has been used since 1949 in for example metal plating, hydraulic fluids, and aqueous 

film forming foams (AFFF) (Wang et al., 2013). The POSF derivatives, FOSAs can be used in 

pesticides in the form of EtFOSA (Gilljam et al., 2016), or further processed to form FOSEs. 

MeFOSE has been applied in textiles and carpets (Olsen et al., 2005) and EtFOSE was used in 

paper treatment to produce perfluorooctane sulfonamide phosphate esters (SAmPAPs) (D’eon 

et al., 2009). Significant use of PFOA is for the synthesis of fluoropolymers. FTOH has been 

used in textiles, leather, and paper, while PAPs have been used in paper packaging, personal 

care products, paints, and coatings (Trier et al., 2011). 

 

The information on production and use given above only concerns the PFASs studies in this 

study. A recent study reported that more than 3,000 PFASs available on the global market 

(Wang et al., 2017). PFCAs and PFSAs are by far the two groups most widely studied and 

detected in the environment and biota and humans.  

 

 

1.3 Toxicology 

It is clear that PFASs as a group are extremely persistent. They can be transported over great 

distances, and some are bioaccumulative and toxic. PFASs are different from legacy POPs 

because they do not typically accumulate in lipids, but they bind strongly to blood proteins (Lau 

et al., 2007). Long-chain PFASs may be more harmful than shorter-chain ones due to their 

longer-half-life. Toxicological effects of PFASs have been mainly studied in animal or in vitro 

studies, which can cause physical development delays, endocrine disruption, and cancer (Jo et 

al., 2014; Lau et al., 2004; Liu et al., 2010).  

 

Associations between some specific PFASs (i.e. PFOA and PFOS) in human blood and a range 

of health outcomes have been reported in epidemiological studies, e.g. low birth weight 

(Arbuckle et al., 2013; Bach et al., 2015; Darrow et al., 2013), increased cholesterol levels 

(Frisbee et al., 2010; Nelson et al., 2010), disruption of thyroid function (Ballesteros et al., 

2017; Knox et al., 2011), and decreased antibody response in children and adults after 

vaccination (Grandjean et al., 2012; Granum et al., 2013; Kielsen et al., 2016; Stein et al., 2016).  
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1.4 Human exposure 

Humans are exposed to a range of PFASs through multiple pathways. Exposure may occur 

through ingestion of food, use of consumer products, such as detergents, cosmetics, paints, 

personal care products, and the environment (air, dust, water, and soil) (Figure 1.4). The human 

exposure to PFASs based upon routes of exposure includes their quantitative importance and 

rates of absorption (into the internal dose) from each pathway. The main human exposure 

pathways for PFASs are oral, respiratory, and dermal absorption. Exposure through ingestion 

occurs when an individual eats, drinks, or inadvertently introduces a chemical into the 

gastrointestinal tract. Inhalation exposure is defined as the dose of air and fine particles less 

than 2.5 μm inhaled into the lung. Exposure can also occur through dermal absorption. The 

relative importance of different exposure pathways for PFASs is not well understood. Previous 

exposure assessments reported that ingestion of food and beverages was the predominant 

exposure pathway of PFAAs for general populations (Fromme et al., 2007; Haug et al., 2011; 

Trudel et al., 2008; Vestergren and Cousins, 2009). However, the indoor environment has been 

suggested as a significant source of exposure especially for children, with dust ingestion as the 

primary route of exposure (Lorber and Egeghy, 2011). In a previous Norwegian study a 

significant positive correlation between PFOA intake from house dust and the corresponding 

serum concentrations was reported (Haug et al., 2011).  

 

Humans can be exposed to PFASs via direct exposure and through indirect (i.e. precursor 

degradation) exposures. Direct exposure to PFAAs has been indicated to be the dominant 

pathway to several long-chain PFSA and PFOA homologues (Egeghy and Lorber, 2010; Lorber 

and Egeghy, 2011; Vestergren et al., 2012). However, it is believed that the indirect exposure 

significantly contributes to the burden of PFAAs, in both humans and the environment, due to 

the shift in the production of PFASs (Prevedouros et al., 2006). Indirect exposure can occur 

when the PFAAs are formed during degradation or metabolism of their precursor compounds 

(Prevedouros et al., 2006). Previous studies reported that PAPs and FTOHs could transform to 

PFCAs and thus contribute to the exposure to PFCAs in humans (D’eon and Mabury, 2011a, 

2011b; Dagnino et al., 2016). Further, FOSAs and FOSEs transform to PFOS, as the stable end-

products (Peng et al., 2014).  

 

 



9 
 

 
Figure 1.4. A scheme of human exposure from source to health effects  

 

 

 

1.5 Human biomonitoring studies of PFASs 

Human biomonitoring is a technique to measure the internal dose of chemicals by measuring 

either the substances or their metabolites in body fluids or tissues (Angerer et al., 2007). The 

relationship between biomonitoring and external exposure can be used to investigate the 

exposure pathways of environmental chemicals to humans and also evaluate risk assessments. 

Biomonitoring and exposure studies in humans are valuable tools for understanding the 
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chemical properties of substances entering the human body, as well as a tool for policymakers 

to provide measures to minimise exposure to harmful chemicals and protect health.  

 

Blood is a favourable matrix for determining the internal dose of PFASs in human 

biomonitoring. PFAAs are ubiquitously present in human blood samples collected worldwide. 

In general, PFOS and PFOA are the PFASs found in the highest concentration in humans, and 

median serum levels of PFOS and PFOA are in the low nanograms per millilitre range for 

general adult populations. Many studies have reported higher blood concentrations of PFASs 

in men than in women, and it has been suggested that menstruation may account for up to 30% 

of this difference (Wong et al., 2014). Also, different binding affinities to blood were reported 

(Ng and Hungerbühler, 2013). Thus, some PFASs can be partitioned differently between serum, 

plasma, and whole blood.  

 

In Norway, a previous study observed increased concentrations of PFOS and PFOA from the 

1970s to the mid-1990s, and stabilisation before a decrease after the 2000s (Haug et al., 2009b), 

this may be related to the phase-out in the year 2000–2002.  Decreasing levels of PFOS, PFOA, 

and PFHxS in humans have also been observed in Sweden (Glynn et al., 2012), the U.S. 

(Gribble et al., 2015; Olsen et al., 2012), Germany (Schröter-Kermani et al., 2013), and Japan 

(Okada et al., 2013). A study of serum of males from northern Norway indicated a decrease of 

PFOS and PFOA by 26% and 23%, respectively, from 2001 to 2007, while the other longer-

chained PFCAs including PFNA, PFDA, and PFUnDA displayed increasing trends (Nøst et al., 

2014). An increase or no change in the concentrations of long-chained PFCAs (i.e. PFNA, 

PFDA, PFUnDA, PFDoDA, and PFTrDA) have also been reported in other recent studies from 

Denmark (Bjerregaard-Olesen et al., 2016), Germany (Schröter-Kermani et al., 2013; Yeung et 

al., 2013), and Japan (Okada et al., 2013).  

 

The shift in the manufacturing process after the phase-out of PFOS in the year 2000 have 

contributed to the shift from PFAAs to PFAA precursors such as PAPs. PAPs were detected in 

human serum for the first time in 2009 in the U.S. (D’eon et al., 2009). PAPs in humans have 

also been observed in recent studies in Sweden (Gebbink et al., 2015), Germany (Yeung et al., 

2013), the U.S. (Lee and Mabury, 2011), and Australia (Eriksson et al., 2017). However, PAP 

levels in humans were reported at low concentrations of picograms per millilitre, even though 

PAPs are broadly used such as in paper, food packaging, and personal care products. 
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Previous studies have found that the PFSAs and PFCAs only contribute to 33–85% of total 

extractable organic fluorine in whole blood of general populations (Miyake et al., 2007; Yeung 

et al., 2008). Due to a shift towards the production of short-chain PFAAs and other PFASs, 

there might be other PFASs in human blood. Also, different binding affinities to blood were 

reported (Ng and Hungerbühler, 2013). Thus, some PFASs can be partitioned differently 

between serum, plasma, and whole blood.  
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2 Objectives 
The principal objective of this study was to characterize the internal dose of a broad range of 

PFASs in a Norwegian adult study population, by determining the concentrations in different 

blood matrices, and comparing these concentrations to individual estimated daily intakes from 

ingestion of food and beverages and house dust, inhalation of indoor air, and dermal absorption. 

 

The specific objectives were (see also Figure 2.1):  

 

1. To develop and validate high-throughput and sensitive online solid phase extraction 

method coupled to ultra high performance liquid chromatography-tandem mass 

spectrometry (online SPE-UHPLC-MS/MS) for simultaneous determination of 

novel and well-known PFASs in human serum, plasma, and whole blood (Paper I), 

dried blood spots (Paper III) and hand wipes (Paper IV). 

 

2. To determine PFAS concentrations in the blood of a study group of adults living in 

the Oslo area, Norway and characterise the PFAS distributions between human 

serum, plasma, and whole blood (Paper II). 

 

3. To assess the applicability of DBSs being a less-invasive method for blood 

sampling, to study the internal dose of PFAS in humans (Paper III). 

 

4. To assess human exposure to PFASs via hand-to-mouth and dermal contacts using 

hand wipes as exposure media, and explore possible associations between PFAS 

levels in hand wipes and PFAS levels in house dust and indoor air as well as 

participant characteristics from questionnaires (Paper IV).  

 

5. To elucidate the relative importance of different external exposure pathways 

including ingestion of food, drinks, and house dust, inhalation of indoor air, and 

dermal absorption to the total estimated daily intakes of PFASs and comparison to 

the internal dose (Paper V). 
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Figure 2.1. The set-up of the study in this thesis on human PFAS concentration and 

external exposure pathways 
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3 Experimental  
3.1 The study population 

The work presented in this thesis is a part of the A-TEAM (Advanced Tools for Exposure 

Assessment and Biomonitoring) project. It aimed to understand how and to what extent 

chemicals used in consumer products enter humans, and how we can best monitor their presence 

in our bodies, diet an indoor environment. The consumer chemicals included PFASs, 

phthalates, organophosphate esters, and brominated flame retardants. The sampling campaign 

was conducted in Oslo, Norway during winter 2013 to 2014 (November-April) when the 

proportion of time spent indoors is at a maximum and ventilation is at its minimum. The 

Regional Committees for Medical and Health Research Ethics in Norway approved the study 

(Case number 2013/1269).  

 

The participants in the study group were recruited from the staff at the Norwegian Institute of 

Public Health (NIPH). All participants gave written consent before participating. In total, 74% 

of the participants were women; the complete study group included 45 women and 16 men. 

Their age ranged from 20 to 66 years, with a median age of 41 years. For most participants (93 

%) the education was higher than 12 years. Median body weight of the participants was 69 kg, 

and the median body mass index (BMI) was 24 kg m-2. More details regarding the sampling 

campaign are presented elsewhere (Papadopoulou et al., 2016). 

 

 

3.2 Sampling campaign for PFASs 

A schematic overview of the sampling in the A-TEAM project for PFASs study is shown in 

Figure 3.1. Each participant was required to provide a set of samples including: 

 Personal and indoor air for 24 hours (weekdays) 

 House dust  

o Floor dust: from the floor of the entire living room,  

o Elevated surface dust: from elevated surfaces in the living room, and  

o Vacuum cleaner bag dust: from vacuum cleaner bags 

 Duplicate diets (food and drink), and  

 Hand wipes  
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Also, information about the participants and their home environments and activities were 

collected via questionnaires, as well as a food frequency questionnaire (FFQ) and a food diary. 

Blood samples and blood spots were collected shortly before or after the sampling period, 

depending on what was convenient for the participants (see also Figure 3.2).   

 

 

Figure 3.1. Schematic overview of the sampling in the A-TEAM project relevant for 

assessing exposure to PFASs 
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Figure 3.2. Pictures from the collection of different samples relevant for assessing 

exposure to PFASs.  

 

 

 

3.3 Sample preparations 

The samples from the A-TEAM sampling campaign were analysed by different methods. Table 

3.1 shows samples, targeted PFASs, methods, and references. This thesis focused on the sample 

collections of, and method developments for serum, plasma, whole blood, DBS, and hand 

wipes.  
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Table 3.1. An overview of the samples and targeted PFASs in the A-TEAM project 

 Samples PFASs Method References 

B
lo

od
 

Serum 

Plasma 

Whole blood PAPs, 

PFPAs, 

PFSAs, 

PFCAs, 

FOSAs 

 

Protein precipitation by methanol, 

online SPE-UHPLC-MS/MS 

Paper I and 

Paper II 

DBSs 

Extraction and protein precipitation  

by methanol, online SPE-UHPLC-

MS/MS 

Paper III 

H
an

d 
w

ip
es

 

Hand wipes 

Extraction by methanol, clean-up  

by primary-secondary amine : C18 :  

activated carbon, 1:1:1 (by weight), 

online SPE-UHPLC-MS/MS 

Paper IV 

H
ou

se
 d

us
t Floor dust 

Elevated surface 

Vacuum bag dust 

PAPs, 

PFPAs, 

PFSAs, 

PFCAs, 

FOSAs, 

FOSEs 

Solid-liquid extraction, 

clean up by activated carbon, 

online SPE-UHPLC-TOF-MS 

Padilla-Sánchez 

and Haug (2016) 

and Papadopoulou 

et al. (manuscript)  

A
ir 

Indoor air  

Personal air 

FOSAs, 

FOSEs, 

FTOHs 

Clean-up, SPE, GC-MS 
Padilla-Sánchez et 

al. (2017)  

Fo
od

 

Duplicate food 

PFSAs, 

PFCAs 

Solvent extraction, SPE, clean-up  

by ENVI-carb, HPLC-MS/MS Papadopoulou et 

al. (2017)  

and beverages 

Food diaries 
Existing food contamination data 

FFQs 

 

 

 

3.3.1 Blood samples 

Blood samples were drawn from a single venepuncture site by a medical laboratory technician. 

Whole blood was collected in K2-ethylenediaminetetraacetic acid (EDTA) anticoagulant 

vacutainer tubes. Plasma was prepared from the remaining whole blood in the tube after a 
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fraction of the whole blood was transferred to a 2-mL polypropylene (PP) tube. The remaining 

whole blood was left to clot for one hour, centrifuged for 15 min at 2200–2500 rpm, and then 

the plasma was transferred to a PP bottle. A vacutainer tube without anticoagulant was used to 

obtain serum from the whole blood, the tube was centrifuged for 15 min at 2200–2500 rpm, and 

then the serum was transferred to a PP bottle. 

 

Serum, plasma, and whole blood samples were analysed using the method presented in Paper 

I. In brief, 50 μL of the sample was transferred to a 2-mL centrifuge tube, along with 90 μL of 

a 5 ng mL-1 internal standard (IS) solution and 90 μL of methanol were added. The sample tube 

was mixed on a mixer and centrifuged for 40 min at 14000 rpm (25ºC) to precipitate the 

proteins. After the centrifugation, the supernatant was transferred to a 250 μL PP vial for 

analysis.  

 

 

3.3.2 Dried blood spot (DBS) samples 

Dried blood spots were collected by pricking a finger of the participant with a contact-activated 

lancet and placing a drop of blood onto two Whatman 903 blood collection cards. The DBS 

cards were left to dry overnight at ambient temperature and were kept in an aluminium bag with 

a desiccant at -20°C until analyses.  

 

The DBS was punched into 10 disks of a 3 mm diameter and placed in a 2 mL centrifuge tube. 

Subsequently, 90 μL of 5 ng mL-1 IS and 180 μL methanol were added to the tube. The tubes 

were placed on a mixer for 10 seconds before sonication for 60 min in an ultrasonic bath. Then 

the sample was centrifuged at 14000 rpm for 10 min, and the supernatant was transferred into 

a 250 μL PP vial for analysis. Further details on DBS can be found in Paper III. 

 

 

3.3.3 Hand wipe samples 

A hand wipe sample was collected to assess exposure from hand-to-mouth and dermal contacts. 

All hand wipe samples were self-collected samples. Participants had received a written 

sampling procedure before the sampling, and the researchers demonstrated the self-collection 

of the sample to the participant during the home visit. The participants were recommended to 

keep their hands unwashed at least 60 min before taking the hand wipe sample, and the samples 
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were collected in the evening before bedtimes. Each hand was wiped on both sides from wrist 

to fingertips by a sterile gauze pad immersed in 3 mL isopropyl alcohol. Two gauze pads from 

both hands were kept together in the PP bottle at -20ºC. 

 

The two gauze pads were dried in the original bottle at room temperature. Then, 50 mL 

methanol and 90 μL of 30 ng mL-1 IS solution were added to the sample bottle. The bottles 

were hand shaken and then sonicated in an ultrasonic bath for 30 min. The extracted sample 

was transferred to a 15mL centrifuge tube and evaporated under 180 mbar and 40°C until the 

remaining volume was approximately 500 μL. The sample was subjected to further clean up by 

QuEChERS technique (i.e. Quick-Easy-Cheap-Effective-Rugged-Safe extraction). In brief, the 

500 μL sample was transferred into a 2 mL centrifuge tube containing a total amount of 10 mg 

mixed sorbents (primary-secondary amine : C18 : activated carbon, 1:1:1 (by weight)). Then 

the tubes were centrifuged for 10 min at 14000 rpm to isolate the extract, and the supernatants 

were transferred into PP vials. Further details on hand wipes can be found in Paper IV. 

 

 

3.3.4 Dietary samples 

A duplicate portion of all consumed food and drink was collected. Participants had to weigh 

and record the duplicate diet in the food diary, while the information on dietary habits over a 

year was evaluated from FFQs. Information on the determination of PFASs in food and 

beverages can be seen in the references in Table 3.1. 

 

 

3.3.5 Indoor environmental samples 

Indoor environmental samples were indoor air, personal air, floor dust, elevated surface dust, 

and vacuum cleaner bag dust. Due to the sampling design, personal air sampling was limited 

only to 15 participants out of 61. Thus, the personal air samples were not used to estimate daily 

intake in this study. Indoor air, floor dust, and elevated surface dust samples were collected 

from the living room, whereas vacuum cleaner bags were received from participants. 

Information on the determination of PFASs indoor air and house dust samples can be seen in 

the references in Table 3.1. 
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3.4 Method validations 

Validation of the developed methods was an essential part of this project and included assessing 

the accuracy, repeatability, intermediate precision, method linearity, method applicability 

ranges, method detection limits (MDLs), and method quantification limits (MQLs). In the 

serum, plasma, and whole blood methods, the estimated MDLs and MQLs were found by 

extrapolation using matrix-matched calibration standards and defined as the concentration 

giving a signal to noise ratio (S/N) of 3 and 10, respectively. For the DBS and hand wipe 

methods, MQLs were defined as the lowest concentration of the matrix-matched calibration 

standard. As matrix-matched calibration standards were used for all methods, the estimated 

MDLs and MQLs were directly related to the sensitivity of the overall method. An overview of 

the established methods can be seen in Table 3.2. Linear calibration curves of all analytes were 

constructed for each batch of analyses with correlation coefficients, R2 ≥ 0.99.  

 

 

3.5 Instrumental analysis and quantification 

The serum, plasma, whole blood, DBS, and hand wipe samples were analysed using online 

SPE-UHPLC-MS/MS. The method for simultaneous determination included 25 PFAAs and 

PFAA precursors from 5 different groups, which are 10 PFCAs, 5 PFSAs, 3 PFPAs, 4 PAPs, 

and 3 FOSAs (18 PFAAs and 7 PFAA precursors) (Figure 3.3). The details can be seen in 

Paper I, Paper III, and Paper IV.  
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Table 3.2. Overview of the three developed methods 

 Blood method  

(Paper I) 

DBS method  

(Paper III) 

Hand wipe method  

(Paper IV) 

Matrix-

matched 

calibration 

Calf serum, plasma, and 

whole blood 

30 μL spiked calf whole 

blood spotted on dried 

blood spot filter. 

Gauze pads in isopropyl 

alcohol 

Sample size 50 μL 10 disks of 3 mm 

diameter DBS 

Two gauze pads 

Internal 

standard (IS) 

90 μL of a 5 ng mL-1 IS 

solution 

90 μL of 5 ng mL-1 IS 

solution 

90 μL of 30 ng mL-1 IS 

solution 

Extraction Protein precipitation by 

180 μL methanol 

Protein precipitation and 

extraction by 270 μL 

methanol  

Extraction by 50 mL 

methanol  

Clean-up - - Primary-secondary 

amine : C18 : activated 

carbon, 1:1:1 (by weight) 

Calibration 

range 

Twelve levels,  

0.006–45 ng mL-1 

Nine levels,  

0.025–50 ng mL-1 

Eleven levels,  

0.003–22.5 ng 

QC samples in 

validation I 

0.018, 0.90, 0.45, 1.8, 

9.0, and 30 ng mL-1 

0.07, 0.15, 0.75, 3.0, 15, 

and 30 ng mL-1 

0.0225, 0.09, 0.45, 3.0, 

and 15 ng 

QC samples in 

validation II 

0.018, 0.90, 0.45, 1.8, 

9.0, and 30 ng mL-1 

0.07, 0.15, 0.75, 3.0, 15, 

and 30 ng mL-1 

0.45 and 3.0 ng 

External QC 

samples 

Human serum from an 

interlaboratory, the 

Arctic Monitoring 

Assessment 

Program(AMAP) 
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Figure 3.3. Molecular structures and homologs of the PFASs  

 

 

3.6 Potential exposure predictors 

The A-TEAM questionnaire was used to evaluate lifestyle characteristics that might affect the 

human exposure to PFASs in adults. The associations between PFAS concentrations in blood 

and sociodemographic and lifestyle characteristics were evaluated (Paper V). Information on 

sociodemographic and lifestyle characteristics were divided into two groups such as age (< 41, 

≥ 41), gender (women, men), given birth (yes, no), BMI (< 25, ≥25), born in Norway (yes, no), 

and mother born in Norway (yes, no). Moreover, the amount of PFASs in hand wipes were also 

investigated with respect to the sociodemographic and lifestyle characteristics, i.e. daily 

frequency of washing hands (≤8, >8), years of living in the house (≤4, >4), and age of the 

building (≤36, >36) (Paper IV). 

