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TrBB Tribromobenzene 

UFLC Ultra fast liquid chromatography 

US Ultrasound extraction 

V6 2,2-bis(chloromethyl)-propane-1,3-diyltetrakis(2-chloroethyl) bisphosphate 
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Abstract 
 

The present work investigates the human exposure to different classes of environmental 

pollutants, including perfluoroalkyl substances (PFAS), phthalate esters (PEs), 

organophosphate esters (OPEs or commonly denominated phosphate flame retardants (PFRs)) 

and emerging flame retardants (EFRs). Depending on the group of substances, these 

chemicals can be used as surfactants in consumer applications (e.g. surface coatings for 

carpets, furniture, etc.), as plasticizers, additives in polymers or in solvents (e.g. textile 

products, toys, personal-care products, furniture upholstery, blood storage bags, and medical 

devices) or simply as substances that impart flame retardancy to diverse products (e.g. 

electronics, auto parts, etc.). 

The widespread usage of these chemicals and the consequent continuous human contact 

with consumer products (especially those health related, i.e. personal care products) where 

those chemicals are incorporated in, raised concern in the last decades. As one of the major 

concerns the accumulative health risk of those substances in humans is listed. Many of these 

chemicals that are not prone to undergo metabolism (e.g. PFAS) and/or are not totally 

excreted from our body (via urine, feces, sweat) in 24h or 48h after exposure, will pose an 

elevated risk of bioaccumulation and have serious potential of adverse health effects in 

humans in the long-term. Moreover, some of these well-known chemicals have proven 

toxicity and endocrine disrupting effect in humans. In contrast, no or only scarce information 

about toxicity and bioaccumulation is available for many of the new alternatives (e.g. for 

plasticizers). 

Human biomonitoring has contributed to a better understanding of human exposure to 

some of these chemicals, although mainly by using invasive methodologies. In recent years 

there was an increasing interest for alternatives that: 1) are less invasive for the 

volunteers/patients (painful) and 2) that can translate a wider exposure timeframe (weeks to 

months). Hence, the so called non-invasive biomonitoring approaches gained research 

interest. In this PhD work, the potential of matrices such as hair, nails (finger and/or toe) and 

urine to reflect exposure was one of the major objectives. Drawbacks associated to the use of 

non-invasive sampling, namely the low sample amount (or volume) and the detection of the 

contaminant’s levels at trace concentrations (ng/g, ng/mL) were a challenge.  

Chapter 2 presents a novel method based on dispersive ENVI-carb to extract. 

Perfluorocarboxylic (PFAs) and perfluorosulfonic acids from human hair. Measurements 

were done using LC-MS/MS. Levels of PFAs measured in hair (N=30) were much lower than 

those reported in other matrices (e.g. serum/blood). Yet, with this study we showed that it is 

possible to measure human exposure to PFAs using hair, especially to perfluoro n-butanoic 

acid (PFBA), perfluoro n-hexanoic acid (PFHxA), perfluoroalkyl octanoic acid (PFOA), 

perfluorobutane sulfonic acid (PFBS), perfluorohexane sulfonic acid (PFHxS), and 

perfluorododecane sulfonic acid (PFDoS).  

Hitherto, this is the first study that reports on  emerging perfluorosulfonates in hair, i.e. 

perfluoro heptane sulfonic acid (PFHpS), perfluorodecane sulfonic acid (PFDS) and 

especially the PFDoS. Results show evidence of human exposure in a general population to 

the long-chain PFAS, particularly to the PFDoS.  
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Yet, more research is needed for understanding how PFAS bind to or penetrate in hair and 

what factors play a role in the incorporation. So far, it is not possible to distinguish what 

comes from internal and external exposure, therefore hair will reflect the integral exposure. 

 

In Chapter 3, a new microextraction method combining ultrasound extraction and 

dispersive liquid-liquid microextraction (US-DLLME) was optimized for assessing human 

exposure to (short to long-chain) phthalate esters (PEs) via nails. Levels of phthalate 

metabolites were determined in nails and urine (one morning and in various spot samples 

collected over a 15-day period). A novel creatinine-correction calculation was proposed for 

normalising the levels of the target analytes in urine and to increase comparability among 

matrices. The differences in levels of ground versus non-ground (whole) nails was 

investigated, with regard to simplify the sample preparation. Sample preparation of whole 

nails using a small amount of 30 mg proved to be succesful. 

Major PE metabolites such as monoethyl phthalate (MEP), mono(2-ethylhexyl)phthalate 

(MEHP), mono-n-butyl-phthalate (MnBP) and mono-iso-butyl phthalate (MiBP) were 

measured in nails. The high excretion of the MEHP oxidative metabolites (e.g. mono(2-ethyl-

5-hydroxyhexyl)phthalate (5-OH-MEHP) and mono(2-ethyl-5-oxy-hexyl)phthalate(5-oxo-

MEHP)) do not accumulate and cannot be detected in nails.  

Correlations between matrices, intra- and inter-day variability among urinary spot samples 

and environmental/personal predictors of exposure were studied by performing several 

statistical analysis (ANOVA, t-test, non-parametric Mann-Whitney rank, univariate and 

multivariate statistics). Levels of the metabolites in the two matrices correlated best for the 

major metabolites (e.g. MEHP, MnBP, MiBP).  

Exposure to new alternative plasticizers such as 1,2-cyclohexane dicarboxylic acid 

diisononyl ester (DINCH) was observed in urine samples from a Norwegian cohort. The 

estimated daily intake of PEs and DINCH for this population did not exceed the established 

tolerable daily intake and reference doses. Also the cumulative risk assessment for combined 

plasticizer exposure indicated no health concerns for the selected population. More frequent 

use of personal care products was associated with higher MEP concentrations in both urine 

and nail samples. Higher age, smoking, wearing plastic gloves during house cleaning, 

consuming food with plastic packaging and eating with hands were associated with higher 

levels in urine and nails for some of the metabolites. In contrast, frequently washing hair and 

hands was associated with lower urinary levels of MiBP and 5-OH-MEHP, respectively. The 

levels of PE and DINCH metabolites were compared in nails collected from two different 

cohorts (A-TEAM and FLEHS III), where higher total levels of PE metabolites were 

measured in Belgians than in Norwegian participants. This observation was attributed to 

different exposure patterns, although the distribution of the levels were only statistical 

significant for MnBP (major metabolite detected in both cohorts).  

 

Chapter 4 focuses on human exposure to phosphate flame retardants (OPEs or PFRs). A 

method was optimised for four dialkyl/diaryl phosphate diesters using solid phase extraction  

(SPE). Hair and multiple finger and toe nails were collected during a period of two months 

from two individuals. Levels were determined for the first time in the aforementioned 

matrices by LC-MS/MS.  
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Results showed that there is a possible contribution from both an external (via deposition) 

and an internal contribution, however it was not possible to fully understand their extent. 

Nevertheless, there is evidence that hair and nails (both finger and toe) are good indicators of 

human exposure to PFRs, especially to Tris(phenylphosphate) (TPhP). 

 

Finally in Chapter 5 the in vitro metabolism of a group of alternative plasticizers including 

the acetyltributyl citrate (ATBC), bis(2-ethylhexyl)adipate (DEHA), bis (2-ethylhexyl) 

terephthalate (DEHTP), bis(2-propylheptyl) phthalate (DPHP) and one flame retardant (FR), 

i.e. 2,2-bis(chloromethyl)-propane-1,3-diyltetrakis(2-chloroethyl) bisphosphate (V6) was 

performed in human liver and/or intestinal microsomes (HLM, HLM S9 fractions and/or 

HIM). The identification of the in vitro phase I metabolites was conducted by LC-(Q)TOF-

MS. Later, a similar screening approach was developed on the UPLC/ESI-Orbitrap-MS to 

identify the target metabolites in real  in vivo samples. Metabolites of ATBC, DEHA, 

DEHTP, DPHP and V6 were observed for the first time in urine spot samples and in nails 

(Norwegian cohort). 

ATBC metabolites were frequently detected in finger nails (46-95 % detection 

frequencies). V6 was identified in nails suggesting that this matrix can also represent past 

exposure to both FRs and alternative plasticizers. Hydrolytic/oxidative DPHP metabolites 

were not detected in urine nor finger nails. Primary and secondary DEHA metabolites were 

identified in both matrices, but the relative proportion of the secondary metabolites was 

higher in urine than in finger nails, which is not unexpected. The opposite was observed for 

the primary metabolites, which is also in accordance with what can theoretically be expected. 

The presence of many of the metabolites found in in vitro studies was confirmed in in vivo 

samples, suggesting that in vitro assays can reliably predict (in some cases) what is happening 

in vivo. Also, finger nails may be a useful non-invasive matrix for human biomonitoring of 

some of the compounds studied, but validation is needed. 

 

The development of extraction and analytical methods was successful and of added value 

to investigate human exposure to diverse groups of (novel) environmental pollutants (PFAS, 

PEs, OPEs and FRs). For the first time, new insights were shed on the use of alternative 

matrices such as hair and nails. Although many of the target analytes were detected at 

relatively high levels in hair/nails (ng/g), still more research is needed to: 1) unravel the 

mechanisms of incorporation/penetration in these matrices and understand the 

pharmacokinetics involved; 2) understand which factors can influence their accumulation in 

nails and hair; 3) distinguish between internal and external exposure. Yet, it was possible to 

understand along this work that many of the target compounds are prone to bio accumulation 

in hair, finger and/or toe nails (e.g. hydrolytic metabolites of PEs, metabolites of new 

alternative plasticizers such as ATBC, TPHP, PFDoS, etc). 
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Samenvatting 
 

In dit doctoraatsonderzoek wordt de humane blootstelling onderzocht aan verschillende 

klassen van milieuverontreinigende stoffen, met inbegrip van de perfluoroalkyl substanties 

(Eng. afkorting PFAS), ftalaat esters (Eng. afkorting PES), organofosfaat esters (Eng. 

afkorting OPEs of vaak gewoon fosfaat vlamvertragers genoemd (Eng. afkorting PFRs)) en 

opkomende types vlamvertragers (Eng. afkorting EFRs). Afhankelijk van de groep van 

substanties kunnen deze chemicaliën gebruikt worden als surfactanten in 

consumententoepassingen (bv. coatings voor tapijten, meubilair, enz.), als weekmakers, 

additieven in polymeren of solventen (bv. textielproducten, speelgoed, persoonlijke 

verzorgingsproducten, meubelstoffering, bewaarzakjes voor bloed en medische apparatuur) of 

gewoon als stoffen die bijdragen tot de vlamvertragende werking in diverse producten 

(elektronica, auto-onderdelen, enz.). 

De grote verspreiding van deze chemische stoffen en de daaruit volgende continue humane 

blootstelling via consumentengoederen (vooral deze met betrekking tot de gezondheid, i.e. 

producten voor persoonlijke verzorging), waarin deze chemische stoffen zijn verwerkt, is de 

laatste decennia een reden tot bezorgdheid. Bij de belangrijkste aandachtspunten voor het 

gezondheidsrisico wordt het vermogen tot accumulatie in de mens vernoemd. Veel van deze 

stoffen zijn niet onderhevig aan metabolisatie (bv PFAS) en/of worden niet volledig 

uitgescheiden uit het lichaam (via urine, faeces, zweet) in 24 of 48 uur na blootstelling. 

Hierdoor ontstaat een verhoogd risico op bioaccumulatie en hiermee gepaard gaand ook een 

ernstig potentieel voor schadelijke effecten op de menselijke gezondheid op lange termijn. 

Meer nog, sommige van deze gekende chemicaliën blijken toxisch te zijn en hebben een 

endocrien verstorend effect op mensen. Dit in tegenstelling tot de nieuwere alternatieven (bv. 

voor weekmakers), waarvoor informatie over toxiciteit en bioaccumulatie nog schaars is. 

Het gebruik van humane biomonitoring heeft geleid tot het beter begrijpen van de 

menselijke blootstelling en voorkomende trends van sommige van deze chemicaliën in 

diverse populaties. Hierbij werd in het verleden voornamelijk gebruik gamaakt van invasieve 

methoden gebruikt voor onderzoek naar bioaccumulatiegevoelige substanties. De afgelopen 

jaren was er een groeiende tendens om te zoeken naar alternatieve methoden die: 1) minder 

invasief (pijnlijk) zijn voor de vrijwilligers en 2) een bredere blik verschaffen op de 

blootstellingsperiode (weken tot maanden) dan de invasieve. Daartoe kregen de zogenaamd 

non-invasieve benaderingen meer aandacht. Eén van de belangrijkste doelstellingen van dit 

doctoraatsonderzoek was de mogelijkheid na te gaan om blootstelling in te schatten via 

matrices zoals haar, nagels (vinger en/of teen) en urine. Nadelen en bezwaren verbonden aan 

het gebruik van niet-invasieve bemonstering waren een hele uitdaging, zoals beschikbaarheid 

van een kleine monsterhoeveelheid en het meten van extreem lage niveaus (ng/g, ng/ml). 

 

In hoofdstuk 2 wordt een nieuwe extractie procedure op basis van dispersieve ENVI-carb 

gekoppeled aan UPLC-MS/MS ontwikkeld voor de meting van perfluorocarboxyl- en 

perfluorsulfonzuur in menselijk haar. De levels van PFAs gemeten in haar (N=30) waren veel 

lager dan deze gerapporteerd in andere matrices (bv. serum/bloed).  
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Maar in deze studie werd aangetoond dat het mogelijk was om ze te meten. Vooral 

volgende PFAs werden gevonden: perfluoro n-butaanzuur (PFBA), perfluor n-hexaanzuur 

(PFHxA), perfluoroalkyl octaanzuur (PFOA), perfluorbutaansulfonzuur (PFBS), 

perfluorhexaan sulfonzuur (PFHxS), perfluorododecaan sulfonzuur (PFDoS). Tot nu toe is dit 

de eerste studie waarbij perfluoro heptaan sulfonzuur (PFHpS), perfluorodecane sulfonzuur 

(PFDS) en PFDoS in menselijk haar werden bestudeerd. Deze studie toont aan dat 

blootstelling aan de long-chain PFAS, met name aan de PFDoS, reëel is in de algemene 

bevolking. Toch is meer onderzoek nodig om te begrijpen hoe PFAS bindt of opgenomen 

wordt in het haar en welke factoren een rol spelen bij de opname in het lichaam. Tot nu toe is 

het moeilijk een onderscheid te maken tussen wat van interne en externe blootstelling komt. 

Daarom zullen resultaten in haar steeds beschouwd worden als zijnde een indicatie van de 

integrale blootstelling. 

 

In hoofdstuk 3 werd een een nieuwe micro-extractie methode geoptimaliseerd om (kort tot 

lang keten) ftalaatesters (PEs) in nagels te bepalen. Deze methode maakt gebruik van een 

combinatie van ultrasone extractie en dispersieve vloeistof-vloeistof micro-extractie (US-

DLLME). Niveaus van ftalaat metabolieten werden bepaald in nagels en urine (één ochtend 

spot monster en in verschillende spots bemonsterd in een periode van 15 dagen). Een nieuwe 

creatinine-correctie berekening werd voorgesteld voor het normaliseren van de gemeten 

niveaus van de doelcomponenten voor urine spots en om de vergelijkbaarheid tussen de 

matrices te verbeteren. De niveau verschillen tussen gemalen versus niet-gemalen (hele) 

nagels werd onderzocht met betrekking tot het vereenvoudigen van de monstervoorbereiding. 

Monstervoorbereiding gebruik makend van een kleine hoeveelheid (30 mg) van de hele 

nagels was succesvol. 

Belangrijke PE metabolieten zoals monoethyl ftalaat (MEP), mono (2-ethylhexyl) ftalaat 

(MEHP), mono-n-butyl ftalaat (MnBP) en mono-iso-butyl ftalaat (MiBP) werden in nagels 

gemeten. De hoge graad van excretie van de MEHP oxidatieve metabolieten (bv. mono(2-

ethyl-5-hydroxyhexyl) ftalaat (5-OH-MEHP) en mono (2-ethyl-5-oxy-hexyl) ftalaat (5-oxo-

MEHP) laten hun accumulatie en detectie in nagels niet toe. 

Correlaties tussen matrices, intra- en inter-dag variabiliteit van urinemonsters onderling en 

omgevingsparameters van blootstelling werden bestudeerd door het uitvoeren van een aantal 

statistische analyses (ANOVA, t-test, niet-parametrische Mann-Whitney rank, univariate en 

multivariate statistieken). Niveaus van metabolieten in de twee matrices correleren best voor 

de belangrijkste gemeten metabolieten (bv. MEHP, MnBP, MiBP). 

 

Toenemende blootstelling aan nieuwe alternatieve weekmakers zoals 1,2-

cyclohexaandicarbonzuur diisononyl ester (DINCH) werd waargenomen voor de urine stalen 

in de Noorse cohorte. De geschatte dagelijkse inname van PEs en DINCH voor deze populatie 

wordt niet hoger geschat dan de vastgestelde toelaatbare dagelijkse inname en referentie-

dosis. Ook de cumulatieve risicobeoordeling voor gecombineerde weekmaker blootstelling 

geven geen gezondheidsproblemen aan voor de geselecteerde populatie. Hogere frequentie 

van gebruik van lichaamsverzorgingsproducten werd geassocieerd met grotere MEP 

concentraties in zowel urine als nagelmonsters.  
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Hogere leeftijd, roken, dragen van plastic handschoenen tijdens schoonmaak, consumeren 

van voedsel met plastic verpakkingen en eten met de handen werden geassocieerd met hogere 

niveaus in urine en nagels voor sommige metabolieten. In tegenstelling, werd frequent haar en 

handen wassen geassocieerd met lagere urine levels van MiBP en 5-OH-MEHP, 

respectievelijk. De niveaus van PE en DINCH metabolieten werden vergeleken in nagels 

verzameld uit twee verschillende cohorten (A-TEAM en FLEHS III), waar hogere totale 

niveaus van PE metabolieten gemeten werden in Belgische dan in de Noorse deelnemers. Dit 

feit is hoogstwaarschijnlijk het gevolg van verschillende blootstellingspatronen, hoewel de 

verdeling van de niveaus alleen statistisch significant waren voor MnBP (belangrijkste 

metaboliet gedetecteerd in beide cohorten). 

