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PREFACE 

People in modern societies are exposed to a broad spectrum of environmental chemicals. Exposure 

to some of them may be associated with adverse health effects. The knowledge of population exposure to 

these substances is therefore crucial for the estimation of associated health risks. An intensive 

anthropogenic activity and rapidly progressing industrial development have resulted in the production of 

various chemicals, which are used in many industrial and commercial applications. Pollution by man-made 

persistent organic pollutants (POPs) has been a serious global issue for over half a last century. POPs have 

become chemicals of concern due to their following features: a) considerable resistance to degradation, b) 

ability to be transported over long distances from sources by air and ocean currents, c) potential to 

bioaccumulate through terrestrial and aquatic food webs in amounts that may result in adverse health 

effects for animals and humans, and d) potential toxic effects such as immunotoxicity, neurotoxicity, 

developmental toxicity, carcinogenicity, mutagenicity and endocrine disruption. Typical substances of the 

POPs group are organohalogenated compounds represented by polychlorinated biphenyls (PCBs), 

brominated flame retardants (BFRs), organochlorinated pesticides (OCPs) and per- and polyfluoroalkyl 

substances (PFAS). 

This Habilitation Theses is focused on the human biological monitoring (or the so-called human 

biomonitoring), which represents an effective tool for the assessment of population exposure to a broad 

spectrum of environmental chemicals. Special attention is paid to the development and validation of sample 

preparation procedures and possibility to combine determination of various groups of compounds into one 

“multi-analytes” method, thus decrease the requirements for the amount of biological material needed for 

the ultra-trace analysis. 

The practical applications have been developed within the framework of the working group of 

Prof. Jana Pulkrabová at the Department of Food Analysis and Nutrition of the University of Chemistry and 

Technology, Prague, in the period September 2010 until February 2022. 

This Habilitation Thesis documents author´s inputs to the development of analytical methods for 

the analysis of PCBs, OCPs, BFRs, PFAS and metabolites of polycyclic aromatic hydrocarbons (PAHs), 

phthalates and di-iso-nonyl cyclohexane-1,2-dicarboxylate (DINCH), and their further application for the 

investigation of biomonitoring samples represented by blood serum, breast milk and urine. The results 

obtained within the research activities were published in 21 original papers, 13 short papers (conference 

proceedings) and also presented in more than 100 contribution at scientific conferences both as oral 

presentations and posters. 
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 MAIN OBJECTIVES OF THE PRESENTED HABILITATION THESIS 

The presented Habilitation Thesis is dealing with human biomonitoring and novel analytical 

approaches for the simultaneous determination of various groups of environmental contaminants and their 

exposure markers (metabolites) in human biological matrices (blood serum, urine and breast milk). 

Experimental part focuses mainly on the development of analytical methods employing liquid 

chromatography (LC) and gas chromatography (GC) separation techniques coupled to (tandem) mass 

spectrometry (MS(/MS)). Special attention is paid to the validation of sample preparation procedures and 

their applications to real-life samples obtained primarily within the Czech human biomonitoring studies. 

Following tasks are addressed: 

(A) DEVELOPMENT OF THE NOVEL ANALYTICAL STRATEGIES 

 Multi-analyte method for the analysis of five groups of persistent organic pollutants (POPs) in 

human blood serum (Appendix I) 

 Method for the simultaneous determination of perfluoroalkyl substances (PFAS), brominated flame 

retardants (BFRs) and their metabolites in human breast milk (Appendix II) 

 Simple method for the analysis of phthalate and di-iso-nonyl cyclohexane-1,2-dicarboxylate 

(DINCH) urinary metabolites (Appendix III) 

 Novel strategy for the determination of polycyclic aromatic hydrocarbon monohydroxylated 

metabolites (OH-PAHs) in urine (Appendix IV) 

 

(B) HUMAN BIOLOGICAL MONITORING (HBM) 

 Introduction of the quality assurance/quality control programme for the analysis of selected 

priority chemicals within the European human biomonitoring platform (Appendix V and 

Appendix VI) 

 Biomonitoring of POPs represented by flame retardants, PFAS, organochlorinated pesticides 

(OCPs) and polychlorinated biphenyls (PCBs) in serum of Czech population (Appendix I and 

Appendix VII) 

 Determination of PFAS in serum of mother-child cohort in the Slovak Republic (Appendix VIII) 

 Analysis of PFAS in breast milk collected within Czech human biomonitoring program (Appendix 

II and Appendix IX)  

 Occurrence of OH-PAHs (Appendix X and Appendix XI), metabolites of phthalates and DINCH 

(Appendix III) in urine of Czech mothers and their newborns 
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 HUMAN BIOLOGICAL MONITORING  

2.1 Characterization of human biomonitoring 

Exposure to environmental pollutants (further described in Chapter 3) may occur through different 

routes, such as inhalation, ingestion, and dermal absorption (Figure 1). The amount of pollutant uptake is 

often termed as the “absorbed dose”. Thus, the body burden of a specific compound is determined by several 

factors, such as the contaminant’s concentration in a specific environmental medium, its physical and 

chemical properties, and timing and duration of exposure, as well as individual factors, such as uptake, 

metabolism and excretion rates. Human bimonitoring (HBM) reflects all these factors by measuring the 

concentration of a chemical or its metabolites in human matrices. In contrast, for environmental pollutants 

with multiple exposure pathways, comprehensive exposure assessment based on environmental data 

requires quantitation of pollutant levels in multiple matrices and data on individual behavioral patterns 

affecting exposure, such as the consumption of contaminated foods (HBM, facts and figures, WHO, 2015). 

 

Figure 1 Assessment of human exposure to environmental pollutants (created by author of this 

Habilitation Thesis using Classroom Clipart © 2021) 

HBM can be defined as “the method for assessing human exposure to chemicals or their effects by 

measuring these chemicals, their metabolites, or reaction products in human specimens” (CDC, 2005). Once 

the chemical is absorbed in the body, it can be excreted without transformation, excreted after 

metabolization, or stored in various tissues or bones. Biomonitoring involves measurement of biomarkers 

in bodily fluids, such as blood, urine, saliva, breast milk, sweat, and other specimens, such as faeces, hair, 

teeth, and nails. Table 1 summarizes the advantages and limitations of biological matrices that are 

commonly used in HBM studies to assess environmental exposures in humans. 
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Table 1 Biological matrices used in HBM studies (HBM, facts and figures, WHO, 2015) 

Matrix Population Advantages Limitations 
Example of compounds 
measured in the 
matrix 

Blood, 
serum, 
plasma 

General 

o In equilibrium with all 
organs and tissues 

o Well established SOPs for 
sampling 

o Invasive; trained staff and 
special materials required 

o Volume limitation. 
o Special conditions for 

transport and shipment 

POPs, metals/trace 
elements, organic 
compounds, tobacco 
smoke 

Cord 
blood 

Specific 
(neonates) 

o Non-invasive; provides 
information about 
mother and child 

o Well defined SOP for 
peripheral blood can be 
used for cord blood 

o Only available at birth in 
maternity ward settings 

o Ethical constraints  
o Special conditions for 

transport and storage 

POPs and other organic 
compounds, 
metals/trace elements, 
tobacco smoke 

Urine General 

o Non-invasive, easy 
collection, no volume 
limitation 

o Allows analysis of 
metabolite 

o Composition of urine varies 
over time 

Metals/trace elements, 
organic compounds, 
tobacco smoke. 
Metabolites of 
environmental 
pollutants 

Breast 
milk 

Specific 
(mothers) 

o Provides information 
about mother and child 

o Enriched with lipophilic 
compounds 

o Somewhat invasive 
o Restricted period of 

availability 
o Depuration of chemicals 

during lactation should be 
considered 

POPs, metals/trace 
elements, organic 
compounds, tobacco 

Hair  

General, 
with few 
exceptions 
(neonates) 

o Non-invasive; minimum 
training required for 
sampling 

o No special requirements 
for transport and storage 

o Information about 
cumulative exposure 
during previous months 

o Segmental analysis is 
possible 

o Hair is exposed to the 
environment and can be 
externally contaminated 

o Potential variations with 
subject’s hair colour, hair 
care or race 

Metals/trace elements, 
POPs 

Nails General 

o Non-invasive, easy 
collection 

o No special storage or 
transport requirements 

o Provide information 
about short and long 
term exposure 

o Exposed to the environment 
and can be externally 
contaminated (toenails are 
less exposed) 

o Less documented for HBM 
applications 

Metals/trace elements, 
tobacco, e.g., arsenic, 
mercury, cadmium, lead 

Saliva General 
o Non-invasive 
o Easy collection 

o Lower concentrations of 
analytes than in blood; 
requires sensitive analytical 
techniques 

o Variation in flow rate and 
composition 

o The use of stimulant or 
absorbent pads can 
interfere with analysis 

o Less documented for HBM 
applications 

Metals/trace elements, 
organic compounds, 
POPs, tobacco 

Legend: HBM – human biomonitoring; POPs – persistent organic pollutants; SOP - standard operating procedure  
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Biomonitoring data directly reflect the total body burden or biological effect resulting from all 

routes of exposure, and interindividual variability in exposure levels, metabolism, and excretion rates. Such 

data are often the most relevant metric for health impact assessment, especially for bioaccumulation of 

persistent chemicals. For a given chemical, HBM can identify spatial and time trends, lifestyle contributing 

factors, and specific at-risk groups. HBM is an important tool to support environment protection and health 

policy-making because it can provide useful quantitative information regarding the actual exposure of a 

population to environmental pollutants including emerging ones, as well as data regarding the resulting 

health effects and/or population susceptibility to these xenobiotic compounds. Worth to notice, that 

biomonitoring usually does not reveal exposure sources and routes. Therefore, environmental monitoring 

remains crucial for the development of targeted policy actions (Choi et al., 2015; HBM, facts and figures, 

WHO, 2015). 

2.2 European biomonitoring programs 

A number of countries in the European Union (EU) including the Czech Republic have well-

established HBM programs, but only at the national level (Černá et al., 2017; Ganzleben et al., 2017). The 

EU’s Environment and Health Action Plan 2004–2010 recognized the value of HBM and called for a coherent 

approach to biomonitoring across Europe (European Commission, 2004). First steps in this direction were 

undertaken in COPHES/DEMOCOPHES EU funded project, which developed harmonized protocols for HBM 

in Europe to improve the comparability of generated data (Schindler et al., 2014). To build on the work of 

these programs, a framework for the coordination of human biomonitoring activities at EU level was 

required. 

The European Commission launched a call in 2015 for a creating of European Joint programme for 

the monitoring and scientific assessment of human exposures to chemicals and potential health impacts in 

Europe, building on previous activities undertaken at the EU and national levels. As a result, in 2017, an 

initiative was started under the acronym HBM4EU (“Human Biomonitoring for Europe”; 

https://www.hbm4eu.eu/) that has brought together scientists from 30 countries and European 

Commission authorities (under the Horizon2020 Programme of the EU) to coordinate and advance HBM in 

Europe (Vorkamp et al., 2021). The prioritization strategy identified substances for research and survey 

under the HBM4EU project. The first list of HBM4EU priority compounds was published at website in 2016 

and included: aniline family; bisphenols; cadmium and chromium VI; chemical mixtures; emerging 

substances; flame retardants (FRs); polycyclic aromatic hydrocarbons (PAHs); per- and polyfluoroalkyl 

substances (PFAS); phthalates and Hexamoll® di-iso-nonyl cyclohexane-1,2-dicarboxylate (DINCH). The 

second extended list of priority compounds from 2018 included: acrylamide; aprotic solvents; arsenic; 

diisocyanates; lead; mercury; mycotoxins; pesticides and benzophenones (Vorkamp et al., 2021).  

The whole project was very ambitious, however all tasks defined in the HBM4EU have not been 

finished especially due to the restrictions related to COVID-19 pandemic in 2020-2021. From this reason 

the new Partnership for Chemicals Risk Assessment (PARC), which is currently under preparation by the 

EU Commission in cooperation with many of the HBM4EU partners will include a continuation of HBM4EU 

activities. In the PARC partnership, the plan is to join forces with European scientists to create the next 

generation of chemical risk assessment and to facilitate “The European Green Deal” (European Commission, 
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2019), which includes the sustainable management of chemicals for a non-toxic environment. An essential 

role of this partnership is to foster better use of existing knowledge and data, and better cooperation and 

coordination of research on the regulatory needs - all in order to improve risk assessment and management, 

including the development of an EU early warning system for emerging risks of chemicals 

occurring/entering in the environment (Dulio et al., 2020). 

2.3 Quality assurance/quality control of human biomonitoring studies 

For advancing HBM, a network of laboratories delivering reliable analytical data on human 

exposure is fundamental. In general, the chemical analysis of HBM samples involves a number of challenges, 

including trace levels of targeted analytes the variety of those to be included in various biological matrices, 

the risk of cross-contamination due to the omnipresence of some target contaminants (e.g., FRs and 

phthalates) and the limited availability of analytical standards and certified reference materials. Thus, 

HBM4EU implemented a complete quality assurance/quality control (QA/QC) scheme for the verification 

of analytical quality and comparability between laboratories for the biomonitoring analysis in the project.  

Interlaboratory Comparison Investigations (ICIs) and External Quality Assurance Schemes 

(EQUASs) were organized and their results were critically evaluated (Appendix V). 

University of Chemistry and Technology, Prague, Department of Food Analysis and Nutrition, was 

responsible for the realization of ICI/EQUAS programme (preparation, testing and distribution of control 

material, evaluation of results) for a complex spectrum FR biomarkers represented by three congeners of 

polybrominated diphenyl ethers (PBDEs; namely BDE-47, BDE-153 and BDE-209), two isomers of 

hexabromocyclododecane (α-HBCD and γ-HBCD), two dechlorane plus (anti-DP and syn-DP), 

tetrabromobisphenol A (TBBPA), decabromodiphenyl ethane (DBDPE), and 2,4,6-tribromophenol (2,4,6-

TBP) in blood serum, and by four metabolites of organophosphorus flame retardants (OPFRs) in urine. As 

a measure of the laboratories’ proficiency, Z-scores (Z) were calculated according to formula (1): 

𝑍 =
𝑥−𝑋

𝜎𝑇
  (1) 

With x = participant´s result; X = assigned value derived from the participants' results (in ICI) or 

expert results (in EQUAS); σT = standard deviation for proficiency assessment, pre-set at = 0.25*X 

Achievement of the study – HBM4EU QA/QC programme for FRs in serum and urine  

(Appendix VI) 

 The results obtained within the four rounds of the ICI/EQUAS programme (2018-2020) for FR 

biomarkers revealed the benefits and needs to involve this activity into biomonitoring. It confirmed 

availability of a fairly significant network of European laboratories capable to report the data not 

only for routinely measured BDE-47, BDE-153, BDE-209, α-HBCD, and γ-HBCD but also for anti-DP 

and syn-DP, for which fewer biomonitoring data have been published yet. The majority of 

participants achieved more than 70 % satisfactory results (|Z|≤2) for BDE-47 and BDE-153 overall 
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rounds. For other halogenated FRs, the percentage of successful laboratories varied from 44 to 

100 %. 

 Current data revealed critically low analytical capacity in Europe for HBM of TBBPA, DBDPE, and 

2,4,6-TBP as well as of OPFR biomarkers. The low participation rate for OPFR metabolites made it 

challenging to evaluate the results according to standardized operation procedures (SOPs), thus 

the search for alternative approaches for results evaluation had to be considered. 

 The network of laboratories created under HBM4EU can be considered as the project’s legacy for 

future HBM actions in Europe such as project PARC, which will start in 2022. 
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 ENVIRONMENTAL CONTAMINANTS 

Environmental contaminants are chemicals that accidentally or deliberately enter the 

environment, often, but not always, as a result of human activities. Some of these contaminants may have 

been produced for industrial use and because they are very stable, they do not break down easily. If released 

into the environment, these pollutants may enter a food chain. Other environmental contaminants are 

naturally-occurring chemicals, but industrial activity may increase their mobility or increase the amount 

available to circulate in the environment, allowing them to enter the food chain at higher levels than would 

otherwise occur. A wide variety of environmental contaminants have been detected in environment. These 

range from inorganic compounds represented by toxic metals and some of their biotranformation products 

(e.g., lead, mercury/methylmercury, arsenic, cadmium) and different types of salts, which generally occur 

in the form of dissolved anions and cations; then "ionic" species (e.g., perchlorate) and finally organic 

(carbon-based) substances including persistent organic pollutants (POPs). 

POPs such as polychlorinated biphenyls (PCBs), organochlorinated pesticides (OCPs), chlorinated 

paraffins (CPs), brominated flame retardants (BFRs) and PFAS are a group of synthetic chemicals that have 

been intentionally or inadvertently produced and introduced into the environment. As mentioned before, 

due to their stability, persistence and long-range transport properties, they are ubiquitous around the world 

and are even found in places such as the arctic regions, far distant from the locality where they had been 

intensively used (Figure 2). Such chemicals tend to accumulate to different extents in food chain, especially 

in fat-containing foods (PCBs, OCPs, PCBs and CPs). Traces of POPs are found globally in the environment, 

animal and human organisms. This has led to the establishment of monitoring programs worldwide to 

determine prevailing levels of POPs in the population as well in the environmental compartments and to 

investigate the adverse health effects associated with background exposure. Some cancers, birth defects, 

dysfunctional immune and reproductive systems and even diminished intelligence are suspected to be 

related to an exposure to these chemicals (Qing Li et al., 2006; Xu et al., 2013; UNEP, 2015). 

 

Figure 2 Global distribution of POPs through atmospheric processes (Ross and Birnbaum, 2001) 
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Protection of human health as well as the environment from the harmful effects of POPs is 

addressed at the international level through various agreements and programs. The Stockholm Convention 

on POPs (UNEP 2001, UNEP 2018), the largest international agreement in this field, was adopted in 2001 

and entered into force in 2004 with twelve substances (called the “dirty dozen”) listed in either three 

Annexes: A (parties must take measures to eliminate the production and use of the chemicals listed under 

Annex A), B (parties must take measures to restrict the production and use of the chemicals listed under 

Annex B), or C (parties must take measures to reduce the unintentional release of the chemicals listed under 

Annex C) (Fiedler et al. 2019). To date (January 2022), the Convention has 185 Parties and a total of 35 POPs 

slated for elimination or severe restrictions in the production and use and control of their disposal. Several 

other chemicals such as syn-DP, methoxychlor, UV-328 (substituted phenolic benzotriazole used as a UV 

absorber in many products), chlorpyrifos, CPs with carbon chain lengths in the range C14-17 and 

chlorination levels at or exceeding 45 per cent chlorine by weight and long-chain perfluorocarboxylic acids 

(PFCAs), their salts and related compounds have been proposed for the inclusion and are currently under a 

review process. Currently POPs Review Committe completed the risk profile and risk management 

evaluation for perfluorohexane sulfonic acid (PFHxS), its salts and PFHxS-related compounds. (UNEP, 

2021a). 

OCPs & PCBs (organochlorinated pesticides & polychlorinated biphenyls) 

For many decades, OCPs have been applied to eradicate pests and vectors of diseases in agriculture 

(extensively from 1950s to the 1970s), homes and public health sector (Shen & Wania, 2005). PCBs were 

produced as a mixture (theoretically 209 congeners) with the trademark “Aroclor®”. These compounds 

have been used since the 1930s as insulating fluids in electrical equipment and as additives in sealants 

(Helou et al., 2019). International bodies have identified seven PCBs, so-called indicator PCBs, which can be 

used to characterize the presence of PCB contamination. Six of these seven are non-dioxine like PCBs (# 28, 

52, 101, 138, 153, and 180), and one is a dioxine-like PCB (# 118). Dioxine-like PCBs exhibit similar 

toxicological effects as polychlorinated dibenzo-p-dioxins/dibenzofurans with the most toxic 

representative 2,3,7,8-tetrachlorodibenzo-p-dioxin (WHO, 2016). 

PCBs and major OCP representatives (e.g., aldrin, chlordane, dichloro-diphenyl-trichloroethane 

(DDT), dieldrin, endrin, heptachlor, mirex, toxaphene and hexachlorobenzene (HCB)) are on the “dirty 

dozen” list, thus the parties to the Stockholm Convention can no longer produce these chemicals since 2004. 

The European Commission set maximum levels for the sum of dioxin-like PCBs, six major (indicator) PCBs 

in food and feed in the Commission Regulation No. 1881/2006 and its amendment (Commission Regulations 

No. 1259/2011). 

CPs (chlorinated paraffins) 

CPs, as technical mixtures of polychlorinated alkanes, have been produced since the 1930s for use 

as additives in lubricants and cutting fluids as well as FRs in plastics and sealants. They can be divided into 

three groups: short-chain CPs (SCCPs) comprising 10 to 13 carbon atoms, medium-chain CPs (MCCPs) 

comprising 14 to 17 carbon atoms and long-chain CPs (LCCPs) with more than 18 or more carbon atoms. 

The many possible positions for the chlorine atoms and presence of chiral carbon atoms lead to a large 

number of potential positional isomers, enantiomers and diastereoisomers (van Mourik et al., 2016). SCCPs 
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were classified as endocrine disruptors (Li et al., 2020) and possible carcinogens to humans (group 2B) 

(IARC, 2020) and were added to the Stockholm convention (Annex A) in 2017 (UNEP, 2021b). 

FRs (flame retardants) 

FRs are a class of chemicals utilized to provide fire safety performance to other materials, 

structures, and devices used in modern society. These chemicals are highly varied in molecular structure 

and chemistry. FRs are divided into three major categories depending on their chemical composition: 

inorganic FRs, halogenated FRs, with brominated and chlorinated FRs and OPFRs (Beard & Angeler, 2010). 

According to the European Flame Retardants Association (EFRA), the total consumption of FRs in Europe 

was estimated at 465,000 t in 2006, of which 54% were metal hydroxides, 20% OPFRs, 10% BFRs, 7% CPs, 

3% borates and stannates, 3% antimony trioxide and 3% melamine based FRs (van der Veen & de Boer, 

2012; Pantelaki et al., 2019). 

BFRs have been extensively used as additives worldwide in products such as foams, resins, rubbers, 

adhesives, plastics, textiles, electronics, and construction materials to comply with fire safety standards and 

regulations (Alaee et al., 2003). In recent years, several traditional BFRs, such as some PBDEs, 

polybrominated biphenyls and HBCDs, have been banned or strictly phased out due to their persistent, 

bioaccumulative, and toxic effects on environmental and human health such as endocrine disruption, 

developmental and carcinogenic effects (Covaci et al., 2011; Wu et al,. 2020). In particular, octa-, penta-, and 

deca-brominated diphenyl ethers (octa-, penta-, or deca-BDEs) and HBCDs have been listed as POPs under 

Stockholm Convention during the last decade (UNEP, 2021b). 

As a result, novel (or new) brominated flame retardants (NBFRs) have been introduced as 

alternatives, as well as OPFRs, DPs, and other FRs, which have been identified as “emerging” contaminants 

(Covaci et al. 2011, Ezechiáš et al. 2014). Highly chlorinated DPs has been recently proposed for listing under 

the Stockholm Convention (UNEP, 2021a). 

NBFRs can be divided into three classes: (i) monoaromatic, which mainly includes 

polybromobenzene analogues; (ii) multi-aromatic, which includes 1,2-bis(2,4,6-tribromophenoxy)ethane 

(BTBPE), DBDPE, and several TBBPA derivatives; and (iii) cycloaliphatic, which includes 

polybromocyclohexane analogues and 1,2-dibromo-4-(1,2-dibromoethyl) cyclohexane isomers. However, 

these chemicals share a similar structure with halogenic substitution in cyclic hydrocarbons, which can 

cause their physicochemical properties to be generally analogous to those of PBDEs and HBCDs. As 

reviewed by Hou et al. (2021), occurrence of NBFRs has been frequently reported in various environmental 

matrices globally including humans, thus numerous concerns have been expressed about their ubiquitous 

environmental occurrence. Additionally, TBBPA is one of the most prevalent BFRs in the world. Its main 

application is in epoxy resin used to produce printed circuit boards, in which the bromine content can reach 

20% by weight. It is still unclear which potential health impacts of TBBPA on the general population. 

However, toxicological and human exposure data suggest a relationship between TBBPA exposure and 

human health injury (Feiteiro et al., 2021). 

OPFRs are a group of compounds with the same phosphate base unit–a central phosphate 

molecular and heterogeneous substituents. These compounds are usually used as stabilizers for 

antifoaming and as additives to floor polishes, lubricants, lacquers, and hydraulic fluids. In addition, OPFRs 

are utilized as extreme pressure additives and antiwear agents in hydraulic fluids, lubricants, transmission 
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fluids and motor oils. As mentioned before, the legacy BFRs have been replaced by OPFRs. The effects of 

exposure to OPFRs have not been studied to the same extent as for the phased-out BFRs, and are therefore 

less well-known. Recent studies focus on the assessment of the toxicity of OPFRs and their possible negative 

effects. OPFRs have the potential to cause adverse development, neurotoxicity, and oxidative stress in 

animals as a result of short- and long-term exposure (Du et al., 2019). Moreover, tris(2-chloroethyl) 

phosphate (TCEP), tris(2-chloroisopropyl) phosphate (TClPP), and tris(1,3-dichloro-2-propyl) phosphate 

(TDClPP) have been proven to be neurotoxic and carcinogenic (WHO, 1998). TCEP has been phased out 

since the 1980s and is no longer produced within the EU (EU Risk Assessment Report, TCEP, 2009). The other 

OPFRs are still used, but TCIPP and TDCIPP are not allowed to be used in toys produced in the EU (European 

Commission Directive, 2014/79/EU). 

PFAS (per-and polyfluoroalkyl substances) 

PFAS are a broad class of chemicals with fluoroalkyl chains in their molecular structure (over 4 000 

substances that contain at least one perfluoroalkyl moiety –CnF2n-). Low polarizability of these molecules, 

short C–F bond length, and its large binding energy contribute to a variety of useful and unique PFAS 

features, including oil and water repellency, physical and chemical stability, and reduced solvent surface 

tension of materials that employ PFAS as polymer building blocks. Because of these qualities, PFAS have 

been used since the 1950s in various applications: upholstery, textiles, fire-fighting materials, hydraulic 

fluids, photoresists, and emulsifying agents for polytetrafluoroethylene (Zushi et al., 2012). This widespread 

use has resulted in their global distribution into the environment either from direct sources such as the 

manufacturing of PFAS and the use of products containing these compounds, as well as from indirect 

sources like reaction impurities or degradation of precursors (Lindstrom et al., 2011; Abunada et al., 2020). 

As summarized recently by Fenton et al. (2020), epidemiological studies have revealed associations between 

exposure to specific PFAS (mostly to perfluorooctanoic and perfluorooctane sulfonic acid (PFOA and PFOS, 

respectively) and a variety of health effects, including altered immune response (e.g., vaccines can be 

rendered less effective) and thyroid function, liver disease, lipid and insulin dysregulation, kidney disease, 

adverse reproductive and developmental outcomes, and cancer. PFOS, PFOA, and their related compounds 

have been listed as POPs by the Stockholm Convention in 2009 (Annex A) and 2019 (Annex B), respectively; 

hence, their use is phased out globally. 

Several actions spurred changes in PFAS manufacturing and treatment. Between 2000 and 2002, 

3 M, the primary manufacturer of PFOS, voluntarily phased out its production. In 2006, eight additional 

manufacturers consensually agreed to stop global production of PFOA. In 2008, the European Food Safety 

Authority (EFSA) established tolerably daily intake values (TDIs) for PFOS and PFOA (1 500 and 150 ng/kg 

body weight (bw), respectively), and in their 2018 report, dramatically decreased their assessment to a 

tolerable weekly intake (TWI) of 13 ng/kg bw for PFOS and 6 ng/kg bw for PFOA (EFSA Contam Panel, 2008, 

EFSA Contam Panel, 2018). In February 2020, EFSA established a new TWI of 8 ng/kg bw per week for the 

sum of four major PFAS (PFOA, perfluorononanoic acid (PFNA), PFHxS and PFOS) and subsequently, in July 

2020, the intake was reassessed again and a new TWI of 4.4 ng/kg bw (EFSA Contam Panel, 2020). 

Despite the many measures taken across the world to limit PFAS use, there remain several 

exemptions for their production and use (e.g., metal plating, firefighting foams, incest baits, and 

photographic coating). In addition, PFAS production has shifted from North America, Europe and Japan to 
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emerging Asia countries. China has become the only producer of PFOS and the largest producer of PFOA 

(Wang et al., 2020a). Many more PFAS, which now number in the thousands, are being developed and 

produced to replace those that are phased out as well. The large market demand leads to the production of 

many alternatives, including short-chain PFAS (<C8 perfluorocarboxylic acids (PFCAs) and <C6 

perfluorosulfonic acids (PFSAs)), some PFAS precursors (e.g., fluorotelomer sulfonates (FTSs); 

polyfluoroalkyl phosphate esters (PAPs) and fluorotelomer alcohols (FTOHs)) and alternative PFAS (e.g., 

chlorinated polyfluorinated ether sulfonate, namely F53B). Among them, PAPs are produced and used as 

oil- and water-repellent coating agents for food packaging materials as well as surfactants in personal care 

and cosmetic products (Trier et al., 2011). Additionally, scientists suspect they are just hazardous as their 

predecessors because of their higher mobility in aquatic ecosystem and it is very difficult to remove them 

from drinking water. Many studies indicated PFAS can be released from biosolids to soils and migrate into 

plants (Wang et al., 2020b). 

PAHs (polycyclic aromatic hydrocarbons) 

PAHs are also widely distributed ubiquitous environmental pollutants generated primarily during 

the incomplete combustion of organic materials. Emissions from anthropogenic activities predominate; 

nevertheless, some PAHs in the environment originate from natural sources such as open burning, natural 

loss or seepage of petroleum or coal deposits, and volcanic activities. Moreover, some improperly 

performed food processing practices, such smoking or grilling, may result in PAHs formation. In any case, 

contrary to above mentioned POPs, they have never been produced intentionally (Samanta et al., 2002). 

Many of them have detrimental biological effects, toxicity, mutagenicity, and carcinogenicity. Due to their 

occurrence, recalcitrance, bioaccumulation potential, and carcinogenic activity, PAHs as well as POPs have 

gathered significant environmental concern. Although PAH may undergo adsorption, volatilization, 

photolysis, and chemical degradation, microbial biotransformation is the major degradation process. PAH 

degradation depends on the environmental conditions, number and type of microorganisms, the nature, 

and chemical structure of the chemical compound being degraded (Haritash & Kaushik, 2009). Worth to be 

mentioned, that PAHs are not the subject of the international conventions on POPs, because their 

physicochemical properties do not suggest persistence or bioaccumulation potential (Pribylova et al., 2012). 

Considering the toxicity of PAHs, several countries have drafted legislation to establish tolerable 

limits for PAHs in foods, food products, and beverages as well as to enforce monitoring strategies for the 

most relevant compounds. The European institutions have issued two regulations regarding presence of 

PAHs in food for human consumption: the Commission Regulation No. 1881/2006 and its amendment 

(Commission Regulation No. 835/2011) that establishes the maximum levels in foodstuffs for four PAH 

compounds (benzo(a)pyrene (BaP), benzo(a)anthracene (BaA), benzo(b)fluoranthene (BbF) and chrysene 

(CHR)) and the Commission Regulation No. 333/2007 and its amendment (Commission Regulation No. 

835/2011) that defines the sampling and analytical methods approved for PAH detection in food products. 

Furthermore, health agencies such as the World Health Organization (WHO) and European 

Commission have launched efforts to decrease the concentration of PAHs in food, especially through 

strategies to control the processes that induce their formation. 
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Phthalates and DINCH (di-iso-nonyl cyclohexane-1,2-dicarboxylate) 

Plasticizers, such as phthalate esters, a group of several diesters of phthalic acid, are necessary 

additives in numerous consumer products due to their ability to make plastic materials flexible and durable. 

Phthalates are not covalently bound to the polymeric macromolecules. As a result, they can easily leach out 

and contaminate the surrounding environment, leading to human exposure with adverse health outcomes 

(Wormuth et al., 2006). There is a substantial evidence that phthalates can induce disruption in estrogenic 

activity and cause reproductive, developmental, and liver toxicity in experimental animals and in humans 

(Giuliani et al., 2020).  

Phthalates can be classified into two groups, low molecular weight (LMW) phthalates, which are 

frequently added to various cosmetics personal care products to preserve scent, and high molecular weight 

(HMW) phthalates, which are used to produce vinyl plastics for diverse applications including flooring, clear 

food wrap, and intravenous tubing (Schettler, 2006). Until now, there were a number of regulations and 

restrictions. For example, HMW phthalates, such as di(2-ethylhexyl) phthalate (DEHP), diisononyl phthalate 

(DINP), and diisodecyl phthalate (DIDP) have been restricted due to their reproductive toxicity and 

endocrine disrupting properties. Certain phthalates, like diisobutyl phthalate (DiBP), di-n-butyl phthalate 

(DnBP), benzyl butyl phthalate (BBzP) and DEHP, have been prohibited in toys and childcare articles in the 

EU, the United States of America, and Canada (Giovanoulis et al., 2018). The recent restriction of phthalates 

concerns articles containing DEHP, DBP, DiBP, and BBzP in a concentration greater than or equal to 0.1% 

(individually or in combination) on the market in the European Union (Fréry et al., 2020). 

Due to these strict regulations and the increasing evidence for adverse health effects on humans, 

there is a need for introduction of alternative plasticizers such as DINCH. This compound (marketed as 

Hexamoll® DINCH®) entered the market in 2002 as a substitute for the restricted high molecular weight 

phthalates DEHP and DINP (Schütze et al., 2014). DINCH is mainly used in polyvinyl chloride plastics, but its 

use is also authorized in sensitive applications such as toys, food contact materials, and medical devices 

(Koch et al., 2013) as current toxicological data suggest that DINCH does not exhibit similar toxic effects as 

phthalates (Bui et al., 2016). 

 

In the paragraphs below, analytical approaches for the determination of various organohalogenated POPs 

and metabolites of phthalates, DINCH, and PAHs in different biological matrices (mainly blood serum, breast 

milk and urine) are discussed. Specifically, a lot of attention has been paid to integral sample preparation 

procedures which enable to increase the sample throughput and at the same time reduce requirements for 

the amount (volume) of biological samples, which is crucial for the realization of large HBM studies. 



SAMPLE PREPARATION STRATEGIES IN THE ANALYSIS OF BIOLOGICAL MATRICES 

Darina DVOŘÁKOVÁ, Habilitation Thesis   25 

 SAMPLE PREPARATION STRATEGIES IN THE ANALYSIS OF 

BIOLOGICAL MATRICES 

Determination of various biomarkers of human exposure to environmental contaminants requires 

analytical methods of high selectivity and high sensitivity, due to low concentrations of target analytes and 

limited sample volume. Each method development for its application in large population studies should run 

in a fast routine and if possible, not be cost intensive. For QA/QC of developed methods, the availability of 

analytical standards and certified reference materials is crucial. The participation in interlaboratory 

exercises is important component of external quality control. Despite the fact that the possibility of 

participating in such tests is more accessible in the last years (often organized within the HBM projects – 

described in Chapter 2), the spectrum of substances/matrices does not often cover the whole scope of 

contaminants in the developed methods. 

The most common matrices for the biomonitoring of environmental contaminants are urine and 

blood (serum), and for the latter case, in particular, lower limits of detection/quantification (LOD/LOQ) 

cannot always be achieved by increases amount of processed sample because of its limited availability. 

Therefore, emphasis should be placed on obtaining as much data as possible from a single sample for 

multiple groups of contaminants. The development of multi-analyte methods, mostly usage of gas 

chromatography (GC) or liquid chromatography (LC) with (tandem) mass spectrometry ((MS/)MS) is 

crucial for sufficient sensitivity in many fields of HBM. 

4.1 Analysis of blood serum 

Nowadays, 1–5 mL of samples are typically needed to achieve sufficient LOQs/LODs, which usually 

are 0.1-1 ng/g lipids, and extraction and cleanup procedures are simplified or partially automated in well-

equipped labs (reviewed in Covaci et al., 2007; Gao et al., 2016; Lu et al., 2017). Nevertheless, due to the high 

lipophilicity of the analytes (e.g., most of BFRs and novel BFRs, PCBs, OCPs), the sample preparation usually 

still requires multistep purification for lipid and other interferences removal. The isolation of target 

analytes is typically based on liquid-liquid extraction (LLE; nonpolar solvents or their mixtures: hexane, 

dichloromethane and diethylether) or solid phase extraction (SPE; sorbents: e.g., C18 and Oasis Hydrophilic 

Lipophilic Balance (HLB)). If needed additional cleanup steps such gel permeation chromatography, acidic 

treatment, passing through multilayer silicagel, alumina, or Florisil, etc. are used (Covaci et al., 2007; Gao et 

al., 2016; Lu et al., 2017; Pirard & Charlier 2018). All these fastidious steps could be solvent and time 

consuming and increase the risk of external contamination of the sample (Gao et al., 2016). For the isolation 

of more polar PFAS from blood serum, mostly ion-pair extraction combined with tetra butyl ammonium 

hydrogen sulfate and methyl tert-butyl ether (MTBE), LLE (high organic polar solvent methanol or 

acetonitrile) or (on-line) SPE are commonly employed in the biomonitoring studies (Nakayama et al., 2019; 

Almin et al., 2020). 
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Achievement of the study – POPs in blood serum (Appendix I) 

 Until now, various procedures have been available for the determination of a single group of POPs 

in serum. The study describes the development and validation of the method for the simultaneous 

analysis of 8 PCBs, 11 OCPs, 40 FRs, and 19 PFAS in human serum samples. 

 Within the first step of this method nonpolar compounds were isolated by a three-step solvent 

extraction with n-hexane:diethylether (9:1, v/v) mixture, followed by the purification step using a 

Florisil® column. In the second step, the rest of the sample was further extracted by the modified 

QuEChERS-like extraction, when acetonitrile was used for the isolation of more polar compounds 

and then the separation of organic and aqueous layers was induced by the addition of inorganic 

salts. 

 Depending on the polarity and volatility of the target compounds, either GC–MS(/MS), or ultra-high 

performance liquid chromatography (UHPLC) coupled to MS/MS, was employed for their final 

detection/quantification. 

 The recoveries of compounds measured by GC–MS/MS at two different concentration levels ranged 

from 70 to 115% (repeatability of measurement expressed as RSD <18%) for FRs, 74 to 120% (RSD 

<20%) for OCPs and PCBs, with relevant LOQs reaching 0.05–2.5 ng/g lipid weight (lw). The 

recoveries of LC–MS/MS amenable analytes were in the range of 79–120% (RSD <20%) for PFAS 

and hydroxylated metabolites of polybrominated diphenyl ethers (OH-BDEs) 71–116% (RSD 

<19%) for HBCDs, TBBPA and brominated phenols and LOQs ranged from 0.01 to 0.3 ng/mL. 

 The entire analytical method was also successfully verified on the SRM 1958 (Standard reference 

material, Organic Contaminants in Fortified Human Serum).  

 Within human biomonitoring, the developed method contributes to the assessment of exposure to 

a broad range of 78 organohalogenated contaminants representing various classes. 

 Worth to notice, that this method was further successfully validated for the analysis of SCCPs and 

MCCPs and was apply to the investigation of these contaminants not only in the Czech population, 

but in the whole Europe for the first time (Tomasko et al., 2021). 

For instrumental analysis of POPs, GC–MS based techniques are most commonly used to detect 

organochlorinated POPs (electron ionization, EI) and PBDEs together with NBFRs (mostly in negative 

chemical ionization, NCI). Initially, total HBCD content was analyzed by GC–MS, together with the PBDEs. 

However, the interconversion of HBCD isomer occurring in the inlet system and in the MS source due to 

their high temperatures may give rise to misleading results. Therefore, reversed-phase LC–MS/MS is the 

preferred choice for these compounds, especially for the analysis of specific stereoisomers (α-, β- and γ-

HBCDs) (Xu et al., 2013). 

Ultra high performance liquid chromatography coupled to quadrupole tandem mass spectrometry 

applying negative electrospray ionization interface (UHPLC‒ESI(-)‒MS/MS) is the preferred instrumental 

method for the determination of ionic PFAS such as PFSAs and PFCAs. HRMS has been already proven as a 

powerful tool for the discovery and characterization of PFAS in environmental and human samples (Liu et 

al., 2019). The determination of neutral, volatile PFAS precursors such as FTOHs, perfluorooctane 

sulfonamides (FOSAs) and perfluorooctane sulfonamide ethanol (FOSEs) is usually done by GC‒MS either 
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in combination with EI or chemical ionization (CI), nevertheless their LC‒MS analysis is also reported 

(Jahnke & Berger 2009; Almin 2020). 

4.2 Analysis of breast milk 

Breast milk is a very commonly used matrix in human biomonitoring as its measurements give 

information concerning the exposure levels of both the mother and her child. Breast milk is usually 

employed for monitoring lipophilic chemicals due to its high fat content in which they accumulate. Besides 

lipophilic POPs (e.g., BFRs represented by HBCD and TBBPA), also PFAS are commonly measured in this 

matrix. Nevertheless, PFAS concentrations in milk are usually considerably lower than in human serum. As 

mentioned before, the analytical methods are rather uniform for all PFAS and include protein precipitation 

(e.g., addition of formic acid and acetonitrile), clean-up of supernatant (mostly based on SPE or dispersive 

SPE (d-SPE)) and LC‒MS/MS analysis (Macheka-Tendenguwo et al., 2018). As reviewed by Shi et al. (2013), 

various extraction procedures have been published for the determination of HBCD and TBBPA in breast 

milk, e.g., Soxhlet extraction of freeze-dried samples or more recently accelerated solvent extraction. Due 

to the relatively low selectivity of the extraction techniques and the complexity of the matrix of biological 

samples, it is necessary to include a purification step in the analytical procedure, specifically gel permeation 

chromatography (GPC), sulfuric acid or acidified silica treatment for lipids removal. 

Achievement of the study: PFAS & BFRs in breast milk (Appendix II) 

 A new analytical approach for the simultaneous determination of 18 PFAS and 11 BFRs including 

HBCDs isomers, TBBPA, brominated phenols, and OH-BDEs has been developed and validated for 

breast milk and infant formula. 

 The sample preparation procedure was based on extraction with acetonitrile and subsequent 

purification of a crude acetonitrile extract (obtained by partition induced by added inorganic salts) 

with d-SPE using a C18 sorbent. 

 Good performance characteristics were achieved for all target analytes in both matrices, the 

method recoveries ranged from 80 to 117% with RSDs < 23% for all analytes and LOQs were in the 

range from 0.003–0.2 ng/mL for milk and 0.005–0.45 pg/g for infant formula. 

 The benefits of the method are a rapid and simple sample extraction (ten samples/hour) with 

minimal solvent consumption and practically no need of expensive laboratory equipment. 

 This was the very first study enabling simultaneous analysis of PFAS and BFRs including several 

metabolites in human milk and infant formulas, such analytical strategy has never been published 

before. 

4.3 Analysis of urine 

Urine is probably the second most common matrix for human biomonitoring, particularly for 

water-soluble chemicals. Generally, it is not a useful matrix for monitoring POPs. The creatinine values are 

commonly used to normalize the urine concentration/dilution in individual samples, thus ensuring 

improved data comparability. Commonly, various heavy metals, metabolites of PAHs and phthalates were 

measured in urine (Esteban and Castaño, 2009; Vorkamp et al., 2021).  
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Phthalates are best monitored as their monoester metabolites, in oxidized form or without 

oxidative modification. Uptake of phthalates is followed by their cleavage into monoesters, oxidation in 

phase I reactions, conjugation of this secondary metabolite with glucuronic acid in a phase II reaction and 

excretion in urine (Koch & Calafat, 2009). In the analysis, the conjugates are cleaved, and the released 

(oxidized) monoester is a suitable biomarker. In general, simple monoesters (without oxidative 

modification) will be the biomarkers of choice for LMW phthalates, such as DEP and DBP, whereas oxidized 

secondary metabolites are the biomarkers of choice for HMW phthalates, such as DEHP, DINP or DIDP (Koch 

et al., 2003, Koch & Calafat, 2009). This shift in target biomarkers (from simple to oxidized monoester 

metabolites) is mainly related to a lower water solubility of the monoesters with longer alkyl chains, which 

needs to be further increased in phase I reactions (Koch and Calafat, 2009). In addition, the oxidized 

metabolites are not prone to external contamination (Wittassek et al., 2011). Otherwise, the risk of external 

contamination during sampling and sample preparation is high, due to the wide use of phthalates as 

plasticizers, and needs to be considered in sampling and QA/QC strategies (Koch & Calafat, 2009). For some 

phthalates, such as DINP and DIDP, several isomers exist. Their quantification is typically based on 

analytical standards of single isomers, whereas all isomeric peaks are integrated in the urine sample. Having 

an isomeric composition of the alkyl side chain similar to DINP, the analysis of DINCH, simple monoester 

mono-isononyl-cyclohexane-1,2-dicarboxylate (MINCH) and its secondary oxidized metabolites 

cyclohexane-1,2-dicarboxylic mono hydroxyisononyl ester (OH-MINCH), cyclohexane-1, 2-dicarboxylic 

mono oxoisononyl ester (oxo-MINCH) and cyclohexane-1,2-diarboxylic mono carboxyisononyl ester (cx-

MINCH) is comparable to that of DINP (Koch et al., 2013). Quantification should integrate overall isomers 

with the respective oxidative modifications, and the standards should be derived from the major alkyl chain 

isomer.  

PAHs undergo oxidation and conjugation in phase I and phase II reactions in liver, similarly to the 

metabolism reactions described for phthalates. OH-PAH conjugates with two–three benzene rings (LMW 

OH-PAHs) are mostly excreted via urine and those with four or more benzene rings are mainly excreted via 

bile and faeces (HMW OH-PAHs) (Onyemauwa et al., 2009, Zhong et al., 2011). In older studies, roughly 

before 2007, recent exposure to PAHs was often determined by the presence of 1-hydroxypyrene (1-OHP) 

(Esteban and Castaño, 2009). Although 1-OHP is a metabolite of non-carcinogenic pyrene, it was considered 

a suitable surrogate marker of PAH exposure because this exposure frequently occurs with a mixture of 

PAHs where pyrene is present. On the other hand, PAHs compositional pattern in the environment and 

consequently in organisms varies largely depending on many factors. To obtain more accurate data, 

monitoring more than one OH-PAH marker, specifically OH-PAHs with two and three benzene rings, is 

needed. 

Generally, the first step in sample preparation for both groups is an enzymatic hydrolysis of 

conjugated forms, using β-glucuronidase. Deconjugation of phthalate metabolites is best achieved by 

enzymatic hydrolysis with arylsulfatase-free E.coli K12 β-glucuronidase. Some glucuronidase enzymes 

might hydrolyze phthalate ester bonds in the parent phthalates due to arylsulfatase or esterase side 

activities, which has to be avoided (Feng et al., 2015, Koch et al., 2018). Thus, the use of Helix pomatia β-

glucuronidase, which is commonly used in for the hydrolysis of OH-PAHs conjugates, might lead to false 

positives when monoester metabolites are analyzed. As recently summarized by Vorkamp et al. (2021) for 
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the isolation of phthalate metabolites and OH-PAHs, mostly (online) SPE is most commonly applied, with 

the sorbent typically being silica C18 or HLB sorbent. Polar solvents such as water, methanol, acetonitrile, 

or their mixtures are then used for elution. 

While high-performance liquid chromatography (HPLC) in combination with fluorescence 

detection is still applied in the analysis of PAH metabolites (Yamamoto et al., 2015), the current method of 

choice providing the highest sensitivity and selectivity is LC‒MS/MS with electrospray ionization in 

negative mode. GC‒based methods can offer comparable sensitivity, but require an additional 

derivatization step (Li et al., 2014). The analysis of the phthalate and DINCH metabolites is best performed 

by LC‒MS/MS, offering sufficient sensitivity for biomonitoring of the general population (Vorkamp et al., 

2021). 

Achievement of the study: Metabolites of phthalates & DINCH in urine (Appendix III) 

 In this study, a quick and easy sample preparation procedure for the simultaneous determination 

of eight phthalate and four DINCH metabolites in urine was implemented and validated. 

 Sample preparation procedure was based on the enzymatic hydrolysis and dilution with methanol 

and for the instrumental analysis commonly used technique for these analytes, reversed phase 

UHPLC‒MS/MS, was used. 

 LOQs of the method for phthalate metabolites ranged from 0.15 to 0.4 ng/mL urine with recovery 

obtained by the analysis of SRM 3676 (urine sample of a non-smoker) in the range of 70–126% and 

repeatability in the range of 3–8%. Since DINCH metabolites were not certified in this material, the 

method validation was performed using artificial contamination (spiking) of a blank urine sample 

(concentration levels 0.7 and 7 ng/mL), which resulted in recoveries in the range of 60-104% with 

RSD < 11%. 

 In follow-up experiments the originally developed method was successfully validated for ten 

additional phthalate metabolites and applied on the analysis of 315 paired urine samples collected 

from mothers and their newborn children living in the Czech Republic in 2016–2017 (Urbancova 

et al., 2021). 

Achievement of the study: OH-PAHs in urine (Appendix IV) 

 A novel analytical approach for the determination of 11 OH-PAHs in urine was developed and 

validated. 

 The rapid, simple, and high-throughput sample preparation procedure based on ethyl acetate 

extraction and subsequent purification by d-SPE employing a Z-Sep sorbent was used for the first 

time in the analysis of PAH metabolites in biological matrices such as urine and substitutes 

demanding and time-consuming on SPE cartridges and thus significantly streamlines the analysis 

of urine in HBM studies. 

 For the identification/quantification of target compounds, UHPLC‒MS/MS was applied. The 

chromatographic separation of isomers of hydroxyphenanthrens was achieved using the 

pentafluorophenyl-bonded silica stationary phase. 



SAMPLE PREPARATION STRATEGIES IN THE ANALYSIS OF BIOLOGICAL MATRICES 

30  Darina DVOŘÁKOVÁ, Habilitation Thesis 

 Great performance characteristics were obtained during the validation experiments with the 

SRM 3673 (urine of a non-smoker), and the method recoveries ranged from 77 to 114% with RSDs 

< 20% and LOQs in the range of 0.010–0.025 ng/mL (except for 3-OH-BaP with 0.9 ng/mL). 

In the paragraphs below, analytical approaches for the determination of various organohalogenated POPs 

and metabolites of phthalates, DINCH and PAHs were used for the analysis of real samples obtained within the 

human biomonitoring studies in cooperation with the National Institute of Public Health, Prague; the Institute 

of Experimental Medicine, CAS; the Czech Academy of Science; and Slovak Medical University, Faculty of Public 

Health, Department of Environmental Medicine, Bratislava, Slovakia. 

Worth to notice, that most of developed methods have been verified within the participation in four rounds of 

ICI/EQUAS exercises under HBM4EU project during 2018-2020. Successful Z-score values have been obtained at 

least two ICI/EQUAS rounds, thus above described methods were qualified for the analysis of 10 halogenated 

FRs and 12 PFAS in blood serum; and 9 OH-PAHs, 2 DINCH and 14 phthalate metabolites in urine. After method 

approval, a large sets of biological samples have been analyzed for project partners: 

 Santé publique France, Occupational and Environmental Health Division (analysis of halogenated FRs 

in blood serum) 

 State General Laboratory, Ministry of Health, Cyprus (analysis of OH-PAHs in urine) 

 National Institute of Health Dr. Ricardo Jorge, Portugal (analysis of OH-PAHs in urine) 

 Nofer Institute of Occupational Medicine, Poland (analysis of phthalates and DINCH metabolites in 

urine) 

 Cyprus State General Laboratory, Ministry of Health (analysis of phthalates and DINCH metabolites in 

urine) 
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 HUMAN BIOMONITORING STUDIES 

5.1 Occurrence of POPs in blood serum 

In total, three extensive studies have been realized and published on the biomonitoring of various 

POP groups: (i) biomonitoring of POPs in blood serum of Czech city policemen, (ii) analysis of POPs in blood 

serum of Czech general population and (iii) investigation of PFAS in mother-child cohort in the Slovak 

Republic. The obtained data contributed to the knowledge regarding the assessment of direct human body 

burden to possible harmful POPs. In the following bullet points, the major outcomes of these studies are 

summarized: 

Achievement of the study (i) - Biomonitoring of POPs in blood serum of Czech city policemen 

(Appendix VII) 

 The presented research was conducted in the cooperation with the Institute of Experimental 

Medicine, CAS in the frame of the project “Healthy Aging in Industrial Environment” (HAIE), which 

evaluates the effects of selected environmental and lifestyle risk factors on the health and aging of 

the population in the industrial region. 

 A total of 274 serum samples obtained from policemen representing three Czech cities (Prague, 

Ostrava, and Ceske Budejovice) in spring and autumn 2019 was investigated. It should be noted 

that this is the first study performed on such a unique population group. 

 The target spectrum of analytes included 33 BFRs, 7 novel FRs, 11 OCPs, 8 PCBs, and 30 PFAS. 

 The most frequently detected pollutants were PFOA, PFNA, perfluorodecanoic acid (PFDA), PFOS, 

PFHxS, CB 138, CB 153, CB 170, CB 180, HCB and p,p’-dichlorodiphenyldichloroethylene (p,p´-DDE) 

quantified in 100% of samples. Concentrations of determined POPs were in the range of 0.108-

900 ng/g lw for PCBs, 0.106-1 016 ng/g lw for OCPs, <0.01-18.3 ng/mL for PFAS and <0.1-618 ng/g 

lw for FRs, which were the minor contaminants, respectively. 

 When comparing the concentrations of the main representatives of PCBs and OCPs in serum 

samples received from 2005 to 2019 (current study), a decreasing trend for these serum pollutants 

was confirmed. 

 Concentrations of PFOS and PFOA are the lowest in comparison with the other countries in Europe 

(these contaminants have never been produced in the Czech Republic). Compared to studies from 

USA and China, results were approximately seven times lower for PFOS and sixteen times lower for 

PFOA. 

 The most abundant representatives of FRs were BDE-47, BDE-209, and anti-DP. The congener BDE-

209 was commonly detected in the highest levels in serum, but its concentration were lower 

compared to the European and Chinese studies. 

 The data were also statistically processed and the results show statistically significant associations 

between selected POP concentrations and the sampling season, locality, and age of serum donors. 
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Achievement of the study (ii) - Analysis of POPs in blood serum of Czech general population 

(Appendix I) 

 Within this survey, a total of 38 samples of human serum was obtained within cooperation with 

The National Institute of Public Health (Prague, Czech Republic) in 2015. 

 The target spectrum of analytes included 40 BFRs, 7 novel FRs, 11 OCPs, 8 PCBs, and 19 PFAS. 

 The most abundant contaminants were PFOA, PFNA, PFDA, perfluoroundecanoic acid (PFUndA), 

branched-PFOS (Br-PFOS), linear-PFOS (L-PFOS), HCB and p,p′-DDE found in all samples, followed 

by CB 138, CB 153 and CB 180; CB 170, α-hexachlorocyclohexan (α-HCH) and 1,1-bis(4-

chlorophenyl)-2,2,2-trichloroethane (p,p′-DDT); CB 28; o,p′-dichlorodiphenyldichloroethane (o,p′-

DDD); γ-HCH; β-HCH; o,p’-dichlorodiphenyldichloroethylene (o,p′-DDE); CB 118; p,p′-

dichlorodiphenyldichloroethane (p,p′-DDD) and perfluoroheptanoic acid (PFHpA) quantified in 

> 50% of samples. 

 The amounts of determined PFAS, which were the dominating group of contaminants, were in the 

range < 0.01–8.97 ng/mL (mean 0.631 ng/mL), followed by OCPs and PCBs ranging from < 0.1–

1 626 ng/g lw (mean 40.0 ng/g lw) and < 0.1–481 ng/g lw (mean 63.3 ng/g lw), respectively. BFRs 

belonged to minor analytes found in serum. 

Achievement of the study (iii) - Investigation of PFAS in mother-child cohort in the Slovak 

Republic (Appendix VIII) 

 This study describes the determinants of prenatal exposure to PFAS in Slovakia, based on Slovak 

multicentric prospective mother-child cohort PRENATAL (project of Ministry of Health of the 

Slovak Republic; n = 796). Cord blood samples were collected within 2010–2012 and PFAS were 

analyzed in a subpopulation of 322 newborns. 

 The highest concentration (geometric mean) in cord blood was observed for PFOA (0.79 ng/mL), 

followed by PFOS (0.36 ng/mL), PFNA (0.20 ng/mL) and PFHxS (0.07 ng/mL). 

 Concentrations of all four target analytes (PFHxS, PFOS, PFOA, PFNA) to be highly correlated 

between PFAS cord blood concentration, with the strongest correlation between PFOA and PFNA 

(rs = 0.81, p < 0.001). 

 Prenatal PFASs concentrations vary across Europe due to a several factors (e.g., dietary exposure 

of mother during pregnancy, different time period when samples were taken, e.g., samples collected 

before and after implementation of restriction on PFOS production and usage in 2009). In general, 

PFASs cord blood concentrations in this study were lower compared to concentrations measured 

in Sweden and Spain but comparable with those in Norway or France. 

 Parity was identified as the main determinant of PFAS exposure in Slovak population (multiparous 

women had significantly lower cord blood concentrations of all measured PFASs compared to 

primaparous). 

 Higher age of mother was associated with higher levels of PFNA and PFHxS, interestingly, higher 

educational level was associated with higher PFNA levels and higher fish consumption with lower 

PFNA levels. 
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5.2 Occurrence of PFAS and BFRs in human breast milk 

Human milk represents a unique food source for newborns at least in the first six months of life, as 

recommended by the WHO (WHO, 2019). However, as mentioned above, number of contaminants entering 

mother´s body is transferred into breast milk. Thus, the knowledge of contaminants occurrence in milk is 

crucial for the exposure estimation for breastfed infants, because it represents for most of them the key 

postnatal exposure pathway. It is well known that exposure to toxic contaminants in early life may impose 

greater health impacts than later in life (Sly et al., 2016). On the other hand, breastfeeding is still generally 

considered the optimal form of nutrition for infants (Lyons et al., 2020).Two studies have been conducted 

and published for the determination of selected pollutants in human breast milk of Czech women cohort: 

(i) biomonitoring of a broad spectrum of PFAS and estimation of infant's daily intake (DI) and (ii) analysis 

of PFAS, BFRs and their metabolites (pilot study). In the following bullet points, the major conclusions of 

these studies are mentioned: 

Achievement of the study (i) - Biomonitoring of broad spectrum of PFAS and estimation of 

infant's daily intake (Appendix IX) 

 PFAS were investigated in more than 600 human breast milk samples collected in the period 2006 

through 2017 within the Czech human biomonitoring program (CZ-HBM) organized by The 

National Institute of Public Health (NIPH, Prague, Czech Republic). 

 Five various sampling localities were selected to represent large agglomerations (Prague), 

industrial cities (Ostrava), smaller towns (Liberec), and rather rural municipalities (Žďár nad 

Sázavou and Uherské Hradiště). 

 Only PFOS and PFOA (in 2017, also PFNA) were quantified in more than 90% of analyzed samples. 

In all sampling periods, the levels of PFOA were higher than those of PFOS (i.e., 1.2–1.9-fold higher 

depending on the sampling year). 

 A significant downward temporal trend (p < 0.001) was observed for both PFOA and PFOS levels. 

The median concentrations in sampling years 2006, 2010/11, 2014, and 2017 were 0.075, 0.059, 

0.035, and 0.023 ng/mL for PFOA and 0.045, 0.031, 0.029, and 0.020 ng/mL for PFOS, respectively. 

 In 2017, PFNA was also quantified in 99% of samples with the median concentration of 

0.007 ng/mL. 

 The levels of PFAS correlated with maternal sea fish consumption. 

 To quantify health risks from the exposure to PFOS and PFOA, the hazard quotient (HQ; a ratio 

between DI of PFOS/PFOA and TDI or Provisional Tolerably Weekly Intake (PTWI)) and hazard 

index (HI; sum of HQs) were calculated. Using TDI values for PFOS and PFOA established in 2008 

(EFSA, 2008), the calculated DIs from breastfeeding were clearly below these limits. Using the new, 

more conservative PTWI values set in 2018 (EFSA, 2018), a considerable exceedance of PTWI was 

demonstrated with HQ and HI being substantially higher than 1 (median HI was 15.2 12.1, 8.09 and 

5.33 in samples from 2006, 2010/11, 2014, and 2017, respectively). 
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Achievement of the study (ii) - Analysis of PFAS, BFRs and their metabolites (pilot study) 

(Appendix II) 

 Altogether, 50 breast milk samples were obtained from mothers living in the Olomouc region in 

2010. 

 The target spectrum of analytes included 18 PFAS and 11 BFRs including 4 OH-BDEs, and it was 

measured in Czech women for the first time. 

 The total concentration of PFAS ranged from 0.04 to 0.28 ng/mL (median 0.11 ng/mL). The most 

abundant substances were PFOA (median 0.04 ng/mL) and PFOS (median 0.03 ng/mL), which 

were detected in 100% of samples. 

 Regarding BFRs, only TBBPA and α-HBCD were quantified in samples. TBBPA was found in 30 % of 

samples at a wide concentration range, <0.06–16.2 ng/mL (<2 to 688 ng/g lw), and α-HBCD was 

detected in 28% of samples at concentrations ranging from <0.030 to 16.6 ng/mL (<1 to 

76 ng/g lw). 

5.3 Occurrence of OH-PAHs, metabolites of phthalates and DINCH in urine 

Three studies have been realized and summarized in publications for the biomonitoring of 

metabolites of emerging plasticizers (phthalates and DINCH) in the urine of Czech mothers and their 

newborns: (i) OH-PAHs in samples from Ceske Budejovice and Most, (ii) occurrence of OH-PAHs in samples 

from Ceske Budejovice and Karvina, followed by and (iii) determination of metabolites of phthalates and 

DINCH in urine obtained in Ceske Budejovice and Karvina. For surveys (i) and (ii), the determination of 

PAHs was realized to demonstrate the correlation between concentration of these pollutants in the ambient 

and their monohydroxylated metabolites measured in urine. In the bullet points, the major outcomes of 

these studies are mentioned: 

Achievement of the study (ii) - OH-PAHs in samples from Ceske Budejovice and Most 

(Appendix X) 

 The urine collection in (330 samples from mothers and 330 samples from their newborns, from 

July 2016 to August 2017) was carried out within the project funded by the Czech Academy of 

Sciences, Strategy AV21, Qualitas and EU Horizon 2020 HBM4EU. 

 From 11 analyzed OH-PAHs, 2-OH-NAP was found in all measured samples at the highest 

concentrations in both mothers' and newborns' urine samples (median 5 150 and 

3 580 ng/g creatinine, respectively); the results are in accordance with similar published studies 

worldwide. 

 The profiles of other target OH-PAHs are variable between various countries/regions. This result 

indicates that people here are exposed to different mixtures of PAHs present in the air, diet and 

other sources. 

 The median concentration of ΣOH-PAHs in all urine samples was approximately 1.7 times higher in 

mothers´ urine (median 8 960 ng/g creatinine) compared to their newborns (median 5 150 ng/g 

creatinine), while the amount of OH-PAHs from Most locality was almost 2 times higher compared 
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to the samples from Ceske Budejovice (median ΣOH-PAHs 9 280 ng/g creatinine and 4 920 ng/g 

creatinine, respectively). 

 The results might indicate that the population in the previously highly air-polluted mining districts 

carries some long-term changes (maybe existing changes in genetic information), which also affect 

the metabolism of PAHs. It could be related to the long-lasting effect, and thus corresponding to the 

shortened life expectancy. 