 

 

3.7 Estimation of the exposure intake  

Individual daily intakes of PFAS (pg·kg bw-1·day-1) can be estimated based on PFAS 

concentrations in external exposure media, exposure factors, and the individual body weight. 

The exposure pathways considered were ingestion, inhalation, and dermal absorption. In 

  
PFSA: n = 4, 6, 7, 8, 10 

 
monoPAP: n = 6, 8 

 

  
PFCA: n = 5–14 

 
diPAP: n = 6, 8 

  
PFPA: n = 6, 8, 10 

 
FOSA: n = 8, R = H, Me, Et 
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addition, the PFAS uptake fractions via the gastrointestinal tract (GIT), the lung, and the skin 

was assumed to be 100 %, (Tian et al., 2016) 100 %, (Kennedy et al., 2004) and 48 % (Franko 

et al., 2012) absorptions, respectively. In this study, intakes from indoor air, house dust, diet, 

and hand-to-mouth and dermal contacts were included. 

 

 

3.7.1 Ingestion  

Food 

Dietary intakes have been estimated by three methods, which were assessed daily PFAA intakes 

through measuring duplicate diet samples, estimating intake after combining food 

contamination levels with food consumption from the food diary data, and a FFQ. For the 

estimated daily individual intake from the diet, only PFCAs and PFSAs were included. The 

details can be seen in Papadopoulou et al. (2017) and Paper V.   

   

House dust 

Three different kinds of house dust samples were collected; floor dust, elevated surface dust 

from the participant’s living room, and vacuum cleaner bag dust. The daily dust intake was set 

at 0.05 g day-1. Further information can be seen in Papadopoulou et al. (manuscript), Paper IV, 

and Paper V. 

 

Hand-to-mouth contact 

The individual daily intakes of PFAAs and PFAA precursors from direct and indirect exposure 

via hand-to-mouth contact were estimated based on the PFAS concentrations in hand wipes. 

Further information can be seen in Paper IV and V.   

 

 

3.7.2 Dermal absorption 

The estimated daily intake from dermal absorption was assessed based on PFAS concentrations 

in the hand wipe samples. Both direct and indirect exposures were estimated. Further 

information can be seen in Paper IV and V.   
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3.7.3 Inhalation  

Concentrations of FTOHs, FOSEs, and FOSAs in indoor air samples were used to estimate 

indirect exposure to PFAAs via inhalation. Only indirect exposures to PFAAs were evaluated 

from indoor air samples. PFAAs were not determined in indoor air due to low vapour pressure. 

The biotransformation of FTOHs to PFCAs and FOSEs to PFOS were estimated. Further 

information can be seen in (Padilla-Sánchez et al., 2017) and Paper V.  
 

 

3.8 Total individual daily intake assessment 

The total individual daily intakes were derived from estimated daily intakes from the diet, air, 

dust and dermal contacts (Paper V). The intake of hand-to-mouth contact was excluded from 

the total individual daily intake to avoid the double count on the external exposure to PFASs 

since the dust intakes cover the route of PFASs exposure through non-dietary ingestion.  

 

The total individual daily intake included both direct exposure from PFAAs and indirect 

exposure from PFAA precursors (PAPs, FTOHs, FOSAs, FOSEs). 

 

EDItotal = direct (EDIfood + EDIdust + EDIder) + indirect (EDIfood+EDIdust + EDIder + EDIair) 

 

Where   

EDItotal is the total individual daily intake,  

direct EDIfood is the estimated daily intake from direct exposure to PFAAs in food,  

direct EDIdust is the estimated daily intake from direct exposure to PFAAs in house dust,  

direct EDIder is the estimated daily intake from direct exposure to PFAAs from dermal 

absorption,  

indirect EDIfood is the estimated daily intake from indirect exposure to PFAAs in food,  

indirect EDIdust  is the estimated daily intake from indirect exposure to PFAAs in house dust,  

indirect EDIder  is the estimated daily intake from indirect exposure to PFAAs from dermal, 

absorption, and   

indirect EDIair is the estimated daily intake from indirect exposure to PFAAs in indoor air.  
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3.9 Pharmacokinetic (PK) model 

A one-compartment pharmacokinetic (PK) model was used, and a steady-state condition was 

assumed. The estimated PFAS concentrations in serum were based on the PFAS daily intakes 

(as a function of the dose), the elimination rate (Li et al., 2018), and the volume of distribution 

(Gomis et al., 2017).  The modelled PFAS concentrations in serum were compared to the 

observed PFAS concentrations in serum. Estimations of PFAS concentrations in serum were 

conducted using the following equation: 

 

CP = DP / (kP * Vd) 
 

where  

CP is the modelled serum concentration (ng mL-1),  

DP is the total daily intake of the specific PFAS (ng·kg bw-1 ·day-1),  

Vd is the volumes of distribution of the specific PFAS (mL kg-1), and  

kP is the elimination half-life of the specific PFAS (day-1) (Paper V). 

 

 

3.10 Statistics 

The statistical analyses were performed using SPSS (version 24.0), except for the heat-map 

correlation plots which were made using the corrgram package in R version 3.2.2 (R Core 

TEAM, 2016; Wright, 2016). The agreement between respective PFAS concentrations in DBS 

and whole blood samples was assessed using the Passing-Bablok regressions (Bilic-Zulle, 

2011) and Bland-Altman plots (Bland and Altman, 1999) in the Medcalc Statistical Software, 

version 17.4.4 (Ostend, Belgium, https:// www.medcalc.org, 2017).  

 

A statistical significance level of p < 0.05 was used. The normality of measured PFAS 

concentrations was examined using the Shapiro-Wilk test and visually by histograms. Most 

PFAS concentrations were non-normally distributed. Thus non-parametric methods were used. 

Measured concentrations of PFASs below MDLs were replaced with their MDLs divided by 

the square root of two (MDL/√2) (Finkelstein and Verma, 2001), while values between the 

MDLs and MQLs were used unaltered. This approach was employed when evaluating the mean, 

median, and in statistical methods. Furthermore, statistical analyses focused on in Paper II–
Paper V are explained in Table 3.3. 
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Table 3.3. Statistical tests and approaches 

Statistical tests and approaches Paper 

Mann-Whitney U-test  

 To assess significant differences in PFAS concentrations between genders. II 

 To assess significant differences in PFAS levels in this study with another 

similar study from Norway. 

II 

 To assess significant differences in estimated blood volumes on a 3 mm 

diameter DBS between genders (non-normally distributed data). 

III 

 To assess significant differences in PFAS levels in hand wipes between 

two groups of population characteristics. 

IV 

 To assess significant differences in PFAS levels in serum between two 

groups of population characteristics. 

V 

t-test  

 To assess significant differences in estimated blood volumes on a 3 mm 

diameter DBS between genders (normally distributed data). 

III 

Kruskal-Wallis test  

 To assess significant differences in PFAS concentrations between age-

tertiles. 

II 

 To assess significant differences in estimated blood volumes on a 3 mm 

diameter DBS between age-tertiles (non-normally distributed data). 

III 

One-way ANOVA  

 To assess significant differences in estimated blood volumes on a 3 mm 

diameter DBS between age-tertiles (normally distributed data). 

III 

Wilcoxon signed ranks test  

 To assess significant differences in PFASs between different blood 

matrices (only paired samples from individuals with quantifiable 

concentrations (>MDL) were considered.) 

II 
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Table 3.3. Statistical tests and approaches (continues) 

Statistical tests and approaches Paper 

Pearson correlation (pairwise comparison)  

 To evaluate the distribution ratio of PFASs between different blood 

matrices (only paired samples from individuals with quantifiable 

concentrations (>MDL) were considered.) 

II 

Spearman’s rank  

 To examine bivariate correlations between concentrations of different 

PFASs in the same blood matrices. 

II 

 To examine bivariate correlations between PFAS concentrations in DBS 

and whole blood. 

III 

 To examine bivariate correlations between concentrations of different 

PFASs in hand wipes. 

IV 

 To examine bivariate correlations between concentrations of PFASs in 

hand wipes and indoor environments (house dust and indoor air) 

IV 

 To examine bivariate correlations between concentrations of PFASs in 

human blood and PFAS intakes. 

V 

 To examine bivariate correlations between observed and modelled PFAS 

serum concentrations 

V 

Intraclass correlation coefficients  

 To assess PFAS correlation for the respective PFAS concentrations in 

DBS and whole blood. 

III 

Passing-Bablok regressions and Bland-Altman plots  

 To assess the agreement between respective PFAS concentrations in 

DBS and whole blood. 

III 

Cusum test   

 To assess the linear relationship between respective PFAS concentrations 

in DBS and whole blood. 

III 
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4 Results – Summary of papers 
Paper I 

High throughput online solid phase extraction-ultra high performance liquid 

chromatography-tandem mass spectrometry method for polyfluoroalkyl phosphate 

esters, perfluoroalkyl phosphonates, and other perfluoroalkyl substances in human 

serum, plasma, and whole blood 

Objective: One of the objectives of this thesis was to develop and validate methods for 

simultaneous determination of 25 well-known and novel PFASs in human serum, plasma, and 

whole blood. The analysis method was based on rapid protein precipitation by methanol and 

online SPE-UHPLC-MS/MS method with negative electrospray ionisation detection.  

 

Results and main findings: The method needs only 50 μL of blood, and the total analysis time 

was only 14 min per sample including loading, clean-up, elution, separation, and washing. This 

method provided excellent linearity of matrix-matched calibration curves in a range 0.006–45 

ng mL-1 blood, depending on compounds and matrices (Table 4.1). Excellent sensitivity of the 

method assessed by MDLs and MQLs. The accuracy, repeatability, intermediate precision, and 

between-run precision/repeatability were found to be satisfactory. Non-spiked samples of calf 

serum, plasma, and whole blood were used to assess potential background contamination of 

PFASs. Some PFASs (PFBS, PFHxA, and PFOS) were found in some of the replicates, but 

typically less than half of the amount for lowest calibration level.  

 

Analyses of serum samples from the interlaboratory comparison study organised by the Arctic 

Monitoring Assessment Program (AMAP) indicated good agreement between the measured 

values from this method and the consensus values.  

 

In conclusion, this method was thoroughly validated and found to be applicable for large-scale 

human biomonitoring studies where there is a need for fast determination of a broad range of 

compounds. The analytical method developed in this study was suitable for human serum, 

plasma, and whole blood. 
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Table 4.1. The range of the calibration curve using matrix-matched standards, MDLs, 

accuracy (Acc., %), and repeatability (Rep., %CV) of serum, plasma, whole blood, DBS, 

and hand wipes 

 

Serum 

(ng mL-1) 

Plasma 

(ng mL-1) 

Whole blood 

(ng mL-1) 

DBS 

(ng mL-1) 

Hand wipes 

(ng) 

Calibration 

range 0.006– 45 0.006– 45 0.006– 45 0.025– 50 0.015– 22.5 

MDLs 

PAPs 0.009– 0.09 0.018– 0.045 0.009– 0.045 0.075– 0.3 0.009– 0.045 

PFPAs 0.009– 0.045 0.0018– 0.018 0.009– 0.045 0.03– 0.03 0.009– 0.009 

PFSAs 0.0018– 0.009 0.0018– 0.018 0.0018– 0.009 0.015– 0.03 0.0045– 0.0045 

PFCAs 0.0036– 0.09 0.0018– 0.09 0.0018– 0.09 0.0075– 0.3 0.0045– 0.09 

FOSAs 0.0018– 0.045 0.009– 0.009 0.0018– 0.009 0.075– 0.075 0.018– 0.09 

Acc. (Rep.)*      

PAPs 91– 103 (7) 92– 102 (8) 66– 104 (6) 56– 85 (13) 85– 99 (7) 

PFPAs 76– 103 (7) 92– 105 (5) 102– 128 (5) 76– 86 (12) 90– 93 (9) 

PFSAs 87– 98 (4) 91– 104 (10) 89– 120 (7) 77– 101 (11) 78– 98 (7) 

PFCAs 88– 102 (5) 94– 105 (8) 86– 112 (7) 70– 121 (11) 75– 103 (7) 

FOSAs 99– 103 (5) 92– 104 (5) 102– 114 (6) 63– 86 (21) 64– 88 (21) 

*Number of replicates (n) = 5 for accuracy and repeatability determination, the spiked 

samples were at 1.8 ng mL-1 for serum, plasma, and whole blood; 3.0 ng mL-1 for DBS; 3.0 ng 

for hand wipes (Several other levels were also assessed and can be seen the detail in Paper I, 

Paper III, and Paper IV. 
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Paper II 

Distribution of novel and well-known poly- and perfluoroalkyl substances (PFASs) in 

human serum, plasma, and whole blood   

Objective: In this study, the PFAS concentrations in different blood matrices were characterised 

to increase the understanding of the internal dose of PFASs in general adults.  

 

Results and main findings: Of the twenty-five PFASs to be measured, twenty-one were detectable 

in the blood samples, although the detection frequencies varied depending on the compounds and 

the blood matrix. PFHxS, PFHpS, PFOS, PFOA, and PFNA were detected in all serum (n = 61), 

plasma (n = 59), and whole blood (n = 58) samples. Novel PFASs like PFPAs and PAPs had the 

highest detection frequency in plasma samples, while whole blood showed the highest number 

of PFASs. Surprisingly, the most appropriate matrix to determine PFHxA and PFOSA was 

whole blood. The profiles of the PFAS in the three blood matrices were slightly different. 

 

PFSA and PFCA concentrations were the significant contributors to the total PFAS 

concentrations in all blood matrices. PFOS was the dominant PFAS in all blood matrices, with 

median concentrations of 5.2, 4.8, and 2.9 ng mL-1, respectively, followed by PFOA (1.9, 1.6, 

and 0.93 ng mL-1, respectively). Overall, positive and high correlations were observed among 

and between PFSAs and PFCAs within each blood matrix. In particular, higher correlations 

were observed between PFOS and PFNA (0.75, p < 0.001) than between PFOS and PFOA 

(0.58−0.68, p < 0.001) for all matrices. PFAS partitioning distinctions between blood matrices 

were observed. The ratio varied and depended on the compounds. The ratio between serum-to-

plasma for PFOS, PFOA, PFHxS, PFNA, PFUnDA, and 6:2diPAP were 0.9–1.3:1, while the 

ratio between serum/plasma-to-whole blood for these compounds were 1.7–2.3:1. Interestingly, 

novel PFASs like 6:2diPAP had similar ratios in serum-to-plasma and serum/plasma-to-whole 

blood as well-known PFOS and PFOA.  

 

In conclusion, it turned out that multiplying whole blood PFAS concentrations by a factor of 2 

on a general basis (Ehresman et al., 2007), can lead to an overestimation of serum and plasma 

concentrations (in cases where PFAS concentrations in different matrices are needed to be 

compared.). An increased understanding of PFAS distributions between blood matrices is 

valuable for selecting the appropriate blood matrix for the PFAS quantitation. 
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Paper III 

Dried blood spots for reliable biomonitoring of poly- and perfluoroalkyl substances 

(PFASs) 

Objective: PFAS concentrations in DBS were compared to that in paired whole blood 

concentrations to evaluate the reliability of DBS as a tool for biomonitoring of PFASs using a 

less-invasive sampling technique.  

 

Results and main findings: The developed method for PFAS determination in serum, plasma, 

and whole blood was modified to be suitable for sample preparation for DBS analysis. The 

extraction was aimed out using 270 μL methanol. Only 30 μL blood spot (or 10 disks of a 3 

mm diameter DBS) was used to quantify PFAS concentrations on DBS. Excellent linearity of 

matrix-matched calibration curves was obtained in the range of 0.025–50 ng mL-1 blood, with 

MDLs between 0.0075–0.3 ng mL-1, depending on the compound (Table 4.1). 

 

Since the real blood volume on DBS is uncertain, a method for estimating the blood volume on 

DBS was established. Known volumes of participants’ whole blood were spotted on a DBS 

card, and the distribution area was measured. The results showed that the blood volume on a 3 

mm diameter DBS (standard punch) was 3.3 μL (median, n=708 measurements, 59 adults).  

 

A finger pricked DBS sample was punched into 10 disks of a 3 mm diameter for analysis by 

the developed online SPE-UHPLC-MS/MS method. Spot-to-spot carry-over was tested by 

punching a blank DBS after the highest calibration standard concentration. Only the compounds 

that were detected in more than 85% of the DBS samples and whole blood samples were 

evaluated (i.e. PFHxS, PFOS, PFOA, PFNA, PFDA, PFUnDA, and PFOSA).  

 

Strong correlations in PFAS concentrations between finger prick DBSs and venous whole blood 

samples (n=57) were found (rho 0.72–0.97, p<0.0001) Furthermore, Passing-Bablok 

regressions and Bland-Altman plots demonstrated good agreements between PFAS 

concentrations in finger prick DBSs and in venous whole blood samples.  

 

In conclusion, this study demonstrated that the DBS method is satisfactory for its intended and 

allows a straightforward determination of PFASs in blood.  
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Paper IV 

Hand wipes: a useful tool for assessing human exposure to poly- and perfluoroalkyl 

substances (PFASs) through hand-to-mouth and dermal contacts 

Objective: Examining the human exposure pathways to PFASs via hand-to-mouth and dermal 

contacts using hand wipes as an exposure media.   

 

Results and main findings: An online SPE-UHPLC-MS/MS method as similar to that used for 

serum, plasma, and whole blood was applied, with a thoroughly modified sample preparation 

method. Excellent linearity of matrix-matched calibration curves was observed in the range of 

0.015–22.5 ng per hand wipe sample, with MDLs between 0.0045–0.09 ng per hand wipe 

sample, depending on the compound (Table 4.1). 

 

Twenty of the 25 PFASs could be detected in the hand wipe samples. PAPs were dominated in 

the hand wipe samples (median levels, 6:2diPAP > 8:2diPAP > 8:2PAP > 6:2PAP). The median 

concentrations of PAPs ranged from 0.21–0.54 ng per the hand wipe sample. Significant 

positive correlations were found among PAPs and between PAPs, PFOA, and PFOS. PFOS 

concentrations in hand wipes were significantly positively correlated to the corresponding 

concentrations in all types of house dust and its precursor compound, EtFOSE in indoor air. 

Significant positive correlation between PFOA in hand wipes and the corresponding in elevated 

surface dust and their precursor compounds in floor dust were found. 6:2diPAP in hand wipes 

was found to correlate to the corresponding and the other PAPs in the house dust.  

 

The median estimated daily intakes of PFOS and PFOA via hand-to-mouth contact were 

slightly higher than the estimated daily intakes from dermal absorption pathways (both hands). 

The median percentage contribution from indirect exposure to PFOA was 5.6 % (range 0.08–

80%) of the total estimated daily intake to PFOA. Low frequency of daily hand washing (≤ 8 

times day-1) was associated with 30–50% higher concentrations of PFOS, PFOA, and 8:2diPAP 

in hand wipes (median levels). 

 

In conclusion, associations between PFASs in hand wipes and the indoor environment (i.e., 

house dust and indoor air) suggest the potential of similar exposure. PFAS concentration in 

hand wipes could be used as exposure media for determining PFASs in the indoor environment.  
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Paper V 

Multiple pathways of human exposure to poly- and perfluoroalkyl substances (PFASs): 

from external exposure to human blood 

Objective: This study aimed to elucidate the relative importance of external exposure pathways 

to the human body burden of PFASs, and to compare with PFAS concentrations in human 

blood.  

 

Results and main findings: In total 30 PFASs (18 PFAAs and 12 PFAA precursors) were 

determined in food and drinks, house dust, indoor air, and hand wipes. Correlations between 

PFAS concentrations in serum and daily intakes of PFASs (ng day-1) via multiple exposure 

pathways were assessed using bivariate analysis (Spearman rank correlation).  

 

PFOA contributed most to the direct exposure from the diet, house dust, and dermal absorption. 

Indoor air inhalation was the major pathway for indirect exposure to PFASs. The most 

important exposure for the daily intake of PFASs via direct and indirect exposure was diet, 

followed by house dust, indoor air, and dermal absorption. However, some variations were 

observed when assessing the relative contribution of different exposure pathways on an 

individual basis. Some significant and positive correlations between the internal dose (ng mL-

1) of certain PFASs and the corresponding intakes (pg·kg bw-1·day-1) were found, e.g. serum 

PFOA concentrations and dust ingestion, whole blood PFHxA concentration and dietary 

intakes. Significant associations between concentrations of PFASs measured in serum, and 

estimated intakes based on indirect (precursor) exposure were observed. Furthermore, a one-

compartment pharmacokinetic model was used to model serum PFAS concentrations based on 

the estimated daily intakes. The modelled PFHxS, PFOS, and PFNA serum concentrations were 

approximately 7, 4, and 3 times lower than observed serum concentrations, respectively, while 

the median observed and modelled PFOA serum concentrations were comparable at 1.9 and 2.0 

ng mL-1, respectively. 

 

In conclusion, diet was in general the major contributor to the total intake of PFASs. The 

relative importance of PFAS exposure from house dust and indoor air was relatively high for 

some participants. Dermal absorption based on hand wipes was a significant exposure route for 

PAPs.
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5 Discussion 
5.1 Analytical methods (Paper I, III, IV)  

In this study, an analytical method was developed due to the lack of a comprehensive method 

for the determination of twenty-five well-known and novel PFASs including 5 PFSAs, 10 

PFCAs, 3 PFPAs, 4 PAPs, and 3 FOSAs. Differences in physicochemical properties of the 

various PFASs represent an analytical challenge, especially for the PFSAs and PFCAs versus 

the PAPs and PFPAs. 

 

Throughout the work presented in Paper I, an online SPE-UHPLC-MS/MS method was 

established. The online SPE column-switching method was a modification of a former 

published method (Haug et al., 2009a). Online SPE requires a minimum of manual handling 

which results in low background contamination and to improve accuracy and precision (Chen 

et al., 2009). Online SPE also allows the use of small amounts of sample and improves 

sensitivity, in addition to saving time and cost. LC-MS/MS methods have been employed for 

the determination of PFSAs and PFCAs in biological samples worldwide by using different 

pre-treatment step and extraction procedures (Salihovic et al., 2013b). LC-MS/MS is usually 

performed using triple quadrupole mass spectrometers (QqQ) coupled with multiple reaction 

monitoring. 