 

In hoofdstuk 4 werd de humane blootstelling aan fosfaat vlamvertragers (OPEs of PFRs) 

bepaald. Hiervoor werd een vaste fase extractiemethode (SPE) ontwikkeld voor vier 

dialkyl/diaryl fosfaat diesters. Hoofdhaar en meerdere vinger- en teennagels van 2 individuen 

werden verzameld gedurende een periode van twee maanden. Dit was de eerste studie waarin 

voor deze componenten niveaus werden bepaald in de hiervoor genoemde matrices met LC-

MS/MS. De resultaten toonden aan dat er een mogelijke contributie is uit zowel externe (via 

afzetting) als interne bijdrage, maar het is niet mogelijk om de contributie van beide routes in 

te schatten. Omdat er geen informatie over de omgevingsfactoren  beschikbaar was en omdat 

het om een keine steekproef ging, kon de oorzaak van de grote blootstelling niet worden 

achterhaald. Toch zijn er aanwijzingen dat haar en nagels (vingers en tenen) goede 

indicatoren zijn van de menselijke blootstelling aan PFRs, vooral voor tris(phenylphosphate) 

(TPhP). 

 

In hoofdstuk 5 tenslotte werd het in vitro metabolisme onderzocht van een groep 

alternatieve weekmakers, waaronder acetyltributyl citrate (ATBC), bis(2-ethylhexyl)adipate 

(DEHA), bis(2-ethylhexyl) tereftalaat (DEHTP), bis(2-propylheptyl ) ftalaat (DPHP) en een 

vlamvertrager (FR), i.e. 2,2-bis(chloormethyl)-propaan-1,3-diyltetrakis(2-chloorethyl) 

bisfosfaat (V6) in menselijke lever en/of intestinale microsomen (HLM, HLM S9 fracties 

en/of HIM).  De identificatie van de in vitro fase I metabolieten werd uitgevoerd met UPLC-

(Q)TOF-MS. Later werd een screening aanpak ontwikkeld met behulp van UPLC/ESI-

Orbitrap-MS om deze verbindingen identificeren in reëele in vivo monsters. Metabolieten van 

ATBC, DEHA, DEHTP, DPHP en V6 werden voor het eerst aangetoond in urine en in nagels 

(Noors cohort). 

ATBC metabolieten werden veelvuldig gedetecteerd in vingernagels (46-95% detectie 

frequentie). V6 werd geïdentificeerd in nagels wat er op wijst dat deze matrix ook een eerdere 

blootstelling aan zowel FR en alternatieve weekmakers kan betekenen. 

Hydrolytische/oxidatieve DPHP metabolieten werden niet gedetecteerd in urine, noch in 

nagels. Primaire en secundaire DEHA metabolieten werden geïdentificeerd in beide matrices, 

maar het relatieve aandeel van de secundaire metabolieten was hoger in de urine dan in 

vingernagels. Het tegengestelde werd waargenomen voor de primaire metabolieten. De 

aanwezigheid van veel van deze metabolieten die eerder werden aangetoond in de in vitro 

studie werd bevestigd in de in vivo monsters, wat suggereert dat in vitro assays een 

betrouwbare indicator is van wat er in vivo gebeurd.  
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Ook vingernagels kunnen een nuttige niet-invasieve matrix zijn voor huamne 

biomonitoring van sommige van de onderzochte verbindingen zijn. Hiervoor zijn echter nog 

meer validatiestudies nodig. 

 

De ontwikkeling van extractie- en analysemethoden was succesvol. Het doel was om de 

menselijke blootstelling aan diverse groepen van milieuverontreinigende stoffen (PFAS, PEs, 

OPEs en FRs) te onderzoeken. Voor het eerst werden nieuwe inzichten verschaft in het 

gebruik van alternatieve matrices  voor bloed/serum/urine zoals haar en nagels. Veel van deze 

doelcomponenten werden gedetecteerd bij een relatief hoog niveau in haar/nagels. Daarom is 

meer onderzoek nodig om: 1) de mechanismen van incorporatie en penetratie te ontrafelen in 

deze matrices en om de betrokken farmacokinetiek beter te begrijpen; 2) inzicht te verkrijgen 

in welke factoren hun accumulatie kunnen beïnvloeden in haar en nagels; 3) onderscheid te 

kunnen maken tussen interne en externe blootstelling, als dit al mogelijk zou zijn.  

Toch was het mogelijk om gedurende dit onderzoek te begrijpen dat vele van deze doel 

componenten onderhevig zijn aan bioaccumatie in haar, vinger- en/of teennagels (bv. 

hydrolytische metabolieten van PEs, metabolieten van nieuwe alternatieve weekmakers zoals 

ATBC, TPHP, PFDoS, enz). 
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This chapter provides an overview about the A-TEAM project, an introduction of the target 

families of compounds and a state-of-art of non-invasive matrices versus invasive (including 

the potential and main findings, main routes of exposure, overview of human biomonitoring 

(HBM) studies and presentation of critical issues associated to the non-invasive approaches).   

 
 

1.1 THE A-TEAM (“ADVANCED TOOLS FOR EXPOSURE 

ASSESSMENT AND BIOMONITORING”) PROJECT 

 

 
This PhD was designed as an stage researcher (ESR) project within a multi-partner 

network called “Advanced tools for exposure assessment and biomonitoring” (A-TEAM) 

funded by the 7
th

 Framework Program of the European Commission (FP7-PEOPLE-ITN).  

The A-TEAM is a major co-ordinated supradisciplinary study that aims to enhance 

knowledge of external and internal human exposure to selected chemicals, based upon 

detailed study of a single, well characterised human cohort (the “A-TEAM”). Its overriding 

hypothesis is that current approaches used to monitor human exposure to chemicals in 

consumer products can be improved substantially by filling gaps in scientific data and 

understanding upon which current practices are founded. A-TEAM’s main research goal is to 

come to a better understanding of how and to what extent chemicals used in consumer 

products (“consumer chemicals”) enter in humans, and of how we can best monitor their 

presence in our bodies, diet and indoor environment. 

The main scope of this research is to develop alternative techniques to biomonitor body 

burdens where the focus will lie on the following classes of contaminants: 

 

1) PerfluoroAlkyl Substances (PFAS) 

2) Phthalate Esters (PEs) 

3) OrganoPhosphate Esters (OPEs) 

4) Emerging Flame Retardants (EFRs) 

 
Twelve PhD and three Post Doc students were recruited. In total, the project is organized 

in four work packages (Fig 1.1.1) including: 

 

 WP1-Prospective screening for exposure potential (modeling). 

 WP2- Biologically-relevant monitoring of external exposure focus in indoor and diet. 

 WP3-Relative contribution of different exposure pathways focus in organophosphate 

esters; modeling tools for understand for estimating the external and internal exposure 

to OPEs and also to PEs. 

 WP4-Translation the external to internal exposure using non-invasive methods. 

 

In particular, this PhD projects lies within WP4, which major goal is to develop tools for 

assessing the human exposure to the precursor compounds (and/or their metabolites) using 

non-invasive matrices. 
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In the A-TEAM project, seven institutions (i.e. UB-University of Birmingham; UA-

University of Antwerp; VU-Vrije Universiteit Amsterdam; VITO-Flemish Institute for 

Technological Research; IVL-Swedish Environmental Research Institute Limited; SU-

Stockholm University; NIPH-Norwegian Institute of Public Health; UREAD- Reading 

University) from five European countries (Belgium, The Netherlands, UK, Norway and 

Sweden) are involved. Through secondments and visits (trainings), the fellows had the 

opportunity to exchange knowledge, learn new techniques/tools for their research and 

collaborate in innovative individuals projects. 

 

 

 

 
 
 

Fig 1.1.1. A-TEAM project scheme.  
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1.2 HUMAN BIOMONITORING OF EMERGING POLLUTANTS 

THROUGH NON-INVASIVE MATRICES: STATE OF ART AND 

FUTURE POTENTIAL  

 

 

Based on the following publication:  

 

Alves A, Kucharska A, Erratico C, Xu F, Den Hond E, Koppen G, Vanermen G, Covaci A, 

Voorspoels S. Human biomonitoring of emerging pollutants through non-invasive matrices: 

state of art and future potential. Anal Bioanal Chem (2014) 406: 4063-4088. 

 

1.2.1 Summary 

Human biomonitoring (HBM) is a scientific technique that allows us to assess whether and 

to what extent environmental pollutants enter humans. We review here the current HBM 

efforts for organophosphate esters (OPEs), emerging flame retardants (EFRs), perfluoroalkyl 

substances (PFAS), and phthalate esters (PEs). Use of some of these chemicals has already 

been banned or restricted; they are regularly detected in the environment, wildlife, and human 

matrices. Traditionally, blood and urine collection have been widely used as sampling 

methods. New non-invasive approaches (e.g., saliva, hair, nails) are emerging as valid 

alternatives since they offer advantages with respect to sampling, handling, and ethical 

aspects, while ensuring similar reliability and sensitivity. Nevertheless, the identification of 

biomarkers of exposure is often difficult because chemicals may be metabolized in the human 

body. For many of the above-mentioned compounds, the mechanisms of the favorable 

metabolization pathways have not been unraveled, but research on important metabolites that 

could be used as biomarkers of exposure is growing. This introductory chapter summarizes 

the state of the art regarding human exposure to, (non-invasive) HBM of, and metabolism of 

major OPEs, EFRs, PFAS and PEs currently detected in the environment. 

 

1.2.2 Introduction 

The presence of a wide array of man-made chemicals in consumer goods and health care 

products has attracted the attention for the inherent health risks to humans resulting from 

long-term exposure to these products. According to a World Health Organization report from 

2009, 10 % of deaths and disease burdens are due to environmental factors (e.g., smoking) 

(WHO 2009). However, in a recent review, the estimate was significantly higher (about 40 % 

of human deaths in the world, amounting to around 62 million per year) and was attributed 

mainly to exposure to several hazardous pollutants (Wan et al. 2013). In 2001, the Stockholm 

Convention was enacted to urgently find alternatives to control and reduce exposure (EU 

2006a), and thus its main aim was to protect humans and the environment against exposure to 

hazardous chemicals by reducing and/or eliminating their production and/or introduction on 

the market. A list of the most hazardous persistent organic pollutants was compiled, and has 

been amended several times (EU 2009, 2011).  

The last actualization in 2011 comprised 22 chemicals (EU 2011). However, some of the 

most dangerous chemicals are the so-called endocrine-disrupting chemicals, such as the PEs, 
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OPEs, PFAS and flame retardants (FRs); most of them are not (yet) on the Stockholm 

Convention list. These compounds are potentially harmful, being able to interfere with the 

synthesis, metabolism, and action of endogenous hormones and thus leading to various 

adverse biological effects, including endocrine-disrupting activity, and promotion of 

carcinogenicity, neurotoxicity, reproductive toxicity, hepatoxicity and teratogenicity 

(Birnbaum and Staskal 2004; Carlsson et al. 1997; Casas et al. 2013; Jamal et al. 2002; Segev 

et al. 2009; Wittassek and Angerer 2008). 

With the introduction of a new regulation dealing with the registration, evaluation, 

authorization and restriction of chemicals (REACH) in Europe in 2006, certain dangerous 

substances and preparations (including azo dyes, N,N-dimethylformamide, polycyclic 

aromatic hydrocarbons, and PEs) which are present on the EU market had their use restricted 

(REACH 2009). To replace those banned chemicals, a range of substitutes were introduced; 

yet the exposure sources, occurrence, and metabolism are still largely unknown (Ali et al. 

2011; Bergh et al. 2011a; Kantiani et al. 2010). 

HBM is a tool to map exposure patterns to environmental xenobiotics throughout the 

population over time. HBM also allows modeling of compound behavior and assessment of 

the potential toxicological impact (pharmacokinetic processes), which is crucial for 

characterizing exposure, assessing risk, and informing policy makers (Angerer et al. 2007; 

Angerer et al. 2006; Calafat and Needham 2009; Koch and Calafat 2009; Needham et al. 

2007) (Fig 1.2.1). Hence, health authorities can establish rules and regulations to avoid and/or 

reduce the risk of exposure to hazardous substances, specifically in groups at a high level of 

risk (e.g., pregnant women, mothers during the lactation period, infants, children, seniors, 

workers in industrial environments) (Król et al. 2013). HBM studies are based on the analysis 

of environmental contaminants and/or biomarkers of exposure in human tissues or biological 

fluids. Interpretation is often a complex undertaking once these chemicals are detected at low 

levels or quickly biotransformed into different kinds of metabolites. Further, not only the 

levels but also the half-lives and the metabolism of contaminants (metabolic pathways, type 

and amount of metabolites generated) are important factors to consider when assessing human 

exposure. Through identification of biomarkers of human exposure, it is possible to indicate 

susceptibilities or predict the incidence of outcome lesions (Angerer et al. 2006; Needham et 

al. 2007). 

Nevertheless, biomarkers of effect and biomarkers of susceptibility are also important to 

assess the impact of the exposure (Paustenbach and Galbraith 2006). In the last two decades, 

the increased number of HBM studies has generated more understanding about the 

bioaccumulation, metabolism, excretion, and toxic effects of pollutants and their metabolites 

in humans (Angerer et al. 2006). Similarly to limits for food and environmental matrices (EU 

2006c; Schwesig et al. 2011), risk-assessment-based biomarker screening values, including 

biomonitoring equivalents (Aylward et al. 2013) and HBM values from the German Human 

Biomonitoring Commission (Schulz et al. 2012), are available for more than 130 analytes, 

including some PEs, perfluorooctanoic acid (PFOA), and perfluorooctane sulfonic acid 

(PFOS). 

The introduction of non-invasive matrices brought new trends in HBM, and here we 

review the newest aspects for OPEs, PEs, PFAS, and emerging FRs (EFRs).  
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The relevance of HBM approaches for each class is discussed, including a brief description 

of the physicochemical properties and major metabolites (Table 1.2.1). Additionally, we 

aimed at (1) highlighting the main exposure sources, (2) summarizing previous HBM studies 

of OPEs, PEs, PFAS, and EFRs and their metabolites using non-invasive versus invasive 

matrices, (3) indicating the main in vitro metabolites and the analogies between in vitro and in 

vivo metabolic pathways, (4) discussing the analytical methods used to analyze each group of 

pollutants, and (5) identifying research gaps and suggesting future developments for HBM 

focusing on non-invasive methods. 

 
 

Fig 1.2.1. Continuous exposure effect for environmental chemicals (Angerer et al. 2006). 

 

1.2.3 Chemicals in need for biomonitoring 

1.2.3.1 Organophosphate Esters 

 

OPEs are used as additive FRs, as plasticizers in some polymers, and also in pesticide 

formulations, paints, varnishes, lubricants, and textile coatings among other applications 

(Carlsson et al. 1997; Dirtu et al. 2012a; Van der Veen and de Boer 2012; WHO 2000). These 

chemicals consist of a phosphate group that links several aliphatic and/or organic substituents. 

More recently, polybrominated diphenyl ethers (PBDEs) commonly used as FRs were 

replaced by OPEs, which are usually less persistent in the environment. However, this does 

not mean that OPEs are less toxic or have low bioaccumulation in the environment. Most 

OPEs have high log Kow, but are less lipophilic than the brominated FRs (BFRs) (Van der 

Veen and de Boer 2012).  

Table 1.2.1 lists the physicochemical properties for five OPEs and their respective 

metabolites. Following human metabolism, OPEs are mainly excreted in urine after 

transformation to more hydrophilic metabolites (Meeker et al. 2013; Schindler et al. 2009a; 
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Schindler et al. 2009b). There are several studies on OPEs and/or metabolites in 

environmental samples (air, dust, water) and humans (Bergh et al. 2011b; Fries and Puttmann 

2001; Meeker et al. 2013; Regnery and Püttmann 2010; Staaf and Ostman 2005). OPEs have 

structures similar to those of the organophosphorus insecticides; members of the latter group 

inhibit the enzyme acetylcholinesterase (Abou-donia 2005; Ray 1998), thus causing acute 

neurotoxic effects such as convulsions, asphyxia, and even death (Gearhart et al. 1994; Singh 

and Khurana 2009). 

 

 

1.2.3.2 Phthalate Esters 

 

PEs are synthetic chemicals produced and used worldwide since the 1920s (GEMACO 

2010) as plasticizers and additives in household and textile products, toys, personal-care 

products, furniture upholstery, blood storage bags, and medical devices (Koch and Calafat 

2009). Their use depends on their alkyl chain length, which can vary from 1 to 10 carbon 

atoms (Calafat et al. 2011; Romero-Franco et al. 2011; Wittassek et al. 2011). According to 

the chemical structure, PEs are classified in two groups: 

1. High molecular weight (long chain, more than seven carbons atoms): including 

diisononyl phthalate (DINP), diisodecyl phthalate (DiDP), di-n-octyl phthalate (DnOP), and 

di-2- ethylhexyl phthalate (DEHP). 