Achievement of the study (i) - OH-PAHs in samples from Ceske Budejovice and Karvina 

(Appendix XI) 

 This study was realized under the national project “The impact of air pollution on the genome of 

newborns” (GA CR No. 13-13458S). A total of 265 samples from mothers and 266 samples from 

their newborn children was collected in two regions (Ceske Budejovice – control locality and 

Karvina – region with high atmospheric pollution because of heavy industry) in two rounds namely 

in August–September 2013 (summer period) representing the less air-polluted season for PAHs 

and in January–April 2014 (winter period) as environment is typically the more contaminated by 

these pollutants due to emissions associated with fossil fuels heating. 

 From 11 targeted PAH biomarkers, 2-OH-NAP was the most abundant compound present in all 

samples of urine with the highest concentration (median 5 400 for mothers and 3 100 ng/g 

creatinine for newborns, respectively). 

 The median concentration of ΣOH-PAHs in the children´s urine was 1.6 times lower compared to 

the respective mother which may correlates with higher inhalation and dietary intake of PAHs by 

mothers. Prenatal exposure via transfer of OH-PAHs metabolites from exposed mother need to be 

considered as well. 

 ΣOH-PAHs concentrations determined in mothers' urine collected in the summer were comparable 

in both localities. 

 No significant increase of ΣOH-PAHs amounts occurred in samples from Ceske Budejovice in 

winter, while in samples from the Karvina region a statistically significant difference (α = 0.05) was 

observed. The median concentrations of ΣOH-PAHs in mothers' urine samples in the winter were 

1.5 times higher than those measured in samples collected in the same locality in summer. 

 The amounts of ΣOH-PAHs in newborns' urine from Karvina in the winter season were 1.5 times 

higher than in the summer collected in the same locality and 3.3 times higher when compared with 

the less polluted locality of Ceske Budejovice. This was probably due to the smog situation 

associated with emissions from heavy industry and local heating. 

Achievement of the study (iii) - Metabolites of phthalates and DINCH in urine from Ceske 

Budejovice and Karvina (Appendix III). 

 Within this study, total of 204 urine samples (102 samples from mothers and 102 samples from 

their newborns) were collected in Ceske Budejovice and Karvina in years 2013-2014. 

 For the assessment of human exposure to hazardous plasticizers, concentrations of eight phthalate 

(monoethyl phthalate (MEP), mono-iso-butyl phthalate (MiBP), mono-n-butyl phthalate (MBP), 
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monobenzyl phthalate (MBzP), mono(2-ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-

hydroxyhexyl) phthalate (OH-MEHP), mono(2-ethyl- 5-oxohexyl) phthalate (oxo-MEHP) and 

mono(2-ethyl-5-carboxypentyl) phthalate (cx-MEHP)) and four DINCH metabolites were 

investigated. 

 The most contaminated samples were collected from children born in the Karvina industrial region, 

where the median concentration of phthalate metabolites was approx. 2 times higher compared to 

their mothers. The levels of phthalate metabolites found in the urine obtained from mothers and 

their newborn children in Ceske Budejovice. 

 Metabolite cx-MEHP contributed by 43% to the overall contamination in newborns' urine samples 

from Karvina. The source of its parent (non-metabolized) compound (DEHP) will be investigated 

in a subsequent part of this study. 

 Regarding DINCH metabolites, MINCH was not detected in any of samples. The other DINCH 

metabolites were found in only 7% of samples from mothers and in 1% of samples from children. 

Their median concentrations were very low (0.8–8.8 ng/mL urine), similarly to these biomarkers 

levels reported in other published papers. 

 In most of the Czech samples, MBP was found at the highest concentration, while in other 

worldwide studies, MEP was typically the dominating metabolite. This result could be caused by 

the different exposure sources of phthalates in the Czech Republic and other countries and should 

be further investigated. 
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 CONCLUSIONS 

This Habilitation Thesis reflects the current requirements on ultratrace analysis of organic 

pollutants in HBM studies. The developed methods allows a more accurate assessment of the exposure and 

burden of Czech population which is crucial for the control and prevention of risks posed by these 

chemicals. 

The first part is focused on the characterization of HBM including relevant biological matrices, 

which are analyzed in biomonitoring studies. In following part the main class of environmental pollutants 

are described. The second part is concerned with the development and validation of sample preparation 

procedures for various groups of POPs, and metabolites of phthalates, DINCH, and PAHs. Attention is paid 

to the possibility to integrate various groups of POPs with similar physico-chemical properties into one 

“multi-analyte” method or to simplify common procedures for the analysis of one group of contaminants, in 

particular of their metabolites. These approaches lead to reducing analysis time resulting in higher 

laboratory throughput and cost efficiency. In addition, the important outcome is a lowered need of the 

amount of biological materials, availability of which might be in some cases critical. For the 

identification/quantification of target compounds, both LC–MS and GC–MS techniques were used. The 

accuracy of most of the validated methods has been demonstrated by the analysis of certified materials and 

successful participation in ICI/EQUAS exercises within the HBM4EU project. 

In the last part the main outcomes obtained within various HBM surveys (in which the Department 

of Food Analysis and Nutrition has been involved and their results were published in peer review journals) 

are summarized. These studies focused on the exposure assessment of specific cohorts, mostly mother-

newborn, which represent one of the most vulnerable population groups. 

The main outcomes of the realized studies for selected groups of contaminants in biological 

matrices obtained from specified cohorts of Czech population are summarized below:  

POPs in blood serum 

 In general, chlorinated POPs (mainly HCB, p,p´-DDE and highly chlorinated PCB congeners) belong 

to the frequently detected contaminants at the highest amounts, followed by PFAS (mainly with the 

length of chain C6-C10), while BFRs belong to the minor compounds. 

 Exposure to POPs is highly variable worldwide and even within individual countries. The levels of 

these compounds are comparable or even lower (especially for PFAS) than those reported in other 

studies abroad. In spite to a declining trend in the concentrations of organochlorinated compounds 

was monitored, due to the historical production of PCBs and OCPs (DDTs and HCB) in the former 

Czechoslovakia, thus high population burden, the current levels are mostly higher than in similar 

studies.  

PFAS in milk 

 Significant time-related decreasing trends in the PFOS and PFOA levels in human milk between 

2006 and 2017 were observed, probably due to a long term regulation of these compounds by 

authorities worldwide, especially in the frame of Stockholm Convention in 2009. 
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 Alike in case of other pollutants, infants´ exposure to PFAS through breast milk may pose some 

health risks, however, the benefits of breastfeeding should be always balanced against conceivable 

adverse effects resulting from body burden. 

Metabolites of OH-PAHs in urine 

 Higher amount of OH-PAHs was found in urine samples collected from population at highly 

industrialized areas in winter period, probably due to the smog situation associated with emissions 

from heavy industry (e.g. coke and steel production) and local heating. 

 Amount of OH-PAHs did not correlate with PAHs measured in the ambient air, a possible 

explanation is the exposition of the population to PAHs from other sources, such as diet. 

 Generally, the concentration of OH-PAHs in children´s urine is lower compared to their mothers. 

Phthalate and DINCH metabolites in urine 

 No correlation was found between the levels of target compounds in children's and mothers' urine 

samples, probably because of different exposure sources of phthalates. 

 DINCH metabolites were found only in a low portion of urine samples, concentration on positive 

samples were comparable to those obtained in similar studies performed in other countries. 

 The most often detected compound at the highest concentration was MBP. However, in similar 

worldwide studies, regarding the determined levels, MEP is commonly dominating. The 

explanation of this difference is needed and the exposure sources should be further investigated. 

6.1 Plans and ideas for future experimental work 

The future experimental work will be focused on the activities related to the PARC project, which 

is currently under development. Its beginning is planned in spring 2022 and will be held for seven years. 

Generally, PARC is a joint research and innovation programme to strengthen the scientific basis for chemical 

risk assessment in the EU. The plan is to bring chemical risk assessors and managers together with scientists 

to accelerate method development and the production of necessary data and knowledge, and to facilitate 

the transition to next-generation evidence-based risk assessment, a nontoxic environment and in line with 

“The European Green Deal” (European Commission, 2019). Based on my experiences obtained within 

previous Ph.D. studies and later during project HBM4EU, I would like to contribute to the activities in human 

biomonitoring, environmental and multisource monitoring, employing innovative methods and tools for 

monitoring and surveys. In this context, analysis of other emerging contaminants (e.g., UV filters, 

bisphenols, OPFRs) and their metabolites in both biological and environmental matrices will be subject of 

research focus. 

Further research activities will be also concerned with the monitoring of PFAS groups, for which 

within the re-evaluation process the EFSA reduced the tolerable intake limit for certain representatives, as 

the knowledge on their harmful effects on human health is continuously expanding. The main route of 

human exposure is via diet including drinking water. Although in the latter case, PFAS are typically 

contained ultratrace levels, the daily intake makes drinking water worth of attention. The new European 

Union Directive 2020/2184 on the quality of water intended for human consumption from December 2020 

defines two parameters for monitoring: ‘sum of PFAS’ (sum of ten PFCAs, and ten PFSAs, C4-13 limited up 
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to 0.1 µg/L) and ‘PFAS total’ with limit up to 0.5 µg/L (Directive EU 2020/2184). In addition, new EU 

legislation setting maximum levels of PFAS representatives for food (eggs, meat, crustaceans and bivalves, 

game, offal) can be expected in a close future. For the control purposes purpose, the development of new 

methods for the analysis of challenging matrices (e.g., baby food, fatty foods) meeting the QA/QC criteria 

including low LOQs will be urgently needed. 

Needed to emphasize, that interdisciplinary cooperation with other research group, both at 

national and international level, will be further developed. At the same time, the contact and joint projects 

with other stakeholders concerned with mitigation of environmental pollution and food chain production 

will be strengthened.
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 SYMBOLS AND ABBREVIATIONS 

1-OHP 1-hydroxypyrene 

2,4,6-TBP 2,4,6-tribromophenol 

2-OH-NAP  2-hydroxynaphthalene 

BaA benz(a)anthracene 

BaP benzo(a)pyrene  

BbF benzo(b)fluoranthene 

BBzP benzyl butyl phthalate 

BFRs brominated flame retardants 

Br-PFOS branched-PFOS 

BTBPE 1,2-bis(2,4,6-tribromophenoxy)ethane 

BTBPE 1,2-bis(2,4,6-tribromophenoxy)ethane 

bw body weight 

CI chemical ionization 

CPs chlorinated paraffins 

cx-MEHP mono (2-ethyl-5-carboxypentyl) phthalate 

cx-MINCH cyclohexane-1,2-diarboxylic mono carboxyisononyl ester 

CZ-HBM Czech human biomonitoring program  

DBDPE  decabromodiphenyl ethane 

DBP dibutyl phthalate 

DDT dichloro-diphenyl-trichloroethane  

DEHP di(2-ethylhexyl) phthalate 

DiBP diisobutyl phthalate 

DIDP diisodecyl phthalate 

DINCH di-iso-nonyl cyclohexane-1,2-dicarboxylate  

DINP diisononyl phthalate 

DnBP di-n-butyl phthalate 

DP Dechlorane Plus 

d-SPE dispersive solid phase extraction 

EFRA European Flame Retardants Association 

EFSA European Food Safety Authority 

EI electron ionization 

EQUAS external quality assessment scheme 

ESI- electrospray ionisation in negative mode 

EU the European Union 

FOSAs perfluorooctane sulfonamides 

FOSEs perfluorooctane sulfonamide ethanols 

FRs flame retardants 

FTOHs fluorotelomer alcohols 

FTSs fluorotelomer sulfonates  

GC gas chromatography 

GPC gel permeation chromatography 

HAIE Healthy Aging in Industrial Environment 

HBCDs hexabromocyclododecanes 

HBM human biomonitoring 

HCB hexachlorobenzen 
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HCH α-hexachlorocyclohexan 

HI hazard index 

HLB hydrophilic lipophilic balance 

HMW high molecular weight 

HPLC high-performance liquid chromatography 

HQ hazard quotient 

CHR chrysene 

ICI interlaboratory comparison investigation 

LC liquid chromatography 

LCCPs long-chain chlorinated paraffins 

LLE liquid-liquid extraction 

LMW low molecular weight 

LOD limit of detection 

LOQ limit of quantification 

L-PFOS linear-PFOS 

lw lipid weight 

MBP monobutyl phthalate  

MBzP monobenzyl phthalate 

MCCPs medium-chain chlorinated paraffins 

MEHP mono(2-ethylhexyl) phthalate 

MEP monoethyl phthalate 

MEP monoethyl phthalate 

MiBP mono-iso-butyl phthalate 

MINCH mono-isononyl-cyclohexane-1,2-dicarboxylate 

MnBP mono-n-butyl phthalate 

MS(/MS) (tandem) mass spectrometry  

MTBE methyl tert-butyl ether 

NBFRs novel (or new) brominated flame retardants 

NCI negative chemical ionization 

NIPH The National Institute of Public Health  

o,p′-DDD o,p′-dichlorodiphenyldichloroethane 

o,p′-DDE o,p’-dichlorodiphenyldichloroethylene 

OCPs organochlorine pesticides 

OH-BDEs hydroxylated metabolites of polybrominated diphenyl ethers 

OH-MEHP mono(2-ethyl-5-hydroxyhexyl) phthalate 

OH-MINCH cyclohexane-1,2-dicarboxylic mono hydroxyisononyl ester 

OH-PAHs monohydroxylate metabolites of polycyclic aromatic hydrocarbons 

OPFRs organophosphorus flame retardants 

oxo-MEHP mono(2-ethyl-5-oxohexyl) phthalate 

oxo-MINCH cyclohexane-1, 2-dicarboxylic mono oxoisononyl ester 

p,p’-DDE p,p’-dichlorodiphenyldichloroethylene 

p,p′-DDT 1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane 

PAHs polycyclic aromatic hydrocarbons 

PAPs polyfluoroalkyl phosphate esters  

PARC Partnership for Chemicals Risk Assessment 

PBDEs polybrominated diphenyl ethers 
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PCBs polychlorinated biphenyls 

PFAS per- and polyfluoroalkyl substances 

PFCAs perfluorocarboxylic acids 

PFDA perfluorodecanoic acid 

PFHpA perfluoroheptanoic acid 

PFHxS perfluorohexane sulfonic acid 

PFNA perfluorononanoic acid 

PFNA perfluorononanoic acid  

PFOA perfluorooctanoic acid 

PFOS perfluorooctane sulfonic acid 

PFSAs perfluorosulfonic acids 

PFUnDA perfluoroundecanoic acid  

POPs persistent organic pollutants  

PTWI provisional tolerably weekly intake 

QA/QC  quality assurance/quality control 

RSD relative standard deviation 

SCCPs short-chain chlorinated paraffins 

SOP standard operation procedure 

SPE solid phase extraction  

SRM standard reference material 

TBBPA tetrabromobisphenol A 

TCEP tris(2-chloroethyl) phosphate 

TClPP tris(2-chloroisopropyl) phosphate 

TDClPP tris(1,3-dichloro-2-propyl) phosphate 

TDI tolerably daily intake  

TWI tolerably weekly intake  

UHPLC ultra-high performance liquid chromatography 

WHO World Health Organization 

Z Z-scores  
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• A novel multi-analyte procedure for as-
sessment of human blood serum was
developed.

• Only 3 mL of sample for determination
of all 78 various analytes is needed.

• Benefit of this approach is analysis of
FRs, PFASs, OCPs, PCBs in a single sam-
ple.

• 10 PFASs, 10 OCPs, 8 PCBs and 6 PBDEs
were detected in human serum.

• PFASs were the dominating group of all
monitored contaminants in human
serum.
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Within this study, a new analytical strategy was developed and validated for the simultaneous determination of
78 organohalogenated contaminants in human blood serum, namely 40 flame retardants (FRs) including 7
“novel” brominated and chlorinated FRs (novel FRs), 19 perfluoroalkylated substances (PFASs), 11 organochlo-
rine pesticides (OCPs) and 8 polychlorinated biphenyls (PCBs). The integral sample preparation procedure was
implemented for the isolation of non-polar compounds, based on three-step solvent extraction using a mixture
of n-hexane:diethylether (9:1, v/v), followed by purification using a solid-phase extraction (SPE) on a Florisil®
column. For isolation of more polar and lipophobic analytes, the remaining fraction from the first extraction
step was further processed, using a modified QuEChERSmethod. Depending on the polarity and volatility of tar-
get compounds, either gas chromatography coupled to (tandem) mass spectrometry (GC–MS/(MS)), or ultra-
high performance liquid chromatography coupled to triple quadrupole tandem mass spectrometry (UHPLC-
MS/MS), was employed for their identification/quantification. Within the subsequent pilot study, the new vali-
dated procedure was successfully applied to the monitoring of organohalogenated contaminants in 38 samples
of human blood serum obtained from Prague, Czech Republic. From 78 targeted analytes, 10 PFASs, 10 OCPs, 8
PCBs and 6 BFRs were detected in serum at concentrations above method quantification limits (MQLs). In the
serum samples, the amounts of determined PFASs were in the range b 0.01–8.97 ng mL−1 (mean
0.631 ng mL−1), OCPs and PCBs ranged from b0.1–1626 ng g−1 lw (mean 40.0 ng g−1 lw) and b

0.1–481 ng g−1 lw (mean 63.3 ng g−1 lw), respectively.
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1. Introduction

The key objective of a biological monitoring (biomonitoring) is the
assessment of human exposure to various groups of environmental
chemicals. The target analytes, which could be either the parent com-
pounds or their metabolites, are considered as ‘biomarkers’ of exposure
and are linked to the concentration of their internal dose. The most
commonly analysed matrices are blood (serum or plasma), human
milk, urine, adipose or other tissues (Needham et al., 2007).

As regards organohalogenated pollutants, polychlorinated biphenyls
(PCBs), organochlorine pesticides (OCPs), brominated flame retardants
(BFRs) representedmainly by polybrominated diphenyl ethers (PBDEs)
have been widely studied in human biological samples, specifically in
their lipid fraction. In the recent decade, the list of priority has been ex-
tended by perfluoroalkylated substances (PFASs), mainly to
perfluorooctane sulphonate (PFOS) and perfluorooctanoic acid
(PFOA), which are due to their affinity to proteins widespread in breast
milk and blood serum (Ben Hassine et al., 2014; Mørck et al., 2015;
Whitehead et al., 2015). While assessing human exposure based on
the analysis of contaminants in breast milk (i.e. matrix which, due to
its non-invasive collection, is fairly popular) provides information on
the body burden of only limited population groups, the analysis of
blood serum/plasma samples enables the exposure of all population
groups to be monitored. It is worth noting that, to date, many biomon-
itoring studies have only been focused on one or a few groups of pollut-
ants possessing the same or a very similarmode of action. However, the
health risks to humans are commonly derived from exposure to multi-
ple chemicals – ‘chemical mixtures’ – thus their ‘cocktail effects’ should
be considered (Gribble et al., 2015; Nøst et al., 2017; Salihovic et al.,
2013b). Recently, the extensive Human Biomonitoring project
HBM4EU (https://www.hbm4eu.eu/) as a joint effort of 28 countries,
the European Environment Agency and the European Commission, has
been initiated. The key objective is a better understanding of the
dose–response relationship and the associated health impacts. In this
context, the improvement of chemical risk assessment and the support
of policy making should be achieved.

Under these conditions, the implementation of high throughput re-
liable methods for multiple contaminants' analysis is obviously a chal-
lenging task. In general terms, the most critical step in analysis of the
above-mentioned organohalogenated pollutants in blood serum is the
sample processing procedure, since the volume of available biological
fluid is usually rather limited. In general, the sample quantity needed
for the analysis is variable, ranging from 0.2 to 40 mL (Coakley et al.,
2018; Flores-Ramírez et al., 2017; Nøst et al., 2017; Thuresson et al.,
2006), depending on the target compounds (concentrations, polarity)
and the selected analytical method. Focusing on studies from the past
three years, the most common quantity of sample for analysis is
0.2–2 mL (Cequier et al., 2015; Gribble et al., 2015; Moon et al., 2017;
Salihovic et al., 2015; Whitehead et al., 2015). In most cases, the dena-
turing and precipitating agents (formic and hydrochloric acid, metha-
nol, ethanol, acetonitrile and 2-propanol) are added to the serum
samples before the extraction process. Typical isolation methods for
PCBs, OCPs, BFRs and novel FRs are liquid-liquid extraction (LLE) and
solid-phase extraction (SPE; sorbents: C18 and Oasis HLB), employing
non-polar solvents or their mixtures: hexane, dichloromethane and
diethylether. For the extraction of PFASs, polar solvents e.g. methanol
and acetonitrile are applied. The purification process of the crude ex-
tracts is often performed by SPE columns employing the sorbents silica,
C18 and HLB (Salihovic et al., 2013a).

Currently, there is no published analytical procedure for the simulta-
neous determination of PCBs, OCPs, FRs and PFASs in human serum
samples. Typically, one or two groups of contaminants (PFASs; PCBs
and OCPs; PCBs and BFRs) are most often determined in serum (Porta
et al., 2012; Ulutaş et al., 2015; Wang et al., 2018). Only one study, pub-
lished by Long et al., 2015, deals with an occurrence such as a broader
spectrum of organohalogenated contaminants (n = 45; PFASs, OCPs,

PCBs and PBDEs) in human blood samples. However, within the isola-
tion of target compounds, the serum sample was separated into several
parts and the extraction methods were used separately for OCPs and
PCBs; PBDEs and PFASs. This study mainly summarises the findings of
monitored contaminants in serum samples of pregnant women (Long
et al., 2015).

The main aims of this study were (i) to develop an innovative sam-
ple preparation procedure, enabling the isolation of the precedence of
multiple organohalogenated contaminants represented by PCBs, OCPs,
FRs and PFASs from a single 3 mL human serum sample, and (ii) to
apply the new strategy for the analysis of biomonitoring samples
aimed at the assessment of human exposure to multiple
organohalogenated contaminants.

2. Materials and methods

2.1. Standards

The target analytes including CAS number, concentration and other
information are summarised in Tables S1 and S2 in the Supplementary
data. Certified standards of BFRs, represented by 16 PBDE congeners
and other BFRs (PBEB, HBB, PBT, OBIND, BTBPE and DBDPE), HBCD iso-
mers (α-, β- and γ-), TBBPA were obtained from Wellington Laborato-
ries (Guelph, Ontario, Canada). Three brominated phenols and
individual standards of 4 OH-PBDEs and 7 novel FRs (DBE-DBCH,
TBCO, DPTE, EH-TBB, HCDBCO, DP syn and DP anti) were purchased
from AccuStandard (New Haven, CT, USA). The individual standards of
19 PFASs were purchased from Wellington Laboratories. A standard
mixture of PCBs consisting of 6 congeners (No. 28, 52, 101, 138, 153
and 180), the individual standards of CB 170 and CB 118, standards of
11 OCPs were obtained from Dr. Ehrenstorfer (Augsburg, Germany).
The other individual PCB standards of CB 65 and 166 were purchased
from Absolute Standards, Inc. (Hamden, USA). Isotopically labelled in-
ternal standards of PFASs and BFRs were supplied by Wellington Labo-
ratories. All standards were obtained with the highest available purity
(N97%).

The working solutions of standardmixtures of PFASs and OH-PBDEs
were prepared in methanol at concentrations of 0.25–100 ngmL−1; the
concentrations of HBCD isomers, TBBPA and brominated phenols were
5 times higher. Each calibration standard contained labelled internal
standards of 13C-BFRs at 10 ng mL−1 and 13C-PFASs at 1 ng mL−1. Sim-
ilarly, calibration solutions with PCBs, OCPs, novel FRs and BDE 28-203,
PBT, PBEB, HBB, OBIND and BTBPE at concentration levels of
0.05–500 ng mL−1 and BDE 206-209 and DBDPE at
0.25–2500 ng mL−1 were prepared in isooctane. Each calibration level
of novel FRs, BFRs and OCPs, PCBs contained surrogate standards, such
as BDE 37, BDE 77 at 5 ng mL−1, 13C12-BDE 209 at 50 ng mL−1 and CB
65, CB 166 at 5 ng mL−1, respectively. All solutions were stored at 5 °C
in the refrigerator.

The standard reference material of fortified human blood serum
SRM 1958 used for the validation experiments was obtained from the
National Institute of Standards and Technology (NIST, Gaithersburg,
Maryland, USA).

2.2. Chemicals, reagents and other materials

Diethylether, dichloromethane, n-hexane, methanol, sulphuric acid
(98%) and isooctane were supplied by Merck (Germany); acetonitrile,
formic acid (98%) and magnesium sulphate (98%) from Sigma-Aldrich
(USA); sodium chloride (99.9%) and acetone from Penta (Czech
Republic). Polypropylene (PP) centrifuge tube filters (nylon, pore size
0.22 μm) were obtained from Sigma-Aldrich. Silica (0.15–0.25 mm)
supplied by Merck was activated by heating at 180 °C for 5 h, then
deactivated by adding 2% of deionised water, shaken for 3 h and stored
in a desiccator for 12 h before use. Florisil® for residual analysis
(0.15–0.25 mm) provided by Merck was activated by heating at 600
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°C for 4 h, then at 130 °C for 5 h and finally stored in a desiccator. The
human blood serum used for the method development and validation
experiments was supplied by Sigma-Aldrich (USA).

2.3. Sample collection

All 38 samples of human blood serumwere obtainedwithin cooper-
ation with The National Institute of Public Health (Prague, Czech
Republic). The sampling was carried out in Prague in 2015. The serum
samples (2–4 mL) were stored in the freezer at−80 °C until analysis.

2.4. Optimisation of the sample preparation procedure

Within the optimisation experiments, several parameters had to be
tested. The sample preparation procedure for the isolation of non-
polar analytes amenable to GC–MS (PBDEs, PBEB, HBB, PBT, OBIND,
BTBPE, DBDPE; novel FRs; OCPs and PCBs) was inspired by the method
described in the Swedish study concerned with PBDEs (Darnerud et al.,
2015), in which serumwas mixed withmethanol, then followed by the
repeated extraction of analyteswith amixture of n-hexane:diethylether
(1:1, v/v).

Our method is described as follows: Firstly, there is an integrated
step for all targeted compounds based on the weighing of 3 mL serum
and the addition of 3 mL acetonitrile for protein precipitation. For the
isolation of non-polar compounds, the time of shaking (1 min, 2 min
and 3 min), a number of repeated extraction steps (2 or 3) and the var-
ious ratios of n-hexane:diethylether mixtures (1:1; 4:1 and 9:1, v/v)
were tested. As a purification step of a non-polar extract intended
mainly for removing lipids, an SPE column (0.5 g) with 2 different sor-
bents, namely Florisil® and silica, were tested. Before the application
of a sample extract, the sorbent was conditioned by 4 mL of n-hexane:
dichloromethane (3:1, v/v), followed by 3 mL of n-hexane. The elution
profile of target non-polar compounds from SPE columns was verified
by loading 1 mL of standard solution (mixture of FRs, PCBs and OCPs
at concentration 50 ng mL−1 in hexane). Thereafter, fractions of 1 mL
(10mL in total) of n-hexane:dichloromethane (3:1, v/v) were collected,
then evaporated (BüchiRotavapor R-114, R-200, Büchi, Switzerland)
and re-dissolved in 0.2 mL of isooctane for GC–MS analysis.

For the more polar and lipophobic compounds amenable to LC-MS
(HBCD isomers (α-, β- and γ), TBBPA, OH-PBDEs, brominated phenols
and PFASs) which remain associatedwith the residues after the first ex-
traction step, the modified QuEChERS-like extraction with acetonitrile,
water and added inorganic salts (sodium chloride 1 g and magnesium
sulphate 4 g) was tested. After evaporation of the MeCN fraction, the
residues were dissolved in 0.25 mL of methanol and prepared for mea-
surement by ultra-high performance liquid chromatography coupled to
triple quadrupole tandem mass spectrometry (UHPLC-MS/MS). To
avoid losses of the individual analytes, the distribution of all target com-
pounds between individual fractions (non-polar or more polar) was
also verified. For this purpose, before a purification step (SPE columns)
performedwithin the extraction of non-polar compounds measured by
GC–MS, 100 μl of non-polar extract was taken andwasmeasured by LC-
MS/MS.

2.4.1. Final sample preparation procedure
3mLof thawed serumwasweighed into the polypropylene tube and

then the surrogate standards were added, specifically 0.04mL of a mix-
ture of 13C-PFASs and 13C-HBCDs, 13C-TBBPA at the concentration
10 ng mL−1 and 100 ng mL−1 and 0.03 mL of a mixture of BDE 37,
BDE 77, CB 65, CB 166 and 13C12-BDE 209 at the concentration
50 ngmL−1 and 500 ngmL−1. The sample was mixed with 3 mL aceto-
nitrile for the protein precipitation and the tube was shaken for 2 min.

Within the first step, 6 mL n-hexane:diethylether (9:1, v/v) was
added to the tube containing 3 mL serum with the surrogate standards
plus 3 mL acetonitrile. This solvent mixture was used for the extraction
of non-polar compounds (PCBs, OCPs, Novel FRs, PBDEs and BFRs) and

the tube was shaken again for 2 min. The tube was centrifuged for
5 min at a speed of 5000 rpm. The upper organic layer was transferred
into a new flask. The extraction step was repeated twice with an addi-
tional 3 mL n-hexane:diethylether (9:1,v/v) to the original tube, and
the organic layers were combined (altogether 10.5 mL obtained). To re-
move water residues, the combined organic phases were filtered
through the anhydrous sodium sulphate into the pre-weighed flask. Ex-
tractswere concentrated using a vacuum rotary evaporator. The solvent
residue was evaporated using a gentle stream of nitrogen, and the lipid
weight was determined gravimetrically. The lipids were dissolved in
0.5 mL of n-hexane for the subsequent clean-up step. An aliquot of
0.1 mL was transferred into the vial for the LC–MS analysis of N-
MeFOSA, N-EtFOSA, 2,4-DBP, HBCD isomers and OH-PBDEs. The re-
maining 0.4 mL was purified using solid-phase extraction on a Florisil®
column (0.5 g). The columnwas conditioned with 4mL of n-hexane:di-
chloromethane (3:1,v/v) and then 3mL n-hexane. After that, the sample
was loaded on to the column, and target analyteswere eluted by 6mLof
the mixture n-hexane:dichloromethane (3:1, v/v). The obtained eluate
was evaporated using the vacuum rotary evaporator, and the remaining
solvent was removed by a gentle stream of nitrogen. The residue was
dissolved in 0.2 mL of isooctane.

In the second step, the extraction of more polar substances (PFSAs,
PFCAs, FOSA, TBBPA, PBP and 2,4,6-TBP)was performed by themodified
QuEChERS-like extraction, when 5 mL acetonitrile and 5 mL deionised
water were added to the serum sample (mixture of 3 mL serum and
3 mL acetonitrile prepared at the beginning of the extraction), which
remained in the tube after removal of non-polar solvents in the previous
extraction step. Then, the tube was shaken (1 min). Subsequently, NaCl
(1 g) and MgSO4 (4 g) were added, followed by further shaking for
1min. After shaking, the extractwas centrifuged and 5mLof the organic
(acetonitrile) phase was transferred into the flask and evaporated. Fi-
nally, the residues were dissolved in 0.25 mL of methanol. The extract
was filtrated through a nylon filter (0.22 μm) and transferred into the
vial for the LC–MS analysis. For the compounds determined by the LC-
MS/MS, the step of purification was not implemented in the analytical
process. Only minor impurities were removed by the aforementioned
microfiltration.

The scheme of the novel sample preparation procedure employed
for the determination of the set of organohalogenated pollutants
method is shown in Fig. 1.

2.4.2. Validation experiments
The validation experiments were performed on the artificially con-

taminated human blood serum (n=6), in which the occurrence of tar-
get compounds was previously examined and subtracted from the
determined concentrations. The repeatabilities (expressed as relative
standard deviations, RSD %) and recoveries (REC %) were obtained at
two levels (high and low level), namely 1 and 10 ng g−1 lw for PCBs,
OCPs, novel FRs; 0.2 and 1 ng g−1 lw for BFRs; 0.05 and 0.3 ng mL−1

for PFASs and OH-BDEs and 0.3 and 1.5 ng mL−1 for HBCDs, TBBPA
and brominated phenols. To verify the applicability of the new analyti-
cal procedure, the validation experiments were also performed on the
SRM 1958 (the measured and calculated concentrations and standard
deviations were compared to the certified concentration values for
PCBs, OCPs, PBDEs and PFASs). To control background contamination
by target compounds, a procedural blank (the same sample preparation,
only instead of the serum, deionised water was used) was prepared to-
gether with each batch of samples. The method quantification limits
(MQLs) for all compounds were characterised as the lowest calibration
standard at which the quantification and identity confirmation transi-
tions or ions provided signal-to-noise ratio (S/N) N 10 for the quantita-
tive transition/ion and S/N N 3 for at least one confirmation transition/
ion.

However, for the control of the extraction efficiency (recoveries of
target analytes) and correction of possible matrix effects, the isotopi-
cally labelled surrogates (13C-PFASs, 13C-HBCDs and 13C-TBBPA) were
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used.Moreover, the standards of BFR (BDE 37, BDE 77 and 13C-BDE209)
and PCB (CB 65 and CB 166) were also applied for the compensation of
matrix effects mainly within the elimination of negative influences in
the GC injector transferred into the vial for the GC analysis.

2.5. Instrumental analysis

The analysis of PCBs, OCPs, novel FRs and BFRs (PBDEs, PBEB, HBB,
PBT, OBIND, BTBPE, DBDPE) was carried out on GC–MS/(MS). These
measurements were performed using a gas chromatograph Agilent
7890A GC (Agilent Technologies, USA), coupled to a triple quadrupole
mass spectrometer Agilent 7000BMS (Agilent Technologies, USA) oper-
ated in an electron ionisation (EI)mode for PCBs andOCPs.Within PCBs'
and OCPs' measurements, more detailed information is summarised in
the study published by (Kalachova et al., 2013b). During theMRM opti-
misation, the quantification transition m/z 292 → 220 and two confir-
matory transitions m/z 292 → 257, 292 → 222 for CB 65 and the
quantification transition m/z 360 → 290 and two confirmatory transi-
tionsm/z 360→ 325, 362→ 290 for CB 166were optimised and applied.

A GC–MSmethod, employing the triple quadrupole mass spectrom-
eter (QqQ) as a single quadrupole in a negative chemical ionisation
(NCI) for BFRs and novel FRs, was also used. The GC–MSmethod applied
for analysis of BFRs is described in detail by the study (Kalachova et al.,
2013a). Regarding the analysis of novel FRs, the ionm/z 81 and the ions
m/z 79 and 160were used for quantification and confirmation purposes
for DBE-DBCH, TBCO, EH-TBB and DPTE. For the determination of
HCDBCO, the ions m/z 79 and m/z 542 were also used. The ion m/z
654 and the ionsm/z 652, 656 were applied for the quantification/con-
firmation of DP syn and DP anti.

The determination of PFASs, HBCDs, TBBPA, OH-PBDEs and bromi-
nated phenols was performed by UHPLC–MS/MS. The Acquity Ultra-
Performance LC system (Waters, USA) was used, hyphenated with a
tandem quadrupole mass spectrometer XEVO TQ-S (Waters), operated

in themultiple reactionmonitoringmode (MRM)with electrospray in a
negative ionisation mode (ESI). Further information about the LC–MS
method is described in detail by the study (Lankova et al., 2015).

Examples of the GC and LC chromatograms of the serum sample,
spiked with the mixture of all target contaminants at the higher level,
are shown in Fig. S1 in the Supplementary data.

3. Results and discussion

3.1. Optimisation of the sample preparation procedure

As mentioned in the Introduction, monitoring of multiple environ-
mental pollutants in biological matrices, such as human blood serum,
is commonly involved in current biomonitoring studies (HBM4EU).
With regard to a rather limited volume of available biological fluid and
considering the (ultra)trace concentrations of target analytes, an effec-
tive sample processing procedure has to be selected. This task becomes
even more demanding when several groups of pollutants differing
largely in their physico-chemical properties are targeted. That was the
case of our study, in which both lipophilic analytes represented by
FRs, PCBs and OCPs, and lipophobic PFASs were to be monitored. In
most monitoring surveys, the sample has to be split and processed sep-
arately using different procedures (Coakley et al., 2018; Nøst et al.,
2017). To date, only the study (Long et al., 2015) reporting the analysis
of both groups of these pollutants, namely POPs (11OCPs, 14 PCBs and 5
PBDEs) and 14 PFASs, in blood serumhas been published. Nevertheless,
the extractionmethods for analysis of these twogroups of contaminants
are also performed separately in two isolation steps, not in one
weighted sample. In the latest study (Koponen et al., 2013), POPs (6
OCPs, 6 PCBs and BDE 47) and 13 PFASs were analysed, but the range
of pollutants was not as extensive as in our study. In addition, within
these studies, the novel FRs were not included. On this account, we de-
cided to implement an optimised sample handling strategy enabling

Fig. 1. A scheme of analytical method for the determination of PCBs, OCPs, BFRs, novel FRs and PFASs in serum.
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high recoveries of various pollutants, based on the set of consecutive
steps performed on a single sample.

In the first phase, the extraction procedure originally developed for
PBDEs analysis in blood serum was employed to test whether it is also
applicable to other lipophilic analytes. The isolation of non-polar com-
pounds was inspired by the two-times repeated extraction of PBDEs
with n-hexane:diethylether (1:1, v/v), followed by the gravimetric de-
termination of lipids (Darnerud et al., 2015). Firstly, the original proce-
dure was tested for the isolation of BFRs, PCBs and OCPs. However,
insufficient recoveries (33–56%), especially for non-PBDE BFRs, PCBs
(42–72%) and OCPs (40–69%), were achieved. For this reason, the ex-
traction time and number of extraction cycles were modified. The
times of extraction/shaking were extended from 1 to 2 min. Three
minute shaking was also tested, but did not provide better results.
Moreover, a third repetition of extraction with 3 mL of n-hexane:
diethylether (1:1, v/v) was involved in the procedure. Compared to
the original method (2 × 1 min extraction), fairly higher recoveries for
BFRs, PCBs and OCPs (59–74%) were obtained when applying a three-
step solvent extraction with 2 minute shaking. For the testing of isola-
tion efficiency of non-polar analytes, various compositions of extraction
solvent mixture using n-hexane:diethylether (1:1, 4:1 and 9:1; v/v)
were compared. The best extraction efficiency was achieved with the
most non-polar solvent mixture, n-hexane:diethylether (9:1, v/v); the
recoveries of selected PCBs, OCPs and BFRs ranged from 76 to 111%. It
is worth noting that the most significant improvement of extraction ef-
ficiency was achieved for PCBs.

Within the following experiment, for all target compounds isolated
in the non-polar extract, the elution profiles on silica and Florisil® SPE
columns were tested by applying 1 mL of standard solution. All moni-
tored substances were eluted with 6 mL of the mixture of n-hexane:di-
chloromethane (3:1, v/v). The clean-up step on a silica and Florisil®
SPE column was further verified by the purification of a spiked
serum extract at concentration level 10 ng g−1 lw (six replicate anal-
ysis). Within an optimisation of the purification process for novel
FRs, better recoveries 70–113% (RSD b 22%) for all analytes (n = 7)
were obtained when the Florisil® SPE column was used. Regarding
the silica SPE column, recoveries varied in a wide range 56–150%
(RSD b 8%). Lower recoveries were obtained mainly for novel FRs,
such as DBE-DBCH, TBCO, DPTE, DP syn and DP anti, and higher
recoveries for EH-TBB and HCDBCO.

Finally, the newly developed method (three-step extraction with n-
hexane:diethylether (9:1, v/v); clean-up step using Florisil® SPE col-
umn) was validated for the determination of PCBs, OCPs, BFRs and
also for novel FRs in human blood serum.

The isolation of more polar/lipophobic compounds, represented pri-
marily by HBCD isomers (α-, β- and γ), TBBPA, OH-PBDEs, brominated
phenols and PFASs, was performed by the procedure, when the residual
fraction obtained after the isolation of non-polar compounds was ex-
tracted by the mixture of acetonitrile and deionised water and the sep-
aration of aqueous and organic layers was induced by the addition of
inorganic salts. The partition of all analytes between both n-hexane:
diethylether (9:1, v/v) and acetonitrile layers was also investigated. In
the case of LC–MS amenable analytes present in the first non-polar frac-
tion, namely N-MeFOSA, N-EtFOSA, 2,4-DBP, HBCD isomers and OH-
PBDEs, the clean-up step using a Florisil SPE column could not be
used, because these substances were bound to the sorbent and could
not be eluted with the other compounds. Therefore, an aliquot of 100
μL of hexanewas transferred to the vial before purification on the Florisil
column and directly measured using LC-MS/MS.

In summary, the sample preparation procedure consisted of the
three-step solvent extraction with n-hexane:diethylether (9:1, v/v),
followed by the purification on the SPE column (0.5 g, Florisil®). The
modified QuEChERS-like extraction, employing acetonitrile applied for
the isolation of the most polar compounds from the aqueous phase
from the first extraction step, was used for the final validation of the
new multi-analyte procedure.

3.2. Method validation

As described in the Experimental part, the method validation was
performed using blood serum spiked at two concentration levels, ad-
justed to typical concentrations reported for the respective groups of
pollutants in other studies. In Table S3 in the Supplementary data, re-
coveries and repeatabilities (expressed as a relative standard deviation,
RSD, %) and MQLs of the newly validated method for the determination
of various groups of environmental contaminants in blood serum are
summarised. The recoveries of compounds measured by GC–MS/MS at
both concentration levels ranged from 70 to 115% (RSD b18%) for FRs,
74 to 120% (RSD b20%) for OCPs and PCBs, with relevant MQLs reaching
0.05–2.5 ng g−1 lw (Table S3). The recoveries of LC–MS/MS amenable
analytes were in the range of 79–120% (RSD b20%) for PFASs and OH-
BDEs, 71–116% (RSD b19%) for HBCDs, TBBPA and brominated phenols
and MQLs ranged from 0.01 to 0.3 ng mL−1.

Moreover, the entire analytical method was also tested on the SRM
1958. The performance characteristics as recoveries and repeatabilities
were calculated from the 7 replicate analyses of the SRM 1958
(Table 1). The appropriate recoveries ranged from 97 to 100% (RSD
b7%) for PFASs; from 83 to 112% (RSD b18%) for OCPs; from 86 to
113% (RSD b10%) for PCBs, and from 72 to 119% (RSD b17%) for
PBDEs. For more details, see Table 1. The results of all monitored
organohalogenated contaminants (PFASs, PBDEs, OCPs and PCBs)
were in accordance with the certified values.

3.3. Application of the newly developed multi-analyte method

The new multi-analyte approach was finally applied within a pilot
monitoring survey, aiming to determine the concentrations of different
groups of organohalogenated pollutants in the human blood serum
samples (n = 38) which were collected in Prague (Czech Republic).
The obtained results are summarised in Table 2. 50% of 78 target com-
pounds were present above the MQLs (PFASs = 10, OCPs = 10; PCBs
= 8 and BFRs = 6). The most abundant contaminants were PFOA,
PFNA, PFDA, PFUndA, Br-PFOS, L-PFOS, HCB and p,p′-DDE found in all
examined samples, followed by CB 138, CB 153 and CB 180; CB 170,
α-HCH and p,p′-DDT; CB 28; o,p′-DDD; γ-HCH; β-HCH; o,p′-DDE; CB
118; p,p′-DDD and PFHpA quantified in N50% of human blood serum
samples.

The dominating group of all monitored contaminants in serum was
PFASs. The total concentrations of PFASs (expressed as a sum of quanti-
fied compounds, ΣPFASs) ranged from b0.01 to 8.97 ng mL−1 (mean
0.631 ng mL−1). In detail, the highest concentrations were found for
PFOA 0.280–8.97 ng mL−1 (mean 1.68, median 0.956 ng mL−1), L-
PFOS 0.335–6.68 ng mL−1 (mean 1.73, median 1.47 ng mL−1) and
PFNA 0.117–6.55 ng mL−1 (mean 0.554, median 0.366 ng mL−1). As
documented in Fig. 2, the measured concentrations of PFOA and PFOS
were lower by approximately one order of magnitude than in other
studies realised in Australia and USA (median: PFOA (6.40 ng mL−1)
and PFOS (14.8 ng mL−1) (Toms et al., 2009); PFOA (3.30 ng mL−1)
and PFOS (28.5 ngmL−1) (Kuklenyik et al., 2005) (Fig. 2). Nevertheless,
compared to the other studies from Denmark (Joensen et al., 2013;
Mørck et al., 2015), our values for PFOS and PFOA were approximately
three times lower. Within the Italian studies (De Felip et al., 2015;
Ingelido et al., 2010), during five years (2000–2005 and 2007–2012)
the concentrations of PFOS and PFOA in human blood serum decreased
to one half (from 6.31 to 2.43 ng g−1 for PFOS and from 3.59 to
1.55 ng g−1 for PFOA). The highest concentrations of PFOS (median
28.5 ng mL−1) (Fig. 2) were detected within the American study
(Kuklenyik et al., 2005), which is probably a consequence of the previ-
ous high production of these chemicals in the USA, since the American
company 3 M was the biggest producer of PFOS.

Within the group of non-polar analytes, specifically PCBs dominated
in the tested serum samples, the total amounts of ΣPCBs ranging from
b0.1 to 481 ng g−1 lw (mean 63.3 ng g−1 lw). The highest
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Table 1
The newly validated analytical method applied to the analysis of PCBs, OCPs, PBDEs and PFASs in seven replicates of the SRM 1958.

Analyte MQLs (ng g−1) Certified concentration values
in SRM 1958 (ng g−1)

Measured concentrations
in SRM 1958 (ng g−1)

REC (%) RSD (%)

Mean SD Mean SD

PFASs PFOA 0.010 4.11 0.170 3.98 0.214 97 5
PFNA 0.010 0.660 0.130 0.657 0.016 100 3
PFOS 0.010 16.6 0.900 16.2 0.733 98 5
PFHxS 0.010 2.66 0.070 2.66 0.197 100 7

OCPs HCB 0.005 0.442 0.046 0.486 0.047 110 18
α-HCH 0.005 0.260 0.044 0.216 0.007 83 8
β-HCH 0.005 0.278 0.047 0.311 0.010 112 3
γ-HCH 0.005 0.315 0.043 0.317 0.014 99 12
o,p′-DDE 0.005 0.450 0.020 0.413 0.022 92 6
p,p′-DDE 0.005 1.25 0.130 1.07 0.059 85 6
o,p′-DDD 0.005 0.347 0.046 0.287 0.019 83 7
p,p′-DDD 0.005 0.416 0.017 0.407 0.009 98 5
o,p′-DDT 0.010 0.313 0.043 0.267 0.025 85 15
p,p′-DDT 0.010 0.293 0.012 0.268 0.014 91 12

PCBs CB 28 0.005 0.402 0.012 0.424 0.012 106 10
CB 52 0.005 0.401 0.014 0.406 0.009 101 5
CB 101 0.005 0.409 0.027 0.430 0.018 105 6
CB 118 0.005 0.412 0.035 0.396 0.015 96 4
CB 138 0.005 0.473 0.054 0.535 0.012 113 4
CB 153 0.005 0.457 0.036 0.410 0.021 90 6
CB 170 0.010 0.422 0.023 0.388 0.020 92 8
CB 180 0.010 0.459 0.049 0.397 0.014 86 7

PBDEs BDE 28 0.005 0.462 0.019 0.392 0.057 72 17
BDE 47 0.005 0.651 0.029 0.567 0.071 85 13
BDE 66 0.005 0.440 0.041 0.396 0.018 90 6
BDE 85 0.005 0.475 0.039 0.467 0.037 98 8
BDE 99 0.005 0.492 0.015 0.498 0.028 101 7
BDE 100 0.005 0.475 0.027 0.434 0.028 91 8
BDE 153 0.005 0.455 0.054 0.478 0.025 105 5
BDE 154 0.005 0.441 0.039 0.423 0.028 85 7
BDE 183 0.005 0.453 0.042 0.399 0.020 85 6
BDE 206 0.010 0.426 0.004 0.471 0.046 119 9
BDE 209 0.050 0.417 0.005 0.461 0.073 111 16

Table 2
Concentrations of detected OCPs, PCBs, BFRs and PFASs in human blood serum (n= 38).a,b

Analyte Samples N MQL (%) MQL Median Mean Minimum Maximum

ng mL−1 PFOA 100 0.013 0.956 1.68 0.280 8.97
PFNA 100 0.013 0.366 0.554 0.117 6.55
PFDA 100 0.013 0.144 0.170 0.042 0.497

Br-PFOS 100 0.004 1.35 1.44 0.290 3.38
L-PFOS 100 0.005 1.47 1.73 0.335 6.68
PFUndA 100 0.013 0.052 0.057 0.014 0.183
PFHpA 53 0.013 0.015 0.021 b0.01 0.074
PFDoDA 37 0.013 b0.01 0.121
PFTrDA 29 0.013 b0.01 0.034

ng g−1 lw HCB 100 0.1 29.6 64.8 7.64 638
α-HCH 95 0.1 2.65 4.25 b0.1 19.9
β-HCH 74 0.1 3.97 7.58 b0.1 92.4
γ-HCH 76 0.1 1.02 1.03 b0.1 5.14
o,p′-DDE 71 0.1 0.45 0.72 b0.1 3.44
p,p′-DDE 100 0.1 207 278 40.2 1626
o,p′-DDD 84 0.1 2.45 4.15 b0.1 37.4
p,p′-DDD 58 0.1 3.84 23.9 b0.1 161
o,p′-DDT 26 0.5 3.31 3.15 b0.5 4.64
p,p′-DDT 95 0.5 13.5 14.5 b0.5 54.6
CB 28 87 0.1 1.88 2.25 b0.1 10.7
CB 52 5 0.1 b0.1 1.72
CB 101 37 0.1 b0.1 2.43
CB 118 61 0.1 3.18 4.73 b0.1 22.8
CB 138 97 0.1 71.0 87.5 b0.1 332
CB 153 97 0.1 137 168 b0.1 481
CB 170 95 0.5 73.2 80.6 b0.5 225
CB 180 97 0.5 158 163 b0.5 446
BDE 47 8 0.1 b0.1 1.83
BDE 99 5 0.1 b0.1 5.60
BDE 153 13 0.1 b0.1 1.63
BDE 196 3 0.1 b0.1 1.13
BDE 197 3 0.1 b0.1 1.91
BDE 209 13 2.5 b2.5 67.8

a Mean and median values were calculated when in N50% of samples compound was positively detected in concentration above the MQL.
b For results below MQL one-half the MQL value was used.
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concentrations were determined for hexa- and hepta-chlorinated con-
geners, represented by CB 138 b 0.1–332 ng g−1 lw (mean 87.5, median
71 ng g−1 lw), CB 153 b 0.1–481 ng g−1 lw (mean 168, median
137 ng g−1 lw) and CB 180 b 0.5–446 ng g−1 lw (mean 163, median
158 ng g−1 lw). In the present study, the concentrations of the most
often detected CB 138, 153 and 180, were comparable with the data
from the Romanian study (Dirtu et al., 2006) (CB 138 – median
38 ng g−1 lw; CB 153 – median 102 ng g−1 lw and CB 180 – median
107 ng g−1 lw). However, the levels of the major PCB congener in this
study, CB153 (b0.1–481 ng g−1 lw,median137 ngg−1 lw)were slightly
lower than the amount of this analyte (16.2–628 ng g−1 lw, median
187 ng g−1 lw) reported by the Slovak study (Chovancová et al.,
2014). However, compared to the other studies from Italy, Korea and
Greece (Amodio et al., 2012; Esposito et al., 2014; Kalantzi et al., 2011;
Kang et al., 2008), our results were approximately four times higher
(Fig. 3). Fig. 3 also shows that the lowest levels of medians CB 138
(6.4 ng g−1 lw), CB 153 (9.7 ng g−1 lw) and CB 180 (9.3 ng g−1 lw)
were measured in the American study (Whitehead et al., 2015).

The total amounts of ΣOCPs in serum ranged from b0.1 to
1626 ng g−1 lw (mean 40.0 ng g−1 lw). The highest concentrations
were determined for p,p′-DDE 40.2–1626 ng g−1 lw (mean 278, median
207 ng g−1 lw), HCB 7.64–638 ng g−1 lw (mean 64.8, median
29.6 ng g−1 lw) and p,p′-DDD b0.1–161 ng g−1 lw (mean 23.9, median

3.84 ng g−1 lw). The concentrations of major OCPs, p,p′-DDE (median
207 ng g−1 lw) and HCB (median 29.6 ng g−1 lw) were in accordance
with the other mentioned studies from the USA, Italy and Korea
(Fig. 4). The lowest concentrations of p,p′-DDE (median 122 ng g−1

lw) were detected in the study from Tunisia (Ben Hassine et al., 2014).
The highest medians of p,p′-DDE were determined within the Polish
(343 ng g−1 lw) and Greek (268 ng g−1 lw) studies (Jaraczewska
et al., 2006; Kalantzi et al., 2011). The analyte p,p′-DDE is a degradation
product of p,p′-DDT (main insecticidal activity), which was banned
N30 years ago. These findings (relatively high levels of p,p′-DDE com-
pared to the other OCPs in serum; degradation product of p,p′-DDT)
are in accordance with the high biological persistence and stability
(specifically p,p′-DDE has a median half-life of N8.6 years in serum)
of organochlorine compounds that can accumulate in various envi-
ronmental compartments, such as the atmosphere, water sediments,
soil and also the food chain (main source through eating food con-
taining small amounts of these contaminants) (Amodio et al., 2012;
Kang et al., 2008).

The last targeted group of pollutants was BFRs, which belong to
minor contaminants in human blood serum. Only six PBDE congeners
namely, BDE 47 (b0.1–1.83 ng g−1 lw), BDE 99 (b0.1–5.60 ng g−1 lw),
BDE 153 (b0.1–1.63 ng g−1 lw), BDE 196 (b0.1–1.13 ng g−1 lw), BDE
197 (b0.1–1.91 ng g−1 lw) and BDE 209 (b2.5–67.8 ng g−1 lw), were

Fig. 2.Median concentrations of major PFASs (PFOS and PFAS) in human blood serum compared with studies conducted in other countries.*

Fig. 3.Median concentrations of major PCBs (CB 138, 153 and 180) in human blood serum compared with studies conducted in other countries.*
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detected in serum samples. The most frequently found representatives
of this group were BDE 153, 209 (in 13% of samples) and 47 (in 8% of
samples). The concentrations of detected BDE 47, 99 and 153
(b0.1–5.60 ng g−1 lw) were two times lower than the other data from
the Norwegian study (bMQL-11 ng g−1 lw) and the Greek study
(b0.3–10.2 ng g−1 lw), summarised by (Cequier et al., 2015; Kalantzi
et al., 2011). The highest concentrations of BDE 209 (b2.5–67.8 ng g−1

lw) detected in our study were comparable with the Swedish
study (b0.7–78 ng g−1 lw) (Bjermo et al., 2017). However, our values
were approximately three times higher than the concentrations
(b9–19.1 ng g−1 lw) reported in the Greek study (Kalantzi et al.,
2011). Within the occurrence of PBDEs in human serum, there is a var-
iable content of individual congeners in many studies, depending
mostly on the region where different types of technical mixtures are
used. In the case of novel FRs, targeted analytes (n = 7) were detected
below the MQLs.

4. Conclusions

Within this study, the novel multi-analyte method for the simulta-
neous determination of 40 FRs, 19 PFASs, 11 OCPs and 8 PCBs in
human blood serumwas developed and validated. The sample prepara-
tion procedure for non-polar compoundswas based on a three-step sol-
vent extractionwith n-hexane:diethylether (9:1, v/v)mixture, followed
by the purification step using a Florisil® column. The rest of the sample
after removal of non-polar solvent containing the non-polar com-
pounds was further extracted by the modified QuEChERS-like extrac-
tion, when acetonitrile was used for the isolation of more polar
compounds and the separation of organic and aqueous layers was in-
duced by the addition of inorganic salts. For the identification/quantifi-
cation of target analytes, both GC–MS(/MS) and LC–MS/MS techniques
were employed. Good performance characteristics were achieved for
all target analytes in human blood serum. The method recoveries
were in the range of 70–115% (RSD b18%) for FRs; 74–120% (RSD
b20%) for OCPs and PCBs; 79–120% (RSD b20%) for PFASs and OH-
BDEs; 71–116% (RSD b19%) for HBCDs, TBBPA and brominated phenols.
The trueness of themulti-analyte procedure was demonstrated by test-
ing SRM 1958 for selected PFASs, PCBs, OCPs and PBDEs. The deter-
mined concentrations for all targeted analytes in the SRM 1958 were
in good agreement with the reference values. The benefit of the pre-
sented method is the simultaneous analysis of such a large number of
various environmental contaminants (n = 78) in one method, from
only 3 mL of serum sample.

This newly validated method was successfully applied for the mon-
itoring of organohalogenated contaminants in 38 samples of human
blood serum obtained from Prague, Czech Republic. From 78 target
analytes, 10 PFASs, 10 OCPs, 8 PCBs and 6 PBDEs were detected in
serum above MQLs. The total concentrations of PFASs in serum were
in the range b MQL-8.97 ng mL−1 (mean 0.631 ng mL−1), bMQL-
1626 ng g−1 lw (mean 40 ng g−1 lw) for OCPs and bMQL-481 ng g−1

lw (mean 63.3 ng g−1 lw) for PCBs. Regarding BFRs, only 6 PBDEs,
namely BDE 47, 99, 153, 196, 197 and 209 (bMQL-67.8 ng g−1 lw),
were detected in serum. The most abundant contaminants in serum
were PFASs represented by PFOA, PFNA, PFDA, Br-PFOS, L-PFOS and
PFUndA in all samples, followed by PFHpA detected in 20 samples.
Themajor OCPs' analytes, HCB and p,p′-DDE, were quantified in all sam-
ples. From PCBs, the most abundant analytes were CB 138, CB 153 and
CB 180, determined in 37 samples.

Within human biomonitoring, the development of the newmethod
contributes to the assessment of exposure to a broad range of
organohalogenated contaminants (n = 78; novel FRs, BFRs, PFASs,
OCPs and PCBs).
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a b s t r a c t

In the present study, a novel analytical approach for the simultaneous determination of 18 perfluoroalkyl
substances (PFASs) and 11 brominated flame retardants (BFRs) including their hydroxylated metabolites
and brominated phenols has been developed and validated for breast milk and infant formula. The
sample preparation procedure based on extraction using acetonitrile and subsequent purification by
dispersive solid-phase extraction (d-SPE) employing C18 sorbent is rapid, simple and high-throughput.
Ultra-high performance liquid chromatography (UHPLC) interfaced with a tandem mass spectrometry
(MS/MS) was employed for the identification/quantification of these compounds. The method recoveries
of target compounds for both matrices ranged from 80% to 117% with relative standard deviations lower
than 28% and quantification limits in the range of 3–200 pg/mL for milk and 5–450 pg/g for infant
formula. Within the pilot study, the new method was used for the analysis of PFASs and BFRs in 50
human breast milks and six infant formulas. In the breast milk samples the total contents of PFASs and
BFRs were in the range of 38–279 and 45–16,200 pg/mL, respectively. The most abundant PFASs detected
in all tested breast milk samples were perfluorooctanoic acid (PFOA) and perfluorooctanesulfonate
(PFOS), the latter contaminant was present not only as a linear form but also as a branched isomers. The
incidence of BFRs was lower, the only representatives of this group, tetrabromobiphenol A (TBBPA) and
α-hexabromocyclododecane (α-HBCD), were detected in less than 30% of breast milk samples. None of
the infant formulas contained BFRs, traces of either PFOS, PFOA or PFNA were found in three samples.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

A wide range of halogenated contaminants are present in the
human environment. While most of the early monitoring studies
focused on various chlorinated persistent organic pollutants
(POPs), in recent decades, toxicological concerns emerged on the
ubiquitous occurrence of fluorine and bromine containing com-
pounds that may also accumulate in food chains. The high volume
production of perfluoroalkyl substances (PFASs) and brominated
flame retardants (BFRs), the latter represented mainly by poly-
brominated diphenyl ethers (PBDEs), hexabromocyclododecanes
(HBCDs) and tetrabromobisphenol A (TBBPA), have led to their
widespread distribution in the environment. As regards to PFASs,
due to their unique characteristics such as chemical inertness,
stability, hydrophobicity and lipophobicity, they are used in a

variety of industrial and consumer applications while BFRs are
used to reduce the flammability of treated materials [1,2].

Non-occupational human exposure to PFASs and BFRs, that
may occur through a variety of pathways including inhalation of
contaminated dust particles [3,4] or food [5,6]/drinking water
ingestion [7], has been clearly documented by findings of these
chemicals and their (bio)transformation products in human tis-
sues and fluids including plasma and breast milk [8–10]. The latter
matrix is a widely used bioindicator that can be used to assess the
body burden of these environmental pollutants especially with
regard to its importance as the first food for the newborn.

Recently, the European Food Safety Authority (EFSA) has out-
lined European Union (EU) framework and respective activities of
the Panel on Contaminants in the Food Chain (CONTAM Panel) in
the field of BFRs. Six Scientific Opinions on the main classes of
these contaminants completed between October 2010 and October
2012 have been presented [11]. It is worthy to note that the very
recent Scientific Opinion is also concerned with brominated
phenols and their derivatives. With the exception of 2,4,6-tribro-
mophenol (2,4,6-TBP), the data for risk assessment are lacking. In

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/talanta

Talanta

0039-9140/$ - see front matter & 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.talanta.2013.08.040

n Corresponding author. Tel.: þ420 220 443 185; fax: þ420 220 443 180.
E-mail address: jana.hajslova@vscht.cz (J. Hajslova).

Talanta 117 (2013) 318–325

www.sciencedirect.com/science/journal/00399140
www.elsevier.com/locate/talanta
http://dx.doi.org/10.1016/j.talanta.2013.08.040
http://dx.doi.org/10.1016/j.talanta.2013.08.040
http://dx.doi.org/10.1016/j.talanta.2013.08.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2013.08.040&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2013.08.040&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2013.08.040&domain=pdf
mailto:jana.hajslova@vscht.cz
http://dx.doi.org/10.1016/j.talanta.2013.08.040


general, the requirement for the continuation of BFRs surveillance
and the need to fill in the gaps in occurrence data on emerging/
novel BFRs has been emphasized by EFSA [12]. Similarly, in the last
few years, the CONTAM Panel has paid a great deal of attention to
public health concerns for a wide range of PFASs entering human
food chain [13]. The occurrence of PFASs in various food commod-
ities and estimation of dietary exposure has been recently
reviewed by EFSA within a comprehensive scientific report [14].
Nevertheless, the CONTAM Panel has acknowledged the limitation
in information available on other PFASs and recommended further
monitoring of food contamination. The use of analytical methods
with improved sensitivity are needed to increase the proportion of
quantified results and thereby the reliability of exposure assess-
ments that has been highlighted.

In our study, we attempted to respond to the EFSA requirement
and to implement a highly sensitive method for selected repre-
sentatives of both the above discussed POP groups. Since the only
data on exposure to halogenated POPs in the Czech Republic is
available for organochlorine pesticides (OCPs) [15], polychlori-
nated biphenyls (PCBs) [16], polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDD/Fs) [17] and PBDEs [18], we decided to
provide a complementary information on two other groups of
halogenated POPS. For this reason a set of breast milk samples for
PFASs and polar BFRs represented by brominated phenols and
hydroxylated derivatives of PBDEs (OH-PBDEs) was examined for
the first time in the Czech Republic. Considering the fact that some
newborns have to be fed by infant formula, we also included this
matrix in our experiments as another potential exposure source to
fluorine/bromine containing POPs.