 

Since this broad range of PFASs has different physicochemical properties, the pKa values can 

be from 0.14 for PFSAs to 7.0 for PAPs (Gao et al., 2018). No simultaneous methods including 

this broad range of PFASs in different blood matrices have been described in the literature so 

far to our knowledge, especially using small amounts of blood and sample matrices differing in 

compositions. In previous studies more than one method for PFAS determinations have been 

used in the blood (Gebbink et al., 2015; Lee and Mabury, 2011; Yeung et al., 2013). Moreover, 

most of the online SPE methods were only developed for serum or plasma (Bartolomé et al., 

2016; Gao et al., 2018; Kato et al., 2011; Salihovic et al., 2013a). Other advantages of the 

present method are the applicability for both serum, plasma, and whole blood and it can be 

applied in general laboratories (not requiring very advanced instrumentation and equipment).  

 

The developed method for determination of a broad range of PFASs provides several 

advantages with respect to previous methods. The validated method in Paper I was successfully 
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used to determine a broad range of PFASs in serum, plasma, and whole blood from paired 

samples in the A-TEAM study (Paper II).  Direct injection using the online SPE system avoids 

background contamination of samples due to the limited manual handling and reduces the 

analysis time considerably. This method is the first study applying the same analysis method to 

determine PFAS in serum, plasma, and whole blood including a broad range of PFASs from 

different groups. The method was fast and suitable for large sample series. The use of high pH 

(~ 9) in the mobile phase in combination with acetonitrile as the organic modifier resulted in an 

increased response or PAPs and PFPAs. One additional product ion was monitored (for 

confirmation) for all compounds except for PFPAs and PFCAs, for which only one product ion 

was formed.  

 

Validation samples were made using spiking matrix-matched serum, plasma, and whole blood 

from a calf. MDLs and MQLs were defined by extrapolation using the matrix-matched 

calibration standards and estimated using a signal to noise ratio (S/N) of 3 and 10, respectively. 

The method was validated concerning the accuracy, precision (within-batch and between-

batches), and linearity. The MDLs for PFASs were in the range 0.0018–0.09 ng mL-1 serum, 

which is lower than or in the same order of magnitude as previously reported for the online-

SPE HPLC-MS/MS method (Bartolomé et al., 2016; Gao et al., 2016; Gosetti et al., 2010; Haug 

et al., 2009a; Llorca et al., 2012; Yu et al., 2017). 

 

To our knowledge, all the methodologies present in the literature have been optimised to 

determine PFASs in a specific matrix. However, it is advantageous that a method can be applied 

to different matrices. The advantage of less invasive sampling in human biomonitoring 

approaches is that it can be applied in large-scale studies because it can be conducted without 

the need of skilled personnel. The DBS sampling technique is one of the less invasive methods 

(Paper III). Thus, an analysis method for PFASs in DBSs was also developed and evaluated. 

A similar online SPE-UHPLC-MS/MS method as for blood analysis was used for determination 

of PFASs in DBS samples. The sample preparation was modified. The DBS sample was 

extracted using methanol and sonicated before transferring the supernatant for analysis. A 

thorough validation of the method for determination of a wide range of PFASs in DBS samples 

was performed. The DBS method contributes with new knowledge on the use of DBSs for 

determination of PFASs, although the MDLs of the DBS method were approximately up to ten 

times higher than the MDLs of the whole blood method. However, the MDLs in this study were 
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one to two magnitude lower than that of previous studies on DBSs:  0.02–0.05 ng mL-1 for 

PFOS and PFOA (Ma et al., 2013); 0.4 ng mL-1 and   0.2–0.5 ng mL-1 for PFOS and PFCAs, 

respectively (Kato et al., 2009).  

 

To our knowledge, no method for determination of PFASs in hand wipes was available. Hence, 

sample preparation for extraction of PFASs from hand wipes was developed and validated, 

using the same instrumental method as for analyses of blood (Paper IV). Solid-liquid extraction 

was used to extract PFASs from hand wipes. Methanol was selected as an extraction solvent, 

and the sample was sonicated. The amount of methanol and extraction times were optimised. 

The wipe was soaked in the extraction solvent, methanol, and evaporation by nitrogen gas was 

used to reduce the sample volume.  Since hand wipes constitute complex matrices with fat 

content and dust, a clean-up technique using the QuEChERS technique was applied. A mixed 

sorbent of primary-secondary amine : C18 : activated carbon, 1:1:1 (by weight) was used to 

clean-up the extracted sample before analysis. This clean-up was found to be an essential step 

to remove interferences present in the hand wipes. 

 

Blank contamination is a challenge in trace determination of PFASs. The methods described 

included determination of PFASs in field blank samples and zero samples (calf blood/wipe 

samples and IS solution). Only the hand wipe blanks and zero samples had PFAS levels above 

MDL values. Interfering compounds in hand wipe samples are mainly fat. Thus, the sample 

handling process of hand wipes was more complicated than that for the other matrices, since 

evaporation and clean-up techniques were required. 

 

 

5.2 Analyses of serum, plasma, and whole blood from the A-TEAM study group 

Biomonitoring of PFASs in serum, plasma, and whole blood was successfully performed in 

samples from the adult study group living in Oslo, Norway (Paper II). The present study found 

significantly lower serum PFOS concentrations compared to those found in a previous 

Norwegian study where samples were collected in 2007–2008 (Haug et al., 2011). On the other 

hand, PFOA has not changed to the same extent as PFOS when compared to the previous 

Norwegian study. Increases in serum PFHpS, PFHxS, PFNA, and PFDA concentrations have 

been observed. Increases in serum PFDA and PFNA concentrations (i.e., long-chain PFCAs) 

have also been observed in recent time trend studies (Bjerregaard-Olesen et al., 2016; Gebbink 
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et al., 2015; Okada et al., 2013; Stubleski et al., 2016). The increasing levels of these long-chain 

PFCAs might relate to an indirect exposure from their precursor compounds, which are still 

used in consumer products. These trends are similar to what is found elsewhere (Land et al., 

2018). Correlations between PFOS and PFNA concentrations were higher than correlations 

between PFOS and PFOA concentrations for all matrices. Stronger correlations were observed 

between PFOS and PFOA compare to PFOS and PFNA in the previous Norwegian study (Haug 

et al., 2011). The findings might indicate that the common source of exposure to PFOS and 

PFOA may have changed. 

 

To our knowledge, a few previous studies that have assessed the distribution of PFASs between 

different blood matrices. These studies included a limited number of samples (Kärrman et al., 

2006), specific groups of population (e.g., occupational, maternal) (Ehresman et al., 2007; 

Hanssen et al., 2013), plasma and whole blood (Jin et al., 2016; Kärrman et al., 2006), or only 

some well-known PFASs (e.g. PFOS and PFOA). Ehresman et al. (2007) reported that the ratio 

of some well-known PFASs (e.g., PFOS, PFOA, and PFHxS) in serum to plasma were 1:1, and 

the concentrations in whole blood were half of that in serum or plasma. The present study 

observed similar ratios for PFOS, PFOA, PFHxS, PFNA, PFUnDA, and 6:2diPAP, but not for 

the other PFASs. For example, PFHxA and PFOSA were observed in much higher 

concentrations in whole blood compared to serum and plasma, suggested that these compounds 

might bind more to blood cells in whole blood than to serum or plasma. Some compounds (i.e. 

PFHxPA, PFBS, and PFHpS) have ratios between serum-to-whole blood and plasma-to-whole 

blood above 2:1. The reasons for this is not known but could be due to artefacts as the 

concentration of these compounds were low. The new information obtained in the present study 

contributes to a better understanding of the distribution of a wide range of PFASs in different 

blood matrices. As such, these findings may indicate that the common practice of multiplying 

by a factor of 2 to convert the concentrations in whole blood to serum or plasma will not provide 

accurate estimates for all PFASs.  

 

 

5.3 DBS: an alternative method for blood sampling 

The rationale for developing a method using DBS was to extend the possibility of large-scale 

biomonitoring of PFASs (Paper III), where the participants themselves collect their blood or 

their child’s blood. To our knowledge, only a few previous studies have used DBS and assessed 
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only a limited number of PFASs (Kato et al., 2009; Ma et al., 2013; Spliethoff et al., 2008). 

These studies used two strategies to process the DBS samples, one was to take a fixed diameter 

of the DBS and estimate the blood volume, and the other was to spot a known volume of blood 

on the card and use the whole spot for extraction. The uncertainty in the deposited blood volume 

on the collection card due to difference haematocrit levels is considered a significant challenge 

for accurate quantification of environmental contaminants in blood. There is not an issue if a 

known volume of blood is spotted on blood cards, but then there is no advantage in using DBS. 

The infection risk is generally low when sampling capillary blood, and this is beneficial for 

sampling from specific patient groups (i.e., newborns), and result in minimal blood waste. 

 

In Paper III, an extensive study was set up to obtain a standardised blood volume on a 3 mm 

diameter DBS. Known blood volumes were spotted on the blood card from 20–70 μL, which is 

in the range of real finger prick blood volume, and then diameters of each spot were measured 

and the standardised blood volume calculated. Some bias in the measured diameter of the 

known volume DBS samples by the calliper and non-circle dispersion of the blood on the blood 

card may occur. However, a standardised blood volume on DBS was obtained based on 

measurements of 708 spots from 59 participants. This standardised blood volume is useful for 

accurate quantification of data from self-collected DBS samples as well as in archived DBS 

samples where venous whole blood cannot be obtained for haematocrit measurement. The 

outcome of the establishment of a standardised blood volume on a 3 mm diameter DBS was 

that the need for haematocrit measurement was avoided. This study allows a straightforward 

sampling method for the biomonitoring of PFASs by self-collection samples that can be used 

on archived DBS samples as well. 

 

In the present study the comparison between PFAS concentrations in venous whole blood and 

DBS were performed for seven PFASs that were detected in more than 85% of the DBS samples 

namely; PFHxS, PFOS, PFOA, PFNA, PFDA, PFUnDA, and PFOSA. These PFASs are the 

most commonly found in human blood worldwide. The findings from the DBS analyses were 

comparable with finding from the whole blood analyses. However, the median concentrations 

of PFHxS, PFOS, PFOA, and PFUnDA in whole blood were slightly higher than in DBS (i.e., 

12–21%), while PFOSA had a slightly lower concentration in whole blood compared to DBS 

(18%). PFNA concentrations in whole blood and DBS were comparable, whereas the PFDA 

concentration in DBS was almost half of that in whole blood. This finding might be due to the 
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extraction efficiency of PFDA from DBS. However, the associations between PFAS 

concentrations in whole blood and DBS were highly correlated, the converted factor might be 

applied when comparing PFDA concentrations in whole blood and DBS. Also, good 

agreements between the two methods were observed when using Passing-Bablok regression 

and Bland-Altman plots.  

 

The above findings indicate that DBS can be applied to quantify PFAS levels in humans. When 

using DBS sampling, participants can be easily collect DBS themselves use self-sampling of 

blood collection. Consequently, increased population size can be used for PFASs biomonitoring 

and cost will be decreased due to a simple sampling technique. Since the standardised blood 

volume was calculated based on adults’ samples only, studies on babies and children may be 

needed to confirm the standardised blood volume for these age groups.  

 

 

5.4 PFASs in Hand wipes 

Hand wipes have been used as an external exposure media for the assessment of exposure to 

other environmental contaminants. A previous study on polybrominated diphenyl ethers 

(PBDEs) predicted serum PBDE levels from PBDE residues measured on hand wipes 

(Stapleton et al., 2012; Watkins et al., 2011). In another study associations between 

concentrations of flame retardants (FRs) in hand wipes and house dust have been observed 

(Stapleton et al., 2014).  

 

In hand wipes from the A-TEAM study group (Paper IV), precursor compounds (PAPs) were 

detected more frequently than PFAAs, which is similar to that in house dust (Papadopoulou et 

al., manuscript) and indoor air (Padilla-Sánchez et al., 2017) where the precursor compounds 

(PAPs in dust and FTOHs in air) were dominant compounds. Significant positive correlations 

between PFAS in hand wipes and indoor dust were found, this is in accordance with other 

studies on PBDEs (Watkins et al., 2011) and FRs (Watkins et al., 2011). The PFASs on hands 

might originate from house dust, indoor air, and consumer products. In this study, estimated 

daily intakes from hand-to-mouth contact and dermal absorption were estimated from the PFAS 

amount in hand wipes. The estimated daily intake from hand-to-mouth contact was found to be 

slightly higher than the estimated daily intake from dermal absorption. The participants in this 

study were from the adult population, and hence the hand-to-mouth pathway might not be such 
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an important pathway of PFASs as for toddlers, who tend to have more hand-to-mouth contact 

and floor activities. In this study, dermal absorption pathway was estimated only from hands, 

not from the whole body. However, hands should be the most exposed area outside clothes.  

 

 

5.5 Exposure pathways for PFASs  

Overall, the findings from this study show that PFASs are common in the environment and 

detectable in all exposure matrices included in this study. PFOS was the predominant PFAS 

measured in blood (internal exposure), while PFOA and its precursor compounds (diPAPs and 

FTOHs) dominated the external exposure. PAPs were important contributors to the exposure 

from house dust ingestion and dermal absorption, while indirect exposure to PFASs through 

inhalation of volatile and neutral PFASs (i.e. FTOHs and FOSEs) contributed most to the 

exposure from the air. 

 

The estimated total daily intakes found here were based on selected intake calculations 

representing each exposure pathway; estimation of dietary intake using information from food 

diaries, estimation of dust intake using elevated surface dust concentrations, estimation of 

dermal absorption using hand wipe concentrations, and estimation of intake from air using 

indoor (stationary) air concentrations. Elevated surface dust was used to estimate intake from 

dust instead of floor dust and vacuum cleaner bag dust. The elevated surface dust has been 

thought to be more relevant for exposure assessment than floor dust and vacuum cleaner bag 

dust, as these two kinds of dust may comprise not only dust but also small pieces of food 

etcetera. Dietary intake estimations were based on food diaries instead of estimations using 

FFQs or concentrations from duplicate diet samples. This choice was made because results from 

analyses of duplicate diet samples were available only for PFOS and PFOA, due to deficient 

levels of other PFASs in the samples. Also for PFOS and PFOA, significant correlations were 

obtained between all three methods, i.e. food diaries, duplicate diet samples and FFQs 

(Papadopoulou et al., 2017). However, as intakes from the air, dermal absorption as well as dust 

represent short-term exposure, data from estimations using food diaries, also representing short-

term exposure, were selected to represent the same period. In contrast, many PFASs determined 

in blood represent long-term exposure because they are extremely persistent and 

bioaccumulative in humans.  
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When exploring each exposure pathway separately, PFOA was the PFAS with the highest 

intake for all pathways (sum of direct and indirect intake), ranging from 72 to 1812 pg·kg bw-

1·day-1 (diet>house dust>indoor air>dermal absorption). However, the PFAS composition 

profiles were different between intakes from the diet, house dust, indoor air, and dermal 

absorption as can be seen in Figure 5.1.  

 

 
 

Figure 5.1. PFAS profiles for intakes from a) diet, b) house dust, c) indoor air, and d) 

dermal absorption. Only the relevant PFASs of each exposure pathway were selected for 

analysis (i.e. not the same individual PFASs for all exposure pathways) and only PFASs 

with a detection frequency > 45% are shown in the figure. 
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In the house dust and hand wipes samples, precursor compounds were detected with more 

frequency and were also present in much higher concentrations than PFAAs.  Also in indoor 

air samples, only volatile precursor compounds (i.e. FTOHs, FOSAs, and FOSEs) were 

determined. The concentrations of PFAA precursors were used to calculate the indirect intakes 

of PFCAs and PFSAs from house dust, indoor air and also through dermal absorption. The 

contribution of PFAA precursors to the estimated total daily intake of PFAAs was higher from 

the indoor air than from house dust. However, house dust has been reported in some previous 

studies to be a significant source of human exposure to PFASs (Beesoon et al., 2012; Haug et 

al., 2011), particularly for children.  

 

Even though the diet was the major contributor to the total intake of PFASs, the relative 

contributions of different exposure pathways varied between the individuals included in this 

study. As an example, the relative contribution from each exposure pathway for PFOS and 

PFOA, for three participants with comparable total PFAS intakes and total PFOS and PFOA 

intakes, is presented in Figure 5.2.  As can be seen from the figure, the profiles illustrating the 

relative contributions of PFOS and PFOA intakes from different exposure pathways varied 

quite a lot. Reasons for this could be differences in the PFAS contamination in the indoor 

environments between the participants and consumption of different kinds of food and 

beverages. However, it is important to keep in mind that the estimated intakes in this study only 

represent short-term exposure, while the intra-individual exposure may also vary considerably 

between individual.  
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Figure 5.2. Relative contribution of intakes from the diet, house dust, dermal absorption, 

and indoor air for PFOS and PFOA for three of the participants in the A-TEAM study 

group. (Participant no. 1, 2, and 3 with age (gender) 54 (woman), 52 (man), and 

46(woman) years old, respectively.)  
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Dietary intake of PFOA contributed most to the total dietary intakes of PFASs followed by 

PFOS>PFDA> PFHxA>PFNA> the other PFAAs. The median dietary intake of PFOA was 

248 pg·kg bw-1·day-1 (range 41–866 pg·kg bw-1·day-1). In comparison, the median total intake 

of PFOA from all exposure pathways and both direct and indirect exposure was 280 pg·kg bw-

1·day-1. As diet is the major contributor to the total estimated intake for PFASs, and not all 

studies compared the same pathways, comparisons with other studies were made based on the 

dietary intakes. In a previous study from Norway, the dietary intake of PFOA  was 443 pg·kg 

bw-1·day-1, based on the body weight of 70 kg (Haug et al., 2010). In a Swedish study, the 

dietary intakes varied between 350–690 pg·kg bw-1·day-1 (Vestergren et al., 2012). The median 

dietary intake of PFOS was 100 pg·kg bw-1·day-1 (range 12–844 pg·kg bw-1·day-1), while 

previous studies in Norway and Sweden have estimated the dietary intake of PFOS at 257 pg·kg 

bw-1·day-1 and 860–1440 pg·kg bw-1·day-1, respectively (Haug et al., 2010; Vestergren et al., 

2012). The findings may indicate that the exposure to PFOA and PFOS via diet has decreased 

over time after several measures have been taken. Some associations between biomonitoring 

data (ng mL-1) and estimated daily intakes (pg·kg bw-1·day-1) through direct and indirect 

exposure were found. For further details on the comparison of dietary intakes between the 

present study and other European studies, see Papadopoulou et al. (2017). 

 

 

5.6 Tolerable daily intakes  

The estimated daily intakes were compared to health-based guidance values to evaluate the risk 

from exposure to PFASs. Exposure assessment and comparison to the tolerable daily intakes 

(TDIs) by the European Food Safety Agency (EFSA) in 2008 focused on PFOS and PFOA. 

TDIs of PFOA and PFOS were 1,500 and 150 ng·kg bw-1·day-1, respectively (EFSA, 2008). 

The U.S. EPA derived oral non-cancer reference doses (RfDs). The RfDs are estimated daily 

exposure levels that are expected to not cause harmful effects over a lifetime. The RfDs for 

PFOS and PFOA were both set to 20 ng·kg bw-1·day-1 (U.S. EPA, 2016a, 2016b). Thus, the 

median daily intakes of PFOA (280 pg·kg bw-1·day-1) and PFOS (133 pg·kg bw-1·day-1) in this 

study were several magnitudes lower than health-based guidance values. Recently, the Agency 

for Toxic Substances and Disease Registry (ATSDR), the U.S. has established minimal risk 

levels (MRLs) for PFOA, PFNA, PFOS, and PFHxS of 3, 3, 2, and 20 ng·kg bw-1·day-1 

(ATSDR, 2018). In the present study, the maximum daily intakes of PFOA, PFNA, PFOS, and 
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PFHxS were 1810, 251, 1710, and 213 pg·kg bw-1·day-1, respectively. Thus, the maximum 

estimated intakes of PFOA and PFOS were close to the MRLs. 

 

 

5.7 Comparison between estimated serum concentrations and biomonitoring data 

One-compartment steady-state pharmacokinetic models can be used to compare internal doses 

concentrations to external exposure intakes. Due to the lack of information on half-lives and 

volumes of distribution for other PFASs, only results for PFHxS, PFOS, PFOA, and PFNA 

were compared. For PFOA the concentrations observed in serum and estimated using the PK 

model were comparable, while for PFHxS, PFOS, and PFNA observed concentrations in serum 

were higher than the levels estimated using PK models. Although data from biomonitoring (i.e. 

concentrations observed in serum) and estimated total intake were based on data from the same 

individuals, there are several reasons why the results may not be comparable. It is possible that 

part of the difference occurs due to the application of a steady state PK model, whereas in 

practice, steady-state assumptions may not correctly represent actual patterns of exposure. 

Further, the observed concentrations in serum are based on both present and historical exposure 

due to bioaccumulation of these compounds in humans. Also, variability in half-lives and 

distribution volumes between individuals occur, while this has not been taken into account in 

the estimations using the PK models. 

 

 

5.8 Comparison with other results from the A-TEAM study 

For the same study group, the relative importance of dietary intake, dust ingestion, air 

inhalation, and dermal absorption to the total daily intake has been assessed for phthalates and 

persistent flame retardants. Giovanoulis et al. (2017) assessed intakes of nine phthalate esters 

and two cyclohexane-1,2-dicarboxylic acid diisononyl ester (DINCH) metabolites based on 

measured concentrations in the A-TEAM samples (duplicate diet, house dust, indoor air, and 

hand wipes). Also for phthalates, diet was the predominant exposure pathway for all phthalate 

esters and DINCH, except dimethyl phthalate (DMP). The total daily intakes of these 

compounds were well below the health-based limit values, i.e. RfDs and TDIs. Tay (2018) 

assessed intakes of various halogenated flame retardants (HFRs) and reported that dietary intake 

was the major route of exposure for most of the target PBDEs. Indoor air was an important 

contributor to the exposure to volatile HFRs, while exposure from house dust contributed most 
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to the exposure for the less volatile HFRs. Interestingly, dermal absorption for some HFRs (i.e. 

pentabromotoluene, PBT and hexabromocyclododecane, HBCDDs) contributed to 40–75% of 

the total daily exposure. 