2.  Low molecular weight (short chain with three to six carbon atoms): including dibutyl 

phthalate (DBP), diethyl phthalate (DEP), dimethyl phthalate (DMP), butyl benzyl phthalate 

(BBzP), di-n-butyl phthalate (DnBP), and diisobutyl phthalate (DiBP). 

 

In general, the long-chain PEs are less toxic to humans than are the short-chain 

compounds, which are classified as very dangerous substances in the REACH regulation (EU 

2007; Ventrice et al. 2013). However, application limitations groups were established for 

both, indicating that these chemicals “shall not be used as substances or as constituents of 

preparations, at concentrations higher than 0.1 % by mass of the plasticized material, in toys 

and childcare articles” (EU, 2007). Both DEHP and DBP are considered reproductive 

toxicants (EU 2007). It is planned that after August 2015, low molecular weight PEs will only 

be produced and sold under a specific REACH authorization (Annex XIV of 21 November 

2012) (Ventrice et al. 2013). Various toxic effects in humans and animals, including 

reproductive toxicity, carcinogenicity, and endocrine disruption, have been reported (Carlsson 

et al. 1997; Wittassek and Angerer 2008). PEs are ubiquitous in indoor and outdoor 

environments, and are the most difficult factor to control, representing a large contribution to 

human exposure to PEs (Wittassek et al. 2011). On the other hand, exposure through 

personal-care products or food, which may have also a large contribution to human intake, 

can be controlled. Most studies have reported the levels of PEs in human matrices as 

metabolites (especially in urine or human milk) because of their fast hydrolysis and 

subsequent oxidation (Calafat et al. 2004; Koch et al. 2007; Koch and Angerer 2007). The 

main physicochemical properties of PEs and their known metabolites are presented in Table 

1.2.1.
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Table 1.2.1. Physicochemical properties of organophosphate esters (OPEs), phthalate esters (PEs), perfluoroalkyl substances (PFAS) and 

emerging flame retardants (EFRs). 

 

Compound name Abbreviation 
Molecular 

formula 
MW 

Boiling 

point 

(°C) 

Octanol-

water 

coefficient 

(Log Kow) 

Water 

solubility 

(g/L) 

(20°C) 

Metabolites References 

OPEs 

Tris (1-chloro-2-propyl) 

phosphate 
TCPP C9H18Cl3O4P 327.55 

235-

248 
2.59 1.60

 
BCPP (WHO 2004) 

Tris(1,3-dichloro-2-propyl) 

phosphate 
TDCPP C9Hl5Cl6O4P 430.91 

236-

237 
3.80 0.10

a 
BDCPP (WHO 2004) 

Triphenylphosphate TPP/TPhP C18H15O4P 326.29 370 4.59 1.9×10
-3

 DPP 

(Budavari 2001; 

Hansch, C; Leo, A; 

Hoekman 1995) 

Tris(2-butoxyethyl) phosphate TBEP C18H39O7P 398.54 
200-

230 
4.38;4.78;3.65 1.10-1.30

 
BBOEP (WHO 2000) 

Tris(2-chloroethyl) phosphate TCEP C6H12Cl3O4P 285.49 330 1.78 7.82
 

BCEP (WHO 1989) 

PEs 

Dimethyl phthalate DMP C10H10O4 194.05 
283-

284 
1.98 1 MMP (Koch et al. 2013a) 

Diethyl phthalate DEP C
12

H
14

O
4
 222.24 295 2.42 1.08 MEP 

(Koch et al. 2013a, 

NIEHS 2006) 

Di-n-butyl-phthalate DnBP C16H22O4 278.35 340 4.45 11.2×10
-3

 MnBP, 3-OH-MnBP, 4-OH-MnBP, MCPP 
(EPA 2006)(Koch et 

al. 2012) 

Di-isobutyl phthalate DiBP C16H22O4 278.40 320 4.11 1×10
-3

 MiBP, 2-OH-MIBP, 3-OH-MiBP 

(IPCS Inchem 2001; 

Koch et al. 2013a; 

Koch et al. 2012)  

Butyl benzyl phthalate BBzP C19H20O4 312.40 370 4.91 2.7×10
-3

 MBzP (Koch et al. 2013a) 

Di-isononyl phthalate DiNP C26H42O4 418.61 
279-

287 
8.8 < 1 

MMeOP, 7-OH-MMeOP, 7-carboxy-MMeHP, 

7-oxo-MMeOP, OH-MiNP, oxo-MiNP, cx-

MiNP, MiNP, MCiOP, MHiNP, MCiHxP, 

MCiHxP, MOiNP, MCiBP, MCEP 

(Koch et al. 

2007)(Bolgar et al. 

2008) 
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Compound name Abbreviation 
Molecular 

formula 
MW 

Boiling 

point 

(°C) 

Octanol-

water 

coefficient 

(Log Kow) 

Water 

solubility 

(g/L) 

(20°C) 

Metabolites References 

Di-isodecyl phthalate DiDP C28H46O4 446.66 
250-

257 
8.8 1 

OH-MiDP, MiDP, MCiDP, MCiNP, MHiDP, 

MOiDP, MCiHPP, MCiPEP, MCPP 

(Bolgar et al. 2008; 

Greenfacts 2011-2013; 

Saravanabhavan and 

Murray 2012) 

Di-n-octyl phthalate DnOP C24H38O4 390.56 380 N/A N/A MnOP 
(Chemical Book 2008; 

Koch et al. 2013a)  

Di(2-ethylhexyl)phthalate DEHP C
24

H
38

O
4 390.57 384 7.50 41×10

-3
 

MEHP, 5-OH-MEHP, 5-carboxy-MEPP, 2-

carboxy-MEPP, 5-oxo-MEHP 

(ATSDR 2002; Choi 

et al. 2012; Koch et al. 

2013a)  

PFAS 

Perfluorooctanoic acid PFOA C8HF15O2 414.07 
189-

192 
N/A 9.5 N/A (EFSA 2008) 

Perfluorononanoic acid PFNA C9HF17O2 464.08 
203-

218 
2.3-2.48 9.5 N/A 

(Chemical Book 2008; 

MSDS 2003)  

Perfluorodecanoic acid PFDA C10HF19O2 514.08 
203-

218 
2.65-2.67 0.40-0.46 N/A (EPA 2009) 

Perfluoroundecanoic acid PFUnDA C11HF21O2 564.10 238 3.19 -3.41 N/A N/A (EPA 2009) 

Perfluorooctane sulfonate PFOS C8HF17O3S 538.00 N/A N/A 0.68 N/A (EFSA 2008) 

Perfluorohexane sulfonate PFHxS C6F13O3S 399.10 221.92 4.34 0.597×10
-3

 N/A 
(ChemSpider 2014) 

 

EFRs 

2-ethylhexyltetrabromobenzoate TBB C15H18Br4O2 549.91 447.5 8.07 N/A TBBA 
(ChemSpider 2014; 

Roberts et al. 2012)  

Bis(2-

ethylhexyl)tetrabromophthalate 
TBPH C24H34Br4O4 706.1 584.8 10.08 1.60×10

-6
 TBMEHP 

(ChemSpider 2014; 

Roberts et al. 2012)  

         

         

         

         

         

http://www.chemspider.com/Molecular-Formula/C6F13O3S
http://www.chemspider.com/Molecular-Formula/C15H19Br4O2
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Compound name Abbreviation 
Molecular 

formula 
MW 

Boiling 

point 

(°C) 

Octanol-

water 

coefficient 

(Log Kow) 

Water 

solubility 

(g/L) 

(20°C) 

Metabolites References 

1,2-bis(2,4,6 

tribromophenoxy)ethane 
BTBPE C14H8Br6O2 687.6 566.4 7.88 1.90×10

-5
 

Mono-OH-BTBPE, 

tetrabromodihydroxybisphenoxyethane, 

pentabromodihydroxybisphenoxyethane 

isomers, 

pentabromomonohydroxybisphenoxyethane 

isomers, 2,4,6- tribromophenoxy ethanol, 

2,4,6-tribromophenol 

(Covaci et al. 2011; 

Hakk and Letcher 

2003)  

Decabromodiphenyl ethane DBDPE C14H4Br10 971.2 676.0 11.1 2.10×10
-7

 N/A (Covaci et al. 2011) 

1,2-dibromo-4-(1,2-

dibromoethyl)cyclohexane 
TBECH C8H12Br4 423.76 371.23 5.24 0.069×10

-3
 N/A 

(ChemSpider 2014; 

Covaci et al. 2011)  

Hexabromobenzene HBB C6Br6 551.5 417.5 5.85 7.70×10
-4

 PBB, PeBB, TeBB, TrBB (Covaci et al. 2011) 

Pentabromotoluene PBT C7H3Br5 486.61 394.4 6.25 0.93 N/A (Covaci et al. 2011) 

Hexacholocyclopentadienyl-

dibromocyclooctane 
HCDBCO C13H12Br2Cl6 540.76 485.21 8.04 N/A N/A (Covaci et al. 2011) 

Dechlorane Plus DP C18H12Cl12 653.73 599.8 9.07 40×10
-6

 DP-1Cl; DP-2Cl 
(ChemSpider 2014; 

Feo et al. 2012) 

Dechlorane 602 Dec 602 C14H4Cl12O 613.62 533 7.63 8.49×10
-9

 N/A 
(ChemSpider 2014; 

Feo et al. 2012) 

Dechlorane 603 Dec 603 C17H8Cl12 637.69 N/A 7.63 0.3×10
-9

 N/A 
(ChemSpider 2014; 

Feo et al. 2012) 

Dechlorane 604 Dec 604 C13H4Br4Cl6 692.50 
179-

181 
8.5 2.21×10

-9
 N/A 

(ChemSpider 2014; 

Feo et al. 2012) 

BBzP butyl benzyl phthalate, BBOEP bis(2-butoxyethyl)phosphate, BCEP bis(2-chloroethyl) phosphate, BCPP bis(1-chloro-2-propyl) phosphate, BDCPP bis(1,3-dichloro-2-propyl) phosphate, BTBPE 1,2-bis(2,4,6 
tribromophenoxy)ethane, cx-MiNP mono(carboxyisononyl) phthalate, DBDPE decabromodiphenyl ethane, DEHP di-2-ethylhexyl phthalate, DEP diethyl phthalate, DiBP diisobutyl phthalate, DiDP diisodecyl phthalate, DiNP diisononyl 

phthalate, DMP dimethyl phthalate, DnBP di-n-butyl phthalate, DnOP di-n-octyl phthalate, DP Dechlorane Plus, DPP diphenyl phosphate, HBB hexabromobenzene, HCDBCO hexacholocyclopentadienyl-dibromocyclooctane, MBzP 
monobenzyl phthalate, MCEP, MCiBP monocarboxy isobutyl phthalate, MCiDP , MCiHPP monocarboxy isoheptyl phthalate, MCiHxP monocarboxy isohexyl phthalate, MCiNP monocarboxy isononyl phthalate, MCiOP monocarboxy 

isooctyl phthalate, MCiPEP monocarboxy isopentyl phthalate, MCPP 3- carboxy-monopropylphthalate, 5-carboxy-MEPP mono(2-ethyl-5-carboxypentyl) phthalate, 5-OH-MEHP mono(2-ethyl-5-hydroxyhexyl) phthalate, MEHP mono-

2-ethylhexyl phthalate, 5-oxo-MEHP mono(2-ethyl-5-oxyhexyl) phthalate, MEP monoethyl phthalate, MEPP mono-2-ethylpentyl phthalate MHiDP, MHiNP monohydroxy isononyl phthalate, MiBP monoisobutyl phthalate, MiDP 
monoisodecyl phthalate, MiNP monoisononyl phthalate,MMeHP mono(4-methylheptyl) phthalate, MMeOP mono(4-methyloctyl) phthalate,MMP monomethyl phthalate, MnBP mono-n-butyl phthalate, MOiDP monooxoisodecyl 

phthalate, MOiNP monooxoisononyl phthalate, MnOP mono-n-octyl phthalate, PBT pentabromotoluene, PeBB Pentabromobenzene, PFDA perfluorodecanoic acid, PFHxS perfluorohexane sulfonate, PFNA perfluorononanoic acid, 

PFOA perfluorooctanoic acid, PFOS perfluorooctane sulfonate, PFUnDA perfluoroundecanoic acid, NA not attributed, TBB 2-ethylhexyltetrabromobenzoate, TBBA 2,3,4,5-tetrabromobenzoic acid, TBECH 1,2-dibromo-4-(1,2-
dibromoethyl) cyclohexane, TBEP tris(2-butoxyethyl) phosphate, TBMEHP mono(2-ethylhexyl) tetrabromophthalate, TBPH bis(2-ethylhexyl)-3,4,5,6-tetrabromophthalate, TCEP tris(2-chloroethyl) phosphate, TCPP tris(1-chloro-2-

propyl) phosphate, TDCPP tris(1,3-dichloro-2-propyl) phosphate, TeBB Tetrabromobenzene, TPP triphenyl phosphate, TrBB Tribromobenzene 

http://www.chemspider.com/Molecular-Formula/C7H3Br5
http://www.chemspider.com/Molecular-Formula/C13H12Br2Cl6
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1.2.3.3 Perfluoroalkyl Substances 

 

PFAS are chemicals with an alkyl chain partly (poly) or fully (per) fluorinated substituted 

with different functional groups. This group comprises perfluoroalkyl carboxylic acids, 

perfluoroalkyl sulfonic acids, perfluoroalkyl sulfonamides, perfluoroalkyl 

sulfonamidoethanols, and fluorotelomer alcohols, which are polyfluorinated compounds 

(Buck et al. 2011; Lau et al. 2007). The chemical and temperature stability as well as good 

surface-tension-lowering properties and the ability to create stable foams led to the 

widespread use of PFAS in numerous products, such as stain repellents, insecticides, 

cosmetics, paints, coatings, aqueous film-forming foams, polishes, electronic devices, food 

packaging, and adhesives (Buck et al. 2011; Domingo 2012; Kantiani et al. 2010; Kissa 

2001). Moreover, the perfluoroalkyl chains in PFAS are considerably more hydrophobic than 

alkyl chains and are substantially hydrophilic as well; these properties can change depending 

on the number of fluorine substituents in the carbon backbone (Buck et al. 2012; Krafft and 

Riess 2009), which makes them ideal for surface treatments (e.g., use of 

polytetrafluoroethylene in many nonstick coatings for cookware and even in paper coatings) 

(Domingo 2012). Following their widespread use, a wide range of PFAS have been detected 

in the environment, wildlife, food, and humans (Domingo 2012; Guy and Taves 1976; Haug 

et al. 2011; Inoue et al. 2004; Li et al. 2013; Liu et al. 2011b; Ma et al. 2013a; Tao et al. 2008; 

Zhang et al. 2011), suggesting that they leak from their application products and are 

stable/persistent in the environment.  

Since 2009, the use of PFOS, its salts, and perfluorooctane sulfonyl fluoride for the 

production of consumer goods has been regulated by the Stockholm Convention (EU 2009a); 

however, there is no restriction on the incorporation of other PFAS in consumer goods. Still, 

restriction of their use for specific purposes was set out in the Stockholm Convention, for 

instance, for the manufacture of textiles and upholstery, paper and packaging, coatings and 

coating additives, rubber, and plastics (Xu et al. 2013). Directive 2006/112/EC (EU 2006b) 

placed restrictions on the marketing and use of PFOS, and although it was also stated that 

PFOA and its salts are suspected of having a risk profile similar to that of PFOS, no 

restrictions have been imposed on their use. 

HBM of long-chain PFAS has been extensively explored in recent years, since there is a 

higher bioaccumulative effect than for short-chain analogues (Calafat et al. 2007; Glynn et al. 

2012; Haug et al. 2009; Inoue et al. 2004; Olsen et al. 2009; Wan et al. 2013; Yeung et al. 

2008). Therefore, in this chapter, the discussion will focus on HBM studies of perfluoroalkyl 

sulfonates and perfluoroalkyl carboxylic acids (Table 1.2.1) owing to their greater relevance 

for human exposure and health risk assessment (EFSA 2012). 

 

 

1.2.3.4 Halogenated Flame Retardants 

 

FRs are generally divided into halogenated organic (brominated or chlorinated), 

phosphorus-containing, nitrogen-containing, and inorganic FRs (Segev et al. 2009).  



35 

 

The halogenated FRs, especially BFRs, are the most popularly used owing to their low cost 

and better performance compared with other FRs (Birnbaum and Staskal 2004; Segev et al. 

2009). However, concerns about persistency, bioaccumulation, and toxicity have led to the 

addition of some FRs to the Stockholm Convention list, for example, PBDEs and 

hexabromocyclododecane (HBCD) (Birnbaum and Staskal 2004; EU 2006a). These 

chemicals are additives or reactive components in polymers that were used as raw materials 

for consumer products (computers, electronics and electrical equipment, textiles, foams, 

furniture, etc.) (Birnbaum and Staskal 2004; Casas et al. 2013; Segev et al. 2009). EFRs such 

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

ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB), bis(2-ethylhexyl)-3,4,5,6-tetrabromophthalate 

(TBPH), tetrabromobisphenol A bis(2,3-dibromopropyl ether), Dechlorane Plus (DP), and its 

analogues (Dechlorane 602, Dechlorane 603, and Dechlorane 604) were introduced to the 

market to replace some of the restricted FRs (Ali et al. 2011; Covaci et al. 2011) (Table 

1.2.1). Low biodegradability of some FRs leads to persistent accumulation in the environment 

and the food-chain (Casas et al. 2013; Covaci et al. 2011) and therefore in humans and 

wildlife. Several studies have reported their presence in air, soil, sediments, dust, and biota 

(Ali et al. 2011; Covaci et al. 2011; Harju et al. 2009), but only a few have described their 

presence in humans (Karlsson 2006; Karlsson et al. 2007). Since these EFRs can undergo 

biotransformation reactions, metabolites can be excreted in urine. 