Although the current trend in food contaminants control is to
integrate various contaminants groups into a single procedure, the
review of the available scientific literature did not reveal a procedure
that was applied for analysis of BFRs and PFASs in breast milk/infant
formula. In some studies, both groups of contaminants were mon-
itored [19–21] by using two alternative methods for each compound
class. As regards BFRs, gas chromatography coupled to mass spectro-
metry (GC–MS) is the method of choice for the most often monitored
representatives-PBDEs [22]. This approach can also be employed for
the determination of other widely used BFRs, nevertheless, some
limitations need to be taken into consideration: the separation of
HBCD isomers is hardly feasible by common GC capillaries [23], and in
the case of rather more polar TBBPA, derivatization of the hydroxyl
group is needed prior to injection [24]. Similarly, brominated phenols
or OH-PBDEs are not amenable to GC–MS analysis without derivatiza-
tion [25]. As a result, high performance liquid chromatography (HPLC)
based methods represent a more convenient option. Several methods
have been recently published describing the use of this approach for
examination of polar BFRs, their metabolites [26], HBCD isomers or
TBBPA in body fluids [27,28]. Regarding PFASs, the other group of
contaminants involved in our study, HPLC–MS(/MS) is also the key
technique used for their quantification in biotic matrices [9].

The objectives of our study were: (i) to implement an solution
for the simultaneous analysis of PFASs and BFRs including several
metabolites amenable to LC–MS analysis in milk and infant
formulas and (ii) to apply a new method for the examination of
breast milk and infant formula samples.

2. Materials and method

2.1. Samples collection

The samples of human breast milk were obtained from 50
Czech women living in the Olomouc region (located in the north-
east part of the Czech Republic) from April to August 2010 thanks
to co-operation with the Gyneacological-maternity Clinic, Faculty

Hospital in Olomouc. The age of participating mothers ranged
from 20 to 43 years (mean and median age was 30 years). To
acquire information that could be relevant to the estimation of
contamination pathways, patients completed a questionnaire
about their age, body weight, current area of residence (rural/
urban), number of children (primapara/multipara), occupation,
and dietary habits. Approximately 50 mL of each breast milk
sample was collected by hand expressing into a pre-cleaned glass
bottle and samples were stored at �20 1C until analysis. The lipid
content of the human breast milk samples was determined
gravimetrically (results ranging from 0.5–4.9%, mean 2.4%); for
this purpose the liquid–liquid extraction (LLE) with hexane and
diethyl ether followed by filtration of organic phase through
anhydrous sodium sulfate was used [18].

In addition, 6 different types of infant formula from the Czech
retail market were examined in this study: (i) one powdered
infant and two toddler milk formulas, and (ii) one special formula
for babies with lactose intolerance, one formula for premature
babies and one soya based formula for babies with non-milk diets.

(i) Milk formulas were supplied in 800 g paper packages and the
content of proteins, fats and carbohydrates were in the range
of 9.3–10.4, 2.9–3.1 and 55.8–59.1 g in 100 g of formula,
respectively.

(ii) Special formulas were obtained in 400 g tin packaging with
the composition in proteins, fat and carbohydrates in the range
of 10.8–12.8, 10.9–27.3 and 46.1–56 g in 100 g of formula,
respectively.

2.2. Standards and chemicals

The individual standards of PFASs and HBCD isomers as well as
isotopically labeled internal standards of PFASs and HBCD isomers
were purchased from the Wellington Laboratories (Guelph, ON,
Canada). PFOS standard supplied by Wellington Laboratories
contained 78.8% linear (L-PFOS) and 21.2% branched isomers
(Br-PFOS), thus separate quantification of L- and Br-PFOS was
possible. Individual standards of OH-PBDEs: 6-hydroxy-2,2′,4,4′-
tetrabromodiphenylether (6-OH-BDE-47), 2′-hydroxy-2,3′,4,5′-tet-
rabromodiphenylether (2′-OH-BDE-68), 4′-hydroxy-2,2′,4,5′-tetra-
bromodiphenylether (4′-OH-BDE-49), 6-hydroxy-2,2′,4,4′,5-
pentabromodiphenylether (6-OH-BDE-99), and brominated phe-
nols: 2,4-dibromophenol (2,4-DBP), 2,4,6-TBP, pentabromophenol
(PBP), were purchased from AccuStandard (New Haven, CT, USA).
The standard of TBBPA was obtained from Cambridge Isotope
Laboratories (Andover, MA, USA). The purity of individual standards
was at least 98%. Working standard mixtures of all analytes were
prepared in methanol (MeOH) and stored in the refrigerator (5 1C);
PFASs and OH-PBDEs were at concentrations 0.25; 0.5; 1; 5; 10; 50
and 100 ng/mL, the concentrations of HBCD isomers, TBBPA and
brominated phenols were five times higher. Calibration was pre-
pared by mixing 30 μL of particular working standard mixture with
270 μL of blank matrix extract prepared as described below (with-
out addition of isotopically labeled internal standards) to obtain
matrix-matched standards corresponding to the relevant concen-
tration levels: 0.025; 0.05; 0.1; 0.5; 1; 5 and 10 ng/mL for PFASs and
OH-PBDEs, and 0.125; 0.25; 0.5; 2.5; 5; 25 and 50 ng/mL for HBCD
isomers, TBBPA and brominated phenols.

High performance liquid chromatography (HPLC) grade MeOH
was supplied by Merck (Darmstadt, Germany). Acetonitrile (MeCN),
anhydrous magnesium sulfate and HPLC grade ammonium acetate
(99.99%) were obtained from Sigma-Aldrich (Taufkirchen, Germany).
Water purified by a Milli-Qs Integral system (no PFASs containing
polymers), supplied by Merck (Darmstadt, Germany), was used
throughout the study. Sodium chloride was supplied by Lach-Ner
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(Neratovice, Czech Republic). Formic acid (85%) was purchased from
Penta (Chrudim, Czech Republic) and Bondesil C18 sorbent (40 mm)
was supplied by Varian (Harbor City, CA, USA). Polypropylene (PP)
centrifuge tube filters (nylon, pore size 0.22 mm) were supplied by
Sigma-Aldrich.

2.3. Extraction and instrumental analysis

An amount of 15 mL of human breast milk sample was
transferred into a 50 mL PP centrifuge tube and the isotopically
labeled internal standards, 360 mL formic acid, and 15 mL MeCN
were added and the mixture was vigorously shaken by hand for
1 min. In the case of infant formula samples, 5 g of powdered
sample was weighed and 15 mL of 18 MΩ MilliQ water was added
and mixed by shaking for 1 min.

The following steps of sample preparation were identical for
both matrices. 6 g anhydrous MgSO4 and 1.5 g NaCl were added
and the tube was immediately shaken again for 1 min. The tube
was then centrifuged (Hettich, Germany) for 5 min at 10,000 rpm.
An amount of 12 mL of the upper organic layer of supernatant was
transferred to the new centrifuge tube containing 180 mg C18
sorbent and 1.8 g anhydrous MgSO4. The tube was shaken again
for 1 min and centrifuged for 5 min at 10,000 rpm. Subsequently,
8 mL of a purified extract was evaporated near to dryness and the
residues were dissolved in 0.5 mL MeOH. The reconstituted extract
was filtered through a 0.22 mm nylon centrifuge tube filter and
transferred into the vial for the LC–MS/MS analysis.

The UHPLC analyses of PFASs and BFRs were performed using an
Acquity Ultra-Performance LC system (Waters, USA) equipped with
PEEK tubing and a 10 μL sample loop. Analytes were separated on an
Acquity UPLC HSS T3 analytical column (100 mm�2.1 mm i.d.,
1.8 μm particle size, Waters, USA) maintained at 40 1C. The column
isolator (50 mm�2.1 mm i.d., Waters, USA) was inserted between
the mixer and the sample valve to separate background contam-
inates from the sample to be analyzed. The mobile phase consisted of
(A) 5 mM ammonium acetate in Milli-Q water and (B) MeOH. The
elution gradient conditions for the LC mobile phase were as follows:
10–50% B over 0.5 min, then 50–100% B over 7.5 min followed by an
isocratic hold at 100% B for 4 min. The total run time for each
injection was 15 min. The flow rate began at 0.3 mL/min and the
sample volume injected was 5 mL. The UHPLC system was coupled to
a triple quadrupole mass spectrometer Xevo TQ-S (Waters, USA) with
negative electrospray ionization (ESI–) and operated in multiple
reaction monitoring (MRM) mode. The retention times and quanti-
tative and qualitative MRM transitions of target analytes are listed in
the Table S1 in the Supplementary Data.

2.4. Quality assurance/quality control

To demonstrate the applicability of the implemented analytical
method, validation experiments on milk and infant formula were

performed. Together with each batch of samples, a procedural blank
(i.e. sample prepared in a common way, but without the use of
test matrix) was prepared to document the absence of background
contamination. Recoveries, repeatabilities expressed as relative stan-
dard deviations (RSDs), and limits of quantification (LOQs) were
established on the data obtained by analyzing 6 spiked blank cow
milk (3.5% fat content) and 6 blank powdered milk infant formula
samples. For recovery testing, the spike concentrations for milk were
30 pg/mL for PFASs and OH-PBDEs and 300 pg/mL for BFRs (namely
HBCDs, TBBPA and brominated phenols). Powdered milk infant
formula was spiked at a concentration of 60 pg/g for PFASs and
OH-PBDEs, 1000 pg/g for HBCDs, TBBPA and brominated phenols. The
LOQs were estimated as the lowest matrix matched calibration
standard which provided a signal-to-noise ratio (S/N) higher than
10 and the second MS/MS transition (if available) had to provide
a S/N43. Weighted linear regression (1/x) was used and regression
coefficient (R2) was calculated for the calibration curve from the LOQ
up to the highest calibration point. Finally, the whole optimized
procedure was validated by employing isotopically labeled surrogates.

3. Results and discussion

3.1. Chromatographic separation of PFASs and BFRs

In the first phase of our study, the UHPLC conditions had to be
optimized with regard to OH-PBDEs separation. As far as UHPLC
system consisted of common C18 column with 5 mM ammonium
acetate and MeOH mobile phase, isomers of PBDE metabolites
(2′-OH-BDE-68 and 6-OH-BDE-47) were totally co-eluted. Due to
the missing characteristic fragments, a spectral resolution was not
possible. The separation of these isomers was achieved only when
mobile phase selectivity was changed, i.e. MeOH was replaced by
MeCN, see Fig. 1 [29]; however, an undesirable decrease in signal
sensitivity for other BFRs (TBBPA by 80% and PBP by 90%) was
detected. The adverse drop of PFASs signal was also found (FOSAs
by 50%, PFCAs and PFSAs by 10%). To obtain as low as possible
detection limits for most of major target analytes (see Table 1),
5 mM aqueous ammonium acetate and MeOH was selected as a
primary mobile phase, supposing OH-PBDEs signal was detected,
sample re-analysis in the second UHPLC system enabling separa-
tion of 2′-OH-BDE-68 and 6-OH-BDE-47 might be performed.

3.2. Method for determination of PFASs and BFRs in milk
and infant formula

For the development of the new analytical approach for the
determination of PFASs and BFRs in milk and infant formula, we
took an inspiration from the QuEChERS (“Quick, Easy, Cheap,
Effective, Rugged and Safe”) procedure. This method was originally
developed for the pesticide residues analysis [30], but has been
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Fig. 1. Chromatograms of OH-PBDEs in matrix matched calibration standard (milk) at 0.5 ng/mL recorded with (A) the mobile phase consisted of 5 mM aqueous ammonium
acetate/MeOH and (B) 5 mM aqueous ammonium acetate/MeCN.
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already employed also for the analysis of veterinary drugs [31] or
mycotoxins [32]. The QuEChERS method is based on a sample
extraction with a mixture of MeCN/H2O and subsequent solvents
partition induced by added inorganic salts, NaCl and MgSO4. Crude
MeCN extracts can be purified by a dispersive solid-phase extrac-
tion (d-SPE) employing e.g. C18 silica, PSA and/or EnviCarb
sorbent, depending on the type of co-isolated matrix components.
For our purpose C18 sorbent was used for the removal of co-
extracted fat and other lipophilic compounds from MeCN extract
[33]. To assess the efficiency of this clean-up step, matrix effects
(signal suppression/enhancement, SSE) for individual analytes
were determined (comparison of a matrix matched calibration
slope with the solvent calibration slope in the LOQ range). Matrix
effects for most of the PFASs and all brominated phenols were
within 30% of ion signal enhancement, except for N-MeFOSA and
N-EtFOSA with 10% ion signal suppression. In the case of other
BFRs ion signal suppression was observed for OH-PBDEs and
TBBPA at 20% and for HBCD isomers at 50%. To overcome these
matrix effects, matrix matched calibration was used for the
quantification of each analyte.

3.3. Method validation

The validation experiments for milk (Table 1) were performed
with spike concentrations of 30 pg/mL for PFASs and 300 pg/mL
for BFRs. BFRs were spiked higher, because of their lower

instrumental sensitivity compared to PFASs. The recoveries of
PFASs were 90–110% with RSD o19%, and for BFRs recoveries
ranged from 80–111% with RSD o7%. LOQs of PFASs ranged from
3 to 20 pg/mL, which are slightly lower or comparable with other
recent published studies in the range of 5–25 pg/mL for PFOS and
PFOA [9,20,21,34–36]. The higher LOQs of short chain PFCAs, PFBA
and PFPeA (both 20 pg/mL) were due to frequently observed
matrix interferences. LOQs of BFRs were in the range of 3–60 pg/
mL, except 2,4-DBP with an LOQ 200 pg/mL. The detection
sensitivity of this compound is approximately 10 times lower in
comparison to 2,4,6-TBP and PBP (both LOQ 30 pg/mL). In regards
to our LOQs of α, β and γ-HBCD (30, 30 and 6 pg/mL; 1, 1 and
0.2 ng/g lw, respectively) and TBBPA (60 pg/mL; 2 ng/g lw), values
are also comparable to recent published studies. Shi et al. reported
LOQs for α, β, γ-HBCD 50, 30 and 20 pg/g, respectively and 20 pg/g
for TBBPA [37]; Kakimoto et al. published LOQs for isomers of
HBCD 0.1, 0.1 and 0.2 ng/g lw [38].

The validation experiments of the method for infant formula
were performed by at spike concentration of 60 pg/g for PFASs
and OH-PBDEs and 1000 pg/g for brominated phenols, HBCDs
and TBBPA. Recoveries of PFASs and BFRs were in the range of
93–117% and 81–101%, respectively. RSDs for all target analytes
were lower than 23%. The achieved LOQs for PFASs and BFRs were
in the range of 5–50 pg/g and 50–450 pg/g, respectively. LOQs for
2,4-DBP (450 pg/g), PFBA (50 pg/g) and PFPeA (20 pg/g) were
higher due to the above mentioned reasons. This method was

Table 1
Recoveries, repeatabilities and LOQs achieved during validation on spiked cow milk (3.5% fat content) and milk infant formula.

Analyte Milk (n¼6) Milk infant formula (n¼6)

Spike PFASs and OH-PBDEs: 30 pg/mL Spike PFASs and OH-PBDEs: 60 pg/g

Spike BFRsa: 300 pg/mL Spike BFRsa: 1000 pg/g

Recovery (%) RSD (%) LOQb (pg/mL) LOQc (pg/mL) Recovery (%) RSD (%) LOQb (pg/g) LOQc (pg/g)

PFBA 92 19 20 20 98 23 50 50
PFPeA 91 10 20 20 115 13 20 20
PFHxA 97 4 6 6 107 4 9 9
PFHpA 95 1 6 6 96 3 9 9
PFOA 104 12 6 6 111 4 9 9
PFNA 94 12 6 6 113 3 9 9
PFDA 97 7 6 6 111 4 9 9
PFUdA 99 1 6 6 117 4 9 9
PFDoA 90 3 6 6 110 1 9 9
PFTrDA 101 10 6 6 105 3 9 9
PFTeDA 98 5 6 6 117 3 9 9
PFBS 99 3 6 6 93 4 9 9
PFHxS 101 2 6 6 98 3 5 5
Br-PFOS 110 11 10 10 115 3 20 20
L-PFOS 98 9 5 5 108 3 7 7
PFDS 92 13 6 6 96 2 9 9
PFOSA 101 5 3 10 105 2 5 20
N-EtFOSA 94 5 6 20 104 3 9 20
N-MeFOSA 106 4 6 20 94 5 5 20
6-OH-BDE-47 87 5 n.s. 3 101 9 n.s. 5
4′-OH-BDE-49 94 6 3 3 105 6 5 5
2′-OH-BDE-68 87 5 n.s. 3 95 7 n.s. 5
6′-OH-BDE-99 80 5 3 3 82 10 5 5
2,4-DBP 89 5 200 200 101 6 450 450
2,4,6-TBP 94 4 30 30 99 6 50 50
PBP 82 4 30 100 89 10 50 120
α-HBCD 111 7 30 30 83 11 90 90
β-HBCD 108 5 30 30 81 7 50 50
γ-HBCD 111 4 6 6 84 16 90 90
TBBPA 103 6 60 150 94 7 50 150

a Brominated phenols, TBBPA and HBCDs.
b The mobile phase consisted of 5 mM ammonium acetate (A) and MeOH (B) was used.
c The mobile phase consisted of 5 mM ammonium acetate (A) and MeCN (B) was used n.s. - not specified, because of coelution of 6-OH-BDE-47 and 2′-OH-BDE-68.
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also verified for special formulas with higher contents of pro-
teins, fats and carbohydrates than milk formula. Recoveries and
RSDs were comparable for both matrices. An example chromato-
gram including all of the target analytes involved in this study is
shown in Fig. 2.

Within our experiments, all target analytes fulfill the linearity
in the calibration range mentioned above with R2 higher than 0.99.

3.4. Concentrations of PFASs and BFRs in human breast milk samples

The results obtained by the analysis of 50 breast milk samples are
summarized in Table 2. From the 18 target PFASs, only 5 analytes were
detected above the LOQ, specifically PFOA, perfluorononanoic acid
(PFNA), perfluorodecanoic acid (PFDA), perfluoro-1-hexanesulfonate
(PFHxS) and PFOS. The total concentration of PFASs in human breast
milk ranged from 38 to 279 pg/mL (mean 115, median 105 pg/mL).
The most abundant substances were PFOA and PFOS, which were
detected in 100% of the examined samples. Concentrations were in the
range of 12–128 pg/mL (mean 50, median 44 pg/mL) and 7–114 pg/mL

(mean 33, median 30 pg/mL) for PFOA and L-PFOS, respectively. Other
detected analytes were PFNA found in 48% of milk samples in the
range of o6–15 pg/mL, followed by PFDA and PFHxS found in less
than 10% of samples with concentrations ranging from o6 to 22 pg/
mL. In the case of PFOS, its isomers, L-PFOS and Br-PFOS, were
determined separately. Br-PFOS were quantified in 72% of the samples
in the concentration range of o10–63 pg/mL (mean 20, median
17 pg/mL). The chromatogram of L-PFOS and Br-PFOS in a real milk
sample is shown in Fig. 3. Origination of branched isomer occurs
during electrochemical fluorination (ECF), process used for PFOS
synthesis [2]. The resulting technical mixture typically contains
21–35% of Br-PFOS and 65–79% of L-PFOS [39]. The relative contribu-
tion of L-PFOS in the samples positive also for Br-PFOS was in the
range of 31–88%. It was slightly wider compared to the technical PFOS
mixture. Several studies [40–42] published L/Br-PFOS relative con-
tributions in human serum/plasma ranging from 50% to 70% for
L-PFOS, which also did not match the ratio in the technical mixture.
The recent studies [43,44] reported isomer specific rates of PFOS-
precursor (PFOSA) biotransformation, which may explain the common
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observation of enriched PFOS isomers in human sera. However, the
PFOSA concentrations in food are often minimal or undetected [45,46].
It is assumed, that the main route of exposure to PFOS isomers is
through diet [47] or dust [48]. When we searched data from similar
studies concerned with PFASs in other countries, mainly PFOS and
PFOA were studied. Fig. 4 gives an overview on PFOS and PFOA
concentrations in human milk samples collected since the year 2007.
Our data are comparable with other recent reported results [20,21,34–
36,49–57].

From 11 target BFRs, only TBBPA and α-HBCD were identified
and quantified in the human breast milk samples. TBBPA was

found in 30% of samples at a wide concentration range, o60–
16,200 pg/mL (o2 to 688 ng/g lw). As the number of published
studies related to TBBPA concentration levels in human breast milk
is extremely limited, a robust comparison of our results with other
available data is hardly achievable. Nevertheless, the maximum
concentration of TBBPA was approximately 100 times higher
compared to those previously published studies [37,58–60].

α-HBCD was detected in 28% of milk samples at concentrations
ranging from o30 to 1660 pg/mL (o1 to 76 ng/g lw). In the
technical mixture γ-HBCD is the most abundant isomer (470%),
but in the majority of biota samples including our results the
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Fig. 3. Chromatograms of (A) Br- and L-PFOS in matrix matched calibration standard (c¼1 ng/mL) and (B) human breast milk sample. The concentrations of Br- and L-PFOS
in sample were 16 pg/mL and 114 pg/mL, respectively.

Fig. 4. Median concentrations of PFOS and PFOA (pg/mL) in human breast milk samples from various countries according to years of sampling (in the brackets), N.A. – not
available. aMedian of PFOS is expressed based on the sum of L- and Br-PFOS (pg/mL). bMean of PFOS and PFOA (pg/mL).

Table 2
Concentrations of detected PFASs and BFRs in human breast milk (n¼50)a,b.

Analyte Samples4LOQ (%) LOQ Mean Median Minimum Maximum

pg/mL PFOA 100 6 50 44 12 128
L-PFOS 100 5 33 30 7 114
Br-PFOS 72 10 20 17 o10 63
PFNA 48 6 o6 15
PFDA 10 6 o6 12
PFHxS 8 6 o6 22
α-HBCD 28 30 o30 1660
TBBPA 30 60 o60 16,200

ng/g lw α-HBCD 28 1 o1 76
TBBPA 30 2 o2 688

a Mean and median values were calculated when more than 70% samples were positively detected in concentrations above the LOQ.
b For results below LOQ one-half the LOQ value was used.
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α-HBCD dominated. Some reports have suggested that β- and
γ-HBCD can be more extensively metabolized in organisms than
α-HBCD [61]. Nevertheless, a few published studies showed the
dominance of γ-HBCD in milk samples, which may be related to a
recent exposure to a technical mixture [62,63]. In any case, there is
a high variability between reported concentrations of the sum of
the three isomers (Σ HBCDs) previously published and recently
summarized [64]; the mean concentrations are varied from 0.09 to
27 ng/g lw, compared with our results, these data are lower.

Similar to other studies dealing with the occurrence of halogenated
pollutants in human milk, the correlation between the age of mother
and other factors (e.g. number of children, body weight, occupation
and dietary habits) was assessed, but no such trend was found for any
of the target compounds. Also the correlation between detected
analytes representing both target groups was investigated, never-
theless no relationship was observed.

3.5. PFASs and BFRs in infant formula

No significant contamination was found in examined infant
formula samples. In a three samples, the analytes exceeding the
LOQ were PFOS, PFOA and PFNA, and the highest contamination in
one sample was 19, 10 and 11 pg/g, respectively. BFRs were not
detected in investigated samples of infant formula.

Currently, there is no information available regarding the occur-
rence of BFRs in this type of samples and also limited data exists on
PFASs occurrence in infant formula. Although a few positive samples
were found in our study, infant formula, under certain conditions, can
be also important source of exposure to PFASs and, therefore should
be controlled. As documented by a recent study, several long chain
PFCAs were detected in milk infant formula made in Japan and China
[65]. PFOA, PFNA and PFDA were detected and the mean concentra-
tions ranged between 10 and 28 pg/mL for both countries. In a former
study [66] PFOS and PFHxS were found in concentrations also
comparable with our study. Within a German study, no PFASs were
detected in infant formula samples above the LOQs which ranged from
10 to 50 pg/mL [52]. Finally, in the Spanish study [56], six PFASs were
found in milk infant formula and cereals baby food samples, repre-
sented by PFOA, perfluroro-7-methyl perfluorooctanoic acid (i,p-
PFNA), PFDA, PFOS and perfluorodecanesulfonate (PFDS) in the con-
centration range of 55–1290 pg/g. The authors assumed that the
presence of PFASs in samples could be associated with possible
migration/contamination from packaging and production processes.
This was supported by the fact that the profile of PFASs present in
these products differed from that in most human breast milk analyzed
within this Spanish study inwhich only PFOS, PFOA and i,p-PFNAwere
detected.

4. Conclusions

Within this study, the new analytical approach for the simul-
taneous determination of 18 PFASs and 11 BFRs including their
metabolites in milk and infant formula has been developed and
validated. The sample preparation procedure is based on extrac-
tion with acetonitrile and subsequent purification of a crude
organic extract (obtained by partition induced by added inorganic
salts) with d-SPE using a C18 sorbent. Good performance char-
acteristics were achieved for all target analytes in both matrices,
the method recoveries ranged from 80 to 117% with the relative
standard deviations lower than 23% for all analytes and the
quantification limits were in range from 3–200 pg/mL for milk
and 5–450 pg/g for infant formula. The benefits of the method are
a rapid and simple sample extraction (ten samples/hour) with a
minimal solvent consumption and practically no need of expen-
sive laboratory equipment.

This novel method was successfully applied within the pilot
survey for examination of PFASs and BFRs in 50 human breast
milks from Olomouc region in the Czech Republic. The results
clearly indicated the ubiquitous occurrence of PFASs and some of
BFRs in the general Czech population, with PFOS and PFOA being
the most abundant contaminants. Subsequently, investigation of
six commercial powdered milk formula samples showed no
significant contamination, only traces above LOQs were found in
few samples.

This is the very first study enabling simultaneous analysis of
PFASs and BFRs including several metabolites in human milk and
infant formulas, which has never been published before.
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A B S T R A C T

To assess human exposure to hazardous diesters of phthalic acid and their substitute di-iso-nonyl cyclohexane-
1,2-dicarboxylate (DINCH), concentrations of their metabolites in urine should be determined. For the purpose
of this biomonitoring study, a quick and easy sample preparation procedure for the simultaneous determination
of eight phthalate and four DINCH metabolites in urine has been implemented and validated. Following the
enzymatic hydrolysis and dilution with methanol, the sample is ready for the analysis by ultra-high performance
liquid chromatography coupled to tandem mass spectrometry (UHPLC-MS/MS). The limits of quantification of
this method ranged from 0.15 to 0.4 ng/mL urine with recoveries of 60–126% and repeatability in the range of
1–11%. The validated method was subsequently used for the analysis of urine samples collected from mothers
and their newborn children living in two localities of the Czech Republic (Karvina and Ceske Budejovice,
2013–2014). Median concentrations of all measured metabolites (∑metabolites) were slightly lower in the urine
samples collected from children (77.7 ng/mL urine) compared to their mothers (115.3 ng/mL urine), but no
correlation was found between the concentrations of target compounds in children's and mothers' urine samples.
The analyte with the highest concentration was monobutyl phthalate (MBP), with the median concentration of
32.1 ng/mL urine in the urine samples collected from mothers and 17.2 ng/mL urine in the samples collected
from their children. This compound was also found in almost all of the measured samples. On the other hand,
mono-isononyl-cyclohexane-1,2-dicarboxylate (MINCH) was not found in any urine sample. The most con-
taminated samples were collected from children living in the Karvina locality (median ∑metabolites 103.2 ng/
mL urine), where the mono (2-ethyl-5-carboxypentyl) phthalate (cx-MEHP) compound contributed 43% to the
total content of phthalate metabolites in newborns' urine. The results from our study are comparable with
concentrations of the target compounds from Norway and Germany and lower compared to the results concluded
in Sweden.

1. Introduction

A number of environmental substances have been targeted within
various national biomonitoring programmes aimed at an assessment
whether and to what extent respective contaminants entered human
bodies and how exposure may be changing over time. Diesters of
phthalic acid and their substitute di-iso-nonyl cyclohexane-1,2-di-
carboxylate DINCH represent groups of chemicals involved in the
priority list of the current large HBM4EU project (HBM4EU 2017).

Diesters of phthalic acid, also known as phthalates, have been used
for a wide range of practical applications. Although most commonly
used as PVC plasticisers, they are also added to paints, inks, cosmetics
products and coated tablets (Thayer et al., 2015). A compound DINCH

is currently the most widely used alternative plasticiser as a substitute
for endocrine disrupting and reprotoxic phthalates. It was introduced in
2002 under the Hexamoll® trademark and is structurally similar to di-
iso-nonyl phthalate (DiNP). DINCH is mostly used as a plasticiser in
medical devices, toys and food packaging (Bui et al., 2016; Correia-Sa
et al. 2017; Fromme et al., 2016). Phthalates and DINCH belong to a
group of additive plasticisers that are not bound to the material by a
strong chemical bond. Consequently, these compounds are easily re-
leased into the environment via many processes such as evaporation,
leaching or mechanical damage (Abb et al., 2009; Marie et al., 2015;
Sabaredzovic et al., 2015). Because of their ubiquitous presence in the
environment, humans can be exposed to these chemicals through var-
ious pathways (ingestion, inhalation or absorption through the skin).
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As soon as phthalates and/or DINCH enter the human body, they are
rapidly metabolised by intestinal lipases and esterases. Monoesters, the
products of a respective parent compound hydrolysis, are then excreted
via urine or further oxidised to alcohols, ketones or carboxylic acids.
Both monoesters and oxidation products leave the body in either free
form or conjugated with glucuronic acid (Johns et al., 2015; Minguez-
Alarcon et al., 2016; Schütze et al., 2014).

Phthalate metabolites have adverse effects on human health, such as
disruption of the endocrine system. Specifically, their reprotoxicity has
been documented in several toxicological studies (Engel et al., 2018;
Hartmann et al., 2015; Kim et al., 2017; Perng et al., 2017; Thayer
et al., 2015). Because of the health risks, the European Commission
recently restricted articles containing four phthalates (di (2-ethyl-
hexyl) phthalate (DEHP), dibutyl phthalate DBP, benzyl butyl phthalate
(BBP) and di-iso-butyl phthalate (DiBP)) from placement on the market
(European Commission 2018). It is assumed that DINCH and its meta-
bolites do not have harmful effects on human health. However, since
this compound is relatively new, more data about its behaviour in the
human body are needed (Correia-Sa et al. 2017). In order to assess to
what extent people are exposed to these compounds, it is important to
monitor concentrations of phthalate and DINCH metabolites in biolo-
gical samples. At present, for these purposes, urine is the most widely
used matrix. Its collection is not invasive to the human body and it is
available in a sufficient quantity (Esteban and Castaño, 2009).

To date, there is only a limited number of publications focused on
the analysis of both groups of these environmental contaminants in
human urine within a single method. The analytical procedure applic-
able to the determination of phthalate and DINCH metabolites in urine
requires several steps. Generally, the first step in sample preparation for
both groups is an enzymatic hydrolysis of conjugated forms of the
target compounds, using β-glucuronidase. For isolation of phthalate
metabolites, solid phase extraction (SPE) or online SPE is most com-
monly applied, with the sorbent typically being silica C18 or hydro-
philic-lipophilic balanced sorbent (HLB). Polar solvents such as water,
methanol, acetonitrile, or their mixtures are then used for elution
(Axelsson et al., 2015; Chang et al., 2017; Dewalque et al., 2015;
Myridakis et al., 2015; Rocha et al., 2017). Similarly, DINCH metabo-
lites are isolated after the enzymatic hydrolysis, mainly by online SPE
with a C18 sorbent and acidified acetonitrile (0.1% acetic acid) as an
elution solvent (Giovanoulis et al., 2016; Larsson et al., 2017; Wu et al.,
2017). Identification and quantification of the target compounds are
performed using ultra-high performance liquid chromatography cou-
pled to tandem mass spectrometry (UHPLC‒MS/MS). The reported
limits of quantification (LOQs) range from 0.1 to 1.8 ng/mL urine
(Giovanoulis et al., 2016; Heffernan et al., 2016; Machtinger et al.,
2018; Gomez Ramos et al., 2016).

There is only very limited information (based on a measurement of
biomarkers) on the exposure of the Czech population to phthalates and
DINCH. The only human biomonitoring studies in the Czech Republic
were performed in 2011 within the COPHES/DEMOCOPHES project,
when concentrations of 9 phthalate metabolites in urine samples col-
lected from mothers and their children (age 6–11) were measured
(Cerna et al., 2015) and in 2013 where concentration of 15 phthalate
metabolites was assessed in urine samples collected from non-obese
adults (age 18–65) (Mullerova et al., 2016).

The current study was focused on an application of a new simple
sample preparation procedure which after the enzymatic deconjugation
requires only dilution of the urine sample with an organic solvent. The
key objective was to have available a quick and easy method with
sufficiently low LOQs, enabling both phthalate and DINCH metabolites
in urine samples to be controlled. And then use the validated procedure
for the assessment of the exposure of mothers and their newborn chil-
dren living in two localities of the Czech Republic (Karvina and Ceske
Budejovice, 2013–2014) to phthalates and DINCH.

2. Materials and methods

2.1. Standards

The Standard Reference Material® (SRM) 3673 (Organic
Contaminants in Non-Smokers´ Urine) used for the method evaluation
and validation was supplied by the US National Institute of Standards
and Technology (NIST, USA). This material contains certified con-
centrations of eight phthalate metabolites (monoethyl phthalate (MEP),
mono-iso-butyl phthalate (MiBP), mono-n-butyl phthalate (MBP),
monobenzyl phthalate (MBzP), mono (2-ethylhexyl) phthalate (MEHP),
mono (2-ethyl-5-hydroxyhexyl) phthalate (OH-MEHP), mono (2-ethyl-
5-oxohexyl) phthalate (oxo-MEHP) and mono (2-ethyl-5-carbox-
ypentyl) phthalate (cx-MEHP)). Certified standards of phthalate meta-
bolites represented by MEP, MiBP, MBP, MBzP and MEHP were pur-
chased from AccuStandard®, Inc. (USA). OH-MEHP, oxo-MEHP, cx-
MEHP, isotopically labelled compounds monoethyl phthalate-d4 (d4-
MEP), mono-n-butyl phthalate-d4 (d4-MBP) and mono (2-ethylhexyl)
phthalate-d4 (d4-MEHP), metabolites of compound DINCH, namely 1,2-
cyclohexanedicarboxylic acid mono 4-methyloctyl ester (MINCH), 2-
(((hydroxy-4-methyloctyl)oxy)carbonyl)cyclohexanecarboxylic acid
(OH-MINCH), 2-(((4-methyl-7-oxyooctyl)oxy)carbonyl)cyclohex-
anecarboxylic acid (mixture of diastereomers) (oxo-MINCH), 1,2-cy-
clohexanedicarboxylic acid mono 4-methyl-7-carboxy-heptyl ester (cx-
MINCH) and isotopically-labelled metabolites 2-(((hydroxy-4-methy-
loctyl)oxy)carbonyl) cyclohexanecarboxylic-d8 acid (d8-OH-MINCH)
and 2-(((4-Methyl-7-oxyooctyl)oxy)carbonyl) (cyclohexane-d8)car-
boxylic acid (mixture of diastereomers) (d8-oxo-MINCH) were pur-
chased from Toronto Research Chemicals, Inc. (Canada).

2.2. Chemicals, reagents and other materials

Enzyme β-glucuronidase (from E. coli K 12) and picric acid were
supplied by Sigma Aldrich (USA). HPLC gradient methanol was deliv-
ered by Merck (Germany). Unsterile polytetrafluoroethylene (PTFE,
5.0 μm, Ø 25mm) filters were purchased from Rotilabo® (Germany). 96-
well microtiter plates were obtained from the Gama Group (Czech
Republic). Polypropylene (PP) centrifuge tube filters (nylon, pore size
0.22 μm) were supplied by Sigma-Aldrich (USA).

2.3. Sample collection

The urine samples were collected in the Ceske Budejovice Hospital,
Department of Obstetrics and Department of Neonatology, and in the
Karvina Hospital, Department of Obstetrics and Department of
Neonatology in years 2013–2014. The study was approved by the Ethics
Committee of both hospitals and the Institute of Experimental Medicine
CAS in Prague. Each mother signed a written consent. All mothers had a
pregnancy without complications, their age ranged from 19 to 44 years
and their body mass index (BMI) was in the range of 17–38. The
average length of the pregnancy was 40 weeks and the birth weight of
the children ranged from 2.400 g to 4.900 g. A total of 204 samples
(102 samples from mothers and 102 samples from their newborn chil-
dren) was obtained. The urine samples from both mothers and their
newborns were collected 3–4 days after the birth in a hospital as spot
samples. The urine samples from the newborns were collected using a
special plastic bag called “Adhesive urine bag for children” which is
made of foil with a hypoallergenic patch. In the center of the patch is a
small hole which can be enlarged as required. This bag was directly
attached to the newborn's diaper. Each mother sampled herself, using a
plastic 50mL tube after the childbirth. All mothers were instructed how
to collect their samples to avoid contamination. The adhesive bags used
for the sampling of newborns and the tubes used for the sampling of
mothers were also tested (before sampling) for the presence of target
compounds and their precursors and were evaluated as clean (no con-
taminating compounds were present in the blank samples from the
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adhesive bags and tubes). All samples were stored in a freezer (−80 °C)
prior to analysis.

2.4. Analytical method

2.4.1. Measurement of urinary creatinine
The creatinine values were used to normalise the urine concentra-

tion/dilution in individual samples, in order to ensure data compar-
ability. The creatinine concentration was determined using a Jaffe's
spectrophotometric method according to our previous study (Lankova
et al., 2016). In brief, a coloured complex of creatinine with alkaline
picrate was formed and consequently measured at 505 nm using a
Spectrophotometer Epoch (BioTek, USA). The data obtained were
evaluated by Gen5.02™ Microplate Data Analysis software.

2.4.2. Determination of phthalate and DINCH metabolites in urine
2.4.2.1. Sample preparation. In this study, we used a fast and simple
sample preparation method for the simultaneous determination of eight
phthalate and four DINCH metabolites in human urine. After the
enzymatic hydrolysis, this procedure requires only dilution of the
urine sample with an organic solvent. Sample preparation starts with
300 μL of urine sample, to which 50 μL of ammonium acetate buffer (pH
6.5) are added, together with 10 μL of enzyme β-glucuronidase and
44 μL of internal standard solution (mixture of three isotopically-
labelled compounds–d4-MEP, d4-MBP, d4-MEHP, d8-OH-MINCH and
d8-oxo-MINCH at concentration 100 ng/mL). After 90min incubation at
37 °C, 20 μL of methanol and 20 μL of formic acid are added and the
prepared sample is centrifuged for 30min at 4 °C and 10 000 rpm.

2.4.2.2. Instrumentation. An ultra-high performance liquid
chromatograph (UHPLC) (Acquity UPLC®, Waters, USA) coupled to a
tandem mass spectrometer (MS/MS) (Xevo TQ-S, Waters, USA) was
used to identify and quantify the target analytes. The mobile phase
consisted of A) 0.1% acetic acid in deionised water and B) 0.1% acetic
acid in methanol. A gradient of the mobile phase is shown in Table S1 in
Supporting Materials. For the separation of the target compounds, an
analytical column containing reverse-phase Acquity HSS T3
(100mm×2.1mm×1.8 μm; Waters, USA) was applied. For the
identification and quantification, MS/MS was used with ionisation by
electrospray in negative mode (ESI-). Cone voltage was set to −2 kV,
source temperature to 150 °C and desolvation temperature to 500 °C.
The instrument was operated in a multiple reaction monitoring (MRM)
mode. The quantitative/qualitative MRM transitions and retention
times of target analytes are listed in Tables S2 and S3 in Supporting
Materials.

2.4.2.3. Quality assurance/quality control. The method validation for
phthalate metabolites was carried out on the SRM 3673 (urine sample
of a non-smoker) in six repetitions (Table 1). Since DINCH metabolites

were not certified in this material, the method validation was
performed using spike (artificial contamination) of a blank urine
sample. The blank urine sample was measured before it was used for
the validation on the presence of target compounds and no DINCH
metabolites were detected in this sample. The blank urine sample was
spiked to two concentration levels (level 1–0.7 ng/mL urine and level
2–7 ng/mL urine) (Table 2). To ensure that there is no external
contamination, a procedural blank sample, which contained deionised
water instead of urine, was prepared with each set of samples.

The calibration standards were prepared in a solvent solution (me-
thanol) since there was no urine sample available without the presence
of all target analytes. The LOQs were determined as the lowest cali-
bration standards where the signal to noise ratio was S/N > 10.

Measured concentrations for phthalate metabolites were in good
agreement with those certified in the SRM 3673 (Table 1). Limits of
quantification (LOQs) of target analytes ranged between 0.15 and
0.4 ng/mL urine, with recoveries of 70–126%. Performance character-
istics obtained for DINCH metabolites (Table 2) were comparable with
those reported in the literature (Minguez-Alarcon et al., 2016; Gomez
Ramos et al. 2016; Silva et al., 2013). LOQs were 0.15 ng/mL urine for
DINCH metabolites with recoveries of 74–100%. The lowest recovery of
60% was observed for MINCH. However, research of the DINCH me-
tabolism indicates that MINCH is only a minor metabolite and is not
present in the majority of the tested samples (Koch et al., 2013). Our
laboratory also participated in the first round of the Interlaboratory
Comparison Investigations (ICI) organized by the HBM4EU project (the
European Union's Horizon 2020 research and innovation programme
under grant agreement No 733032). The classification of the laboratory
performance was based on Z-scores, which were in a satisfactory range
of 0.2–1.9 for all measured analytes.

Matrix effects of this method were also evaluated using 6 different
non-pooled urine samples. The matrix effects were assessed with and
without the correction by the internal standards. The matrix effects
non-corrected by the internal standards ranged from 5 to 47% of signal
suppression. When we corrected these effects using the internal stan-
dards the signal suppression was only 0.5–15%.

3. Results and discussion

The validated method was subsequently used for the analysis of 204
real urine samples collected from mothers and their newborn children,
living in two localities of the Czech Republic – Ceske Budejovice and
Karvina. The results (ng/mL urine) are summarised in Table 3.

As Table 3 shows, the phthalate metabolite present in all urine
samples collected from mothers was MiBP (100% of urine samples),
followed by MBP (99%), MEP (98%), cx-MEHP (92%), MBzP (92%),
MEHP (90%), OH-MEHP (66%), oxo-MEHP (63%). The DINCH meta-
bolites (OH-MINCH, oxo-MINCH and cx-MINCH) were found in only
7% of all urine samples collected from mothers. Only MINCH was not

Table 1
Performance characteristics of the analytical method (n=6)–Phthalate metabolites.

Analyte Internal standard Certified concentrationa [ng/mL] Measured concentration [ng/mL] LOQ REC [%] RSD [%]

[ng/mL urine] [μg/g creatinine]

MEP d4-MEP 80.2 ± 2.1 83.5 0.15 0.15 104 3
MiBP d4-MBP 5.18 ± 0.26 5.7 0.15 0.15 116 8
MBP d4-MBP 11.2 ± 0.7 10.4 0.15 0.15 93 6
MBzP d4-MBP 5.69 ± 0.17 6.5 0.15 0.15 113 5
MEHP d4-MEHP 4.34 ± 0.16 5.4 0.15 0.15 126 6
OH-MEHP d4-MEHP 22.3 ± 0.3 24.7 0.40 0.40 111 7
oxo-MEHP d4-MEHP 12.2 ± 0.2 11.8 0.40 0.40 97 8
cx-MEHP d4-MEHP 30.1 ± 1.0 21.1 0.40 0.40 70 5

LOQ–limit of quantification, REC–recovery, RSD–relative standard deviation; LOQ [μg/g creatinine] was calculated with the median concentration of creatinine
(0.98mg/mL).

a Concentration certified in SRM 3673 (urine of a non-smoker).
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detected in any of the tested urine samples. In the case of newborns'
urine samples, the percentage of positive samples was very similar
compared to their mothers. However, the DINCH metabolites were
found in only one newborn's urine sample (1%), again with the ex-
ception of MINCH, which was not detected in any of the measured
samples.

In terms of concentration, the dominating phthalate metabolite was
MBP with the median 32.1 ng/mL urine in samples collected from
mothers and 17.2 ng/mL urine in the case of newborns' urine samples.
Another compound with high concentration was MiBP and cx-MEHP.
For the DINCH metabolites, the highest levels were found for cx-MINCH
in both mothers' and newborns’ urine samples, followed by OH-MINCH
and oxo-MINCH.

The median concentrations of all measured metabolites (∑metabo-
lites) were slightly lower in urine samples collected from children
(77.7 ng/mL urine) compared to their mothers (115.3 ng/mL urine),
but no correlation was found between the levels of target compounds in
children's and mothers' urine samples (the detailed results are shown in
Table S4 in the Supporting Material). This result could be probably
caused by the different exposure sources of phthalates. The mothers
could use some personal care products containing different phthalates
than those products used on the newborn children. And there also could
be a different intake of phthalates by the mothers caused by the con-
sumption of food which contains phthalates.

The highest amounts of target compounds were measured in urine
samples obtained from children born in Karvina (Fig. 1). Also, a dif-
ferent profile of phthalate metabolites was identified in urine samples
obtained from children born in the Karvina region, compared to the
urine samples collected from their mothers. Cx-MEHP contributed 43%
to the total content of phthalate metabolites in newborns' urine (the
median concentration of cx-MEHP was 43.9 ng/mL urine and the
median concentration of ∑phthalate metabolites was 103.3 ng/mL

urine), but only 11% in mothers' urine (the median concentration of cx-
MEHP was 11.3 ng/mL urine and the median concentration of
∑phthalate metabolites was 108.3 ng/mL urine) (Fig. 1). The urine

Table 2
Performance characteristics of the analytical method (n=6)–DINCH metabolites.

Analyte Internal standard LOQ Concentration level 1 (0.7 ng/mL urine) Concentration level 2 (7 ng/mL urine)

[ng/mL urine] [μg/g creatinine] REC [%] RSD [%] REC [%] RSD [%]

MINCH d8-OH-MINCH 0.15 0.15 62 14 60 2
OH-MINCH d8-OH-MINCH 0.15 0.15 83 5 74 1
oxo-MINCH d8-oxo-MINCH 0.15 0.15 93 9 94 2
cx-MINCH d8-oxo-MINCH 0.15 0.15 104 11 100 4

LOQ–limit of quantification, REC–recovery, RSD–relative standard deviation.

Table 3
Concentrations of phthalate and DINCH metabolites in urine samples collected from mothers and their newborn children (n=204).

Parent
compound

Target
analyte

LOQ [ng/
mL urine]

Mothers (n= 102) [ng/mL urine] Newborns (n=102) [ng/mL urine]

Mean Median Min Max % positive
samples

95%
percentile

Mean Median Min Max % positive
samples

95%
percentile

DEP MEP 0.15 32.4 10.4 0.5 267.2 98 154.8 10.8 5.6 0.3 159.9 100 29.5
DiBP MiBP 0.15 77.3 26.5 0.3 293.1 100 252.4 22.4 16.6 1.3 110.3 100 62.0
DBP MBP 0.15 49.0 32.1 3.5 336.5 99 160.5 21.4 17.2 1.1 73.5 100 57.4
DBzP MBzP 0.15 5.4 2.9 0.2 83.1 92 17.2 1.7 1.2 0.3 13.2 76 6.4
DEHP MEHP 0.15 3.9 2.2 0.3 25.4 90 12.0 2.1 1.7 0.2 6.3 90 5.4

OH-MEHP 0.40 7.6 6.7 4.6 116.2 66 19.1 2.9 0.5 2.0 17.7 50 7.7
oxo-MEHP 0.40 4.4 3.9 2.7 54.3 63 10.9 1.5 0.2 0.5 10.1 42 4.7
cx-MEHP 0.40 13.8 10.8 2.2 79.6 92 28.2 25.8 12.7 3.0 248.5 91 75.0

∑ phthalate metabolites - 193.1 108.9 0.9 1060.5 100 463.3 87.3 77.4 3.7 394.2 100 206.2
DINCH MINCH 0.15 - - < 0.15 < 0.15 0 - - - < 0.15 <0.15 0 -

OH-
MINCH

0.15 1.1 < 0.15 1.1 45.7 7 3.8 0.1 <0.15 <0.15 6.3 1 0.05

oxo-
MINCH

0.15 0.7 < 0.15 0.8 20.4 7 3.5 0.1 <0.15 <0.15 3.8 1 0.05

cx-MINCH 0.15 1.4 < 0.15 1.4 48.2 7 5.6 0.2 <0.15 <0.15 8.8 1 0.05
∑ DINCH metabolites - 3.1 < 0.15 3.0 114.3 - 13.1 0.3 <0.15 <0.15 19.0 1 0.05

When target analyte was below LOQ for the mean and median calculation 1/2 LOQ value was used.

Fig. 1. Concentrations of phthalate metabolites in urine samples of mothers and
their newborn children (2013–2014).
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samples were collected 3–4 days after the birth in a hospital. Based on
the premise that phthalate metabolites have very short excretion life-
times (24–48 h) (Frederiksen et al., 2007), the source of the parent
compound (DEHP) of this metabolite is most probably from the hos-
pital. This will be further investigated in a subsequent part of this study.
It is also worth to notice that only the concentration of cx-MEHP is
higher in urine samples collected from children. The concentration of
other DEHP metabolites (OH-MEHP and oxo-MEHP) are higher in urine
samples collected from mothers. This result could demonstrate that the
metabolism of phthalates is different in adults and children as con-
cluded by Enke et al. (2013) and Silva et al. (2006).

Our results indicate that phthalate metabolites should in future be
analysed in studies of the newborn, as they may represent a real health
risk to children's development of visual recognition memory (Ipapo
et al., 2017) and ADHD (Engel et al., 2018).

3.1. Comparison to results of other studies

The measured concentrations of the target analytes were compared
to other published papers dealing with the exposure to phthalates/
DINCH in other regions. The comparison of the results has some lim-
itationsbecause the results are differently presented in the papers. In
some papers, geometric or arithmetic means or median values are used.
For a better comparison, it would be preferable to evaluate the same
data (means, medians). However, unified data are often unavailable.
The units also vary between papers. For this reason, the results from our
paper are presented in Table 4 in ng/mL urine and in ng/g creatinine.
As mentioned above, there is only a limited number of studies where
metabolites of phthalates and metabolites of the DINCH compound are
measured using one method. For this reason, the concentrations of
phthalate and DINCH metabolites were assessed separately.

Within the phthalate metabolites, the analyte commonly found at
the highest concentration in similar studies is MEP (Table 4). However,
in our study, we observed the highest concentrations for the compound
MBP in the case of the urine samples collected both from mothers and
their newborn children. The same result was also observed by
Mullerova et al. (2016), where urinary phthalate metabolites of Czech
adults were measured and Enke et al. (2013), where concentrations of
phthalate metabolites in urine samples collected from German children
were assessed. The overall concentrations of target compounds are
comparable with those published in other surveys. Evaluation why the
Czech samples have a higher concentration of MBP whereas other
studies reported the dominant metabolite MEP is very difficult. For
example, there is no evidence that Czech women or adults, in general,
use cosmetic differently or buy other brands. Since there is available
countless cosmetic products from all over the world it is difficult to say
that it has an impact on the exposure of the Czech population. More-
over, in the Czech Republic, we have the European legislation. Legis-
latively some phthalates are restricted in cosmetic products (Regulation
(EC) No 1223/2009 of the European Parliament and of the Council of
30 November 2009 on cosmetic products). However, the banned
phthalates are dibutyl phthalate (DBP), diethylhexyl phthalate (DEHP),
bis(2-methoxyethyl) phthalate (DMEP), n-pentyl-isopentylphthalate
(PiPP), di-n-pentyl phthalate (DPP), diisopentyl phthalate (DiPP),
benzyl butyl phthalate (BBP) and not diethyl phthalate (DEP). The same
case can be concluded in children toys, materials that are used in
contact with food or medical equipment. However, such a result in the
Czech population should be further investigated.

With regard to DINCH metabolites (Table 5), the compound MINCH
was not detected in any of the measured samples, as published in this
paper. This result is in good agreement with the expected excretion
ratios proposed by Koch et al. (2013), where they concluded that less
than 1% of the DINCH compound is excreted in urine as MINCH. The
concentrations of the other measured metabolites are comparable be-
tween studies and on very low levels. Ta
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4. Conclusion

Within this study, the fast and simple method has been validated
that requires only the dilution of the hydrolysed urine sample with an
organic solvent for the determination of 8 phthalate metabolites and 4
DINCH metabolites. The identification and quantification of the target
compounds was performed by UHPLC‒MS/MS. The obtained LOQs
were comparable with those reported in the literature (0.15–0.4 ng/mL
urine), with recoveries of 60–126% and repeatability of 1–11%.

The validated method was subsequently used for the measurement
of phthalate and DINCH metabolites in urine samples collected from
mothers and their newborn children from two localities in the Czech
Republic – Karvina and Ceske Budejovice (2013–2014).

The most contaminated samples were collected from newborn
children living in the Karvina industrial region, where the median
concentration of phthalate metabolites was approximately two times
higher compared to their mothers, and to the levels of these compounds
found in the urine samples obtained from mothers and their newborn
children living in Ceske Budejovice. Worth noting is the fact that cx-
MEHP contributed 43% to the overall contamination in newborns'
samples from Karvina. The source of the parent compound (DEHP) will
be investigated in a subsequent part of this study.

With regard to the DINCH metabolites, MINCH was not detected in
any of the measured samples. The other DINCH metabolites were found
in only 7% of the measured samples collected from mothers and in 1%
of the samples collected from children. Their median concentrations
were very low (0.8–8.8 ng/mL urine), which is similar to those of other
published papers.

The pattern of phthalate metabolites rather differed from those re-
ported in similar studies abroad. While, in most of the Czech samples,
MBP was found at the highest concentration, in other worldwide studies
MEP was typically the dominating metabolite. This result could be
caused by the different exposure sources of phthalates in the Czech
Republic and other countries and should be further investigated.
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Abstract In this study, a novel analytical approach for the
determination of 11 monohydroxylated polycyclic aromatic
hydrocarbon metabolites (OH-PAHs) in urine was developed
and validated. The rapid, simple and high-throughput sample
preparation procedure based on ethyl acetate extraction and
subsequent purification by dispersive solid-phase extraction
(d-SPE) employing a Z-Sep sorbent is used for the first time.
For the identification/quantification of target compounds,
ultra-high-performance liquid chromatography (U-HPLC)
interfaced with tandem mass spectrometry (MS/MS) was ap-
plied. The results of validation experiments performed on the
Standard Reference Material (SRM) 3673 (organic contami-
nants in non-smokers’ urine) were in accordance with the
certified values. The method recoveries ranged from 77 to
114 % with the relative standard deviation lower than 20 %
and the quantification limits in the range of 0.010–
0.025 ng mL−1 (except for benzo[a]pyren-3-ol with
0.9 ng mL−1). Within the pilot study, the new method was
used for the analysis of OH-PAHs in 50 urine samples. The
concentrations of ΣOH-PAHs were in the range of 0.87–
63 ng mL−1 (1600–33,000 ng g−1 creatinine), with

naphthalen-2-ol (2-OH-NAP) and phenanthren-1-ol (1-OH-
PHEN) being the most abundant exposure biomarkers detect-
ed in all samples.

Keywords Monohydroxylatedmetabolites of polycyclic
aromatic hydrocarbons . SRM3673 . Tandemmass
spectrometry . Ultra-high-performance liquid
chromatography . Urine

Introduction

Polycyclic aromatic hydrocarbons (PAHs), produced by in-
complete combustion of organic materials, are ubiquitous con-
taminants present in the environment. The toxicity of some
PAHs has been extensively explored due to their carcinogenic,
mutagenic and teratogenic potency [1]. The human organism
may be exposed to PAHs through various pathways; inhala-
tion of polluted air or cigarette smoke together with dietary
intake represents the major ones [2, 3]. As soon as PAHs enter
the human body, rapid biotransformation process starts with
phase I metabolism in which PAHs are oxidised by the hepatic
cytochrome P450 monooxygenases to form reactive epoxide
intermediates, followed by reduction or hydrolysis to hydrox-
ylated derivates (monohydroxylated PAH metabolites (OH-
PAHs)). In phase II metabolism, the OH-PAHs are conjugated
to glucuronic acid or sulphate to increase the water solubility
of the metabolite [4]. Depending of the molecular weight, the
OH-PAH conjugates (typically glucuronides and/or sulphates)
are excreted either into urine (species with two to three ben-
zene rings) or in faeces (greater than or equal to four benzene
rings) [5]. These biological processes lead to the formation of
multiple metabolites including epoxide, dihydrodiols and
monohydroxylated and polyhydroxylated PAHs. The
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selection of a reliable biomarker(s) for human PAH exposure
is a crucial point since a PAH pattern may fairly vary among
the particular exposure sources. Moreover, each PAH is
metabolised in the exposed organism to more than one metab-
olite constituting different positional isomers [6]. Considering
various environmental and/or occupational studies [7–11]
concerned with monitoring of PAH emissions associated with
petrol or diesel combustion, pyren-1-ol (1-OH-PYR), the ma-
jor monohydroxylatedmetabolite of pyrene, is one of the most
popular exposure biomarkers. However, pyrene itself is not
carcinogenic; thus, determination of its biotransformation
product is not fully relevant to a health risk assessment pro-
cess. Bearing in the mind that benzo[a]pyrene is the key rep-
resentative of carcinogenic PAHs, the monitoring of its major
metabolite benzo[a]pyren-3-ol (3-OH-BaP) is a more realistic
option. Nevertheless, the measurement of urinary 3-OH-BaP
is a rather difficult task. Due to its predominant elimination via
biliary excretion in faeces, concentrations of urinary 3-OH-
BaP are under common exposure conditions by 3 orders of
magnitude lower compared to those of the pyrene metabolite,
1-OH-PYR [12]. With regard to multiple exposures to differ-
ent PAHs under real-life conditions, measurements of other
hydroxylated metabolites originated from naphthalene, phen-
anthrene, fluorene and chrysene have been realised by many
authors in the recent decade [4, 6, 13–19].

The quantitative determination of multiple OH-PAHs and
other PAH-related biomarkers in human urine is an analytical
challenge due to a large range of their polarities and typically
(ultra)-trace levels. Currently, typical sample preparation pro-
cedures for isolation of OH-PAHs from urine include enzy-
matic hydrolysis with β-glucuronidase/sulfatase and a subse-
quent extraction by applying liquid/liquid extraction (LLE)
using pentane [4, 20], pentane/toluene mixture [17] or, alter-
natively, hexane [6] and, as an extraction/preconcentration
alternative, also solid-phase extraction (SPE) [13, 14, 16, 18,
19, 21, 22] or solid-phase microextraction (SPME) [23, 24]
were employed. Analytical platforms, which have proved to
be sufficiently sensitive for the quantification of urinary OH-
PAHs, include high-performance liquid chromatography with
fluorescence detection (HPLC–FLD) [12, 18], gas chromatog-
raphy (GC) coupled with (high-resolution) mass spectrometry
((HR)MS) [6, 13, 19, 20] or tandem mass spectrometry (MS/
MS) [25], and liquid chromatography (LC) with MS/MS, ei-
ther with [22, 26] or without prior derivatisation [13–17, 27].
When selecting the most relevant instrumental set-up, both
advantages and disadvantages should have to be considered.
For example, GC–MS (/MS) methods for OH-PAHs require
derivatisation of the analytes but, on the other hand, thanks to
their high separation power, differentiation of the isomeric
metabolites is enabled. Moreover, applications of isotope di-
lution techniques for quantification offer a high-precision
analysis. HPLC–FLD, representing a common equipment of
many laboratories, benefits from the high sensitivity of

fluorescence detection to analytes with PAH structures.
Contrary to GC, LC separation suffers of lower separation
efficiency which may lead to, together with limited detection,
misidentification of analytes; also, the impossibility to com-
pensate matrix effects by isotopically labelled surrogates may
complicate accurate quantification [28, 29]. Owing to these
facts, a LC–MS/MS technique seems to be, nowadays, a gold
standard in this field because of its applicability for highly
sensitive quantification of a wide range of substances includ-
ing multiple PAH biomarkers in a complex biological matrix
such as urine.

Themain aims of this study were to (i) develop and validate
a simple, rapid and high-throughput sample preparation pro-
cedure for the simultaneous isolation of most often monitored
OH-PAHs (due to their toxicity or potential negative effect on
human health) represented by metabolites of various PAH
classes such as naphthalene, fluorene, phenanthrene, chrys-
ene, pyrene and benzo[a]pyrene using ultra-HPLC (U-
HPLC)–MS/MS and to (ii) apply this method for the exami-
nation of 50 urine samples collected from the Czech women
within the project ‘Impact of air pollution to genome of new-
borns’ (No. 13-13458S).

Materials and methods

Standards

Certified standards of OH-PAHs represented by
naphthalen-1-ol (1-OH-NAP, 1000 μg mL−1 of methanol,
puri ty 99 %) and naphthalen-2-ol (2-OH-NAP,
1000 μg mL−1 of methanol) were obtained from
Absolute Standards, Inc. (USA). Fluoren-2-ol (2-OH-
FLUO), phenanthren-1-ol (1-OH-PHEN), phenanthren-2-ol
(2-OH-PHEN) and phenanthren-4-ol (4-OH-PHEN) were
supplied by Toronto Research Chemicals, Inc. (USA).
Phenanthren-3-ol (3-OH-PHEN), phenanthren-9-ol (9-OH-
PHEN), 1-OH-PYR and 3-OH-BaP were purchased from
Neochema (Germany). Chrysen-6-ol (6-OH-CHR) was ob-
tained from AccuStandard® (USA). Isotopically labelled
analogues, specifically [2H]7-naphthalen-1-ol (d7-1-OH-
NAP), [2H]7-naphthalen-2-ol (d7-2-OH-NAP), [2H]9-
fluoren-2-ol (d9-2-OH-FLUO), [2H]9-phenanthren-1-ol (d9-
1-OH-PHEN), [2H]9-phenanthren-2-ol (d9-2-OH-PHEN),
[2H]9-phenanthren-3-ol (d9-3-OH-PHEN), [2H]8-
phenanthren-9-ol (d8-9-OH-PHEN), [2H]9-pyren-1-ol (d9-
1-OH-PYR) and [2H]11-benzo[a]pyren-3-ol (d11-3-OH-
BaP), were supplied by Toronto Research Chemicals,
Inc. Creatinine was delivered by Sigma-Aldrich (USA).
The purity of all standards and their isotopically labelled
analogues was at least 98 %.

Individual OH-PAHs delivered as solids were dis-
s o l v e d w i t h r e s p e c t t o t h e ma n u f a c t u r e r s ’
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recommendations. Mixtures of OH-PAHs and their iso-
topically labelled analogues (d-OH-PAHs) were prepared
in methanol at concentrat ions of 10, 100 and
1000 ng mL−1. Each calibration solution of OH-PAHs
corresponding to the calibration curve at levels of 0.1,
0.25, 0.5, 1, 2.5, 5, 10, 25, 50 and 100 ng mL−1 in
methanol contained an internal standard at 10 ng mL−1

except for d11-3-OH-BaP, for which the concentration
was 10 times higher, 100 ng mL−1, because of its lower
instrumental sensitivity compared to other d-OH-PAHs.
All solutions were stored at −20 °C in the freezer.

The Standard Reference Material® 3673 (organic contam-
inants in non-smokers’ urine) used for the method evaluation
and validation experiments was supplied by the US National
Institute of Standards and Technology (NIST, Gaithersburg,
Maryland, USA).