 

 

5.9 Main strengths and potential limitations 

The main strengths of this thesis are that multiple methods for assessment of exposure from 

each exposure pathway were evaluated (e.g. for intake from dust, both elevated surface dust, 

floor dust and vacuum cleaner dust were explored), and several exposure pathways were 

assessed per individual. The estimated total intakes were possible to compare with measured 

concentrations in serum from the same individuals. When compared to the previous Norwegian 

study on multiple exposure pathways of PFASs published by Haug et al. (2011), which up to 

now has been the most extensive study on multiple exposure pathways to PFASs for 

individuals, the present study included one additional exposure pathway, i.e. dermal exposure 

estimated using concentrations in hand wipes. Also, in the present study, all estimates represent 

short-term exposure while this was not the case in the previous study. Further, analytical 

methods have been developed and validated for the determinations of a broad range of PFASs 

in serum, plasma, whole blood, DBS, and hand wipes, while some previous methods were only 

applicable for serum or plasma, also focused on a limited number of classes of PFASs.  

 

Significant limitations of this study included imprecise exposure estimates due to individual 

differences in behaviour and toxicokinetics that were not possible to take into account. 

Furthermore, some exposure pathways are less well studied than the others, such as hand-to-

mouth contact and dermal absorption, leading to less information available for intake 

estimations. For example, chemical-specific information on dermal absorption lacks for most 

PFASs, and information on direct contact with consumer products containing PFASs is 

unknown and thus difficult to estimate. Also, conclusions have been drawn based on this study 

population, including only 61 adults, and is not necessarily representative of the general adult 

population in Norway. A brief overview of the strengths and limitations in each paper is shown 

in Table 5.1.   
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Table 5.1. Main strengths (+) and potential limitations (-) of the papers in this thesis 

Strengths and limitations Impact on findings 

Paper I: Method development 

Strengths 

+ A broad range of PFASs was 

simultaneously determined  

Several compounds can be assessed at the 

same time. 

+ Low MDLs Avoid overestimation of PFAS intakes due 

to high MDLs. 

+ The method was overall robust The method is suitable for accurate and 

precise determination in studies requiring 

sensitive high throughput analysis. 

Limitations 

– The method was limited to 25 PFASs Other PFASs is not determined using this 

method.  

Paper II: PFASs in blood matrices 

Strengths 

+ Serum, plasma, and whole blood could be 

analysed using the same method 

Advantageous for comparing the PFAS 

concentrations. 

+ The study group comprised participants 

in a wide age-span, both women and men 

These characteristics are favourable when 

exploring the distribution of PFASs in 

each blood matrix. 

Limitations 

– The unequal ratio of women and men Might cause the drawing of the wrong 

conclusion on gender association for 

PFASs. 

– The number of participants was limited to 

61 for practical reasons 

The size may hinder the ability to 

generalise the results to the greater 

Norwegian adult population. 
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Table 5.1. Main strengths (+) and potential limitations (-) of the papers in this thesis (continues) 

Strengths and limitations Impact on findings 

Paper III: DBS 

Strengths 

+ Easy to collect and store Biomonitoring of PFASs can be done in 

large-scale populations, and it is possible 

to assess PFAS concentrations in 

populations where venous blood is 

difficult to obtain. 

Limitations 

– No information on medication was 

available 

May have increased the variation in the 

distribution of blood on blood cards due to 

differences in haematocrit levels. 

– Higher MDLs than in the whole blood 

method  

The detection frequencies may be lower 

than in the whole blood for the same 

individuals. 

Paper IV: PFASs in hand wipes 

Strengths 

+ Advantageous for assessing hand-to-

mouth exposure  

May better represent hand-to-mouth 

exposure than calculations based on dust 

ingestion as it represents what is actually 

on the hands. 

Limitations 

– The sample preparation involved several 

steps in the sample preparation process 

May lead to high MDLs. 

– Hand wipe samples were collected only 

once throughout the study 

The day-to-day variability in intakes is not 

taken into account. 

– The information on hand-to-mouth 

contact and dermal absorption are limited 

This increase the uncertainty in the 

estimation of daily intakes. 
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Table 5.1. Main strengths (+) and potential limitations (-) of the papers in this thesis (continues) 

Strengths and limitations Impact on findings 

Paper V: Human exposure to PFASs 

Strengths 

+ Unique study design Ability to assess multiple methods for 

assessment of exposure from each 

exposure pathway and compare with 

biomonitoring data for the same 

individuals. 

+ Comprehensive questionnaire 

information was obtained from 

participants  

Allowed explorations of various factors 

that might impact on the external exposure 

and the internal dose. 

Limitations 

– The study was a cross-sectional study It was not possible to assess changes in 

PFAS concentrations and thus also 

estimated intakes over time. 

– The number of participants was limited to 

61 for practical reasons 

Statistical power may limit the ability to 

draw meaningful conclusions. 

– Only indirect exposure was assessed for 

indoor air 

May lead to underestimation of intakes 

from indoor air. 
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6 Conclusions 
A multidisciplinary approach was undertaken to reach the principal and specific objective of 

this study. The principal objective was to characterise the internal dose of a broad range of 

PFASs in a Norwegian adult study population, by determining the concentrations in different 

blood matrices, and comparing these concentrations to individual estimated daily intakes from 

ingestion of food and beverages and house dust, inhalation of indoor air, and dermal absorption.  

To achieve this, a study group of 61 adults from Oslo, Norway was recruited, and numerous 

samples and extensive information from questionnaires were collected. A wide range of PFASs 

was found in the blood samples, demonstrating ubiquitous exposure to these compounds. The 

finding was further confirmed by finding almost all examined PFASs in one or more of the 

collected external exposure media. Ingestion of food and drinks was the exposure pathway that 

contributed most to the total estimated intake for the most prominent PFASs observed in blood. 

Measured blood concentrations and estimated blood concentrations based on pharmacokinetic 

modelling using external exposure estimates were in the same order of magnitude, even though 

for most of the compounds the measured blood concentrations were somewhat higher than the 

modelled ones.  

 

More specifically, a rapid, sensitive, and reliable method for determination of twenty-five 

PFASs from five different groups with different physicochemical properties in serum, plasma, 

and whole blood was developed (Paper 1). The method required only 50 μL of sample, and a 

thorough validation demonstrated satisfactory linearity, MDLs, MQLs, accuracy, repeatability 

and intermediate precision and the method was thus concluded to be fit-for-purpose.  

 

The developed method in Paper I was in Paper II used to determine PFAS concentrations in 

serum, plasma, and whole blood from the A-TEAM study group. All except four PFASs were 

observed in all or a part of the samples, and the relative distribution between serum, plasma and 

whole blood different between the PFASs. Thus, the common practice of multiplying by a factor 

of two to convert the concentrations in whole blood to serum or plasma would not provide 

accurate estimates for all PFASs.  

 

A tool for measuring the internal dose of PFASs using a minimal invasive sample collection 

technique, dried blood spot (DBS), was developed in Paper III, and a comprehensive 
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evaluation demonstrated satisfactory results when compared to results for venous whole blood. 

The method was thus found to be advantageous to use in large-scale biomonitoring studies so 

that the participants themselves can collect blood samples, and also in studies where venous 

blood samples are difficult to obtain such as for newborns, elderly and also in settings where 

there is an increased infection risk.  

 

In Paper IV a novel method for determination of a range of PFASs in hand wipes was 

developed. External exposure to PFASs via hand-to-mouth contact and dermal absorption was 

further assessed based on measured concentrations of these compounds in hand wipe samples. 

Several correlations between PFAS concentrations in hand wipes and the corresponding 

compounds in the participant’s house dust and indoor air samples were observed. The findings 

may indicate a transfer of PFASs to hands due to contact with indoor air, house dust and PFAS-

containing products. Moreover, a negative association between PFAS concentrations and 

frequency of hand washing were found, pointing towards hand washing as a potential practical 

measure to reduce exposure from hand-to-mouth contact. 

 

Daily intakes of PFASs via ingestion, inhalation, and dermal absorption were estimated and 

compared to the internal doses in Paper V. In accordance with previous studies, dietary intake 

was the exposure pathway that contributed most to the total intake of PFOS and PFOA, and this 

was also the case for PFHxS and PFNA. The total estimated daily intakes of PFOS and PFOA 

in this study were several orders of magnitude lower than the present TDIs of PFOS and PFOA 

by the European Food Safety Authority. However, when compared to the MRLs proposed in a 

draft report by the U.S. Agency for Toxic Substances and Disease Registry only around one 

order of magnitude difference was observed for PFNA, while the total estimated daily intakes 

of PFOS and PFOA were close to the MRLs. Modelled serum concentrations using a steady-

state pharmacokinetic model, based on estimated daily intakes from direct and indirect exposure 

of PFASs, were comparable to observed serum concentrations for PFOA while for PFOS, 

PFHxS, PFNA the observed serum concentrations were somewhat higher than the modelled 

ones.  
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7 Future perspectives 
Several data gaps have been identified during the work on this thesis. Based on current 

knowledge and the findings in this thesis, the following focus points are suggested for future 

research within the field of human biomonitoring and assessment of exposure to PFASs. 

 

 Longitudinal studies evaluating exposure to PFASs through various exposure 

pathways for the same individuals over time are needed. 

 A more accurate assessment of dermal exposure to PFASs is desired, including 

exposure to PFASs from cosmetics and other personal care products.   

 Evaluation of the relative importance of different exposure pathways for other sub-

group populations, such as children, pregnant women and elderly would be useful. 

 The number of PFASs assessed should be extended, notably including some of those 

that replace long-chain PFASs such as perfluoroalkyl phosphinic acids (PFPiAs), 

perfluoroether sulfonic acids (PFESAs), and perfluoroether carboxylic acids 

(PFECAs).  

 The measurement of total organofluorine (TOF) should be explored in 

biomonitoring studies, to evaluate further the proportion of PFASs which are not 

determined in current methods. 

 Further studies on the relative contribution of direct and indirect exposure to PFASs 

would be helpful, and tools to measure the potential exposure from precursors such 

as total oxidisable precursors analysis (TOPA) may be explored. 

 Pharmacokinetic and structure-activity studies on the relationship between toxicity 

and carbon chain length would be of interest. 

 There is a need for further efforts to obtain reliable information on toxicokinetic 

parameters including; absorption, distribution, degradation/metabolism, and 

elimination for a broader range of PFASs, which would be useful to develop 

pharmacokinetic models for estimating exposure.  
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High throughput online solid phase extraction-ultra high performance
liquid chromatography-tandem mass spectrometry method for
polyfluoroalkyl phosphate esters, perfluoroalkyl phosphonates, and
other perfluoroalkyl substances in human serum, plasma, and whole
blood
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Only 50 mL serum, plasma, or whole
blood was used for determination of
25 PFASs.

� The method allowed simultaneous
analysis of PFSAs, PFCAs, FOSAs, PAPs,
and PFPAs.

� The sample preparation was limited
to a protein precipitation by
methanol.

� The total method run time was only
14 min using online SPE-UHPLC-MS/
MS.

� The method was successfully applied
to human serum, plasma, and whole
blood.
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a b s t r a c t

A rapid, sensitive and reliable method was developed for the determination of a broad range of poly- and
perfluoroalkyl substances (PFASs) in various blood matrices (serum, plasma, and whole blood), and uses
only 50 mL of sample material. The method consists of a rapid protein precipitation by methanol followed
by high throughput online solid phase extraction (SPE), ultra-high performance liquid chromatography
coupled with tandem mass spectrometry (UHPLC-MS/MS), and negative electrospray ionization detec-
tion. The method was developed for simultaneous determination of twenty-five PFASs, including poly-
fluoroalkyl phosphate esters (PAPs; 6:2, 8:2, 6:2/6:2, and 8:2/8:2), perfluoroalkyl phosphonates (PFPAs;
C6, C8, and C10), perfluoroalkyl sulfonates (PFSAs; C4, C6, C7, C8, and C10), perfluoroalkyl carboxylates
(PFCAs; C5eC14), and perfluoroalkyl sulfonamides (FOSAs; C8, N-methyl, and N-ethyl). High linearity of
matrix-matched calibration standards (correlation coefficients, R ¼ 0.99e0.999) were obtained in the
range of 0.006e45 ng mL�1 blood. Excellent sensitivity was achieved with method detection limits
(MDLs) between 0.0018 and 0.09 ng mL�1, depending on the compound and matrix. The method was
validated for serum, plasma, and whole blood (n ¼ 5 þ 5) at six levels in the range 0.0180e30 ng mL�1.
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The accuracy (n ¼ 5) was on average 102± 12%. The intermediate precision (n ¼ 10) ranged from 2 to 40%
with an average between-batch of analyses difference of 10± 10%. Two human serum samples from a
former interlaboratory comparison were analyzed and the differences between the applied method and
the consensus values were below �22% (n ¼ 5). The method was also successfully applied to samples of
human plasma and whole blood with coefficients of variation in the range 0.8e15.2% (n ¼ 5).
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Poly- and perfluoroalkyl substances (PFASs) comprise a large
group of synthetic organic compounds that have been manufac-
tured and applied in numerous industrial and commercial products
due to their unique physicochemical properties. PFASs have been a
cause for increasing global concern since they have been reported
to persist in the environment and bioaccumulate in both humans
and animals, and are of toxicological concern [1e4]. The two most
frequently studied PFASs are perfluorooctanesulfonate (PFOS) and
perfluorooctanoate (PFOA) which belong to the groups of per-
fluoroalkyl sulfonates (PFSAs) and perfluoroalkyl carboxylates
(PFCAs), respectively. Because of the growing concern for these
groups of PFASs, the main manufacturer, the 3 M Company,
voluntarily phased out the production of PFOS and related com-
pounds during 2000e2002 while providing shorter chain PFASs as
replacements [5]. In 2009, PFOS was included as a persistent
organic pollutant (POP) in the Stockholm Convention [6]. Moreover,
a PFOA stewardship programme was committed to phasing out
PFOA and longer chain PFCAs by 2015 [7]. In 2015, a proposal to list
PFOA, its salts, and PFOA-related substances in the Stockholm
Convention was submitted by the European Union [8], and the
United States Environmental Protection Agency is reviewing the
substitutes for PFOA, PFOS, and other long-chain PFASs [9].

Because of these actions, decreasing concentrations of PFOS and
PFOA have been observed in human blood, while for other PFASs
increasing trends have been observed [10e14]. Nevertheless, a
study measuring the total organic fluorine in human blood re-
ported that even though known PFSAs and PFCAs continue to make
up a large fraction of the organic fluorine found in blood, 15e70% of
the total organic fluorine is not accounted for [15]. Other fluori-
nated chemicals with wide commercial applications may
contribute to an unknown percentage of the organofluorine in
human blood. Further, the industry tends to replace restricted
chemicals with similar non-restricted ones, and thus further
research to characterize and assess levels of a broad range of PFASs,
in human blood matrices are needed.

In addition, the potential contribution of precursor compounds
to the total exposure to certain PFASs has gained considerable
attention [16,17]. Polyfluoroalkyl phosphate esters (PAPs) belong to
the fluorotelomer-based PFCA precursor classes and biotransfor-
mation from PAPs to PFCAs has previously been observed [18,19].
PAPs are used as greaseproof agents in food packaging materials
[20,21]. They have been identified in paper food packaging [22,23],
and their ability to migrate into food have been demonstrated [23].
Moreover, PAPs have been suggested to contribute to the indirect
exposure to PFCAs [24].

Another group of PFASs that has recently emerged as an
understudied group of PFASs is perfluoroalkyl phosphonates
(PFPAs) [25]. PFPAs have contributed to widespread contamination
of surface waters, tap water, wastewaters, and house dust [26].
They are used as a wetting agent in household cleaning products
and defoaming agents in pesticide formulations [21].

Most studies on levels of PFASs in humans have been conducted

on serum or plasma. However, especially for the emerging PFASs,
very little is known about the distribution of these compounds in
different blood matrices, and this knowledge is of high importance
when evaluating the exposure to PFASs. Even though an extensive
number of studies on the determination of PFOS, PFOA and some
PFASs in human serum and plasma have been published. To our
knowledge no studies have determined a broad range of PFASs,
including PFCAs, PFSAs, perfluoroalkyl sulfonamides (FOSAs), PAPs,
and PFPAs simultaneously, in addition with no studies have deter-
mined this broad range of PFASs using the samemethod for various
blood matrices (serum, plasma, and whole blood). This is because
the physicochemical properties of PFASs are different, and they can
even vary within in the same class of compounds [21,27]. These
differences represent an analytical challenge when a multicom-
ponent method is to be developed. The present method for deter-
mination of PFCAs, PFSAs as well as some FOSAs, PAPs and PFPAs in
blood matrix is based on an ion-pairing method [24,28,29], modi-
fied from a method established by Hansen et al., in 2001 for the
determination of four PFASs (PFOS, PFOA, PFHxS, and PFOSA) in
serum [30]. Moreover, the recently published temporal trend
studies of PFASs utilized two different extraction methods and
analytical conditions in order to determine PAPs and other PFASs in
serum [17]. For large sample series, it is especially advantageous to
use a method which includes a wide range of compounds, as it
would save time, costs and sample amount.

The aim of this study was to develop a rapid, sensitive, and
reliable method applicable for large-scale biomonitoring of twenty-
five different PFASs in human serum, plasma, and whole blood. The
included PFASs represent five different groups of compounds; PAPs
(6:2, 8:2, 6:2/6:2, and 8:2/8:2), PFPAs (C6, C8, and C10), PFSAs (C4, C6,
C7, C8, and C10), PFCAs (C5eC14), and FOSAs (C8, N-methyl, and N-
ethyl). An online solid phase extraction (SPE) and ultra-high per-
formance liquid chromatography coupled with tandem mass
spectrometry (UHPLC-MS/MS) method were developed based on
prior success in the analysis of PFCAs, PFSAs, and FOSAs in serum
using online SPE with column-switching LC technique [31]. The
online SPE technique allowed large sample volume injection and
rapid analysis. In addition, applying online SPE in the method re-
sults in low sample contamination due to limited sample prepa-
ration, and good reproducibility. The present method is the first
PFASsmethodology that can determine a broad range of PFAS target
compounds in different blood matrices and without sacrificing
throughput. The method was validated for serum, plasma, and
whole blood and successfully applied to a selection of human blood
samples.

2. Materials and methods

2.1. Chemicals

A list of the twenty-five included PFASs and eleven isotope-
labeled internal standards with their abbreviations and formulas
are given in Table 1. All native and isotope-labeled PFASs were
obtained from Wellington Laboratories (Guelph, Ontario, Canada),
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and were delivered in amber glass ampoules in a concentration of
50 mg mL�1 in methanol (>98% purity). Formic acid (eluent additive
for LC-MS, ~98%) and ammonium hydroxide (�25% NH3 in H2O)
were obtained from Sigma-Aldrich (Steinheim, Germany). HPLC-
grade acetonitrile (�99.9% purity), methanol (�99.99% purity),
and water were obtained from J.T. Baker (Deventer, The
Netherlands) (Supplementary material, Table S-1).

2.2. Standard solutions

A stock solution of each of the native and isotope-labeled PFASs
was prepared in methanol at a concentration of 1 mg mL�1. Further,
working solutions including all 25 native PFASs were prepared in
methanol at concentrations of 0.01, 0.05, 0.25, 1.0, 5.0, and
25 ng mL�1. The 11 isotope-labeled internal standards were
included in a working solution in methanol at 5 ng mL�1. All the
standard solutions were stored in amber glass ampoules at �20 �C.
All amber glass ampoules were rinsed with methanol and then

heated at 450 �C for 4 h before use.

2.3. Matrix-matched calibration standards and samples

The serum, plasma, and whole blood method was applied using
matrix-matched calibration standards prepared with newborn calf
serum (Invitrogen, Oslo, Norway), calf plasma (Lampire Biological
Labs, Pipersville, USA) and calf whole blood (Lampire Biological
Labs, Pipperville, USA), respectively. To assess the applicability, the
established methods for serum, plasma, and whole blood were
applied to samples of human serum (Interlaboratory comparison
study organized by Institute National de Sante Publique du Quebec,
Canada for the Arctic Monitoring and Assessment Programme,
AMAP), human plasma (in-house quality control sample), and hu-
man whole blood (in-house quality control samples), respectively.
All the blood samples were stored in polypropylene tubes at�20 �C
until analysis.

Table 1
Abbreviations, empirical formulas, and MRM data acquisition parameters of PFASs.