Native compounds are lipophilic and have bioaccumulative potential, as shown in several 

studies (Hakk et al. 2004). Among the toxic effects of BFRs already described are 

immunotoxicity, cytotoxicity, neurotoxicity, and endocrine disruptive activity (Birnbaum and 

Staskal 2004; Segev et al. 2009). 

 

 

1.2.4 Human exposure 

 

Human exposure is “an event that occurs when there is contact between humans and the 

environment with a contaminant of a specific concentration for an interval of time” (NRC 

1991). External exposure is the concentration of a substance of concern in a pollution source 

or pathway to human exposure. Internal exposure is the total concentration of this substance 

and its metabolites within the human body, which indicates the total human burden of the 

exposure (Niesink et al. 1996). 

Ingestion, inhalation, and dermal absorption are the most contributive pathways of human 

exposure to chemicals, depending on their properties and commercial applications. The diet 

and dust are considered significant sources for human exposure. Although it is difficult to 

prevent and control human exposure to various chemicals, it is possible to estimate the 

dominant exposure routes for each class. 

Humans are exposed to PEs via the diet and skin contact, as they are the main additives 

used in plastic containers, wrapping films, and personal-care products (Koch et al. 2003b; 

Wittassek et al. 2011); food and drinking water are suggested to be the dominant exposure 

pathway for PFAS (Cornelis et al. 2012; Eriksson et al. 2013).  
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FRs are commonly used in electronic items, textiles, and building materials, so there is a 

higher detection frequency in indoor air and dust than in food and/or drinks (Ali et al. 2011; 

Van der Veen and de Boer 2012; Zheng et al. 2010).  

For OPEs, two sources of human exposure are suggested: ingestion (e.g., food) and 

inhalation (e.g., air and dust) (Carlsson et al. 1997; Reemtsma et al. 2011). 

 

 

1.2.4.1 Diet 

 

Environmental pollution can lead to human dietary exposure through drinking water and 

food. PEs, OPEs, FRs, and PFAS were detected in surface water, most probably through 

inappropriate wastewater treatment or direct industrial discharges (Möller et al. 2012; Möller 

et al. 2010; Regnery and Püttmann 2010; Zeng et al. 2009). The water pollution may 

eventually lead to human dietary exposure, for instance, some OPEs were detected in finished 

drinking water in the USA (Stackelberg et al. 2004), and some secondary water treatment 

processes failed to efficiently remove chlorinated OPEs (Andresen and Bester 2006). In the 

Faroe Islands, PFAS were found in both surface and drinking water (Eriksson et al. 2013). 

Moreover, the pollution of surface water and seawater resulted in the bioaccumulation of 

pollutants in aquatic biota, for example, fish and seafood, which are part of the human diet 

(Cheng et al. 2013; Eriksson et al. 2013; Kim et al. 2011; Ma et al. 2013b; Tomy et al. 2007; 

Wang et al. 2013a). Also, contamination of the agricultural environment, such as water and 

soil, may lead to the transport of contaminants to food products (including meat, vegetables, 

oil, and egg), which will ultimately contaminate consumers (Wang et al. 2013a). Migration of 

pollutants during food processing, storage, and handling is another pathway that contributes to 

dietary exposure. PEs are plasticizers used in packaging products, and may migrate to foods 

and drinks during processing and storage (Frederiksen et al. 2007; Koch et al. 2003b). 

Another source of PE contamination is the use of PVC gloves for food preparation. Tsumura 

et al. (2001) reported PVC gloves contained up to 41 % DEHP, 75 % diisononyl phthalate, 

and 28 % BBzP, which suggestively link to the contamination in final food products. 

Wormuth et al. 2006 suggested that food ingestion is the dominant pathway of exposure to 

DEHP, DnBP, and DiBP. Because of the intensive use of and consequent exposure to PEs, 

some studies reported by the European Food Safety Authority revealed high human exposure 

through the diet, for example, for BBP the intake is between 0.008 and 0.02 mg per person per 

day; thus, the committee decided to set a tolerable daily intake of 0.1 mg/ kg body weight for 

this compound (EFSA 2005a). Recently, several studies (Domingo 2012; Eriksson et al. 2013; 

Kantiani et al. 2010) confirmed that dietary intake (food and drinking water) may be the most 

important source of exposure to PFASs and particularly PFOS and PFOA; however, some 

authors are of the opinion that environmental sources (indoor air, dust) also have an important 

contribution to human exposure (Harrad et al. 2010a; Haug et al. 2011). Moreover, low 

quantities of PFASs were found in some food-contact products, such as nonstick cookware 

and oil-resisting coating paper (Domingo 2012).  
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Thus, to better understand whether food and drink intake are the main sources of human 

exposure, a study of the correlation between dietary intake and the levels of PFAS in human 

matrices and in non-household sources (dust, air) should be performed. 

 

 

1.2.4.2 Dust 

 

Dust was proven to be suitable indicator of microenvironment contamination by several 

environmental pollutants, including BFRs, OPEs, PFAS, and PEs (Ali et al. 2011; Beesoon et 

al. 2012; Bergh et al. 2011b; Harrad et al. 2010a; Ionas and Covaci 2013; Shoeib et al. 2011; 

Zhu et al. 2008). Significantly higher levels of PEs were observed in indoor dust samples (5–

2,220 μg/g) than in outdoor dust samples (2–870 μg/g) (Wang et al. 2013b). Other studies 

showed that PFAS, EBFRs, and OPEs are present at microgram per gram levels in indoor dust 

(Beesoon et al. 2012; Bergh et al. 2011b; Dirtu et al. 2012a; Stapleton et al. 2008a; Zhu et al. 

2008; Zhu et al. 2007). Ingestion is the main pathway of dust intake for toddlers, who tend to 

have more hand-mouth contact and close-to-floor activities (Van den Eede et al. 2011; Harrad 

et al. 2010b). Dust intake was estimated to be, on average, around 20 and 50 mg per day for 

adults and toddlers, respectively, with maximum estimates for toddles as high as 200 mg per 

day (Van den Eede et al. 2011). Taking into account the time spent indoors suggests that dust 

intake might be a significant route of exposure to FRs and OPEs in humans. 

The levels of TDCPP and TPP in dust correlated with those of TDCPP metabolites in 

urine, suggesting that higher dust levels of OPEs relate to higher internal exposure in humans. 

For TPP, the levels in dust and urine did not correlate (Meeker et al. 2013). Cornelis et al. 

2012 estimated that in the Flemish population, the PFOS and PFOA intake via dust ingestion 

was below 0.02 and 0.01 ng/kg body weight per day, respectively, and showed that dust 

intake of PFOS and PFOA was negligible compared with dietary intake (over 24 and 6 ng/kg 

body weight per day, respectively). Estimated exposure was further compared with the 

reference dose to assess the levels of safe exposure (Van den Eede et al. 2011). 

The size of dust particles may affect the magnitude of the exposure; therefore, more 

attention should be paid to dust with a fine particle size (less than 100 μm) (Cao et al. 2012), 

since it can be suspended in air or attach to skin. Not only does ultrafine dust (less than 63 

μm) have higher bioaccessibility and cytotoxicity than coarse dust, but humans are also more 

easily exposed to it than to coarse dust (0.3–2 mm) (Wang et al. 2013b). Cao et al. 2013 

observed an ascendant trend of BFR concentration in dust with decreasing of particle size 

within the range 0.05–2 mm. The concentrations of BTBPE and PBDEs increased with a 

decrease in size, showing a drop at 40 μm, and reaching a peak at 20 μm. In comparison with 

indoor dust (100± 150 μm), hand dust has smaller particle size (30±30 μm) and a narrower 

size distribution (Cao et al. 2013). A similar size distribution (40±30 μm) of dust was found 

on children’s hands in a Japanese study (Yamamoto et al. 2006). Humans seem to be at less 

risk from exposure to large dust particles, so more attention should be paid to fine dust 

exposure. Moreover, the selection of the particle size fraction of dust may also affect the 

accuracy and precision of assessing human exposure and the impact thereof (Cao et al. 2012). 
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1.2.4.3 Hand-mouth contact 

 

Owing to frequent contact with the ambient environment, hands not only contribute to the 

dermal absorption of pollutants (see the next section), but also act as a transporter during 

hand-to-mouth contact.  

Any behavior that increase the frequency and extent of hand–mouth contact, such as nail 

biting, smoking, and eating food with the fingers may increase the risk of exposure to 

pollutants (Stapleton et al. 2008b). Stapleton et al. (2008b) differentiated BFR levels between 

adults and children by analyzing hand wipes. Other studies correlated the hand-mouth contact 

with FRs between hand wipes, indoor dust, and serum (Stapleton et al. 2012; Stapleton et al. 

2008b; Watkins et al. 2011), and found that wipes are good biomarkers for FRs, especially 

PBDEs. The authors of the studies suggested that PBDEs can be either ingested or absorbed, 

or both (Stapleton et al. 2008b; Watkins et al. 2011). However, few articles have studied 

exposure to OPEs, PEs, emerging BFRs, and PFASs from hand–mouth contact. 

 

 

1.2.4.4 Skin 

 

The use of personal-care products plays an important role in dermal exposure to PEs, 

especially short-chain PEs, such as DEP and DBP, which can be found in beauty products, 

such as nail polishes and perfumes (Koo and Lee 2004). Consequently, women have a 

significantly higher risk of exposure to short-chain PEs than do men owing to more frequent 

use of personal-care products (Wittassek et al. 2011). High urinary levels of MEP, a 

metabolite of DEP, were associated with the use of eye shadow, cologne, and skin-care 

products (Romero-Franco et al. 2011). Some PFASs are also added to some cosmetics (Lien 

et al. 2013; Salthammer et al. 2003), but few studies have focused on the assessment of their 

dermal exposure. 

 

 

1.2.4.5 Inhalation 

 

Air and suspended dust are other important exposure pathways, especially for volatile 

compounds. Since FRs and PEs are physically mixed rather than chemically bonded with 

polymers, they tend to be slowly released from the polymeric matrix through evaporation or 

abrasion. Salthammer et al. 2003 studied the transfer processes of TDCPP and TCPP 

degradation products from different foams to air through determination of the area-specific 

emission rates by means of sealed emission-test 

chambers, and concluded that degradation products are indeed released from polymer-

containing products to the air. The semivolatile organic contaminants tend to accumulate on 

the surface of aerosols and settled dust (Salthammer and Bahadir 2009). 
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Inhalation of organic pollutants seems to be one of the major nondietary sources of human 

intake, for instance, for PEs which are more abundant in both indoor air and outdoor air 

(Harrad et al. 2010b) and for which inhalation exposure can account for 60–90 % of 

nondietary human exposure of more volatile PEs (Wang et al. 2013b). On the other hand, 

ingestion (about 36 %) of less volatile PEs via dust seems to be the preferential way for 

human uptake. Bergh et al. (Bergh et al. 2012; Bergh et al. 2011a) found high levels of PEs 

and OPEs in indoor air.  

Other studies have reported high levels of DP compounds, BFRs, and PFAS in 

environmental air samples, suggesting that inhalation can be an important source of intake of 

volatile and semivolatile compounds into the human body (Saito et al. 2007; Shi et al. 2009; 

Shoeib et al. 2011; Wang et al. 2010). 

 

 

1.2.5 Biomonitoring methods 

1.2.5.1 Invasive methods 

 

Blood is one of the most popular matrices used to determine biomarkers such as drugs, 

metals, and organic contaminants (e.g., PEs, pesticides, and polycyclic aromatic 

hydrocarbons) in the human body (Angerer et al. 2007; Fogelholm 1995; Lillsunde et al. 

1996; Luque et al. 2012; Sjödin et al. 1999). Depending on the type of biomarker, 

measurements can be performed in whole blood, serum, plasma, or specific cell types (e.g., 

lymphocytes). The invasive nature of blood sampling has some important drawbacks: it 

negatively affects the participation rate of study participants, the amount of sample is often 

limited, and sampling in young children or infants has practical and ethical downsides. 

However, from a scientific point of view, blood has been the preferred matrix for many 

contaminants such as BFRs, polychlorinated biphenyls (PCBs), and pesticides (Paustenbach 

and Galbraith 2006) as it is a universal link between all tissues of the organism. Nevertheless, 

increasing efforts are being undertaken to find alternative (i.e., non-invasive) sampling 

methods to substitute for blood sampling (Nakao et al. 2005; Schramm et al. 1992). The 

concentrations of PFAS can be measured in serum/ plasma, but quantifications in whole blood 

have also been reported (Halldorsson et al. 2008; Toms et al. 2009; Zhang et al. 2011). 

Validation studies have shown that serum/plasma samples yield comparable results, whereas 

serum or plasma to whole blood ratios, regardless of the anticoagulant used, approximated 2:1 

(Ehresman et al. 2007), suggesting that the PFAS are not found intracellularly or attached to 

red blood cells (Ehresman et al. 2007). 

PFAS can cross the placenta, and therefore can be measured in umbilical cord blood 

(Glynn et al. 2012). In matching samples of maternal and umbilical cord blood, the levels of 

PFASs were found to be lower in umbilical cord blood, with fairly consistent ratios (Beesoon 

et al. 2011). For PFOA, the mean levels in umbilical cord blood were approximately 60–70 % 

of those in maternal blood, with a umbilical cord blood to maternal blood ratio ranging 

between 0.55 and 0.81 in most studies (Midasch et al. 2007). For PFOS, the umbilical cord 

blood to maternal blood ratio ranged between 0.29 and 0.45.  
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As an alternative to umbilical cord blood, some authors have suggested measuring the 

perinatal exposure to PFOS and PFOA in dried blood spots; that is, a sample of the baby’s 

blood that is obtained by a heel prick within 48 h after birth (Kato et al. 2009; Ma et al. 

2013a). These methods may allow temporal trends of PFOS and PFOA exposure to be studied 

by using historical samples of dried blood spots (Spliethoff et al. 2008). 

The levels of PFASs in human serum declined between 1976 and 2007, both in men and in 

women (Singh and Khurana 2009). However, our understanding of PFAS bioaccumulation 

mechanisms (especially for long-chain compounds, more than six carbon atoms) is still 

limited. Yet, it is well established that these compounds typically accumulate in blood owing 

to their association with proteins (Domingo 2012; Parsons et al. 2008a; Post et al. 2012). 

The vast majority of studies assessing human exposure to PEs have been conducted in 

urine because the concentrations of PE metabolites are at least ten times higher in urine than 

in serum (Frederiksen et al. 2010; Koch et al. 2004; Silva et al. 2003). For example, the levels 

of MEP and monoisobutyl phthalate, primary metabolites of DEP and DiBP, and mono(2-

ethyl-5-carboxypentyl) phthalate (5-carboxy- MEPP), a secondary carboxylated metabolite of 

DEHP, were highly correlated in matching urine and serum samples (Frederiksen et al. 2010). 

Therefore, urine seems to be a matrix where PE metabolites are present in quite high 

concentrations, but it is a representative medium for the circulating levels of only some 

metabolites. Because hydrolytic metabolites have limited half-lives (approximately 70 % of 

the oral dose is excreted after 24 h mainly by renal excretion), oxidative products exhibited 

greater bioaccumulation rates (2–7 % of the excretion rate), so are considered better 

biomarkers before elimination (Kato et al. 2007; Koch et al. 2005; Koch and Angerer 2007; 

Preuss et al. 2005; Silva et al. 2006a; Wittassek and Angerer 2008). 

Koch et al. 2005 suggested the use of the term “pseudopersistent” chemicals for PEs 

because of the continuous exposure to which we are subjected. Indeed, when PEs are 

measured in humans, they are consistently present in almost all participants of HBM studies 

(Buttke et al. 2012; Hoppin et al. 2013). The matrix of choice is also dependent on the aim of 

the monitoring. Urine, serum, and saliva are not good for proxy measurements of breast milk 

levels. In particular, high urinary metabolite levels do not predict PE levels in human milk 

(Hines et al. 2009). This shows that matrix selection should be well thought about and should 

be driven by the research rationale behind the HBM study. 

LaKind (2012) pointed out the importance of adding an esterase inhibitor (e.g., 1–1.2 M 

phosphoric acid) during collection of breast milk, (umbilical cord) blood, saliva, or semen, 

which is not needed for urine. It is used to prevent immediate breakdown of the parent diester 

compound to the monoester metabolites (LaKind 2012). 

Furthermore, samples are prone to contamination by environmental PE sources during or 

immediately after sampling. In 2001, the US Food and Drug Administration reported (Health 

and Food 2001) that during sample collection (plasma, blood), DEHP can be released from a 

Foley catheter to the bag; afterwards, mono-2- ethylhexyl phthalate (MEHP) is formed 

exogenously during storage by lipases that are present in the bag) (Koch et al. 2005). For this 

reason, oxidative metabolites are to be preferred over hydrolytic ones whenever possible, 

because they are less likely to be formed exogenously.  
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Some authors did not report the levels of monoesters in breast milk, serum, or even saliva 

for that reason (Hines et al. 2009; Koch et al. 2012). In the case of serum, contamination can 

occur during blood collection via Vacutainer® systems. 