Chemicals, reagents and other materials

Analytical grade ethyl acetate for pesticide residue analy-
sis, SupraSolv® n-hexane for gas chromatography ECD
and FID (purity ≥ 98 %), picric acid, enzyme β-
glucuronidase (type HP-2, glucuronidase activity ≥ 100,
000 units mL−1, sulfatase activity≤7500 units mL−1) and
sorbents, specifically Supel™ QuE Z-Sep, Supel™ QuE
Z-Sep + and Supelclean™ ENVI-Carb™, were supplied
by Sigma-Aldrich. Acetone and sodium hydroxide were
purchased from Lach-Ner (Czech Republic). LC–MS
CHROMASOLV® methanol (purity≥99.9 %) was deliv-
ered by Merck (Germany). Sorbents C18 silica gel and
primary–secondary amine (PSA), both Bondesil (40 μm),
were obtained from Agilent Technologies (USA). Sep-
Pak® Vac 3 cc (500 mg) SPE cartridges were supplied
by Waters (USA). Unsterile polytetrafluoroethylene
(PTFE, 5.0 μm, Ø 25 mm) filters were purchased from
Rotilabo® (Germany). Ninety-six-well microtiter plates
were obtained from Gama Group (Czech Republic).
Polypropylene (PP) centrifuge tube filters (nylon, pore size
0.22 μm) were supplied by Sigma-Aldrich.

Sample collection

All 50 urine samples were collected during winter in
2013/2014 from Czech women living in the Karviná (situated
in highly polluted North Moravian industrial agglomeration
with a black coal mining and coke and steel production) with-
in the project Impact of air pollution to genome of newborns
(No. 13-13458S). The urine was stored in the freezer at
−20 °C before analysis. Prior to the analysis, thawed samples
were filtered through PTFE filters in order to remove solid
impurities.

Method description

Determination of creatinine

The creatinine values were used to normalise the urine
concentration/dilution in individual samples, thus ensuring
improved data comparability. Samples with excessive
physiological dilution or concentration outside the range
of 0.3 mg mL−1≤ creatinine≤3.0 mg mL−1 were excluded.
A spectrophotometric method for the estimation of urinary
creatinine was based on Jaffé’s reaction [30, 31], where a
coloured complex of creatinine with alkaline picrate
formed and then measured at 505 nm. The reaction mix-
ture consisted of 75 μL creatinine calibration standards at
8, 16, 24, 32 and 40 μg mL−1, or a 75 μL 100 times
diluted urine, together with 75 μL of saturated picric acid
solution, 75 μL of 1 M sodium hydroxide and 75 μL of
deionised water, was transferred directly into a well of a
microtiter plate. Jaffé’s reaction was carried for 20 min at
laboratory temperature, and then the absorbance was mea-
sured using the spectrophotometer Epoch (BioTek, USA).
The obtained data were evaluated by Gen5™ Microplate
Data Analysis software.

Enzymatic hydrolysis

An amount of 5 mL of urine was transferred into a 50-mL
polypropylene centrifuge tube, and 20 μL of β-glucuronidase
and 10 mL of acetate buffer (pH 5) were added. After the
addition of an internal standard (dx-OH-PAHs) at
100 ng mL−1, the mixture was incubated overnight (37 °C,
15 h) to release OH-PAHs from conjugated forms.

SPE

The SPE cartridges (sorbent C18) were conditioned with
5 mL of methanol followed by 10 mL of acetate buffer
(pH 5). After the loading of 15 mL urine hydrolysate with
the addition of an internal standard into the cartridges,
washing with 5 mL of deionised water and 5 mL of
25 % (v/v) aqueous methanol was performed. During these
procedures, the flow rate was held lower than
1 mL min−1. The cartridges were dried using a vacuum
pump and centrifuged for 2 min at 5000 rpm (Hettich,
Germany). Finally, the target analytes were eluted with
10 mL of ethyl acetate, methanol or acetone. Collected
eluates were allowed to evaporate (Büchi Rotavapor,
Flawil, Switzerland) and the residual solvent was removed
under the gentle stream of nitrogen, if needed. The resi-
dues were dissolved in 250 μL of methanol and trans-
ferred into the vial for the U-HPLC–MS/MS analysis.

Determination of monohydroxylated PAH metabolites in urine 2517



LLE with clean-up using dispersive solid phase extraction

In total, 15 mL of ethyl acetate was added to the enzymatic
hydrolysate and the tube was vigorously shaken for 1 min.
The tube was then centrifuged for 5 min at 10,000 rpm to
facilitate phase separation. An amount of 12 mL of the upper
organic layer was transferred into the new tube containing
180 mg of Z-Sep, Z-Sep+, C18, PSA or ENVI-Carb sorbent
and 1.8 g anhydrous MgSO4. The tube was shaken again for
1 min and centrifuged for 5 min at 10,000 rpm. Subsequently,
8 mL of a purified extract was allowed to evaporate using a
rotary vacuum evaporator near to dryness. The residual sol-
vent was removed under a gentle stream of nitrogen. The
residues were dissolved in 250 μL of methanol. The
reconstituted extract was filtered through a 0.22-μm nylon
centrifuge tube filter and transferred into the vial for the U-
HPLC–MS/MS analysis.

Quality assurance/quality control

The validation of the final method (LLE followed by
clean-up based on dispersive solid-phase extraction (d-
SPE)) was evaluated through the analysis of the NIST
Standard Reference Material® (SRM) 3673 (organic con-
taminants in non-smokers’ urine) in six replicates. In the
case of 6-OH-CHR and 3-OH-BaP, for which the concen-
trations are not certified, an artificially contaminated urine
sample, previously tested for the content of target analytes,
was analysed. The recoveries (REC, %) and repeatabilities
(expressed as relative standard deviations, RSDs, %) for 6-
OH-CHR and 3-OH-BaP were calculated from six analy-
ses at a concentration level of 0.05 and 1 ng mL−1 (based
on a regular occurrence of these metabolites in urine). In
the case of 4-OH-PHEN and 6-OH-CHR, for which their
deuterated analogues were not available, d8-9-OH-PHEN
and d9-1-OH-PYR, respectively, were chosen. To control
background contamination by target analytes, the procedur-
al blank (i.e. in the same sample procedure, only instead
of urine, the same volume of deionised water was used)
was prepared together with each batch of 20 samples (per
day). The determined concentration of OH-PAHs in each
procedural blank was subtracted from the respective sam-
ple. The limits of quantification (LOQs) were determined
as the lowest calibration standard at which analytes pro-
vided a signal-to-noise ratio (S/N) of >10. For the com-
pensation of the unexpected influence of matrix or losses
of targeted analytes, the entire method was validated using
isotopically labelled surrogates.

As regards the miniaturised spectrophotometric method
based on Jaffe’s reactions, which was implemented within
our study, the concentration of creatinine was also determined
in the SRM 3673 in six replicates.

Instrumental analysis

The U-HPLC analyses of OH-PAHs were performed using an
Acquity Ultra-Performance LC system (Waters, USA)
equipped with a 10-μL sample loop. Analytes were separated
on a pentafluorophenyl (PFP; Kinetex, Phenomenex, USA)
column (100 mm×2.1 mm×1.7 μm) maintained at 40 °C.
Water (A) and methanol (B) were used as mobile phases at a
flow rate of 300 μL min−1 and with a gradient, specifically
10–40 % B over 0.5 min then 40–100 % B over 11 min
followed by an isocratic hold at 100 % B for 2 min. The total
run time for each injection was 13 min. The flow rate began at
0.3 mL min−1, and the sample volume injected was 5 μL at
10 °C. The U-HPLC system was coupled to a triple–quadru-
pole mass spectrometer Xevo TQ-S (Waters, USA) with
electrospray ionisation (ESI-) that was operated in the nega-
tive ion mode with a capillary voltage of −2000 V, and
ionisation and desolvation temperatures were 150 and
400 °C, respectively. The instrument was operated in multiple
reaction monitoring (MRM) mode. The retention times and
quantitative/qualitativeMRM transitions of target analytes are
listed in Table S1 in the Electronic Supplementary Material
(ESM).

Results and discussion

U-HPLC–MS/MS method development

In the first stage, the instrumental method for the determina-
tion of OH-PAHs was optimised. In order to achieve the low-
est LOQs required for real-sample analysis, MS/MS and
ionisation parameters (capillary voltage, ionisation tempera-
ture) were extensively tested. In the next phase, the chromato-
graphic separation of isomeric compounds, mainly OH-PHEN
compounds, was performed on the three types of columns.

To optimise mass spectrometric parameters, standard solu-
tions of individual OH-PAHs at 5000 ng mL−1 in a mixture of
methanol/water (50:50, v/v) were directly infused into ESI-.
The MRM transition [M–H]− > [M–H–28]− was the most
abundant for most of the analytes, with the exception of 2-
OH-FLUO. A neutral loss of 28 Da has been observed by
other investigators and has been attributed to a loss of CO
from the parent ion. No further fragmentation of the [M–H–
28]− ion occurred which indicated a high stability of this
daughter ion under the experimental conditions. In the case
of 2-OH-FLU, two fragment ions [M–H–28]− and [M–H–1]−

were observed, the latter probably due to five membered rings
present in its structure. The sensitivity of the MRM transition
[M–H]− > [M–H–1]−, i.e. m/z 181>180, was 20 times higher
compared to that of the reaction [M–H]− > [M–H–28]−, i.e.
181>154. Regarding with the capillary voltage, three differ-
ent values, −2000, −3000 and −4000 V, were tested. The
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highest sensitivity was obtained when −2000 V was set.
Compared to −3000 and −4000 V, the signals for all com-
pounds were significantly higher, by 20 and 90 %, respective-
ly. Also, the influence of mobile phase composition was
recognised as an important factor affecting sensitivity. The
best results under the above-mentioned mobile phase gradient
were achieved when aqueous methanol was used (system 1).
For example, the addition of ammonium acetate in water (sys-
tem 2) caused the decrease in signal intensity by 50% for most
analytes compared to water and methanol (system 1). When
acetonitrile was used instead of methanol (system 3), similar
signal intensities were obtained for OH-NAP, 2-OH-FLUO
and OH-PHEN compounds, contrary to later eluted com-
pounds, 1-OH-PYR, 6-OH-CHR and 3-OH-BaP, when signal
decreased by 50 % (Fig. 1).

Because of identical MRM transitions of OH-PHEN and
OH-NAP isomers, their individual chromatographic separation
had to be optimised. Besides the different compositions of the
mobile phase, gradient and total time of analysis, various types
of columns were tested: Kinetex (i) PFP (100 × 2.1 mm;
1.7 μm), (ii) BEH (C18) (100×2.1 mm; 1.7 μm) and (iii)
HSS T3 (C18) (100×2.1 mm; 1.8 μm). The most critical iso-
mers were OH-PHEN compounds, when the total co-elution of
pairs 2-OH-PHEN/3-OH-PHEN and 1-OH-PHEN/9-OH-
PHEN using a column with C18 stationary phase under tested
conditions was observed. Better selectivity for these aromatic
isomers was achieved using PFP stationary phase, when indi-
vidual OH-PHEN compounds were partially separated (Fig. 2).
Due to the unique properties (high electronegativity, low polar-
izability and strong lipo- and hydrophobicity) of
organofluorines, the fluorinated phases offered many possibili-
ties that could not be accomplished by conventional C8 and C18
reverse phases. The PFP column offers dispersive, dipole–di-
pole, π–π, charge transfer and ion exchange interactions to en-
able the retention of different types of compounds including
aromatics and polycyclic aromatic hydrocarbons [32]. From
these reasons, Kinetex PFP (100×2.1 mm; 1.7 μm) column
was used for the U-HPLC–MS/MS analysis.

Extraction method development

Two different analytical approaches were tested for the
isolation of OH-PAHs from urine. With regard to unsatis-
factory results obtained by common SPE with C18 sor-
bent, mainly low method recovery and poor purification of
extract, we decided to isolate the target compounds by
LLE using ethyl acetate as a medium to which they are
to be transferred. Due to a limited selectivity of this ex-
traction step, purification was needed. To have the analyt-
ical procedure as simple as possible, d-SPE was chosen in
this particular case. In paragraphs below, the development/
modification steps are described in detail. The problem we
had to overcome was the practical unavailability of a truly
blank matrix. Given that the human body is exposed to
PAHs practically throughout life (inhalation of polluted air
or cigarette smoke, ingestion of contaminated food, dermal
absorption), traces of OH-PAHs and their glucuronides/
sulphates are unavoidably present in any urine sample.
The only way to assess the performance characteristics
of both methods during optimisation was to spike urine
with a mixture of isotopically labelled analogues (dx-OH-
PAHs) prior to the hydrolysis. For the most effective en-
zymatic deconjugation step, 10, 20 or 50 μL of β-
glucuronidase was added to the naturally contaminated
urine sample (pH 5, 37 °C, 15 h). The comparable
amounts of OH-PAHs were released (20 and 50 μL) for
both sample preparation procedures discussed below. From
this reason, for the final validation experiments and exam-
ination of real samples, 20 μL of β-glucuronidase was
used.

SPE

Considering the relatively non-polar nature of OH-PAHs
compared to other substances occurring in urine, C18
s i l i c a -based SPE was se l ec t ed fo r i so l a t i on /
preconcentration of these compounds. Within the

Fig. 1 The influence of mobile phase composition on the signal intensity of OH-PAHs (responses are normalised to the mobile phase composition of
water (A) and methanol (B) of 100 %)
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optimisation, various solvent mixtures were tested for both
washing (starting with water and followed by 10, 25 or
50 % aqueous MeOH) and elution (methanol, acetone or
ethyl acetate). Regarding with the washing step, the best
set-up avoiding d-OH-PAH losses and, at the same time,
enabling removing of some interfering substances was the
combination of water and 25 % (v/v) aqueous MeOH.
From tested elution solvents, the highest recoveries in
the range of 50–70 % were achieved when ethyl acetate
was used. On the other hand, we experienced a similar
retention behaviour of yellow/amber urine pigments and
other matrix components that eluted from the SPE car-
tridge together with analytes. These residues of matrix
co-extracts had a negative impact on the analyte
ionisation, which resulted in the signal suppression by up
90 %. For the compensation of these effects, matrix cali-
bration can be used. However, for its preparation, it is

necessary to have sufficient quantities of the blank matrix,
which is complicated as described above. Other difficulties
were associated with residues of water (100–300 μL) after
evaporation of the collected eluate. Considering that the
extract was reconstituted in 250 μL of methanol, the final
volume was increased and resulted in a dilution of matrix
followed by higher LOQs. Finally, after the enzymatic
deconjugation, the consistency of hydrolysate compared
to non-hydrolysed urine was changed. After the loading
of the hydrolysed sample onto the column, the precipitate
accumulated on top of the sorbent, which extended the
time required for the elution. The clogging of cartridge,
which resulted in the lost of samples, has been identified
as problematic in a similar study [20]. From these reasons,
the new analytical method had to be implemented. The
major requirements were as follows: (i) LOQs below
0.05 ng mL−1, (ii) effective removing of matrix co-

Fig. 2 Chromatographic
separation of OH-PAHs on
various columns
(c= 10 ng mL−1): A Kinetex PFP
(100 × 2.1 mm; 1.7 μm), B BEH
(C18) (100 × 2.1 mm; 1.7 μm)
and C HSS T3 (C18)
(100 × 2.1 mm; 1.8 μm)
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extracts and (iii) simple and fast extraction with regard to
the consistency of the hydrolysate.

LLE with clean-up using d-SPE

For this purpose, a simple LLE extraction using ethyl acetate
(for which the highest recoveries within the SPEmethod eval-
uation were observed) including d-SPE was implemented.
Various sorbents, specifically C18, PSA, Z-Sep, Z-Sep+ and
ENVI-Carb, were tested in the purification step. The best re-
sults were obtained when Z-Sep was used. Compared to the
other tested sorbents, the response of analytes in the purified
extract increased by 30–80 %. The removing of matrix inter-
ferences was significant especially for d9-OH-PYR and d11-3-
OH-BaP. As can be expected, ENVI-Carb adsorbs planar
compounds, which resulted in the elimination of most OH-
PAHs from the extract. Similar results were achieved using
C18, PSA and Z-Sep+; nevertheless, the signals in the purified
extract decreased by approximately 50 % compared to Z-Sep.
The effectivity of the clean-up step was documented by the
assessment of the matrix effects. The comparison of matrix
effects in both extracts obtained by SPE and LLE with and
without d-SPE documented (Fig. 3) that the cleaning of the
urine extract with d-SPE led to the reduction of these effects
by approximately 50 %, with the exception of d11-3-OH-BaP,
when only 20 % reduction was observed.

Method validation

Recoveries and repeatabilities (expressed as RSD, %) of the
final method (LLE with clean-up using d-SPE) for OH-NAP
isomers, 2-OH-FLUO, OH-PHEN isomers and 1-OH-PYR
were calculated from six replicate analyses of the SRM 3673
(Table 1). The results were in good agreement with the certi-
fied values except for 1-OH-NAP, the measured concentration
of which was slightly lower, 162±11 ng mL−1, compared to
the certified value (211 ± 34 ng mL−1). A similar trend as

regards the concentrations of 1-OH-NAP determined in the
SRM 3673 was observed also in other studies, for instance
151 ± 11 ng mL−1 by Motorykin et al. [19] and 197
±3 ng mL−1 by Li et al. [25]. Recoveries of nine OH-PAHs
were in the range of 77–113 %, and repeatabilities were less
than 20 %. LOQs for OH-PAHs were in the range of 0.01–
0.025 ng mL−1. For the 6-OH-CHR and 3-OH-BaP, which
were not certified in the SRM 3673, the performance param-
eters were determined by the analysis of the artificially con-
taminated urine blank sample. The validation level was
0.05 ng mL−1 for 6-OH-CHR and 1 ng mL−1 for 3-OH-BaP
(the concentration was higher because of its lower instrumen-
tal sensitivity). The recoveries for 6-OH-CHR and 3-OH-BaP
were 95 % (RSD 13 %, LOQ 0.01 ng mL−1) and 97 % (RSD
16 %, LOQ 0.9 ng mL−1), respectively. As overviewed in
Table 2, present LOQs (0.01–0.025 ng mL−1) are comparable
with the other reported values within the similar multi-analyte
determination of OH-PAHs using LC–MS/MS [13–17, 34,
35]. The only exception is for 3-OH-BaP, when higher LOQ
0.9 ng mL−1 was achieved as compared to Xu et al. [13]
(0.005 ng mL−1) or Barbeau et al. [12], who use the LC–
FLD detection for the single determination of this metabolite
and achieved 0.05 ng L−1.

Finally, the determined concentration of creatinine (508
±4 mg mL−1, RSD 0.8 %, LOQ 0.1 ng mL−1) was in accor-
dance with the reference value in the certificate (505
±2 mgmL−1). Regarding with the control of background con-
tamination, procedural blanks were prepared. From all target
OH-PAHs, traces of 2-OH-NAP, 2-OH-PHEN and 3-OH-
PHEN were detected in the concentration range of 0.01–
0.09 ng mL−1.

Method applicability

Following the successful method validation, 50 samples of
urine (collected within the project Impact of air pollution to
genome of newborns, No. 13-13458S) were analysed. The

Fig. 3 Comparison of matrix effects (ME, %) for tested extraction techniques. ME (%) = [peak area of matrix-matched standards / peak area of solution
standards− 1] × 100 (%). ME= 0 %, no matrix effects; ME<0 %, ionisation suppression; ME> 0 %, ionisation enhancement [33]
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samples were obtained from Czech women living in the in-
dustrial city Karviná, which represents a locality with high
PAH air pollution, especially during winter season due to
emissions from the residential heating [36, 37]. The results,
expressed both in nanograms per milliliter and nanograms per
gram creatinine, are summarised in Table 3. The total concen-
tration of OH-PAHs (ΣOH-PAHs) was in the range of 0.87–
63 ng mL−1 (1600–33,000 ng g−1 creatinine). The most abun-
dant metabolites were 2-OH-NAP and 1-OH-PHEN, which
were detected in all examined urine samples. Their concentra-
tions were in the range of 0.51–53 ng mL−1 (720–25,
000 ng g−1 creatinine) and 0.07–3.2 ng mL−1 (90–
2400 ng g−1 creatinine), respectively. The predominance of
2-OH-NAP in the urine of general population (children,
non-smokers) was published within recent studies in the range
of median concentrations 1.1–5.3 ngmL−1 [38–41] and 2600–
7400 ng g−1 creatinine [35, 42, 43]. The other detected OH-
PAHs, namely 1-OH-NAP, 2-OH-FLUO, 2-OH-PHEN, 3-
OH-PHEN, 4-OH-PHEN, 9-OH-PHEN and 1-OH-PYR, were
found in more than 72 % of samples. 6-OH-CHR and 3-OH-
BaP were not detected in any tested urine, and their occur-
rence was reported only in highly exposed subjects [44], since
they are mainly excreted in faeces [5]. The example of U-
HPLC–MS/MS chromatogram of urine sample is documented
in Fig. S1 (see ESM).

Conclusions

Within our study, the novel analytical approach for the multi-
ple determination of OH-PAHs including the metabolites of
carcinogenic PAHs in urine has been developed and validated.
The sample preparation procedure based on extraction with
ethyl acetate and further purification of a crude urine extract

with d-SPE using the sorbent Z-Sep is demonstrated for the
first time in the analysis of PAH metabolites in the biological
matrices such as urine and substitutes the demanding and
time-consuming SPE on columns (with the risk of clogging
of cartridge resulting in the loss of the sample or analytes) and
thus significantly streamlines the analysis of urine in human
biomonitoring studies. Great performance characteristics were
obtained during the validation experiments on the SRM 3673,
and the method recoveries ranged from 77 to 114 % with the
relative standard deviation lower than 20 % and the quantifi-
cation limits in the range of 0.010–0.025 ng mL−1 (except for
3-OH-BaP with 0.9 ng mL−1). With regard to the optimisation
of the U-HPLC–MS/MS method, the chromatographic sepa-
ration of OH-PHEN isomers was achieved using the PFP sta-
tionary phase.

The final method was successfully used for the analysis of
50 urine samples obtained from Czech women who are resi-
dents of Karviná region, which represent the highly
industrialised locality with relatively high PAH exposure.
The concentrations of ΣOH-PAHs were in the range of
0.87–63 ng mL−1 (1600–33,000 ng g−1 creatinine), with 2-
OH-NAP and 1-OH-PHEN being the most abundant contam-
inants. Their concentrations were in the range of 0.51–
53 ng mL−1 (720–25,000 ng g−1 creatinine) and 0.07–
3.2 ng mL−1 (90–2400 ng g−1 creatinine), respectively.
These results were comparable to those reported in similar
studies since 2014.

This is the very first study which reported the use of ethyl
acetate for the isolation of OH-PAHs from urine, followed by
the clean-up step of extraction by d-SPE with the sorbent Z-
Sep. We recommend that it became a routine method to mea-
sure urinary OH-PAHs, which was documented by the inves-
tigation of OH-PAH occurrence in the urine of Czech general
population.

Table 1 Mean values (ng mL−1), standard deviations (SDs), recoveries (REC) and repeatabilities (RSD) of selected OH-PAHs analysed in the SRM
3673

OH-PAHs ISTD LOQ (ng mL−1) Measured concentrations (n= 6) Certified concentrations REC (%) RSD (%)

Mean SD Mean SD

1-OH-NAP d7-1-OH-NAP 0.025 162 11 211 34 77 7

2-OH-NAP d7-2-OH-NAP 0.025 1.36 0.10 1.35 0.03 100 7

2-OH-FLUO d9-2-OH-FLUO 0.025 0.121 0.003 0.107 0.007 113 3

1-OH-PHEN d9-1-OH-PHEN 0.010 0.0449 0.0036 0.0488 0.0075 92 8

2-OH-PHEN d9-2-OH-PHEN 0.010 0.0215 0.0044 0.0247 0.0043 87 20

3-OH-PHEN d9-3-OH-PHEN 0.010 0.0296 0.0031 0.0276 0.0014 107 11

4-OH-PHEN d8-9-OH-PHEN 0.010 0.0114 0.0009 0.0104 0.001 109 8

9-OH-PHEN d8-9-OH-PHEN 0.010 0.0119 0.0014 0.0116 0.0009 103 12

1-OH-PYR d9-1-OH-PYR 0.025 0.0348 0.0028 0.0305 0.0018 114 8

Mass fraction concentrations (μg kg−1 ) were converted to urinary concentrations (ng mL−1 ) using a urine density value of 1.019 g mL−1 , as specified in
the certificate of analysis
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A B S T R A C T   

A fundamental objective of the human biomonitoring for Europe initiative (HBM4EU) is to progress toward 
comparable and robust exposure data for a wide variety of prioritized chemicals in human samples. A pro-
gramme for Quality Assurance/Quality Control (QA/QC) was designed in HBM4EU with the purpose of creating 
a network of European laboratories providing comparable analytical data of high quality. Two approaches were 
chosen for two sets of prioritized chemicals with different timelines: (i) Scheme 1, where interested candidate 
laboratories participated in multiple rounds of proficiency tests (ii) Scheme 2, where selected expert laboratories 
participated in three rounds of interlaboratory comparison investigations. In both cases, the results were used to 
identify laboratories capable of generating consistent and comparable results for sample analysis in the frame of 
HBM4EU. In total, 84 laboratories from 26 countries were invited to participate in Scheme 1 that covered up to 
73 biomarkers from Hexamoll® DINCH, phthalates, bisphenols, per- and polyfluoroalkyl substances, halogenated 
flame retardants (HFRs), organophosporous flame retardants (OPFRs), polycyclic aromatic hydrocarbons (PAH), 
cadmium, chromium and aromatic amines. 74 of the participants were successful for at least one biomarker in 
Scheme 1. Scheme 2 involved 22 biomarkers and successful results were obtained by 2 expert laboratories for 
arsenic, 5 for acrylamide, 4 for mycotoxins, 2 for pesticides and 2 for UV-filters in skin care products. The QA/QC 
programme allowed the identification of major difficulties and needs in HBM analysis as well of gaining insight 
in the analytical capacities of European laboratories. Furthermore, it is the first step towards the establishment of 
a sustainable European network of HBM laboratories.   

1. Introduction 

Human biomonitoring (HBM) is the gold standard for assessing the 

actual, overall exposure to chemicals in individuals or populations, 
irrespective of the detailed knowledge of contributing exposure sources 
or pathways. Differences in body burdens are mainly reflective of diet, 

* Corresponding author. National Centre for Environmental Health, Instituto de Salud Carlos III (ISCIII), Ctra. Majadahonda – Pozuelo, Km 2.2, 28220, Maja-
dahonda, Madrid, Spain. 
** Corresponding author. National Center for Environmental Health, Instituto de Salud Carlos III (ISCIII) Majadahonda, Spain 

E-mail addresses: m.esteban@isciii.es (M. Esteban López), castano@isciii.es (A. Castaño).  
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consumer goods and lifestyles as the main exposure determinants for 
many environmental or product-use related chemicals (Scherer, 2005; 
Ginsberg and Balk, 2016; Pacyga et al., 2019). These differences are 
generally small, whereas occupational exposure to chemicals could 
result in relatively high body burdens. The chemical analysis of HBM 
samples is facing a number of challenges, related to the environmental 
exposure at low levels, to the complexity of mixtures of different 
chemicals (ubiquitous in some cases) and the complex biological 
matrices. Being a relatively young discipline, with a rapidly growing 
number of exposure biomarkers in various human tissues and an 
increasing number of laboratories venturing into the field of HBM, there 
is a growing demand for establishing a common platform for HBM 
laboratories, facilitating knowledge exchange, cross-validations, and an 
international standardization/harmonization of appropriate biomarkers 
and analytical methods. In this context, it is crucial to have the confi-
dence that the observed differences in multicentre HBM studies are due 
to variations in exposure and not due to variability or artefacts in the 
analytical or pre-analytical phase. 

In the majority of the EU countries, HBM has been applied as a tool in 
research projects, often focusing on specific populations, with the 
exception of some countries such as Germany, Belgium or France, which 
have established full-scale HBM programmes (Kolossa-Gehring et al., 
2012; Schoeters et al., 2012; Dereumeaux et al., 2017). Although sig-
nificant HBM data have been generated in European countries in the last 
few decades, the available information appears somewhat fragmented 
and not always fully comparable. The differences range from the study 
design (e.g. target population, selection of biological matrices, etc.) to 
the pre – analytical phase (e.g. sampling procedures, type of samples, 
etc.) and to the applied analytical methods. With regard to the latter, 
unlike in some other fields, no standard reference methods do exist for 
HBM surveillance purposes yet, as there is currently no structure/net-
work of European and/or National Reference Laboratories as it exists in 
other fields, such chemical food safety (von Holst et al., 2016; Parvaneh 
et al., 2017; Broothaerts et al., 2020). In addition, sustainable proced-
ures and schemes for proficiency testing applied to human matrices have 
not yet been extensively developed and there are only few suppliers of 
proficiency tests for HBM biomarkers (e.g. G-EQUAS, QMEQAS, OSE-
QAS), offering a limited (though increasing) range of biomarker/matrix 
combinations and relevant environmental and product-use related 
exposure levels (Göen et al., 2012). 

This lack of harmonization was already addressed during the prep-
aration of the EU Environment and Health Action Plan 2004–2010 
(COM 416, 2004) and as a consequence, efforts were made to harmonize 
HBM in Europe. The first steps were implemented by ESBIO (Expert 
Team to Support Biomonitoring in Europe), followed by COPHES 
(Consortium to Perform Human Biomonitoring on a European Scale) 
(Becker et al., 2014; Schindler et al., 2014; Esteban López et al., 2015) 
and DEMOCOPHES (DEMOnstration of a study to COordinate and 
Perform Human biomonitoring on a European Scale) (Den Hond et al., 
2015) and most recently, by the Human Biomonitoring for Europe 
Initiative (HBM4EU, www.hbm4eu.eu). 

HBM4EU is an EU Joint Programme that has developed its research 
programme for priority substances as defined by EU services and partner 
countries’ policy makers to answer open policy relevant questions. 
HBM4EU aims to harmonize and use HBM to understand human expo-
sure to chemicals, in occupational settings, through the use of consumer 
products or behavioural choices and the related health risks to improve 
the chemical risk management and to support policy-making (Ganzleben 
et al., 2017). Based on policy-related research needs regarding chemical 
exposure and potential health effects, two sets of priority chemicals were 
selected in HBM4EU. First set, including phthalates and their substitute 
1,2-cyclohexane dicarboxylic acid diisononyl ester (Hexamoll® 
DINCH), bisphenols, per- and polyfluoroalkyl substances (PFAS), halo-
genated flame retardants (HFRs), organophosphorus flame retardants 
(OPFRs), polycyclic aromatic hydrocarbons (PAHs), cadmium, chro-
mium and aromatic amines and the second, acrylamide, aprotic 

solvents, arsenic, diisocyanates, lead, mercury, mycotoxins, pesticides 
and UV-filters in skin care products. 

Because the chemical analyses in HBM4EU and its predecessors have 
been organized in a decentralized manner, involving multiple labora-
tories in several countries the need to ensure data comparability has 
been a central aspect of the project early on. First steps in this direction 
were undertaken in COPHES/DEMOCOPHES where a programme con-
sisting of Interlaboratory Comparison Investigations (ICIs) and External 
Quality Assessment Schemes (EQUAS) was implemented, supporting the 
generation of comparable HBM data in 17 EU countries (Schindler et al., 
2014; Esteban López et al., 2015). In HBM4EU the challenge has been 
even greater since the number of laboratories, countries and chemicals 
are significantly higher. Also, as the conclusions on exposure differences 
in HBM4EU will have important public health consequences at 
policy-making level, the quality and comparability of the analytical re-
sults has to be guaranteed by strictest Quality Assurance and Quality 
Control (QA/QC) measures. Based on the two list of priority substances 
established along the project and the time frame, two different ap-
proaches were applied to ensure the full comparability of the analytical 
results. The first one comprised 4 rounds of proficiency tests with a high 
number of participating laboratories while the second approach was an 
intensive interlaboratory comparison investigation with a reduced 
number of expert participants. 

This paper presents the main results and compares the two ap-
proaches developed in HBM4EU to obtain high quality and comparable 
analytical results in multicentre HBM studies for a variety of chemicals 
and laboratories with different degrees of expertise. 

2. Material & methods 

2.1. Quality Assurance Unit and QA/QC programme 

A Quality Assurance Unit (QAU) was established to discuss and 
decide all issues related to the QA/QC of the chemical analyses in 
HBM4EU, including the design of the QA/QC programme. The QAU was 
formed by experts in the field of HBM and analytical chemistry and 
included the leaders of the COPHES/DEMOCOPHES QAU, to ensure the 
continuation of previous successful approaches. 

The prime objective of the HBM4EU QA/QC programme was to 
identify (and in the end certify) analytical laboratories that could 
analyse the HBM4EU samples accurately, precisely and the most 
important in a comparable way. For that, the QAU designed two 
different schemes for each set of prioritized compounds mainly to 
address the time constraints (Fig. 1). Scheme 1 covered the substances 
on the 1st priority list and involved four rounds of proficiency tests. 
Participants were free to decide for which biomarkers they participated. 
The exercises were organised and evaluated as ICIs or EQUAS, 
depending on the needs and situation for each substance group. In both 
cases, the exercises involved the assessment of the comparability of 
analytical results for the same control material analysed in parallel by 
multiple laboratories, with their own analytical method. As measure of 
proficiency, Z-scores were calculated using an assigned value, and a pre- 
set target standard deviation (e.g. fit-for-purpose standard deviation). In 
case of ICIs, the assigned value was derived from the participants’ re-
sults, in case of EQUAS, the assigned value was the mean concentration 
as established from data generated by designated expert laboratories 
(ELs). 

Scheme 2 addressed a reduced list of chemicals, compared with the 
original 2nd list of prioritization, to match the studies planned in 
HBM4EU: acrylamide, arsenic, mycotoxins, pesticides and UV-filters. 
Scheme 2 included three rounds of ICIs and laboratories should partic-
ipate for all the biomarkers within a substance group. 

For both schemes, two control materials were sent to the participants 
in each round. The target concentrations of the biomarkers in the control 
materials was in the range commonly observed in the general population 
(between P25–P90 percentile in available national reference values of 
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EU countries (Den Hond et al., 2015), occupational exposure in the case 
of Cr) (table S7). 

The rounds were spread out over time in such a way that laboratories 
received feedback on their performance well before the next round, 
allowing them to perform corrective actions, if needed, before partici-
pation in the next round. 

To achieve satisfactory results in the schemes and take part in the 
analysis of the samples in HBM4EU, participants had to obtain successful 
results in at least two rounds. 

2.2. Identification of the supporting and participating laboratories 

The objective of this part of the study was to identify laboratories 
that could support the QA/QC programme by organising the proficiency 
tests for a specific group of substances, as well as those laboratories that 
like to analyse samples in HBM4EU. 

The potential candidate laboratories were identified by the HBM4EU 
National Hub Contact Points (i.e. the contact point for each participating 
country), who provided information on laboratories performing chem-
ical analyses of the prioritized compounds in human matrices and 
announcing the activity at country level. Additionally, an announce-
ment was launched on the websites of HBM4EU (www.hbm4eu.eu) and 
the European Environment Agency (EEA) and in different scientific so-
cieties and fora, requesting interested laboratories to sign up as potential 
candidate laboratories in HBM4EU. 

Questionnaires were sent to all nominated laboratories to collect 
information on their experience in the analysis of the target chemicals in 
human matrices as well as in organising proficiency tests. The responses 
were evaluated according to the criteria previously defined by the QAU, 
having as first criterion the experience in the chemical analysis of the 
target compound group in human samples (Tables S2 and S3). This 
process resulted in a list of candidate laboratories who were invited to 
participate in Scheme 1 or to support the QA/QC programme. Fig. 1 
summarises the process. 

In Scheme 2, it was agreed to select a reduced number of expert 
laboratories according to technical and practical criteria defined by the 
QAU (Table S4). The ELs were invited to join the ICIs and alerted about 
the tight time frame of these ICIs. All the HBM4EU analyses of the 2nd 
set of priority substances would be performed only in the ELs obtaining 
satisfactory results (Fig. 1). 

The QA/QC programme was coordinated by the QAU and the sup-
porting selected laboratories were responsible for preparing and sending 
the control materials to the participants, establishing the communica-
tion with the participants, evaluating the results and preparing the 

reports. 

2.3. Selection of the biomarker/matrix combinations in the QA/QC 
programme 

Specific exposure biomarkers and most suitable matrices to be 
included in the QA/QC programme were selected for the first group of 
prioritized chemicals as described in Vorkamp et al. (2021). Briefly, 
compound-independent criteria were developed for the selection of 
most suitable biomarkers and matrices for HBM, for example consid-
ering the specificity, biological sensitivity and stability of a certain 
biomarker/matrix combination. These criteria were then applied to re-
view the scientific literature of the last ten years approx., with a view to 
identify the most suitable biomarkers and matrices for each of the 
prioritized chemical. This evaluation resulted in a first list of pairs of 
biomarker/matrix (typically serum or urine) for each compound group 
(Vorkamp et al., 2021). In the next step, the list of exposure biomarkers 
was further reduced based on technical feasibility, expected body bur-
dens and policy-related research needs, as evaluated by the QAU. This 
shortlist was used in the QA/QC programme. 

The same procedure was applied to define the biomarkers for the 2nd 
list of priority substances addressed in Scheme 2. 

2.4. Organization of the proficiency tests 

In order to provide a harmonised approach for the organization and 
evaluation of the different ICI/EQUAS exercises, protocols were drafted 
and described in standard operating procedures (SOPs). These SOPs 
were based on existing protocols originated from ISO17043 accredited 
organisations, and included detailed instructions for all aspects of the 
QA/QC programme, such as the description of the roles and re-
sponsibilities of the organisers, timeline of the exercises, definitions of 
different terms or templates for communication with the participants 
and reporting of the results. Additional SOPs were drafted for the 
preparation and characterisation of control materials and for the eval-
uation of participants’ results. Details for the preparation of the various 
control materials are available in the online library of the HBM4EU 
website (www.hbm4eu.eu). The characterization of the control mate-
rials included homogeneity and stability testing. 

Homogeneity testing was based on ISO13528:2015 and Fearn and 
Thompson (2001). This involved duplicate analysis of 10 randomly 
selected test samples of a control material. The control material was 
considered sufficiently homogeneous if the between-sample standard 
deviation did not exceed a critical value (0.3 x target standard 

COORDINATION IDENTIFICATION SELECTION IMPLEMENTATION RESULTS

• 4 rounds of 
proficiency test

• 2 samples of CM per 
round

• Z-score ≤ 2 in all samples
in at least 2 rounds

• Lists of qualified
laboratories per 
biomarkers• QAU and organisers

• Nomina�on of 
na�onal laboratories

• Applica�on of the
criteria for selec�ng
the candidate
laboratories

• QAU and organisers • Iden�fica�on of the
poten�al expert
laboratories

• Applica�on of the
criteria for selec�ng
the poten�al expert
laboratories

• 3 rounds of ICIs

• 2 samples of CM 
per round

• Z-score ≤ 2 in all samples
in at least 2 rounds

• Lists of qualified
laboratories per group of 
substance biomarkers

SCHEME 1

SCHEME 2

Fig. 1. Steps followed in the two schemes of the HBM4EU QA/QC programme. CM: control materials. ICI: interlaboratory comparison investigation.  
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deviation). 
The stability of the control materials during the period from ship-

ment to the deadline for submission of the participants’ results was 
assessed in line with ISO 13528:2015 and the international harmonised 
protocol for the proficiency testing of analytical laboratories (Thompson 
et al., 2006). For this, the organiser stored test samples under the con-
ditions recommended to the participants (typically freezer < -18 ◦C), 
and optionally an additional set at − 80 ◦C. Stability was assessed by 
comparison of the mean of six stored samples (− 18 ◦C, t = after 
receiving all participants’ results), with the mean of a reference set of six 
samples. The reference was either the mean as obtained at/before 
shipment of the samples, or the mean obtained for samples stored at 
− 80 ◦C (assumed stable) analysed concurrently with the stored samples. 

2.5. Evaluation of laboratory performance 

The laboratory performance was assessed by calculation of z-scores 
for each biomarker in the test samples according to the following for-
mula: 

Z =
x − A

σT
(1)   

with Z = z-score 
x = participant’s result 
A = assigned value 
σT = standard deviation for proficiency, with σT = 0.25*A 

A z-score of |Z| ≤ 2 was interpreted as satisfactory, 2<|Z|<3 as 
questionable, and |Z|≥3 as unsatisfactory performance. The assigned 
value was either the consensus value derived from the participants (used 
in ICI) or a value derived from analysis by selected expert laboratories 
(used in EQUAS). The parameters from equation (1) are briefly 
explained l below. 

- Standard deviation for proficiency, or target standard deviation 
(σT), determines the performance boundaries of the ICI/EQUAS. The 
performance boundaries should be fit-for-purpose and take into ac-
count the interlaboratory variability (reproducibility relative stan-
dard deviation, RSDR) currently considered achievable in HBM 
analysis. The available data on the latter is scarce and variable. 
Schindler et al. (2014) reported RSDRs ranging from 6% to 32% for 
cadmium in urine, and 31%–45% (even higher in some cases) for 
phthalate biomarkers in urine. For selected highly experienced 
reference laboratories, Göen et al. (2012) reported RSDRs in the 
range 7%–19% for cadmium in urine. Outside the HBM domain, a 
generic relationship between expected RSDR and concentration was 
originally proposed by Horwitz et al. (1980) and later modified by 
Thompson (2000), and has often been used as a fitness-for-purpose 
criterion in proficiency testing. The modified Horwitz equation 
suggests a constant RSDR of 22% for concentrations below 120 
μg/kg, and a decrease of RSDR for higher concentrations. The validity 
of the modified Horwitz function has been a matter of debate (Lin-
singer and Josephs 2006). A constant RSDR of 25% over a range of 1 
μg/kg to 10 mg/kg has been suggested as more appropriate (Alder 
et al., 2001). Based on the literature it appears that, as long as con-
centrations are (well) above the method limit of detection (LOD), 
there is no consistent relationship between concentration and RSDR. 
It may depend on the analyte and technique, but at this stage, in lack 
of exhaustive data for achievable RSDRs in HBM analysis and based 
on the data and discussions from the literature, it was decided to 
apply a fixed RSDR of 25% as fit-for-purpose criterion to be used as 
target relative standard deviation in the ICI/EQUAS programme. 
- Assigned value ¼ consensus value (ICI). For determination of the 
consensus value, robust statistics was performed in accordance with 
Thompson et al. (2006), the guidelines from (Analytical Methods 

Committee, 1989a&b), and ISO 13528. The robust mean was taken 
as consensus value when the following requirements were met: the 
number of results submitted for a biomarkers had to be at least seven, 
the uncertainty (u) of the consensus value should be negligible (not 
exceed 0.3*σT), with u being 1.25 times the standard deviation of the 
participants’ results, divided by the square root of the number of 
participants. When the uncertainty of the consensus was not negli-
gible, but not exceeding 0.7*σT, the consensus value was still used for 
calculation of z-scores, but the uncertainty of the consensus value 
was taken into account for calculation of the z-scores using the 
following formula: 

Z ′

=
x − A
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σT

2 + u2
√ (2)   

with Z’ = z-score (0.3*σT < u ≤ 0.7*σT) 
u = uncertainty of consensus value 

In case the uncertainty of the consensus exceeded 0.7*σT, the vari-
ability of results was considered too high to derive a meaningful 
consensus, and, consequently, also z-scores using such consensus value 
were considered unfit for evaluating individual participants’ 
performance. 

- Assigned value ¼ Expert value (EQUAS). Establishment of the 
expert value to be used as assigned value involved the analysis of six 
replicates of the control material by at least three selected labora-
tories with a high level of expertise in the determination of the 
biomarker. For each expert laboratory, the mean value was calcu-
lated. Based on these means, the mean of the expert laboratories was 
calculated, the RSD, and the relative uncertainty (RSD divided by the 
square root of the number of expert laboratories). The expert value 
was considered suitable for use as assigned value as long as the un-
certainty did not exceed 0.7*σT (i.e. 17.5%). For EQUAS, equation 
(1) was used for calculation of z-scores. 

2.6. Programme coordination and follow – up 

Monthly web conferences were organised among the QAU, the pro-
gramme coordinator and the organisers of the different exercises to 
discuss the problems encountered and to exchange experiences. A help 
desk was available for the participating laboratories during the whole 
duration of the scheme and web conferences were offered to the par-
ticipants when necessary in order to solve the main analytical problems 
faced during the exercise. Furthermore, participants also received rec-
ommendations after each round in the result reports. Nevertheless, some 
groups (i.e. Hexamoll® DINCH and phthalates) required a more intense 
and continuous support and a specific training school was organised. 

3. Results 

3.1. Details of the QA/QC programme 

Both approaches were designed under common premises, but there 
were some important differences, for example in the number of bio-
markers and matrices included (Fig. 2). Scheme 1 covered 73 bio-
markers in 3 different human matrices while Scheme 2 involved 22 
biomarkers in urine. The duration of Scheme 1 was 18–20 months 
depending on the substance group. The time for implementing Scheme 2 
was shorter, from 3 up to 7 months depending on the group of 
substances. 

3.2. Identification of the supporting and participating laboratories 

For Scheme 1, a total of 183 questionnaires were sent to identify 
candidate laboratories for supporting the QA/QC programme and for 
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participating in the proficiency tests. 115 replies were received (63% 
response rate), some of them from the same laboratory to participate for 
different substance groups. Fig. 3 presents the number of candidate 
laboratories for Scheme 1 per group of substance. Approximately one 
year later, and after the 1st round of the proficiency test, the list of 
candidate laboratories was updated (Fig. 3). Questionnaires were sent to 
229 potentially interested laboratories, including those already regis-
tered as candidate laboratories. The response rate was lower (37%) since 
some of the laboratories already included on the list of candidate labo-
ratories did not update their data. In order to increase the participation, 
the selection process was simplified and the only criteria applied for 
participating in Scheme 1 was the exclusive criterion in table S2 (“have 
experience in analysing human samples for the given chemical”). 

With regard to the origin of the candidate laboratories, almost half of 
them (48%) were from universities or university hospitals, followed by 
governmental laboratories with 39% of the total number. Private labo-
ratories accounted for 9%. 

Of the laboratories completing the questionnaire for supporting the 
HBM4EU QA/QC programme, 19% reported experience in organising 
proficiency tests and 18 laboratories were selected in the first call, based 
on the criteria in Table S3. In the update, 11 participants out of 48 (23%) 
provided a positive answer and only three new laboratories were added 
to the list of potential supporting laboratories. Finally, five laboratories 
were involved as organisers (Table 1). In case of Scheme 2, the orga-
nisers were selected from those supporting the previous scheme based 
on their proven expertise (Table 1). The proficiency test for aromatic 
amines required a different organization as so, it will not be addressed in 
this publication. 

Table 2 shows the biomarkers covered in the programme (except 
those for aromatic amines) as a result of the selection process, grouped 
by substances classes. While Scheme 1 offered a broad range of bio-
markers and the participants decided for which they reported results, 
Scheme 2 offered a more limited number of biomarkers and the ELs had 
to participate for all biomarkers included in the programme. However, 
while the biomarkers were pre-defined, the laboratories were free to 
choose their own analytical method. 

3.3. Participation 

A total of 84 laboratories from 26 countries were invited to partici-
pate in Scheme 1 but not all of them confirmed their participation. The 
percentage of invited laboratories that registered in the course of the 
complete scheme per group of substance varied from 85% for Hexam-
oll® DINCH to 35% for OPFRs (considering the highest number of reg-
istrations in each group). In the case of Hexamoll® DINCH the 
registration was constant in the four rounds while for the rest of sub-
stances, in general, the number of registered laboratories increased after 
the first two rounds, up to twice or more in case of cadmium and 
chromium, and decreased after the 3rd round. In total 9 laboratories 
from Canada, Japan and United States collaborated as reference labo-
ratories in the rounds that were organised as EQUAS (from the 2nd to the 
4th round, except for Cr in which all rounds were ICIs) (Table S5). 

Looking at the participation of the laboratories in Scheme 1 for 
different groups of chemicals, more than the half (61%) of the 

SCHEME 1 SCHEME 2

- Phthalates, Hexamoll® DINCH, bisphenols, PFAS, BFRs, PFRs,  
PAHs, Cd, Cr, aroma�c amines 

- 73 biomarkers in total

- 4 rounds of proficiency tests

- Urine, blood, serum

- Par�cipa�on per biomarker

- As, acrylamide, mycotoxins, pes�cides, UV-filters

- 22 biomarkers in total

- 3 rounds of ICI

- Urine

- Par�cipa�on per group of substance

Fig. 2. Main characteristics of the two approaches followed in the HBM4EU QA/QC programme.  
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Table 1 
Laboratories supporting the HBM4EU QA/QC programme. (Acronyms are 
defined in Table S1).  

Substance group Organiser Laboratory preparing & testing control 
material 

1st list of prioritization – Scheme 1 
Phthalates RIKILT RIKILT, IPA 
Hexamoll® 

DINCH 
RIKILT RIKILT, IPA 

Bisphenols INRAE INRAE 
PFAS IPASUM IPASUM 
HFRs UCT UCT 
OPFRs UCT IPASUM 
PAHs IPASUM IPASUM, UCTa, ABFb 

Cadmium IPASUM IPASUM 
Chromium IPASUM, 

JSIa 
IPASUM, JSIa 

2nt list of prioritization – Scheme 2 
Acrylamide IPASUM IPASUM 
Arsenic IPASUM IPASUM 
Mycotoxins RIKILT RIKILT 
Pesticides RIKILT RIKILT, IPA 
UV-filters IPASUM IPA, Region H 

RIKILT, current name: Wageningen Food Safety Research, part of Wageningen 
University & Research, The Netherlands. 
IPA, Institute for Prevention and Occupational Medicine of the German Social 
Accident Insurance - Institute of the Ruhr-University Bochum, Germany. 
INRAE, Laboratoire d’Etude des Résidus et Contaminants dans les Aliments, 
LABERCA, Oniris-INRAE, France. 
IPASUM, Institute and Outpatient Clinic of Occupational, Social and Environ-
mental Medicine, Friedrich-Alexander-Universität Erlangen-Nürnberg, Ger-
many. 
UCT, University of Chemistry and Technology, Czech Republic. 
ABF, ABF GmbH Analytisch-Biologisches Labor, Planegg, Germany. 
JSI, Jozef Stefan Institute, Slovenia. 
Region H, Dep. of Growth and Reproduction, Rigshospitalet, University of 
Copenhagen. 
Selection of the parameters in the programme. 

a Only the 1st round. 
b Only 3-BaP in the 1st and 2nd round. 
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laboratories participated in the proficiency test for one or two substance 
groups (36% and 25% respectively) while a very limited number of 
laboratories (3%) participated for six or more substance groups. 

The registration of the laboratories in the biomarkers offered in 
Scheme 1 varied considerably and showed a high intra-group variation 
for some substances. The low number of participants sometimes led to 
insufficient data for results evaluation and a detailed revision was 
required, including different statistical evaluations in order to obtain 
reliable results and conclusions. The specific difficulties encountered in 
each group of substances and the solutions applied will be addressed 
elsewhere. Table S6 shows the number of laboratories that registered in 
the four rounds as well as those reporting results and those consistently 
achieving satisfactory performance in Scheme 1. 

Considering the global results, 74 participants reported successful 
results for at least one biomarker. The maximum number of biomarkers 
for which a laboratory reported successful results was 47. The average 
and P90 were 11 and 30 biomarkers, respectively. 

Regarding participation in Scheme 2, five expert laboratories 
participated for acrylamides, three for arsenic, six for mycotoxins, four 
for pesticides and three for UV-filters, however, this was reduced to two 
in the second and third round (Table 3). At least two thirds of the 
participating laboratories returned satisfactory results (Table 3). All 
participants in the acrylamide exercise obtained satisfactory results. 

4. Discussion 

Although QA/QC is an essential component in any analytical labo-
ratory, robust results that are comparable between laboratories can still 
be a challenge, in particular in the context of human biomonitoring of 
the general population, including low concentrations and the co- 
occurrence of a multitude of chemicals. For the first time, two 
different QA/QC approaches were implemented to ensure the quality 
and comparability of the analytical results in a multicentre EU-wide 
HBM project. 

The design of the HBM4EU QA/QC programme had to be adapted to 
certain predefined characteristics of the project, mainly the time con-
straints and the support of capacity building in the participating coun-
tries. Scheme 1 offered the possibility of including a high number of 
laboratories (including less HBM experienced laboratories) and 
improving their analytical performance while Scheme 2, had to be done 
in a shorter time period and focused on assessing comparability of re-
sults for a small pre-selected group of expert laboratories. Thus, the two 
approaches were designed according to different priorities. 

This work has allowed the identification of a high number of EU 
laboratories with experience in human biomonitoring and created the 
first HBM laboratory network in Europe. Nevertheless, despite the two 
calls and different communication channels employed to reach the 
laboratories, the authors are aware that a number of analytical labora-
tories from the different participating countries were not involved in the 
programme. This could be due to the information not reaching the 
laboratories or to a lack of interest in participating in the programme (e. 
g. not aligned with the laboratory interests or because it was a non- 
funded activity). However, the number of participants allowed to ach-
ieve the objectives of HBM4EU, i.e. obtain high quality and comparable 
HBM results and to provide the capacities for a Europe wide HBM study. 

The process of identifying the candidate laboratories revealed 
interesting information. Significant differences were observed in the 
number of candidate laboratories for the different groups of substances, 
primarily reflecting expertise in the analysis of the substances involved. 
For example, the analysis of cadmium in human samples has been 
established for years, and validated analytical methods are available. As 
a consequence, the highest number of candidate laboratories to partic-
ipate in the QA/QC programme was found for cadmium analysis. 
However, for biomarkers related to chemicals of more emerging concern 
the number of laboratories with experience is lower and therefore the 
number of candidate laboratories was reduced e.g. for Hexamoll® 
DINCH or OPFRs. A kind of specialization or interest in certain sub-
stances was observed for the majority of the laboratories since in general 
the participation was restricted to 1–3 groups of substances while a 
reduced number of them covered a wider spectrum. Nevertheless, this 
could be influenced by other factors such as individual interests and 
therefore not reflect the real situation in terms of expertise and capac-
ities of the laboratories. Independently of that, there was a clear dif-
ference between the participation and results of the inorganic and 
organic chemicals selected in the project. 

A great challenge during the first stages of the programme was the 
identification of the laboratories to support the QA/QC programme 
(proficiency tests organisers) since only a limited number of laboratories 

Table 2 
Biomarkers covered in the HBM4EU QA/QC programme.  

Substance 
group 

Matrix Biomarkers 

1st list of prioritization – Scheme 1 
Phthalates urine MEP, MBzP, MiBP, MnBP, MCHP, MnPeP, MEHP, 5OH- 

MEHP, 5oxo-MEHP, 5cx-MEPP, MnOP, OH-MiNP, cx- 
MiNP, OH-MiDP, cx-MiDP 

Hexamoll® 
DINCH 

urine OH-MINCH, cx-MINCH 

Bisphenols urine BPA, BPF, BPS 
PFAS serum PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, 

PFDoDA, PFBS, PFHxS, PFHpS, PFOS (sum of all 
isomers) 

HFRs serum BDE-47, BDE-153, BDE-209, α-HBCD, γ-HBCD, TBBPA, 
Syn-DP, Anti-DP, DBDPE, 2,4,6-TBP 

OPFRs urine DPHP, BDCIPP, BCEP, BCIPP 
PAHs urine 1-naphthol, 2-naphthol, 1,2-DHNa, 2-FLUO, 3-FLUO, 

9-FLUO, 1-PHEN, 2-PHEN, 3-PHEN, 4-PHEN, 9-PHEN, 
1-PYR, 3-BaPa 

Cadmium urine 
blood 

Cd 

Chromium urine 
blood 
serum 

Cr 

2nt list of prioritization – Scheme 2 
Acrylamide urine AAMA, GAMA 
Arsenic urine As total, As (III), As (V), MMA, DMA, AsB 
Mycotoxins urine DON (total) 
Pesticides urine TCPy, glyphosate, AMPA, cis-DBCA, cis-DCCA, trans- 

DCCA, 3-PBA, 4-F-3-PBA, ClF3CA 
UV-filters urine BP1, BP2b, BP3, BP7b  

a Only in the 1st and 2nd round. 
b Only in the 1st round. 

Table 3 
Participants and results in Scheme 2.   

ROUND 1 ROUND 2 ROUND 3 no.reporting satisfactory results a (%) 

no. registered/no.reporting no. registered/no.reporting no. registered/no.reporting 

Arsenic and compounds 3/3 3/3 3/3 2 (67%) 
Acrylamide 5/5 5/5 5/5 5 (100%) 
Mycotoxins 6/6 6/5 5/5 4 (67%) 
Pesticides 4/4 4/4 4/4 2 (50%) 
UV-filters 3/3 2/2 2/2 2 (100%)  

a Achieving satisfactory z-scores for the biomarker in both control materials from a round, in at least two rounds from the QA/QC programme. 
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meet the HBM4EU criteria to support the QA/QC programme. In addi-
tion the short timeframe did not help neither since proficiency test had 
to be organized in parallel for 73 biomarkers in 3 matrices for more than 
80 laboratories across 30 countries. In some cases, the laboratories did 
not have experience in organising proficiency tests for the target com-
pounds. In others, the laboratories had wide experience even in the 
target chemicals but in other research areas, including in non-human 
matrices. In addition, although some laboratories had experience in 
organising these exercises, they could not prepare and test the homo-
geneity and stability of the control materials employed in the pro-
gramme and, for some substances (phthalates, Hexamoll® DINCH, 
OPFRs and PAHs in Scheme 1 and for pesticides and UV – filters in 
Scheme 2), it was necessary to involve both an organiser and an expert 
laboratory able to prepare and test an adequate and reliable control 
material to use in the QA/QC programme. This was indeed another great 
challenge since, due to the lack of reference materials (i.e. target matrix 
and biomarkers in the concentrations expected in the general popula-
tion) the preparation (and test the homogeneity and stability) of the 
control material for all the exercises increased the time period of the 
programme. This process was done under strict QA/QC measures and 
precisely described in the corresponding SOP, to ensure that organisa-
tion and evaluation by the different parties involved were done in a 
harmonised way. 

In general, the adherence to the programme was good, although in 
the first rounds of phthalates, HFRs, OPFRs and PAHs the percentage of 
registered laboratories reporting results was low for certain biomarkers. 
In case of phthalates, this occurred for OH-MiNP, OH-MiDP and cx- 
MiDP, with reporting percentages below 90%. This could probably be 
explained by initial difficulties in the laboratories that were solved after 
the first round. The same tendency was observed for BPS and PFPeA. The 
HFRs also showed an increase in the reporting percentage after the first 
round except for TBBPA, DBDPE and 2,4,6-TBP. For these compounds, 
the potential analytical problems were not solved as the number of 
laboratories with satisfactory results remained low. The situation was 
similar for OPFRs with a low number of participants reporting results 
(and high variability among them) for the four biomarkers, making the 
evaluation of the results difficult. The highest variability in the partici-
pation per biomarker and the percentage of registered laboratories 
reporting results was found in the PAHs group, not only due to the 
technical difficulties but also due to the specialization of the participants 
in specific biomarkers. 

To achieve satisfactory results in the programme and take part in the 
analysis of samples in HBM4EU, participants had to obtain successful 
results in at least two rounds of the proficiency tests and this could 
explain the general decrease in the number of participants in the 4th 
round, especially for Cd and Cr. However, this reduction was not so clear 
in the PAHs group. 

Looking at the laboratories that obtained satisfactory results in the 
programme, the overall goal of analysing the samples in HBM4EU in a 
comparable way was achieved for all the target chemicals with a high 
improvement in the number of biomarkers with satisfactory results per 
laboratory (Figs. 4 and 5). For Hexamoll® DINCH, around 70% of 
participating laboratories obtained successful results for the two bio-
markers (OH-MINCH and cx-MINCH). The phthalates group had higher 
variability with 31–95% of the participants with satisfactory results 
depending on the biomarker. There was a set of phthalate metabolites 
(MEP, MBzP, MnBP, 5OH-MEHP, 5oxo-MEHP, 5cx-MEPP and cx-MiDP) 
with a satisfactory percentage above 75% while a second set had fewer 
participants and poorer results (MCHP, MnPeP, MnOP, OH-MiNP, cx- 
MiNP and OH-MiDP). Issues encountered for the phthalates group 
included the diversity in coverage of biomarkers (ranging from 3 to all 
prioritized 15) and limits of quantification (LOQs) (0.02–3.5 ng/ml), as 
well as background contamination for some of the biomarkers. For 
biomarkers of the long-chain phthalates (OH-MiNP, cx-MiNP, OH-MiDP, 
cx-MiDP) and Hexamoll® DINCH (OH-MINCH, cx-MINCH) initially a 
very high variability of results was observed. The reason for this was that 

the parent compounds are mixtures of isomers resulting in multiple and/ 
or broad peaks in real samples, and because the transition used for 
quantification in LC-MS/MS analysis affected the results. Standardizing 
to prescribed mass-transitions for quantification and recommendations 
regarding the acquisition window to ensure all relevant isomer peaks 
were included in the measurement reduced the variability. The inter-
laboratory variability (RSDR) derived from the participants’ results 
improved during the programme. Details will be presented in a future 
paper. 

For bisphenols while no major differences were found in terms of 
participation, the laboratories with satisfactory results varied with the 
highest number for BPA (83%) and lowest for BPF (50%). Some issues 
were encountered for this group, especially during the 1st round. Firstly, 
BPA results appeared overestimated for some participants, probably 
impacted by an external contamination source. Secondly, BPS and 
especially BPF were more rarely included and reported by participants, 
leading to a non-achievable performance assessment especially for BPF 
during the 1st round, together with a high variability of the results re-
ported by this limited number of laboratories. However, a significant 
improvement of the results for both BPA, BPS and especially BPF was 
observed between the 1st and 4th round, demonstrating a good capacity 
building and methodological consolidation after considering lessons 
learnt from each round (detailed results and discussion will be presented 
in a future paper). Globally, the whole exercise for bisphenols finally 
permitted to attest the existence of a core network of competent HBM 
laboratories for BPA, BPS and BPF. 

For the PFAS group, in general, laboratories showed a high reporting 
rate for all the biomarkers and the percentage of successful results was 
above 70% (except for PFHxA) and up to 100% for PFHpA, PFOA, PFNA, 
PFDA, PFHxs and PFOS. While laboratory performance in the 1st round 
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(ICI) varied considerably for the individual PFAS biomarkers (PFPeA: 
54%; PFOA and PFHxS: 94% each, of laboratories with successful re-
sults), the switch to EQUAS from the 2nd round on led to an overall 
improvement and better homogeneity of results. However, despite this 
general improvement, especially the analysis of PFHxA at low levels and 
PFDoDA at high levels proved to be challenging for some laboratories. 
Detailed results and discussion will be presented in a future paper. 

For HFRs, BDE-47, BDE-153 and BDE-209 showed the highest 
registration in all rounds, thus the calculation of consensus value in the 
1st round was possible unlike the other HFR biomarkers. From the 2nd 
round, organized as EQUAS, an expert assigned value was established 
for BDE-47, BDE-153, BDE-209, anti-DP and syn-DP. For others 
(α-HBCD, γ-HBCD, DBDPE, TBBPA and 2,4,6-TBP) the calculation of an 
assigned value was not possible because of the limited scope of reported 
results by experts or too high uncertainty of the assigned value. In this 
case, the calculation of the consensus value from the results submitted 
by experts and candidates was successful only for α-HBCD and γ-HBCD. 
Due to the low number of candidates and expert results the calculation 
of consensus or assigned value was not possible for DBDPE, TBBPA and 
2,4,6-TBP (the laboratory in table S6 correspond to the laboratory pre-
paring and testing the CM for this exercise). The highest number of 
satisfactory results was achieved for BDE-47 and BDE-153. For BDE-209 
the success rate was not as high, because of a higher number of results 
assessed as questionable or unsatisfactory. 