Target compound Abbreviation Molecular ion MRM data acquisition

Precursor ion (m/z) Product ion (m/z) Collision energy (V)**

Quantifier Qualifier

Native compounds
Polyfluoroalkyl phosphate esters (PAPs)
6:2 polyfluoroalkyl phosphate monoestera 6:2 PAP [C8H5F13O4P]� 443 97 79 16 (72)
8:2 polyfluoroalkyl phosphate monoestera 8:2 PAP [C10H5F17O4P]� 543 97 79 20 (60)
6:2 polyfluoroalkyl phosphate diestera 6:2 diPAP [C16H8F26O4P]� 789 443 97 20 (28)
8:2 polyfluoroalkyl phosphate diesterb 8:2 diPAP [C20H8F34O4P]� 989 543 97 24 (36)
Perfluoroalkyl phosphonates (PFPAs)
Perfluorohexylphosphonatee PFHxPA [C6HF13O3P]� 399 79 56
Perfluorooctylphosphonatee PFOPA [C8HF17O3P]� 499 79 72
Perfluorodecylphosphonatee PFDPA [C10HF21O3P]� 599 79 44
Perfluoroalkyl sulfonates (PFSAs)
Perfluorobutanesulfonatec PFBS [C4F9O3S]� 299 80 99 32 (32)
Perfluorohexanesulfonatec PFHxS [C6F13O3S]� 399 80 99 60 (40)
Perfluoroheptanesulfonated PFHpS [C7F15O3S]� 449 80 99 56 (44)
Perfluorooctanesulfonated PFOS [C8F17O3S]� 499 99 80 44 (56)
Perfluorodecanesulfonated PFDS [C10F21O3S]� 599 80 99 64 (52)
Perfluoroalkyl carboxylates (PFCAs)
Perfluoropentanoatee PFPeA [C5F9O2]� 263 219 4
Perfluorohexanoatee PFHxA [C6F11O2]� 313 269 4
Perfluoroheptanoatef PFHpA [C7F13O2]� 363 319 4
Perfluorooctanoatef PFOA [C8F15O2]� 413 369 4
Perfluorononanoateg PFNA [C9F17O2]� 463 419 4
Perfluorodecanoateh PFDA [C10F19O2]� 513 469 4
Perfluoroundecanoatei PFUnDA [C11F21O2]� 563 519 8
Perfluorododecanoatej PFDoDA [C12F23O2]� 613 569 8
Perfluorotridecanoatej PFTrDA [C13F25O2]� 663 619 8
Perfluorotetradecanoatej PFTeDA [C14F27O2]� 713 669 8
Perfluoroalkyl sulfonamides (FOSAs)
Perfluorooctanesulfonamidek PFOSA [C8HF17NO2S]� 498 78 48 36 (80)
N-methyl perfluorooctanesulfonamidek MeFOSA [C9H3F17NO2S]� 512 169 219 24 (24)
N-ethyl perfluorooctanesulfonamidek EtFOSA [C10H5F17NO2S]� 526 169 219 28 (24)

Mass-labeled internal standards
13C4-6:2 polyfluoroalkyl phosphate diester 13C4-6:2 diPAP [13C412C12H8F26O4P]� 793 445 97 20 (32)
13C4-8:2 polyfluoroalkyl phosphate diester 13C4-8:2 diPAP [13C412C16H8F34O4P]� 993 545 97 20 (36)
18O2-perfluorohexanesulfonate 18O2-PFHxS [C6F1318O2

16OS]� 403 84 103 40 (36)
13C4-perfluorooctanesulfonate 13C4-PFOS [13C412C4F17O3S]� 503 80 99 60 (48)
13C2-perfluorohexanoate 13C2-PFHxA [13C212C4F11O2]� 315 270 4
13C4-perfluorooctanoate 13C4-PFOA [13C412C4F15O2]� 417 372 4
13C5-perfluorononanoate 13C5-PFNA [13C512C4F17O2]� 468 423 4
13C2-perfluorodecanoate 13C2-PFDA [13C212C8F19O2]� 515 470 8
13C2-perfluoroundecanoate 13C2-PFUnDA [13C212C9F21O2]� 565 520 4
13C2-perfluorododecanoate 13C2-PFDoDA [13C212C10F23O2]� 615 570 8
d3-N-methyl perfluorooctanesulfonamide d3-N-MeFOSA [C9D3F17NO2S]� 515 169 219 28 (24)

* Corresponding Internal standard used; a¼ 13C4-6:2 diPAP, b ¼ 13C4-8:2 diPAP, c ¼ 18O2-PFHxS, d¼ 13C4-PFOS, e ¼ 13C2-PFHxA, f¼ 13C4-PFOA, g¼ 13C5-PFNA, h¼ 13C2-PFDA,
i ¼ 13C2-PFUnDA, j ¼ 13C2-PFDoDA, k ¼ d3-N-MeFOSA.
** Collision energy for quantifier and in the parentheses for the qualifier.
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2.4. Sample preparation

Frozen blood samples (serum, plasma or whole blood) were
allowed to thaw at room temperature and then homogenized using
a whirling mixer. An aliquot of 50 mL thawed blood was transferred
into a 2 mL polypropylene centrifuge tube. The matrix-matched
calibration standards were made by spiking the blood with
30e90 mL of the PFASs standard solutions. 90 mL of 5 ng mL�1 PFASs
internal standard were added to matrix-matched calibration stan-
dards and samples, alongwith 0e90 mLmethanol tomake up a total
volume of 180 mL methanol, and then mixed on a whirling mixer.
The tubes were centrifuged for 40 min at 14000 RPM at 20 �C to
precipitate protein and any suspended particles. The supernatants
were subsequently transferred into polypropylene vials (250 mL
screw top vial, Agilent Technologies, Palo Alto, CA, USA) for analyses
by online SPE-UHPLC-MS/MS.

2.5. Method validation and quality control

For the method validation, matrix-matched calibration stan-
dards were prepared at twelve different concentrations corre-
sponding to 0.006, 0.012, 0.03, 0.06, 0.15, 0.3, 0.6, 1.2, 3.0, 6.0, 15,
and 45 ngmL�1 blood (number of replicates were 5, 5, 3, 5, 3, 5, 3, 5,
3, 5, 3, and 3, respectively). Accordingly, the accuracy and repeat-
ability of the methodwere examined at six different concentrations
(n ¼ 5), namely 0.018, 0.90, 0.45, 1.8, 9.0, and 30 ng mL�1 blood.

Two to four months after the initial validation, new matrix-
matched calibration standards were prepared by the same pro-
cedure to investigate the intermediate precision and possible dif-
ferences in the accuracy between the two-time points. Analytical
quality control was performed by including three procedural blanks
(90 mL of 5 ng mL�1 PFASs internal standard with 90 mL methanol)
and three non-spiked calf serum, calf plasma or calf whole blood
samples to monitor the PFAS background levels in the blood
matrices.

2.6. Online SPE-UHPLC-MS/MS analysis

All analyses were performed using online SPE-UHPLC-MS/MS
with an Agilent 1290 UHPLC interfaced to an Agilent 6490 Triple
Quadrupole (QqQ) mass spectrometer (MS/MS) equipped with an
Agilent Jet-Stream electrospray ionization (ESI) interface (Agilent
Technologies, Palo Alto, CA, USA). The column switching system
consisted of two columns. A Betasil C8, 10 mm � 3 mm, 5 mm
particle size (Thermo scientific, CA, USA) column in a holder
(Thermo scientific, CA, USA) was used as online SPE column, and an
Agilent ZORBAX Eclipse Plus C18, UHPLC, 50 mm � 2.1 mm, 1.8 mm
particle size (Agilent Technologies, California, USA) as analytical
column. The columns were maintained at a temperature of 25 �C,
and 40 �C for online SPE and analytical column, respectively. The
column switching system included a two-position six-port valve
(Supplementary material, Fig. S-1).

An aliquot of 80 mL of prepared standard or sample were
injected by a CTC PAL autosampler (operated at 4 �C) and loaded
onto SPE columnwith 0.1 M formic acid inwater andmethanol (95/
5,v/v) using the loading pump (1260 Infinity Quaternary pump VL)
at a constant flow rate of 1.5 mL min�1 (Supplementary material,
Fig. S-2). The samples were passed through a stainless steel screen
filter (1/8 inches, 2 mm) held in a 316 stainless union (1/16 inches,
0.25 mm bore) both obtained from Valco (Houston, TX,USA). This
automatic filtration was installed in front of the column switching
system to avoid system clogging, and significantly improved the
robustness, allowing for hundreds of blood sample injections
before filter replacement was necessary. After the samples passed
through the filter, the analytes were trapped on SPE column.

Loading and cleanup of the samples required a relatively long time
(3 min), after which the position of switching valve was changed to
connect the SPE column with the analytical column. The eluting
pump (Agilent 1290 Infinity Quaternary Pump) back flushed the
analytes from the SPE column, using 0.15% ammonium hydroxide in
water (pH 8e9) and acetonitrile (90/10, v/v) at a constant mobile
phase flow rate of 0.2 mL min�1. Target analytes were re-focused
and eluted using a gradient that increased the acetonitrile to
100% over 4 min. Eight minutes after sample injection the
switching valve was automatically switched back to an original
position allowing the SPE column to be washed and then recon-
ditioned for 6 min. The mobile phase (100% acetonitrile) continu-
ously passed through the analytical column for 3.5 min and was
then ramped down to 10% acetonitrile, and allowed to recondition
for 3.5 min prior to the next sample injection. All the analytes were
eluted within 9 min. To be able to clean the system and recondition
the columns the total run time was set to 14 min. This minimized
the carryover and avoided high back pressure when running large
samples series.

The mass spectrometer was operated in ESI negative ionization
mode. The source-dependent parameters were optimized for PFASs
determination; gas temperature was 230 �C with 20 L min�1

flow
rate; sheath gas heater was set to 400 �C with 10 L min�1

flow rate;
the capillary voltagewas 3500 V and the nebulizer gas was set to 40
psi. The mass analyzer was used in multiple reactions monitoring
(MRM) mode. The MRM transitions are given in Table 1. One
additional product ion was monitored for all compounds except for
PFPAs and PFCAs, for which only one product ion was formed. The
precursor and product ions for PFPAs and PFSAs of the same carbon
chain length were identical or almost identical, but the compounds
were chromatographically separated by the UHPLC column.

3. Results and discussion

3.1. Development of the online SPE-UHPLC-MS/MS method

The chromatographic separation of PFASs was optimized based
on an existing method [31]. However, several modifications were
necessary in order to extend themethod to allow for determination
of PAPs and PFPAs. Further, the method development included
optimization of themethod tomake it suitable for analysis of whole
blood and plasma in addition to serum. In the following, the term
blood is used for all three matrices.

Two ZORBAX Eclipse Plus analytical columns with different
stationary phases (C8 and C18) were tested with various mobile
phases, flow rates, and gradient programs. The mobile phases
examined were combinations of acetonitrile or methanol with
ammonium acetate, ammonium formate, formic acid, and ammo-
nium hydroxide. Using a C18 column and mobile phase containing
0.15% ammonium hydroxide in water and acetonitrile as the
organic component, considerably improved both the chromato-
graphic resolution and the MS response for PAPs, PFPAs as well as
some other PFASs, when compared to using the conditions
described in the existing method [31]. The improvements are most
probably attributable to different pKa values of PAPs and PFPAs
compared to that of the other PFASs.

The mobile phase programwas developed to prevent the blood
from clogging and/or accumulating on the column. The method
also successfully enriched the analytes on the SPE column. An initial
mobile phase combination of 95% of 0.1 M formic acid in water and
5% methanol at 1.5 mL min�1 was found to be the most effective in
terms of sample cleanup and retentionwithout breakthrough of the
analytes. Two different Betasil stationary phases (C8 and C18) were
tested for the selection of SPE column. The Betasil C8 was chosen
because it provided better peak shapes and increased sensitivity for
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the PFASs with the short-chain lengths.
The protein precipitated (PPT) sample composition was evalu-

ated to find optimal conditions for the online SPE-UHPLC-MS/MS
system. Initially, the PPT samples were diluted with 0.1 M formic
acid in water before injection. This acidification gave high peak
areas for the less retained PFASs, but the intensity for the PAPs and
PFPAs were poor. Because of this, different ratios of non-acidified
water and methanol were tested, with the highest peak areas
observed when adding no water.

When two or more MRM transitions were identified, the most
intense signal was chosen for the quantitative determination
(quantifier), while the second product ionwas employed to confirm
the identification (qualifier). However, due to a known interference
with PFOS for the m/z transition 499 > 80, the m/z transition
499 > 99 was chosen as the quantifier [32]. Further, the m/z tran-
sition 499 > 99 gave more accurate results in the spiking experi-
ments with lower background compared to using 499 > 80.

3.2. Validation of the developed method

3.2.1. Linearities and method detection limits
Linearity was examined using concentration-weighted (1/con-

centration). To compensate for possible loss of analytes, ion sup-
pression or ion enhancement, appropriate internal standards were
selected based on retention time, molecular structure, and accuracy
obtained in the spiking experiments (Table 1). For PFPAs no com-
mercial internal standards were available. Thus, 13C2PFHxA was
selected as an appropriate internal standard for all PFPAs based on
retention time, and the accuracy obtained in the spiking experi-
ments. The linearities of calibration curves were in the range 0.006
and 45 ng mL�1, depending on the compound and blood matrix.
Non-spiked samples of serum, plasma, andwhole bloodwith added
internal standards were used to examine the background levels of
PFASs in the blood matrices. Very low levels of a few PFASs (e.g.
PFBS, PFHxA, and PFOS) were observed in some of the replicates of

the blanks, but this was considered to be negligible because the
concentrations were typically less than half of the amount for the
lowest calibration level.

Details of the linearity and the concentration ranges are pre-
sented in Table 2. The achievedmethod detection limits (MDLs) and
method quantification limits (MQLs) are also summarized in
Table 2. The estimated MDLs and MQLs were found by extrapola-
tion using thematrix-matched calibration standards and defined as
a signal to noise ratio (S/N) of 3 and 10, respectively. As matrix-
matched calibration standards were used, the estimated MDLs
and MQLs were directly related to the sensitivity of the overall
method. The MDLs obtained ranged between 0.0018 and
0.09 ng mL�1 in serum, plasma, and whole blood. The MDLs ob-
tained in this present method were comparable to what has been
described in the existing method used in our laboratory [31],
despite the lower sample volume (50 mL vs 150 mL) and total in-
jection volume (80 mL vs 400 mL) in the present method. The MDLs
in the present method were also lower than in other online SPE
column switching methods (Supplementary material, Table S-2).
For example, Mocsh et al., in 2010 reported MDLs in the range
0.03e0.1 ng mL�1 using online SPE-LC-MS/MS for determination of
seven PFASs in serum [33]. Gosetti et al., in 2010 developed an
online SPE-UHPLC-MS/MS method for the determination of nine
PFASs in serum and plasma and obtained MDLs ranging from 0.009
to 0.75 ngmL�1 [34]. Kato et al., in 2011 obtainedMDLs in the range
0.1e0.2 ng mL�1 in an online SPE-LC-MS/MS method for determi-
nation of 13 PFASs in serum and cord serum [35]. Also, a column
switching-UHPLC-MS/MS method established for 19 PFASs in hu-
man serum by Salihovic et al., in 2013 reported higher MDLs than
this present method (0.01e0.17 ng mL�1) [36]. In addition, the
MQLs of this present method range from 0.006 to 0.3 ng mL�1 in
serum, plasma, and whole blood. The MQLs in this present method
are also lower when compared with the recently proposed online
SPE-LC-MS/MS method for the determination of 6 PFASs in serum
by Bartolome et al., in 2016 [37].

Table 2
Detection limits and linearities of the method for the selected PFASs.

Method limits (ng mL�1 blood) Calibration curves

Estimated MDL Estimated MQL R* Range (ng mL�1 blood)

Serum Plasma W. Blood Serum Plasma W. Blood Serum Plasma W. Blood Serum Plasma W. Blood

6:2 PAP 0.09 0.045 0.045 0.3 0.15 0.15 0.996f 0.996e 0.999e 0.3e45 0.15e45 0.15e45
8:2 PAP 0.045 0.018 0.018 0.15 0.06 0.06 0.995e 0.996d 0.996d 0.15e45 0.06e45 0.06e45
6:2 diPAP 0.018 0.018 0.009 0.06 0.06 0.03 0.998d 0.997d 0.997c 0.06e45 0.06e45 0.03e45
8:2 diPAP 0.009 0.018 0.009 0.03 0.06 0.03 0.995e 0.996d 0.997c 0.15e45 0.06e45 0.03e45
PFHxPA 0.045 0.0018 0.009 0.15 0.006 0.03 0.998e 0.997a 0.998c 0.15e45 0.006e45 0.03e45
PFOPA 0.009 0.018 0.045 0.03 0.06 0.15 0.998c 0.996d 0.999e 0.03e45 0.06e45 0.15e45
PFDPA 0.009 0.0036 0.018 0.03 0.012 0.06 0.996f 0.998b 0.998d 0.3e45 0.012e45 0.06e45
PFBS 0.009 0.018 0.009 0.03 0.06 0.03 0.996e 0.990e 0.992e 0.15e45 0.15e45 0.15e45
PFHxS 0.0036 0.0018 0.0018 0.012 0.006 0.006 0.999b 0.996c 0.998a 0.012e45 0.03e45 0.006e45
PFHpS 0.0036 0.009 0.0036 0.012 0.03 0.012 0.998b 0.997c 0.995b 0.012e45 0.03e45 0.012e45
PFOS 0.009 0.009 0.009 0.03 0.03 0.03 0.998c 0.998e 0.998c 0.03e45 0.15e45 0.03e45
PFDS 0.0018 0.009 0.0018 0.006 0.03 0.006 0.998a 0.996d 0.998a 0.006e45 0.06e45 0.006e45
PFPeA 0.09 0.09 0.045 0.3 0.3 0.15 0.998f 0.996f 0.995e 0.3e45 0.3e45 0.15e45
PFHxA 0.045 0.045 0.09 0.15 0.15 0.3 0.997e 0.997e 0.998f 0.15e45 0.15e45 0.3e45
PFHpA 0.045 0.045 0.045 0.15 0.15 0.15 0.996e 0.995e 0.995e 0.15e45 0.15e45 0.15e45
PFOA 0.018 0.009 0.045 0.06 0.03 0.15 0.996d 0.998c 0.997e 0.06e45 0.03e45 0.15e45
PFNA 0.009 0.018 0.009 0.03 0.06 0.03 0.993c 0.993d 0.997c 0.03e45 0.06e45 0.03e45
PFDA 0.045 0.009 0.009 0.15 0.03 0.03 0.995e 0.996c 0.995c 0.15e45 0.03e45 0.03e45
PFUnDA 0.009 0.018 0.009 0.03 0.06 0.03 0.998c 0.997d 0.996c 0.03e45 0.06e45 0.03e45
PFDoDA 0.0036 0.0036 0.0018 0.012 0.012 0.006 0.998c 0.998b 0.996a 0.03e45 0.012e45 0.006e45
PFTrDA 0.018 0.0018 0.018 0.06 0.006 0.06 0.997d 0.999a 0.998d 0.06e45 0.006e45 0.06e45
PFTeDA 0.009 0.09 0.018 0.03 0.3 0.06 0.997c 0.995f 0.993d 0.03e45 0.3e45 0.06e45
PFOSA 0.0018 0.009 0.0018 0.006 0.03 0.006 0.997a 0.995c 0.997a 0.006e45 0.03e45 0.006e45
MeFOSA 0.045 0.009 0.009 0.15 0.03 0.03 0.996e 0.995c 0.995c 0.15e45 0.03e45 0.03e45
EtFOSA 0.045 0.009 0.009 0.15 0.03 0.03 0.996e 0.996c 0.996c 0.15e45 0.03e45 0.03e45

*Number of calibration points used; a ¼ 48, b ¼ 43, c ¼ 38, d ¼ 35, e ¼ 30, f ¼ 27 points.
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3.2.2. Accuracy and repeatability
Accuracies were assessed by spiking calf serum, calf plasma, and

calf whole blood at six concentrations (n ¼ 5) ranging from 0.0180
to 30 ng mL�1 blood. The accuracies (in %) were then calculated by
dividing the obtained concentration in the spiked sample by the
theoretical spiked concentration and multiplying by 100. An
average method accuracy of 102± 12% was obtained, including all
spiking levels and blood matrices, confirming that the matrix-
matched standards were appropriate for the quantification
(Table 3). Most of the compounds were found in the spiked samples

at 0.09 ng PFASs mL�1 blood, and all compounds, except PFHpA in
whole blood, were detected in the spiked samples containing
0.450 ng PFASs mL�1 blood (Table 3 a). Accuracies between 65 and
144% were observed in the range of 0.450e30 ng mL�1 blood, for
the majority of the analytes, the accuracies were close to 100%. A
comparison of accuracies in different blood matrices
(0.450e30 ng mL�1 blood) is illustrated in Fig. 1. As can be seen in
the box plot (Fig. 1), less variation in the accuracies were observed
for plasma than serum and whole blood. For some PFASs without
matching isotope-labeled internal standards, accuracies between

Table 3
Accuracy (Acc., %) with repeatability (Rep., % cv) in parenthesis for serum, plasma, and whole blood spiked at six different concentration of PFASs.

a. spiking levels of 0.0180, 0.090, and 0.450 ng mL�1 blood

0.0180 ng mL�1 blood, Acc. (Rep.) 0.090 ng mL�1 blood, Acc. (Rep.) 0.450 ng mL�1 blood, Acc. (Rep.)

Serum Plasma Whole blood Serum Plasma Whole blood Serum Plasma Whole blood

6:2 PAP 103 (3.9) 111 (7.8) 90 (5.6)
8:2 PAP 149 (16) 140 (13) 96 (17) 97 (2.2) 86 (9.8)
6:2 diPAP 131 (36) 116 (33) 145 (25) 91 (14) 101 (16) 124 (12)
8:2 diPAP 111 (33) 87 (55) 101 (9.4) 106 (11) 100 (13)
PFHxPA 103 (14) 96 (10) 102 (51) 82 (14) 97 (4.2) 114 (4.4)
PFOPA 97 (3.2) 135 (7.0) 89 (9.8) 100 (3.7) 103 (9.7)
PFDPA 128 (13) 101 (8.9) 105 (9.9) 124 (6.2) 103 (2.1) 115 (6.7)
PFBS 121 (7.8) 134 (14) 84 (9.8)
PFHxS 102 (5.5) 96 (37) 95 (7.2) 112 (28) 95 (12) 98 (5.8) 105 (7.2) 99 (5.4)
PFHpS 116 (26) 97 (2.9) 98 (17) 101 (23) 91 (12) 90 (13) 100 (7.7) 104 (10)
PFOS 107 (24) 105 (18) 109 (5.1) 119 (21) 103 (4.9)
PFDS 131 (13) 156 (26) 92 (24) 95 (30) 107 (7.8) 95 (8.4) 105 (14) 114 (11)
PFPeA 95 (6.5) 101 (9.2) 95 (5.8)
PFHxA 93 (16) 99 (5.4) 88 (5.6)
PFHpA 106 (10) 113 (10)
PFOA 111 (7.3) 105 (7.8) 103 (12) 102 (13) 65 (18)
PFNA 118 (21) 120 (22) 113 (9.9) 97 (7.4) 100 (13) 82 (8.4)
PFDA 96 (14) 89 (23) 107 (10) 102 (11) 105 (4.1)
PFUnDA 119 (15) 112 (13) 105 (12) 98 (7.6) 102 (12) 99 (8.7)
PFDoDA 110 (55) 107 (7.0) 115 (15) 103 (9.8) 92 (21) 101 (4.1) 96 (14) 99 (8.1)
PFTrDA 118 (15) 138 (6.9) 106 (2.7) 104 (15) 105 (5.1) 109 (5.5) 93 (6.8)
PFTeDA 111 (11) 121 (9.7) 107 (6.1) 144 (9.5) 81 (11)
PFOSA 147 (10) 72 (50) 110 (20) 106 (13) 82 (24) 110 (11) 108 (7.6) 93 (14)
MeFOSA 109 (25) 117 (8.8) 112 (6.2) 104 (11) 116 (9.1)
EtFOSA 129 (13) 108 (17) 123 (9.8) 93 (21) 93 (15)

b. Spiking levels of 1.80, 9.0, and 30 ng mL�1 blood

1.80 ng mL�1 blood, Acc. (Rep.) 9.0 ng mL�1 blood, Acc. (Rep.) 30 ng mL�1 blood, Acc. (Rep.)