As far as we know, no HBM studies have been reported for OPEs. However, there are 

some HBM studies for assessment of BFRs in selected populations; the NHANES survey 

dating from 2003–2004, showed the presence of PBDEs in more than 60 % of the US 

population (Health 2013), with higher levels than those reported for Japan (Koizumi et al. 

2005), Sweden (Thuresson et al. 2006), and Flanders (Schoeters et al. 2012a). Measurements 

of BFRs in blood samples are to date only available from China. In 128 samples collected in 

2006 from the general Chinese population, hexabromobenzene (HBB) was identified in 26 

samples, with a median concentration of 0.27 ng/g lipid (range 0.11–1.50 ng/g lipid); BTBPE, 

DBDPE, and pentabromoethylbenzene were not detected in any of these samples (Zhu et al. 

2009). In pooled serum samples from residents of a bay area near a plant producing 

halogenated FRs, the average concentration of DP was 3.6 ng/g lipid; TBPH was detected in 

the pooled sample of 30–39-year old women, thus demonstrating the need for further follow-

up (He et al. 2013). Relatively high levels of DP were detected in whole blood (up to 2958 

ng/g lipid) from occupationally exposed workers at a DP manufacturing plant (Zhang et al. 

2013a) and in serum and breast milk from women living at electronic-waste recycling sites 

(Ben et al. 2013). More recently, Cequier et al. (2013) have determined the concentration of 

BFRs such as HBB, DPs, DBDPE, BTBPE, HCDBCO, Dec 602 and Dec 603 in serum 

samples (concentrations ranged from <MLD to 3.3 ng/g
 

lipid weight) collected from 

Norwegian individuals. (Cequier et al. 2013). 

 

 

1.2.5.2 Non-invasive methods (urine, hair, nails, saliva, hand wipes) 

 

 

Besides the inherent advantage of blood being in contact with different organs and tissues, 

its collection has some disadvantages: (minor) some complications (hematomas, pain) are 

possible, and sampling is more difficult for people of different ages and/or groups (children, 

the elderly, or chronically ill people). On the other hand, non-invasive approaches have the 

advantage that most matrices can be stored for a longer time without loss of properties and at 

low cost (Smolders et al. 2009). At some stage, the non-invasive matrices are in contact with 

blood, which can render them good proxies and an alternative to blood for monitoring 

contaminant exposure. Moreover, hair or nails can provide information about short-term to 

long-term exposure (months or even years), which is not always possible for blood, plasma, or 

urine analysis (Cooper et al. 2012; Schramm et al. 1992). Still, the use of non-invasive 

matrices in HBM studies is a challenge for analysts because low concentrations of pollutants 

are to be detected, which hampers the real human assessment of body burdens. There have 

been few HBM studies including the most accessible non-invasive matrices, such as hair, 

saliva, nails, and hand wipes, as biomarkers of human exposure to PEs, OPEs, PFAS, and 

BFRs. Table 1.2.2 provides an overview of extraction and analytical methods as well as 

analytical thresholds for non-invasive HBM studies. 
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Matrices such as umbilical cord blood, placenta, meconium, and breast milk were not 

included as these matrices are not available from the general population, and are only 

available during a specific (and short) period and their use is of a rather semi-invasive nature. 

Use of exhaled breath condensate is an emerging technique; however, according to our 

knowledge, it was not applied to any of the pollutants in the scope of this chapter. 

 

 

1.2.5.2.1 Urine 

 

Urine is one of the most frequently used matrices in HBM, especially for water-soluble 

compounds. The main advantage is that analysis is non-invasive and urine is easy to collect 

by spot or 24-h samples. Although spot samples are easier to collect, the varying volume and 

the consequent dilution of the target compounds are the major disadvantages (Barr et al. 2005; 

Esteban and Castaño 2009). 

As far as we know, urinary compounds can account for many routes of exposure, and urine 

is considered one of the best approaches for measuring metabolites of body burdens in HBM. 

However, some authors argue that urine is probably not a good matrix to assess exposure to 

persistent organic compounds (e.g., PFASs), because less than 50 % of the PFASs studied can 

be detected in urine (Perez et al. 2012)(Table 1.2.2). Others are of the opinion that there is a 

strong correlation between the concentrations of PFASs (such as PFOS, PFOA, 

perfluorononanoic acid, perfluorodecanoic acid, and perfluorohexane sulfonate) in paired 

blood and urine (Zhang et al. 2013b). PFOS and PFOA were analyzed in human hair, nails, 

urine, and serum samples; the PFOS and PFOA levels were variable between samples (5–57 

ng/L and less than 7 ng/L to 160 ng/L, respectively) (Li et al. 2013) (Table 1.2.2). However, a 

similar gender effect was seen between urine and serum, with higher levels of PFOS and 

PFOA in male samples. Nevertheless, low concentrations of the compounds investigated limit 

use of urine as an indicator for exposure to perfluoroalkyl acids, especially PFOA. Another 

study (Perez et al. 2012) demonstrated that eight PFASs (among the total of 21 analyzed) 

were detected in urine samples (mean levels between 0.74 and 480 pg/L) and in hair 

(detectable levels above the method limit of quantification ranged between 0.1 and 46 ng/g). 

In both samples, PFOA was detected, but the frequency of detection was completely different; 

that is, for urine, 17 of 30 samples revealed positive values, whereas in hair only eight of 24 

samples had measurable values. 

Some studies have assessed human exposure to PEs by measuring their urinary excreted 

metabolites (Blount et al. 2000). Suzuki et al. (2009) evaluated whether single spot urine is 

suitable for longer-term PE exposure assessment by the measurement of metabolites in urine 

of pregnant Japanese women. On the basis of the urinary concentrations of PE metabolites, 

daily intakes of seven PEs were estimated, and none of those levels exceeded the tolerable 

daily intake for DEHP, DnBP, and BBzP. By the analysis of inter-individual and intra-

individual variance of urinary excretion of metabolites, Suzuki et al. concluded that spot urine 

can be used for longer term (up to months) exposure assessment. The same conclusion was 

reached by other authors (Hauser et al. 2004; Hoppin et al. 2002; Teitelbaum et al. 2008). 
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Hines et al. (2009) compared the concentrations of oxidative PE metabolites in several 

matrices, including milk, serum, saliva, and urine, using high-performance liquid 

chromatography (HPLC) coupled with tandem mass spectrometry (MS/MS) (Table 1.3.2). PE 

metabolites were most frequently detected in urine of lactating women (seven of the ten 

urinary metabolites were detectable in more than 85 % of samples) and were less often 

detected in serum, milk, and saliva. The urinary PE concentration might reflect maternal 

exposure and does not represent the concentration of oxidative metabolites in other body 

fluids (especially in milk). Also, the levels of urinary DEHP metabolites were well correlated 

with each other, with the oxidative metabolites having stronger correlation among themselves 

than with the monoester MEHP. The urinary PE concentrations in this study were in 

agreement with those detected in urine of pregnant women in the US and elsewhere (Adibi et 

al. 2003; Swan et al. 2005) with MEP concentrations ten times higher than other monoesters. 

The exposure to OPEs is being assessed similarly to exposure to PEs by the measurement 

of OPE metabolites in urine as a biomarker of exposure.  

Current studies related to TDCPP and TPP have mainly focused on analysis of their 

metabolites bis(1,3-dichloro-2-propyl) phosphate (BDCPP) and diphenyl phosphate (DPP).  

In general, the analysis of OPE metabolites is complex, due to matrix effects. Methods of 

analysis of urinary monoalkyl and dialkyl phosphates (DAPs) are mainly based on analysis of 

concentrated urine (Reemtsma et al. 2011) using a TurboVap evaporator, solid-phase 

extraction (SPE) with either a noncommercial molecularly imprinted polymer (Möller et al. 

2004), or even with commercially available cartridges containing a reversed-phase polymer 

with polar (Schindler et al. 2009a) or ion exchange functionalities (Cooper et al. 2011; Van 

den Eede et al. 2013a and 2015a;). Others defend that the dialkyl phosphates (DAPs) can be 

analyzed directly from urine without applying any pre-concentration or clean-up method 

(Cequier et al. 2014). Meeker et al. (2013) detected BDCPP and DPP in 91 % and 96 %, 

respectively, of analyzed human urine samples collected from the US male population. These 

results were confirmed by Cooper et al. (2011) who found detectable levels of BDCPP and 

DPP ranging from 46 to 1662 pg/mL and from 287 to 7,443 pg/mL, respectively. In 

Norwegian cohort (mother-child) (Cequier et al. 2014), DPP had a geometric mean of 1.1 

ng/mL
 
and 0.57 ng/mL

 
for mothers and children, respectively. BDCPP, BBOEP and DBP 

were minor metabolites in this population. In Van den Eede et al. (2013a, 2015) studies, DPP 

was one of the major OPE metabolites in urine and it was highly detected (> 90 %) in 

Belgium (n= 59) and Australian populations (2 sampling campaigns; 20, 23 and 52 pools). 

Still, higher levels (up to 730 ng mL 
−1

) were assessed in Australian individuals. 

So far, there is no record of the analysis of EFRs or their metabolites in urine. 

 

 

1.2.5.2.2 Hair 

 

Hair is an appendage of the skin that grows out of the hair follicle; it extends from its roots 

or bulb embedded in the follicle, continues into a shaft, and terminates at a tip end.  

Because each hair follicle is surrounded by a system of capillary blood vessels at the root 

(RIC 1977), the chemicals present in serum can theoretically also be found in the hair, making 

it a suitable matrix to assess internal exposure (Fig 1.2.2).  
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On the other hand, the external exposure (e.g. via dust, smoke, dirty hands) is correlated 

with gaseous compounds solubilized on the sebaceous gland excretions, covering the hair 

shaft (Covaci et al. 2002; Pragst and Balikova 2006). For instance, the sweat glands wet the 

hair shaft and can contribute for the incorporation of hydrophilic drugs (Pragst and Balikova 

2006). Hair grows in a cycle composed of the anagen (active growing), catagen (transition or 

regression phase) and telogen (resting) stages (Blume-Peytavi et al. 2008). The individual 

length of hair depends on stage duration and growth rate. The average values for these stages 

are 4–8 years, a few weeks, and 4–6 months, respectively. In general, scalp hair is composed 

by the three hair cycles, where the resting phase is relatively short (3 months) and where 85 % 

of the scalp hairs are in the anagen phase (Nakahara 1999). Yet, it is stated that scalp hair 

growth in about 0.6–1.4 cm per month (Hayashi et al. 1991) an with a higher rate in women 

(Nakahara 1999). However, it should be noted, that there are significant differences both in 

the proportions of anagen/telogen hair and in their growth rate from various anatomical sites 

(e.g. beard, axillary, eyebrow, arm, etc.)(Blume-Peytavi et al. 2008). Growth rate of anagen, 

catagen and telogen are dependent on race, sex, age and state of health, for instance (Pragst 

and Balikova 2006). 

 

 
Fig 1.2.2. Skin architecture and hair follicle growth (Drug Development Services 2009).  

 

Among many publications on HBM studies, the sampling procedures on hair are not totally 

harmonized or there is an insufficient information on the applied sampling procedure (D’Havé 

et al. 2005).  
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In order to overcome this issues on hair sampling, a harmonized approach was suggested 

by several authors which involves cutting the hair near the scalp at the occipital region of the 

head (Cooper et al. 2012; Esteban et al. 2011; Papadopoulou et al. 2016; Schramm 2008). 

This area has less variability in the hair growth rate, less influence from sex or age, and a 

large and constant blood irrigation, thus better translating an internal exposure (Kintz 2005; 

Schramm 2008; Wennig 2000). Others defend (Qiao et al. 2016) that a segmental analysis is 

essential to obtain accurate results on HBM and to better understand the accumulation of the 

pollutants along the hair shaft. In a recent study conducted by Qiao et al. (2016), the human 

exposure to ten OPEs was assessed in distal and proximal hair samples (i.e. 5-10 cm and 0-5 

cm from the root, respectively) collected from 49 Chinese students. The results showed that 

the OPE levels in distal segments were 1.5 to 8.6 times higher than in the proximal samples 

(p<0.05).  

Still, the choice of sampling hair for routine HBM of body burdens is not convenient for 

people with short hair, baldness, or other kinds of dysfunction.  

Some cultural and racial factors, such as type of hair (blond, brown, or red) can also have 

an influence on the sampled amount, because hair grows at different rates depending on the 

hair type (Kintz  2005).  

Other limitations to the use of hair in HBM are the differentiation of external and internal 

deposition of chemicals and their levels, where several factors have an influence on their 

incorporation (sex, age, smoking, artificial color) (Schramm 2008).  

Owing to its relatively high lipid content (1–4 %), hair is suitable for monitoring lipophilic 

compounds. It has been widely used for human exposure to metals, pharmaceuticals, or drugs 

of abuse (Kintz et al. 2007; Nakahara 1999; Pragst and Balikova 2006; Tsatsakis et al. 2010; 

Wang et al. 2009), but relatively little is currently known about analysis of persistent organic 

pollutants in human hair. Most of these analyses were performed for dioxins (Nakao et al. 

2005), PCBs (Altshul et al. 2004; Zhang et al. 2007; Zhao et al. 2008), and pesticides (Altshul 

et al. 2004; Zhang et al. 2007; Zhao et al. 2008). Much less has been reported for BFRs (e.g., 

PBDEs (Aleksa et al. 2012; Leung et al. 2010; Liu et al. 2015; Tadeo et al. 2009) and HBCD 

(Malarvannan et al. 2013). To the best of our knowledge, more recently hair has been 

explored for assessing PBDEs, EFRs (such as TBB, TBPH, syn and anti-DP) and OPEs in 

Belgian and American individuals (Kucharska et al. 2013; Kucharscha et al. 2014; Kucharska 

et al. 2015a and 2015b; Liu et al. 2015). In the study by Kucharska et al. (2015a), OPEs were 

measured in hair and their levels correlated with dust and urinary levels of their metabolites 

for a Norwegian cohort (mother-child). Levels of DPhP in urine from the mothers correlated 

well with their child’s levels (rS=0.409, p=0.008). Stronger association between TDCIPP in 

hair and its metabolite in urine was observed for children (rP=0.475; p=0.001) than for the 

mothers (rP=0.395, p=0.01). In addition, OPEs have higher detection (in ng/g) than EFRs and 

PBDEs in hair (Kucharska et al. 2014; Liu et al. 2015), yet the levels can vary greatly 

depending on the population and individual studied. 

For the analysis of FRs and their uptake sources, there are only two publications where DP 

was investigated in human hair as well as in dust or blood samples, respectively (Zhang et al. 

2013a; Zheng et al. 2010). In the first study (Zheng et al. 2010) the total concentration of DP 

(sum of the syn-DP and anti-DP isomers) in hair samples ranged between 0.02 and 58 ng/g
 

hair.  
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Strong positive correlations were found for both concentrations of syn-DP and anti-DP 

between human hair and dust samples, suggesting that hair analysis could be a valid screening 

tool for assessing human exposure to DP. In the second study (Zhang et al. 2013a) the total 

DP levels were higher (between 4 and 2159 ng/g dry weight), and the correlation profiles 

similar to those obtained with blood, were identified for the three study groups (group A, 

workers involved in direct exposure to DP in a manufacturing process; group B, workers from 

the same industry but without direct involvement in manufacturing activities; group C, people 

that do not work in the DP industry but who are resident about 3 km from the manufacturing 

plant). Moreover, these authors suggested good correlation between the levels in dust and hair 

of a population exposed to an electronic-waste recycling area. Zheng et al. (2011) reported the 

levels of PBDEs and EFRs such as HBB, BTBPE, and DBDPE in hair collected from people 

exposed to different environments. Also, high levels of correlation between hair and dust 

samples collected from the same region were especially described for DBDPE (r=0.97, 

p=0.03) and BTBPE (r=0.96, p=0.04). 

Additionally, for assessing exposure to PEs, there is only one study (Chang et al. 2013) in 

which five DEHP metabolites were investigated as compounds that truly reflect the level of 

DEHP exposure in hair.  

The main metabolite was MEHP (mean 45 ng/g), whereas the levels of the other 

metabolites mono(2-ethyl-5-oxyhexyl) phthalate (5-oxo-MEHP), mono(2-ethyl-5-

hydroxyhexyl) phthalate (5-OH-MEHP), 5-carboxy-MEPP, and mono[2-

(carboxymethyl)hexyl] phthalate were below 9 ng/g. 

Perez et al. (2012) developed and validated an analytical method for analysis of 21 PFASs 

in human hair and urine for HBM, where several pretreatment approaches were tested. The 

best recoveries were obtained for simple extraction in 5 mL acetonitrile (extraction and 

sonication for 15 min). The use of turbulent-flow LC coupled with MS/MS has eliminated 

time-consuming sample cleanup and has increased productivity, with good sensitivity. In 

total, 75 % of the samples showed positive levels of at least one of the target PFASs. PFOA 

and PFOS were the main compounds detected, with their levels ranging between 0.1 and 6 ng/ 

g
 
and between 3.7 and 7 ng/g, respectively. Nevertheless, PFOS was found in both matrices 

(human hair and urine), indicating its bioaccumulation in human hair.  