The group that presented most difficulties due to the low number of 
participants and high variability of the results was the OPFRs. The 
calculation of consensus or assigned values according to standardized 
ICI/EQUAS approach was not possible at all (BDClPP, BClPP and BCEP) 
or only to a limited extent (DPHP) in the first three rounds. It was 
necessary to apply a more flexible approach, in order to draw conclu-
sions. It is worth noting, that following discussions of main analytical 
difficulties after the 1st and 3rd round, the 4th round was very suc-
cessful. The calculation of assigned values and the evaluation of results 
using the ICI/EQUAS approach was realized for BDClPP, BClPP and 
DPHP. Finally, from a total of six laboratories, which participated in any 
or the four rounds, five laboratories were successful for DPHP and 
BDClPP and four for BClPP. Details of the flame retardants results will be 
presented in a future paper. 

The PAHs group had the highest variability in the number of par-
ticipants per biomarker and also in the laboratories reporting satisfac-
tory results. The main difficulties with PAHs metabolites was that no 
evaluation was possible for some biomarkers (1,2-DHN, 3-FLUO, 9- 
FLUO, 9-PHEN, 3-BaP) as the number of participating laboratories was 
too small (<7). Even after switching to EQUAS from the 2nd round on, 
no z-scores could be obtained for 9-FLUO, 9-PHEN and 3-BaP, while the 
only laboratory to analyse 1,2-DHN could not provide quantitative re-
sults. From the 3rd round on, the initial scope of 13 biomarkers were 
reduced to 11 (1,2-DHN and 3-BaP were omitted), but still no z-scores 
could be provided for 9-FLUO and 9-PHEN in the remaining two rounds. 
A general improvement in results from the 2nd to the 4th round is not 
discernible, in fact for some biomarkers even the opposite development 
is noticeable (especially for 2-FLUO). Details will be presented in a 
future paper. 

The groups involving inorganic biomarkers were those with the 
highest rate of participation probably due to a more well-established and 
robust methodology for the analysis of these metals, although the per-
centage of satisfactory results were in line with those observed in other 
groups (e.g. PFAS, HFRs). The proficiency tests on cadmium (in blood 
and urine) were characterized by a large number of participants and 
satisfactory results from the 1st round on. Thus, there was no noticeable 
improvement from one round to the next. The main problem encoun-
tered was that some laboratories had a too high LOQ for their analytical 
method and thus failed at low analyte concentrations (Nübler et al., 
2021). Unlike the other substance groups, no EQUAS was performed for 
chromium from the 2nd round onwards, but an ICI was performed in all 
four rounds. The ICI exercises on chromium (in blood, urine and serum) 

were characterized by satisfactory results throughout, with too high 
LOQs being the only problem encountered for some laboratories. 
Detailed results and discussion will be presented in a future paper. 

Globally, the participation in Scheme 1 improved the capacities of 
the laboratories since the number of laboratories obtaining satisfactory 
results and the number of biomarkers with successful results per labo-
ratory increased from the first to the last round. 

For Scheme 2, the main difficulty was the selection of a reduced 
number of laboratories with enough expertise because in addition to the 
technical capability, practical aspects had to be considered in order to 
ensure the availability of the analytical results by the deadline defined 
within HBM4EU. The reduced time for implementing Scheme 2 was 
challenging for both the organisers and the participating ELs. The un-
expected shutdown due to the first wave of covid-19 sanitary crisis put 
further strain on the scheme. The first round was implemented as 
planned from January to February 2020. The second round started in 
February–March, but the shutdown of laboratories and restrictions in 
the shipment of samples because of the covid-19 caused a significant 
delay in the ICI for acrylamide, UV-filters, pesticides and mycotoxins 
(samples for As had been sent before the shutdown). Furthermore, some 
laboratories withdrew their participation in the ICI as a result of the 
difficulties derived from this situation. Despite these delays, Scheme 2 
was implemented between 3 months (arsenic) and 7 months (myco-
toxins), so the objective of reducing the time for identifying laboratories 
with comparable results that could analyse the HBM4EU samples was 
achieved (Scheme 1 lasted at least one year and a half). In general, 
Scheme 2 presented less difficulty related to technical aspects since the 
laboratories involved had wide experience in the analysis of the target 
biomarkers and a baseline for their selection was defined (e.g. limit of 
quantification). Nevertheless, some interesting observations were made, 
for example the differences in total DON levels reported depending on 
the enzyme used for deconjugation. In several control materials, 
significantly lower concentrations of total DON were obtained when 
using β-glucuronidase/sulfatase from Helix Pomatia than when using 
β-glucuronidase from E. Coli. As expected, the pesticide group was the 
one with more difficulties, with consequences for the results evaluation. 
While for glyphosate and AMPA results were comparable in general, for 
chlorpyrifos and pyrethroid biomarkers the relative uncertainty of the 
mean was too high in several cases for a straightforward statistical 
evaluation of the reported results. 

5. Conclusions 

The QA/QC programme designed and implemented in the frame of 
the HBM4EU initiative can be termed a success and, as in previous 
studies, the need and utility of this kind of activities in HBM studies was 
evident. As long as there are no commercial proficiency tests offering a 
wide of biomarkers of interest in HBM at the concentrations in the range 
observed in the general population, the proposed approach appears as 
the best tool to investigate and improve results comparability. However, 
its implementation in the framework of such research project is complex 
and sustainability beyond the project is an issue regardless of the 
approach applied. Apart from the time constraints, questions such as the 
experience and capacities of the partners for supporting these activities 
should be considered, as well as the issues related to the funding. The 
organization of and participation in proficiency tests require a large 
amount of resources that cannot always be justified within a research 
project, possibly limiting the participation and thereby, the results 
achieved. 

The main challenges of Scheme 1 approach were the time required 
for completing the scheme and, for some biomarkers, the rather low 
number of valid results, which hampered the evaluation of the ICI/ 
EQUAS. Scheme 2 approach permitted to reduce the time required for 
having a set of laboratories with comparable results and, since it is based 
on the participation of laboratories fulfilling specific technical criteria 
(e.g. having a minimum LOQ for all the biomarkers in a group), the 
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potential problems related to the low experience were avoided. How-
ever, there was no opportunity for capacity building and supporting the 
national hubs in HBM4EU. Therefore, the design of the QA/QC pro-
gramme has to consider the specific requirements or objectives for each 
situation. 

Although the development and implementation of Scheme 1 
required more efforts and time, it is the preferred one in the HBM4EU 
context since it allows the participation of more laboratories, and pro-
vides an opportunity to improve their analytical skills. This approach 
therefore boosts capacity building in EU laboratories, which in the end 
contributes to the sustainability of human biomonitoring in Europe. 
Major milestones and challenges for the future in this field are the 
definition of standard analytical methods and the establishment of a 
sustainable and periodical HBM QA/QC programme in Europe to sup-
port research activities and analytical laboratories. In line with this, the 
creation of an institution/network to prepare and provide certified 
control material in different human matrices would be very helpful for 
analytical laboratories working in human biomonitoring. 

The HBM4EU QA/QC programme has revealed the utility and need 
in establishing a European network of analytical laboratories for human 
biomonitoring. This network would support the increasing human bio-
monitoring and risk assessment studies providing expertise for new 
method development and high quality analytical results. The network of 
laboratories created in HBM4EU can be considered as the project’s 
legacy for future human biomonitoring actions in Europe. 
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A B S T R A C T   
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organophosphorus flame retardants (OPFRs) in urine, at two concentration levels. The number of satisfactory 
results reported by laboratories increased during the four rounds. In the case of HFRs, the scope of the 
participating laboratories varied substantially (from two to ten) and in most cases did not cover the entire target 
spectrum of chemicals. The highest participation rate was reached for BDE-47 and BDE-153. The majority of 
participants achieved more than 70% satisfactory results for these two compounds over all rounds. For other 
HFRs, the percentage of successful laboratories varied from 44 to 100%. The evaluation of TBBPA, DBDPE, and 
2,4,6-TBP was not possible because the number of participating laboratories was too small. Only seven labo-
ratories participated in the ICI/EQUAS scheme for OPFR metabolites and five of them were successful for at least 
two biomarkers. Nevertheless, the evaluation of laboratory performance using Z-scores in the first three rounds 
required an alternative approach compared to HFRs because of the small number of participants and the high 
variability of experts’ results. The obtained results within the ICI/EQUAS programme showed a significant core 
network of comparable European laboratories for HBM of BDE-47, BDE-153, BDE-209, α-HBCD, γ-HBCD, anti- 
DP, and syn-DP. On the other hand, the data revealed a critically low analytical capacity in Europe for HBM 
of TBBPA, DBDPE, and 2,4,6-TBP as well as for the OPFR biomarkers.   

1. Introduction 

Flame retardants (FRs) are a diverse group of chemicals that are 
added to consumer products or building materials to reduce their 
flammability and thus improve product safety. Most of these compounds 
are used as additives rather than being chemically bound to the product 
matrix, with the consequence of losses to the environment (De Wit, 
2002). Human exposure to these substances, especially brominated 
flame retardants (BFRs), is of great concern due to the potential health 
risks in terms of endocrine disruption, neurodevelopment, hepatic and 
behavioural abnormality (Van der Veen and de Boer, 2012; Lyche et al., 
2015). Such evidence has contributed to the inclusion of poly-
brominated diphenyl ethers (PBDEs) in the Stockholm Convention on 
Persistent Organic Pollutants (POPs), i.e. the addition of Penta- and 
OctaBDE mixtures in 2009 and the most recent addition of DecaBDE 
(BDE-209) in 2017, and the development of substitutes. Hex-
abromocyclododecane (HBCD) has been listed in the Convention since 
2013 (Sharkey et al., 2020). The bans of PBDEs and HBCD have led to 
higher worldwide production of tetrabromobisphenol A (TBBPA) and to 
their replacement with alternative BFRs in manufacturing processes, for 
example decabromodiphenyl ethane (DBDPE) (Kierkegaard et al., 2004; 
Shaw et al., 2014). The highly chlorinated FR dechlorane plus (DP) has 
been on the market since the 1960s (Wang et al., 2016), but has been 
recently proposed for listing under the Stockholm Convention (UNEP, 
2019). 

The legacy BFRs have also been replaced by organophosphate esters 
(OPFRs, also used as plasticizers) (Lyche et al., 2015). Halogenated 
OPFRs, such as tris(2-chloroethyl) phosphate (TCEP), tris 
(2-chloroisopropyl) phosphate (TCIPP) and tris(1,3-dichloro-2-propyl) 
phosphate (TDCIPP) are suspected to be carcinogenic (EU Risk Assess-
ment Report, TCEP, 2009; EU Risk Assessment Report, TDClPP, 2008). 
TCEP has been phased out since the 1980s and is no longer produced 
within the European Union (EU) (EU Risk Assessment Report, TCEP, 
2009). The other OPFRs are still used, but TCIPP and TDCIPP are not 
allowed to be used in toys produced in the EU (EC Directive, 
2014/79/EU). 

Despite the legislative restrictions, human exposure to BFRs and 
OPFRs is likely to continue for some time due to the persistence of some 
of these compounds in the environment and their presence in a number 
of consumer materials. Exposure sources of BFRs include fatty foods and 
sources in the indoor environment, such as dust. There is less informa-
tion about exposure to DPs and OPFRs, but ingestion of dust and food as 
well as inhalation of air have been suggested to be important exposure 
sources to these chemicals as well (Ma et al., 2020). 

PBDEs and HBCD are bioaccumulative and have long half-lives 
(weeks to years) in the human body, while OPFRs are rapidly metabo-
lized with relatively short half-lives (hours to days) (Geyer et al., 2004; 
Hoffman et al., 2014). Therefore, BFRs are generally measured in human 
serum as biomarkers of exposure, while OPFR diester metabolites are 
generally analysed in urine as indicators of OPFR exposure (Vorkamp 

et al., 2021). Serum PBDE levels have been documented mostly in the 
range of ng/L (on a wet weight basis). Urinary OPFR metabolite levels 
have been reported in the low to mid μg/L range, with diphenyl phos-
phate (DPHP, a metabolite of multiple OPFRs), bis(1-chloro-2-propyl) 
phosphate (BCIPP, metabolite of TCIPP), bis(2-chloroethyl) phosphate 
(BCEP, metabolite of TCEP) and bis(1,3-dichloro-2-propyl) phosphate 
(BDCIPP, metabolite of TDCIPP) frequently being detected at higher 
levels compared to other urinary metabolites (Blum et al., 2019; Var-
shavsky et al., 2021). 

The European Human Biomonitoring Initiative (HBM4EU) is a joint 
effort of 30 countries and European Commission authorities under the 
Horizon2020 Programme of the EU. The main aim of this initiative is to 
harmonize and advance HBM, and support collaboration and knowledge 
exchange across Europe. HBM4EU targets the exposure of EU citizens to 
a variety of chemicals and their possible health effects to support policy- 
making (Ganzleben et al., 2017). FRs were included in the first priority 
substance list of HBM4EU, and 14 biomarkers were selected for chemical 
analysis, including ten halogenated flame retardants (HFRs; BDE-47, 
BDE-153, BDE-209, α-HBCD, γ-HBCD, TBBPA, 2,4,6-tribromophenol 
(2,4,6-TBP), DBDPE, anti-DP, and syn-DP) and four OPFR metabolites 
(DPHP, BCEP, BClPP, and BDClPP) (Louro et al., 2019). 

In general, the chemical analysis of HBM samples involves a number 
of challenges, including low levels, the variety of compounds to be 
included in various biological matrices, the risk of contamination due to 
the omnipresence of FRs and the availability of analytical standards and 
certified reference materials. One of the objectives within the HBM4EU 
project is to establish a network of European laboratories for the reali-
zation of harmonized HBM analysis of prioritized groups of environ-
mental contaminants. The generation of high-quality and comparable 
results is crucial for further data evaluation in the context of risk man-
agement and policy-making. Thus, HBM4EU implemented a complete 
quality assurance/quality control (QA/QC) scheme for the verification 
of analytical quality and comparability between candidate laboratories 
for the HBM analysis in the project (Nübler et al., 2021; Esteban López 
et al., 2021). Within the QA/QC scheme, interlaboratory comparison 
investigations (ICIs) and external quality assurance schemes (EQUASs) 
were organized and their results were evaluated. 

This paper presents the ICI/EQUAS programme for ten HFRs in 
serum and four OPFR metabolites in urine, designed and conducted 
within HBM4EU, including the evaluation process, the main difficulties 
encountered and the results obtained. 

2. Materials & method 

2.1. QA/QC scheme and ICI/EQUAS programme 

The objective of the QA/QC scheme was to identify laboratories that 
could analyse the HBM4EU samples in a comparable way and with a 
defined analytical quality. In this project, two different harmonized 
approaches were used for the organization and evaluation of 
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interlaboratory exercises. The first one is the ICI approach which prin-
cipally assesses the comparability of results between equally ranked 
laboratories. For that purpose, two different control samples were ana-
lysed by all laboratories using their own method in the same time frame. 
As a measure of proficiency, Z-scores were calculated using the 
consensus value derived from the participants’ results (XP) and a pre-set 
target standard deviation. The other approach is the EQUAS which in-
volves with a sufficient number of designated, international expert 
laboratories generating an assigned value (XE) instead of XP. As with the 
ICI, for all participating laboratories Z-scores are calculated as a measure 
of proficiency. The organizational processes and conditions of ICIs and 
EQUASs for all substance groups in the HBM4EU project are described in 
detail in Esteban López et al., 2021. 

In total, four ICI/EQUAS rounds for both HFRs and OPFR metabolites 
were organized. The results and conclusions were presented to the 
participants at a web conference after round 1 for both HFRs and OPFR 
metabolites as well as by a report after each round. The information 
regarding the upcoming rounds was presented at the web conference 
and some analytical difficulties were discussed. A second web confer-
ence was conducted after round 3 for OPFR metabolites. The main aim 
was to identify critical analytical method steps and to propose im-
provements, which could support the comparability of participants’ and 
expert laboratories’ results in the final round 4. 

2.2. Invitation of candidate laboratories 

The registration procedure for candidate laboratories was described 
previously (Esteban López et al., 2021). In brief, two calls were made to 
identify candidate laboratories from European countries to perform 
HFRs and OPFR metabolite analysis in HBM4EU. Candidates were 
allowed to decide for which group of compounds they wanted to 
participate. The result after the first call was a list of 24 candidate lab-
oratories from 16 countries for HFRs and 13 candidate laboratories from 
nine countries for OPFR biomarkers. These numbers increased to 31 
laboratories for HFRs from 17 countries and 17 laboratories for OPFR 
metabolites from ten countries after the second call. 

2.3. Selection of expert laboratories 

For the interlaboratory exercises organized as EQUAS (rounds 2–4), 
five and three expert laboratories for HFRs and OPFR metabolites, 
respectively, were selected by the HBM4EU Quality Assurance Unit 
(Esteban López et al., 2021). Experts were laboratories with experience 
in the determination of FR HBM parameters documented in 
peer-reviewed publications. Additional criteria used to select experts 
included several years of experience in the analysis of these compounds, 
as well as application of highly sensitive and selective analytical tech-
niques. Furthermore, the availability of in-house validation reports, data 
on on-going intra-laboratory performance (e.g., control charts), or 
ISO17025 accreditation for the biomarker of interest and successful 
participation in relevant commercial proficiency tests, or long-standing 
experience in FR HBM studies were also considered. For HFR analysis, 
two selected expert laboratories were from outside Europe, and three 
expert laboratories were from Europe, of which two already participated 
as candidate laboratories in the programme. For OPFR metabolites, all 
three expert laboratories were from Europe and these laboratories were 
already participated as candidates in the programme. After round 2 for 
OPFR metabolites, one expert laboratory was replaced by another expert 
laboratory. 

2.4. Preparation and testing of CMs 

The preparation of control materials (CMs) as well as the scheme for 
homogeneity and stability testing was realized according to HBM4EU 
standard operation procedures (SOPs) as explained in the paper of the 
QA/QC design (Esteban López et al., 2021). Serum and urine were 

spiked with HFRs or OPFR metabolites, respectively, at two concentra-
tion levels (low concentration level (LLHFR and LLOPFR) and high con-
centration level (HLHFR and HLOPFR)) (Tables S1A and S1B), which were 
in agreement with the range of concentrations and profiles commonly 
observed in the general European population, based on the relevant 
scientific literature (further details in 3.1). For each ICI or EQUAS 
round, new CMs were prepared covering relevant concentration levels 
(Tables S1A and S1B). 

2.4.1. Standards of target biomarkers 
Certified analytical standards of HFR biomarkers for PBDEs (BDE-47, 

BDE-153, and BDE-209), isomers of HBCD (α-HBCD and γ-HBCD), 
DBDPE, 2,4,6-TBP, and TBBPA were obtained from Wellington Labo-
ratories (Guelph, Ontario, Canada). The standards of anti-DP and syn-DP 
were purchased from Accustandards®, Inc. (New Haven, Connecticut, 
USA). The purity of the individual HFR standards was at least 98% and 
they were obtained in toluene or nonane (except TBBPA, which was in 
methanol). Thus, for the preparation of working stock solutions for the 
fortification of serum, the nonpolar solvents were removed under a 
gentle stream of nitrogen and the residues were dissolved in acetone. 

The analytical standards of OPFR metabolites (BCEP, BClPP, BDClPP, 
and DPHP) were supplied by Toronto Research Chemicals, Inc. (North 
York, Canada). The purity of BCEP, BClPP, and BDClPP was 95%, and it 
was 96% for DPHP. Individual standards delivered as solids were dis-
solved in compliance with the manufacturer’s recommendations and 
then used to prepare working stock solutions in methanol for the forti-
fication of urine. 

2.4.2. Fortification procedure 
The CM for the analysis of HFR was sterile-filtered bovine serum 

obtained from Sigma Aldrich (USA). Before the fortification procedure 
at the expected concentration levels, the serum was thawed at room 
temperature and stirred on a magnetic stirrer for 30 min. An aliquot of 
10 mL was removed and investigated using the method by Svarcova 
et al. (2019) for the background occurrence of target biomarkers. The 
rest of the serum was stored at − 18 ◦C. For fortification, the serum was 
thawed again at room temperature (20 ◦C) and stirred on a magnetic 
stirrer for 30 min. After that, three aliquots of 500 mL were transferred 
into a beaker. One aliquot of serum was identified as LLHFR, one as HLHFR 
and one as blank material. Each standard of the target HFRs was 
appropriately diluted in acetone and individually added into the serum 
according to each level. 

The CM for the analysis of OPFR metabolites was human urine. The 
urine was placed in the refrigerator at 7 ◦C overnight. The next day, the 
urine was centrifuged and filtrated, which was repeated twice. Before 
the fortifying procedure, the urine was analysed by the method pre-
sented by (Fromme et al., 2014). In the meantime, the native urine was 
stored at − 18 ◦C. After the investigation of background concentration, 
the urine was thawed at room temperature and stirred for 30 min using a 
magnetic stirrer. Three aliquots were transferred into a beaker for the 
fortifying procedure. One aliquot of urine was identified as LLOPFR, one 
as HLOPFR and one as blank material. Each standard of the target OPFR 
metabolites was appropriately diluted in methanol and individually 
added to the urine according to each level. 

During the fortifying procedure, the serum and urine, respectively, 
were mixed throughout, and when all compounds had been added, 
subsequent mixing was performed for 30 min. Aliquots of 10 mL of 
LLHFR/LLOPFR and HLHFR/LLOPFR were placed into polypropylene tubes 
with caps (Simport Scientific Inc., Quebec, Canada) for homogeneity 
assessment. For the participants’ analysis and stability testing, aliquots 
of 5 mL from each prepared material (LLHFR, HLHFR, blank material/ 
LLOPFR, HLOPFR, blank material) were placed into a tube. All tubes were 
stored in the freezer at − 18 ◦C before dispatch. 

2.4.3. Homogeneity tests of CMs 
The homogeneity of CMs was tested according to the SOP developed 
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in HBM4EU (Esteban López et al., 2021). Ten tubes of the respective 
control serum and urine material (of each round) at both levels (LLHFR, 
LLOPFR, HLHFR, HLOPFR) were randomly selected from the freezer, 
thawed, re-homogenized by ultrasonication and each sample was ana-
lysed in duplicate. The analytical procedures used for the testing of CMs 
are described below in 2.4.5. 

Briefly, an assessment of whether or not the CMs were sufficiently 
homogenous for ICI/EQUAS was based on ISO 13528:2015 Fearn and 
Thompson (2001) and Thompson (2000), as also described by Esteban 
López et al. (2021). Firstly, the duplicate analysis results were tested for 
outliers using the Cochran’s test. If an outlier result was identified, the 
duplicate result was discarded from the data set and further calculations 
of homogeneity were performed. Subsequently, the outlier test was 
repeated on the remaining data. If another outlier was detected, the 
homogeneity assessment had to be repeated because the data set was 
considered unfit (e.g., a problem occurred during the analysis which had 
to be resolved). Secondly, the assessment was made as to whether or not 
the analysis method used was suited to determine inhomogeneity. For 
this purpose, a standard deviation (SD) was compared to 0.5*σT, where 
σT is the target standard deviation calculated as 25% of the overall mean 
of the analysis results. For final consideration of whether the CMs were 
sufficiently homogenous, the between-sample SD was compared to the 
critical value, which corresponded to 0.3*σT. 

2.4.4. Stability tests of CMs 
The stability analyses were performed in line with the corresponding 

HBM4EU SOP (Esteban López et al., 2021). For stability assessment, the 
samples prepared for each test round were stored under conditions 
representative of storage at the participants’ laboratories (− 18 ◦C). The 
stability was determined by analysing six test samples (LLHFR, LLOPFR, 
HLHFR, HLOPFR) at a time interval covering the seven-week period be-
tween shipment and the deadline of submission of the results within 
each round. The results were evaluated according to ISO 13528 (Sta-
tistical methods for use in proficiency testing by interlaboratory com-
parison, 2015) and the International Harmonized Protocol for the 
Proficiency Testing of Analytical Laboratories (Thompson et al., 2006). 
First, the mean concentrations from replicate analysis at t0 (date of 
shipment of samples) and te (deadline of submission of results) were 
calculated. The biomarkers in the CMs were considered sufficiently 
stable if the difference between the means was ≤0.3*σT. In case this 
criterion was not met, the statistical significance of the differences be-
tween the mean values at the different storage times was determined 
using an F-test. 

2.4.5. Analytical methods for the determination of homogeneity and 
stability 

In brief, the sample preparation procedure for nonpolar compounds 
(BDE-47, BDE-153, BDE-209, anti-DP, syn-DP, and DBDPE) was based 
on a three-step solvent extraction of serum with an n-hexane:dieth-
ylether (9:1, v/v) mixture, followed by the purification step using a 
Florisil® column. The rest of the serum sample after removal of the 
nonpolar solvent, containing the nonpolar compounds, was further 
extracted by a modified QuEChERS extraction (Quick, Easy, Cheap, 
Effective, Rugged and Safe), when acetonitrile was used for the isolation 
of more polar compounds (α-HBCD, γ-HBCD, 2,4,6-TBP, and TBBPA) 
and the separation of organic and aqueous layers was induced by the 
addition of inorganic salts. Gas and liquid chromatography coupled to 
(tandem) mass spectrometry techniques (GC-MS(/MS) and LC-MS/MS, 
respectively) were used for the identification/quantification of the FRs 
in the nonpolar and the polar fractions, respectively (Svarcova et al., 
2019). 

For the determination of DPHP, BCEP, and BClPP in urine, a GC-MS/ 
MS method with electron ionization was used after solid phase extrac-
tion (SPE) and derivatization with pentafluorobenzylbromide. The same 
sample preparation was applied for the determination of BDClPP in 
urine, but a GC-MS system with chemical ionization and detection in 

positive mode was used for quantification (Fromme et al., 2014). 

2.5. Distribution of CMs 

CMs were dispatched to the participants in a frozen state in poly-
styrene boxes. Each participant received samples for LLHFR, HLHFR or 
LLOPFR, HLOPFR according to their registration. Additionally, the labo-
ratories obtained the blank serum or blank urine of the biological ma-
terial used for the fortification procedure. In round 1 for HFRs, three 
samples of LLHFR, three samples of HLHFR, and three blank samples were 
sent to the participants. Likewise, three samples of LLOPFR, three samples 
of HLOPFR, and three blank samples were dispatched to the participants 
in round 1 for OPFR metabolites. From round 2, the participants 
received only one sample of each concentration (LLHFR, HLHFR, blank 
serum, or LLOPFR, HLOPFR, blank urine). 

In round 2, round 3, and round 4 for both HFRs and OPFR metabo-
lites, the selected expert laboratories received six samples of each CM 
(LLHFR, HLHFR, blank serum or LLOPFR, HLOPFR, blank urine) and were 
asked to perform a single analysis of each sample, so they would submit 
a total of 18 results. For further data evaluation, the results from the 
analysis of blank samples were not used. 

At the time of shipment, a letter with instructions on sample 
handling, a sample receipt form, a result submission form and a method 
information form were e-mailed to the participants. Participants were 
asked to perform a single analysis of each sample using the same pro-
cedure intended to be used for the analysis of samples in the frame of 
HMB4EU and to submit their results via e-mail within seven weeks of 
sample delivery. 

2.6. Assessment of laboratory performance 

2.6.1. HFRs in serum 
Assessment of the laboratory performance was done as described in 

Esteban López et al., 2021. In case of a limited number of participants 
(ICI) and expert laboratories (EQUAS) as encountered in this study, 
these procedures were statistically not ideal (Rousseeuw and Verboven, 
2002; Belli et al., 2007; Kuselman and Fajgelj, 2010). The datasets have 
been scrutinized by constructing kernel density plots that showed more 
or less symmetric plots with the maximum in a good agreement with XP. 
Thus these procedures were considered to be acceptable for the 
first-time assessment of performance for these HBM parameters. In brief, 
for the ICI, the XP value (robust mean), uncertainty of XP (uICI) and ICI 
standard deviation of XP (σICI) were calculated using robust statistics 
(Algoritm A in ISO 13528:2015) in accordance with Thompson et al. 
(2006) and Analytical Methods Committee (1989a, 1989b). The uICI was 
calculated as follows: 

uICI = 1.25
σICI
̅̅̅
n

√ (1)  

with: n = number of results used for calculation of XP with n ≥ 7. 
The uncertainty of XP should be negligible, meaning not exceeding a 

value derived from the following equation: 

uICI ≤ 0.3* σT (2)  

with: σT = standard deviation for proficiency assessment with σT =

0.25*XP (Esteban López et al., 2021). 
When the uICI was not negligible, but not exceeding 0.7*σT, the XP 

was still used for calculation of Z-scores, but the uICI was taken into 
account using the formula (6). 

In the EQUAS, the evaluation of the participants results was based on 
data generated by a minimum of three expert laboratories. Using the 
individual means of six replicate analysis of the CM by the expert lab-
oratories, the mean of means and its relative standard deviation 
(RSDmean-of-means) were calculated. The uncertainty (uEQUAS) was defined 
as RSDmean-of-means divided by the square root of the number of expert 
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laboratories: 

uEQUAS =
RSDmean− of − means

̅̅̅
n

√ (3)  

with: n = number of results used for calculation with n ≥ 3. 
The mean of means was considered suitable as XE value in EQUAS 

studies if uEQUAS did not exceed a value of 17.5% derived from the 
following equation: 

uEQUAS ≤ 0.7* σT (4)  

with: σT = standard deviation for proficiency assessment, pre-set at =
0.25*XE (Esteban López et al., 2021). 

It should be noted that the determination of uEQUAS here might be an 
underestimation considering the low number of expert laboratories 
involved. 

When uEQUAS>0.7*σT, the individual means were checked for out-
liers. For this purpose, the Grubbs’ outlier test was used. If an individual 
expert mean was identified as Grubbs’ outlier, it was discarded from the 
data set and uEQUAS was recalculated. If the condition uEQUAS≤0.7*σT 
was still not met, then the uncertainty of the expert-derived mean was 
too high to be used as XE value. In this case, no assessment of the 
participants’ performance was possible for the biomarker in question. 

The calculation of XP or XE values was not possible for all biomarkers 
because of the low number of reported results. In the case of EQUAS, 
when the number of expert results for a particular biomarker was < 3, XP 
value was determined according to the ICI approach for all data, i.e. a 
minimum of seven results from experts and participants combined 
together (Fig. 1). 

As a measure of the participating laboratories’ proficiency, Z-scores 
were calculated using the XP value derived from the participants’ results 
(ICI) or XE value as the mean of means of expert results (EQUAS), and a 
pre-set relative standard deviation for proficiency of 25%. 

In round 1 (conducted as ICI) the Z-scores (Z) of the results submitted 
by the participants (x) were calculated according to the equation: 

Z =
x − XP

0.25*XP
(5) 

As mentioned above, when the uncertainty of the XP was not negli-
gible, but not exceeding 0.7*σT, the XP was still used for calculation of Z- 
scores, but the uICI was taken into account for calculation of the Z-scores 
using the following formula: 

Z´=
x − XP

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(0.25*XP)
2
+ u2

ICI

√ (6) 

In rounds 2–4, when XE value was established, the Z-scores of the 
participants’ results were calculated according to: 

Z =
x − XE

0.25*XE
(7) 

In rounds 2–4, when submitted expert results were < 3, the Z-scores 
of the participants’ results were calculated according to formula (5) or 
(6), provided that the calculation of XP value was possible by combining 
the participants’ and experts’ results. 

In the ICI/EQUAS programme, Z-scores were classified into three 
categories: satisfactory (|Z| ≤ 2), questionable (2 < |Z| < 3), and un-
satisfactory (|Z| ≥ 3). The results of the participating laboratories were 
evaluated on an individual biomarker/CM/concentration basis. 

2.6.2. OPFR metabolites in urine 
Due to a small number of participants (n ≤ 7), the evaluation of the 

participating laboratory performance for OPFR metabolites using Z- 
scores according to the applied procedures was not possible in round 1. 
In round 2 (EQUAS), no XE value could be determined because either the 
number of experts was too small or the uncertainty of the mean-of- 
means was too high for the respective OPFR metabolites. A similar sit-
uation was observed in round 3, except for DPHP, for which the XE value 
was established for the first time. For this reason, an alternative 
approach was adopted. Briefly, all participant and expert results were 
used to calculate an XP value. The Grubb’s outlier test was performed to 
identify and discard outliers. This XP value was accepted if it complied 
with a RSD of 17.5% or less and used to calculate the Z-scores of the 
participants’ mean results according to the SOPs using σT = 25%. 

3. Results and discussion 

3.1. Preparation of CMs 

The choice of concentration levels for HFRs and OPFR metabolites 
that were used for the CMs of this ICI/EQUAS programme was based on 
the review of relevant scientific papers. Median and 95% percentile of 
reported concentrations were used for LL and HL for most of the target 
biomarkers, respectively. A summary of the concentration is presented 
in Table S1. 

In the case of PBDEs and HBCDs, well-established analytical 

Fig. 1. ICI/EQUAS evaluation scheme for HFRs in serum  
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methods, a wide spectrum of analytical standards as well as certified 
reference materials and proficiency testing schemes are available. 
Therefore, biomonitoring data have been studied for these BFRs, 
including the description of time trends (Fängström et al., 2008; Dar-
nerud et al., 2015, Bjermo et al., 2017). PBDEs occurrence in a wide 
range of human matrices (especially serum and breast milk) has been 
documented. Studies from Sweden (Sahlström et al., 2014; Darnerud 
et al., 2015; Bjermo et al., 2017), Norway (Cequier et al., 2013; Cequier 
et al., 2015a; Jansen et al., 2018), Germany (Fromme et al., 2016), 
France (Dereumeaux et al., 2016), Denmark (Frederiksen et al., 2010) 
and Czech Republic (Sochorová et al., 2017) were considered for setting 
target concentrations in serum. Regarding the HBCD isomers, bio-
monitoring data have been published primarily for serum (Roosens 
et al., 2009; Roze et al., 2009; Kalantzi et al., 2011; Sahlström et al., 
2014; Fromme et al., 2016; Jansen et al., 2018) and human breast milk 
(Eljarrat et al., 2009; Thomsen et al., 2010; Abdallah and Harrad, 2011). 
Compared to the extent of biomonitoring studies dealing with PBDEs 
and HBCDs in serum, the number of relevant data published for DBDPE 
(Cequier et al., 2015a), TBBPA (Dufour et al., 2017), 2,4,6-TBP (Dufour 
et al., 2017; Sochorová et al., 2017) and anti-/syn-DP (Fromme et al., 

2015; Sochorová et al., 2017) is much smaller. Comparing TBBPA and 2, 
4,6-TBP concentrations to nonpolar BFRs in serum is generally difficult 
because of the different ways of expressing results. Therefore, to be able 
to compare data, the results expressed on a lipid weight basis (μg/kg l. 
w.) were converted to μg/L using the specific lipid content of 0.6% by 
weight. 

Compared to HFRs, analytical methods for OPFR metabolites are less 
established. Studies usually report a subset of OPFR metabolites and the 
methods vary widely between them. The occurrence of OPFR metabo-
lites is predominantly described in urine. The choice of target levels was 
based mostly on data available from studies in Norway (Cequier et al., 
2015b), Germany (Reemtsma et al., 2011; Schindler et al., 2013; 
Fromme et al., 2014) and Belgium (Van den Eede et al., 2013). 

3.2. Homogeneity and stability testing 

The results of the homogeneity testing for LLHFR, HLHFR and LLOPFR, 
HLOPFR are summarized in Table S2 in Supplementary data. No outliers 
were detected for any of the targeted compounds in any of the ICI/ 
EQUAS rounds. The CMs showed sufficient homogeneity for both HFRs 

Table 1A 
Number of candidates and expert laboratories that participated for HFRs in serum.   

Round 1 Round 2 Round 3 Round 4 

No. of invited laboratories (candidates) 24 31 31 31 
No. of registered/reporting laboratories 11/11 15/15 15/15 14/14 
No. of registered/reporting experts 0/0 5/4 5/5 5/5 
HFR Nt Nc Nt Nc Ne Nee Nt Nc Ne Nee Nt Nc Ne Nee 

BDE-47 Registration 10 10 16 11 3 2 16 11 3 2 13 8 3 2 
Reporting 10 10 15 11 3 1 16 11 3 2 13 9 2 2 

BDE-153 Registration 10 10 16 11 3 2 16 11 3 2 13 8 3 2 
Reporting 10 10 15 11 3 1 16 11 3 2 13 9 2 2 

BDE-209 Registration 9 9 15 10 3 2 15 10 3 2 11 6 3 2 
Reporting 9 9 13 9 3 1 13 8 3 2 10 6 2 2 

DBDPE Registration 6 6 9 6 3 Did not 
participate 

8 6 2 Did not 
participate 

6 4 2 Did not 
participate Reporting 6 6 6 4 2 6 4 2 3 1 2 

Anti-DP Registration 4 4 8 5 3 9 6 3 8 5 3 
Reporting 5 5 9 6 3 9 6 3 7 4 3 

Syn-DP Registration 4 4 8 5 3 9 6 3 8 5 3 
Reporting 5 5 9 6 3 9 6 3 7 4 3 

α-HBCD Registration 6 6 8 6 2 8 6 2 8 6 2 
Reporting 5 5 8 6 2 8 6 2 7 5 2 

γ-HBCD Registration 6 6 8 6 2 8 6 2 8 6 2 
Reporting 5 5 8 6 2 8 6 2 7 5 2 

TBBPA Registration 2 2 5 3 2 6 4 2 5 3 2 
Reporting 2 2 5 4 1 6 3 3 4 2 2 

2,4,6-TBP Registration 2 2 4 3 1 5 4 1 4 3 1 
Reporting 2 2 5 4 1 4 3 1 3 2 1  

Table 1B 
Number of candidates and expert laboratories that participated for OPFR biomarkers in urine.   

Round 1 Round 2 Round 3 Round 4 

No. of invited laboratories 
(candidates) 

13 17 17 17 

No. of registered/reporting 
laboratories 

7/5 6/5 5/5 6/6 

No. of registered/reporting experts 0/0 3/3 3/3 3/3 
OPFR metabolites Nt Nc Nt Nc Ne Nee Nt Nc Ne Nee Nt Nc Ne Nee 

BCEP Registration 7 7 4 2 2 Did not participate 2 1 1 Did not participate 3 2 1 Did not participate 
Reporting 1 1 1 0 1 2 1 1 3 2 1 

BClPP Registration 7 7 5 3 2 4 2 2 6 3 3 
Reporting 3 3 4 2 2 4 2 2 6 3 3 

BDClPP Registration 7 7 6 3 3 5 2 3 6 3 3 
Reporting 5 5 5 2 3 5 2 3 6 3 3 

DPHP Registration 7 7 6 3 3 5 2 3 6 3 3 
Reporting 5 5 5 2 3 5 2 3 6 3 3 

Legend: Nt - total number of all participants (candidates, expert laboratories within the HBM4EU consortium and external expert laboratories outside the HBM4EU 
consortium); Nc - total number of participants; Ne - total number of expert laboratories that were from the HBM4EU consortium and participated as candidate lab-
oratories; Nee-total number of external experts outside the HBM4EU consortium. 
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and OPFR metabolites in all rounds. 
The results of the stability testing for LLHFR, HLHFR, LLOPFR and 

HLOPFR in the four ICI/EQUAS rounds are shown in Table S3 in Sup-
plementary data. In all rounds, sufficient stability was found for all 
HFRs. Regarding OPFR metabolites, the means of the results obtained 
from the time interval were significantly different in several cases. 
However the differences were still in the range of what is to be expected 
from intermediate precision data (<20%). Thus the CMs were consid-
ered sufficiently stable. 

3.3. Establishment of XP or XE values for HFRs 

The established XP or XE values for HFRs are shown in Table S4 
(round 1) and Table S5 (round 2–4) in upplementary data. The corre-
sponding numerical values can also be found in the lower part in 
Table 2. 

In round 1 (ICI), XP values were established only for BDE-47 (n = 10), 
BDE-153 (n = 10) and BDE-209 (n = 9). For other HFRs, the calculation 
of XP values was not possible because the number of results required for 
their determination was < 7. 

In the following three rounds (2–4), which were organized as 
EQUAS, each expert laboratory analysed six samples of each CM (LLHFR, 
HLHFR) for a single analysis. In round 2, only four out of five registered 
expert laboratories submitted results. In the third and fourth rounds, all 
five and four expert laboratories, respectively, reported results. Since 
not all experts covered all ten HFR biomarkers, determination of XE 
values were again only possible for BDE-47, BDE-153, and BDE-209 in 
all three EQUAS. The criterion of a minimum of three expert laboratories 
was also met for anti-DP and syn-DP, but establishment of XE values was 
only possible in round 2 and round 4. In round 3, the uncertainty of the 
XE value, uEQUAS, was too high (higher than 17.5%). In general, RSDmean- 

of-means for specific HFRs in LLHFR and HLHFR varied from 5% to 40%. The 
highest RSDmean-of-means was observed for BDE-209. This was probably 
related to the small number of expert laboratories. 

As mentioned above, calculation of XE values was not possible for all 
HFRs. The main reasons were the limited scope of reported experts’ 
results or too high uncertainty of the XE value. In this case, the possi-
bility of using XP as an alternative to the XE value was investigated. For 
the determination of a robust mean, the results of all participants were 
evaluated together with the expert laboratories, resulting in a total of 
results ≥7. For anti-DP and syn-DP in round 3, α-HBCD and γ-HBCD in 
round 2, round 3, and round 4, this resulted in a sufficiently reliable XP 
value suitable for the determination of Z-scores and evaluation of lab-
oratory performance. 

3.4. Establishment of XP or XE values for OPFR metabolites 

The OPFR biomarker group posed more difficulties due to the small 
number of participants and high variability of results. A similarly high 
variability, especially for BCEP and BClPP, was described in a recent 
comparative study of nine laboratories determining OPFR metabolites 
(including DPHP, BDCIPP, BCEP, and BCIPP) in the certified reference 
material SRM 3673 (Organic contaminants in non-smokers’ urine) 
(Bastiaensen et al., 2019). 

The calculation of XP or XE values according to the standardized ICI/ 
EQUAS approach was not possible at all for BDClPP, BClPP and BCEP in 
the first three rounds or only to a limited extent for DPHP (in round 2). 
Thus, it was necessary to apply a more flexible approach to evaluate the 
results from these rounds and draw conclusions. It is worth noting that 
the last round was very successful due the effort of participants 
following discussions of main analytical difficulties in web conferences 
after round 1 and round 3. Consequently, the calculation of the XE value 
using the EQUAS approach was possible for BDClPP, BClPP, and DPHP. 
The overview of XE values is shown in Table S6 and details of the XE 
value calculations are provided in Table S7 in Supplementary data. The 
corresponding numerical values can be found in the lower part in 

Table 3. 

3.4.1. Alternative evaluation approach in rounds 1, 2, and 3 
For DPHP and BDClPP, the permissible relative uncertainty of the 

mean of means (RSD < 17.5%) was exceeded for all samples in all three 
rounds, except for BDCIPP in the LLOPFR within round 3. In this case, the 
RSD of 17.6% was only very slightly above 17.5%, so that the calculated 
XE value was accepted. 

For BClPP, the uncertainty of the XE was too high in round 1 and 
round 2. This was partly influenced by the fact that there were only three 
to four results. Therefore, in most cases, an obvious outlier could not be 
removed. Nevertheless, Z-scores were calculated in these cases as well, 
using the mean based on the data from all laboratories. The apparent 
outliers then obtained questionable or unsatisfactory Z-scores in agree-
ment with a more subjective assessment of the data. 

For BCEP, there was too little data to apply the alternative approach 
for the calculation of the XE value. In round 1 and round 2, only one 
laboratory reported results, in round 3 two participants submitted 
concentrations. 

3.4.2. Evaluation procedure in round 4 
In round 4, all three registered expert laboratories all reported results 

for DPHP, BDClPP, and BClPP, so that the XE value determination was 
possible. The RSDmean-of-means significantly decreased for all these OPFR 
metabolites compared to the value calculated in the previous three 
rounds using the alternative approach. Specifically, the RSDmean-of-means 
was in the wide range of 6–66% and in round 4 in the range of 4–10%. 

3.4.3. Comparison of alternative evaluation approach and EQUAS 
For XE values obtained by EQUAS the evaluation using alternative 

approach was also done (DPHP in round 3 and round 4; BDClPP, and 
BClPP in round 4). Comparison of XE from both approaches showed 
comparable XE with the exception of BClPP at HL in round 4 (Fig. S1). 

3.5. Participation and method characteristics 

Table 1 provides an overview of the number of participating and 
expert laboratories. For HFRs, 24 laboratories were invited to round 1 
(ICI), eleven of which agreed to participate. In the following three 
rounds, the number of invited laboratories increased to 31, of which 15 
participated. The scope of biomarkers measured by the participants 
varied substantially in all rounds: from two to all ten HFRs. Over all 
rounds, the highest average participation rate was achieved for BDE-47, 
BDE-153, and BDE-209 (more than 73%), followed by α-HBCD, γ-HBCD, 
anti-DP and syn-DP (more than 50%). In contrast, the lowest average 
percentage of participants was for DBDPE (39%), TBBPA (30%), and 
2,4,6-TBP (25%). 

Regarding OPFR metabolites, 13 laboratories were invited to round 
1, seven of which announced their participation. After round 1, the 
number of invited laboratories was 17, but the number of laboratories 
responding positively did not increase. The scope of target OPFR me-
tabolites varied among the participants: from two (DPHP and BDClPP) 
to all four biomarkers. During the ICI/EQUAS programme, the labora-
tories were encouraged to analyse as many biomarkers as possible. The 
response from participants was generally positive, resulting in the 
highest number of analysed OPFR metabolites in the last round. 

The LOQs reported by the participants in the four rounds for HFRs 
and OPFR metabolites are shown in Table S8. No specific LOQ values 
were required for participation. The high variability of LOQ values (3-4 
orders of magnitude) for HFRs determination among laboratories was 
observed in all rounds. For all OPFR metabolites, relatively comparable 
LOQs were submitted by the participants, differing by a maximum of one 
order of magnitude. 

Details of the analytical methods used by participants and experts for 
the analysis of HFRs and OPFR metabolites are shown in Table S9. For 
HFRs, approximately 25% of the laboratories over all rounds reported 
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the use of a deconjugation step in the sample process procedure. The 
further steps included SPE (25–36% of participants in four rounds) or 
liquid-liquid extraction (LLE) followed by SPE (64–75% of participants 
in four rounds). For the LLE, mostly hexane, dichloromethane, acetone, 
diethylether, or methyl-tert-butyl ether were used, or solvent mixtures. 

The most common SPE sorbents consisted of silica, acid silica, florisil, or 
alumina. Due to the largely differing physicochemical properties of the 
target HFRs, laboratories used both the instrumental techniques GC 
coupled to low resolution mass spectrometry (LRMS) with electron 
capture negative ionization, GC with high resolution mass spectrometry 

Table 2 
Summary of HFRs results evaluation in each round of the QA/QC programme.  

HFRs Round CMs XP (ICI)/XE 

(EQUAS) 
(μg/L) 

Uncertainty (μg/ 
L) 

Study 
RSDR 

No. of participants reporting 
results 

Performance (Z-scores) 

Satisfactory 
(%) 

Questionable 
(%) 

Unsatisfactory 
(%) 

BDE-47 1 LLHFR XP 0.098 0.005 31% 10 90 0 10 
HLHFR XP 0.298 0.014 27% 10 90 0 10 

2 LLHFR XE 0.196 0.020 27% 14 93 0 7 
HLHFR XE 0.996 0.177 21% 14 93 7 0 

3 LLHFR XE 0.151 0.013 24% 14 100 0 0 
HLHFR XE 0.644 0.098 23% 14 100 0 0 

4 LLHFR XE 0.162 0.009 31% 11 82 18 0 
HLHFR XE 0.554 0.044 27% 11 91 9 0 

BDE-153 1 LLHFR XP 0.071 0.004 159% 10 (1*) 80 0 20 
HLHFR XP 0.409 0.021 35% 10 80 10 10 

2 LLHFR XE 0.268 0.024 19% 14 100 0 0 
HLHFR XE 0.808 0.068 17% 14 93 0 7 

3 LLHFR XE 0.184 0.019 24% 13 (1*) 92 8 7 
HLHFR XE 0.549 0.059 33% 14 86 0 14 

4 LLHFR XE 0.177 0.009 38% 10 (1*) 73 9 18 
HLHFR XE 0.605 0.065 37% 11 82 9 9 

BDE-209 1 LLHFR XP 0.105 0.008 70% 8 67 0 33 
HLHFR XP 0.966 0.097 55% 9 89 0 11 

2 LLHFR XE 0.709 0.105 40% 11 (1*) 67 8 25 
HLHFR XE 2.09 0.31 43% 12 75 17 8 

3 LLHFR XE 1.12 0.12 61% 11 64 9 27 
HLHFR XE 1.78 0.32 54% 11 64 9 27 

4 LLHFR XE 0.901 0.100 43% 8 75 13 13 
HLHFR XE 1.65 0.15 43% 8 50 38 13 

anti-DP 1 LLHFR n. 
c. 

(1) n.c. n.c. 5 n.c. n.c. n.c. 

HLHFR n. 
c. 

(1) n.c. n.c. 4 n.c. n.c. n.c. 

2 LLHFR XE 0.297 0.026 44% 9 67 11 22 
HLHFR XE 1.23 0.07 45% 9 67 22 11 

3 LLHFR XP 0.134 0.032 34% 9 89 0 11 
HLHFR XP (2) n.c. n.c. 9 n.c. n.c. n.c. 

4 LLHFR XE 0.292 0.014 19% 7 100 0 0 
HLHFR XE 1.21 0.09 25% 7 100 0 0 

syn-DP 1 LLHFR n. 
c. 

(1) n.c. n.c. 5 n.c. n.c. n.c. 

HLHFR n. 
c. 

(1) n.c. n.c. 4 n.c. n.c. n.c. 

2 LLHFR XE 0.375 0.022 48% 9 56 11 33 
HLHFR XE 1.06 0.03 44% 9 44 11 44 

3 LLHFR XP 0.313 0.045 33% 9 89 11 0 
HLHFR XP 0.764 0.31 43% 9 89 11 0 

4 LLHFR XE 0.47 0.037 22% 7 100 0 0 
HLHFR XE 1.22 0.08 29% 7 86 14 0 

α-HBCD 1 LLHFR n. 
c. 

(1) n.c. n.c. 5 n.c. n.c. n.c. 

HLHFR n. 
c. 

(1) n.c. n.c. 5 n.c. n.c. n.c. 

2 LLHFR XP 0.560 0.054 19% 8 100 0 0 
HLHFR XP 5.19 0.35 13% 8 100 0 0 

3 LLHFR XP 0.583 0.051 29% 8 88 13 0 
HLHFR XP 4.88 0.42 17% 8 100 0 0 

4 LLHFR XP 0.501 0.067 32% 7 86 14 0 
HLHFR XP 5.17 0.59 38% 7 86 0 14 

γ-HBCD 1 LLHFR n. 
c. 

(1) n.c. n.c. 5 n.c. n.c. n.c. 

HLHFR n. 
c. 

(1) n.c. n.c. 5 n.c. n.c. n.c. 

2 LLHFR XP 0.338 0.027 18% 8 100 0 0 
HLHFR XP 7.64 0.50 15% 8 63 13 25 

3 LLHFR XP 0.321 0.013 59% 8 88 0 13 
HLHFR XP 5.91 0.26 9% 8 100 0 0 

4 LLHFR XP 0.396 0.034 20% 7 100 0 0 
HLHFR XP 6.14 0.48 18% 7 100 0 0 

Legend: (1) no result because the uncertainty of XP or XE was too high; (2) no result because n < 7; * number of laboratories reporting “<LOQ”; n.c. - not calculated. 
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(HRMS) and GC-MS/MS with electron ionization (for BDE-47, BDE-153, 
BDE-209, DBDPE, anti-DP, syn-DP, and DBDPE) and LC-MS/MS (for 
α-HBCD, γ-HBCD, TBBPA, and 2,4,6-TBP). Only one laboratory used a 
GC-MS/MS analysis of TBBPA and 2,4,6-TBP, following a derivatization 
step. Both isotope-labelled internal standards (mainly 13C-BDE 209 and 
13C-HBCD) as well as native BDEs (BDE-51, BDE-71, BDE-77, BDE-128, 
BDE-156 or BDE-181) were used for normalization by all laboratories. In 
a few cases, a correction for recovery was applied over all rounds. 

In the case of OPFR metabolites, around 50% of the laboratories 
applied enzymatic deconjugation using beta-glucuronidase in all four 
rounds. The isolation of the target compounds was mainly done by SPE 
extraction using nonpolar or weak anion exchange sorbents. One labo-
ratory participating only in round 4 applied QuEChERS-based extraction 
prior to SPE. Another laboratory measured OPFR metabolites after their 
derivatization by GC-MS, while the other laboratories used LC-MS/MS. 
From the beginning of the ICI/EQUAS programme, this was the only 
participant, who later also participated as an expert, who was able to 
analyse all biomarkers. The greatest challenge was the determination of 
BCEP and BClPP. Although they are structurally similar to BDCIPP and 
DPHP, their lower hydrophobicity and different ionization potential 
make it difficult to analyse all target OPFR metabolites in urine samples 
with sufficient sensitivity using the same technique (Van den Eede et al., 
2013). Over time, other participants incorporated BCEP into their LC-MS 
methods. The use of isotope-labelled internal standards (d10-DPHP, 
d8-BCEP, d10-BDClPP, and d12-BClPP) was reported by all laboratories. 
In more than 67%, the responses were normalised to internal standards. 
One laboratory corrected the results for recovery. 

3.6. Assessment of laboratory performance 

3.6.1. HFRs in serum 
The outcome of the four ICI/EQUAS rounds for HFRs is shown in 

Table 2. The participants’ performance was only assessed for BDE-47, 
BDE-153, BDE-209, anti-DP, syn-DP, α-HBCD, and γ-HBCD. Due to the 
small number of participant and expert results (n < 7 and n < 3, 
respectively), it was not possible to calculate the XP or XE value for 
DBDPE, TBBPA, and 2,4,6-TBP. Thus, the Z-scores were not established 
for these three biomarkers in any of the ICI/EQUAS rounds. 

In general, the highest number of satisfactory results was obtained 
for BDE-47 (82–100%) and BDE-153 (73–100%) within the four rounds 
of ICI/EQUAS. The number of participants for BDE-209 was slightly 
smaller than for the above-mentioned BDE congeners, but the success 
rate was not as high (50–89%). The satisfactory performance of the 
participants over rounds 2–4 for anti-DP, syn-DP, α-HBCD, and γ-HBCD 
was quite similar, in the range of 67–100%, 44–100%, 86–100%, and 
63–100%, respectively. The poorest performance was achieved for syn- 
DP in round 2, when only 56% (for LLHFR) and 44% (for HLHFR) of 
participants achieved satisfactory results. In the following rounds 3 and 
4, significant improvement was achieved not only for syn-DP (satisfac-
tory Z-scores 86–100%) but also for anti-DP (satisfactory Z-scores 
89–100%). Participant performances for α-HBCD and γ-HBCD were 
quite consistent (satisfactory results were in the range of 63–100%); in 
most cases, all participants achieved satisfactory Z-scores. 

The number of participating laboratories that could not detect the 
HFRs in serum and thus indicated “<LOQ” in their report was very small 
and only for LLHFR samples (numbers in parentheses in Table 2). The 
performance of these participants was assessed using LOQ-Z-scores. 

Table 3 
Summary of OPFR metabolites results assessment in each round of the QA/QC programme.  

OPFR 
metabolites 

Round CMs Approach XE (μg/ 
L) 

Uncertainty 
(μg/L) 

Study 
RSDR 

No. of participant 
reporting results 

Performance 

(Z-scores) 

% 
satisfactory 

% 
questionable 

% 
unsatisfactory 

DPHP 1 LLOPFR alternative 1.72 0.14 18% 5 100 0 0 
HLOPFR alternative 11.1 0.4 10% 5 100 0 0 

2 LLOPFR alternative 2.75 0.30 81% 5 80 0 20 
HLOPFR alternative 8.34 0.83 87% 5 80 0 20 

3 LLOPFR EQUAS 1.91 0.30 30% 5 80 20 0 
HLOPFR EQUAS 8.49 0.30 6% 5 100 0 0 

4 LLOPFR EQUAS 2.44 0.06 19% 6 100 0 0 
HLOPFR EQUAS 8.47 0.19 12% 6 100 0 0 

BDClPP 1 LLOPFR alternative 1.81 0.07 45% 5 80 0 20 
HLOPFR alternative 10.5 0.6 42% 5 80 0 20 

2 LLOPFR alternative 3.03 0.30 72% 5 80 0 20 
HLOPFR alternative 10.3 0.4 75% 5 80 0 20 

3 LLOPFR alternative 2.49 0.44 39% 5 80 20 0 
HLOPFR alternative 9.20 1.38 35% 5 80 20 0 

4 LLOPFR EQUAS 4.66 0.21 14% 6 100 0 0 
HLOPFR EQUAS 14.9 0.9 12% 6 100 0 0 

BClPP 1 LLOPFR alternative 2.48 0.94 59% 3 67 33 0 
HLOPFR alternative 17.2 6.0 53% 3 67 33 0 

2 LLOPFR alternative 5.70 0.34 57% 4 75 0 25 
HLOPFR alternative 32.6 9.8 53% 4 75 0 25 

3 LLOPFR alternative 5.66 0.96 35% 4 75 25 0 
HLOPFR alternative 20.2 2.8 27% 4 100 0 0 

4 LLOPFR EQUAS 5.48 0.44 18% 6 100 0 0 
HLOPFR EQUAS 26.7 2.5 29% 6 83 17 0 

BCEP 1 LLOPFR (1) n.c. n.c. n.c. 1 n.c. n.c. n.c. 
HLOPFR (1) n.c. n.c. n.c. 1 n.c. n.c. n.c. 

2 LLOPFR (1) n.c. n.c. n.c. 1 n.c. n.c. n.c. 
HLOPFR (1) n.c. n.c. n.c. 1 n.c. n.c. n.c. 

3 LLOPFR (1) n.c. n.c. n.c. 2 n.c. n.c. n.c. 
HLOPFR (1) n.c. n.c. n.c. 2 n.c. n.c. n.c. 

4 LLOPFR (1) n.c. n.c. n.c. 4 n.c. n.c. n.c. 
HLOPFR (1) n.c. n.c. n.c. 4 n.c. n.c. n.c. 

Legend: (1) no result because the uncertainty of XP or XE was too high. n.c. – not calculated. 
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Their LOQs were above the XE or XP, thus they were not able to detect 
the biomarkers. These “<LOQ results” were not considered false 
negatives. 

The comparison of mean of participants’ results and relevant XE or XP 
is illustrated in Fig. 2. The study RSDRs across all rounds for seven HFRs 
(BDE-47, BDE-153, BDE-209, anti-DP, syn-DP, α-HBCD, and γ-HBCD) 
were in the range of 27–60% for LLHFR and 14–49% for HLHFR (Table 2). 
The highest variability of results within four rounds was for BDE-209, 
with the study RSDR being in the range of 64–75% and 50–89% for 
LLHFR and HLHFR, respectively. Comparable average RSDRs (expressed as 
a mean of study RSDRs from four rounds for BDE-47, BDE-153, DPs, and 
HBCDs) were in the 14–39% range, except for 60% for BDE-153 at LLHFR 
in round 1. 

The first reports on interlaboratory comparability on PBDEs (de Boer 
and Cofino et al., 2002; de Boer and Wells et al., 2006) showed the 
increasing agreement among laboratories over time, especially for 
BDE-209 reaching coefficients of variation of 20% and less (Duffek et al., 
2008). No such trend was observed for BDE-209 over all rounds. Further 
studies presented results from interlaboratory comparisons on the 
analysis of BFRs in solvent mixtures (Melymuk et al., 2015) and biota 

and sediment samples (Ricci et al., 2020). Significantly poorer accuracy 
and precision for DBDPE, TBBPA, and HBCD isomers (>50% RSDs 
among measured values) and large deviations from the reference values 
(>25% bias in accuracy) suggest potential problems for comparability of 
the results (Melymuk et al., 2015). In the most recent study, RSDs among 
expert laboratories in the certification exercise for the testing of fish 
tissue and sediment were in the range of 9–13% (for BDE-47, BDE-153, 
and BDE-209) and 8–9% (for BDE-47 and BDE-153), respectively. The 
RSD of HBCD data (17%) reveals that they are more challenging analytes 
compared to PBDEs (Ricci et al., 2020). In general, RSDRs achieved for 
BDE-47, BDE-153, and HBCDs within the presented study were quite 
comparable, showing no significant differences in data comparability. 
On the other hand, to compare the published data with the presented 
RSDRs, various interlaboratory study designs need to be considered 
(different matrices, different concentration levels, pre-selection of lab-
oratories etc.). 

3.6.2. OPFR metabolites in urine 
Table 3 provides an overview of the evaluation of participant per-

formance for OPFR metabolites after four rounds. The Z-score 

Fig. 2. The comparison of mean of participantś results and relevant XE or XP for BDEs, HBCDs and DPs (XE – BDEs in rounds 2-4, DPs in rounds 2 and 4, XP – BDEs in 
round 1, DPs in round 3 and HBCDs in rounds 2-4; error bars indicate uncertainty for XE/XP and RSDR for mean of participant́s results) 
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calculation was possible for DPHP, BClPP, and BDClPP. The rate of 
satisfactory results was relatively high in all four rounds for these OPFR 
metabolites, ranging from 67 to 100%. For BCEP only, the calculation of 
XE was not possible, mainly due to the limited number of results sub-
mitted by experts and participants. 

The average study RSDR across all rounds for OPFR metabolites was 
in a similar range of 37–42% for LLOPFR and 29–41% for HLOPFR. The 
highest RSDR was achieved in round 2 for DPHP, BDClPP, and BClPP 
(84%, 74%, and 55%, respectively). In contrast, the highest compara-
bility of the submitted results was obtained in the fourth round, when a 
substantial reduction of RSDR values was observed for DPHP, BDClPP, 
and BClPP (16%, 13%, and 24%, respectively). 

4. Conclusions 

The QA/QC programme within the HBM4EU project was designed 
and implemented for the complex spectrum of biomarkers of human 
exposure to HFRs. Among target compounds, not only common BFRs (e. 
g., PBDEs, HBCDs, and TBBPA), but also other recently monitored 
compounds (e.g., DPs) and OPFR metabolites were included. Altogether 
ten HFRs and four OPFR metabolites in serum and urine, respectively, 
were targeted in the QA/QC programme. The interlaboratory compa-
rability of these biomarkers at levels of the general European population 
was assessed. 

The results obtained within the ICI/EQUAS programme for FR HBM 
parameters confirmed a fairly significant network of European labora-
tories not only for routinely measured BDE-47, BDE-153, BDE-209, 
α-HBCD, and γ-HBCD but also for anti-DP and syn-DP, for which less 
biomonitoring data are published. On the other hand, the data revealed 
critically low analytical capacity in Europe for HBM of TBBPA, DBDPE, 
and 2,4,6-TBP as well as of OPFR biomarkers. The poor participation 
rate for OPFR metabolites made it challenging to evaluate the results 
according to SOPs. To overcome these difficulties, additional tools had 
to be used, especially web conferences with participants, discussions 
within the HBM4EU Quality Assurance Unit and the search for alter-
native approaches for results evaluation. 