Serum Plasma Whole blood Serum Plasma Whole blood Serum Plasma Whole blood

6:2 PAP 98 (3.6) 102 (8.3) 80 (4.6) 96 (4.5) 109 (14) 95 (7.3) 96 (4.2) 112 (7.3) 95 (3.7)
8:2 PAP 103 (6.6) 101 (4.5) 66 (3.1) 104 (4.4) 100 (12) 89 (5.3) 95 (8.6) 103 (5.7) 86 (4.5)
6:2 diPAP 91 (5.5) 95 (6.9) 104 (10) 104 (5.8) 100 (15) 106 (4.0) 100 (2.0) 95 (8.8) 100 (11)
8:2 diPAP 94 (12) 92 (12) 92 (6.3) 95 (0.8) 105 (8.9) 103 (9.8) 92 (7.1) 92 (14) 102 (7.9)
PFHxPA 76 (12) 97 (4.2) 128 (4.1) 96 (6.6) 106 (3.9) 133 (7.6) 103 (13) 102 (2.0) 136 (3.3)
PFOPA 84 (6.4) 92 (5.1) 102 (2.6) 100 (5.5) 96 (4.0) 106 (2.7) 103 (2.4) 96 (4.8) 103 (1.1)
PFDPA 103 (3.5) 105 (5.0) 116 (8.9) 113 (2.4) 100 (5.8) 110 (6.0) 106 (5.2) 99 (6.6) 105 (8.2)
PFBS 98 (5.0) 102 (11) 89 (9.9) 89 (4.8) 101 (15) 78 (11) 95 (5.7) 113 (12) 95 (5.0)
PFHxS 92 (7.8) 91 (8.5) 108 (10) 96 (4.8) 96 (3.8) 98 (6.9) 102 (4.5) 99 (11) 101 (3.3)
PFHpS 88 (1.6) 104 (4.5) 104 (5.3) 92 (14) 106 (4.9) 91 (5.2) 96 (5.4) 106 (9.8) 101 (8.8)
PFOS 87 (3.5) 98 (17) 100 (6.4) 100 (4.4) 100 (11) 99 (3.2) 106 (6.5) 96 (5.2) 103 (7.2)
PFDS 87 (4.0) 103 (8.7) 120 (3.6) 99 (8.2) 108 (9.5) 109 (9.7) 98 (4.5) 95 (6.3) 127 (12)
PFPeA 88 (8.7) 94 (5.7) 96 (3.7) 92 (8.1) 85 (4.4) 93 (7.9) 102 (7.6) 86 (7.8) 106 (3.4)
PFHxA 98 (3.4) 99 (3.0) 112 (1.4) 104 (5.7) 98 (3.4) 102 (6.5) 98 (5.5) 100 (4.3) 104 (5.1)
PFHpA 98 (7.4) 97 (17) 92 (14) 94 (13) 94 (9.1) 97 (15) 98 (7.2) 97 (8.2) 128 (9.4)
PFOA 93 (7.1) 95 (11) 99 (5.1) 100 (6.5) 104 (7.0) 106 (9.8) 97 (5.2) 103 (8.9) 106 (2.6)
PFNA 99 (3.6) 99 (5.0) 97 (7.9) 90 (8.8) 96 (7.0) 104 (8.2) 99 (4.1) 100 (4.9) 111 (12)
PFDA 98 (1.4) 96 (7.0) 107 (13) 100 (3.3) 103 (7.9) 99 (6.1) 101 (2.1) 102 (4.4) 103 (8.2)
PFUnDA 96 (4.0) 97 (7.2) 102 (8.4) 100 (1.3) 102 (3.7) 102 (10) 100 (4.5) 100 (7.0) 99 (4.7)
PFDoDA 102 (4.7) 97 (4.1) 103 (2.9) 102 (3.2) 101 (6.0) 105 (5.1) 99 (4.5) 97 (5.6) 107 (5.0)
PFTrDA 101 (3.6) 102 (7.3) 96 (5.6) 103 (2.0) 102 (11) 95 (9.9) 101 (1.1) 103 (4.1) 99 (6.4)
PFTeDA 100 (4.5) 105 (11) 86 (3.7) 115 (2.4) 107 (6.4) 82 (9.8) 105 (4.1) 102 (6.1) 86 (8.8)
PFOSA 99 (6.3) 98 (5.5) 102 (2.1) 109 (3.3) 106 (11) 93 (8.8) 101 (6.1) 111 (6.8) 101 (12)
MeFOSA 99 (6.2) 104 (5.6) 114 (6.0) 96 (6.8) 104 (8.5) 101 (7.4) 98 (5.4) 111 (8.0) 108 (13)
EtFOSA 103 (3.1) 92 (3.7) 104 (8.6) 105 (5.8) 94 (6.2) 99 (4.3) 93 (2.5) 97 (12) 104 (14)

A number of replicates (n) ¼ 5 for accuracy and repeatability determination.
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124 and 144% were found, suggesting that the internal standards
used over-compensates for matrix suppression. The repeatability of
the method (within-run) was evaluated by the coefficients of
variation for the obtained analyte concentrations (n ¼ 5). Sufficient
coefficients of variation were found, ranging from 0.8 to 21% at the
concentration levels between 0.450 and 30 ng mL�1 blood.

3.2.3. Intermediate precision and between-batch of analyses
differences

Data on the intermediate precisions of the method were ob-
tained by analyzing samples spiked at the same concentrations at
two different time points. The second experiment was performed
two to fourmonths after the initial validation for each bloodmatrix.
The intermediate precisions were calculated as the coefficients of
variation for the determined analyte concentrations from these two
spiking experiments (n¼ 5þ 5). An average intermediate precision
of 10± 5.8% was found (Table 4), ranging from 2 to 31% for con-
centrations from 0.450 to 30 ng mL�1, depending on the spiking
level and matrix. The method also showed a satisfactory between-
batch of analyses difference (assessed using the normalized dif-
ference, ((X1 � X2)/((X1 þ X2)/2)) � 100 where X1 and X2 are %ac-
curacy of analyte in the first and second experiment, respectively).
The average between-batch of analyses difference (%) was 10± 9.5%
(Table 4). These results suggest satisfactory robustness of the
method for biomonitoring purposes.

3.3. Application to human serum, plasma, and whole blood samples

The developed online SPE-UHPLC-MS/MS method was suc-
cessfully applied to determine PFASs in samples of whole blood,
serum, and plasma (Table 5). Two human serum samples (5 repli-
cates) were analyzed to assess the applicability of the method for
this matrix. These samples were from an interlaboratory compari-
son study organized by the Arctic Monitoring Assessment Pro-
gram(AMAP). The determined concentrations of the respective
compounds were compared to the consensus values of PFHxS,
PFOS, PFHxA, PFOA, PFNA, and PFUnDA from the interlaboratory
comparison study [38]. The relative difference between the con-
centrations of the analytes analyzed by this method and the
consensus values were between 0 and 13%, except for PFNA which
had a relative difference of 22%. For one of the same serum samples
(AMSY1303), Huber and Brox in 2015 compared their results ob-
tained by an SPE-UHPLC-MS/MS method with the consensus value
given by AMAP and reported differences in the range 6e15% [39].18
of the 25 targeted PFASs were observed in the human serum
samples obtained fromAMAP, indicating sufficient sensitivity of the
method. The coefficients of variation for the five replicates ranged
from 1.5 to 20% for the detected compounds. No consensus values
were available for plasma and the two whole blood samples. The
coefficients of variation for all detected compounds ranged from 0.8
to 21.6%, and 2.4e12.8% for human plasma and humanwhole blood,
respectively, demonstrating the applicability of this method.

Fig. 1. Box-plot for comparison of PFASs accuracy (%) in different blood matrices a) method accuracy at 0.450 ng mL�1 b) method accuracy at 1.80 ng mL�1 c) method accuracy at
9.0 ng mL�1 d) method accuracy at 30 ng mL�1.
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4. Conclusions

An analytical method for determination of twenty-five PFASs
with different physicochemical properties in three different blood
matrices, requiring only 50 mL of sample, was developed. The
method is rapid, sensitive and reliable, and is based on a quick

protein precipitation followed by online SPE-UHPLC-MS/MS. A
successful validation was conducted, including assessment of
important parameters; i.e. linearity, MDLs, MQLs, accuracy, inter-
mediate precision, repeatability, and the relative difference be-
tween the batch of analyses. The developed method was
successfully applied to samples of human serum, plasma, and

Table 4
Intermediate precision (Int., %) and between-run differences (Diff., %) in serum, plasma, and whole blood spiked at six different PFAS concentration.

a. Spiking levels of 0.0180, 0.090, and 0.450 ng mL�1 blood

0.0180 ng mL�1 blood 0.090 ng mL�1 blood 0.450 ng mL�1 blood

Serum Plasma Whole
blood

Serum Plasma Whole
blood

Serum Plasma Whole
blood

Int. Diff. Int. Diff. Int. Diff. Int. Diff. Int. Diff. Int. Diff. Int. Diff. Int. Diff. Int. Diff.

6:2 PAP 8.4 10
8:2 PAP 25 37 16 21 8.1 14 9.3 4.5
6:2 diPAP 30 24 22 8.5 38 54 12 1.9 14 13 21 37
8:2 diPAP 40 27 14 6.3 8.8 5.8 19 24
PFHxPA 34 1.4 14 14 17 30 8.6 14
PFOPA 5.3 7.5 5.5 2.8 11 11 7.0 5.4 13 19
PFDPA 9.1 6.9 18 32 6.2 7.1 15 24
PFBS 9.4 12 19 28 15 24
PFHxS 27 13 6.0 1.9 23 18 8.3 0.2 8.8 12 12 19 7.5 6.8
PFHpS 13 1.8 15 8.0 10 3.2 11 5.8 11 16 11 15
PFOS 22 8.6 17 5.9 12 18 21 31 11 19
PFDS 35 46 17 12 22 5.3 14 22 13 13 14 18 11 12
PFPeA 7.0 4.2 8.6 4.9
PFHxA 11 4.7 4.8 1.8 6.9 9.5
PFHpA 11 8.6 9.6 11
PFOA 8.9 13 8.6 6.9 9.2 6.6 12 14 24 40
PFNA 14 2.3 16 2.1 11 16 8.7 12 13 10 9.9 12
PFDA 16 14 8.5 8.0 11 3.7 12 21
PFUnDA 21 32 12 0.2 9.1 3.2 7.1 0.6 14 19 8.4 8.5
PFDoDA 13 3.1 14 13 6.8 1.7 20 17 8.5 11 11 8.8 7.4 7.6
PFTrDA 28 52 6.9 7.5 12 6.2 15 26 9.2 12 8.6 0.9
PFTeDA 11 5.6 17 24 7.3 7.8 27 44 13 13
PFOSA 15 1.0 19 16 34 55 10 7.9 11 3.3 13 8.5
MeFOSA 8.1 1.1 9.4 6.9 12 14
EtFOSA 19 18 14 3.3 21 35 16 3.1 13 3.7

b. Spiking levels of 1.80, 9.0, and 30 ng mL�1 blood

1.80 ng mL�1 blood 9.0 ng mL�1 blood 30 ng mL�1 blood

Serum Plasma Whole
blood

Serum Plasma Whole
blood

Serum Plasma Whole
blood

Int. Diff. Int. Diff. Int. Diff. Int. Diff. Int. Diff. Int. Diff. Int. Diff. Int. Diff. Int. Diff.

6:2 PAP 5.7 5.7 9.4 12 5.6 4.8 5.3 3.4 18 28 9.6 15 5.3 7.8 8.1 1.4 4.3 2.1
8:2 PAP 5.9 4.5 7.2 8.6 13 17 5.7 0.8 9.3 3.9 7.1 0.1 7.7 8.7 6.2 3.9 7.2 11
6:2 diPAP 6.1 0.9 8.4 12 10 12 6.4 6.0 10 2.2 6.7 11 3.3 3.4 6.0 2.7 8.9 6.4
8:2 diPAP 9.9 0.7 9.1 6.8 13 19 4.8 6.1 6.8 2.6 10 12 7.4 11 11 13 6.1 2.3
PFHxPA 11 4.1 10 17 18 32 9.6 11 17 28 16 29 14 14 8.6 5.4 17 30
PFOPA 12 16 11 13 8.6 15 14 24 13 20 3.4 0.4 6.7 5.0 14 25 7.2 6.3
PFDPA 4.8 4.5 4.9 0.1 14 21 4.7 3.6 9.9 16 5.3 5.9 6.3 7.9 8.9 14 11 15
PFBS 6.1 4.5 12 3.2 10 16 14 17 11 0.6 15 24 5.0 1.5 11 12 8.2 14
PFHxS 7.1 0.2 10 9.6 12 17 6.6 7.8 4.8 5.5 6.9 4.1 11 19 8.7 2.6 3.7 5.4
PFHpS 5.4 2.1 12 20 12 20 12 11 8.3 13 5.4 5.7 7.7 1.2 8.1 3.0 7.5 2.9
PFOS 10 2.7 18 11 8.6 13 13 14 8.8 0.3 6.8 0.9 13 16 7.8 8.7 7.9 6.4
PFDS 6.8 7.3 11 7.6 13 21 7.1 3.7 9.3 7.4 7.0 1.8 7.6 11 6.7 3.8 14 19
PFPeA 6.7 5.3 5.1 0.5 3.9 4.6 8.2 11 5.9 8.0 7.2 8.1 6.5 5.0 7.0 9.2 3.0 1.6
PFHxA 4.7 0.9 2.4 1.7 7.0 13 5.9 5.8 2.9 0.8 5.2 3.3 4.8 3.2 3.5 2.7 3.8 2.8
PFHpA 7.4 8.2 13 0.3 31 30 18 30 8.7 10 16 19 13 24 12 17 10 1.4
PFOA 8.6 5.2 8.3 1.3 6.1 2.9 5.7 5.3 7.3 8.7 9.3 10 5.3 4.4 6.7 4.2 3.1 4.0
PFNA 6.5 7.4 11 13 7.0 7.0 7.9 9.8 9.5 1.3 7.2 6.6 8.4 0.9 5.1 1.6 11 12
PFDA 7.6 14 5.8 1.4 16 24 5.2 6.4 8.5 1.0 5.0 4.4 4.2 5.5 5.4 8.5 8.2 8.2
PFUnDA 3.7 0.5 6.1 3.8 8.6 9.3 4.2 2.3 7.4 1.6 8.3 0.6 3.7 2.5 7.2 4.1 6.6 0.6
PFDoDA 5.6 0.6 5.7 0.5 9.7 15 4.8 0.1 6.2 6.9 4.2 1.7 3.7 1.3 5.7 7.6 5.6 5.1
PFTrDA 9.3 17 8.4 10 8.9 9.3 12 21 9.3 8.7 7.3 1.1 5.4 9.5 5.2 5.8 6.9 1.9
PFTeDA 6.5 10 28 29 8.8 2.8 4.4 6.5 9.2 10 11 16 5.2 6.3 5.0 3.8 9.8 14
PFOSA 11 19 12 1.8 15 25 7.3 12 11 7.3 6.5 3.7 5.6 5.6 7.2 7.3 9.3 4.2
MeFOSA 10 15 7.8 7.8 17 31 11 19 6.3 3.3 9.8 11 9.0 8.5 8.7 11 10 8.6
EtFOSA 9.3 4.3 4.7 5.2 9.1 7.9 6.3 1.9 8.1 2.0 5.0 0.5 5.4 9.7 12 11 11 6.3

A number of replicates (n) ¼ 10 for intermediate precision and between-run reproducibility determination.
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whole blood. The presented method is suitable for large-scale
monitoring of a wide range of PFASs in both human serum,
plasma, and whole blood, and is optimal for studying the distri-
bution in blood for the different PFAS. The method's ability to
determine PFASs in low volumes of different blood matrices is
advantageous in large-scale studies comprising samples from
different cohorts, where sample volumes often are limited and the
type of blood matrix might differ.
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Fig. S-1. Schematic diagram of column switching system; a) loading position and b) eluting 

position. 
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Fig. S-2. Description of the mobile phases for loading and eluting pumps on the online SPE- 

UHPLC-MS/MS. 
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Table S-1 List of chemicals with their IUPAC name/details, CAS number, and molar mass. 
Abbreviation IUPAC name/details CAS number Molar mass 
PFASs: native compounds   

6:2 PAP Sodium 1H,1H,2H,2H-perfluorooctylphosphate Not available 488.05 
8:2 PAP Sodium 1H,1H,2H,2H-perfluorodecylphosphate Not available 588.06 
6:2 diPAP Sodium bis(1H,1H,2H,2H-perfluorooctyl)phosphate Not available 812.15 
8:2 diPAP Sodium bis(1H,1H,2H,2H-perfluorodecyl)phosphate Not available 1012.18 
PFHxPA Perfluorohexylphosphonic acid 40143-76-8 400.03 
PFOPA Perfluorooctylphosphonic acid 40143-78-0 500.05 
PFDPA Perfluorodecylphosphonic acid 52299-26-0 600.06 
PFBS Potassium perfluoro-1-butanesulfonate 29420-49-3 338.19 
PFHxS Sodium perfluoro-1-hexanesulfonate 82382-12-5 422.10 
PFHpS Sodium perfluoro-1-heptanesulfonate Not available 472.10 
PFOS Sodium perfluoro-1-octanesulfonate 4021-47-0 522.11 
PFDS Sodium perfluoro-1-decanesulfonate Not available 622.13 
PFPeA Perfluoro-n-pentanoic acid 2706-90-3 264.05 
PFHxA Perfluoro-n-hexanoic acid 307-24-4 314.05 
PFHpA Perfluoro-n-heptanoic acid 375-85-9 364.06 
PFOA Perfluoro-n-octanoic acid 335-67-1 414.07 
PFNA Perfluoro-n-nonanoic acid 375-95-1 464.08 
PFDA Perfluoro-n-decanoic acid 335-76-2 514.08 
PFUnDA Perfluoro-n-undecanoic acid 2058-94-8 564.09 
PFDoDA Perfluoro-n-dodecanoic acid 307-55-1 614.10 
PFTrDA Perfluoro-n-tridecanoic acid 72629-94-8 664.11 
PFTeDA Perfluoro-n-tetradecanoic acid 376-06-7 714.11 
PFOSA Perfluoro-1-octanesulfonamide 754-91-6 499.14 
MeFOSA N-methylperfluoro-1-octanesulfonamide 31506-32-8 513.17 
EtFOSA N-ethylperfluoro-1-octanesulfonamide 4151-50-2 527.20 
PFASs: Mass-labeled internal standards   
13C4-6:2 diPAP Sodium bis(1H,1H,2H,2H-[1,2-13C2]perfluorooctyl)phosphate Not available 816.12 
13C4-8:2 diPAP Sodium bis(1H,1H,2H,2H-[1,2-13C2]perfluorodecyl)phosphate Not available 1016.15 
18O2-PFHxS Sodium perfluoro-1-hexane [18O2]sulfonate Not available 426.10 
13C4-PFOS Sodium perfluoro-1-[1,2,3,4-13C4]octanesulfonate Not available 526.08 
13C2-PFHxA Perfluoro-n-[1,2-13C2]hexanoic acid Not available 316.04 
13C4-PFOA Perfluoro-n-[1,2,3,4-13C4]octanoic acid Not available 418.04 
13C5-PFNA Perfluoro-n-[1,2,3,4,5-13C5]nonanoic acid Not available 469.04 
13C2-PFDA Perfluoro-n-[1,2-13C2]decanoic acid Not available 516.07 
13C2-PFUnDA Perfluoro-n-[1,2-13C2]undecanoic acid Not available 566.08 
13C2-PFDoDA Perfluoro-n-[1,2-13C2]dodecanoic acid Not available 616.08 
d3-N-MeFOSA N-methyl-d3-perfluoro-1-octanesulfonamide Not available 516.19 
Other chemicals   
FA Formic acid 64-18-6 46.03 
NH4OH Ammonium hydroxide 1336-21-6 35.05 
ACN Acetonitrile 75-05-8 41.05 
MeOH Methanol 67-56-1 32.04 
H2O Water 7732-18-5 18.02 
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Table S-2 Comparison of online SPE methods for the analysis of PFASs in biological sample and 
their MDLs. 
Matrices PFASs 

(n) 
Substances Analytical technique MDLs (ng mL-1) Year  

Serum, plasma, and 
whole blood 

25 PFSAs, PFCAs, PAPs, 
PFPAs, FOSAs 

Online SPE-LC-
MS/MS  

0.0018–0.09 This 
method 

Serum 19 PFSAs, PFCAs, 
FOSAs, FOSEs 

Online SPE-LC-
MS/MS  

0.002–0.05 2009  [1] 

Serum 7 PFSAs, PFCAs Online SPE-LC-
MS/MS  

0.03–0.1  2010  [2] 

Serum and plasma 9 PFSAs, PFCAs, 
PFOSA 

Online SPE-UHPLC-
MS/MS 

0.009–0.75 2010  [3] 

Serum and cord 
serum  

13 PFSAs, PFCAs, 
FOSAs 

Online SPE-LC-
MS/MS  

0.1–0.2  2011  [4] 

Serum and plasma 19 PFSAs, PFCAs, 
PFOSA, PFOS 
isomers 

Online SPE-UHPLC-
MS/MS 

0.01–0.17  2013  [5]  

Serum 6 PFSAs, PFCAs, 
MeFOSAA 

Online SPE-LC-
MS/MS  

MQLs: 0.16–0.34 2016  [6] 
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Abstract 

Dried blood spot (DBS) sampling has gained attention in several scientific areas because of the 

low sampling burden. The study aimed to develop a method for determination of poly- and 

perfluoroalkyl substances (PFASs) in DBS using a standardized blood volume. The DBS 

method using a simple methanol extraction followed by online solid phase extraction-ultra high 

performance liquid chromatography-tandem mass spectrometry quantification was thoroughly 

validated. Only 30 μL of blood is required. Based on the measurements of DBS dispersed areas 

from known blood volumes (20–70 μL), the blood volume on a 3 mm diameter DBS was 

calculated to be 3.3 μL (median, n=708 measurements, 59 adults). Strong correlations of PFAS 

concentrations between finger prick DBSs and venous whole blood samples (n=57) were found 

(rho 0.72–0.97, p<0.0001). Also, Passing-Bablok regressions and Bland-Altman plots 

demonstrated good agreements of PFAS concentrations in finger prick DBSs and venous whole 

blood samples. This finding indicates that the DBS method was satisfactory, and allows 

straightforward analysis of PFASs in DBS without hematocrit correction. This DBS method is 

simple, reliable, and efficient for accurate determination of PFASs in self-collected DBS 

samples in large-scale biomonitoring studies as well as in archived DBS samples. 
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Introduction 

Dried blood spot (DBS) sampling is a microsampling technique which is considered a 

minimally invasive method as it requires only a small amount of blood, and can be conducted 

without the need of skilled personnel.1 Usually, DBS is obtained by finger or heel pricking 

using a contact-activated lancet and dripping the blood directly onto a marked area on a filter 

card. DBS is an established technique for disease screening of newborns and has also been used 

in several other fields including pharmacotherapy, pharmacokinetics, toxicokinetics and, more 

recently, for the monitoring of environmental chemicals in human blood.1-2 DBS sampling can 

be an excellent benefit for biomonitoring of environmental pollutants, due to the potential of 

measuring persistent chemicals in self-collected samples in large population studies and 

archived DBS samples. 