The occurrence of correlations between the levels of PFOS and PFOA in different matrices 

might suggest they are distributed similarly between hair, nails, and serum (Li et al. 2013). 

The correlations between the levels of both analytes in hair and serum were less pronounced 

than the correlations in nails and serum. Moreover, a similar gender effect and statistical 

relationship between hair and serum samples was observed only for PFOA. The difference in 

the proportion of PFOS and PFOA in hair and nails might be caused by different mechanisms 

of incorporation of these compounds 

 

 

1.2.5.2.3 Nails 

 

The nail, is composed of the proximal nail fold (PNF), nail matrix, nail bed, and the 

hyponychium, which altogether formulates the nail plate (Fig. 1.2.3).  



47 

 

The nail plate is mainly produced by the nail matrix (Fleckman 1985; Saner et al. 2014) 

that is also called as root of the nail. Nail matrix lies underneath the proximal nail fold and its 

distal portion often visible through the transparent nail plate as a white, semilunar area, called 

the lunula (Murdan 2002). 

The nail plate emerge via PNF and is held in place by lateral nail folds. Nail is considered 

thin (0.25-1 mm in fingernails and up to 1.3 mm for toenails), hard, yet slightly elastic, 

translucent and composed by a convex-shaped structure and its thickness can vary from 50 to 

1000 µ (Murdan 2002). The nail plate is also made up of approximately 80–90 layers of dead, 

keratinized, flattened cells which are tightly bound to one another via numerous intercellular 

links, membrane-coating granules, and desmosomes. Based on the differential ultrasound 

transmission, the nail plate can be divided into three macroscopic layers, namely dorsal, 

intermediate and ventral, where each layer has its specific characteristics (e.g. thickness, 

flexibility). 

Regarding the chemical composition, nail plate consists of fibrous proteins and keratins 

where 80 % of those are of “hard” hair-type keratin and the remaining part is of “soft” hair-

type keratin (Murdan 2002). The keratin filaments are thought to be held together by globular, 

cysteine-rich proteins, whose disulfide links act as ‘‘glue’’ and responsible for the toughness 

and barrier properties of nails (Fleckman 1985; Scher and Daniel 1997).  

Also, nail plate is composed by a little amount of lipids (0.1-1 %) and 7-12 % of water 

content (normal conditions), still it can raise up to 35 % depending on the relative humidity. 

Water content is important for maintain the elasticity, flexibility and opacity of the nail 

(Baden et al. 1973; Fleckman 1985; Murdan 2002).  

Fingernails and toenails are formed predominantly by the nail matrix, at the base of the 

nail, and the nail bed contributes only a few cells to the nail plate. Therefore, when clipping 

the nails, the hardened nail plate is removed. This distinction is important for exposure 

monitoring, as the time window of exposure reflected by the nail clipping is dependent on the 

length of the clipping and the rate of nail growth (Slotnick and Nriagu 2006). 

Finger nails growth on average 3 mm/month, while toe nails growth slowly, i.e. 1 

mm/month, taking on average 6 months and 12-18 months, respectively to completely growth 

out (Fleckman 1985). However, is important to consider that the growth rate is highly variable 

from individual to individual being affected by several factors such as age (e.g. ageing slows 

the rate approximately 0.5 % per year), gender (e.g. higher in males) (Orentreich et al. 1979), 

climate (e.g. slow in the cold climate), dominant hand (e.g. where growth is faster), pregnancy 

(e.g. helps to slow down) and drug administration (e.g. may increase/decrease the growth 

rate), for instance (Murdan 2002). Additionally, nail diseases can influence the growth rate as 

well, increasing it (i.e. in case of psoriasis, onycholysis, hyperthyroidism, A–V shunts, and 

pityriasis rubra pilaris) or decreasing it (e.g. poor nutrition condition, hypothyroidism, and 

yellow nail syndrome) (Slotnick and Nriagu 2006). 

Historically, nails have been used in forensic science mainly for determining arsenic, 

antimony, lead, or mercury poisoning (Barbosa et al. 2005; Button et al. 2009; Katayama and 

Ishida 1987; Suzuki et al. 1989) and to lesser extent to biomonitor other inorganic chemicals 

(e.g., Cd, Cu, Mn, Zn, Fe) (Mehra and Juneja 2005). Yet, there is still lack of information 

regarding fingernails and toenails as biomarkers of internal human exposure for organic 

pollutants and consequently there are no studies on PEs and OPEs in nails.  
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For PFAS two recent studies (Li et al. 2012 and 2013) reported correlations of the levels 

among nails, hair, and urine. Li et al. (Li et al. 2013) showed moderate agreement between 

serum and nails for PFOS but not for PFOA [r=0.786 (p<0.001) and r=0.299 (p=0.05), 

respectively] and poor agreement between serum and hair for PFOA [r=0.545 (p<0.001) for 

PFOS; not significant for PFOA] as well as between serum and urine [r=0.302 (p<0.05) and 

not significant, respectively]. Even in this study, the difference in the detectable 

concentrations between genders was minimal for fingernails, indicating that women and men 

are equally exposed to PFAS. 

Another study involved the determination of eight PFASs (Li et al. 2012), including 

perfluoroalkyl carboxylic acids and perfluoroalkyl sulfonic acids in both nails and hair. 

Different extraction methods (accelerated solvent extraction, acid and alkaline digestion 

following liquid–liquid extraction) and extraction solvents (methanol, 2 % v/v formic acid in 

methanol, and acetonitrile) were tested using a common cleanup procedure (SPE Oasis WAX) 

for both matrices. For the extraction of PFAS from nails, the use of alkaline digestion 

following extraction with methanol provided the best results (0.11–0.50 ng/g), with six 

compounds being detected at lower limits of detection (between 0.023 and 0.094 ng/g).  

The limits of quantification in nails ranged between 0.073 and 0.299 ng/g, and more 

PFASs were detected in nails than in hair from the same population, suggesting that nails are 

better biomarkers of PFASs. 

More recently Liu et al. (2015) assessed PBDEs (n=9), EFRs (n=3) and OPEs (triesters, 

n=4) in nails collected from American individuals (n=5). Total levels ranged from 15 to 165 

ng/g, <17 to 110 ng/g
 
 and 640 to 18000 ng/g, respectively, showing a great potential of this 

matrix in HBM studies.  

In general finger nails have been selected for assessing exposure to environmental 

pollutants, nevertheless toe nails can be also a good alternative, especially due to the slower 

growth rate, they are prone to be subjected to a lesser external contamination, therefore they 

can accumulate more (Saner et al. 2014; Slotnick and Nriagu 2006). 

Some authors suggested that toenails usually contain high concentration of metals, which 

consequently makes toenails a good matrix for assessment of exposure to inorganic chemicals 

(Barbosa et al. 2005; Button et al. 2009). However, there are no comparative HBM studies for 

fingernails and toenails, except for PFASs. Use of toenails has been suggested because of 

their lower external exposure during most of the day (Li et al. 2013 and 2012). 

Most studies note that nails should be washed prior to extraction to allow differentiation 

between endogenous and exogenous exposure. The choice of the best decontamination 

solvent/solution must be carefully considered; that is, in general, the criteria for the choice 

respect the chemical polarity of the target compounds since some solvents can destroy the 

matrix or eliminate the target compounds. Acetone (Button et al. 2009; Mehra and Juneja 

2005) and a nonionic detergent (Triton X-100) (Liu et al. 2011a; Mehra and Juneja 2005) 

seem to be good cleaning solvents for use prior to mineral analysis as well as for 

determination of PFASs (Li et al. 2012). Methanol and acidic solutions (dilute solutions of 

nitric acid and formic acid) seem to be a bad choice for cleaning nails because of their 

hydrophilic character and because they remove analytes. Grinding the samples provides 

homogeneity, in addition to better solubility and extraction of the target analytes (Li et al. 

2013; Luque et al. 2010).  
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There are possible disadvantages in translating this exposure owing to an uncertainty 

associated with the time of exposure; that is, it is only possible to sample the distal edge of the 

nail plate, which does not represent the immediate exposure, therefore representing an inter-

individual variability. Besides the low concentrations of organic contaminants found and 

because of some inherent limitations of sampling, nails can provide information about longer-

term exposure (months), unlike blood. 

 

 

 

Fig 1.2.3. The nail anatomy illustrated by Jiaravuthisan and Sasseville (2007). 

 

1.2.5.2.4 Saliva 

 

Saliva is a secretion produced by three types of specialized salivary glands (parotid, 

submandibular, and sublingual glands) which have protective, defense, and digestive 

functions for the mouth. Saliva contains a large proportion of water (around 99 %) together 

with minor components (electrolytes, proteins, polypeptides, enzymes, glycoproteins) which 

are critical for maintaining oral health (Aps and Martens 2005; Neyraud et al. 2012; 

Schenkels et al. 1995; Silva et al. 2005a). Saliva is easy to collect by wiping the oral cavity 

with a swab or by using specific devices either with or without previous stimulation (Esteban 

and Castaño 2009; Silva et al. 2005a).  
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The three types of oral fluid collectors available on the market are the Salivette®, 

OraSure®, and Quantisal
TM

. The Salivette® is mostly recommended for cortisol analysis and 

has advantages over traditional blood collection methods such as collection of a large amount 

(1.5 mL saliva) in a short time. However, the dental cotton roll used to adsorb saliva may 

interfere with several organic compounds and has low extraction recoveries for lipophilic 

compounds (Höld et al. 1995). The OraSure® has different devices to track drugs, alcohol, 

and hepatitis C virus antibodies. The main disadvantage is that it collects only around 1 mL of 

sample and uses a cotton swab to collect a mixture of saliva and gingival crevicular fluid 

usually removed from the cheeks and gums and under the tongue (Höld et al. 1995).  

Finally, the Quantisal
TM

 is the most recent and simplest device to collect oral fluids for 

forensic drug testing. Large volumes of saliva (1–10 mL) can be stored in a buffer stabilizer 

solution, which avoids degradation of the matrix, allowing long-term storage (Moore 2011). 

This device is successfully used for illicit drug analysis (Moore 2011; Quintela et al. 2006). 

The use of these devices necessitates the stimulation of saliva production to the detriment 

of possible changes in important parameters such as saliva composition and oral pH (Esteban 

and Castaño 2009). 

Saliva is often in close contact with contaminants, whether this be directly through external 

sources of contamination, such as food, or through permanent contact with high blood flow by 

direct proximity to oral tissues. Thereafter, chemicals and their metabolites can pass from 

blood to saliva by different ways of excretion (Silva et al. 2005a). Nevertheless, the low 

protein content and high water content are not beneficial for protein-bound molecules, and 

salivary levels of hydrophobic/lipophilic compounds are usually extremely low. Saliva has 

been mainly used to study the metabolism and excretion of drugs (Moore 2011; Quintela et al. 

2006; Schramm et al. 1992), pesticides (Bulgaroni et al. 2012), PCBs, dioxins (Ogawa et al. 

2003), and metals (Watanabe et al. 2005). 

Saliva has not been routinely used in HBM, probably because of the various confounding 

factors. However, there is some literature available on its applications, namely, for PEs (Hines 

et al. 2009; Silva et al. 2005a)  and PFASs (Tao 2011). Low levels of PE metabolites have 

been detected in saliva (below the limit of detection to 58 ng/mL) (Silva et al. 2005a). The 

high number of enzymes present in saliva requires a post collection treatment in order to 

promote their denaturation (e.g., phosphoric acid), followed by deconjugation using β-

glucuronidase (Silva et al. 2005a); no cleanup method is used prior to instrumental analysis. 

Although the levels in saliva are lower than in those in urine or serum (Frederiksen et al. 

2010; Silva et al. 2005b), these findings suggest that saliva could be a possible biomarker for 

human exposure to various PEs. 
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1.2.5.2.5 Hand wipes 

 

Since hands are in constant contact with many objects either by routine or by specific 

activities, the assessment of external exposure can be easily performed by cleaning the hands 

in wipes soaked in 2-propanol or methanol (Allen et al. 2013; Stapleton et al. 2008b; Watkins 

et al. 2013; Watkins et al. 2012; Wilson et al. 2003). The most suitable methods used to 

extract organic pollutants from wipes are pressurized liquid extraction (Allen et al. 2013), 

Soxhlet extraction (Gordon et al. 1999), and solid–liquid extraction (Stapleton et al. 2008b; 

Watkins et al. 2012),where the polarity of the extraction solvents must be chosen according to 

the target analytes, for example, dichloromethane and hexane–dichloromethane (1:1, v/v) for 

PBDEs (Stapleton et al. 2008b) and acetone for pesticides (Gordon et al. 1999). Different SPE 

sorbents can be used for cleanup (e.g., 6 % deactivated alumina (Stapleton et al. 2008b) or 

acidified silica (Allen et al. 2013) in the case of analyses of BFRs).  

Although hand wipes are not real biological specimens, they have shown good results in 

HBM studies of volatile organic pollutants (Gordon et al. 1999), polycyclic aromatic 

hydrocarbons, PCBs, pesticides, and phenols (Wilson et al. 2003).  

There have been no studies on monitoring of PEs, PFAS, and OPEs in hand wipes. 

Stapleton et al. (2008b) investigated how hand wipes can be used to translate exposure to 

PBDEs by mouth-to-hand contact and dust ingestion. Several PBDEs were detected in 

individual wipes, with a detection frequency of 67–100 %. The results suggest better 

correlations for the levels of PBDEs between serum and hand wipes than for hand wipes and 

house dust. The palm and back of the hand levels were compared for adults (male and female) 

and children, and it was found that the palm has higher levels than the back of the hand and 

that children are subject to greater exposure to PBDEs. Watkins et al. (2012) measured and 

compared the levels of PBDEs between hand wipes and serum collected from 31 individuals. 

The correlation between dust (from living areas and bedrooms) was the strongest predictor for 

serum; however, the association between hand wipes and serum showed that hand wipes can 

be good predictors of exposure especially in bedrooms and offices. Nevertheless, the 

correlation with dust found in offices suggests that the levels in hand wipes reflect recent 

exposure to the surrounding environment, and therefore more research is needed. 

More recently, Allen et al. (2013) demonstrated exposure to several FRs (including 

TDCPP, TBPH, HBCD, DP, and TBB) by comparing the concentrations in hand wipes and 

dust collected from people exposed in commercial airplanes and indoor environments such as 

homes and offices. In fact, most of these compounds were detected in 100 % of dust samples, 

sometimes at extremely high levels (below 29,000 ng/g); also in hand wipes (palm and back 

of hand) the levels of PBDEs were quite high (390 ng per hand wipe for DBDPE). 

Especially, the palm revealed higher values than the back of the hand and the levels were 

correlated with those in dust. Although the levels in wipes were generally lower than those in 

other media, several studies have demonstrated that they are good predictors of surrounding 

pollution.
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Table 1.2.2. Analytical parameters of relevance for non-invasive matrices and PEs, OPEs, PFASs and EFRs. 

 

Analytes Matrix Digestion/ pre-treatment Extraction Clean-up 
Instrumental 

analysis 

Recovery 

(%) 

LOD 

(pg/mL, 

pg/g) 

Reference 

PFOA, PFOS 

Nails Alkaline (0.05 M NaOH) LLE (MeOH) SPE (Oasis WAX, 150mg, 

6 mL), elution with 3 mL  
 

9 % NH4OH/MeOH 

LC-MS/MS 

- 40-50 
(Li et al. 

2013) 
Hair - LLE (acetonitrile, 10 mL) - 30 

Urine 2 % Formic acid (v/v) LLE (MeOH) - 1.1-2.1 

PFASs Urine - 

acetonitrile - 

TFC-LC-MS-

MS 
42-123 10-2680 

(Perez et al. 

2012) 
 Hair 

Washing with water, 

acetone 
 29-133 10-4000 

PFHxA, PFOA, 

PFNA, PFDA, 

PFUndA, PFDoA, 

PFHxS, PFOS 

Hair - LLE (acetonitrile, 10 mL) SPE (Oasis WAX, 150 mg, 

6 mL), elution with 3mL 9 

% NH4OH /MeOH 

LC-MS/MS 

90-114
a 

78-115
b
 

26-69 
(Li et al. 

2012) 
Nails Alkaline (0.05 M NaOH) LLE (MeOH) 

91-105
a 

89-126
b 23-94 

Sum DP Hair Washing (Milli-Q water) 

ASE 

hexane/dichloromethane 

(1:1, v/v) 

Silica column (neutral, 

acid, Na2SO4), elution with 

hexane 

GC-MS-ECNI 92 13-18 
(Zhang et al. 

2013a) 

PBDEs, HBB, HBCD, 

BTBPE, DPs  TBPH, 

TBB 

Hand 

wipes 
- 

ASE 

hexane/dichloromethane 

(1:1; v/v) 

SPE (acid silica, elution 

with 30 mL of 

hexane/dichloromethane 

(1:1; v/v) 

LC-MS/MS - - 
(Allen et al. 

2013) 

DPP, BDCPP Urine Acid SPE (ENVI +) 
SPE (Bond Elut PSA), SPE 

(Bond Elut FL) 
GC-MS/MS 97-101 250 

(Schindler et 

al. 2009a) 

BBEOP, BDCPP, 

DPhP, DBP 
Urine - Direct analysis - 

UPLC-TOF-

MS 
85-124 100-400 

(Cequier et 

al. 2014) 

BCEP, BDCPP, 

BCPP, DPhP, DBP, 

BBOEP 
Urine - 

SPE (Oasis Wax), 2 mL of 5% NH4OH (MeOH); 3 mL 

of sodium acetate buffer pH 4.5 

LC-ESI-

MS/MS 

69-119
d 

81-147
e 520-3700 

(Van den 

Eede et al. 