Biological material in HBM surveys is considered valuable in terms of 
sample amount available for the analysis, and therefore emphasis should 
be placed on obtaining as much data as possible from a single sample. In 
this study, the scope of the participanting laboratories varied substan-
tially and in some cases did not cover all target biomarkers (e.g., analysis 
of PBDEs or HBCD only). On the other hand, the FR group is very diverse 
in its physicochemical properties and its potential for bioaccumulation. 
The analysis of both serum and urine, as well as the use of GC and LC 
instrumentation (e.g., analysis of PBDEs and HBCD) is required. The 
laboratories should demonstrate the ability to extend the spectrum of 
substances analysed, not only in response to HBM project requirements, 
but also to consider the possibility of combining methods for other 
halogenated compounds with similar properties, e.g. simultaneous 
determination of GC-MS amenable HFRs with polychlorinated 
bisphenols. 

The HBM4EU QA/QC programme has revealed the benefits of and 
need for a European network of analytical laboratories for human bio-
monitoring of FRs and other priority chemicals. This network would 
support the increasing HBM and risk assessment studies by providing 
high-quality analytical results as well as expertise for new method 
development and their implementation, which is necessary for TBBPA, 
DBDPE, 2,4,6-TBP, and most OPFR metabolites. The network of labo-
ratories created under HBM4EU can be considered as the project’s leg-
acy for future human biomonitoring actions in Europe. 
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Cequier, E., Marcé, R.M., Becher, G., Thomsen, C., 2013. Determination of emerging 
halogenated flame retardants and polybrominated diphenyl ethers in serum by gas 
chromatography mass spectrometry. J. Chromatogr. A 1310, 126–132. https://doi. 
org/10.1016/j.chroma.2013.08.067. 
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A B S T R A C T   

In this biomonitoring study, we evaluated the concentrations of 8 polychlorinated biphenyls (PCBs), 11 orga-
nochlorinated pesticides (OCPs), 33 brominated flame retardants (BFRs), 7 novel brominated and chlorinated 
flame retardants (novel FRs) and 30 per- and polyfluoroalkylated substances (PFAS) in human serum samples (n 
= 274). A total of 89 persistent organic pollutants (POPs) were measured in blood serum samples of city po-
licemen living in three large cities and their adjacent areas (Ostrava, Prague, and Ceske Budejovice) in the Czech 
Republic. All samples were collected during the year 2019 in two sampling periods (spring and autumn). The 
identification/quantification of PCBs, OCPs, BFRs, novel FRs and PFAS was performed by means of gas chro-
matography coupled to (tandem) mass spectrometry (GC–MS/(MS)) and ultra-high performance liquid chro-
matography coupled to triple quadrupole tandem mass spectrometry (UHPLC–MS/MS). The most frequently 
detected pollutants were perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid 
(PFDA), perfluorooctanesulfonate (PFOS), perfluorohexanesulfonate (PFHxS), 2,2′,3,4,4′,5′-hexachlorobiphenyl 
(CB 138), 2,2′,4,4′,5,5′-hexachlorobiphenyl (CB 153), 2,2′,3,3′,4,4′,5-heptachlorobiphenyl (CB 170), 
2,2′,3,4,4′,5,5′-heptachlorobiphenyl (CB 180), hexachlorobenzene (HCB), and p,p’-dichlorodiphenyldichloro-
ethylene (p,p′-DDE) quantified in 100% of serum samples. In the serum samples, the concentrations of deter-
mined POPs were in the range of 0.108–900 ng g− 1 lipid weight (lw) for PCBs, 0.106–1016 ng g− 1 lw for OCPs, 
<0.1–618 ng g− 1 lw for FRs and <0.01–18.3 ng mL− 1 for PFAS, respectively. Locality, sampling season, and age 
were significantly associated with several POP concentrations. One of the important conclusions was that within 
the spring sampling period, statistically significant higher concentrations of CB 170 and CB 180 were observed in 
the samples from Ostrava (industrial area) compared to Prague and Ceske Budejovice. Older policemen had 
higher concentrations of five PCBs and two OCPs in blood serum.   

1. Introduction 

Blood (including plasma, serum and specific blood components – e. 
g., lymphocytes) represents one of the most important and commonly 
used biological material for determining the levels of various biomarkers 
including the persistent organic pollutants (POPs) such as poly-
chlorinated biphenyls (PCBs), organochlorinated pesticides (OCPs), 
brominated flame retardants (BFRs), novel brominated and chlorinated 
flame retardants (novel FRs), and per- and polyfluoroalkylated 

substances (PFAS) (Alves et al., 2014; Angerer et al., 2007; Luque et al., 
2012). Biomonitoring studies require accurate and sensitive quantitative 
measurements of POPs in blood in order to study the relationship be-
tween an individual’s exposure to these pollutants and their effects on 
health (Hao et al., 2020). 

POPs are listed in the Stockholm Convention for their persistence, 
potential toxic properties, bioaccumulation, and long-range atmo-
spheric transport ability (“Listing of POPs in the Stockholm Convention, 
” n.d.). However, the main problem is their tendency to accumulate in 
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the environment for a long time, and despite the ban or restriction on 
their use, they are still detected in various environmental compartments 
including living organisms (Alves et al., 2014). Overall, POPs may be 
hazardous to human health; as an increasing number of epidemiological 
studies have demonstrated, POP exposure is associated with a number of 
negative effects such as neurotoxicity, disruption of thyroid function and 
male reproductive hormones, and declining sperm quality (in terms of 
concentration, viability, morphology and motility) (Chen et al., 2011; 
Foster Warren G. et al., 2010; Y. Yu et al., 2020; Zheng et al., 2017). 
Contrary to the classic POPs, PFAS do not tend to accumulate in lipids, 
but rather create a strong bond to protein fractions in blood (Jian et al., 
2018; Sochorová et al., 2017). Nowadays, PFAS are a constantly 
emerging issue, mainly because of their bioaccumulation, potential to 
expand into almost all parts in the ecosystem and the possible negative 
effects on human health (e.g., allergic disease, endocrine dysfunction, 
hepatotoxicity, cardiovascular and kidney diseases, low birth weight of 
newborns and decreased enzyme activity) (Geiger et al., 2014; Lee et al., 
2018; Motas Guzmàn et al., 2016; Verner Marc-André et al., 2015). A 
number of human epidemiological studies provides strong support for 
the causal associations between exposure to perfluorooctanesulfonate 
(PFOS)/perfluorooctanoic acid (PFOA) and increased serum cholesterol 
in adults (Knutsen et al., 2018). In general, human exposure to PFAS is 
primarily through food intake (fish, seafood, crops, and food packaging), 
environmental sources, and drinking water. PFAS can easily accumulate 
in the human body, which is caused by a slow elimination rate and 
biodegradability of long-chained PFAS (Cui et al., 2020). 

Human biomonitoring focuses on the analysis and distribution of 
pollutants and their metabolites in the human body and related diseases. 
Regarding human biological samples, studies have monitored a number 
of POPs in maternal serum, umbilical cord serum, urine, amniotic fluid, 
seminal fluid, cerebrospinal fluid, and breast milk (Cabrera-Rodríguez 
et al., 2019; Cui et al., 2020; Kubwabo et al., 2013; Luzardo et al., 2009; 
McComb et al., 2019; Raymer et al., 2012; Zhang et al., 2018). In 
addition, POP concentrations in serum may represent an indicator of 
their circulation through all organs in the human body, and samples can 
be collected from the entire population, unlike, e.g. breast milk (only 
from pregnant women). It needs to be emphasized that serum collection 
is limited by the required volume, especially if infants are studied. 
Moreover, classic POPs are detected at trace levels in serum compared to 
adipose tissue. Therefore, a high throughput extraction method using a 
small volume of serum sample is needed in a combination with a method 
of instrumental analysis that detects trace amounts of POPs with high 
accuracy (Artacho-Cordón et al., 2015b; Lee et al., 2020a; Ploteau et al., 
2016). 

The presented research was conducted within the frame of a project 
“Healthy Aging in Industrial Environment” (HAIE), which evaluates the 
effects of selected environmental and lifestyle risk factors on the health 
and aging of the population in the industrial region. Currently, there is 
no published study in Europe which has focused on the investigation of 
such a wide range of POP in blood serum samples obtained from an not 
yet described population group of city policemen. The main objectives of 
this study were to evaluate the concentrations of 89 POPs in the serum 
samples collected in 2019 from 142 city policemen residing in three 
cities of the Czech Republic (Prague, Ostrava, and Ceske Budejovice) 
and to evaluate how the POP concentrations were related to locality and 
age. 

2. Materials and methods 

2.1. Sample collection 

A total of 274 human serum samples were provided within the HAIE 
research programme (2018–2022). The samples were collected from the 
same city policemen in two rounds in 2019, spring (February/March; n 
= 142) and autumn (September/October; n = 132; 10 serum donors did 
not participate in the second period), living in three cities and their 

adjacent areas in the Czech Republic (Prague, Ostrava and Ceske 
Budejovice). The collection of human samples was approved by the 
Ethics Committee of the Institute of Experimental Medicine of the Czech 
Academy of Sciences before the start of the HAIE project. All partici-
pants of these surveys signed an informed consent. 

Prague is the capital and the largest city of the Czech Republic and is 
therefore considered the most densely populated area (1 335 000 in-
habitants) in this country, with a high level of traffic. Ostrava, with its 
290 000 residents, is the third largest city of the Czech Republic. Thanks 
to its historical consequences in heavy industry and coal mining (the last 
coal mining ended in 1994), it is also known as the most industrial area. 
At present, Nova Hut (known as Liberty Ostrava), which deals with 
metallurgy and mechanical engineering, is the largest industrial 
contributor to environmental pollution, but it has undergone a major 
modernization. The main causes of environmental pollution in this re-
gion can be transport, and rather than industrial character, it is a 
geographical influence, where pollutants may penetrate from neigh-
bouring Poland most often in inverse weather. Ceske Budejovice is an 
urban residential area with agriculture and 94 000 inhabitants. The 
industrial burden in this city is the lowest in comparison with Prague 
and Ostrava. 

All participants (age: 21–63) had been residents in the selected lo-
calities for at least five years. Each participant filled a detailed ques-
tionnaire describing the exposure and lifestyle. More details about the 
main characteristics of the city policemen are summarized in Table 1. 

2.2. Standards, chemicals and other materials 

Methanol, dichloromethane, diethylether, n-hexane, isooctane, and 
sulphuric acid (98%) were supplied by Merck (Germany). Acetonitrile 
and anhydrous magnesium sulphate (98%) were obtained from Sigma- 
Aldrich (USA); acetone and sodium chloride (99.9%) from Penta 
(Czech Republic). Polypropylene centrifuge tube filters (nylon, pore size 
0.22 μm) were purchased from Sigma-Aldrich. Florisil® for residual 
analysis (0.15–0.25 mm) supplied by Merck was activated by heating at 
600 ◦C for 4 h, then at 130 ◦C for 5 h followed by storage in a desiccator. 

The characteristics of all target analytes (full name of the compound, 
abbreviation, concentration, CAS number and other information) and 
the preparation of calibration/working standards and solutions are 
described in Tables S1 and S2, respectively, in the Supplementary ma-
terial. The individual standards of 30 PFAS were obtained from 
Wellington Laboratories (Guelph, Ontario, Canada). Standards of BFRs, 
including 16 PBDE congeners, 4 hydroxylated PBDEs (OH-PBDEs), 
TBBPA, HBCD isomers (α-, β- and γ-), and other BFRs (PBT, PBEB, HBB, 
BTBPE, OBIND, and DBDPE), were supplied by Wellington Laboratories. 
The brominated phenols together with seven novel FRs (DBE-DBCH, syn- 

Table 1 
Characteristics of the city policemen in the study.  

Variable/Sampling region Ostrava Ceske 
Budejovice 

Prague 

Number of samples (spring/ 
autumn period) 

56/53 18/17 68/62 

Personal information 
Age (years) 

Mean (min-max) 
40 (21–61) 38 (22–48) 40 (23–63) 

Weight (kg) 
Mean (min-max) 

93 (59–145) 94 (75–130) 93 (67–121) 

Height (cm) 
Mean (min-max) 

181 
(170–195) 

183 (176–190) 181 
(168–195) 

Body mass index BMI (kg/ 
m2) 
Mean (min-max) 

28.5 
(20.4–44.8) 

28.1 
(23.1–41.0) 

28.5 
(19.4–39.1) 

Previous smoking (yes/no) 15/41 5/13 20/48 
Education level 
Secondary 49 15 52 
University 7 3 16  
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DP, anti-DP, DPTE, EH-TBB, HCDBCO and TBCO) were obtained from 
AccuStandard (New Haven, CT, USA). The individual standards of PCBs 
(No. 65, 166, 118, and 170, a standard mixture of PCB-MIX 1 with 6 PCB 
congeners (No. 28, 52, 101, 138, 153, and 180), and 11 OCP standards 
were supplied by Dr. Ehrenstorfer (Augsburg, Germany). Internal stan-
dards of BFRs and isotopically labelled internal standards of PFAS were 
purchased from Wellington Laboratories. The purity of all standards was 
at least 97%. 

The human blood serum used for the validation experiments was 
obtained from Sigma-Aldrich. Standard reference material of fortified 
human blood serum SRM 1958 was supplied by the National Institute of 
Standards and Technology (NIST, Gaithersburg, Maryland, USA). 

2.3. Sample preparation procedure 

The sample preparation procedure used for serum analysis was fully 
described in detail in our earlier study reported by Svarcova et al. (2019) 
and summarized in the Supplementary material. Briefly, non-polar 
compounds (PCBs, OCPs, PBDEs, and novel FRs) were isolated from a 
human blood serum (3 g) using a triple extraction into a mixture of 
n-hexane:diethylether (9:1; v/v), followed by purification using 
solid-phase extraction on a hand-made Florisil® column. For the isola-
tion of more polar and lipophobic (PFASs, OH-PBDEs, HBCDs, TBBPA 
and brominated phenols) analytes, the remaining fraction was extracted 

into the acetonitrile with the support of added inorganic salts (sodium 
chloride and magnesium sulphate). 

2.4. Instrumental analysis 

The determination of OCPs, PCBs, novel FRs, and BFRs (PBDEs, 
BTBPE, DBDPE, DBE-DBCH, anti-DP, syn-DP, DPTE, EH-TBB, HBB, 
HCDBCO, OBIND, PBEB, PBT, and TBCO) was performed using an 
Agilent 7890A GC gas chromatograph (Agilent Technologies, USA), 
coupled to an Agilent 7000C MS triple quadrupole mass spectrometer 
(Agilent Technologies, USA), operated in the electron ionisation (EI) 
mode for OCPs and PCBs and negative chemical ionisation (NCI) mode 
for PBDEs and novel FRs. For the OCPs and PCBs separation, a capillary 
column DB-5MS (30 m × 0.25 mm i.d. × 0.25 μm film thickness; Agilent 
Technologies, USA) was used. In the case of BFR and novel FR analysis, a 
DB-XLB capillary column (15 m × 0.25 mm i.d. × 0.1 μm film thickness; 
Agilent Technologies, USA) was applied. For more information about 
the other parameters of GC₋MS analysis, see the studies published by 
Kalachova et al. (2013a), (2013b) and Svarcova et al. (2019). 

The ultra-high performance liquid chromatography coupled to tan-
dem MS (UHPLC₋MS/MS) was used for the analysis of PFAS, OH-PBDEs, 
HBCDs, TBBPA, and brominated phenols. An Agilent 1290 Infinity II LC 
system interfaced with a mass spectrometer Agilent Triple Quadrupole 
G6495A (Agilent Technologies, USA), operated in the multiple reaction 

Table 2 
Concentrations of PCBs, OCPs, BFRs, and PFAS in blood serum samples of city policemen (n = 274).a,b,c  

1. Round – spring 2019 (n = 142) 2. Round – autumn 2019 (n = 132) LOQ  

Analyte Samples >
LOQ (%) 

Mean Median Min-max 5–95% 
Percentile 

Samples >
LOQ (%) 

Mean Median Min-max 5–95% 
Percentile 

ng 
mL¡1 

PFBA 89 0.020 0.020 <0.01–0.332 0.005–0.058 88 0.023 0.023 <0.01–0.475 0.005–0.084 0.01  

PFHpA 81 0.017 0.016 <0.01–0.119 0.005–0.061 77 0.016 0.015 <0.01–0.197 0.005–0.058 0.01  
PFOA 100 0.810 0.934 0.081–2.60 0.166–1.93 100 0.871 1.00 0.075–2.90 0.160–2.10 0.01  
PFNA 100 0.323 0.342 0.034–2.07 0.082–0.810 100 0.361 0.383 0.036–3.00 0.079–0.944 0.01  
PFDA 100 0.150 0.162 0.025–0.554 0.054–0.365 100 0.177 0.178 0.031–0.719 0.056–0.525 0.01  
PFUdA 99 0.059 0.064 <0.01–0.184 0.023–0.148 100 0.060 0.057 0.014–0.322 0.021–0.179 0.01  
PFDoA 62 0.012 0.012 <0.01–0.093 0.005–0.047 55 0.011 0.011 <0.01–0.256 0.005–0.049 0.01  
PFTrDA 34   <0.01–0.062 0.005–0.027 31   <0.01–0.094 0.005–0.026 0.01  
PFHxS 100 0.379 0.436 0.043–1.73 0.077–0.915 100 0.398 0.459 0.044–1.79 0.085–0.908 0.01  
PFHpS 94 0.074 0.089 <0.01–0.565 0.005–0.218 92 0.060 0.076 <0.01–0.380 0.005–0.177 0.01  
PFOS 100 2.59 2.66 0.259–16.6 0.551–7.27 100 2.66 2.94 0.237–18.3 0.591–7.06 0.01 

ng g¡1 

lw 
CB 28 58 0.406 0.668 <0.1–7.28 0.050–5.37 61 0.272 0.399 <0.1–7.00 0.050–2.26 0.1  

CB 52 26   <0.1–0.931 0.050–0.508 31   <0.1–3.31 0.050–0.830 0.1  
CB 101 54 0.229 0.331 <0.1–4.09 0.050–1.58 20   <0.1–3.26 0.050–1.27 0.1  
CB 118 93 2.75 3.45 <0.1–18.7 0.050–8.38 97 3.46 3.85 <0.1–17.5 1.31–10.7 0.1  
CB 138 100 28.7 29.9 5.16–219 8.88–99.2 100 45.5 45.9 4.58–280 10.8–144 0.1  
CB 153 100 65.8 64.8 10.1–548 18.0–226 100 77.8 79.3 10.2–567 19.8–257 0.1  
CB 170 100 38.8 37.5 5.60–387 11.1–141 100 30.3 30.8 4.10–227 8.33–94.7 0.5  
CB 180 100 92.2 94.0 10.4–900 28.3–322 100 86.3 91.3 9.29–717 22.9–309 0.5  
HCB 100 17.4 18.1 2.74–63.4 7.45–44.9 100 15.7 15.5 4.54–68.7 6.28–43.4 0.1  
α-HCH 32   <0.1–7.66 0.050–3.28 1   <0.1–0.573 0.050–0.050 0.1  
β-HCH 75 1.57 3.68 <0.1–19.3 0.050–13.5 44   <0.1–31.3 0.050–19.7 0.1  
γ-HCH 32   <0.1–3.74 0.050–1.33 11   <0.1–29.2 0.050–3.81 0.1  
p,p′- 
DDE 

100 103 101 20.7–1016 35.8–326 100 129 123 22.7–997 41.2–416 0.1  

p,p′- 
DDD 

82 0.691 1.01 <0.1–11.9 0.050–3.83 92 1.09 1.34 <0.1–25.9 0.050–4.28 0.1  

p,p′- 
DDT 

51 1.38 2.97 <0.5–90.5 0.250–12.9 27   <0.5–101 0.250–11.4 0.5  

BDE 47 83 1.38 2.09 <0.1–29.8 0.050–18.9 99 1.65 1.67 <0.1–14.1 0.914–3.08 0.1  
BDE 
209 

44   <1.5–459 0.750–14.3 21   <1.5–618 0.750–230 1.5  

a Median and geometric mean values were calculated when in >50% of samples analyte was positively detected in a concentration above LOQ. 
b For results below LOQ, one-half the LOQ value was used. 
c PFAS: FOSA, N-MeFOSA, N-EtFOSA, PFDS, PFPeA, PFHxA, PFHxDA, PFODA, PFPrS, PFNS, PFDoS, HFPO-DA, NaDONA, 11Cl-PF3OUdS and PFTeDA, PFBS, PFPeS, 

9Cl-PF3ONS were quantified in 0–2 and 1–19% of samples, respectively; OCPs: o,p′-DDD, o,p′-DDT and δ-HCH were quantified in 3–8% and in 0% of samples, 
respectively; BFRs and novel FRs: BDE 49, BDE 66, BDE 85, BDE 100, BDE 154, BDE 183, BDE 196, BDE 197, BDE 203, BDE 207, DBDPE, EH-TBB, syn-DP and BDE 99, 
BDE 153, anti-DP were detected in 0–7% and 5–33% of samples, respectively; BDE 28, BDE 206, BTBPE, α-HBCD, β-HBCD, γ-HBCD, TBBPA, HBB, OBIND, PBEB, PBT, 
DPTE, HCDBCO, TBCO, DBE-DBCH, 2,4-DBP, 2,4,6-TBP, PBP, OH-PBDEs were not detected in any sample. 
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monitoring mode (MRM) using electrospray ionisation in a negative 
mode (ESI) was employed. Target analytes were separated on an Acquity 
UPLC BEH C18 analytical column (100 mm × 2.1 mm i.d., 1.7 μm 
particle size, Waters, USA). The mobile phase consisted of A) 5 mM 
ammonium acetate in 20% acetonitrile in deionised water and B) 20% 

acetonitrile in methanol. Measurement conditions are described in 
detail in the study (Lankova et al., 2015) and in Table S3 in the Sup-
plementary material. 

Table 3 
Overview of current studies (2016–2020) dealing with PFAS, PCB and OCP median concentrations in human serum samples collected worldwide.   

A) PFAS median concentrations (ng mL-1) in human blood serum.a,b,c. 

PFAS (ng mL− 1) 

Country Year of sampling Number of samples PFOS PFOA PFNA PFHxS References 

Faroe Islands 2007–2008 51 5.59 1.00 0.76 0.50 Hu et al. (2018) 
Denmark 2008–2013 1533 8.28 2.02 0.76 0.48 Bjerregaard-Olesen et al. (2016) 
Sweden 2007–2010 1616 5.30 1.60 0.52 1.20 Shu et al. (2018) 

2007–2010 1533 5.38 1.61 0.53 1.23 Wikström et al. (2020) 
2011–2014 603 9.4a 2.8 1.1 7.5 Stubleski et al. (2016) 

Belgium 2008–2009 201 12.6 3.50 0.87 1.61 Colles et al. (2020) 
Norway 2007–2008 99 5.52 1.06 0.28 0.25 Papadopoulou et al. (2016) 

2010–2011 495 6.58 1.87 0.47 0.59 Averina et al. (2018) 
2013–2014 61 5.24 1.90 0.94 0.78 Poothong et al. (2020) 

Czech Republic 2015 300 2.43 0.756 0.325 0.184 Sochorová et al. (2017) 
2019 (spring) 142 2.66 0.934 0.342 0.436 Presented study 

USA 2009–2016 450 3.20 1.07 0.50 0.30 Kim et al. (2020) 
2011–2015 1257 7.07 2.47 0.909 1.58 Hurley et al. (2018) 
2013–2014 458 3.75 1.94 0.700 0.810 Ye et al. (2018) 
2014–2016 123 3.72 1.81 0.61 0.67 Trasande et al. (2017) 
2016 45 23.4b 11.7b 0.8b 7.7b Worley et al. (2017) 
2016–2018 1030 3.04 2.01 0.78 1.22 Yu et al. (2020a) 

China 2009 60 16.0 3.00 1.1 2.5 Liu et al. (2020) 
2014 45 20.1 17.0 2.04 0.45 Wu et al. (2017) 
2015 39 9.24 1.96 0.76 0.50 Wang et al. (2018) 
2015–2016 132 4.07 2.21 0.57 0.24 Gao et al. (2019) 
2015–2018 424 4.32 0.99 0.42 0.16 Cai et al. (2020) 
2017 252 14.2 14.8 3.17 0.33 Duan et al. (2020) 
2017 15 13.9c 3.59c 0.45c 10.7c Gao et al. (2018) 
2018 85 4.90 2.80 1.30 0.50 Jin et al. (2020) 

South Korea 2009–2010 1874 10.2b 2.85b N/A N/A Lee et al. (2017) 
Japan 2009–2010 339 4.50 2.10 1.80 0.46 Nakayama et al. (2020) 
Saudi Arabia 2017–2018 108 5.30 1.03 0.50 1.48 Banjabi et al. (2020) 
Australia 2002–2013 29 4.40c 2.90c 0.55c 2.50c Eriksson et al. (2017) 

2016–2017 2400 5.71c 1.84c 0.47c 2.11c Toms et al. (2019) 
New Zealand 2011–2013 63 3.40b 2.40b 0.66b 1.0b Coakley et al. (2018)  

B) PCB and OCP median concentrations (ng g− 1 lw) in human blood serum.a,b,c 

PCBs (ng g− 1 lw) 

Country Year of sampling Number of samples CB 138 CB 153 CB 180 References 

Spain 2006 322 48.3 122 63.4 Zubero et al. (2017) 
2013 127 4.07 10.7 13.0 Zubero et al. (2017) 

Italy (highly polluted area) 2013–2014 816 53.5 93.5 118 Zani et al. (2019) 
Belgium 2015 252 ND 53.8 41.1 Pirard et al. (2018) 
Czech Republic 2015 38 71 137 158 Svarcova et al. (2019) 

2019 (spring) 142 29.9 64.8 94.0 Presented study 
USA 2016–2018 1000 7.45a 10.7b 7.68b Du et al. (2020) 
China 2016–2017 High/low exposure group (n = 38/38) 22.7/6.81 22.5/8.08 19.2/3.92 Yu et al. (2020b) 
Korea 1994–2013 151 5.00 10.2 6.95 Moon et al. (2017) 

2011 148 4.67 9.80 ND Choi et al. (2018) 
2019 25 2.87c 4.18c 2.72c Lee et al. (2020a, 2020b) 

Lebanon 2013–2015 316 8.20 16.4 24.1 Helou et al. (2019) 
Iran 2016–2017 300 69.4 159 108 Karimi et al. (2020) 

OCPs (ng/g lipid weight) 
Country Year of sampling Number of samples HCB p,p′-DDE p,p′-DDT References 

Czech Republic 2015 38 29.6 207 13.5 Svarcova et al. (2019) 
2019 (spring) 142 18.1 101 2.97 Presented study 

Korea 1994–2013 151 – 101 7.73 Moon et al. (2017) 
2011 147 4.13 63.4 5.31 Choi et al. (2018) 
2019 25 6.10c 36.3c 3.65c Lee et al. (2020a, 2020b) 

China 2014 1923 190 444 11.4 Wang et al. (2017) 
Lebanon 2013–2015 316 5.80 15.1 15.6 Helou et al. (2019) 
Iran 2016–2017 300 ND 22.4 18.6 Karimi et al. (2020) 
Australia 2012–2013 2400 5.60 129 4.30 Thomas et al. (2017) 
Russia 2012–2018 152 150 275 – Abou Ghayda et al. (2020) 

NOTES: a L-PFOS; b Geometric mean; c Mean. 
NOTES: Not mentioned; ND not detected; a CB 138 + CB 158; b Geometric mean; c Mean. 
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2.4.1. Quality control and validation 
To monitor background contamination, a procedural blank (deion-

ised water was used instead of serum) was prepared together with each 
batch of 20 samples. When POP concentrations were determined in the 
procedural blank (the values centred around the limits of quantitation 
(LOQs)), the procedural blank was subtracted from the detected con-
centrations in the respective sample batch. LOQs were estimated as the 
lowest calibration standard with the signal to noise ratio (S/N) > 10 for 
the quantitative transition (ion), and S/N > 3 for at least one confir-
mation transition (ion). To compensate the unexpected matrix effects 
mainly in the GC injector, the standards of PCBs (CB 65 and CB 166) and 
BFRs (BDE 37, 77 and 13C12-BDE 209) were used. To monitor the 
correction of possible matrix effects in the ion source of LC₋MS system 
and the extraction efficiency (recovery of analytes), isotopically labelled 
surrogates (13C12-PFAS, 13C12-TBBPA, and 13C12-HBCDs) were applied. 

The validation of the analytical method for the analysis of 78 orga-
nohalogenated contaminants and newly added 11 PFAS (PFHxDA, 
PFODA, PFPrS, PFPeS, PFHpS, PFNS, PFDoS, HFPO-DA, NaDONA, 9Cl- 
PF3ONS, and 11Cl-PF3OUdS) in human blood serum is described in 
detail in our previous study (Svarcova et al., 2019) and in the Supple-
mentary material. 

2.5. Lipid content determination 

The resulting concentrations of non-polar POPs (OCPs, PCBs, novel 
FRs, PBDEs, and other BFRs) are commonly expressed on a lipid weight 
(lw) basis. Due to the very low lipid content in blood serum, it is not 
possible to determine its amount gravimetrically, and it is necessary to 
use a more accurate enzymatic method. The determination of the total 
lipid content is performed by the measurement of individual lipid clas-
ses, such as triacylglycerols and cholesterol in mmol L− 1, which are then 
converted to g l− 1 according to the equations mentioned in the studies 
reported by Covaci et al. (2006) and Rugge et al. (2011). 

2.6. Statistical analyses 

All statistical analyses were performed in Metaboanalyst (metboa-
nalyst.ca) or using custom built R-scripts. Only analytes with concen-
trations above LOQs in 50% and more samples were used for further 
statistical evaluation. Analysis of Variance (ANOVA) followed by 
Tukey’s post hoc tests and paired t-tests were used to evaluate different 
levels of contaminants between localities and sampling time, respec-
tively. For significantly differing analytes (p-value < 0.05), fold changes 
were calculated using the group’s median concentrations. Additionally, 
Spearman’s rank correlation coefficient was calculated to confirm a 
trend of increasing intensity between age groups. Logarithmic trans-
formation was used prior any univariate statistical test to ensure normal 
distribution of the data. 

3. Results and discussion 

3.1. POPs in blood serum samples 

The results of 89 POP concentrations (geometric mean, median, 
minimum and maximum, 5–95% percentile, and the number of positive 
samples) measured in the serum samples from both sampling periods 
and three residential areas are summarized in Table 2. The lipid content 
reached 0.27–1.47% (w/w) with a mean value of 0.58%. The most 
abundant contaminants were PFOA, PFNA, PFDA, PFOS, PFHxS, CB 138, 
CB 153, CB 170, CB 180, HCB, and p,p′-DDE quantified in all samples, 
followed by PFUdA, PFHpS, PFBA, PFHpA, PFDoA, CB 28, CB 101, CB 
118, β-HCH, p,p′-DDD, and p,p′-DDT found in >50% of serum samples. 
As the values of POP concentrations in both periods are very similar, 
only the spring period with all participants will be further discussed. 

Selected PFAS, PCB, and OCP concentrations in serum samples from 
the most recent papers (2016–2020) are summarized in Table 3. 

PFAS belonged to the dominant group of more polar contaminants in 
human blood serum. The total concentrations of all detected 

∑
PFAS 

ranged from 0.516 to 22.2 ng mL− 1 (mean 5.54 ng mL− 1, median 4.93 
ng mL− 1). The highest concentrations were determined for PFOS (me-
dian 2.66 ng mL− 1), followed by PFOA (median 0.934 ng mL− 1), PFHxS 
(median 0.436 ng mL− 1) and PFNA (median 0.342 ng mL− 1). The me-
dians of PFOA, PFNA, PFHxS, and PFOS from our study are comparable 
with the only data obtained within the similar Czech study (Sochorová 
et al., 2017). Moreover PFOA concentration in serum samples obtained 
from men were lower compared to women (Sochorová et al., 2017). 
Higher concentrations of PFOA in serum were observed in the elderly 
population (50–65 years of age) and in the population with higher ed-
ucation, however this trend has not been seen in our study (p-value >
0.05). A contributor to higher levels of PFOA may also be the higher 
intake of dairy products and milk (Sochorová et al., 2017). 

In general, as documented in Table 3, the concentrations of PFOA, 
PFNA, PFHxS, and PFOS in serum of Czech population are the lowest in 
comparison with the other countries in Europe. The reason may be that 
these compounds have never been produced in the Czech Republic. 
Compared to studies from China (Duan et al., 2020; Wu et al., 2017) and 
USA (Worley et al., 2017), our results are approximately seven times 
lower for PFOS and sixteen times lower for PFOA. These levels, which 
are among the highest (median PFOS: 20.1 ng mL− 1 and PFOA: 17.0 ng 
mL− 1), were detected in serum samples from Shanghai (sampling of 
2014), which is one of the most populous and largest cities in China, 
where these substances are still produced. A polluted environment also 
contributes to these high levels (Wu et al., 2017). Higher serum PFOS 
(3–5 times) and PFOA (3–17 times) levels were found within the recent 
studies from Belgium (Colles et al., 2020), China (Duan et al., 2020; Gao 
et al., 2018; Liu et al., 2020) and South Korea (Lee et al., 2017). The 
serum concentration values of PFOS and PFOA detected in the Belgian 
study were four times higher compared to our results. Nevertheless, 
within five years Belgium has announced a decrease in PFOS concen-
trations (median: 7.58 ng mL− 1) by about a half, but PFOA levels (me-
dian: 2.94 ng mL− 1) are almost unchanged (Colles et al., 2020). In the 
USA, where these substances were produced on a large scale until about 
2002 by 3M Company, a declining trend like in Europe is evident. If we 
compare the values in the studies from 2011 to 2015 and 2016–2018, 
the decrease in PFOS amounts is approximately two and a half times. 
This declining trend can be explained by the overall decline in PFOS 
concentrations in the general U.S. population (Kato et al., 2011) and 
blood donors (Olsen et al., 2017) due to the termination of PFOS pro-
duction in the USA since 2000 (Hurley et al., 2018; C. H. Yu et al., 2020). 
A study reported by Post et al. (2017) indicated, that ongoing exposures 
to even relatively low drinking water concentrations of long-chain 
perfluoroalkyl acids (PFAAs) including PFOA, PFOS, PFNA and PFHxS 
substantially increase human body burdens, which remain elevated for 
many years after elimination of possible exposure sources. 

The concentrations of non-polar POPs found in previous studies 
performed in the Czech Republic reached higher concentrations in 
comparison with other EU countries, thus one of the aim of present study 
was to confirm that the exposure to these contaminants continues to 
decline gradually. The obtained results confirmed the predominance of 
highly chlorinated PCB congeners (No. 138, 153, 170, and 180), which 
were also detected at the highest levels (median CB 138: 29.9 ng g− 1 lw; 
CB 153: 64.8 ng g− 1 lw; CB 170: 37.5 ng g− 1 lw, and CB 180: 94.0 ng g− 1 

lw). The total concentrations of targeted 
∑

8PCBs reached the values of 
34.1–2075 ng g− 1 lw (mean 310 ng g− 1 lw, median 226 ng g− 1 lw). In 
general the indicator PCBs (No. 138, 153, and 180) are commonly found 
in serum at the highest levels worldwide, therefore they were selected as 
the main PCB representatives and their concentrations are further 
compared. As shown in Table 3, the current results of selected PCB 
congeners are twice as low compared to the previous study (Svarcova 
et al., 2019). It can be claimed that PCB concentrations in the serum of 
Czech population are rather high compared to other countries. This 
means that our values of CB 138, CB 153 and CB 180 detected in serum 
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samples were approximately 2–13 times higher compared to all other 
studies from Europe (Zubero et al., 2017); (Esposito et al., 2014); 
(Kalantzi et al., 2011), USA (Du et al., 2020), China (Moon et al., 2017; 
Y. Yu et al., 2020b), Korea (Choi et al., 2018; Moon et al., 2017), 
Lebanon (Helou et al., 2019) and Tunisia (Hassine et al., 2014). The 
lowest findings of these PCB congeners were detected in one of the most 
recent studies conducted in Korea (Lee et al., 2020a). In contrast, the 
highest median concentration, especially for CB 153, was determined 
within the Iranian study (Karimi et al., 2020) – the measured concen-
tration was about 2 times higher compared to our study. It can be 
concluded that higher levels of selected PCB congeners in blood serum 
samples from the Czech Republic and Iran reflect the previous produc-
tion of technical mixtures in these areas and probably inefficient or 
insufficient disposal of materials containing these substances. 

Subsequently, a total of ten substances from the OCP group were 
detected in at least one sample, and three analytes (HCB, p,p′-DDE, p,p′- 
DDD) were quantified in more than 50% of the samples in both rounds 
(spring and autumn). Only one analyte (δ-HCH) was not detected in any 
sample. The total 

∑
DDTs (sum of p,p′-DDE; o,p′-DDE; p,p′-DDD; o,p′- 

DDD; p,p′-DDT, and o,p′-DDT) content in serum varied between 22.7 and 
1047 ng g− 1 lw (mean 143 ng g− 1 lw, median 103 ng g− 1 lw). The 
highest concentrations were determined for p,p′-DDE (median 101 ng 
g− 1 lw). The most abundant compounds were HCB and p,p’-DDE and 
therefore are further compared with the published data in Table 3. 
Within the comparison in the Czech Republic, the median values of HCB 
and p,p’-DDE in current study are twice as low compared to the previous 
study (Svarcova et al., 2019). The targeted p,p’-DDE reached the highest 
levels in all countries and the current median concentration is in a good 
agreement with Italian, Tunisian, Korean, and Australian studies 
(Amodio et al., 2012; Hassine et al., 2014; Moon et al., 2017; Thomas 
et al., 2017). Two times higher median concentrations were observed for 
p,p’-DDE in serum in South Korea (Kang et al., 2008), Greece (Kalantzi 
et al., 2011) and Russia (Abou Ghayda et al., 2020). Medians of p,p’-DDE 
are 2–7 times lower in Turkey (Ulutaş et al., 2015), Korea (Choi et al., 
2018; Lee et al., 2020a), Lebanon (Helou et al., 2019) and Iran (Karimi 
et al., 2020) compared to results from the Czech Republic. In the case of 
HCB, higher median concentrations (2–8 times) were published in the 
Russian (150 ng g− 1 lw), Spanish (109 ng g− 1 lw) and Tunisian studies 
(39.3 ng g− 1 lw) (Abou Ghayda et al., 2020; Hassine et al., 2014; Porta 
et al., 2012). Comparable HCB concentrations were found in other 
studies from Europe (Kalantzi et al., 2011) (Amodio et al., 2012) and 
South Korea (Kang et al., 2008). The lowest concentrations of HCB were 
detected in the study from South Korea (Choi et al., 2018). The highest p, 
p’-DDE and HCB levels were found in blood serum samples from China in 
a study reported by Wang et al. (2017). 

In the past, within the history of organochlorinated substances in 
Czechoslovakia, the occurrence of PCBs and OCPs was high everywhere 
in the environment, e.g. PCBs were produced under the name of Delor 
mixture and their production was stopped in 1984. Moreover, DDTs and 
HCB, among the other compounds, were produced in the Spolana Ner-
atovice chemical plant. All production of DDTs was terminated between 
1978 and 1983. HCB was also formed as an industrial by-product, 
banned as a pesticide in 1977, the production of which was termi-
nated altogether in 1968. Therefore, these substances still persist in the 
environment and it is necessary to re-evaluate the exposure of the Czech 
population after some time. When comparing median concentrations of 
the most abundant organochlorine analytes (CB 153, HCB, and 

∑
DDTs) 

determined by the National Institute of Public Health between 2005 and 
2015 in blood serum samples of Czech adults, supplemented by the 
values from this study (2019), a declining trend can be observed (me-
dians CB 153/

∑
DDTs/HCB; year 2005: 438/519/97; year 2007: 310/ 

339/63; year 2009: 195/282/48, and year 2019: 64.8/103/18.1 ng g− 1 

lw). Compared to 2005, the quantified levels of selected substances in 
our study (2019) are approximately 5–6 times lower. The reason is the 
aforementioned ban on the production and usage of these substances 
which leads to no further contamination of the environment. Moreover, 

these compounds are gradually eliminated from the environment, which 
leads to a reduction in the exposure of the Czech population to these 
contaminants (Černá et al., 2012, 2008, 2007, The National Institute of 
Public Health). 

BFRs and novel FRs belong to the minor target analytes in serum. The 
most frequently detected compounds, present in 83–99% and 21–44% of 
serum samples, were BDE 47 and BDE 209, respectively. From the novel 
FRs, anti-DP was quantified in 22–33% of samples. Other FRs, that were 
quantified in 5–28% of samples, were BDE 99 and BDE 153. Total of 24 
of 40 monitored FRs were found below the LOQs in tested samples. In 
comparison with the former study from the Czech Republic (Sochorová 
et al., 2017), the detection frequencies of the most common PBDEs (BDE 
47, 99, 153, and 209) were much lower than in the presented study. 
However, the maximum concentration for BDE 209 was higher 
(<1.5–2693 ng g− 1 lw) in serum samples collected from 2015 than in 
samples from 2019 (1.50–459 ng g− 1 lw). The contribution of individual 
PBDE congeners is quite variable across different studies and the 
possible explanation of this phenomenon could be the very different 
production and consumption rates of BFRs across the countries, e.g. 
BFRs have been produced in the U.S. and therefore the higher amounts 
could be expected in human blood serum from the American studies 
compared to the results from the Czech Republic where those com-
pounds have never been produced. In a recent study from Sweden 
(Bjermo et al., 2017), congeners BDE 153, BDE 209 and BDE 47 were 
most commonly found in serum, with a detection frequency (DF) 
reaching 100%, 74% and 24%, respectively. In similar study, the most 
abundant PBDEs in blood serum of the Danish population were BDE 47, 
BDE 99, BDE 153 and BDE 209 reaching DF of 84–98% and 56% (Vor-
kamp et al., 2014). In an American study BDE 47, BDE 100 and BDE 153 
were the ones most frequently found in blood serum, with DF ranging 
from 78 to 80% (Hurley et al., 2017). Considering the present results, 
BDE 47 median value is in a good agreement with European, Chinese 
and New Zealand studies (Antignac et al., 2009; Coakley et al., 2018; 
Vorkamp et al., 2014; Y. Yu et al., 2020). However, the concentration of 
this contaminant was approximately seven times lower compared to 
studies from the USA (Butt et al., 2016; Hurley et al., 2017; Makey et al., 
2014). These results support the hypothesis that elevated PBDE con-
centrations are in human serum samples from country where the tech-
nical mixtures of PBDEs have been produced and widely used. The 
median of BDE 209 measured in the present study was lower compared 

Table 4 
Fold change of significantly differing (based on ANOVA, p-value < 0.05 followed 
by Tukey’s Post-hoc tests) contaminants between localities (Ostrava, Ceske 
Budejovice, and Prague).a     

Fold change (MEDIAN) 

Season Group 
of POPs 

Analyte Ostrava – 
Ceske 
Budejovice 

Prague – 
Ceske 
Budejovice 

Prague – 
Ostrava 

Spring 
(2019) 

PCBs CB 28 0.03† 0.65 18.67 
CB 118 1.02 0.84 0.83†

CB 138 1.29 0.96 0.74# 

CB 153 1.45 0.97 0.67†

CB 170 1.74† 1.02 0.59‡

CB 180 1.78† 1.01 0.57‡

OCPs p,p’- 
DDD 

0.77# 1.03 1.33‡

BFRs BDE 47 2.78 0.71 0.26‡

PFAS PFHxS 1.44† 1.15 0.80 
PFHpA 1.14 1.36# 1.19 
PFDA 0.55† 0.76 1.36 

Autumn 
(2019) 

PCBs CB 118 1.09# 0.93# 0.85 
CB 180 1.55 1.08 0.70# 

PFAS PFHxS 1.37† 1.12 0.81# 

PFDA 0.41‡ 0.68# 1.66‡

PFUdA 0.46† 0.46† 0.99  

a Fold changes were calculated using group’s median values (#p < 0.05; † p- 
value < 0.01; ‡ p-value < 0.001 from Tukey’s Post-hoc test). 
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to the world, namely nine times lower than in Europe (Antignac et al., 
2009; Vorkamp et al., 2014) and thirteen times lower than in serum 
from China (Qiao et al., 2018; Y. Yu et al., 2020). Nevertheless, 
compared to blood serum from Sweden (Bjermo et al., 2017; Darnerud 
et al., 2015), current BDE 47 concentrations were five times higher and 
for BDE 209 the levels were comparable. 

3.2. Differences between sampling localities (Prague, Ostrava and Ceske 
Budejovice) 

As shown in Table 4, within the spring 2019, the median concen-
trations indicated statistically significant associations between localities 
for 11 POPs, namely CB 28, CB 118, CB 138, CB 153, CB 170, CB 180, p, 
p’-DDD, BDE 47, PFHxS, PFHpA, and PFDA (ANOVA followed by 
Tukey’s Post-hoc tests). The measured concentrations of five PCBs (CB 
118, CB 138, CB 153, CB 170, and CB 180) and BDE 47 were signifi-
cantly higher (1.2–4 times) in serum samples from the city of Ostrava 
(an industrial area with a long-term polluted environment) compared to 
Prague (highly populated area). The highest PCB levels (highly chlori-
nated PCBs), were also found for the Ostrava region in an earlier Czech 
study especially in serum samples from men (Černá et al., 2008). 
However, PFDA and p,p’-DDD showed an opposite trend, when their 
concentrations decreased significantly in serum samples from Ostrava in 
comparison to Ceske Budejovice. The city of Ceske Budejovice is more 
focused on agriculture than the other monitored cities, and in the past 
DDTs were used there, so it can be a historically older burden of the 
environment. In the case of serum samples collected in autumn 2019 

with focus on variability between residential areas, a statistically sig-
nificant trends were observed for three PFAS (PFDA, PFUdA, and 
PFHxS) and two PCBs (CB 118 and CB 180). Higher levels of CB 180 and 
PFHxS in this period were determined again in the city of Ostrava. On 
the other hand, PFUdA and PFDA concentrations increased significantly 
in serum samples obtained in Ceske Budejovice, see Table 4 and Fig. S1. 
In summary, higher findings of PCBs in Ostrava may be caused by the 
industrial character associated mainly with the past of this city and also 
by the fact that the only incinerator plant in the Czech Republic with a 
permit to burn waste containing PCBs is located here. Although, PFAS 
have never been produced in the Czech Republic, it is possible that some 
intermediates with PFAS content were processed in Ostrava and there-
fore, higher amounts of some PFAS in the serum samples from Ostrava 
were observed. Therefore, more studies with a larger set of samples from 
different areas of the Czech Republic would be needed. 

3.3. Differences between seasons (spring and autumn 2019) 

According to the paired t-test, statistically significant season- 
dependent differences in at least one city were noted for CB 28, CB 
118, CB 138, CB 170, p,p’-DDE, p,p’-DDD, BDE 47, PFBA, and PFDA 
(Table 5). The serum concentrations of CB 170 and BDE 47 in Ostrava 
showed higher levels (up to three times higher) in spring, while results of 
CB 138 and p,p’-DDD were lower during this period. The observed trends 
were very diverse: the concentrations of CB 28 in serum collected in 
Ceske Budejovice during the spring had an increasing trend (up to four 
times) and, conversely, slightly decreased for CB 138. The last moni-
tored city was Prague, where higher values of CB 138, p,p’-DDE, and 
PFDA in the blood serum from the autumn period were mostly observed. 
The differences were very variable and could probably be related, for 
example, to a change of daily diet during spring and autumn, as well as 
to the origin of the food within each period. Although, the minor dif-
ferences for less abundant contaminants were observed, they were not 
consistent (no systematic changes has been documented) as well as 
without trends and therefore could be assumed that within such short 
period no significant changes in POP concentrations in blood serum 
occur. 

3.4. Differences between age groups 

As summarized in Table 6, all these analytes met the criterium of 
ANOVA (p-value <0.05), that confirmed significantly different con-
centrations of the targeted POPs between age groups (21–30; 31–40; 
41–50, and 51–60 years of age; for Ceske Budejovice only the first three 
groups were used). As all significant POPs showed a trend of increasing 
concentration with increasing age, Spearman rank correlation coeffi-
cient was calculated to confirm the positive correlation. For all five PCBs 
(CB 118, CB 153, CB 170, and CB 180), three OCPs (HCB, p,p’-DDE, and 

Table 5 
Fold change of significantly differing (based on paired t-test, p-value < 0.05) 
contaminants between serum samples from spring and autumn 2019 (signifi-
cance in at least one city).a    

Fold change (MEDIAN) 

Group of 
POPs 

Analyte Ostrava 
(spring- 
autumn) 

Ceske Budejovice 
(spring-autumn) 

Prague 
(spring- 
autumn) 

PCBs CB 28 0.08 4.46‡ 4.17# 

CB 118 0.91 0.97 0.88†

CB 138 0.57# 0.61† 0.63‡

CB 170 1.35† 1.11 1.11 
OCPs p,p’- 

DDE 
0.89 0.82 0.68# 

p,p’- 
DDD 

0.60‡ 0.64 0.97 

BFRs BDE 47 3.19† 0.89 0.67‡

PFAS PFBA 0.74# 1.07 1.07 
PFDA 0.98 0.73 0.81†

a Fold changes were calculated using group’s median values (# p-value <0.05; 
† p-value < 0.01; ‡ p-value < 0.001 from t-test). 

Table 6 
The correlation between a selected statisticaly significant POP serum levels (ANOVA, p-value < 0.05 and Spearman’s rank correlation coefficient) with various age 
groups (21–30, 31–40, 41–50, and 51–63) in Ostrava, Ceske Budejovice and Prague.    

Ostrava Ceske Budejovice Prague 

Group of 
POPs 

Analyte ANOVA p- 
value 

Spearman’s rank correlation 
coefficient 

ANOVA p- 
value 

Spearman’s rank correlation 
coefficient 

ANOVA p- 
value 

Spearman’s rank correlation 
coefficient 

PCBs CB 118 6.42E-05 0.496 n.s. – 7.91E-05 0.467 
CB 138 4.56E-08 0.575 n.s. – 1.22E-15 0.619 
CB 153 2.88E-10 0.622 3.07E-03 0.498 1.10E-18 0.666 
CB 170 4.15E-14 0.679 1.43E-05 0.633 7.86E-22 0.721 
CB 180 1.22E-15 0.700 1.79E-06 0.647 2.36E-21 0.708 

OCPs HCB 1.25E-04 0.442 n.s. – 1.89E-06 0.398 
p,p’- 
DDD 

n.s. – n.s. – 2.23E-02 0.273 

p,p’- 
DDE 

3.02E-04 0.405 n.s. – 1.92E-09 0.464 

PFAS PFOS n.s. – n.s. – 1.76E-02 0.242 
PFHpS n.s. – n.s. – 2.22E-02 0.292  
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Fig. 1. A Box-plots of human serum concentrations of PCBs and OCPs in Ostrava, divided on the basis of different age groups (21–30, 31–40, 41–50, and 51–63).B: 
Box-plots of human serum concentrations of PCBs in Ceske Budejovice, divided on the basis of different age groups (21–30, 31–40, 41–50).C: Box-plots of human 
serum concentrations of PCBs, OCPs and PFAS in Prague, divided on the basis of different age groups (21–30, 31–40, 41–50, and 51–63). 
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p,p’-DDD) and two PFAS (PFOS and PFHpS) the correlation coefficients 
were significant, nevertheless the strongest correlation was observed in 
case of CB 180 and CB 170 (r > 0.632 in all three localities). The ob-
tained results and the associated serum concentrations of selected PCBs, 
OCPs and PFAS in the various age groups of participants for all three 
localities are summarized in Fig. 1A–C. The increase in the concentra-
tions of the above-mentioned contaminants is probably caused by the 
longer exposure to these pollutants during the subjects’ lifetimes. In 
addition, their slow elimination from the body leads to increasing levels 
of these pollutants in the body as the policemen’s age increases as well. 
Due to the lipophilic properties of these substances, it could be assumed 
that higher levels of these analytes could be detected in the blood serum 
of policemen with a higher subcutaneous fat ratio. Other important 
factor affecting the differences in POP concentrations between the age 
groups is the period the respective compound has been banned from the 
usage and subsequent reducing of environmental burden and human 
exposure (Nøst et al., 2013). The previous human biomonitoring studies 
also confirmed that higher age was associated with higher PCB and OCP 
levels (Artacho-Cordón et al., 2015a; Černá et al., 2008; Foster et al., 
2012; Ibarluzea et al., 2011; Wittsiepe et al., 2008). Conversely, in the 
present study, this trend was not confirmed for PFAS, BFRs and novel 
FRs. 

Other aspects such as the correlation between serum samples with 
lipidomics were assessed. The effect of BMI, cholesterol, education, and 
former smoking habits on POP levels in serum was further investigated. 
However, no statistically significant relationships between these exam-
ined factors and serum POP concentrations were discovered. 

4. Conclusions 

The uniqueness of this study lies in the analysis of a wide range of 
POPs with different physico-chemical properties in a large set of blood 
serum samples, mapping a sample group of urban policemen. For this 
population their total body burden to POPs does not depend only on the 
diet, age, various localities but also the nature of their profession (they 
move around the city and spend a lot of time outdoors). This is the first 
study to analyse such a large set of serum pollutants (8 PCBs, 11 OCPs, 
33 BFRs, 7 novel FRs, and 30 PFAS) in the unique population group. The 
total concentrations of 

∑
PFAS, 

∑
PCB,s and 

∑
DDTs in serum samples 

were in the range of 0.516–22.2 ng mL− 1, 34.1–2075 ng g− 1 lw, and 
22.7–1047 ng g− 1 lw, respectively. In general, the contaminants 
occurring the most frequently in all serum samples were represented by 
PFAS (PFOA, PFNA, PFDA, PFOS, and PFHxS); PCBs (No. 138, 153, 170, 
and 180) and OCPs (HCB and p,p′-DDE). 

The observed individual groups of serum contaminants can be 
summarized as follows: 

The newly monitored substances (PFHxDA, PFODA, PFPrS, PFPeS, 
PFHpS, PFNS, PFDoS, HFPO-DA, NaDONA, 9Cl-PF3ONS, 11Cl- 
PF3OUdS) are included within the monitoring of PFAS in serum. Major 
PFOS and PFOA serum concentrations are among the lowest compared 
to population in Europe, China and the USA. Statistically significant 
differences between localities and seasons were found for PFHxS, PFDA, 
PFUdA, and PFDA, respectively. However, no significantly different 
PFAS concentrations associated with various age groups were observed. 

Regarding PCBs, the predominance of highly chlorinated PCB con-
geners (No. 138, 153, 170, and 180) was observed. Higher PCB levels in 
Czech serum samples were confirmed by the other relevant studies. 

The main representatives of OCPs were HCB and p,p’-DDE, which 
were found in all samples with the highest medians (16.3 ng g− 1 lw and 
114 ng g− 1 lw, respectively). These results were comparable with those 
concentrations in serum samples from Europe, Australia, Tunisia and 
Korea (Amodio et al., 2012; Hassine et al., 2014; Kalantzi et al., 2011; 
Kang et al., 2008; Moon et al., 2017; Thomas et al., 2017). 

In general, a declining trend for PCB and OCP content in human 
blood serum was observed. Based on further statistical evaluation, 
significantly different concentrations of contaminants between localities 

and age groups were observed. Specifically, in blood serum samples 
from spring sampling time, the occurrence of CB 170 and CB 180 was 
70% higher in Ostrava compared to Prague and Ceske Budejovice, which 
could be due to the highly polluted environment of the Ostrava region. 
When comparing the results from the spring and the autumn sampling 
times, the minor differences of less abundant contaminants were 
observed, however no systematic changes as well as trends have been 
seen. Regarding the age groups, five PCBs (No. 118, 153, 170, and 180), 
three OCPs (HCB, p,p’-DDE, and p,p’-DDD) and two PFAS (PFOS and 
PFHpS) increasing with the increasing age of the policemen was 
observed. The highest Spearman rank correlation coefficients were 
noted for CB 170 and CB 180. 

Within the minor BFRs and novel FRs in serum, the most abundant 
representatives were BDE 47, BDE 209, and anti-DP quantified in 
83–99%, 21–44% and 22–33% of serum samples, respectively. The 
congener BDE 209 was commonly detected in highest levels in serum 
samples, but our levels were lower compared to the European and 
Chinese studies (Antignac et al., 2009; Qiao et al., 2018; Vorkamp et al., 
2014; Y. Yu et al., 2020). In summary, the body burden of these pol-
lutants is very similar to elsewhere in Europe, but there are differences 
in the contribution of individual PBDEs. Statistically significant associ-
ations between concentrations and locality and sampling season were 
observed only in case of the most abundant BDE 47. 

Finally, the obtained results within the project HAIE will partly 
clarify how long-term stay in differently polluted areas affect the in-
dividuals health and also current total body burden of various POPs in 
population from various localities will be known. The obtained data will 
be processed within the upcoming epidemiological studies under this 
project. 
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A B S T R A C T

Background: Perfluoroalkyl substances (PFASs) are man-made fluorinated compounds with endocrine-disrupting
properties, detected in 99% of serum samples worldwide and associated with adverse childhood health out-
comes. The aim of this study was to describe determinants of prenatal exposure to PFASs in Slovakia.
Methods: This study was based on Slovak multicentric prospective mother-child cohort PRENATAL (N=796).
Cord blood samples were collected within 2010–2012 and PFASs were analyzed in a subpopulation of 322
newborns. Concentrations of perfluorooctane sulfonic acid (PFOS), perfluorohexane sulfonic acid (PFHxS),
perfluorooctanoic acid (PFOA) and perfluorononanoic acid (PFNA) were measured in the samples of cord blood
using an ultrahigh-performance liquid chromatography- mass spectrometry (U-HPLC−MS) method. From
questionnaires, we obtained information on medical history of mother, socio-demographic factors, nutrition and
environmental factors. Association between maternal characteristics and PFASs exposure was analyzed using
multivariable linear regression models.
Results: The highest cord blood concentration (geometric mean ± SD) was observed for PFOA
(0.79 ± 2.21 ng/ml) followed by PFOS (0.36 ± 2.56 ng/ml), PFNA (0.20 ± 2.44 ng/ml) and PFHxS
(0.07 ± 2.36 ng/ml). Primiparity was associated with higher levels of all four PFAS: PFOS (exp. β=1.25;
95%CI[1.03; 1.53]), PFOA (exp. β=1.49; 95%CI[1.18; 1.89]), PFNA (exp. β=1.30; 95%CI[1.05; 1.60]) and
PFHxS (exp. β=1.49; 95%CI [1.20; 1.86]). In addition, maternal age category 29 years and more was associated
with higher PFNA and PFHxS levels (exp. β=1.27; 95%CI[1.04; 1.55] and exp. β=1.30; 95%CI[1.06; 1.60],
respectively) and higher educational level of mother was associated with higher PFNA levels (exp. β=1.32;
95%CI[1.04; 1.68]). Higher fish consumption was associated with lower PFNA levels (exp. β=0.49; 95%CI
[0.26; 0.92]).
Conclusions: We observed that PFASs cord blood concentrations were comparable or lower than those measured
in western or northern European countries. We identified parity as the main determinant of PFASs exposure in
our population and maternal age and education as factors that might be associated with exposure to certain
PFASs.

1. Introduction

Perfluoroalkyl substances (PFASs) are man-made fluorinated com-
pounds with high thermal and chemical stability and surface activity.
They have been used for over 60 years as surfactants for a wide range of
materials and products (e.g. textiles, packaging materials, furniture,
cleaning and polishing agents, etc.) (EFSA, 2012). Due to their en-
vironmental persistence and capacity to undergo long-range transport,

PFASs have been detected in air, dust, surface and ground water, soil
and sediment even in remote areas (ATSDR, 2015). The two most stu-
died PFASs and also the final products of degradation of many PFASs,
perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid
(PFOA) (Quinete et al., 2010), were found in 99% of human serum
samples in various studies around the world (Bartolomé et al., 2017;
Berg et al., 2014; Calafat et al., 2007; Cariou et al., 2015; Dereumeaux
et al., 2016; Kato et al., 2014; Liu et al., 2011; Manzano-Salgado et al.,
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2016; Mørck et al., 2015; Ode et al., 2013; Schoeters et al., 2017;
Sochorova et al., 2017). Dietary exposure has been suggested as the
main route of exposure, however, humans are exposed to PFASs
through many pathways. Children can be exposed to PFASs prenatally
through placenta, and postnatally via breastmilk and hand-to-mouth
activities (ATSDR, 2015; Jusko et al., 2016). As a result of their
bioaccumulation and environmental persistence, PFOS, its salts and
perfluorooctane sulfonyl fluoride (PFOS-F) were classed as persistent
organic pollutants (POPs) by Stockholm Convention (PFOA and per-
fluorohexane sulfonic acid (PFHxS) currently under review) and pro-
duction of these substances was restricted (Stockholm Convention,
2009).

Organs and organ systems of child are developing during fetal and
early postnatal period, therefore children are particularly vulnerable
group, very sensitive to adverse health effects of different environ-
mental stressors. PFASs have endocrine-disrupting properties and re-
cent studies reported associations between maternal PFASs concentra-
tions and health outcomes in children. Maternal PFOS and PFOA
concentrations were associated with increased weight, BMI Z-score,
waist circumference, body fat and overweight status in children (Braun
et al., 2016; Høyer et al., 2015; Maisonet et al., 2012). Studies also
suggested that cholesterol and insulin levels might be influenced by
PFAS concentration in serum (Frisbee et al., 2010; Geiger et al., 2014;
Maisonet et al., 2015a; Timmermann et al., 2014; Zeng et al., 2015).
PFASs may also affect antibody response to vaccination (Grandjean
et al., 2012; Granum et al., 2013; Stein et al., 2015) and positive as-
sociation was found between PFOS, PFOA and asthma (Dong et al.,
2013). There is an evidence for negative effects of PFASs on thyroid
function of children (Kim et al., 2011; Kim et al., 2016; Lopez-Espinosa
et al., 2012) and sexual hormones in puberty (Kristensen et al., 2013;
Lopez-Espinosa et al., 2011; Maisonet et al., 2015b).

In previous studies, maternal PFASs concentrations were associated
with age, parity and breastfeeding (Bartolomé et al., 2017; Berg et al.,
2014; Cariou et al., 2015; Kato et al., 2014; Manzano-Salgado et al.,
2016; Ode et al., 2013), since they bioaccumulate in liver, kidney and
bladder through years and both, pregnancy and breastfeeding, re-
present important routes for PFAS elimination from a body of mother
but also for their transition to an infant's body (ATSDR, 2015). Trans-
port through placental barrier and breastmilk was observed and ex-
posure through lactation was higher compared to exposure during ge-
station (Liu et al., 2011). A country of origin was previously associated
with PFAS serum concentrations as their concentrations were higher in
samples of women originating from the Nordic countries compared to
those of women from the Middle East, North Africa, and sub-Saharan
Africa in a Swedish study (Ode et al., 2013) and lower in serum of black
women compared to those of white and Hispanic women in a US
Multiethnic Cohort study (Kato et al., 2014). In the same study, low
income was associated with lower PFASs concentrations (Kato et al.,
2014). Considering diet as the main source of exposure, some studies
reported high intake of fish and shellfish during pregnancy associated
with increased PFOS concentrations (Berg et al., 2014; Manzano-
Salgado et al., 2016).

Exposure to PFASs has been studied in many European countries,
however, in Slovakia this is the first study to investigate prenatal PFASs
levels. Slovakia belongs among countries where fish and seafood con-
sumption is the lowest among EU-28 sub-regions (EUMOFA, 2017). In
the present study, we aimed to describe concentrations of PFASs in cord
blood and to assess determinants of exposure during pregnancy.