 

Poly- and perfluoroalkyl substances (PFASs) are a large group of persistent environmental 

pollutants,3 globally present in human blood.4-5 The pharmacokinetic properties of PFASs make 

blood concentrations favorable as a measure of the internal dose. PFASs can also transfer across 

the placenta,6 and adverse effects of maternal PFAS levels and fetal growth have been reported.7 

Therefore, monitoring of PFAS exposure in newborns should be investigated. Nowadays, 

serum, plasma, and whole blood are used in biomonitoring studies, despite their invasive 

collection, especially in newborns and children. The use of DBS for determination of human 

exposure to PFASs is scarce. A possible reason is the lack of an accurate estimate of the blood 

volume. Until now, only a few studies have assessed exposure to PFASs using DBS samples.8-

10 Two strategies have been used to process DBS samples, one is to take a fixed diameter of the 

DBS, and the other is to use the whole spot for extraction. However, there is still limited 

knowledge of the exact blood volume from DBS, and how measurements based on DBS relates 

to whole blood measurements.  
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The blood volume deposited on the DBS card can vary between individuals,11 mainly due to 

differences in hematocrit level (i.e., the fraction of whole blood that consists of red blood cells, 

average values are 40% (range 35–45%) for women and 45% (39–50%) for men). A higher 

percentage of hematocrit is translating to higher blood viscosity and lower dispersion of blood 

onto the filter paper. Hence, the uncertainty in deposited blood volume on the collection card 

is the major challenge of DBS application for accurate quantification of environmental 

contaminants. Moreover, use of archived DBS samples has gained attention in time trend 

studies of persistent chemicals in the blood. For such samples, it is crucial to obtain accurate 

quantitation for the compounds of interest without measuring the blood hematocrit level. There 

are some techniques to evaluate the hematocrit in DBS, such as measuring the hematocrit via 

noncontact diffuse reflectance spectroscopy,12 and spraying the internal standard to a DBS 

surface by the spraying device.13 However, these approaches require additional practical steps, 

and these requirements hinder the straightforward analysis of PFASs using DBS sampling.  

 

The study aimed to develop a quick, simple and reliable method to determine a broad range 

PFASs in DBS. In this method, the blood volume on a 3 mm diameter DBS was evaluated and 

used as a standardized blood volume. The DBS methanol extracts were analyzed using an online 

solid phase extraction, ultra-high performance liquid chromatography coupled with tandem 

mass spectrometry (online SPE-UHPLC-MS/MS) quantification method. For verification of 

the DBS method, its performance was compared with that of a whole blood method. The 

agreement of PFAS concentrations between venous whole blood and finger prick DBS samples 

collected from the same adults was investigated. 
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Materials and methods 

Chemicals 

The twenty-five native PFASs studied were 6:2 polyfluoroalkyl phosphate monoester 

(6:2PAP), 8:2 polyfluoroalkyl phosphate monoester (8:2PAP), 6:2 polyfluoroalkyl phosphate 

diester (6:2diPAP), 8:2 polyfluoroalkyl phosphate diester (8:2diPAP), 

perfluorobutanesulfonate (PFBS), perfluorohexanesulfonate (PFHxS), 

perfluoroheptanesulfonate (PFHpS), perfluorooctanesulfonate (PFOS), 

perfluorodecanesulfonate (PFDS), perfluoropentanoate (PFPeA), perfluorohexanoate 

(PFHxA), perfluoroheptanoate (PFHpA), perfluorooctanoate (PFOA), perfluorononanoate 

(PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate (PFUnDA), perfluorododecanoate 

(PFDoDA), perfluorotridecanoate (PFTrDA), perfluorotetradecanoate (PFTeDA), 

perfluorohexylphosphonate (PFHxPA), perfluorooctylphosphonate (PFOPA), 

perfluorodecylphosphonate (PFDPA), perfluorooctanesulfonamide (PFOSA), N-methyl 

perfluorooctanesulfonamide (MeFOSA), and N-ethyl perfluorooctanesulfonamide (EtFOSA). 

All native PFASs and eleven isotope-labeled PFASs were purchased from Wellington 

Laboratories (Guelph, Ontario, Canada) in a concentration of 50 μg mL-1 in methanol (>98% 

purity). More details for the native and isotope-labeled PFASs are provided in Table S1 of 

supporting information (SI). 

 

A solution of all native PFASs was prepared in methanol at a concentration of 1 μg mL-1 of 

each. Further dilutions in methanol were made to obtain concentrations of 0.25, 1, 5, 25, 100, 

and 500 ng mL-1. A solution of the eleven isotope-labeled PFASs was also prepared in methanol 

at a concentration of 5 ng mL-1 of each. 
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Validation and quality assurance/quality control 

Matrix-matched calibration standards were prepared using calf whole blood (Lampire 

Biological Labs, Pipersville, USA) fortified with different PFAS concentrations deposited on 

filter paper cards. For the fortification procedure, 40–100 μL of PFAS standard solutions were 

transferred into a 2 mL polypropylene centrifuge tube, along with 0–60 μL methanol to a total 

volume of 100 μL. The solutions were homogenized, and 900 μL of calf whole blood samples 

were added to each tube. Nine matrix-matched calibration standards were prepared at 

concentrations of 0.025, 0.05, 0.1, 0.25, 0.5, 1.0, 2.5, 10, and 50 ng mL-1 of PFASs in whole 

blood. Also, six concentrations of quality control samples were prepared with the same 

procedure in the concentrations: 0.07, 0.15, 0.75, 3.0, 15, and 30 ng mL-1. The calibration 

standards and quality control samples were homogenized on a mixer. Using a calibrated 

electronic pipette (Biohit eLINE, Sartorius AG, Goettingen, Germany), 30 μL of fortified whole 

blood was spotted on a filter card, Whatman 903 blood collection card (Whatman 903 Protein 

Saver Card, Whatman Inc., GE Healthcare Ltd, Cardiff, UK). The pipette tip was not allowed 

to contact the card surface as this contact may affect the dispersion of the whole blood. DBS 

cards were allowed to dry overnight at ambient temperature and then kept in an aluminum bag 

with a desiccant at -20°C.  

 

Each level of the DBS calibration standards and quality control samples were prepared in three 

and five replicates, respectively. A full procedure was repeated to evaluate the intermediate 

precision. New DBS calibration standards (n=3) and control samples (n=5) were prepared. 

 

Procedure blanks (i.e., a solvent with ISs, n=3) and zero blank samples (i.e., calf whole blood 

on DBS card with ISs only, n=3) were included in each of the validation series. Field blank 

samples (n=6) were also included in DBS samples analysis. Trace levels of some PFASs (i.e., 



7 
 

6:2diPAP and PFUnDA) were detected in zero blank and field blank samples, then DBS 

concentrations were subtracted.  

 

Extraction of the DBS 

The DBS calibration standards and QC samples were punched by using a 3 mm diameter 

puncher (Harris micro punch, Sigma-Aldrich, St. Louis, MO, USA),  and then placed into a 2 

mL centrifuge tube. Subsequently, 90 μL of 5 ng mL-1 IS and 180 μL methanol were added into 

the tube. The tube was placed on a mixer for 10 seconds before sonication for 60 min. Then the 

sample was centrifuged at 14000 rpm for 10 min, and the supernatant was transferred into a 

250 μL polypropylene vial for analysis. 

Methanol was used to clean the puncher between each DBS sample punch. Also, the potential 

carry-over between each DBS sample punch was tested by performing an additional punch 

sample (N=3, 10 punched spots per one sample) from a clean filter card between each DBS 

sample. No carry-over of PFASs was observed. 

 

Instrumental analysis 

An Online SPE UHPLC-MS/MS method was used to quantify the PFASs in the DBS samples. 

This method was established for quantification of PFASs in human blood and has previously 

been described in details by Poothong et al., 2017a.14 Briefly, 80 μL of the sample was injected 

into the online SPE-UHPLC-MS/MS system consisting of a column switching system on an 

Agilent 1290 UHPLC (Agilent Technologies, CA, USA) and an Agilent 6490 triple stage 

quadrupole mass spectrometer (MS/MS) in electrospray negative ionization mode. A Betasil 

C8 (10 mm × 3 mm, 5 μm particle size, Thermo Scientific, CA, USA) and an Agilent ZORBAX 

Eclipse Plus C18 (50 mm × 2.1 mm, 1.8 μm particle size) were used as the online SPE column 
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and analytical column, respectively. The total run time of the method was 14 min per sample, 

including pre-condition and wash. 

 

Sample collection 

DBS and whole blood samples were obtained from 59 adults (age: 20–66; gender: 44 women 

and 15 men) during the sampling campaign conducted within the A-TEAM (Advanced Tools 

for Exposure Assessment and Biomonitoring) project.15 The Regional Committees for Medical 

and Health Research Ethics in Norway approved the sampling campaign (Case number 

2013/1269), and all volunteers completed a written consent form before participation.  

 

Blood spots were collected by pricking the inside tip of a finger with a contact-activated lancet 

(BD Microtainer ® Contact-Activated Blue Lancet) and applying blood drops on a Whatman 

903 blood collection card (Figure 1). The DBS cards were dried overnight at ambient 

temperature and stored in an aluminum bag (Whatman Inc., Sanford, ME, USA) with a 

desiccant pack at -20°C until analysis. 

 

A nurse collected a venous whole blood sample from each volunteer in a K2-

ethylenediaminetetraacetic acid (EDTA) anticoagulant vacutainer tube (Becton, Dickinson and 

Company, Plymouth, UK). An aliquot of whole blood was transferred into a 2 mL 

polypropylene tube and kept at -20°C for the determination of PFASs in whole blood. The 

measured concentrations of PFASs in these whole blood samples have been published 

elsewhere.14 
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Figure 1. Study design   

 

Determination of blood volume on DBS  

Fresh drawn venous whole blood was deposited on Whatman 903 blood collection cards in 

various blood volumes by using the calibrated electronic pipette, and a new pipette tip was used 

for each spot. For each volunteer, six different blood volumes were deposited onto three cards 

(Figure 1). Two cards with a deposited set of five blood volumes at 20, 30, 40, 60, and 70 μL, 

which is the normal range of blood volume from a finger prick DBS sampling. Further, to 

evaluate the repeatability of blood dispersion, five spots of 50 μL whole blood were deposited 

on one card. All DBS cards were dried overnight at ambient temperature and stored in 

aluminum bags (Whatman Inc., Sanford, ME, USA) with a desiccant at -20°C.  
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The diameters of the blood spot were measured in the x- and y-axis using a Vernier caliper 

(Mitutoyo, Kawasaki, Kanagawa, Japan). The average of the two diameters for each spotted 

volume was used to calculate the dispersed area of the DBS using the circle formula (area 

= . In total 885 DBSs were measured (15 DBS per individual). A 3 mm diameter DBS, 

corresponds to an area of 7.07 mm2. Thus, the calculation of the blood volume in a 3 mm 

diameter DBS was performed by using the formula: (7.07mm2 x known blood volume)/ entire 

DBS dispersed area of the known blood volume. As only one researcher prepared and measured 

the size of all DBS cards, the 50-μL DBS spots were used to assess the repeatability of the 

procedure (n=5 DBS samples per individual).  

 

Application of the DBS method 

The validated DBS method was applied to quantify the concentration of PFASs in finger prick 

DBS from 59 volunteers. A 3 mm diameter DBS were taken avoiding the edge of the spot to 

minimize sample-to-sample volume variability. Ten disks of a 3 mm diameter DBS were placed 

into a 2 mL polypropylene centrifuge tube and processed in the same way as described for the 

validation process. 

 

Statistical analysis 

To compare the methods, twenty-five PFASs were measured in paired DBS and whole blood 

samples. Only PFHxS, PFOS, PFOA, PFNA, PFDA, PFUnDA, and PFOSA were used in 

further statistical analyses due to their satisfactory detection frequencies (>85%). 

Concentrations of PFASs below MDLs were assigned the value of MDL divided by the square 

root of two (MDL/√2). The agreement between respective PFAS concentrations in DBS and 

whole blood samples was assessed using the Passing-Bablok regressions16-17 and Bland-Altman 

plots18 in the Medcalc Statistical Software, version 17.4.4 (Ostend, Belgium, 
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https://www.medcalc.org, 2017). Also, Spearman’s rank and Intraclass correlation coefficients 

(ICC) were used to assess the PFAS correlation between methods. 

Regarding the calculated dispersed blood volume on a 3 mm diameter DBS, the normality of 

blood volumes was examined by the Shapiro-Wilk test and visually by histograms. A t-test and 

Mann-Whitney test assessed possible differences in estimated blood volumes on a 3 mm 

diameter DBS between genders for normally and non-normally distributed data, respectively. 

A one-way ANOVA and Kruskal-Wallis test assessed possible differences in estimated blood 

volumes on a 3 mm diameter DBS between tertiles of age (<36 years, 36 – 45 years, and >45 

years) for normally and non-normally distributed data, respectively. The repeatability of the 

blood volume on a 3 mm diameter DBS was evaluated using five replicates of a 50-μL blood 

spot. The coefficient of variation (CV) was used as a measure of repeatability. The significance 

level was set at p ≤ 0.05 in all the statistical analyses. SPSS version 23.0 (SPSS Inc., Chicago, 

IL, USA) was used for statistical analyses. 

 

Results and discussion 

Extraction of PFASs from the DBS cards 

Before the evaluation of the presented DBS method, the extraction method had to be optimized 

and validated. The extraction procedure was optimized by using the same instrumental 

analytical condition (online SPE-UHPLC-MS/MS) as the previous method development for 

PFASs analysis in human serum, plasma, and whole blood.14 Various amounts of methanol 

(180, 270, 360, and 450 μL) and ultrasonic treatment extraction times (15, 30, 45, and 60 min) 

were examined at three fortified levels (0.15, 3.0, 30 ng mL-1) on  DBSs (n=3). A final volume 

of 270 μL methanol and 60 min of extraction time were found to provide the best overall 

sensitivity for the targeted PFASs (data not shown). 
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Following the optimization of the PFAS extraction from DBS, the performance of the DBS 

method was validated.  A weighting of 1/concentration (1/x) was used to determine the linearity 

of the method over a wide concentration range from 0.025 to 50 ng mL-1. Excellent linearity 

was found with correlation coefficients (r) in the range of 0.989–0.999, depending on the 

compounds. The method quantification limits (MQLs) were restricted to the lowest calibration 

standard (S/N > 10), and method detection limits (MDLs) were set to 3/10 of the MQLs. The 

MDLs were in the range 0.0075 to 0.3 ng mL-1. More details of the dynamic ranges, the 

linearity, MQLs, and MDLs are given in SI Table S2.  

 

Six spiking concentrations (n= 5) within the established linear range were analyzed to examine 

the method accuracy ((the obtained concentration in the spiked sample / the nominal 

concentration)*100). An average method accuracy of 91±16% was obtained, including all 

spiking levels (SI Table S3). The repeatability was excellent, with an average coefficient of 

variation (CV) of 11%. The method intermediate precision was evaluated by analyzing a new 

set of calibration standards and spiked samples after the initial validation. Also, the columns 

and other solvents were changed to a new set for the method intermediate precision. The 

coefficients of variation of the obtained concentrations from these two spiking experiments 

(n=5+5) were used to assess the method intermediate precision. An average intermediate 

precision of 15±8% (n=10) was obtained (SI Table S4). Also, the method was determined by 

the difference of accuracy between-batch of analyses and found at the average of 14±12%. 

 

Assessment of the blood volume on a 3 mm diameter DBS 

The relationship between blood volume and spot size used for analysis must be known to ensure 

accurate PFAS determinations using DBS samples. The areas of the spotted blood on the DBS 

cards increased linearly when increased blood volume from 20–70 μL. Using geometric 
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aspects, a standardized blood volume on a 3 mm diameter DBS was determined from DBS 

dispersed areas of known blood volumes (Table 1). No statistically significant differences were 

observed between genders for the estimated blood volumes on a 3 mm diameter DBS, for all 

the studied blood volumes, except for the 60-μL blood spot (Mann-Whitney test, p-value = 

0.027). Further, no statistically significant differences were found for the estimated blood 

volume on a 3 mm diameter DBS by age-tertiles. 

 

As seen in Table 1, the median blood volume on a 3 mm diameter DBS ranged from 3.0–3.4 

μL for 20–70 μL blood applied on the DBS. The median (range) blood volume on a 3 mm 

diameter DBS based on all measurements (n=708) was 3.3 μL (2.4–4.0 μL) (Figure 2). Based 

on the five replicates of a 50-μL blood spot assessed for all volunteers, the repeatability of blood 

volume on a 3 mm DBS punch was found satisfactory since the coefficient of variation lower 

than 8.0% (n=295 measurements).  

 

Table 1. Median (range) calculated blood volumes on a 3 mm diameter DBS obtained 

from blood spots with different blood volumes 

Spotted 

volume (μL) 

All participants 

(μL) 

Gender Age-tertiles 

Women (μL) Men (μL) <36 36–45 >45 

20 3.0 (2.9–3.2) 3.0 (3.0–3.1) 3.0 (2.9–3.1) 3.0 (2.9–3.2) 3.1 (2.9–3.2) 3.0 (2.9–3.1) 

30 3.2 (3.1–3.3) 3.2 (3.1–3.3) 3.2 (3.1–3.3) 3.2 (3.1–3.3) 3.2 (3.1–3.3) 3.2 (3.1–3.3) 

40 3.3 (3.1–3.4) 3.3 (3.2–3.3) 3.3 (3.2–3.4) 3.3 (3.2–3.4) 3.3 (3.1–3.3) 3.3 (3.2–3.4) 

50 a 3.3 (3.3–3.4) 3.3 (3.3–3.4) 3.4 (3.3–3.5) 3.3 (3.3–3.4) 3.3 (3.3–3.4) 3.3 (3.3–3.4) 

60 b 3.3 (3.2–3.5) 3.3 (3.3–3.4) 3.4 (3.3–3.5) 3.3 (3.3–3.4) 3.3 (3.3–3.4) 3.3 (3.3–3.4) 

70 3.4 (3.3–3.5) 3.4 (3.4–3.5) 3.4 (3.4–3.6) 3.4 (3.4–3.5) 3.3 (3.3–3.5) 3.4 (3.3–3.5) 
a Only two spots per person were included. b A statistically significant difference between 

gender on the estimated blood volumes on a 3 mm diameter DBS was found (Mann-Whitney

test).  
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Figure 2. Histogram of calculated blood volume on a 3 mm diameter DBS (in μL) (n= 708 

measurements) 

 

Women and men in a broad age range have been included in this study, several blood spot 

volumes (20–70 μL) were examined to investigate the dispersion of whole blood on the blood 

collection card, and consistent blood volumes were obtained. One person performed all the area 

measurements in two consecutive days, and this decreases the sources of bias and variation. We 

acknowledge that some bias in the measured diameters of the DBS samples of known volumes 

(especially <40 μL) can be introduced by the caliper and non-circle dispersion of the blood. It 

should be mentioned that no information on the volunteers’ use of medication was available in 

this study, e.g., blood pressure medicine, which might affect the dispersion of blood on the DBS 

card. However, given the large number of measurements (n=708) and the small variability 

(range: 2.35–4.03 μl) of the estimated blood volumes, demonstrates that the obtained 3.26 μL 
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blood volume on a 3 mm diameter DBS was applicable as a standardized volume for accurate 

quantification of PFASs using finger prick DBS in adults. 

 

Studies on DBS for adult blood are scarce. In a previous study, newborns blood volume on a 3 

mm diameter DBS was assumed to be 3.01 μL based on 55% hematocrit level.19 This volume 

is only 8.2% less than the calculated blood volume of adults in the present study, which 

indicates that the standardized blood volume obtained in this study could also be applied for 

newborns as well as for children. 

 

Comparison of DBS and whole blood samples 

To evaluate the effects on the quantification of PFASs using filter paper card and the 

standardized blood volume of a 3 mm diameter DBS, PFAS concentrations in finger prick DBS 

(10 disks of a 3 mm diameter DBS, equivalent to 32.6 μL) and venous whole blood samples 

(50 μL) from the same individuals were measured. In DBS samples, sixteen out of twenty-five 

targeted PFAS were detectable in the 59 DBS samples. The frequency of detection as well as 

median and range of PFAS concentrations, in the DBS samples are given in SI Table S5. The 

concentrations of PFASs in the venous whole blood samples of this cohort have been reported 

previously.20 A total of 57 paired venous whole blood and finger prick DBS samples from the 

same individuals were used for the comparison. 