2013a) 

DPhP, BDCPP, 

BDCIPHIPP, TCEP, 

DBP, BBOEP, OH-

TBOEP, OH-TPHP 

Urine β-glucuronidase 
SPE (Strata X-AW), elution with 2mL of 5 % triethyl 

amine (ACN) 

UFLC-

QTRAP 

37-187
d 

39-160
e 130-430 

(Van den 

Eede et al. 

2015a) 

BBEOP, BDCPP, 

DPhP, DBP 
Urine - Direct analysis - 

UPLC-TOF-

MS 
- 100-600 

(Cequier et 

al. 2015) 
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Analytes Matrix Digestion/ pre-treatment Extraction Clean-up 
Instrumental 

analysis 

Recovery 

(%) 

LOD 

(pg/mL, 

pg/g) 

Reference 

PFOA, PFOS 

Nails Alkaline (0.05 M NaOH) LLE (MeOH) SPE (Oasis WAX, 150mg, 

6 mL), elution with 3 mL  
 

9 % NH4OH/MeOH 

LC-MS/MS 

- 40-50 
(Li et al. 

2013) 
Hair - LLE (acetonitrile, 10 mL) - 30 

Urine 2 % Formic acid (v/v) LLE (MeOH) - 1.1-2.1 

Phthalate metabolites Urine β-glucuronidase 
SPE (Strata XL), elution with 1.5 mL ACN and 1.5 mL 

ethyl acetate 
HPLC-MS 82-97

 
140-1430 

(Frederiksen 

et al. 2010) 

Phthalate metabolites 

Urine 4-methylumbelliferone 

(50µ/L) glucuronide, β-

glucuronidase (5µ/L) 

SPE (Oasis HLB), elution with 0.5 mL ACN 

LC-MS/MS 

 

 

- 110-1000 
(Hines et al. 

2009) 
Saliva - 800-1070

c
 

MEHP, 5cx-MEPP, 

2cx-MMHP, 5-OH-

MEHP, 5-oxo-MEHP 
Hair Washing (dichlorometane) 

MeOH:TFA (8.5:1.5; 

v/v), pH 3 (glacial acetic 

acid) 

- LC-MS/MS 100-122 200-1000 
(Chang et al. 

2013) 

PA, MMP, MEP, 

MBP, MiBP, MBzP, 

MEHP 

Saliva 

Urine 

4-methylumbelliferone 

(50µ/L) glucuronide, β-

glucuronidase (5µg/L) 

SPE (Zymark RapidTrace 

automated extractor) 
- LC-MS/MS - 200-1600 

(Silva et al. 

2005a) 

TCP, EHDPP, TPhP, 

TBEP, TDCPP, 

TCEP, TnBP, TEHP 
Hair HNO3 (3 mL) 

3 mL Hex:DCM (4:1, v/v) 

in U.S. and vortexing 
Florisil LC-MS/MS 95-109 

1000-

33000 

(Kucharska 

et al. 2014) 

PBDEs Hair HNO3 (3 mL) 
3 mL Hex:DCM (4:1, v/v) 

in U.S. and vortexing 
Florisil GC-ECNI-MS 84-120 800 

(Kucharska 

et al. 2014) 

TBEP, TPhP, 

EHDPP, TnBP, 

TDCPP, TCP, TCEP, 

TIBP, TEHP 

Hair 

HNO3 (3 mL) 
3 mL Hex:DC4 M (4:1, v/v) 

in U.S. and vortexing 
Florisil 

LC-MS/MS - 
1000-

33000 

(Kucharska 

et al. 2015a) Urine GC-ECNI-MS - 

PBDEs, OPEs, PeBB, 

TBPH, TBB 

Hair 

HNO3/H2O2 at 60
◦
C 

LLE (Hex:DCM (4:1, 

v/v), vortexing 
Florisil GC-ECNI-MS 56-152 60-75000 

(Liu et al. 

2015) 

 Nails 

ASE accelerated solvent extraction,,  BCIPHIPP- 1-Hydroxy-2-propyl bis(1-chloro-2-propyl) phosphate, 2-cx-MMHP mono[2-(carboxymethyl)hexyl] phthalate, ECNI electron capture negative ion, HBCD 

hexabromocyclododecane, HCOOH- Formic acid, IPA-Isopropyl alcohol, GC gas chromatography, HPLC high performance liquid chromatography, LC liquid chromatography, LLE liquid–liquid extraction, 

LOD limit of detection, MBP mono-n-butyl phthalate, MS mass spectrometry, PA Phthalic acid, PFDoA perfluoro-n-dodecanoic acid, PFHxA perfluoro-n-hexanoic acid, PFUndA perfluoro-n-undecanoic acid, 

SPE solid-phase extraction, TFA trifluoracetic acid, TFLC turbulent-flow liquid chromatography, UFLC-Ultra Fast Liquid Chromatography; U.S.-UltraSound extraction; 
a
 Intra-day

;  b
Inter-day; 

c
 Limit of 

quantification; 
d
-Low spike;

 e
-High spike 
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1.2.5.3 Overview of HBM studies in non-invasive matrices 

 

 

Most of the non-invasive HBM studies involve an average of 62 participants per study 

(except the study of Silva et al. (2005a), which considered more than 2,000 urine samples), 

which is a relatively small sample size in terms of representativeness of an HBM study.  

In overview, the Table 1.3.3 represents HBM data for the four groups of compounds (PEs, 

PFAS, EFRs and OPEs), also the target analytes, the matrices, concentrations, detection 

frequency and number of participants involved in each study are presented. 

 Among the non-invasive matrices studied/considered, urine is the biological matrix in 

which the highest number of the pollutants of interest have been detected most often (e.g., 

PFASs and PE metabolites were detected in more than 70 % of the samples analyzed) (Chang 

et al. 2013; Hines et al. 2009; Li et al. 2013; Perez et al. 2012; Silva et al. 2005a; Zhang et al. 

2013b). 

In hair, the levels of DP compounds ranged between 0.9 and 130 ng/g (greater than 88 % 

detection frequency), those of OPEs ranged greatly between 0.44 and 18000 ng/g (> 16-90 % 

detection frequency), those of PE metabolites ranged between 5.7 and 44.9 ng/g (60 % 

detection frequency), and those of PFAS ranged between 0.1 and 38 ng/g (20-94 % detection 

frequency). 

The two non-invasive matrices used least frequently are saliva and nails. The detection of 

PE metabolites in saliva seems to be challenging (levels between 1.2 and 57.9 ng/g) and their 

detection frequency is quite low (below 45 % of the samples analyzed) (Hines et al. 2009; 

Silva et al. 2005a). PFAS showed good detection frequency in nails (above 70 %), although at 

low concentrations (0.2 and 5.1 ng/g) (Li et al. 2012). 
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Table 1.2.3. Overview of human biomonitoring studies in non-invasive matrices for PFAS, PEs, OPEs, and EFRs. 

Group Analytes Matrix 

Concentration
c
 

(ng/mL
 
 or 

 ng/g)
 

Mean detection 

frequency (%)
e 

Total no. of 

samples 
Reference 

P
h

th
a

la
te

 E
st

e
rs

 

MEP, MnBP, MiBP, MBzP, MEHP, 5-OH-MEHP, 5-oxo-

MEHP, 5-carboxy-MEPP, MOP, MiNP, MHiNP, MoiNP, 

MCiOP 

Urine
a 

1.0-326 51 60 
(Frederiksen et al. 

2010) 

MCPP, 5-carboxy-MEPP, 5-OH-MEHP, 5-oxo-MEHP, MBP, 

MBzP, MEHP, MEP, MMP, MiBP 

Urine
a 

2.1-74 (3.4-145)
f 

85(100)
f 

63 
(Hines et al. 2009) 

Saliva
a 

2.2-2.3
d 

1 63 

MEHP, 5-carboxy-MEPP, 2cx-MMHP, 5-OH-MEHP, 5-oxo-

MEHP 
Hair

b 
5.7-45 60 10 (Chang et al. 2013) 

PA, MMP, MEP, MBP, MiBP, MBzP, MEHP 
Saliva

a 
1.2-58 45 39 

(Silva et al. 2005a) 
Urine

a 
1.2-2840 75 2536-2541 

E
m

er
g

in
g

 

b
ro

m
in

a
te

d
 

fl
a

m
e 

re
ta

rd
a

n
ts

 Sum DP (syn, anti) Hair
b 

41-130 100 43 (Zhang et al. 2013a) 

Sum DP (syn, anti) Hair
b
 0.9-15 88 173 (Zheng et al. 2010) 

EFRs (PBBZ, TBPH, TBB) 
Hair 

Nails 

31-330 

<17-110 

80 

47 

5 

5 
(Liu et al. 2015) 

P
er

fl
u

o
ro

a
lk

yl
 S

u
b

st
a

n
ce

s 

PFBA, PFHxA, PFHpA, PFOA, PFDA, PFUndA, PFBS, 

PFHxS 
Urine

a 
1.1-484 32 30 

(Perez et al. 2012) 

PFBA, PFOA, PFNA, PFDA, PFBS, PFHxS, PFOS, FDEA Hair
b 

0.1-38 20 24 

PFHxS, PFOS, PFHpA, PFNA, PFDA, PFUdA, PFOA, 

PFOSA 
Urine

a 
0.4×10

-3
-0.1 95 86 

(Zhang et al. 

2013b) 

PFHxA, PFOA, PFNA, PFDA, PFUdA, PFDoA, PFHxS, PFOS 
Hair

b 
0.6-6.5

e 
42 15 

(Li et al. 2012) 
Nails

b 
0.2-5.1

e 
70 15 

PFOA, PFOS 

Nails
b 

0.2-1.0 95 63 

(Li et al. 2013) Hair
b 

0.7-1.1 94 53 

Urine
a 

1.1-8.7 75 63 

O
rg

a
n

o
 

p
h

o
sp

a
te

 

E
st

er
s 

TCP, EHDPP, TPhP, TBEP, TDCPP, TCEP, TnBP, TEHP Hair 12-437 88 20 
(Kucharska et al. 

2014) 

TBEP, TPhP, EHDPP, TnBP, TDCPP, TCP, TCEP, TIBP, 

TEHP 
Hair 

(8-65)
g 

(8-318)
h 

16-100
g 

26-100
h 

48
g 

54
h 

(Kucharska et al. 

2015a) 

TEP, TiPrP, TPP, TnBP, TCEP, TCPP, TPHP, TDCPP, 

EHDPP, TEHP 
Hair 0.44-52.6 33-98 49 (Qiao et al. 2016) 
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Group Analytes Matrix 

Concentration
c
 

(ng/mL
 
 or 

 ng/g)
 

Mean detection 

frequency (%)
e 

Total no. of 

samples 
Reference 

TCEP, TDCPP, TCPP, TPhP 
Hair 

Nails 

1100-3900 

380-18000 

90 

50 

5 

5 
(Liu et al. 2015) 

DPP, BDCPP Urine
a 

- 22 25 
(Schindler et al. 

2009a) 

BCEP, BDCPP, BCPP, DPhP, DBP, BBOEP Urine NP 3-93 59 
(Van den Eede et al. 

2013a) 

DPhP, BDCPP, BDCIPHIPP, TCEP, DBP, BBOEP, OH-

TBOEP, OH-TPHP 
Urine 

<0.35-24.4
f 

<0.35-63.4
f 

6-100 

ND-100 

28 

44 

(Van den Eede et al. 

2015a) 

BBEOP, BDCPP, DPhP, DBP Urine 
<LOQ-1.2

g
 

<LOQ-3.2
h 32-97

g
; <1-97

h 
102 

(Cequier et al. 

2015) 

BBEOP, BDCPP, DPhP, DBP Urine 0.2-37
i 

14-79 84 
(Cequier et al. 

2014) 
EHDPP 2-ethylhexyl diphenyl phosphate, FDEA perfluorodecyl ethanoic acid, NP-Not provided; MOP mono-n-octyl phthalate, PFBA perfluoro-n-butanoic acid, PFBS perfluoro-1-butane 

sulfonate, PFHpA perfluoro-n-heptanoic acid, PFOSA perfluorooctane sulfonamide, TCP tricresyl phosphate, TEHP tris-(2- ethylhexyl)phosphate, TPP triphenyl phosphate, TnBP tri-n-butyl 

phosphate; a Concentration in nanograms per milliliter; b Concentration in nanograms per gram; c Mean (median) detected concentrations (above the LOQs); d Detection frequency calculated for 

the detected analytes in the total number of samples; e Detection range (above the LOQ); f  Micrograms per gram of creatinine; g Adults (mothers); h Children;  i Geometric mean (GM) 
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1.2.5.3.1 Instrumental analysis 

 

The analysis of biological non-invasive matrices such as hair and nails requires additional 

pretreatment compared with analysis of invasive matrices. These matrices might require 

decontamination/washing (removal of externally deposited contaminants), drying, cutting, 

and/or homogenization, on which hydrolysis might be needed before the samples can be 

actually extracted (Liu et al. 2011b; Schramm 2008). All these manipulations can lead to 

unintended loss of target analytes if no proper measures are taken. 

Further, the residue levels can be significantly lower in certain non-invasive matrices than 

in serum. The performance of the analytical instrumentation is therefore an essential 

parameter to make possible selective and sensitive detection of organic contaminants at 

desirable thresholds. Powerful techniques such as MS/MS are usually applied for instrumental 

analysis because of their high accuracy and selectivity for volatile or semivolatile organic 

contaminants (Amini and Crescenzi 2003). 

The analysis of OPEs is usually performed by gas chromatography (GC) with a nitrogen–

phosphorus detector or GC coupled with mass spectrometry (MS) (Dirtu et al. 2012a; 

Regnery and Püttmann 2010; Schindler et al. 2009b), both of which are less susceptible to 

matrix effects compared with LC techniques. However LC–MS/MS is required to analyze 

more polar dialkyl or monoalkyl OPE metabolites (Van den Eede et al. 2013). Van den Eede 

et al. (2013) developed a method for a wider group of OPE metabolites and recommended 

LC–negative electrospray ionization–MS/MS for analysis of DPP and GC–MS/MS for 

analysis of chlorinated metabolites, such as BDCPP, BCPP and BCEP. Schindler et al. 

(2009a) used GC–MS/MS for analysis of OPE metabolites (BCEP and DPP) after a lengthy 

sample preparation which included SPE and chemical derivatization with pentafluorobenzyl 

bromide. 

For BFRs, the most popular instrumental techniques are GC in combination with electron 

capture negative ion MS or GC with electron ionization MS owing to the low polarity and 

high volatility of the compounds (Zheng et al. 2010) (Allen et al. 2013; Stapleton et al. 2008b; 

Watkins et al. 2013; Watkins et al. 2012; Zhao et al. 2008). Nonpolar stationary phases (e.g., 

DB-5HT, HT-8ms) are the most used for peak separation of FRs (DP compounds and PBDEs) 

(Stapleton et al. 2008b; Zheng et al. 2010). 

Although PEs and their metabolites, OPE metabolites, and PFASs are best analyzed using 

LC–MS, their separation is ideally performed on different stationary phases. 

For the best separation of PEs and their metabolites endcapped reversed-phase columns, 

such as a Betasil phenyl high-performance LC column (100 mm×2.1 mm, 3 μm) (Silva et al. 

2006a) or a Luna C18 column (50 mm×2.0 mm, 3 μm) (Chang et al. 2013) were suggested.  

More polar and acidic compounds such as OPE metabolites are best chromatographed 

using medium-polarity stationary phases such as a phenyl–hexyl (150 mm×3 mm, 3 μm) 

column or an XBC18 column (100 mm×2.1 mm, 2.6 μm) (Cooper et al. 2011; Reemtsma et 

al. 2011), which are operated in combination with strong polar elution solvents (mostly water 

component) or strong volatile ion pairing reagents (e.g., tributylamine) (Reemtsma et al. 
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2011b). The best chromatographic separation for PFASs is achieved at low pH using a BEH 

C18 column (50 mm×2.1 mm, 1.7 μm) (Li et al. 2012; Liu et al. 2011a). 

For the above-mentioned compounds, electrospray ionization or atmospheric pressure 

chemical ionization is mostly performed in negative mode combined with multiple reaction 

monitoring, resulting in characteristic fragmentation patterns according to the chemical 

structure of precursor and product ions (Chang et al. 2013; Liu et al. 2011a; Möller et al. 

2004; Silva et al. 2006a; Silva et al. 2005a).  

Electrospray ionization (ESI) is the most popular method because of its ability to analyze 

large and nonvolatile molecules, but it is also sensitive to matrix effects. The use of adequate 

(labeled) internal standards, the addition of ion pairing reagents or buffers to the mobile 

phase, and the use sample cleanup before analysis are ways to reduce matrix effects (Amini 

and Crescenzi 2003). 

 
 

1.2.5.3.2 Critical issues 

 
 

Because most of the afore-mentioned compounds are ubiquitous environmental chemicals, 

precautions have to be taken to avoid or minimize (cross-)contamination or errors introduced 

through handling, storage, and analysis. Therefore, glassware (including SPE cartridges) is 

preferred over plastics, and it should be baked overnight at 450 °C. If use of plastics cannot be 

avoided, they should be first washed using a concentrated acidic solution (10 % HNO3) 

followed by ultrapure water, dried at room temperature, and finally rinsed with an appropriate 

solvent (DEMOCOPHES-COPHES). Nevertheless, owing to the high absorption of some 

organic contaminants, for example, PFASs, polypropylene is preferred over glass (Martin et 

al. 2004). 