2. Materials and methods

2.1. Population

Within 2010–2012, the Slovak multicentric prospective mother-
child cohort PRENATAL was launched in 8 regions covering all parts of
Slovakia. Pregnant women were recruited by regional gynecologists

after confirmation of pregnancy (8th to 10th week of pregnancy). After
signing a written informed consent, participants were interviewed by
trained nurses and questionnaires were administered. From the ob-
stetrical record, we collected data on sex of newborns, gestational age
(weeks), birth weight (g), maternal age at delivery (years) and parity
(primiparous yes/no). We also collected socio-demographic data on
mothers from self-reported questionnaires: marital status (2 categories:
married=married or living in a couple; single= unmarried, divorced
or widowed), education (2 categories: lower=without high school
diploma; higher=with high school or university diploma), employ-
ment (2 categories: employed (students incl.); unemployed (maternity
leave incl.)), pre-pregnancy BMI (lean<17.99; normal 18–25; over-
weight or obese> 25.1) and weight gain during pregnancy (kg) as well
as smoking before and during pregnancy (yes/no) and alcohol con-
sumption before pregnancy (yes/no). Data on fast food and fish con-
sumption were collected from food frequency questionnaire (FFQ).
Weekly intake of fast food in kilograms was calculated based on fre-
quency and amount of four food items consumed: pizza, hamburger, hot
dog and kebab. Fish intake was calculated as a sum of sea fish, fresh-
water fish and canned fish consumption in kilograms per week. 796
pregnant women were followed until birth, when cord blood samples
were taken. PFASs were analyzed in a subpopulation of 322 newborns.
The study was approved by the Ethical Committee of the Slovak
Medical University in Bratislava.

2.2. Sample preparation and standards

An amount of 30ml cord blood was put in a centrifuge in order to
separate the serum. Serum samples (1 ml) were stored at −20 °C until
transferred to the laboratory at the Department of Food Analysis and
Nutrition, University of Chemistry and Technology, Prague, Czech
Republic.

The sample preparation procedure was based on extraction to the
acetonitrile. Briefly, an amount of 0.5 ml of the serum was placed into
the 15ml centrifuge tube, then the addition of 50 μl of formic acid and
5ml of acetonitrile was done. The tube was shaken by hand for 1min.
Subsequently, 1 g of magnesium sulphate was added followed by an-
other shaking for 1min. After that the tube was centrifuged (5min,
10,000 rpm) and 3.5 ml of a primary extract was transferred into the
flask and evaporated using a rotary vacuum evaporator near to dryness.
The residues were dissolved in 250 μl of methanol. The reconstituted
extract was filtered through a 0.22-μm nylon centrifuge tube filter and
placed into the glass vial for the U-HPLC–MS/MS measurement.

The list of target individual standards including their isotopically
labelled analogues is in Supplementary information. The working
standards mixtures of PFASs were prepared at concentrations 0.05, 0.1,
0.5, 1, 5 and 10 ng/ml in methanol. Each calibration standards con-
tained internal standards of 13C-PFASs at 1 ng/ml.

2.3. Chemicals, reagents and other materials

Acetonitrile and high performance LC grade methanol were deliv-
ered by Merck (Germany). Magnesium sulphate (98%), formic acid
(98%), HPLC grade ammonium acetate (99.99%) and polypropylene
centrifuge tube filters (pore size 0.22 μm, nylon) were obtained from
Sigma-Aldrich (USA). Deionised water was purified by a Milli-Q®
Integral system (Merck), which does not include PFASs containing
polymers, was used in the study. The human blood serum used for the
method development and validation experiments was provided by
Sigma-Aldrich (USA).

2.4. Instrumental analysis

The U-HPLC analyses of PFASs were carried out using an Acquity
Ultra-Performance LC system (Waters, USA) with a 10-μL sample loop
(sample injection was 5 μl). Target compounds were
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chromatographically separated on a BEH C18 (100×2.1mm i.d.,
1.7 μm, Waters, USA) heated on 40 °C. The column isolator
(50mm×2.1mm i.d., Waters, USA) was placed between the sample
valve and the mixer of mobile phases in order to separate background
contamination from the analyzed serum sample. The flow rate of a
mobile phase, which was consisted of (A) 5mM ammonium acetate in
deionised water and B) methanol, started at 0.3 ml/min. The elution
gradient conditions were: 10–50% B over 0.5min, then 50–100% B
over 7.5min followed by an isocratic hold at 100% B for 4min. The
total run time of instrumental analysis for one injection was 15min.

The LC system was coupled to a triple–quadrupole mass spectro-
meter Xevo TQ-S (Waters, USA) equipped with electrospray ionisation
(ESI) that was set in the negative ion mode with a capillary voltage of
−4000 V. The desolvation and ionisation temperatures were 400 and
120 °C, respectively. The MS instrument was operated in a multiple
reaction monitoring (MRM) mode. The further information about the
LC–MS method is described in detail by Lankova et al. (2013).

2.5. Quality assurance and quality control (QA/QC)

The performance characteristics of the method were assessed
through the analysis of the artificially contaminated serum sample
(obtained from Sigma-Aldrich), which was previously analyzed for the
detection of present concentration of PFASs. The repeatabilities (ex-
pressed as relative standard deviations, RSDs, %) and the recoveries
(REC, %) for target analytes were calculated from six analyses at a
concentration level of 0.1 ng/ml. To control background contamination
by PFASs, the procedural blank (i.e. using the same sample procedure,
only instead of serum, the 5ml of deionised water was used) was pre-
pared together with each set of 20 samples (per day). The limits of
quantification (LOQs) were determined as the lowest calibration stan-
dard at which analyte provided a signal-to-noise ratio (S/N) higher than
10. For the compensation of the matrix effects or losses of PFASs, the
whole method was validated using isotopically labelled surrogates.

Regarding to the natural concentration of PFASs in tested human
serum used for the validation experiments only PFOS, PFOA and PFNA
were present at the concentrations near LOQ (0.01–0.05 ng/ml).
Recoveries of PFASs were in the range of 87–120% with the
RSD<20%. The LOQs were determined as 0.05 ng/ml for PFCAs and
0.02 ng/ml for FOSAs and PFSAs.

2.6. Statistical analysis

Statistical analyses were performed using SPSS 20. PFASs levels
were measured in a subpopulation of 322 newborns and general char-
acteristics of mothers in subpopulation did not differ from the original
PRENATAL cohort (N=796; Table 1). The following PFASs compounds
were analyzed: PFOA, PFOS, PFHxS, PFNA, PFBA, PFPeA, PFHxA,
PFHpA, PFDA, PFUdA, PFDoA, PFTrDA, PFTeDA, PFBS, PFDS, PFOSA,
NMeFOSA and NEtFOSA. Only PFASs with>80% of samples> LOD
were included in further analyses, namely: PFOS, PFHxS, PFOA and
PFNA. List of measured PFASs with % of their detection is shown in
Supplementary table 1. PFASs concentrations< LOD were imputed
using LOD/√2. Since data on PFASs exposure were skewed to the left
(range of skewness coefficients 2.4–7.2), concentrations were log-
transformed to the base 10 in order to improve normality of the data
distribution. We described PFASs concentrations by socio-demographic
subgroups within our study population using Kruskal-Wallis and Mann-
Whitney tests. Based on literature, we used following covariates –
gender, maternal age, gestational age, parity, pre-pregnancy BMI,
weight gain during pregnancy, marital status, education, employment,
smoking and alcohol consumption before pregnancy, fish consumption
and fast food consumption. Correlations among individual PFASs were
examined using Spearman's correlation. In the multivariable linear re-
gression models, we included covariates based on data from literature
and results from bivariate regression (Supplementary table 2). The final

model included: maternal age (2 categories based on median: under
29 years, 29 years and more), parity, educational level of mother and
fish consumption. Gender was not included in the final multivariable
regression models, based on the results from bivariate analysis, fur-
thermore, sensitivity analysis with gender included in the final model
did not significantly change the results (not shown). Employment was
strongly associated with parity, maternal age and education, hence it
was not included in the final model. Additionally, strong predictors for
fast food consumption were both, parity and maternal age, hence, this
variable was not included in the final multivariate model. Since our
outcome variables were log-transformed, we exponentiated beta coef-
ficients for easier interpretation. Therefore, presented effect estimates
are proportional changes in the geometric mean of PFASs concentra-
tions in each category compared to reference group.

3. Results

General characteristics of the mother-child birth cohort are sum-
marized in Table 1. Among 322 children, 54.1% were boys. The mean
(± SD) gestational age was 39.4 (± 1.3) weeks. Mothers were 28.7
(± 4.7) years old at delivery and for 34.6% it was their first child.
85.1% of mothers were married or living in a couple. Majority of mo-
thers was employed or studied (61.5%) and 79.8% had higher educa-
tional level. Pre-pregnancy BMI was lower than normal in 3.9%. On the

Table 1
General characteristics of study population, the whole PRENATAL cohort and
general population of women aged 19 to 44 years in Slovakia.

Characteristics Study population
(n=322)
% or
mean ± std dev

PRENATAL
cohort
(n=796)
% or
mean ± std
dev

General population
(n=1,058,977)
% or
mean ± std dev

Children gender
Female 45.9 46.7 –
Male 54.1 53.3

Gestational age
(weeks)

39.4 ± 1.3 39.4 ± 1.4 –

Birthweight (g) 3382 ± 435 3351 ± 474 –
Maternal age at

delivery (years)
28.7 ± 4.7 28.9 ± 4.6 –

Primiparous 34.6 38.7 –
Pre-pregnancy BMI

(kg/m2)
Lean 3.9 3.9 –
Normal 70.4 71.8
Overweight or
obese

25.7 24.4

Weight gain during
pregnancy (kg)

14.0 ± 4.8 13.9 ± 5.1 –

Marital status
Married 85.1 79.6⁎ 44.8⁎⁎⁎

Single 14.9 20.4 55.2
Education
Higher 79.8 82.1 69.3⁎⁎⁎

Lower 20.2 17.9 30.7
Employment
Employed 61.5 65.1 66.2
Unemployed 38.5 34.9 33.8

Smoking
Before pregnancy 27.1 28.8 14.6⁎⁎⁎

During pregnancy 5.6 6.3 –
Drinking alcohol

before pregnancy
45.3 49.3 –

Fish consumption (kg/
week)

0.19 0.19 –

Fast food consumption
(kg/week)

0.16 0.16 –

⁎ p < 0.05.
⁎⁎⁎ p < 0.001.
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other hand, 25.7% of mothers were classified as overweight or obese
before pregnancy. 27.1% of women were smokers before pregnancy,
but only 5.6% reported active smoking during pregnancy. Compared to
general population of Slovak women of the same age and the whole
PRENATAL cohort, there was lower percentage of employed women in
our study population (66%, 65% and 61% respectively). On the other
hand, percentage of women with higher education in our population
was significantly higher compared to general population but compar-
able to total PRENATAL cohort (79%, 69% and 82% respectively). We
had also significantly higher percentage of married women (85%
compared to 45% in general population and 79% in PRENATAL cohort)
and 27% of women in our population were smoking before pregnancy
(29% in PRENATAL cohort) compared to 15% of daily smokers in
general population. There was no significant difference in other char-
acteristics between study population and the whole PRENATAL cohort.

Measurable PFOS concentrations were detected in the whole study
population, while 6.9% of PFHxS concentrations in cord blood
were< LOD (Table 2). The highest concentration (geometric mean ±
SD) in cord blood was observed for PFOA (0.79 ± 2.21 ng/ml), fol-
lowed by PFOS (0.36 ± 2.56 ng/ml). Low PFHxS levels of
0.07 ± 2.36 ng/ml were measured in cord blood. We observed con-
centrations of all four PFASs to be highly correlated (Table 3), with the
strongest correlation between PFOA and PFNA cord blood levels
(rs= 0.81, p < 0.001).

PFOS levels were significantly higher in primiparous compared to
multiparous women (0.74 vs. 0.55 ng/ml respectively), women aged
29 years and more compared to women under 29 years (0.44 vs.
0.36 ng/ml respectively) and in those, who were employed compared to
unemployed ones (0.73 and 0.53 ng/ml respectively; Table 4). Similar
results were observed for PFHxS. PFOA cord blood concentrations were
significantly higher in primiparous than multiparous women (1.00 vs.
0.81 ng/ml respectively), in those, who were employed compared to
unemployed ones (1.00 vs. 0.62 ng/ml respectively) and those with
higher compared to lower level of education (0.91 vs. 0.75 ng/ml re-
spectively). Likewise, PFNA concentrations were significantly higher in
primiparous women, older women, employed women and those with
higher education. We did not observe significant difference in median
concentrations of PFAS by categories of pre-pregnancy BMI, marital
status or smoking and drinking alcohol before pregnancy.

In multivariable regression models, the 4 PFASs analyzed in our
study were associated with parity (Table 5). Primiparity was associated
with higher levels of PFOS (exp. β=1.25; 95%CI[1.03; 1.53]), PFOA
(exp. β=1.49 95%CI[1.18; 1.89]), PFNA (exp. β=1.30; 95%CI[1.05;
1.60]) and PFHxS (exp. β=1.49; 95%CI [1.20; 1.86]). In addition,

maternal age category 29 years and more was associated with higher
PFNA and PFHxS levels (exp. β=1.27; 95%CI[1.04; 1.55]and exp.
β=1.30; 95%CI[1.06; 1.60], respectively) and higher educational
level of mother was associated with higher PFNA levels (exp. β=1.32;
95%CI[1.04; 1.68]). Higher fish consumption was associated with
lower PFNA levels (exp. β=0.49; 95%CI[0.26; 0.92]).

4. Discussion

We described determinants of PFASs exposure in the Slovak mother-
child cohort. The main determinant of PFASs prenatal exposure was
parity. Overall, multiparous women had significantly lower cord blood
concentrations of all measured PFASs in this population. Furthermore,
higher age of mother was associated with higher levels of PFNA and
PFHxS, higher educational level was associated with higher PFNA levels

Table 2
PFASs cord blood concentrations in the Slovak mother-child cohort (n=322).

Chemical
(ng/ml)

< LOD % Geometric
mean ± std
dev

25th
percentile

50th
percentile

75th
percentile

PFOA 0.3 0.79 ± 2.21 0.50 0.88 1.47
PFOS 0 0.36 ± 2.56 0.36 0.64 1.01
PFNA 0.6 0.20 ± 2.44 0.14 0.24 0.35
PFHxS 6.9 0.07 ± 2.36 0.05 0.08 0.12

Table 3
Correlation between PFASs cord blood concentrations in the Slovak mother-
child cohort (n=322).

Chemical PFOA PFOS PFNA PFHxS

PFOA 1.00 0.58⁎⁎⁎ 0.81⁎⁎⁎ 0.65⁎⁎⁎

PFOS 1.00 0.74⁎⁎⁎ 0.78⁎⁎⁎

PFNA 1.00 0.69⁎⁎⁎

PFHxS 1.00

⁎⁎⁎ p < 0.001.

Table 4
PFASs median cord blood concentrations in Slovak mother-child cohort by
socio-demographic characteristics (n=322).

Chemical (ng/ml) PFOA PFOS PFNA PFHxS

Age at delivery
Under 29 years 0.82 0.36⁎ 0,22⁎ 0.07⁎⁎

29 years and more 0.97 0.44 0.27 0.09
Parity
Primiparous 1,00⁎⁎⁎ 0.74⁎ 0.28⁎ 0.10⁎⁎

Multiparous 0.81 0.55 0.22 0.07
Pre-pregnancy BMI (kg/m2)
Lean 0.70 0.47 0.23 0.09
Normal 0.90 0.38 0.23 0.08
Overweight or obese 0.87 0.43 0.26 0.09

Marital status
Married 0.87 0.40 0.24 0.08
Single 0.86 0.38 0.25 0.08

Education
Higher 0.91⁎ 0.66 0.25⁎ 0.09
Lower 0.75 0.51 0.20 0.07

Employment
Employed 1.00⁎⁎⁎ 0.73⁎⁎ 0.28⁎⁎⁎ 0.09⁎⁎⁎

Unemployed 0.62 0.53 0.019 0.07
Smoking before pregnancy
No 0.87 0.40 0.25 0.08
Yes 0.87 0.37 0.23 0.08

Drinking alcohol before pregnancy
No 0.83 0.36 0.22 0.08
Yes 0.93 0.41 0.26 0.08

⁎ p < 0.05.
⁎⁎ p < 0.01.
⁎⁎⁎ p < 0.001.

Table 5
Results of multivariable linear regression analysis of the associations between
determinants and PFASs in cord blood in Slovak mother-child cohort (n=322);
exponentiated β coefficients with 95%CI.

Chemical (ng/ml) PFOA PFOS PFNA PFHxS

Age at delivery
Under 29 years Ref. Ref. Ref. Ref.
29 years and more 1.21 [0.97;

1.52]
1.18 [0.97;

1.42]
1.27 [1.04;

1.55]⁎
1.30 [1.06;

1.60]⁎

Parity
Multiparous Ref. Ref. Ref. Ref.
Primiparous 1.49 [1.18;

1.89]⁎⁎
1.25 [1.03;

1.53]⁎
1.30 [1.05;

1.60]⁎
1.49 [1.20;
1.86]⁎⁎

Education
Lower Ref. Ref. Ref. Ref.
Higher 1.27 [0.98;

1.66]
1.19 [0.95;

1.49]
1.32 [1.04;

1.68]⁎
1.24 [0.97;

1.58]
Fish consumption 0.60 [0.30;

1.20]
0.81 [0.45;

1.46]
0.49 [0.26;

0.92]⁎
0.53 [0.28;

1.02]

⁎ p < 0.05.
⁎⁎ p < 0.01.
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and higher fish consumption with lower PFNA levels.
Prenatal PFASs concentrations vary across Europe (Supplementary

table 3). In general, PFASs cord blood concentrations in our study were
lower compared to concentrations measured in Sweden (Ode et al.,
2013) and Spain (Manzano-Salgado et al., 2015) but comparable with
those in Norway (Gützkow et al., 2012) or France (Cariou et al., 2015).
A difference in PFOS and PFOA cord blood levels was observed among
European countries, with highest levels found in Sweden (median=6.5
and 1.7 ng/ml, respectively; Ode et al., 2013) and the lowest levels
measured in our study (median=0.6 and 0.9 ng/ml, respectively). The
considerable difference in prenatal PFASs exposure may be due to dif-
ferent time period when samples were taken. In Swedish study, samples
taken between 1978 and 2001 reflect exposure before implementation
of restriction on PFOS production and usage in 2009 (Stockholm
Convention, 2009), which could explain higher levels of PFOS com-
pared to our samples. Comparing our results with other European stu-
dies performed after 2009, PFOS levels in Slovakia (median= 0.6 ng/
ml; geom. mean= 0.4 ng/ml) were lower than those in French
(median=1.1 ng/ml) and Flemish studies (geom. mean= 1.1 ng/ml)
(Cariou et al., 2015; Schoeters et al., 2017). In contrast to Swedish,
French and Norwegian studies, we observed higher levels of PFOA than
PFOS. PFOA levels measured in our study (geom. mean=0.8 ng/ml;
median=0.9 ng/ml) were lower than those in the Flemish cohort
(geom. mean= 1.2 ng/ml) (Schoeters et al., 2017), but comparable to
levels in France (median= 0.9 ng/ml) (Cariou et al., 2015). PFOA and
its salts are currently under assessment and will be potentially restricted
as well (Stockholm Convention, 2009), however, it is still in use and
that might be one of the reasons, why we observed slightly higher PFOA
compared to PFOS levels, to which restrictions were already applied.
PFOA levels were observed to be higher also in cord blood collected
within 2007–2009 in Germany (Fromme et al., 2010). One of the
sources of PFOA exposure in general population is drinking water (Post
et al., 2012). Unfortunately, no information on PFASs levels in drinking
water or in other relevant environmental matrices in Slovakia is
available.

Median concentration of PFNA in our study (0.2 ng/ml) was similar
to other European studies (Sweden= 0.2 ng/ml; Norway= 0.1 ng/ml)
(Gützkow et al., 2012; Ode et al., 2013). In Sweden and France, PFNA
was detected only in 40 and 74% of samples, respectively (Cariou et al.,
2015; Ode et al., 2013), compared to 99% in our study. Comparing our
results with other studies conducted in Europe mentioned above, we
have to consider that the sample size of some of the studies is relatively
small and we have limited information on their representativeness.

Regarding determinants of PFASs exposure, consistent with pre-
vious studies (Berg et al., 2014; Cariou et al., 2015; Kato et al., 2014;
Manzano-Salgado et al., 2016; Ode et al., 2013), parity appears to be
the most important determinant of PFASs concentrations in cord blood
in our population. Berg et al. (2014), who investigated levels of 26
PFASs in maternal blood, observed that parity was the strongest pre-
dictor, and similarly to our findings, multiparous women had lower
concentrations compared to nulliparous ones. trans-Placental passage is
a significant route of human exposure to PFASs, however maternal
concentrations decrease during pregnancy as PFASs cross placental
barrier with a certain amount distributed to fetus, making it also im-
portant way of PFASs elimination from the body of mother (Cariou
et al., 2015).

Higher PFNA levels in cord blood were significantly associated with
higher maternal education in our study and the same trend was found
for other PFASs in our study as well. Similar in Norway, pregnant
women in the highest education category had 45% higher PFNA plasma
levels and also higher PFOS and PFHxS levels compared to the lowest
education category (Brantsaeter et al., 2013). Higher education was
also associated with higher PFASs levels in pregnant women in Den-
mark (Bjerregaard-Olesen et al., 2016) and higher PFOA concentrations
in breast milk in mothers from Czech Republic (SZÚ, 2015). This as-
sociation may be partly explained by higher income of women with

higher education, thus they can afford to buy products containing
PFASs, which may be more expensive (e.g. impregnated materials).
Another explanation could be that higher education may affect diet
preferences, in favor of healthier diet, including e.g. more fish. In our
population, despite the low fish consumption in general, we observed
the association between higher education of mothers and higher fish
consumption. Higher education can open more opportunities for em-
ployment as well. In bivariate analysis PFASs levels were higher in
women, who were employed or student, which means they probably
have less time for eating during day and they possibly prefer fast food.
We observed a non-significant trend (p=0.09) for higher fast food
consumption among employed women compared to unemployed
women in our study population. Zagorsky and Smith (2017) found an
association between number of working hours and increased fast food
consumption. Fast food is usually packed in materials containing PFASs
(Schaider et al., 2017), therefore the levels might be higher in people
eating fast food regularly. On the other hand, fast food, being usually
cheaper than healthier food, may be preferred by women with lower
socioeconomic status (SES). In case we use education level as a proxy
marker for SES, we would expect the association in opposite direction
than it was found in our study, it means lower education associated
with higher PFASs exposure. Nevertheless, we analyzed the association
between PFASs levels and consumption of fast food and we did not find
any significant association in our study.

One of the main non-occupational sources of PFASs exposure in
human population represents fish consumption (EFSA, 2012). The
majority, if not all published studies on PFASs determinants in cord
blood were performed in populations from coastal countries with fish
being the important part of their diet (e.g. Spain, Norway, Sweden,
France). Slovak Republic belongs among the Central European coun-
tries where fish and seafood consumption is the lowest among EU-28
sub-regions (7.8 kg/per capita per year in Slovakia in 2014; EUMOFA,
2017). In our study, average fish consumption was 188 g/week (9.7 kg/
year), which is higher than reported by EUMOFA (2017), but still very
low compared to EU-28 average (25.8 kg/year). With respect to PFASs
exposure in our study, we found an inverse association between fish
consumption and PFNA levels, and the similar non-significant trend was
observed for other PFASs. Although unexpected, these results point out
that in our population, fish consumption does not seem to be a main
determinant of PFASs exposure.

This study has several limitations. First, most of the women in our
sample were highly educated (80%), thus findings from this study
might not be representative for population with high percentage of
women with lower education. During recruitment, women with dif-
ferent SES were approached in regions across the whole country and
their involvement was based solely on the signed informed consent.
Despite this approach, we have overrepresented women with higher
education. Second, we had higher percentage of married women,
compared to general Slovak population, which could be explained by
women being pregnant in our study thus they are more likely to be
married and also high proportion of women from regions, where people
stick to traditional family concept more than they do in big cities. Next,
smoking in pregnancy was self-reported in the questionnaire, it was not
objectified by cotinine measurement in urine, hence, it could result in
misclassification of smoking exposure in our study group, since women
tend to lower their exposure to tobacco smoke due to its known nega-
tive effects on health of child. This issue possibly occurs with alcohol
consumption and smoking before pregnancy as well. Compared to
general population, we had higher percentage of smoking in our study.
This difference is probably caused by the different way of data collec-
tion - we did not collected data on daily smokers as it was done on the
national level, thus part of women in our population might be smoking
occasionally only (we used the question: “Did you smoke during the last
year? Yes/No”). And finally, food frequency questionnaire administered
at the beginning our study did not focus on fast food consumption
specifically and only 4 items (hot-dog, hamburger, pizza and kebab)
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were included. This could underestimate fast food consumption of
pregnant women in our study.

Regarding strengths of our study, we should mention the sample
size that was relatively big, if compared to other European studies on
PFASs exposure in cord blood. Furthermore, we recruited pregnant
women in all parts of Slovakia and only inclusion criterion was the
signed informed consent, therefore, we did not exclude any population
group based on the SES or other characteristics (e.g. urban vs. rural
regions). Data on mothers were collected prospectively during preg-
nancy and not only at delivery and that could increase the validity of
our questionnaire data.

The current study is the first to investigate prenatal exposure to
PFASs and its determinants in eastern part of Europe. Even though the
fish consumption in our country is low, PFASs levels that we observed
are comparable to those in northern or western countries, pointing out
to possible different sources of PFASs exposure in Slovak population.

5. Conclusion

In conclusion, this study points out parity as the main determinant
of PFASs exposure in our population. No association between PFASs
cord blood levels and BMI, smoking or drinking alcohol before preg-
nancy was found in our study, however, we observed association be-
tween PFNA concentration and educational level of mother. Education
and consumption of different types of food as determinants of PFASs
exposure are worth of further investigation.
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A B S T R A C T

Background: Perfluoralkylated substances (PFASs) are persistent and bioaccumulative environmental con-
taminants. They are included on the list of emergent compounds monitored in the frame of HBM4EU project.
Objectives: To analyze PFASs levels in human milk samples collected in the period 2006 through 2017, to follow
their time trends, to assess the PFASs exposure in breastfed infants, to calculate the daily intake of PFASs and to
compare it with the tolerable daily/weekly) intakes and to quantify risk from exposure using the hazard quotient
and hazard index approach.
Material and methods: A broad spectrum of PFASs were analyzed by means of UHPLC-MS/MS in primipara
human milk samples collected in four consecutive time periods 2006, 2010/11, 2014, and 2017; N = 46, 183,
164 and 232, respectively. Mothers living in urban and suburban residences were recruited after their delivery at
maternity hospitals, and milk samples were taken within 2 and 8 weeks after delivery. The questionnaire was
focused on possible sources of exposure, dietary habits and lifestyle.
Results: Only perfluorooctane sulfonate (PFOS) and perfluorooctanoid acid PFOA (in 2017, also per-
fluorononanoic acid (PFNA)) were quantified in more than 90% of analyzed human milk samples. In all sampling
periods, the levels of PFOA were higher than those of PFOS (p < 0.05). A significant downward temporal trend
(p < 0.001) was observed for both PFOA and PFOS levels. The median concentrations in sampling years 2006,
2010/11, 2014, and 2017 were 0.075, 0.059, 0.035, and 0.023 ng/mL for PFOA and 0.045, 0.031, 0.029, and
0.020 ng/mL for PFOS, respectively. In 2017, PFNA was also quantified in 99% of samples with the median
concentration of 0.007 ng/mL. The levels of PFASs correlated with maternal sea fish consumption. No maternal
age-related relationship was observed. Using the tolerably daily intake (TDI) values for PFOS and PFOA set by
the European Food Safety Authority (EFSA) in 2008, the calculated daily intakes from breastfeeding were clearly
below these limits. Using the new, more conservative EFSA Provisional Tolerably Weekly Intake (PTWI) values
set in 2018, we demonstrated a considerable exceedance of PTWI, with a hazard index above 1.
Conclusion: Significant time-related decreasing trends in the PFOS and PFOA levels in human milk were ob-
served. Nevertheless, the body burden of infants from breastfeeding might pose an enhanced health risk to
infants when the current PTWI values are applied. These findings strongly support the present EU efforts to phase
out PFOA, its salts and PFOA related compounds. Since PFOS exposure there has still been widely detected
despite PFOS usage reduction measures, the major exposure routes should be further monitored and, if possible,
eliminated.

1. Introduction

PFASs are a diverse group of man-made chemicals produced for

over sixty years and used in multiple industrial and commercial pro-
ducts including paints, packaging materials, and textiles (Lindstrom
et al., 2011). The most widely studied and in various matrices mostly
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detected representatives are perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA).

Even though PFASs have been produced and used since the late
1940s, they become contaminants of emerging concern only over the
last decades, especially due to their widespread application, persistence
in the environment, bioaccumulation potential, biomagnification in the
food chain (Barbarossa et al., 2013; Fromme et al., 2009; Lau et al.,
2007), and adverse effects on animal and human health (Antignac et al.,
2013; Landrigan et al., 2002). The half-lives for PFOA and PFOS in
humans are estimated to be 3.8 and 5.4 y, respectively (Olsen et al.,
2007). The production, use, and disposal of PFASs have resulted in their
widespread distribution in the environment and exposure in the general
population.

Toxicological and epidemiological studies have reported several
adverse health outcomes such as developmental and reproductive
toxicity, immunotoxicity resulting in increased frequency of common
infection and the reduced antibody response to vaccination in children
(Granum et al., 2013), or endocrine disrupting effects (Ballesteros et al.,
2017; Christensen et al., 2019; Lee et al., 2018). PFASs exposure has
also been found to be associated with a variety of other adverse health
outcomes including suspected carcinogenicity (WHO-IARC, 2016), al-
teration of thyroid hormone levels (Shrestha et al., 2017) and metabolic
syndrome (Christensen et al., 2019).

Human exposure may occur through different pathways, but diet
seems to be the major route. Important sources are fish and seafood
(Domingo, 2012; Domingo and Nadal, 2017; EFSA, 2018). Additional
sources of dietary exposure may be drinking water (Ericson et al., 2008)
and contamination of food from packaging material. However, humans
can be exposed also to PFASs discharged to the environment through
inhalation of outdoor/indoor air, house dust ingestion or dermal con-
tact (Winkens et al., 2017; Kim et al., 2019). The exposure occurs
mostly due to the PFASs content in consumer products (Bečanová et al.,
2016; Winkens et al., 2017). Several studies have concluded that PFASs
can cross the placental barrier, reach the fetus, and harm its neurode-
velopment (Hanssen et al., 2013; Kim et al., 2011; Zhao et al., 2017).

Concerns about impacts of these chemicals on public health led to
efforts to reduce their production and use under the Stockholm
Convention. PFOS, its salts, and PFOS-related compounds were added
to the Stockholm Convention list in 2010, the inclusion of PFOA, its
salts, and PFOA-related compounds is just being finalized, and the
proposal for listing perfluorohexane sulfonic acid (PFHxS), its salts, and
related compounds is recently under review. Some large manufacturers
have been voluntarily phasing out long-chain PFASs since 2002.

Knowledge of population exposure is necessary for health risk as-
sessment and regulation of adverse pollutants in the environment.
Human biomonitoring is an ideal instrument, which allows to estimate
human exposure to chemicals by measuring either the substances
themselves, their metabolites, or markers of subsequent health effects
in body fluids or tissues (Angerer et al., 2007; Kolossa-Gehring et al.,
2012). Overall, the global biomonitoring of PFASs is mainly focused on
human blood or serum/plasma (Hanssen et al., 2013; Fromme et al.,
2007; Bartolomé et al., 2017). Likewise, PFASs were found in serum
samples from the Czech adult population (Sochorová et al., 2017).

Human milk has been used less often as a matrix for the determi-
nation of PFASs. PFASs entering the body are mainly bound to blood
proteins (Bischel et al., 2010; Han et al., 2003), but the human milk
contains less protein (about 11–12 g/L) than blood plasma or serum
(65–85 g/L). This fact along with the difference in protein composition
of human milk and blood and reduced transfer of protein-bound che-
micals from blood to milk results in lower PFASs levels in human milk
than are those in maternal blood (Cariou et al., 2015; Völkel et al.,
2008). On the other hand, human milk analysis is an important non-
invasive method for assessing the infant body burden since lactation
may be a considerable source of their exposure to PFASs (Barbarossa
et al., 2013; Wilhelm et al., 2008; Winkens et al., 2017).

Human milk represents the unique food source for newborns at least

in the first six months of life, as recommended by the WHO (WHO,
2019). Therefore, the knowledge of PFAS occurrence in milk is crucial
for the exposure estimation for breastfed infants (Antignac et al., 2013;
Croes et al., 2012; Motas Guzmàn et al., 2016; Raab et al., 2013;
Sundström et al., 2011; Völkel et al., 2008).

In the Czech Republic, the pilot data on the presence of PFASs in
human milk have already been shown (Lanková et al., 2013). The
biomonitoring of PFASs in human milk was thus integrated into the
Czech human biomonitoring program (CZ-HBM) which is conducted
regularly since 1994 (Černá et al., 2007, 2017).

The main aims of the present study were (a) to assess PFASs con-
centrations and their temporal trends in human milk samples from
Czech breastfeeding primiparas collected within the CZ-HBM project,
(b) to assess the potential health risk for breastfed infants using the
hazard quotient and hazard index and (c) to compare our results with
those obtained in other similar studies.

2. Material and methods

2.1. Survey design

The CZ-HBM is an ongoing survey, initiated in 1994 and designated
to measure and monitor population exposure to selected environmental
chemicals. It has been carried out as a cross-sectional study of the
general urban/suburban population with a rather limited national re-
presentatives (Černá et al., 2007). The sampling places were selected to
represent both large agglomerations (Prague 1.2 million inhabitants),
industrial cities (Ostrava, 0.3 million inhabitants), smaller towns (Lib-
erec 0.1 million. inhabitants) and rather rural municipalities (Žďár n.
Sázavou 0.02 million inhabitans, Uherské Hradiště 0.02 million in-
habitans) (see Supplementary Material Fig. S1). Generally, toxic che-
micals such as heavy metals (Cd, Pb, and Hg) and certain POPs listed in
the Stockholm Convention (Van den Berg et al., 2017) have been in-
vestigated in blood, urine, and hair of children and adults. Since the
very beginning of the CZ-HBM, one of the matrices is also human milk
collected from breastfeeding primiparas approximately in three-year
intervals.

2.2. Study subjects, recruitment and sampling

The following groups of human milk specimens were analyzed:

a) The residual of samples collected in 2006 and 2010/11 (N = 59 and
183, respectively) for the purpose of preparing pooled samples for
the fourth (2005–2007) and fifth (2008–2010) WHO/UNEP global
surveys) (Van den Berg et al., 2017) and archived in biobank;

b) Regular samples from 2014 collected within the CZ-HBM survey
(N = 164);

c) Regular samples from 2017 collected within the CZ-HBM survey
(N = 232).

Women (mothers) were contacted for the first time shortly (1–2
days) after their delivery at the cooperating maternity hospitals in four
selected urban/suburban areas (Fig. S1). Signed informed consent was
obtained from each donor mother. The participants were provided with
the sampling instructions and a pre-washed glass container. They were
also asked to complete a self-administered questionnaire focused on
general information about themselves and the child, their lifestyle,
consumption of selected foods and use of consumer products known to
possibly may contain PFASs. The human milk was sampled in the mo-
thers' home; field co-workers transported them to the laboratory on the
ice and stored at −80 °C until analysis.

All human milk samples were obtained from healthy primiparas
following the Standard Operating Procedure (SOP) taken from the
WHO/UNEP global survey of POPs. Similar inclusion criteria were used
as well, e.g. normal pregnancy, first born child, delivery of healthy
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child, exclusive breastfeeding to one child, residence in the Czech
Republic and milk collection within the period of 2–8 weeks after de-
livery. The exception was the age limit of 30 years: it was shifted due to
the recent trend towards older aged primiparas.

2.3. Analysis of PFASs and quality assurance

In brief, the sample preparation procedure based on extraction using
acetonitrile and subsequent purification by dispersive solid-phase ex-
traction (d-SPE) employing C18 sorbent was used. Ultra-high perfor-
mance liquid chromatography (UHPLC) interfaced with a tandem mass
spectrometry (MS/MS) was employed for the identification/quantifi-
cation of these compounds. For additional information on analyzed
PFASs, respective ISTD and quantification and qualification ions see
Supplementary Material Table S1. Because the corresponding certified
reference material is not commercially available, the method was
evaluated through the analysis of the artificially contaminated cow
milk sample. Recoveries were in the range of 80 and 120%, repeat-
abilites were<20% and LOQs were in the range of 0.001–0.006 ng/
mL. The additional details can be found in Lanková et al. (2013) and in
the supplementary material (Additional information S1).

2.4. Daily intake estimation and risk assessment

On the basis of the concentrations of PFOS and PFOA detected in
milk samples, the intake of exclusively breastfed infants was estimated.
The estimated daily intake of PFASs for the Czech breastfed infants was
calculated assuming the consumption of 800 mL/day per infant during
the first six months of life and a body mass of 6 kg in accordance with
the WHO Infant/Child Growth chart (2009). This approach was used
later in Llorca et al. (2010) and Motas Guzmàn et al. (2016) for the
calculation of the daily intake from breastfeeding. In our study, two
scenarios were considered: a medium intake based on the median va-
lues and a high (conservative) intake based on the 95th percentile va-
lues.

To quantify health risks from the exposure to PFOS and PFOA, the
hazard quotient (HQ) and hazard index (HI) approach was used. The

HQs was calculated as a ratio between the daily intake (DI) of the re-
spective PFAS (namely PFOA and PFOS) and the Tolerable Daily Intake
(TDI), or Provisional Tolerable Weekly Intake (PTWI) set by the EFSA
Panel on Contaminants in the Food Chain (EFSA, 2008; EFSA, 2018).
Considering the same most sensitive endpoints, especially adverse ef-
fects on the liver, thyroid and development, the HI as a sum of HQs was
calculated to assess the risk of the combined exposure.

2.5. Statistical analysis

Only compounds with more than 50% of values above the LOQ were
used for statistical analyses. The concentrations of PFOS, PFOA and
perfluorononanoic acid (PFNA) (the last one only in 2017) in human
milk were summarized using the geometric means and medians to-
gether with the minimum and maximum values. This criterion is ob-
ligatorily used in the CZ-HBM survey for the definition of population
exposure and implementation of statistical analysis. The concentrations
below the LOQ were assigned half the value of the LOQ. Differences in
PFOA, PFOS (expressed as a sum of linear and branched isomers), and
PFNA concentrations between groups and over time were tested by
various analyses of variance models applied to logarithmically trans-
formed data. In the case of significant results, Sidak's multiple com-
parison procedure was used for pairwise comparisons. Spearman's
correlation coefficient was used to investigate the possible association
between the total PFOS and PFOA milk concentrations. Significance
level was set at p = 0.05. Data were processed using the Stata statistical
software package, release 14.2 (StataCorp LP, College Station, TX,
U.S.A.).

3. Results and discussion

3.1. Basic maternal characteristics

The basic characteristics of the breastfeeding women participating
in the study in different years are summarized in Table 1.

Table 1
Basic characteristics of study population in different sampling years.

2006 2010/2011 2014 2017

Number of respondents 59 183 164 232
Location Prague 18 (31%) 48 (26%) 51 (31%) 56 (24%)

Liberec 10 (17%) 50 (27%) 41 (25%) 57 (25%)
Ostrava 13 (22%) 51 (28%) 49 (30%) 65 (28%)
Uherské Hradiště 5 (8%) 34 (19%) 23 (14%) –
Žďár nad Sázavou – – – 54 (23%)
Kutná Hora 5 (8%) – – –
Benešov 8 (14%) – – –

Mother′s age (mean; min - max) 27 (19–30) 29 (17–38) 30 (20–45) 29 (18–44)
Education Primary school NI 8 (4%) 1 (1%) 8 (3%)

Secondary school NI 93 (51%) 67 (40%) 91 (40%)
University NI 81 (45%) 96 (59%) 133 (57%)

Smoking 0 11 (6%) 6 (4%) 12 (5%)
Chronic diseases Total NI NI 31 (19%) 46 (19%)

Thyroid disease NI NI 12 (7%) 13 (6%)
Fish consumption
Sea fish Daily NI NI 0 0

2x - 3x per week NI NI 6 (4%) 12 (5%)
1x per week NI NI 25 (15%) 67 (29%)
1x a month NI NI 98 (60%) 101 (44%)
Never NI NI 34 (21%) 51 (22%)

Freshwater fish Daily NI NI 0 0
2x - 3x per week NI NI 5 (3%) 8 (3%)
1x per week NI NI 9 (6%) 33 (14%)
1x a month NI NI 94 (58%) 118 (51%)
Never NI N 54 (33%) 72 (31%)

NI = Not included in questionnaire.
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3.2. PFASs concentrations in human milk, local differences and time-related
trends

The list of the PFASs analyzed in particular sampling years along
with the LOQ values and percentages of positive findings is shown in
Supplementary Material Table S2. Of a total of 19 (until 2014) or 23 (in
2017) target compounds analyzed in milk samples, only PFOS and
PFOA were quantified in more than 90% of samples. In 2017 also PFNA
was quantified in more than half (99%) of samples, although, more
positive findings of PFNA in the human milk samples from Czech Re-
public (48%) (< 0.006–0.015 ng/mL) were documented earlier by
Lanková et al. (2013). Positive findings were marginally detected also
for perfluoroheptanoic acid (PFHpA) in the archived samples and for
perfluorohexane sulfonic acid (PFHxS) in the 2014 study (Table S2).

The descriptive statistics with the concentration ranges for PFOS,
PFOA and PFNA are shown in Table 2. PFOS was found as a linear (L-
PFOS) or branched (Br-PFOS) isomer with proportion of about 34–39%
of Br-PFOS in all samples tested (Fig. 1). Thomsen et al. (2010) found
the relative amount of the branched isomers in human milk to be about
18%; Haug et al. (2010) reported this proportion to reach about 17%.
However, generally, the literature data on the proportions of Br- and L-
PFOS in human milk are scarce.

The PFOA levels in human milk were significantly higher than the
PFOS levels (calculated as the sum of Br- and L-PFOS isomers)
(p < 0.001 in 2006 and 2010/2011, p < 0.05 in 2014 and 2017),
i.e.1.2–1.9-fold higher depending on the sampling year. A similar pro-
portion was observed by Barbarossa et al. (2013), Beser et al. (2019),
and Kang at al. (2016), whereas Tao et al. (2008) or Haug et al. (2010)
reported an inverse proportion. Other compounds either were not de-
tected or were below the LOQ (Table S2).

A significant downward temporal trend in the geometric mean (GM)
levels of both PFOS and PFOA was observed between 2006 and 2017
(p < 0.001 for both substances). Each subsequent period represented a
significant decrease compared to the previous period with the exception
of PFOS levels between 2010/2011 and 2014 (Table 2).

A considerable difference between the samples from different areas

was observed (Fig. 2). The PFOS concentrations in milk samples from
Liberec in northern Bohemia (see Fig. S1) were significantly higher
(p < 0.001) than those in other areas during all sampling periods
(except for 2006; p = 0.708) and remained at roughly the same level
between 2006 and 2014 followed by some decrease in 2017. A similar
trend was not observed for PFOA in Liberec. Consequently, the asso-
ciation between total PFOS and PFOA was weaker in Liberec compared
to other areas (Spearman's correlation coefficient of 0.39 vs.
0.50–0.54).

3.3. Other factors affecting the PFASs concentrations in human milk

3.3.1. Age
In this study, the influence of age was analyzed by comparing two

age groups: mothers under 30 years of age and those aged 30 years or
older. No statistically significant difference in PFASs levels was found
between the both age groups. In other studies, a relationship between
maternal age and PFASs levels in milk has not been found either (Llorca
et al., 2010; Tao et al., 2008). However, an association of PFASs and age
has been confirmed in Lee et al. (2018). It should be taken into account
that the maternal age ranges in the study are not wide enough and that
the influence of age may be confounded by other factors, especially
education.

3.3.2. Education
Maternal education data were available only for the samples from

2014 to 2017. In both years, mothers with tertiary education had sig-
nificantly higher levels of PFOA in milk compared with those with
primary or secondary education (p = 0.006), whereas the differences
between mothers with primary and secondary education were negli-
gible. A similar shift is seen in total PFOS as well but it does not reach
statistical significance (p = 0.072). A positive association between the
education and serum PFOS and PFOA levels was also observed in Czech
adults (Sochorová et al., 2017). The increased PFASs levels in the po-
pulation group with tertiary education might be related to higher so-
cioeconomic status allowing them to buy high quality consumer

Table 2
Descriptive statistics of total PFOS, Br-PFOS, L-PFOS, PFOA and PFNA concentrations in human milk and appropriate LOQ (ng/mL).

Compound 2006 2010/2011 2014 2017

Total PFOS
GM (95% CI) 0.050 (0.041–0.060) 0.031 (0.027–0.035) 0.030 (0.025–0.036) 0.022 (0.013–0.031)
Ranges 0.016–0.162 0.007–0.158 0.003–0.212 0.002–0.169
95th perc. 0.124 0.107 0.111 0.078
Br-PFOS
LOQ (% > LOQ) 0.01 (89.8) 0.01 (60.1) 0.001 (95) 0.001 (98.3)
GM (95% CI) 0.017 (0.013–0.020) 0.012 (0.009–0.014) 0.011 (0.008–0.014) 0.007 (0.005–0.009)
Ranges <0.01–0.068 < 0.01–0.092 < 0.001–0.128 < 0.001–0.099
95th perc. 0.035 0.054 0.059 0.040
L-PFOS
LOQ (% > LOQ) 0.004 (100) 0.004 (97.3) 0.002 (99) 0.002 (99.6)
GM (95% CI) 0.033 (0.027–0.039) 0.018 (0.016–0.021) 0.018 (0.016–0.021) 0.014 (0.006–0.022)
Ranges 0.011–0.101 0.005–0.108 < 0.002–0.095 < 0.002–0.083
95th perc. 0.088 0.055 0.062 0.041
PFOA
LOQ (% > LOQ) 0.01 (100) 0.01 (96.7) 0.006 (99) 0.003 (100)
GM (95% CI) 0.078 (0.066–0.090) 0.054 (0.050–0.058) 0.034 (0.031–0.037) 0.024 (0.021–0.026)
Ranges 0.028–0.23 0.016–0.159 < 0.006–0.159 < 0.003–0.16
95th perc. 0.172 0.113 0.083 0.058
PFNA
LOQ (% > LOQ) 0.01 (1.7) 0.01 (1.6) 0.006 (6.7) 0.003 (98.7)
GM (95% CI) NC NC NC 0.007 (0.006–0.007)
Ranges NC NC NC <0.003–0.029
95th perc. NC NC NC 0.012

NC = not calculated.
GM = geometric mean.
(95% CI) = 95% confidence interval calculated from geometric mean.
Total PFOS = branched Br-PFOS + linear L-PFOS isomers (calculated).
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products (waterproof footwear, sportswear, etc.), which may contain
more PFASs (Buekers et al., 2018).

3.3.3. Diet
Food has been identified by several studies as the main exposure

pathway to PFASs (Domingo et al., 2012; Domingo, Nadal, 2017; Jain,
2014). In our studies from 2014 to 2017, dietary habits were mapped
by means of a food frequency questionnaire. The consumption of sea
fish, but not of freshwater fish, was positively correlated to the human
milk PFOA levels (p = 0.01), whereas the consumption of seafood was
rather rarely reported. Despite the rising sea fish consumption observed
between 2014 and 2017 in the Czech population, mostly as a result of
switching from the category “consumption of sea fish meal once a
month” to category “once a week” (see Supplementary Material Fig.
S2), the PFOS and PFOA human milk levels decreased in 2017 n
(Fig. 3). No statistically significant differences were found for milk and
dairy products, eggs, meat, offal or frequency of fast-food consumption.
An association between the consumption of fish and PFASs level in
human body fluids was also described by other authors (Haug et al.,
2010; Motas Guzmán at al., 2016; EFSA, 2018).

3.4. Calculation of PFASs intake in breastfed infants and risk assessment

Daily human milk consumption varies with the child's age and its
other food intake. In this study we consider an average daily milk
consumption rate of 800 mL/day per infant from month 0–6 and ex-
clusive breastfeeding. The median values, 95th percentiles, and ranges
of calculated PFOA, PFOS and PFNA daily intakes in infants per sam-
pling year are given in Table 3a. The highest daily intake was observed
for PFOA (median values were 10.0, 7.73, 4.69 and 3.09 ng/kg bw/day
for the respective sampling periods). Lower daily intakes were observed
regularly for PFOS (median values of 6, 4, 4.08 and 2.65 ng/kg bw/day
respectively). Based on the PFNA concentrations measured, the daily
intake could only be calculated for the last sampling period (median
value of 0.89). Unfortunately neither TDI nor TWI for PFNA has been
available.

The exposure limits for PFOS and PFOA were set to 150 ng/kg of
bw/day and 1500 ng/kg of bw/day respectively in 2008 (EFSA, 2008).
Considering the maximum daily intake, none of PFASs values exceeded
the recommended TDI of 1500 and 150 ng/kg bw/day for PFOA and
PFOS respectively. As shown in Table 3b, the HQs and HIs values are
below 1, which represents only negligible health risk. In the past, a
number of other authors came to a similar conclusion (Motas Guzmàn

et al., 2016; Llorca et al., 2010; Kang et al., 2016; Sundström et al.,
2011). Moreover, Kraft et al. (2007) have established a health-risk re-
ference value of 0.540 ng/mL for combined concentrations of PFOS and
PFOA in human milk. This threshold limit value was not exceeded in
our samples either. The highest individual level found for the sum of
PFOS and PFOA was found 0.346 in 2006, e.g. which is 64% of the
above mentioned reference value.

The increasing awareness of toxicological effects on humans and the
wide spread of PFASs in the environment have led to a re-evaluation of
the existing limits. Environmental Protection Agencies from different
countries (Swedish EPA, 2012; US EPA, 2014; and Danish EPA, 2015)
tried to refine and tighten existing limits. So the European Commission
asked the EFSA to assess health risk from the exposure to PFOS and
PFOA. The EFSA Panel on Contaminants in the Food Chain established
a PTWI of 13 ng/kg bw per week for PFOS and of 6 ng/kg bw per week
for PFOA (EFSA, 2018). Their more conservative approach should make
the health risk assessment of PFASs more protective. Indeed, when the
new PTWI values were applied for the assessment of PFOS and PFOA
exposure from human milk in our study, we came to the conclusion that
the infant exposure considerably exceeds the PTWI value, with HQ and
HI being substantially higher than 1 (Table 3b). It may mean that the
PFASs exposure burden of infants from breastfeeding is not negligible
and that lactation is a considerable source of exposure for infants.

Given that human milk is a sole food source for infants, breast-
feeding could be an important postnatal exposure pathway. It is well
known that the exposure to toxic contaminants in early life may impose
greater health impacts than later in life (e.g. Landrigan et al., 2002). On
the other hand, the TDI/TWI refers to the lifetime intake whereas the
breastfeeding period is much shorter. Moreover, breastfeeding is still
generally considered to be the optimal form of nutrition for infants
(ATSDR, 2019).

4. Strengths and limitations of the study

A strength of the study was the possibility to follow the PFASs levels
in human milk over a time period of about ten years. It allowed to
demonstrate a significant time-related downward trend. The recruit-
ment and sampling were carried out in accordance with the standard
operating procedures used in the whole CZ-HBM system. All samples
were analyzed at the same laboratory. On the other hand, sufficient
data are not available on external exposure of breastfeeding mothers,
their behavior, dietary habits, and socioeconomic status to do a detailed
analysis of exposure sources and exposure assessment. The changes

Fig. 1. Median concentrations of PFOA and PFOS (ng/mL) in human milk samples collected in the Czech Republic in the period 2006–2017.
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made to the structure of the questionnaire in the course of sampling
years, in particular, the absence of questions concerning fish con-
sumption in previous years, are the possible limitations of the study.
Different number of samples per site is available and thus these data are
not generalizable to the Czech general female population or to the
lactating women in the selected localities.

5. Conclusion

This study provides significant evidence for decreasing trends in
PFOS and PFOA concentrations in human milk from the Czech popu-
lation between 2006 and 2017. The probable explanation of this de-
clining trends could be gradual and long term regulations of these
compounds by authorities worldwide, especially in the frame of

Fig. 2. Concentrations of PFOA (a) and PFOS (b) in the human milk samples from Czech Republic 2006–2017. Boxes represent the interquartile range with the
median represented by a horizontal line. Whiskers extend to the farthest data points within 1.5 times the interquartile range, outliers are plotted individually.
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Stockholm convention in 2009. The assessment of health risk to infants
from the consumption of human mothers' milk showed that their ex-
posure did not exceed the EFSA 2008 TDI. The exposure levels if TDI
established in 2008 appeared to be negligible as daily intake of infant
did not exceed the tolerable daily intake. Using PTWI established in
2018 for risk estimation, the exposure levels of breastfed infants were

far above upper limit. Further measures to reduce the exposure to
PFASs are therefore recommended. However, the risk associated with
PFASs exposure via breastfeeding should be balanced against the ben-
efit from breastfeeding.

Fig. 3. Geometric mean of PFOA concentrations (ng/mL) in human milk samples related to sea fish consumption.

Table 3a
Daily PFASs intake calculated for breastfed infants (ng/kg bw/day) and the tolerable exposure levels (TDI, PTWI).

2006 (N = 59) 2010 + 2011 (N = 183) 2014 (N = 164) 2017 (N = 232) TDIa PTWIb

PFOA Median 10.0 7.73 4.69 3.09 1500 6
95th perc. 22.9 15.0 10.9 7.76
Range 3.73-30.7 0.67-20.1 0.40-21.2 0.46-21.3

PFOS Median 6.00 4.00 4.08 2.65 150 13
95th perc. 16.5 14.2 14.8 10.2
Range 2.13–21.6 0.93-20.9 0.33-28.3 0.20–22.5

PFNA Median – – – 0.89 – –
95th perc. – – – 1.64
Range – – – 0.20-3.89

N - Number of samples.
a Source – EFSA (2008).
b Source- EFSA (2018).

Table 3b
Hazard Quotients (HQ) and Hazard Index (HI) for PFASs intake in the breastfed infants based on Tolerable Daily Intake (TDI) and Provisional Tolerable Weekly
Intake (PTWI).

2006 (N = 59) 2010 + 2011 (N = 183) 2014 (N = 164) 2017 (N = 232)

Calculation with TDI HQ PFOA Median 0.007 0.005 0.003 0.002
95th perc. 0.015 0.010 0.007 0.005

HQ PFOS Median 0.040 0.027 0.027 0.018
95th perc. 0.110 0.095 0.099 0.068

HI Median 0.047 0.032 0.030 0.020
95th perc. 0.124 0.097 0.103 0.070

Calculation with PTWI HQ PFOA Median 11.7 9.02 5.47 3.61
95th perc. 26.7 17.5 12.8 9.05

HQ PFOS Median 3.23 2.15 2.20 1.42
95th perc. 8.90 7.65 7.98 5.48

HI Median 15.2 12.1 8.09 5.33
95th perc. 32.6 20.4 18.0 13.9

N - Number of samples.
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• The most frequently detected analyte
with the highest concentration was 2-
OH-NAP.

• 6-OH-CHRY and 3-OH-BaPwere not de-
tected in any of the analysed samples.

• ΣOH-PAHs in children‘s urine samples
were1.7× lower compared to their
mothers.

• ΣOH-PAHs in urine did not correlate
with PAHs measured in the ambient air.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o

Article history:
Received 6 February 2020
Received in revised form 19 March 2020
Accepted 20 March 2020
Available online 21 March 2020

Editor: Damia Barcelo

Keywords:
Environment
Biomonitoring
Biomarkers
OH-PAHs
UHPLC–MS/MS

Polycyclic aromatic hydrocarbons (PAHs) are environmental contaminants produced during incomplete com-
bustion of organic matter. Humans can be exposed to them via several pathways (inhalation, digestion, dermal
exposure). The aim of this study was to assess the concentration of 11 monohydroxylated metabolites of PAHs
(OH-PAHs) in 660 urine samples collected from mothers and their newborns residing in two localities of the
Czech Republic—Most and Ceske Budejovice— in 2016 and 2017. After enzymatic hydrolysis, the target analytes
were extracted from the urine samples using liquid-liquid extraction, with extraction solvent ethyl acetate and a
clean-up step using dispersive solid-phase extraction (d-SPE) with the Z-Sep sorbent. For identification and
quantification, ultra-high performance liquid chromatography coupled with tandemmass spectrometrywas ap-
plied. 2-OH-NAP was the compound present in all of themeasured samples and it was also the compound at the
highest concentration in bothmothers' and newborns' urine samples (median concentration 5.15 μg/g creatinine
and 3.58 μg/g creatinine). The total concentrations of OH-PAHs in urine samples collected from mothers were 2
times higher compared to their children. The most contaminated samples were collected in Most in the period
October 2016–March 2017 frombothmothers (12.59 μg/g creatinine) and their newborns (8.29 μg/g creatinine).
The concentrations of OH-PAHs in urine samples,whichwere collected frombothmothers and their newborns as
presented in this study, are comparable with those found in our previous study between 2013 and 2014. In ad-
dition, they are slightly lower or comparable to other studies from Poland, USA, Germany, China, and Australia.
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The results might indicate that the population in the previously highly air-polluted mining districts carries some
long-term changes (maybe existing changes in genetic information), which also affect themetabolism of PAHs. It
could be related to the long-lasting effect, and thus corresponding to the shortened life expectancy.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

PAHs are a group of well-known ubiquitous environmental contam-
inants that are formed during incomplete combustion or pyrolysis of or-
ganic matter (Kim et al., 2013). The most thoroughly investigated
substance from this group is benzo[a]pyrene (BaP), which is listed as a
carcinogen in humans (Group 1) according to a database by the Interna-
tional Agency for Research on Cancer (IARC). Another compound of
high concern is chrysene (CHRY), which is listed as possibly carcino-
genic to humans (Group 2B) (Li et al., 2016; IARC, 2018). However,
PAHs occur in the environment as complex mixtures and thus it is nec-
essary to monitor more than one compound (Yamamoto et al., 2015).

Humans can be exposed to PAHmixtures via various pathways, such
as inhalation of contaminated air and/or tobacco smoke, or digestion of
contaminated food. For occupationally exposed individuals (e.g., steel,
coal or asphaltworkers), dermal absorption is themajor exposure path-
way (Ma and Harrad, 2015; Alicandro et al., 2016). The high molecular
PAHs (e.g., BaP or indeno[1,2,3-cd]pyren) tend to accumulate to some
extent in fat tissue and only a minor part of them is metabolised. The
low molecular PAHs (e.g. fluorene or phenanthrene) are metabolised
in a larger part. After entering the body, PAHs are metabolised by cyto-
chrome P450 enzymes. Metabolism includes twomain phases: In Phase
I, OH-PAHs are mainly formed. In Phase II, these compounds are conju-
gated with glucuronic acid or sulfate to produce compounds that are
more water-soluble and are easily excreted from the body via urine or
bile (Tombolini et al., 2018).

During theirmetabolic transformation, PAHs can become harmful to
humanhealth. In thefirst phase ofmetabolism, reactive species could be
formed and interact with proteins or DNA and, as a result, exposure to
PAHs can cause a higher incidence of cancer. PAH metabolites (mainly
OH-PAHs) can act as endocrine disruptors, and therefore, can negatively
affect the endocrine system. Exposure to PAHs during pregnancy can af-
fect foetal development and can lead to intrauterine growth retardation
and lower birth weights (Dejmek et al., 2000; Abdel-Shafy and
Mansour, 2016). Prenatal PAH exposure can also be associated with
the development of attention deficit hyperactivity disorder (ADHD)
(Perera et al., 2018). Children from regions with higher PAHs exposure
suffer from higher respiratory morbidity (Hertz-Picciotto et al., 2007;
Dostal et al., 2013) and increased incidence of asthma bronchiale
(Choi et al., 2017; Choi et al., 2019). Scientific research also indicates
that PAHs (their metabolites) can affect childhood obesity (Poursafa
et al., 2018). The International Programme on Chemical Safety (IPCS),
the Scientific Committee on Food (SCF) and the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) concluded that 15 PAHs show
clear evidence of mutagenicity and genotoxicity in somatic cells in ex-
perimental animals in vivo (EFSA (European Food Safety Authority),
2008). However, there are no regulations for the restriction of the levels
of PAHmetabolites in the human body and biological matrices. The only
restricted compounds by the legislation are parent PAHs in some foods,
and the concentrations of BaP are regulated in the air.

To assess the exposure of the human body to PAHs, it is important to
monitor theparent PAHs in the ambient air and food aswell as theirme-
tabolites in biological samples. Therefore, for this reason, mainly OH-
PAHs are measured in the urine.

According to previous researchers, it can be seen that they are more
focused on the analysis of OH-PAHs in urine samples (i.e., to evaluate
PAH exposure) collected from a broad range of population groups, for
example, highly exposed people, such as steel (Onyemauwa et al.,
2009) or asphalt workers (Campo et al., 2010), smokers (Ramsauer

et al., 2011), or the general population living in contaminated areas
(Guo et al., 2013a). The most recent scientific papers are more focused
on the population where PAH exposure could be most harmful, such
as young children, adolescents (Sochacka-Tatara et al., 2018; Dobraca
et al., 2018; Kelishadi et al., 2018), and pregnant women (Nethery
et al., 2012; Adetona et al., 2013).

The presented research addresses a specific gap identified for PAHs
within the frame of the European HBM4EU project in understanding
the relationship between exposure and health. The main aim was to
evaluate the concentrations of 11 OH-PAHs in the urine samples col-
lected from July 2016 to August 2017 frommothers and their newborns
residing in two localities of the Czech Republic — Ceske Budejovice and
Most. The district of Ceske Budejovice in Southern Bohemia was se-
lected as a control locality, according to our previous studies (Sram
et al., 2016; Veleminsky Jr. et al., 2016). The district of Most is one of
the mining districts in Northern Bohemia, which was characterised by
significant air pollution due to power plants and local heating emissions
in the ‘70s and ‘80s, and use of brown coal with a high content of sul-
phur. The outcome of this load was seen in the shortening of life expec-
tancy by two years in bothmales and females. This did not change in the
period 1990–2017 (Sram et al., 1996). Our previous study analysed the
effect of air pollution by PAHs in a highly polluted locality— the Karvina
district in NorthernMoravia and the control district of Ceske Budejovice
(Urbancova et al., 2017).

2. Materials and methods

Certified standards of OH-PAHs, namely 1-OH-NAP and 2-OH-NAP
(both 1000 μg/mLmethanol) were purchased from Absolute Standards,
Inc. (USA). 3-OH-PHEN, 9-OH-PHEN, 1-OH-PYR and 3-OH-BaP (all
10 μg/mL acetonitrile) were purchased from Neochema (Germany)
and 6-OH-CHRY (100 μg/mL acetonitrile) was obtained from
AccuStandard® (USA). 2-OH-FLUO, 1-OH-PHEN, 2-OH-PHEN, 4-OH-
PHEN and isotopically labelled analogues, specifically [2H]7-
naphtalene-1-ol (d7-1-OH-NAP), [2H]7-naphtalene-2-ol (d7-2-OH-
NAP), [2H]9-fluorene-2-ol (d9-2-OH-FLUO), [2H]9-phenanthrene-1-ol
(d9-1-OH-PHEN), [2H]9-phenanthrene-2-ol (d9-2-OH-PHEN), [2H]9-
phenanthrene-3-ol (d9-3-OH-PHEN), [2H]8-phenanthrene-9-ol (d8-9-
OH-PHEN), [2H]9-pyrene-1-ol (d9-1-OH-PYR), [2H]11-benzo[a]pyrene-
3-ol (d11-3-OH-BaP) were supplied by Toronto Research Chemicals
Inc. (Canada) in a solid form. Creatinine was delivered by Sigma-
Aldrich (USA). The purity of all standards and their isotopically labelled
analogues was at least 98%.