 

Only the compounds that were detectable in more than 85% of the samples in both methods 

were used for the evaluation, namely; PFHxS, PFOS, PFOA, PFNA, PFDA, PFUnDA, and 

PFOSA. The comparison of PFAS concentrations from these two measurements is shown in 

Figure 3. The normalized differences of median concentrations in whole blood and DBS 

samples were evaluated by ((X1-X2)/((X1+X2)/2))*100 where X1 and X2 are median 
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concentrations of analyte in the whole blood and DBS samples, respectively. The median 

concentrations in whole blood samples were slightly higher than in DBS samples for PFHxS, 

PFOS, PFOA, PFDA, and PFUnDA, i.e., 19%, 18%, 21%, 43% and 12%, respectively. This 

finding indicates that the PFAS concentrations in DBS samples were slightly underestimated. 

In contrast, PFNA and PFOSA had a slightly lower concentration in whole blood when 

compared to DBS (3% and 18%, respectively). 

 

 

Figure 3. Box-plots of PFAS concentrations in DBS and whole blood samples (ng mL-1) 

from 57 paired samples  
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Spearman's rank correlation coefficients (rho) were 0.72–0.97 (p<0.0001), showing strong 

correlations between pairs of DBS and whole blood samples (Table 2). Intraclass correlation 

coefficients (ICC) were in the range 0.89–0.995, indicating the robust reliability of these 

measurements. 

 

To evaluate the use of DBS as sampling method in biomonitoring of PFASs, Passing-Bablok 

regression (y=a+bx) was used to examine the systematic difference (intercept, a) and the 

proportional difference (slope, b) between the DBS and the whole blood methods.17 The 

Passing-Bablok regression model is valid only when a linear relationship exists between two 

measurements. Thus a CUSUM test was used to assess this, and showed that there was no 

significant deviation from linearity in the agreement of both measurements (p>0.05, CUSUM 

test). Regarding the systematic difference, a slight constant bias was present for PFOS, PFDA, 

PFUnDA, and PFOSA, whereas PFHxS, PFOA, and PFNA showed excellent agreement (the 

95% confidence interval (CI) of the intercept included zero). The Passing-Bablok slopes 

provide an estimate of proportional bias, for which the difference between methods was 

estimated to be larger for PFHxS, PFOS, PFOA, and PFUnDA with higher measured 

concentrations in whole blood, and for PFOSA with a higher measured concentration in DBS. 

An excellent agreement was observed for the proportional bias for PFNA and PFDA, where the 

95%CI of the slope included one (Table 2 and SI Figure S1). 
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Table 2. Correlations and Passing-Bablok regressions between PFAS concentrations 

measured in DBS and venous whole blood in 57 paired samples  

 
Correlations  

 
CUSUM
, 
p-value a 

 Systematic differences  Proportional differenc
es 

 

Spearman's 
rankb 

ICCc 
  Intercept 

A 
95% CI Slope B 95% CI 

PFHxS 0.90 0.96  0.32   0.004 -0.03 to  0.04  0.82 0.74 to 0.90 

PFOS 0.97 0.98  0.93  -0.25 -0.44 to -0.06  0.92 0.87 to 0.99 

PFOA 0.95 0.99  0.74  -0.02 -0.06 to  0.03  0.89 0.83 to 0.94 

PFNA 0.90 0.96  0.52   0.04 -0.01 to  0.07  0.94 0.84 to 1.04 

PFDA 0.72 0.89  0.93  -0.06 -0.11 to -0.03  0.87 0.72 to 1.10 

PFUnDA 0.94 0.95  0.74   0.02  0.01 to  0.04  0.75 0.68 to 0.84 

PFOSA 0.84 0.93  0.93  -0.06 -0.11 to -0.02  1.62 1.40 to 1.96 
a p-value of Cusum test was used to validate the linearity between two methods.  b All 
correlations were significant correlations (Spearman's rank correlation coefficients (rho), 
p<0.0001). c Intraclass correlation coefficients 
 

 

A comparison between methods was also performed by evaluating Bland-Altman plots, which 

is used for assessing agreement in quantitative measurements between two methods.21 The 

PFAS concentrations measured in whole blood were used as the reference (the x-axis) and 

plotted against the difference in PFAS concentrations measured in whole blood and DBS 

samples (the y-axis = whole blood – DBS) (SI Figure S2). The Bland-Altman plots revealed a 

small bias for most/all compounds since the mean differences were slightly shifted from zero. 

The mean differences were in the range from -0.08 ng mL-1 (in PFOSA) to 0.5 ng mL-1 (in 

PFOS). It can be seen that >95% of the samples lied within ± 1.96 standard deviation (SD) of 

the mean difference for all PFASs (i.e. the limits of agreement).22 This could be evaluated as 

an excellent agreement for DBS to whole blood measurement methods, and indicates that DBS 

sampling can be applied for reliable determination of PFASs in blood. 
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We have established a standardized blood volume of a 3 mm diameter DBS suitable for use in 

the quantification of PFAS concentrations in samples from finger prick DBSs. The method for 

determination of PFASs in DBS samples using online SPE-UHPLC-MS/MS required only 30 

uL DBS spot or 10 disks of a 3 mm diameter DBS. Statistical methods demonstrated excellent 

agreement of concentrations in finger prick DBS samples and venous whole blood samples for 

PFHxS, PFOS, PFOA, PFNA, PFDA, PFUnDA, and PFOSA. The differences between the 

methods generally well below 20%, and suspected that this is applicable for other PFASs not 

in this study as well. However, the other filter papers might need to evaluate on the DBS 

dispersed area and volume. This method allows high throughput and can be applied in large-

scale biomonitoring both using self-collected DBS samples and archived DBS samples. The 

use of DBS sampling is advantageous to minimize the participants sampling burden and allows 

easy sampling of larger populations. Thus, this study demonstrates that DBS sampling is 

applicable for cost-effective, reliable and accurate determination of PFASs in large 

biomonitoring studies. 
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Table S1. List of PFASs 
Target compound Abbreviation Molecular ion Precursor ion (m/z) Product ion (m/z) 

Native compounds     

Polyfluoroalkyl phosphate esters (PAPs)     

6:2 polyfluoroalkyl phosphate monoester a 6:2 PAP [C8H5F13O4P]- 443 97 

8:2 polyfluoroalkyl phosphate monoester a 8:2 PAP [C10H5F17O4P]- 543 97 

6:2 polyfluoroalkyl phosphate diester a 6:2 diPAP [C16H8F26O4P]- 789 443 

8:2 polyfluoroalkyl phosphate diester b 8:2 diPAP [C20H8F34O4P]- 989 543 

Perfluoroalkyl phosphonates (PFPAs)     

Perfluorohexylphosphonate e PFHxPA [C6HF13O3P]- 399 79 

Perfluorooctylphosphonate e PFOPA [C8HF17O3P]- 499 79 

Perfluorodecylphosphonate e PFDPA [C10HF21O3P]- 599 79 

Perfluoroalkyl sulfonates (PFSAs)     

Perfluorobutanesulfonate c PFBS [C4F9O3S]- 299 80 

Perfluorohexanesulfonate c PFHxS [C6F13O3S]- 399 80 

Perfluoroheptanesulfonate d PFHpS [C7F15O3S]- 449 80 

Perfluorooctanesulfonate d PFOS [C8F17O3S]- 499 99 

Perfluorodecanesulfonate d PFDS [C10F21O3S]- 599 80 

Perfluoroalkyl carboxylates (PFCAs)     

Perfluoropentanoate e PFPeA [C5F9O2]- 263 219 

Perfluorohexanoate e PFHxA [C6F11O2]- 313 269 

Perfluoroheptanoate f PFHpA [C7F13O2]- 363 319 

Perfluorooctanoate f PFOA [C8F15O2]- 413 369 

Perfluorononanoate g PFNA [C9F17O2]- 463 419 

Perfluorodecanoate h PFDA [C10F19O2]- 513 469 

Perfluoroundecanoate i PFUnDA [C11F21O2]- 563 519 

Perfluorododecanoate j PFDoDA [C12F23O2]- 613 569 

Perfluorotridecanoate j PFTrDA [C13F25O2]- 663 619 

Perfluorotetradecanoate j PFTeDA [C14F27O2]- 713 669 

Perfluoroalkyl sulfonamides (FOSAs)     

Perfluorooctanesulfonamide k PFOSA [C8HF17NO2S]- 498 78 

N-methyl perfluorooctanesulfonamide k MeFOSA [C9H3F17NO2S]- 512 169 

N-ethyl perfluorooctanesulfonamide k EtFOSA [C10H5F17NO2S]- 526 169 
     

Mass-labeled internal standards     

13C4-6:2 polyfluoroalkyl phosphate diester 13C4-6:2 diPAP [13C4
12C12H8F26O4P]- 793 445 

13C4-8:2 polyfluoroalkyl phosphate diester 13C4-8:2 diPAP [13C4
12C16H8F34O4P]- 993 545 

18O2-perfluorohexanesulfonate 18O2-PFHxS [C6F13
18O2

16OS]- 403 84 
13C4-perfluorooctanesulfonate 13C4-PFOS [13C4

12C4F17O3S]- 503 80 
13C2-perfluorohexanoate 13C2-PFHxA [13C2

12C4F11O2]- 315 270 
13C4-perfluorooctanoate 13C4-PFOA [13C4

12C4F15O2]- 417 372 
13C5-perfluorononanoate 13C5-PFNA [13C5

12C4F17O2]- 468 423 
13C2-perfluorodecanoate 13C2-PFDA [13C2

12C8F19O2]- 515 470 
13C2-perfluoroundecanoate 13C2-PFUnDA [13C2

12C9F21O2]- 565 520 
13C2-perfluorododecanoate 13C2-PFDoDA [13C2

12C10F23O2]- 615 570 

d3-N-methyl perfluorooctanesulfonamide d3-N-MeFOSA [C9D3F17NO2S]- 515 169 
* Corresponding Internal standard used; a = 13C4-6:2 diPAP, b = 13C4-8:2 diPAP, c = 18O2-PFHxS, d = 13C4-PFOS, e = 13C2-PFHxA, f = 
13C4-PFOA, g = 13C5-PFNA, h = 13C2-PFDA, i = 13C2-PFUnDA, j = 13C2-PFDoDA, k = d3-N-MeFOSA 
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Table S2. The linearity and detection limits of the method 

PFASs 
Linearity  Method limits  

(ng mL-1 blood) 
Range (ng mL-1 blood)   R  Estimated 

MDL 
 Estimated 

MQL Vali. 1 Vali. 2 App. Vali. 1 Vali. 2 App.   

6:2 PAP 1.0-50 1.0-50 1.0-50  0.996 0.993 0.987  0.3  1.0 
8:2 PAP 0.25-50 0.25-50 0.25-50 0.995 0.987 0.980 0.075  0.25 
6:2 diPAP 0.25-50 0.25-50 0.25-50 0.995 0.995 0.996 0.075  0.25 
8:2 diPAP 0.25-50 0.25-50 0.25-50 0.993 0.995 0.995 0.075  0.25 
PFHxPA 0.1-50 0.1-50 0.1-50 0.992 0.987 0.996 0.03  0.1 
PFOPA 0.1-50 0.1-50 0.1-50 0.995 0.991 0.976 0.03  0.1 
PFDPA 0.1-50 0.1-50 0.1-50 0.993 0.991 0.999 0.03  0.1 
PFBS 0.1-50 0.1-50 0.1-50 0.991 0.985 0.986 0.03  0.1 
PFHxS 0.1-50 0.1-50 0.1-50 0.992 0.991 0.987 0.03  0.1 
PFHpS 0.05-50 0.1-50 0.05-50 0.994 0.991 0.992 0.015  0.05 
PFOS 0.1-50 0.1-50 0.1-50 0.996 0.994 0.996 0.03  0.1 
PFDS 0.05-50 0.05-50 0.05-50 0.995 0.989 0.992 0.015  0.05 
PFPeA 1.0-50 1.0-50 1.0-50 0.996 0.987 0.989 0.3  1.0 
PFHxA 0.25-50 0.25-50 0.25-50 0.995 0.992 0.997 0.075  0.25 
PFHpA 0.25-50 0.25-50 0.25-50 0.998 0.988 0.990 0.075  0.25 
PFOA 0.025-50 0.025-50 0.025-50 0.999 0.990 0.995 0.0075  0.025 
PFNA 0.05-50 0.1-50 0.05-50 0.997 0.993 0.994 0.015  0.05 
PFDA 0.1-50 0.1-50 0.1-50 0.994 0.988 0.996 0.03  0.1 
PFUnDA 0.05-50 0.05-50 0.05-50 0.998 0.992 0.997 0.015  0.05 
PFDoDA 0.25-50 0.25-50 0.25-50 0.996 0.993 0.996 0.075  0.25 
PFTrDA 0.25-50 0.25-50 0.25-50 0.996 0.991 0.992 0.075  0.25 
PFTeDA 0.25-50 0.25-50 0.25-50 0.989 0.984 0.984 0.075  0.25 
PFOSA 0.25-50 0.25-50 0.25-50 0.992 0.984 0.995 0.075  0.25 
MeFOSA 0.25-50 0.5-50 0.25-50 0.992 0.982 0.982 0.075  0.25 
EtFOSA 0.25-50 0.25-50 0.25-50  0.990 0.981 0.991  0.075  0.25 
*Vali. 1= validation batch 1; Vali.2= validation batch 2; App=Application in DBS samples 
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Table S3. Accuracy (Acc., %) with repeatability (Rep., % cv) in parenthesis for DBS 
samples spiked with six different concentrations of PFASs 

PFASs 0.07 ng mL-1  
Acc. (Rep.) 

0.15 ng mL-1  
Acc. (Rep.) 

0.75 ng mL-1  
Acc. (Rep.) 

3.0 ng mL-1 

Acc. (Rep.) 
15 ng mL-1 

Acc. (Rep.) 
30 ng mL-1 

Acc. (Rep.) 
6:2 PAP       56 (12) 84 (2.9) 87 (1.4) 

8:2 PAP     69 (27) 70 (17) 87 (12) 78 (19) 

6:2 diPAP     81 (23) 80 (16) 85 (5.3) 89 (8.9) 

8:2 diPAP     86 (15) 85 (7.9) 90 (13) 89 (6.4) 

PFHxPA   101 (16) 89 (11) 76 (4.8) 92 (12) 95 (6.9) 

PFOPA   74 (25) 80 (7.1) 82 (20) 111 (12) 103 (17) 

PFDPA   81 (21) 95 (11) 86 (10) 101 (6.2) 95 (7.6) 

PFBS   120 (22) 101 (4.2) 78 (11) 87 (6.4) 92 (8.2) 

PFHxS   87 (26) 90 (13) 77 (6.6) 86 (12) 83 (11) 

PFHpS 111 (18) 134 (25) 126 (17) 101 (12) 108 (13) 134 (14) 

PFOS   105 (18) 98 (24) 83 (11) 85 (12) 94 (5.1) 

PFDS 132 (34) 112 (19) 113 (13) 92 (16) 105 (9.0) 122 (11) 

PFPeA       77 (7.7) 90 (3.3) 86 (5.6) 

PFHxA     128 (31) 121 (27) 105 (5.7) 96 (5.8) 

PFHpA     85 (3.5) 70 (14) 84 (6.0) 74 (6.5) 

PFOA   95 (9.9) 93 (11) 75 (3.1) 92 (1.9) 93 (4.3) 

PFNA 83 (10) 91 (4.2) 82 (4.5) 79 (6.7) 88 (8.5) 97 (0.9) 

PFDA   139 (16) 99 (14) 85 (5.0) 98 (1.2) 99 (3.2) 

PFUnDA   92 (9.6) 94 (7.4) 77 (4.7) 86 (9.0) 92 (10) 

PFDoDA     107 (15) 83 (4.5) 91 (3.8) 93 (5.6) 

PFTrDA     73 (16) 85 (17) 91 (10.0) 97 (11) 

PFTeDA     90 (23) 78 (18) 72 (6.2) 81 (4.5) 

PFOSA     57 (17) 63 (25) 74 (8.3) 70 (5.0) 

MeFOSA     99 (16) 80 (19) 100 (2.9) 99 (3.3) 

EtFOSA         87 (12) 86 (19) 108 (5.8) 87 (6.9) 

The number of replicates used for assessment of accuracy and repeatability was n = 5. 
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Table S4. Intermediate precision (Int., %) and between-run differences (Diff., %) in 
DBS samples spiked with six different concentrations of PFAS 
  
PFASs 

0.07 ng mL-1  0.15 ng mL-1  0.75 ng mL-1  3.0 ng mL-1  15 ng mL-1  30 ng mL-1 

Int. Diff.  Int. Diff.  Int. Diff.  Int. Diff.  Int. Diff.  Int. Diff. 
6:2 PAP 18 17 10.0 1.2 7.7 14 

8:2 PAP 
      

34 23 
 

13 10 
 

13 9.8 
 

13 1.6 

6:2 diPAP 
      

28 21 
 

17 11 
 

8.6 7.8 
 

7.1 4.3 

8:2 diPAP 
      

27 1.3 
 

13 7.8 
 

10 2.5 
 

8.7 8.4 

PFHxPA 
   

12 1.8 
 

15 5.3 
 

8.4 11 
 

13 0.1 
 

9.0 12 

PFOPA 
   

20 19 
 

7.8 1.2 
 

16 12 
 

20 34 
 

17 21 

PFDPA 
   

17 12 
 

13 18 
 

8.4 6.5 
 

11 19 
 

9.6 13 

PFBS 
   

52 37 
 

9.1 5.4 14 0.1 7.2 2.4 7.2 2.5 

PFHxS 
   

33 29 
 

11 4.8 
 

8.2 0.6 
 

9.6 0.0 
 

10 8.9 

PFHpS 
   

25 25 
 

20 23 
 

15 22 
 

20 23 
 

25 42 

PFOS 
   

14 14 
 

22 0.1 
 

12 15 
 

9.7 1.0 
 

9.8 6.1 

PFDS 31 8.5 
 

25 12 
 

13 11 
 

17 22 
 

17 24 
 

21 32 

PFPeA 
         

16 2.9 
 

5.8 4.1 
 

6.3 7.9 

PFHxA 
      

29 25 
 

26 29 
 

10 15 
 

8.0 8.6 

PFHpA 
      

12 8.8 
 

18 20 
 

17 17 
 

17 27 

PFOA 
   

12 16 
 

9.5 3.6 
 

7.9 7.5 
 

2.8 2.8 
 

5.1 1.8 

PFNA 
   

22 39 
 

8.9 9.9 
 

11 2.1 
 

7.3 4.1 
 

11 11 

PFDA 
   

34 48 
 

14 12 
 

8.7 14 
 

5.1 7.0 
 

5.7 2.5 

PFUnDA 
   

9.9 7.1 
 

5.5 1.1 
 

7.6 2.2 
 

9.2 8.4 
 

7.7 0.5 

PFDoDA 
      

16 16 
 

10 15 
 

4.0 2.4 
 

6.0 2.8 

PFTrDA 23 27 18 24 12 15 16 24 

PFTeDA 
      

22 5.0 
 

16 18 
 

18 30 
 

12 12 

PFOSA 
      

39 69 
 

23 30 
 

17 25 
 

11 15 

MeFOSA 
      

21 1.9 
 

17 6.7 
 

11 14 
 

7.7 0.9 

EtFOSA 
      

39 43 
 

25 34 
 

7.0 2.4 
 

8.0 8.9 

The number of replicates used for intermediate precision and between-run assessment was n = 10. 
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Table S5. Descriptive statistics for PFASs determined in 59 DBS samples  

PFASs n>MDL 
(%)a 

MDL<n<MQL 
(%) 

Median 
(ng mL-1)b 

Mean 
(ng mL-1)b 

Minimum 
(ng mL-1) 

Maximum 
(ng mL-1) 

8:2 PAP 7 3 <MDL <MDL <MDL 0.47 
6:2 diPAP 5 5 <MDL <MDL <MDL 0.15 
8:2 diPAP 8 8 <MDL <MDL <MDL 0.21 
PFHxPA 14 2 <MDL 0.06 <MDL 0.48 
PFBS 27 10 <MDL 0.05 <MDL 0.23 
PFHxS 100 0 0.35 0.41 0.16 1.05 
PFHpS 56 3 0.05 0.10 <MDL 0.41 
PFOS 100 0 2.38 3.03 0.58 9.34 
PFDS 8 3 <MDL 0.02 <MDL 0.14 
PFOA 100 0 0.77 1.03 0.19 10.74 
PFNA 100 0 0.39 0.44 0.15 1.00 
PFDA 92 22 0.14 0.15 <MDL 0.61 
PFUnDA 98 7 0.16 0.19 <MDL 0.71 
PFDoDA 41 41 <MDL <MDL <MDL 0.18 
PFTrDA 2 2 <MDL <MDL <MDL 0.08 
PFOSA 88 51 0.17 0.30 <MDL 3.74 
a % detection frequency was calculated from the number of sample above their MDLs, b The value below MDL was applied the MDLs divided by the square root 

of two and taken into account for median and mean calculation.. 
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Figure S1. Passing-Bablok regression analyses of PFAS concentrations (ng mL-1) 

measured in venous whole blood and DBS: PFHxS (a), PFOS (b), PFOA (c), PFNA (d), 

PFDA (e), PFUnDA (f), and PFOSA (g). The blue line indicates the unbiased estimates 

of the intercept and slope from the regression. The green line indicates the 95% 

confidence interval around those estimates. The dashed line represents the line of 

identity (the 1:1 PFAS concentrations).  
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Figure S2. Bland-Altman plots of the absolute difference between PFAS concentrations 
measured in whole blood and DBS samples: PFHxS (a), PFOS (b), PFOA (c), PFNA (d), 
PFDA (e), PFUnDA (f), and PFOSA (g). The dark blue line represents the mean 
difference. The dashed green line indicates the 95% limits of agreement (±1.96 SD) 

a b c 
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