Individual OH-PAHs delivered as solids were dissolved according to
the manufacturers' recommendations. Mixtures of OH-PAHs and their
isotopically labelled analogues (dx-OH-PAHs) were prepared in metha-
nol. All solutions were stored at −20 °C in the freezer.

The Standard Reference Material® (SRM) 3673 (Organic Contami-
nants in Non-Smokers´ Urine) used for the method validation experi-
ments was supplied by the US National Institute of Standards and
Technology (NIST, USA).

2.1. Chemicals, reagents and other materials

Ethyl acetate, picric acid, enzyme β-glucuronidase (type HP-2, glu-
curonidase activity ≥100,000 units/mL, sulfatase activity ≤7500 units/
mL), sorbent Supel™ QuE Z-Sep and polypropylene centrifuge tube fil-
ters (nylon, pore size 0.22 μm) were supplied by Sigma Aldrich (USA).
HPLC gradient methanol was delivered by Merck (Germany). Unsterile
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polytetrafluoroethylene (5.0 μm, Ø 25mm) filters were purchased from
Rotilabo® (Germany). 96-well microtiter plateswere obtained from the
Gama Group (Czech Republic).

2.2. Sample collection

The sample collection was carried out within the grant of the Czech
Academy of Sciences, Strategy AV21, Qualitas and EU Horizon 2020
HBM4EU. The samples were collected in two localities of the Czech
Republic— Ceske Budejovice andMost, namely in the Ceske Budejovice
Hospital, Department of Obstetrics and Department of Neonatology and
in theMost Hospital, Department of Obstetrics and Department of Neo-
natology. All the mothers´ urine samples were collected before delivery
andnewborns´ urine sampleswere collected on the secondday after de-
livery as spot samples. The studywas approved by the Ethics Committee
of both hospitals and the Institute of Experimental Medicine of the CAS
in Prague. Eachmotherwas required to sign awritten consent. A total of
660 samples (330 samples from mothers and 330 samples from their
newborns) were collected. The sampling was carried out from July
2016 to August 2017. The urine samples were stored in the freezer at
−20 °C before analysis.

Each mother filled in a questionnaire regarding her age, body mass
index (BMI), current residency, eating habits and smoking habits. Ac-
cording to the data, all the mothers claimed that they did not smoke
during the third trimester of their pregnancy and, therefore, were eval-
uated as non-smokers. Gestation age, date of child's birth, delivery type,
birth weight, and gender were obtained from the questionnaire filled in
by medical personnel. The summary of the information is shown in
Table 1.

Within the Qualitas project, air samples were also collected for the
analysis of PAHs. Air was sampled using Hi-Vol filters, and it was col-
lected every 3 days (10 samples/month). The sample volume was
1627m3/24 h in each location in seasons July–September 2016, October
2016–March 2017 and April–May 2017.

2.3. Description of methods

2.3.1. Measurement of urinary creatinine
To normalise the urine concentration/dilution in individual samples

for data comparability, the creatinine values were used. The creatinine
concentrationwasmeasured using a Jaffe's spectrophotometric method
according to our previous study (Lankova et al., 2016).

2.3.2. Analysis of OH-PAHs in urine

2.3.2.1. Extraction. The sample preparation procedure based on LLE with
the extraction solvent ethyl acetate and a clean-up step, using d-SPE
with a Z-Sep sorbent, is described in detail in our previous paper
(Urbancova et al., 2017).

2.3.2.2. Instrumental analysis. The UHPLC–MS/MS analysis of 11 urinary
OH-PAHswas performed using anAcquity Ultra-Performance LC system
coupled with a triple quadrupole mass spectrometer Xevo TQ-S (both
from Waters, USA) with electrospray ionisation in a negative ion
mode (ESI-). Analytes were separated on a PFP (pentafluorophenyl)
Kinetex column, Phenomenex (USA) (100 mm × 2.1 mm × 1.7 μm).

Measurement conditions are described in more detail in our previously
published paper (Lankova et al., 2016).

2.3.2.3. Quality assurance/quality control and validation. The validation of
the analytical method for the analysis of 11 urinary OH-PAHs and the
spectrophotometric method based on Jaffe's reaction for creatinine de-
termination are described in detail in our previous study [30]. The
method accuracywas controlled by using the SRM3673. Limits of quan-
tification (LOQs) were 0.01–0.025 ng/mL with recovery 77–113% and
repeatability (RSD) 3–14%. For 6-OH-CHRY and 3-OH-BaP, which were
not certified in the SRM 3673, the performance parameters were mea-
sured by the analysis of an artificially contaminated urine blank sample.
The recovery for 6-OH-CHRY was 95% (RSD 13%, LOQ 0.01 ng/mL) and
for 3-OH-BaP, it was 97% (RSD 16%, LOQ 0.9 ng/mL).

Background contamination by the target analytes was also moni-
tored. A procedural blank sample (deionised water was used instead
of urine) was prepared together with each batch of samples. The
blank sample contained traces of 1-OH-NAP, 2-OH-NAP, 1-OH-PHEN,
2-OH-PHEN, 3-OH-PHEN and 1-OH-PYR (concentrations below
0.02 ng/mL urine). The concentration of contamination in the blank
sample was subtracted from all samples prepared on the same day as
the procedural blank sample.

2.3.3. Analysis of PAHs in Hi-Vol filters
The extraction of PAHs from the Hi-Vol filters is described in our

other paper (Polachova et al., 2020). Briefly, the target PAHs from thefil-
ters were extracted using the mixture hexane:dichloromethane (1:1, v/
v) for 7 h in a Soxhlet apparatus. The primary extract was redissolved
after evaporation in hexane and purified from interfering co-extracts
by solid-phase extraction (SPE) on a silica column. After another evap-
oration, the final extract was dissolved in isooctane and analysed for
the presence of 24 PAHs, using gas chromatography, combined with
high-resolution mass spectrometry (time of flight analyser (TOF)) in
electron ionisation mode (GC-HRTOFMS-EI). LOQs of this method
ranged from 0.0006 ng/m3 air to 0.0012 ng/m3 air with a recovery of
64–118% and repeatability of 4–19%.

3. Results

3.1. Overall urinary concentrations of 11 OH-PAHs in urine samples

A total of 660 urine samples (330 samples collected from mothers,
330 from their newborns) were analysed to detect the presence of 11
OH-PAHs. Table 2 shows the results of OH-PAH concentrations in
urine samples collected from mothers and their newborns. In the
mothers' urine samples, 2-OH-NAP was the most abundant compound
found in 100% of the samples, followed by 1-OH-PHEN (99% of sam-
ples), 2-OH-PHEN (99% of samples) and 2-OH-FLUO (99% of samples).
Other compounds were present in N89% of the measured samples. In
the case of urine samples collected from newborns, the most abundant
compound was also 2-OH-NAP (100% of samples), followed by 2-OH-
PHEN (88% of samples), 1-OH-PHEN (86% of the samples) and 9-OH-
PHEN (82% of samples). The abundance of the other OH-PAHs was
lower. Monohydroxylated metabolites of carcinogenic CHRY and BaP,
namely 6-OH-CHRY and 3-OH-BaP, were not detected in any of the
measured samples collected from mothers or their newborns. This

Table 1
General information about mothers and their newborns — median (min-max).

Ceske Budejovice Most

Jul-Sep 2016 Oct 2016-Mar 2017 Apr-Aug 2017 Jul-Sep 2016 Oct 2016-Mar 2017 Apr-Aug 2017

Mother's age (years) 32 (18–42) 32 (20–43) 32 (22–41) 30 (19–41) 29 (18–44) 30 (18–43)
BMI 23 (16–44) 22 (16–40) 23 (19–43) 24 (18–41) 22 (16–42) 23 (17–37)
Gestation age (weeks) 39 (36–40) 39 (36–42) 39 (37–40) 40 (35–42) 39 (37–42) 39 (36–40)
Birth weight (g) 3360 (2240–4070) 3445 (2440–4610) 3590 (2140–4340) 3280 (2700–4190) 3425 (1300–4530) 3410 (2090–4360)
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result is in good agreement with other published papers (Onyemauwa
et al., 2009; Veleminsky Jr. et al., 2016; Sykorova et al., 2015; Li et al.,
2014), and it is probably caused by urine not being the major excretion
route for these more lipophilic compounds.

As shown in Table 2, the concentrations of all monitored OH-PAHs
(ΣOH-PAHs) was 1.7 times higher in the urine samples collected from
mothers (median ΣOH-PAHs 8.96 μg/g creatinine) compared to their
children (median ΣOH-PAHs 5.15 μg/g creatinine).

2-OH-NAP was the compound present in all of the measured sam-
ples and it was also the compound found at the highest concentration
in both mothers' and newborns' urine samples (median concentration
5.15 μg/g creatinine and 3.58 μg/g creatinine). The domination of 2-
OH-NAP among other measured OH-PAHs was also found in other sim-
ilar studies (Tombolini et al., 2018; Sochacka-Tatara et al., 2018; Cathey
et al., 2018) and our previous study (Urbancova et al., 2017). It can be
assumed that inhalation may be the dominant source of exposure for
low molecular PAHs, such as NAP (Guo et al., 2013b). However, this
compound was not measured in the Hi-Vol filters analysed in this
study due to its high volatility. The median concentrations of approxi-
mately one order ofmagnitude lowerweremeasured for the compound
with the second-highest concentration, 9-OH-PHEN (mothers – 0.45 μg/
g creatinine, newborns – 0.26 μg/g creatinine). The concentrations of
other measured PAHs were about one order of magnitude lower. In ad-
dition, their profiles varied in the urine samples compared between
mothers and their newborns. No correlation was found in the concen-
trations of target compounds measured in the urine samples collected
from mothers and their newborns. The highest correlation was found
for 2-OH-NAP, with the coefficient of determination R2 0.79 in the
urine samples collected in Ceske Budejovice from April to August
2017. However, these coefficients for this compound were lower in
urine samples collected in other seasons in Ceske Budejovice and the
second sampling locality Most (Table S1 in the Supplementary data).
In addition, no relationship was found between concentrations of OH-
PAHs found in the urine and mothers' age, and BMI and newborns'
birth weight.

3.2. Comparison of OH-PAH concentrations in urine samples collected from
mothers and their newborns according to sampling season and locality

The samples were divided into three subgroups based on the sam-
pling periods in relation to the concentrations of BaP in the air, namely
from July to September 2016 (BaP concentration in the air b1 ng/m3),
from October 2016 to March 2017 (BaP concentration in the air N1 ng/
m3) and from April to August 2017(BaP concentration in the air
b1 ng/m3).

The concentration data of all PAHs measured in the air are
summarised in Table S2 in the Supplementary Data.

To evaluate the differences between groups of samples, a statistical
t-test was performed. Detailed results from this test (t-value, tα and p-
value) are summarised in Table S3 in the Supplementary Data.

3.2.1. Urine samples collected from mothers and their newborns
Aswas earliermentioned, themedian concentration ofΣOH-PAHs in

all urine samples was approximately 1.7 times higher in the urine sam-
ples collected from mothers (median concentration 8.96 μg/g creati-
nine) compared to their children (median 5.15 μg/g creatinine) as
shown in Fig. 1.

In the samples collected in the period July–September 2016 from
mothers living in Ceske Budejovice, the median concentration of
∑OH-PAHs was statistically significantly higher (α= 0.05) compared
to their newborns (8.88 μg/g creatinine and 3.86 μg/g creatinine). The
same trend was observed in Ceske Budejovice in the urine samples col-
lected in the periods of October 2016–March 2017 and April–August
2017. However, in the last two periods, we observed a smaller differ-
ence in ∑OH-PAHs concentrations in urine samples collected from
mothers compared to their children than in the first sampling period.
In October 2016–March 2017, the median concentration of ∑OH-
PAHs inmothers' urine was 1.9 times higher compared to their children
(6.76 μg/g creatinine and 3.65 μg/g creatinine). In April–August 2017,
the median concentration of ∑OH-PAHs in mothers' urine was 1.7
times higher compared to their children (5.82 μg/g creatinine and
3.43 μg/g creatinine) as shown in Fig. 1.

Concerning the second sampling locality, Most, a statistically signif-
icant difference (α = 0.05) was found between the urine samples col-
lected from mothers and their newborns in the sampling period of
July–September 2016. The median concentration of ∑OH-PAHs in
mothers' urine from this period was 2.3 times higher compared to
their children (11.42 μg/g creatinine and 4.96 μg/g creatinine). In the
second sampling season (October 2016–March2017), thedifference be-
tween the median concentration of ∑OH-PAHs in mothers' and new-
borns' urine samples was lower. The median concentration of ∑OH-
PAHs in the urine samples collected frommothers was 1.5 times higher
compared to their children (12.59 μg/g creatinine and 8.29 μg/g creati-
nine). No statistical difference (α = 0.05) was found in the concentra-
tions of OH-PAHs in samples collected from mothers and their
newborns in April–August 2017 in Most (8.65 μg/g creatinine and
8.04 μg/g creatinine) (Fig. 1).

3.2.2. Urine samples collected from mothers living in Ceske Budejovice and
Most

The median concentration of ΣOH-PAHs in the urine samples col-
lected from mothers living in Ceske Budejovice in the first sampling
round (July–September 2016) was statistically significantly higher
(α = 0.05) compared to the samples collected from mothers between

Table 2
Urinary concentrations of 11 OH-PAHs measured in 660 samples collected from Czech mothers and their newborns (μg/g creatininea).

Analyte LOQb Mothers (n = 330) Newborns (n = 330)

Mean Median Min Max % positive samples Mean Median Min Max % positive samples

1-OH-NAP 0.025 0.77 0.40 0.03 19.66 98 0.24 0.13 0.03 13.31 67
2-OH-NAP 0.025 7.30 5.15 0.56 42.62 100 6.09 3.58 0.46 41.12 100
2-OH-FLUO 0.025 0.33 0.23 0.07 4.15 99 0.17 0.08 0.03 1.06 72
1-OH-PHEN 0.010 0.43 0.26 0.04 13.82 99 0.45 0.13 0.01 4.86 86
2-OH-PHEN 0.010 0.27 0.17 0.03 5.36 99 0.21 0.09 0.01 3.08 88
3-OH-PHEN 0.010 0.10 0.06 0.01 1.99 96 0.05 0.01 0.01 0.57 52
4-OH-PHEN 0.010 0.48 0.17 0.01 16.06 94 0.03 0.01 0.01 0.30 45
9-OH-PHEN 0.010 0.97 0.45 0.05 22.06 89 0.37 0.26 0.01 3.36 82
1-OH-PYR 0.025 0.18 0.12 0.03 2.14 91 0.06 0.01 0.02 0.94 36
6-OH-CHRY 0.010 – – b0.01 b0.01 0 – – b0.01 b0.01 0
3-OH-BaP 0.900 – – b0.900 b0.900 0 – – b0.900 b0.900 0
ΣOH-PAH – 11.12 8.96 1.83 78.76 100 8.48 5.15 0.46 47.62 100

When target analyte was below LOQ for the mean and median calculation 1/2 LOQ value was used.
a Mean, median, minimum and maximum concentration of creatinine was 1.1, 0.92, 0.30 and 2.9 mg/mL urine.
b LOQ was calculated with the median concentration of creatinine (0.92 mg/mL).
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October 2016 to March 2017 in the same locality (8.88 μg/g creatinine
and 6.76 μg/g creatinine), and the median concentration of ΣOH-PAHs
in urine samples collected in April–August 2017 (5.82 μg/g creatinine)
as shown in Fig. 1. However, as Fig. 2 shows, the obtained concentra-
tions of OH-PAHs in urine do not correlate with PAHs measured in the
ambient air. We assume that in this case mothers were exposed to
PAHs from other sources, such as diet.

In the case of mothers from the Most region, no statistically signifi-
cant difference (α = 0.05) in the ΣOH-PAHs amount was determined
between the first two sampling rounds (July–September 2016
(11.42 μg/g creatinine) and October 2016–March 2017 (12.59 μg/g cre-
atinine)). The median concentration of ΣOH-PAHs collected in the third
sampling round (April–August 2017) was approximately 1.5 times
lower (8.65 μg/g creatinine) compared to the previous sampling rounds
(Fig. 1). This outcome is probably caused again by exposure sources
other than the inhalation of PAH-contaminated air (Fig. 2).

For a clear demonstration of the correlation between PAHs present
in the ambient air and their monohydroxylated metabolites measured
in urine, Fig. 2 only shows the results for phenanthrene (PHEN) (mea-
sured in the air) and ΣOH-PHEN (sum of 1-, 2-, 3-, 4- and 9-OH-
PHEN) measured in mothers' urine samples. The results for other
PAHs are very similar. The detailed results of all PAHs in ambient air
are documented in Table S2 in the Supplementary data. Though Fig. 2
shows that the highest concentration of PHEN in the air was measured
in February, it was not the month when the highest ΣOH-PHEN in
urine was determined. The same trend was observed for all measured
PAHs and their monohydroxylated metabolites in urine. The highest
concentrations of PAHs were measured in the air samples collected in
both Ceske Budejovice and Most in February 2017 (ΣPAHs 28.2 ng/m3

and 22.0 ng/m3). However, these results do not correspond with the
levels of ΣOH-PAHs measured in the urine. According to the highest
concentrations of PAHs in the ambient air in Ceske Budejovice in
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February 2017, the concentrations of OH-PAHs in urine should be the
highest as well. However, as shown in Fig. 2, OH-PAH concentrations
in urine are the lowest in February 2017. The same trend can be ob-
served in Most, the second sampling locality.

3.2.3. Urine samples collected from newborns born in Ceske Budejovice and
Most

In the newborns' urine samples, there were comparable median
concentration in samples collected in all three sampling rounds in
Ceske Budejovice (July–September 2016 (3.86 μg/g creatinine), October
2016–April 2017 (3.65 μg/g creatinine) andMay–August 2017 (3.43 μg/
g creatinine) as shown in Fig. 1. The amount of ΣOH-PAHs in newborns'
urine samples from Most collected in July–September 2016 (4.96 μg/g
creatinine) was statistically significantly lower compared to the second
and third sampling rounds (October 2016–April 2017 (8.29 μg/g creati-
nine), May–August 2017 (8.04 μg/g creatinine) as shown in Fig. 1. Then
again, these outcomes do not correlate with the concentration of PAHs
measured in the ambient air.

Our results indicate that there is possibly another exposure source
that has a stronger influence on the concentrations of OH-PAHs in the
urine. It is assumed that diet accounts for almost 80% of the total PAH
exposure (Li et al., 2016; Ma and Harrad, 2015). The concentrations of
PAHs measured in the whole-day diets from mothers participating in
this study will be published in our other paper (Polachova et al.,
2020). Unfortunately, breast milk samples were not collected within
the Qualitas project.

4. Discussion

Our results were compared with other studies and our previous
study, where urine samples collected frommothers and their newborns
living in two localities of the Czech Republic (control locality Ceske
Budejovice and highly air-polluted Karvina) were measured
(Urbancova et al., 2017). As shown in Table 3, the analyte with the
highest concentration in all of the studies was 2-OH-NAP, which corre-
spondswith our results from this study and our previous study. Thepro-
files of other target analytes are variable between countries. This result
indicates that people in different countries are exposed to differentmix-
tures of PAHs present in the air, diet and other sources.

The concentrations of OH-PAHs in urine samples collected from
mothers were comparable with those reported in the US study in
2012 (Fan et al., 2012), the study from India in 2012 (Guo et al.,
2013a), where samples of the general population were assessed, and
our previously published paper (Urbancova et al., 2017). The concentra-
tions of target compounds in urine samples collected from newborn
children were comparable with the samples collected from infants

living in the USA (Dobraca et al., 2018) and the samples collected
from newborns which we analysed in our previous study (Urbancova
et al., 2017).

5. Conclusions

A total of 660 samples was measured to detect the presence of 11
OH-PAHs in urine samples collected from mothers and their newborns
residing in two localities of the Czech Republic, in order to assess expo-
sure to PAHs in this particular part of the Czech population.

The most abundant compound was 2-OH-NAP, which was found in
100% of the samples. It was also the analyte with the highest concentra-
tion, which corresponds with the results from other published papers
from Poland, USA, Germany, India, and Iran (Ramsauer et al., 2011;
Sochacka-Tatara et al., 2018; Dobraca et al., 2018; Kelishadi et al.,
2018; Guo et al., 2013a; Fan et al., 2012) and the results from our previ-
ous study (Urbancova et al., 2017).

Themedian concentration of ΣOH-PAHs in all urine sampleswas ap-
proximately 1.7 times higher in urine samples collected from mothers
(median concentration 8.96 μg/g creatinine) compared to their new-
borns (median 5.15 μg/g creatinine). Moreover, the concentration of
these compounds in the urine samples collected in Most were almost
2 times higher compared to the samples from Ceske Budejovice (me-
dian concentration of ΣOH-PAHs 9.28 μg/g creatinine and 4.92 μg/g cre-
atinine). The most contaminated samples were collected in Most in the
period October 2016–March 2017 from bothmothers (12.59 μg/g creat-
inine) and their newborns (8.29 μg/g creatinine).

The results obtained for newborns in Most seem to be similar to our
previous results (Urbancova et al., 2017), where urine samples collected
in Karvina and Ceske Budejovice were assessed: BaP level in Karvina in
the summer period (August–October 2013) corresponded to Ceske
Budejovice in the summer and winter periods (January–April 2014),
but the median concentration of ΣOH-PAHs in newborn urine samples
in Karvina was approximately 2 times higher in summer and 4 times
higher in winter. We may assume that the population in the previously
highly air-polluted mining districts carries some long-term changes
(maybe existing changes in genetic information), which also affect the
metabolism of PAHs. It could be related to the long-lasting effect, corre-
sponding to the shortened life expectancy.

Abbreviations

1-OH-NAP
Naphthalene-1-ol
1-OH-PHEN
Phenanthrene-1-ol

Table 3
Comparison of measured concentrations of OH-PAHs in urine in the presented study with other papers.

USA
2006
Girlsa

Dobraca
et al., 2018

Poland
2007
Childrenb

Sochacka-Tatara
et al., 2018

Germany
2010
Smokersc

Ramsauer
et al., 2011

USA
2012
General
populationa

Fan et al.,
2012

India
2012
General
populationa

Guo et al.,
2013a

Iran
2016
Childrena

Kelishadi
et al., 2018

Czech Republic
2013–2014
Womend

Urbancova
et al., 2017

Czech Republic
2013–2014
Newbornsd

Urbancova
et al., 2017

Czech
Republic
2016–2017
Womend

[Presented
study]

Czech
Republic
2016–2017
Newbornsd

[Presented
study]

Samples n = 431 n = 218 n = 100 n = 34 n = 38 n = 150 n = 265 n = 266 n = 330 n = 330
1-OH-NAP 1.19 3.30 4.26 1.59 1.10 0.36 0.73 (0.54) 0.23 (0.45) 0.36 (0.41) 0.12 (0.20)
2-OH-NAP 2.16 8.20 8.47 7.65 3.80 0.42 5.98 (5.36) 2.01 (3.10) 4.66 (5.16) 2.28 (3.60)
2-OH-FLUO 0.20 0.91 1.56 0.87 0.35 n.a. 0.41 (0.37) 0.12 (0.18) 0.23 (0.23) 0.07 (0.11)
Σ OH-PHEN 0.26 1.28 0.56 1.76 0.73 0.11 1.19 (0.99) 0.60 (0.88) 1.15 (1.24) 0.41 (0.76)
1-OH-PYR 0.10 0.36 0.16 0.99 0.42 0.10 0.21 (0.21) 0.06 (0.10) 0.12 (0.13) 0.05 (0.10)
6-OH-CHRY n.a. n.a. n.a. n.a. b 0.01 n.a. b 0.01 b 0.01 b 0.01 b 0.01
3-OH-BaP n.a. n.a. n.a. n.a. n.a. n.a. b 0.90 b 0.90 b 0.90 b 0.90
Σ OH-PAH 3.92 15.96 15.00 12.86 6.40 0.99 9.55 (8.14) 3.19 (4.99) 7.50 (8.66) 2.97 (4.83)

a – Geometric mean (ng/mL urine).
b – Median (μg/g creatinine).
c – Median (ng/mL urine).
d – Median (ng/mL urine; μg/g creatinine).
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1-OH-PYR
Pyrene-1-ol
2-OH-FLUO
Fluorene-2-ol
2-OH-NAP
Naphthalene-2-ol
2-OH-PHEN
Phenanthrene-2-ol
3-OH-BaPBenzo[a]pyrene-3-ol
3-OH-PHEN
Phenanthrene-3-ol
4-OH-PHEN
Phenanthrene-4-ol
6-OH-CHRY
Chrysen-6-ol
7-OH-BaPBenzo[a]pyrene-7-ol
9-OH-PHEN
Phenanthrene-9-ol
ADHD Attention deficit hyperactivity disorder
BaP Benzo[a]pyrene
BMI Body mass index
d-SPE Dispersive solid phase extraction
d7-1-OH-NAP
[2H]7-naphtalene-1-ol
d7-2-OH-NAP
[2H]7-naphtalene-2-ol
d8-9-OH-PHEN
[2H]8-phenanthrene-9-ol
d9-1-OH-PHEN
[2H]9-phenanthrene-1-ol
d9-1-OH-PYR
[2H]9-pyrene-1-ol
d9-2-OH-FLUO
[2H]9-fluorene-2-ol
d9-2-OH-PHEN
[2H]9-phenanthrene-2-ol
d9-3-OH-PHEN
[2H]9-phenanthrene-3-ol
d11-3-OH-BaP
[2H]11-benzo[a]pyrene-3-ol
ESI- Electrospray ionization (negative mode)
HiVol samplers High-Volume air samplers
IARC International Agency for Research on Cancer
IPCS International Programme on Chemical Safety
JECFA Joint FAO/WHO Expert Committee on Food Additives
LLE Liquid-liquid extraction
LOQ Limit of quantification
NIST National Institute of Standards and Technology
OH-PAHs Monohydroxylated polycyclic aromatic hydrocarbons
PAHs Polycyclic aromatic hydrocarbons
PHEN Phenanthrene
PFP Pentafluorophenyl
SCF Scientific Committee on Food
SRM Standard Reference Material
UHPLC–MS/MS
Ultra-high performance liquid chromatography coupled with tandem
mass spectrometry
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H I G H L I G H T S

• 11 OH-PAHs were measured in 531
urine samples from mothers and their
newborns.

• The most frequently detected analyte
with the highest concentration was 2-
OH-NAP.

• Chrysene-6-ol and benzo[a]pyrene-3-ol
were not detected in any of analyzed
samples.

• ΣOH-PAHs in children's urine was1.6×
lower compared to their mothers.
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Polycyclic aromatic hydrocarbons (PAHs) represent a large group of ubiquitous contaminants of the environ-
ment, including food chain where they are released as by-products of incomplete combustion of an organic mat-
ter. Epidemiological studies have shown that exposure to PAHs correlated with increased incidence of cancer.
Carcinogenicity is associatedmainlywithmetabolites that are formedduringmetabolic degradation of these sub-
stances in exposed organism. In this study monohydroxylated PAHs (OH-PAHs), themajor metabolites excreted
into urine, were determined in 531 urine samples collected frommothers and their newborns from two localities
of the Czech Republic – heavily air polluted Karvina and control locality of Ceske Budejovice and in two sampling
rounds –August–October 2013 (summer, less air polluted season) and January–April 2014 (winter, more air pol-
luted season). Fromall targeted analytes, naphthalene-2-olwas themost abundant compoundpresent in 100% of
the samples and it represented also the analyte with the highest concentration. Median concentration of ΣOH-
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PAHs in theurine of childrenwas on average 1.6 times lower compared to the respectivemotherwhich correlates
with higher intake of PAHs bymothers. ΣOH-PAHs concentrations determined inmothers' urine collected in the
summerwere comparable in both localities. No significant increase occurred in Ceske Budejovice inwinter, while
in samples from the Karvina region a statistically significant difference (α = 0.05) in the amount of ΣOH-PAHs
was observed. The median concentrations of ΣOH-PAHs in mothers' urine samples in the winter were 1.5
times higher than in the summer in the same locality. The amounts of ΣOH-PAHs in newborns' urine from
Karvina in the winter season were 1.5 times higher than in the summer collected in the same locality and 3.3
times higher when compared with the less polluted locality of Ceske Budejovice.

© 2016 Elsevier B.V. All rights reserved.

Czech Republic
Biomonitoring
Human exposure
3-OH-BaP

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) represent an important
group of environmental contaminants thatmay be formed and released
during combustion/pyrolysis of organic matter. In addition to a wide
range of anthropogenic emission sources (e.g. heavy industry, exhaust
fumes) and natural processes (e.g. volcanic activity, forest fires) some
culinary practices or industrial processes (e.g. drying, grilling, roasting,
frying and smoking) may also be associated with the formation of
PAHs. With regards to these multiple sources the occurrence of PAHs
in the environment is ubiquitous. They can be found in various compart-
ments such air, soil, water, sediment and also in food supplies (EFSA,
2008). It is worth noting that these pollutants occur here as complex
mixtures consisting of PAHs with a different number of aromatic rings
(typically 2–6). The incidence of the individual compounds in these
mixtures varies largely not only within different localities but also be-
tween various seasons depending on the intensity of emissions from
heavy industry, traffic or heating frequency in the winter season (Li
et al., 2010).

The most common exposure pathway of a human body to PAHs is
through the digestion of contaminated foods, which accounts for over
70% of the total PAH exposure for non-smokers. Another important ex-
posure route is the inhalation of airborne PAHs, in the case of smokers
tobacco smoke is the major source (Ma and Harrad, 2015; Moustafa
et al., 2015). For occupationally exposed individuals the transfer of
these substances through the skin may also play an important role
(e.g. workers with asphalt or coal, firefighters) (Campo et al., 2010;
Oliveira et al., 2016).

Many studies have suggested that PAHsmay exhibit a wide range of
toxic effects (Alshaarawy et al., 2016;Wang et al., 2016). In the past de-
cade PAHswere evaluated by the International Programmeon Chemical
Safety (IPCS), the Scientific Committee on Food (SCF) and by the Joint
FAO/WHO Expert Committee on Food Additives (JECFA). It has
been concluded that 15 PAHs, namely benz[a]anthracene, benzo[b]
fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene, benzo[ghi]
perylene, benzo[a]pyrene, chrysene, cyclopenta[cd]pyrene, dibenz[a,h]
anthracene, dibenzo[a,e]pyrene, dibenzo[a,h]pyrene, dibenzo[a,i]
pyrene, dibenzo[a,l]pyrene, indeno[1,2,3-cd]pyrene and 5-methylchrysene
show clear evidence of mutagenicity/genotoxicity in somatic cells in
experimental animals in vivo (Boström et al., 2002; IARC, 2010;
Onyemauwa et al., 2009; Zhong et al., 2011).

The fate of PAHs in the exposed organism is fairly complex. Carcino-
genic and mutagenic PAHs can undergo at least three major metabolic
pathways, which form highly reactive electrophilic intermediates capa-
ble of binding to cellular macromolecules, in particular proteins and
nucleic acids. Following absorption, a rapid biotransformation process
starts with phase I metabolism in which these compounds are oxidized
by thehepatic cytochromeP450 (CYP450)monooxygenases to form re-
active epoxide intermediates followed by their reduction or hydrolysis
yielding hydroxylated derivatives (OH-PAHs). In phase II metabolism,
the OH-PAHs are conjugated to glucuronic acid or sulphate to increase
water solubility (Li et al., 2006). OH-PAH conjugates with 2–3 benzene
rings (low-molecular-weight OH-PAHs) are mostly excreted via urine
and those with 4 or more benzene rings are mainly excreted via bile

and faeces (high-molecular-weight OH-PAHs) (Campo et al., 2008;
Onyemauwa et al., 2009; Ramesh et al., 2004; Zhong et al., 2011).

PAH metabolism in the human body is likely to be influenced by
many individual factors such as age, gender, body fat percentage, me-
tabolism of xenobiotics, physical characteristics (body mass index -
BMI) and lifestyle (smoking, alcohol consumption, physical activity,
location of residence, etc.). These predispositions can lead to the
formation of multiple metabolites including epoxides, diolepoxides,
monohydroxylated and polyhydroxylated PAHs, dihydrodiols or
ortho-quinones of these substances (Campo et al., 2008; Onyemauwa
et al., 2009; Yanxin et al., 2011).

PAHs may also interfere with hormones and act as endocrine
disruptors (Annamalai and Namasivayam, 2015). Some of these con-
taminants can behave like estrogens or their antagonists (antiestro-
gens) and thus disturb estrogen-regulated processes in the body.
Moreover, phenanthrene (PHEN) or fluorene (FLUO) have anti-
androgen activity (Jedrychowski et al., 2013). After they enter the
body, due to their non-polar character PAHs are transported to all
lipid-rich tissues. Consequently, repeated and prolonged exposure to
PAHs may lead to certain accumulation of these compounds in fat
cells, liver and kidney (Hu et al., 2008; Pleil et al., 2010). Recent studies
also suggest that nowadays widespread childhood obesity might be as-
sociated with exposure of the developing organism to these substances
(Jedrychowski et al., 2013; Li et al., 2015; Scinicariello and Buser, 2014).

Due to the above mentioned human health effects of PAHs, a moni-
toring of an occurrence of metabolites in biological matrices represents
an important tool for the assessment of human exposure. Currently the
most common biomarkers for the evaluation of overall PAHs exposure
are OH-PAHs. Of these biomarkers the most often used is pyrene-1-ol
(1-OH-PYR), since its parent compound pyrene (PYR) is one of the prin-
cipal components in PAHs mixture contaminating air. Because of the
molecular symmetry of PYR only one monohydroxylated metabolite
(unlike other PAHs) is originated from this parent PAH, so the 1-OH-
PYR concentration in urine, towhich it is primarily excreted, is relatively
high and thus easy to measure. Nevertheless, PYR is not carcinogenic
(due to the absence of a ‘bay region’ in the PYR molecule electrophilic
diolepoxides, that belong to themost potent chemicalmutagens report-
ed so far, not being formed). The monitoring of its metabolite for the
purpose of risk assessment is only based on the assumption that its
levels to some extent correlate with benzo[a]pyrene (BaP) and other
carcinogenic species co-occurring commonly with PYR in PAHs mix-
tures (Barbeau et al., 2011). However, as noted above, the PAHs compo-
sitional pattern in the environment and consequently in organisms
varies largely depending on many factors. To obtain more accurate
data monitoring more than one OH-PAH marker is needed. The metab-
olites of BaP, the key representative of carcinogenic PAHs involved in
some environmental monitoring studies (Grova et al., 2016; Hecht,
2002; Lutier et al., 2016) might obviously be considered as suitable ex-
posure biomarkers for human studies. Unfortunately, the detection of
the most often targeted BaP metabolites benzo[a]pyrene-3-ol (3-OH-
BaP) and benzo[a]pyrene-7-ol (7-OH-BaP) in urine is rather difficult,
since they occur here at ultra-trace levels. This is not only due the mul-
tiple metabolic pathways that the parent BaP may undergo (yielding
various metabolites) but also because the above mentioned OH-PAHs
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are relatively non-polar and therefore are mainly excreted in faeces. As
analysis of urine is themost common approach employed for a compre-
hensive assessment of humans' exposure to PAHs, some compromise
has to be adopted. It is clearly more convenient to monitor the levels
of OH-PAHs with two or three benzene rings, which are major PAHs
metabolites measurable in urine. The most commonly targeted species
are naphthalene-1-ol (1-OH-NAP), naphthalene-2-ol (2-OH-NAP),
fluorene-2-ol (2-OH-FLUO), phenanthrene-9-ol (9-OH-PHEN) and
phenanthrene-3-ol (3-OH-PHEN) (Fan et al., 2012; Ramsauer et al.,
2011; Xu et al., 2004).

The main aim of this study (which is a part of the national project
‘The impact of air pollution on the genome of newborns’ (GA CR No.
13-13458S, Ambroz et al., 2016) was to analyse a broader range of
OH-PAHs considered as suitable biomarkers of PAHs exposure, namely,
1-, 2-OH-NAP; 2-OH-FLUO; 1-, 2-, 3-, 4-, 9-OH-PHEN; 1-OH-PYR,
chrysen-6-ol (6-OH-CHRY) and 3-OH-BaP in the set of 531 urine sam-
ples obtained from women and their newborn children living in Ceske
Budejovice and Karvina. The Karvina district belongs among the regions
with the highest concentrations of BaP in the polluted air in the
European Union (Sram et al., 2013).

2. Materials and methods

2.1. Standards

Certified standards of OH-PAHs represented by 1-OH-NAP
(1000 μg/mL of methanol) and 2-OH-NAP (1000 μg/mL of methanol)
were obtained from Absolute Standards, Inc. (USA). 2-OH-FLUO, 1-
OH-PHEN, 2-OH-PHEN and 4-OH-PHEN were supplied by Toronto Re-
search Chemicals, Inc. (USA). 3-OH-PHEN, 9-OH-PHEN, 1-OH-PYR and
3-OH-BaP were purchased from Neochema (Germany). 6-OH-CHRY
was obtained from AccuStandard® (USA). Isotopically labelled ana-
logues, specifically [2H]7-naphtalene-1-ol (d7-1-OH-NAP), [2H]7-
naphtalene-2-ol (d7-2-OH-NAP), [2H]9-fluorene-2-ol (d9-2-OH-FLUO),
[2H]9-phenanthrene-1-ol (d9-1-OH-PHEN), [2H]9-phenanthrene-2-ol
(d9-2-OH-PHEN), [2H]9-phenanthrene-3-ol (d9-3-OH-PHEN), [2H]8-
phenanthrene-9-ol (d8-9-OH-PHEN), [2H]9-pyrene-1-ol (d9-1-OH-
PYR), [2H]11-benzo[a]pyrene-3-ol (d11-3-OH-BaP) were supplied by
Toronto Research Chemicals, Inc. Creatinine was delivered by Sigma-
Aldrich (USA). The purity of all standards and their isotopically labelled
analogues was at least 98%.

Individual OH-PAHs delivered as solids were dissolved with respect
to the manufacturers' recommendations. Mixtures of OH-PAHs and
their isotopically labelled analogues (dx-OH-PAHs) were prepared in
methanol at concentrations 10, 100 and 1000 ng/mL. Each calibration
solution of OH-PAHs corresponding to the calibration curve at levels
0.1, 0.25, 0.5; 1; 2.5; 5; 10; 25; 50 and 100 ng/mL inmethanol contained
the internal standard at level 10 ng/mL except for d11-3-OH-BaP, for
which the concentration was ten times higher (100 ng/mL) because of
its lower instrumental sensitivity compared to other dx-OH-PAHs. All
solutions were stored at−20 °C in the freezer.

The Standard Reference Material® 3673 (Organic Contaminants in
Non-Smokers' Urine) used for themethod evaluation and validation ex-
periments was supplied by the US National Institute of Standards and
Technology (NIST, Gaithersburg, Maryland, USA).

2.2. Chemicals, reagents and other materials

Ethyl acetate, picric acid, enzyme β-glucuronidase (type HP-2, glu-
curonidase activity ≥ 100,000 units/mL, sulfatase activity ≤ 7500 units/
mL) and sorbent Supel™ QuE Z-Sep were supplied by Sigma Aldrich.
HPLC gradient methanol was delivered by Merck (Germany). Unsterile
polytetrafluoroethylene (PTFE, 5.0 μm,Ø25mm)filterswere purchased
from Rotilabo® (Germany). 96-well microtiter plates were obtained
from Gama Group (Czech Republic). Polypropylene (PP) centrifuge
tube filters (nylon, pore size 0.22 μm) were supplied by Sigma-Aldrich.

2.3. Sample collection

The samples were collected in the Ceske Budejovice Hospital,
Department of Obstetrics and Department of Neonatology and in the
Karvina Hospital, Department of Obstetrics and Department of
Neonatology. The study was approved by the Ethics Committee of
both hospitals and the Institute of Experimental Medicine AS CR in
Prague. Each mother signed a written consent. The total amount of
531 samples (265 samples from mothers and 266 samples from their
newborn children) was obtained. The newborns urine was sampled
using a special plastic bag called Adhesive urine bag for children
which is made of foil with a hypoallergenic patch. In the center of the
patch is a small hole which can be enlarged as required. This bagwas di-
rectly attached to the newborn baby and the urine sample could be
collected.

The sampling was carried out in two rounds, namely in August–
September 2013 (summer period) representing the less air-polluted
season for PAHs and in January–April 2014 (winter period) as the
more contaminated environment for these pollutants due to the
more frequent use of heating in the winter season. The sampling was
realized in two regions of the Czech Republic – Ceske Budejovice, the
control locality with a lower PAHs contaminated environment and
Karvina, the locality with high atmospheric pollution due to heavy in-
dustry e.g. coke and steel production (levels of PM2.5 (particles smaller
than 2.5 μm) and levels of individual PAHs in HiVol samplers in the am-
bient air in Ceske Budejovice and Karvina in August–October 2013 and
January–April 2014 are summarized in Table S1). The urine samples
were stored in the freezer at −20 °C before analysis.

Each mother filled in a questionnaire regarding their age, BMI, cur-
rent residency and eating habits. Gestation age, date of child birth, deliv-
ery type, birthweight and genderwere obtained from the questionnaire
filled in by medical personnel. Summary information is shown in
Table 1. Levels of individual PAHs in diet are documented in Table S2
in the Supplementary data. Information about dietary intake of PAHs
via breast milk is discussed in detail in an article by Pulkrabova et al.
(2016).

2.4. Methods description

2.4.1. Determination of urinary creatinine
The creatinine values were used to normalize the urine concentra-

tion/dilution in individual samples in order to ensure data comparabil-
ity. The creatinine concentration was determined using a Jaffe's
spectrophotometric method according to our previous study (Lankova
et al., 2016). In brief, a coloured complex of creatinine with alkaline
picratewas formed and consequentlymeasured at 505nmusing a Spec-
trophotometer Epoch (BioTek, USA). The data obtained were evaluated
by Gen5™ Microplate Data Analysis software.

2.4.2. Sample preparation procedure
A sample preparation procedure based on liquid-liquid extraction

(LLE) with clean-up using dispersive solid phase extraction (d-SPE) is
described in detail by Lankova et al. (2016). Briefly, deconjugation for
the released OH-PAHs was performed by enzyme β-glucuronidase
(pH 5, 37 °C, overnight incubation (16 h)) when 10mL of acetate buffer
and 0.02mL of enzyme to 5mL urinewas added. An amount of 15mL of
ethyl acetate was added to the urine hydrolysate and the tube was vig-
orously shaken for 1min and centrifuge for 5min at 10,000 rpm to facil-
itate phase separation. The upper organic layer (12mL) was transferred
into a new tube containing 180mgof Z-Sep and 1.8 g anhydrousMgSO4.
The tube was shaken again for 1 min and centrifuged for 5 min at
10,000 rpm. Subsequently, 8 mL of a purified extract were evaporated
using a rotary vacuum evaporator near to dryness. The residual solvent
was removed under a gentle stream of nitrogen. The residues were dis-
solved in 250 μL of methanol. The reconstituted extract was filtered
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through a 0.22 μmnylon centrifuge tube filter and transferred into a vial
for the U-HPLC–MS/MS analysis.

2.5. Instrumental analysis

TheU-HPLC analyses of 11 urinaryOH-PAHswere performedusing an
Acquity Ultra-Performance LC system (Waters, USA) equipped with a
10 μL sample loop. Analyteswere separated on a PFP (pentafluorophenyl)
Kinetex column, Phenomenex, (USA) (100 mm × 2.1 mm × 1.7 μm)
maintained at 40 °C. (A) water and (B) methanol were used as mobile
phases at a flow rate of 300 μL/min and with a gradient, specifically 10–
40% B over 0.5 min, then 40–100% B over 11min followed by an isocratic
hold at 100% B for 2min. The total run time for each injectionwas 13min.
The flow rate began at 0.3 mL/min and the sample volume injected was
5 μL at 10 °C. The U-HPLC system was coupled to a triple quadrupole
mass spectrometer Xevo TQ-S (Waters, USA)with electrospray ionization
in negative ion mode (ESI-) with capillary voltage −2000 V, ionization
and desolvation temperatures were 150 °C and 400 °C, respectively. The
instrument was operated in multiple reaction monitoring (MRM) mode
(see Tables S3–S4 in the Supplementary data).

2.6. Quality assurance/quality control and validation

The spectrophotometric method based on Jaffe's reaction for the de-
termination of creatinine concentration was validated according to the
paper by Lankova et al. (2016) using the NIST SRM 3673 (non-smoker
urine) in six replicates. The measured concentration of creatinine was
508 ± 4 mg/kg, RSD 0.8% and limit of quantification (LOQ) 5 mg/kg.
This result was in accordance with the reference value on the certificate
(505 ± 2 mg/kg).

The validation of the analytical method (LLE followed by clean-up
based on d-SPE) for analysis of 11 urinary OH-PAHs is described in
detail in our previous study by Lankova et al. (2016). Briefly, the
method was evaluated through the analysis of the SRM 3673 in six
replicates. LOQs were determined as the lowest calibration standard
at which analytes provided signal to noise ratio (S/N) N 10. Concen-
trations of nine analyzed OH-PAHs (OH-NAP isomers, 2-OH-FLUO,
OH-PHEN isomers and 1-OH-PYR) were in good agreement with
the certified values, their recoveries ranged between 77 and 113%
and repeatability's were b20% and LOQs were in the range of 0.01–
0.025 ng/mL. For the 6-OH-CHRY and 3-OH-BaP, which were not cer-
tified in the SRM 3673, the performance parameters were deter-
mined by the analysis of the artificially contaminated urine blank
sample. The validation level was 0.05 ng/mL for 6-OH-CHRY and
1 ng/mL for 3-OH-BaP. The recoveries for 6-OH-CHRY and 3-OH-
BaP were 95% (RSD 13%, LOQ 0.01 ng/mL) and 97% (RSD 16%, LOQ
0.9 ng/mL), respectively.

To control background contamination by target analytes the proce-
dural blank (i.e. the same sample procedure only instead of urine the

same volume of deionized water was used) was prepared together
with each batch of 20 samples (per day). The blank sample contained
traces of 1-OH-NAP, 2-OH-NAP, 1-OH-PHEN, 2-OH-PHEN and 3-OH-
PHEN (concentrations below 0.03 ng/mL urine). This is common con-
tamination caused by the occurrence of traces of OH-PAHs in the sol-
vents used and in the ambient air. The concentration of contamination
in the blank sample was subtracted from all samples prepared on the
same day as the blank sample.

3. Results and discussion

As mentioned in the Introduction, selecting the most suitable bio-
markers of humans' exposure to carcinogenic PAHs is not an easy task.
The relevance of monitored PAH metabolites to the information re-
quired for thepurpose of health risk assessmenthas to be considered to-
gether with the cost effectiveness and overall feasibility of laboratory
analysis targeting compounds occurring in a biological fluid such as
urine at very low levels.

3.1. Concentration of OH-PAHs in the urine samples

Using the earlier developed highly sensitive LC-MS/MS method
(Lankova et al., 2016) the set of 531 urine samples obtained from
mothers and their newborn children was examined for the presence
of 11 OH-PAHs. To compensate for the differences in the hydration
state of urine donors and thus enable the comparison of biomarker
levels, creatinine concentrations were also determined in all samples.
Levels of target analytes in urine were normalized using the ratio OH-
PAH/creatinine (creatinine concentrations ranged from 300 to
2900 mg/kg, median was 920 mg/kg). The data obtained in this way
are summarized in Table 2. From target metabolites 2-OH-NAP was
the most abundant compound found in 100% of the samples. 1-OH-
PHEN was another frequently detected analyte (97% of samples)
followed by 2-OH-PHEN (96% of samples), 2-OH-FLUO (91% of
samples), 9-OH-PHEN (85% of samples), 3-OH-PHEN (81% of samples),
4-OH-PHEN (79% of samples), 1-OH-PYR (75% of samples) and 1-OH-
NAP (74% of samples). Monohydroxylated metabolites of carcinogenic
CHRY and BaP, namely 6-OH-CHRY and 3-OH-BaPwere not, like in sim-
ilar studies (Li et al., 2014; Onyemauwa et al., 2009; Sykorova et al.,
2015; Xu et al., 2004), detected in any of the measured samples. As
mentioned earlier, urine is not themajor excretion route for these rath-
er lipophilic compounds, moreover compared to lower molecular par-
ent PAHs the absolute doses of BaP and CHRY (and other carcinogenic
PAHs) to which humans are exposed are relatively lower (Yanxin
et al., 2011).

As shown in Table 2, the concentration of all monitored OH-PAHs
(expressed as the ΣOH-PAHs) ranged from 650 to 78,000 ng/g creati-
nine (1.7–92 ng/mL urine). The concentrations of the most abundant
2-OH-NAP varied from 360 up to 41,000 ng/g creatinine (median

Table 1
The key information about mothers and their newborn children.

Ceske Budejovice
(August–September 2013)
n = 86 mothers, 86
newborns

Ceske Budejovice
(January–April 2014)
n = 76 mothers, 76
newborns

Karvina
(August–September 2013)
n = 60 mothers, 61
newbornsa

Karvina
(January–April 2014)
n = 43 mothers, 43
newborns

Median Min Max Median Min Max Median Min Max Median Min Max

Mother's age (years) 31 23 41 32 21 44 30 19 42 31 21 42
BMI 23 18 38 23 17 48 23 17 34 23 17 41
Gestation age (weeks) 40 37 42 39 36 41 40 36 48 40 36 42
Child's birth weight (g) 3500 2600 4500 3400 2400 4900 3400 2400 4600 3300 2500 4200
Partner's smoking habits Unknown (%) 2 0 4 7

Yes (%) 15 28 14 27
No (%) 83 72 82 66

a Twins.
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4300 ng/g creatinine, 3.3 ng/mL urine). The concentrations of other
quantified analytes were about ten times lower. The domination of 2-
OH-NAP among other measured OH-PAHs was also found in other sim-
ilar studies (Fan et al., 2012; Guo et al., 2013; Li et al., 2006; Onyemauwa
et al., 2009; Sykorova et al., 2015).

3.2. Comparison of OH-PAH concentrations in mothers' and newborns'
urine according to sampling seasons and localities

Fig. 1 shows the profiles of detected OH-PAHs in mothers' and new-
borns' urine samples collected in the August–October 2013 and
January–April 2014 periods in the Ceske Budejovice and Karvina re-
gions. The results obtained are discussed in the following order: (i) a
comparison of OH-PAH content in samples frommothers and newborn
children, (ii) concentrations of OH-PAHs inmothers' urine and (iii) con-
centrations of OH-PAHs in urine samples obtained from newborns. To
evaluate the differences between concentrations of all detected PAH

metabolites in urine of mothers and children from different localities
and sampling seasons a statistical t-test was performed (data obtained
from this test are summarized in the Table S5 in the Supplementary
data).

(i) Considering the entire sample set, the median concentration of
ΣOH-PAHs in the urine of children was 1.6 times lower (median
5000 ng/g creatinine) compared to their mothers (median 8100 ng/g
creatinine). This conclusion correlates with the fact that the exposure
of mothers to PAHs via both inhalation and diet is significantly higher
compared to their children. Estimated inhalation of air by mothers is
20m3/day and by newborns only 3.6m3/day and estimated daily intake
of food by mothers is on average 1.2 kg of food/day and by newborn
children only 510 mL of breast milk per day (EFSA, 2008; U.S. EPA,
2008). For example a daily intake of PYR by all mothers included in
this study was approximately 240 ng/day and by their children only
26 ng/day. The median concentrations of 1-OH-PYR measured in urine
samples obtained from mothers was then 210 ng/g creatinine and

Table 2
Results (ng/mL urine, ng/g creatinine) of the analysis of measured urine samples (n = 531).

OH-PAH % positive samples ng/mL urine ng/g creatininea

LOQ Mean Median Min Max LOQb Mean Median Min Max

1-OH-NAP 75 0.03 1.1 0.39 0.03 78 30 1000 500 34 30,000
2-OH-NAP 100 0.03 5.9 3.3 0.07 53 30 5500 4300 360 41,000
2-OH-FLUO 91 0.03 0.46 0.23 0.03 10 30 390 280 28 5200
1-OH-PHEN 97 0.01 0.54 0.30 0.01 8.0 10 540 350 21 5700
2-OH-PHEN 96 0.01 0.27 0.16 0.01 3.4 10 280 180 13 2000
3-OH-PHEN 82 0.01 0.10 0.06 0.01 1.4 10 98 71 11 840
4-OH-PHEN 80 0.01 0.36 0.09 0.01 16 10 350 100 12 7700
9-OH-PHEN 85 0.01 0.83 0.20 0.01 19 10 970 300 10 12,000
1-OH-PYR 77 0.03 0.24 0.15 0.03 2.4 30 220 180 27 1200
6-OH-CHRY 0 0.01 b0.01 b0.01 b0.01 b0.01 10 b10 b10 b10 b10
3-OH-BaP 0 0.90 b0.90 b0.90 b0.90 b0.90 900 b900 b900 b900 b900
ΣOH-PAHs 100 – 9.2 5.3 0.17 92 – 8800 7000 650 78,000

a The mean, median, minimum and maximum of creatinine was 1.1, 0.92, 0.30 and 2.9 mg/mL urine, respectively.
b LOQ was calculated with the median concentration of creatinine (0.92 mg/mL).

Fig. 1. Concentrations (ng/g creatinine) of detected OH-PAHs in mothers' and newborns' urine samples.
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105 ng/g creatinine in urine samples obtained from their children. The
lower difference between levels of 1-OH-PYR in urine samples from
mothers and their children (compared with relatively high difference
in intake of precursor compound) was probably caused by different
metabolic pathways in adults and children (Price et al., 2010).

In samples collected in August–October 2013 frommothers living in
the Ceske Budejovice region, median concentration of ΣOH-PAHs was
2.3 times higher compared to their newborn children (median
7200 ng/g creatinine and 3100 ng/g creatinine, respectively). The
same trend was observed in this locality in mothers' and newborns'
urine from the winter sampling round (median 7800 ng/g creatinine
and 3300 ng/g creatinine, respectively). Comparing the samples collect-
ed in August–October 2013 in Karvina frommothers, no statistically sig-
nificant difference (α = 0.05) was found between the median
concentrations of ΣOH-PAHs compared to their children (median
7900 ng/g creatinine and 7200 ng/g creatinine). The same results
were observed in January–April 2014 period with median concentra-
tions of ΣOH-PAHs 13,000 ng/g creatinine and 11,000 ng/g creatinine,
respectively (Fig. 1).

In urine obtained from all mothers and newborns dominated 2-OH-
NAP, the median concentration was 5400 and 3100 ng/g creatinine, re-
spectively. Approximately one order of magnitude lower median con-
centration of the second dominant compound 1-OH-NAP was found in
mothers' (540 ng/g creatinine) and newborns' urine (440 ng/g creati-
nine). It can be assumed that these results are the consequence of the
ubiquitous presence of naphthalene (NAP) in the ambient air
(Albuquerque et al., 2016). The profiles of other OH-PAHs in urine
from mothers and their children were highly variable. Mainly, the dif-
ferent contribution of individual isomers of OH-PHEN was observed.
The major OH-PHEN present in mothers' urine was 1-OH-PHEN (medi-
an concentration 420 ng/g creatinine) but in newborns' urine it was 9-
OH-PHEN (median concentration 350 ng/g creatinine). These findings
are probably caused by different exposure pathways to PHEN (e.g. diet
or inhalation) as well as by different metabolic pathways in adults and
children or trans-placental transport of these compounds (Price et al.,
2010). It is also worth noting that levels of 9-OH-PHEN were higher in
both mothers and their newborn children in the winter season (Fig. 1).

Correlations for all measured OH-PAHs between mothers and their
newborn childrenwere also investigated.We assumed this relationship
between mother and her child based on the premise that the profile of
the precursor compounds to which mother and her child are exposed
should be similar. However, the concentrations of detected analytes
found in newborns did not relate to these compounds found in urine
from their mothers. The highest correlation was found for 1-OH-NAP
for urine samples collected in Ceske Budejovice in the period from
August–October 2013 with the coefficient of determination R2 only
0.5635. Coefficients of determination of other target compounds were
even lower (see Table S6 in the Supplementary data).

(ii) Comparable ΣOH-PAHs concentrations were determined in the
mothers' urine collected in the summer in both localities and in thewin-
ter period in Ceske Budejovice (median 7200 and 7800 ng/g creatinine).
In the case of mothers from the Karvina region, a statistically significant
difference (α = 0.05) in the ΣOH-PAHs amount was determined be-
tween both sampling rounds, when the median concentration in urine
collected in the winter was 1.5 times higher than in the summer season
(Fig. 1) (median 13,000 and 7900 ng/g creatinine, respectively).

(iii) Regarding the newborns' urine, there were comparable concen-
trations of ΣOH-PAHs in both seasons (median 3100 ng/g creatinine in
the summer season and 3300 ng/g creatinine in the winter season) in
Ceske Budejovice. The amount of ΣOH-PAHs in newborns' urine sam-
ples from highly industrialized Karvina in the winter season was 1.5
times higher than in the summer season (7200 ng/g creatinine and
11,000 ng/g creatinine) collected in the same locality and 3.3 times
higher when compared with the less polluted locality of Ceske
Budejovice (statistically significant difference, α = 0.05) (Fig. 1).

Significantly higher levels of OH-PAHs in urine from the Karvina re-
gion in the winter season are probably caused by the smog situation
resulting from local heavy industry and more frequent use of heating
than in the summer season as concluded by Sykorova et al. (2015),
who studied the seasonal variation of PAHs in the Moravian-Silesian
region.

3.3. Comparison of the current study with those performed worldwide

In order to compare the results with similar studies it was necessary
to express them in ng/mL urine as this is themost commonly used unit.
In themost of recently published scientific papers 2-OH-NAP represents
the most abundant metabolite with concentrations ranging from 0.07
up to 50 ng/mL urine (Fan et al., 2012; Guo et al., 2013; Li et al., 2008;
Li et al., 2014; Lu et al., 2016; Onyemauwa et al., 2009; Ramsauer
et al., 2011; Thai et al., 2016) (Table 3). Our results were comparable
with the studies in which different population groups were compared
(e.g. general population, children, smokers, steel workers). Concentra-
tions of ΣOH-PAHs in urine collected from Czech mothers (median
8.5 ng/mL) were slightly higher than those reported e.g. by Guo et al.
(2013) where urine samples from the general population from India
were measured (median 6.4 ng/mL). The amount of ΣOH-PAHs in
urine collected from Czech newborns (median 2.9 ng/mL, mean
4.6 mg/mL) was comparable with concentrations reported in the
study by Li et al. (2008), where urine samples from US children were
measured (mean 5.3 ng/mL). However, the profiles of all targeted
analytes differed in each country. These results together with the fact
that the PAHs pattern largely varies in the environment and conse-
quently in organisms lead to a conclusion that to obtain more accurate
data for biomonitoring purposes more than one OH-PAH marker is
needed.

Table 3
Median concentrations of OH-PAHs (ng/mL urine) from various countries.

Analyte USA,
children
(Li et al.,
2008a)

Slovakia, steel
workers
(Onyemauwa
et al., 2009b)

Germany,
smokers
(Ramsauer
et al., 2011b)

USA, general
population
(Fan et al.,
2012a)

India, general
population
(Guo et al.,
2013b)

USA,
smokers
(Li et al.,
2014a)

China, general popula-
tion (Lu et al., 2016b)

Australia, gen-
eral population
(Thai et al.,
2016b)

Czech
Republic,
mothers
(Presented
studyb)

Czech
Republic,
children
(Presented
studyb)

1-OH-NAP 2.1 7.4 4.3 1.6 1.1 12 3.8 9.2 0.70 0.22
2-OH-NAP 2.5 7.1 8.5 7.7 3.8 20 4.2 4.1 6.0 2.0
2-OH-FLUO 0.32 4.1 1.6 0.87 0.35 2.0 0.40 0.26 0.44 0.11
ΣOH-PHENs 0.38 2.0 0.56 1.8 0.73 0.96 0.40 0.31 1.1 0.52
1-OH-PYR 0.05 0.59 0.2 0.99 0.42 0.48 0.54 0.14 0.22 0.06
6-OH-CHRY b0.01 b0.001 n.a. n.a. b0.01 n.a. n.a. n.a. b0.01 b0.01
3-OH-BaP n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. b0.90 b0.90
ΣOH-PAHs 5.3 21 15 13 6.4 35 8.8 14 8.5 2.9

ΣOH-PHENs = 1- + 2- + 3- + 4- + 9-OH-PHEN; n.a. – not analyzed.
a Geometric mean (ng/mL urine).
b Median (ng/mL urine).
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Using the LC-MS based method previously presented by Lankova
et al. (2016), we were able to separate and quantify all mostly moni-
tored monohydroxylated isomers of PHEN (1-, 2-, 3-, 4- and 9-OH-
PHEN) for the first time. In other similar studies only the sum of either
2- and 3-OH-PHEN or 1- and 9-OH-PHEN was reported (Fan et al.,
2012; Onyemauwa et al., 2009; Ramsauer et al., 2011). This is the reason
why a detailed comparison of OH-PHENpatternswith other studieswas
not possible. Since PHEN is the smallest PAH to possess a ‘bay region’,
the ability tomeasure all isomeric forms of this compound offers prom-
ise in studyingmetabolism across PAH exposed individuals (Hecht et al.,
2006; Onyemauwa et al., 2009).

Regarding 1-OH-PYR, which was suggested in many studies as the
most suitable exposure biomarker, we found this PYR metabolite in
only 77% of the samples, although other PAHsmetaboliteswere present.
This clearly documents that a set of PAHmetabolites has to bemeasured
to obtain more accurate data for the risk assessment process (Boström
et al., 2002; Cahours et al., 2009; Jongeneelen et al., 1990; Oliveira
et al., 2016).

4. Conclusions

To our knowledge, this is the most extensive study characterizing
the exposure of the Czechpopulation to PAHsbased on an analysis of se-
lected biomarkers excreted into urine. Altogether 11 OH-PAHs were
measured in 531 urine samples collected from mothers and their new-
born children living in two localities in the Czech Republic (the highly
air-polluted Karvina and the control locality Ceske Budejovice) during
two sampling rounds (August–October 2013 and January–April 2014).

2-OH-NAP was the most abundant of the PAH exposure markers
monitored, occurring in 100% of the urine samples. At the same time it
was the analyte with the highest concentration (5400 ng/g creatinine
for mothers and 3100 ng/g creatinine for newborns, respectively). 6-
OH-CHRY and3-OH-BaP,metabolites of carcinogenic PAHswere not de-
tected in any of the measured samples. Regarding individual OH-PHEN
isomers, higher levels of 9-OH-PHEN were observed in urine samples
collected from both mothers and their newborn children in the winter
season.

The median concentration of ΣOH-PAHs in the childrens' urine was
1.6 times lower compared to their mothers. This conclusion correlates
with the fact that the exposure of mothers to PAHs via both inhalation
and diet is significantly higher compared to their children. However, a
correlation between all detected individual OH-PAHs in urine samples
from mothers and their newborn children was not found.

While the content of ΣOH-PAHs in mothers' urine collected in the
summer period was comparable in both localities, in the winter period
the samples from the Karvina region showed 1.5 times higher amounts
of exposure markers. The amounts of ΣOH-PAHs in newborns' urine
samples from highly industrialized Karvina in the winter season were
1.5 times higher than in the summer season collected in the same local-
ity and 3.3 times higher when compared with the less polluted locality
of Ceske Budejovice. This was probably due to the smog situation
resulting from heavy industry and local heating.
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