The use of polytetrafluoroethylene in vials, septa, and plastic bags for storing samples is to 

be avoided as chemicals can leach from the recipient to the biological samples, leading to 

erroneous results; solid samples should be wrapped in aluminum foil to safeguard the overall 

integrity, and liquid samples should be stored in decontaminated glass containers or 

appropriated collection devices (in the case of saliva) (Kintz P 2005; Wennig 2000). 

Some authors state that care should be taken in sample decontamination prior to extraction, 

namely, for hair and nails, where it is advised to use a washing medium to remove external 

contamination such as dust particles (Li et al. 2013; Muto et al. 2012). Most often, solutions 

of surfactants in water (e.g., 1 % solution of Triton X-100, 0.3 % polyoxyethylene lauryl 

ether), hydrophobic organic solvents, and hydrophilic organic solvents (methanol, acetone, 

dichloromethane) can be used to clean the samples without damaging or changing the 

chemical structure and sample integrity (GEMACO 2010; Lillsunde et al. 1996; Tao et al. 

2008; Wang et al. 2013b; WHO 2004). Recent research (Kucharska et al. 2015b) has shown, 

however, that selective removal of externally deposited chemical contamination is not 

achieved by any of the solvents commonly used, and that hair should be used as such as a 

marker of integral exposure. Although nails that have undergone surface treatment such as 

polishing were used in the past for metal analysis (Nakahara 1999), it is highly unlikely that 

such samples can be successfully applied to assess organic contaminants before cleaning. 
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Among the many publications on HBM studies, the sampling procedures are not 

harmonized or sufficient information on the sampling procedure applied is lacking (D’Havé et 

al. 2005).  

In a recent report, a harmonized approach was suggested to cut hair near the scalp at the 

occipital region of the head (Esteban et al. 2011). This area has less variability in the hair 

growth rate, less influence from sex or age, and a large and constant blood irrigation, thus 

better translating an internal exposure (Kintz  2005; Schramm 2008; Wennig 2000). 

A pending issue in non-invasive HBM is the differentiation between endogenous and 

exogenous contamination. When endogenous metabolites can be measured, for example, for 

OPEs, this differentiation is possible. Nonetheless, for assessment of chemicals that do not 

undergo metabolism such as PFAS (Li et al. 2012 and 2013; Li et al. 2012; Liu et al. 2011a) 

the discrimination is more difficult or even impossible. In such cases, exogenous 

contamination could not only be deposited onto surface, but could also be incorporated within 

the sample matrix, suggesting that measured levels reflect an integral level of both exogenous 

and endogenous contamination (Zhang et al. 2007). 
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1.3 AIMS AND SCOPE 

 
The major goal of this research is to investigate the feasibility to replace the older invasive 

methods with alternative non-invasive ones. Major advantages on sampling (storage, stability, 

for example) and the potential to translate a wider window of exposure (weeks to months) are 

pointed out as the main reasons. Hence in this work, hair and nails are suggested as alternative 

matrices in the assessment of the target classes of chemicals which have been explored in 

other matrices (PFAS, PEs, OPEs and EBFRs). At the same time, other non-invasive matrices 

like urine will be used (e.g. for the assessment of PE metabolites) as a comparison matrix. The 

translation of the exposure on PEs in urine  (assigned as a good biomarker of short-term 

exposure) versus nails will be studied. 

Drawbacks associated to non-invasive sampling, such as the low sample amounts and low 

contaminant levels in the sample, pose a challenge which can be surpassed by making use of 

the newest techniques and technology. Therefore highly selective and sensitive instruments 

such as Orbitrap and Triple quad (QqQ) mass spectrometers, available at VITO, were used for 

the analyses.  

Another important objective is to work towards flexible and broadly applicable methods 

that require little sample preparation time and are easy, fast, cheap and environmental friendly 

(i.e. spending low solvent and waste volumes). Thus, one of the main goals was to investigate 

innovative aspects on the sample preparation. As a result, novel miniaturized extraction 

procedures (e.g. ultrasound-assisted dispersive liquid-liquid microextraction (US-DLLME)) 

were explored.  

In addition, reference standards of human metabolites of many chemicals are not always 

commercially available which hampers positive identification of several (native and 

metabolite) compounds of interest. Also this challenge will be tackled making use of the 

Orbitrap mass spectrometer that will be a step forward for the identification of a wider 

number of relevant compounds (e.g. specific metabolites which can serve as new biomarkers 

for human exposure to the chemicals of concern) being afterwards included and monitored in 

the same method. By using Triple quad, it is possible to increase sensitivity in the 

quantification even when detecting selectively a large number of compounds in one single 

analysis. These two technologies will be very important to monitor chemicals at low detection 

(ng/g range) levels in biological samples. 

Method optimization (development) and validation are discussed for the different classes 

of organic contaminants in the selected non-invasive samples. The implementation of the 

optimized methods (method applicability) was performed using hair/nails collected from  

diverse individuals/sub-populations, including colleagues from VITO, 60 Norwegian 

individuals (A-TEAM cohort) and 157 individuals Belgian adults (FLEHS III cohort). 

Finally, this work will focus on aspects of the in vitro metabolism and biomonitoring of a 

selected group of alternative chemicals to PEs and FRs. Later, the formed in vitro metabolites 

were used as ‘surrogate standards’ to search for new metabolites present in vivo (urine and 

nails). The screening and identification of the in vitro metabolites was carried on LC/ESI-

Orbitrap. 
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In vitro metabolism of new chemicals (using human liver/intestinal microsomes) was 

performed in collaboration with another PhD researcher and a Post-Doc fellow during a 

secondment in the University of Antwerp.  

 

In summary, the present thesis will be divided into six chapters: 

 

-Chapter 1: State-of-art and introduction to human biomonitoring (invasive versus non-

invasive) for the selected groups of chemicals. 

 

-Chapter 2: In this chapter, the aim is to investigate a new extraction method to determine 

fifteen PFAS (including perfluorocarboxylic acids (n=7) and perfluorosulfonic acids (n=8)) in 

human hair. The assessment of the human exposure to other (short to long) perfluorosulfonic 

acids than PFOS (up now the most studied) is addressed for the first time. Aspect on hair type 

and matrix effects were also discussed. The optimization, validation and applicability of the 

method was tested in hair collected from 30 Belgian individuals. 

 

-Chapter 3: In this chapter, the metabolites of (short to long-chain) PEs and some 

alternative plasticizers (e.g. oxidative metabolites of 1,2-cyclohexane dicarboxylic acid 

diisononyl ester (DINCH)) are studied. In particular, the levels are determined in nails and/or 

urine spots. 

Firstly, the development of a new microextraction method for assessing PE metabolites in 

nails, its validation and applicability in Belgian individuals is performed. A combinatorial 

design (Taguchi) is applied, especially for maximizing the determination of the optimal 

extraction conditions in a reduced number of experiments. 

Secondly, the levels of the PE metabolites were investigated in nails and in one urine spot 

collected per participant. Correlations among the two matrices and potential predictors 

(personal/environmental) of exposure were studied.  

Thirdly, the effect of translating the metabolite’s levels measured in one urine spot (and in 

nails) or in more urine spots collected diary over a period of 15 days is evaluated. More, the 

investigation over the personal/environmental responsible/contributors of exposure was 

conducted under diverse statistical analyses (ANOVA, t-test, non-parametric Mann-Whitney 

rank, univariate and multivariate statistics). Levels of the target analytes were assessed in 

nails for diverse populations (Belgian and Norwegian cohorts). Cumulative risk assessment 

on PEs exposure based on urinary levels was performed for the Norway cohort. 

 

-Chapter 4: This chapter comprises the investigation of internal human exposure to four 

OPEs in scalp hair, finger and toe nails from two other individuals who had collected finger 

and toe nails for a period of two months. Several extraction parameters were tested following 

a Taguchi combinatorial design (L9). Levels of OPE metabolites were compared among 

matrices. 
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-Chapter 5: Study of in vitro metabolism of four alternative plasticizers and one FR by 

using human liver/intestinal microsomes (HLM and HIM) and/or HLM S9 fractions was 

conducted. A brief overview about the importance of the in vitro metabolism for the selected 

groups of chemicals is showed. Identification of the major phase I metabolites identified in 

vitro and in vivo (urine spot and nails collected from the A-TEAM cohort) are presented. 

Screening of the new biomarkers of exposure was conducted in the LC/ESI-Orbitrap. Further, 

the fragmentation patterns and the elucidation of the formed fragments was provided. 

 

-Chapter 6: General discussion, conclusions and future perspectives of the present work 

are discussed. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 



 

 

 
 
 
 
 
 

CHAPTER 2 
 

 
 

PERFLUOROALKYL SUBSTANCES 

(PFAS) IN HUMAN HAIR 
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2.1  NEW APPROACH FOR ASSESSING HUMAN EXPOSURE TO 

PFAS 

  
 

Based on the following publication:  

 

Alves A, Jacobs G, Vanermen G, Covaci A, Voorspoels S. New approach for assessing 

perfluoroalkyl exposure via hair. Talanta (2015) 144, 574-583. 

 

 

2.1.1 Introduction 

 

 

Health authorities around the world try to monitor and control the presence of the most 

toxic environmental pollutants in environment, wildlife and humans, aiming at reducing their 

exposure. Among such chemicals are the PFAS, which are included in the list of harmful 

compounds of the Stockholm Convention since 2009 (EU 2009a), as previously mentioned in 

the first Chapter. Due to their high persistency, bioaccumulation potential and toxicity 

(Fromme et al. 2009; Valsecchi et al. 2013), HBM tools to detect human exposure to PFAS 

have been widely explored during the last decade, but mainly for invasive samples such as 

(cord) blood, serum and breast milk (Hanssen et al. 2013; Hanssen et al. 2010; Haug et al. 

2011; Keller et al. 2010; Salihovic et al. 2013; Sundström et al. 2011; Yeung et al. 2008) and 

in lesser extend to non-invasive matrices like hair (Li et al. 2012 and 2013; Perez et al. 2012). 

The main advantages of using hair as matrix in HBM are mostly related to the non-

invasive sampling (mentioned in Chapter 1). Further, hair can mirror both the short to long-

term exposure (months to years depending on the analyzed hair length), which is considered 

the major advantage in human exposure assessment. 

The main challenge of HBM of PFAS in human hair is the availability of a sufficiently 

sensitive analytical technique combined with suitable extraction methods. In past studies, the 

PFAS extraction from hair was performed by ASE or  ultrasound extraction using different 

organic solvents (e.g. acetonitrile, methanol and acid/basic digestion). Then SPE where weak 

anion-exchange sorbent combined with a reverse phase (Oasis WAX) is highly suggested as 

clean-up for strong acidic compounds (Li et al. 2012 and 2013; Perez et al. 2012).  

Instrumental measurement is commonly done using liquid chromatography tandem mass 

spectrometry (LC-MS/MS) which seems to be a common and more direct analytical approach 

for both invasive  (Keller et al. 2010; Kubwabo et al. 2013; Ode et al. 2013; Trojanowicz and 

Koc 2013) and non-invasive matricapills (Li et al. 2012 and 2013; Perez et al. 2012). 

Although GC can be used, there are limitations for PFAS measurement due to their low 

volatility (especially for the long-chain compounds), leading to a need for derivatization prior 

to analysis (Jurado-Sánchez et al. 2014). Capillary electrophoresis (CE) methods could be 

another choice for detecting polar and ionized PFAS, however the most important drawback 

is the poor detection sensitivity of this analytical technique, which is mainly due to the low 

UV/Vis absorption of PFAS (Trojanowicz and Koc 2013).
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The aim of this study is to overcome pending drawbacks on current extraction methods for 

HBM of PFAS in human hair (Li et al. 2012 and 2013; Perez et al. 2012).  

The main challenges comprise the development of a sensitive and accurate analytical 

method for measuring fifteen short to long-chain PFAS in hair at pg/g levels by LC-MS/MS. 

An alternative clean-up method (dispersive ENVI-Carb) is proposed here as easier, faster and 

more environmental friendly than the conventional SPE methods presented in the literature. In 

addition, other factors such as hair type and matrix effect influence in the PFAS detection was 

evaluated for the first time. The assessment of the human exposure to other perfluoroalkyl 

sulfonic acids than PFOS (until now the most studied), including the perfluoroalkyl pentane 

sulfonate (PFPeS), perfluoroalkyl heptane sulfonate (PFHpS), perfluoroalkyl nonane 

sulfonate (PFNS) and perfluoroalkyl dodecane sulfonates (PFDoS) is another innovative 

aspect of this research. Finally, advantages and drawbacks associated to the hair analysis for 

HBM of PFAS in general population is discussed. 

 

 

2.1.2 Materials and Methods 

2.1.2.1 Chemicals & Equipment 

 

Fifteen PFAS (> 98 % purity) including perfluoro n-butanoic acid (PFBA), perfluoro n-

pentanoic acid (PFPeA), perfluoro n-hexanoic acid (PFHxA), perfluoro n-heptanoic acid 

(PFHpA), perfluoro n-octanoic acid (PFOA), perfluoro n-nonanoic acid (PFNA), perfluoro 

tetradecanoic acid (PFTeDA), perfluorobutane sulfonic acid (PFBS), perfluoro pentane 

sulfonic acid (PFPeS), perfluorohexane sulfonic acid (PFHxS), perfluoroheptane sulfonic acid 

(PFHpS), perfluorooctane sulfonic acid (PFOS), perfluorononane sulfonic acid (PFNS), 

perfluorodecane sulfonic acid (PFDS) and perfluorododecane sulfonic acid (PFDoS) and 

mass-labelled internal standards (IS) were purchased from Wellington Laboratories (Guelph, 

Ontario, Canada). The mixtures of PFAS and mass-labelled (
13

C and 
18

O) internal standard 

solutions were prepared in methanol (UPLC grade, Biosolve, Netherlands) from individual 

stock solutions. Internal standard calibration curves for all analytes considered the 

concentration and chromatographic area of the respective internal standard (IS), however the 

PFAS without a corresponding labelled IS were corrected with the antecedent alkyl chain IS 

(Table 2.1.1).  

The ultra-pure water was produced using a Millipore Advantage A10 system (Millipore 

S.A., Overijse, Belgium). Pure reagents ammonium acetate (NH4AC) and ammonium 

hydroxide (NH4OH) were purchased from Sigma-Aldrich (Diegem, Belgium and Steinheim, 

Germany, respectively). UPLC grade organic solvents: acetonitrile, methanol and ethyl 

acetate (Fisher Scientific, Loughborough, UK), 2-propanol (99.8 %), formic acid (98-100 %) 

and tetrahydrofuran (TFH) (99.9 %) were supplied by Merck (Darmstadt, Germany). The 

Envi-Carb 120/400 mesh was obtained from Supelco (Bellefonte, USA) and the Oasis WAX 

cartridges (150 mg, 3cc) were supplied by Waters (Massachusetts, USA).  

All glass material was washed and baked out in the oven at 450 °C overnight. It was then 

stored wrapped in aluminum foil to avoid contact with air and dust particles.  
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2.1.2.2 Sample collection and decontamination 

 

Hair samples (n=30) were collected during 2013 from a general (non-exposed) population. 

Due to the insufficient amount of hair cut near the scalp (less than 100 mg) per individual, the 

hair analyses were done using the whole hair shaft. For the method development a pool 

sample was prepared, unlike the method validation which only one hair sample collected from 

one individual was used. 

The sampling campaign was approved by the Ethical Committee of the University of 

Antwerp (reg. B300201316329). The volunteers were duly informed about the purpose of this 

study giving their consent to participate. In this study, no personal or lifestyle information was 

collected through questionnaires. 

All hair samples were firstly rinsed with ultra-pure water and acetone. Consecutively the 

samples were dried at room temperature and then cut into small pieces with stainless steel 

scissors as described in previous studies (Li et al. 2013; Perez et al. 2012). The samples were 

stored in aluminum foil at room temperature since the PFAS are stable compounds and non-

volatile.  

 

 

2.1.3 Method description 

2.1.3.1 Extraction solvent test followed by dispersive ENVI-Carb clean-up 

 

The samples were weighted (100 mg) in the extraction vials and spiked with 1.5 ng of IS 

and 1.5 ng of PFAS. Then, 2 mL of each extraction solvent, i.e., ethyl acetate (EA) or 2-

propanol or 50/50 % (v/v) of THF/2-propanol were added to hair samples. The extraction was 

performed in an ultrasonic bath (15 min, room temperature) followed by a clean-up step with 

dispersive ENVI-Carb (~ 30 mg). After extraction, the extracts were transferred and dispersed 

by the sorbent added in the conical vials. Afterwards, the samples were centrifuged (6 min, 

3500 rpm) for complete organic phase separation. The supernatant was collected in 

decontaminated glass tubes and evaporated at 37 °C until dryness under a gentle nitrogen 

stream. The residue was reconstituted in 50 µL of MeOH:H2O (50:50; v/v) and 10 µL was 

injected in LC-ESI-MS/MS system. 

 

 

2.1.3.2 Ethyl acetate extraction followed by OASIS WAX clean-up 

 

The same extraction procedure as described above using ethyl acetate as extraction solvent 

was applied to hair samples before clean-up by Oasis WAX. The clean-up process was based 

on the methods described in the literature but with few modifications (Li et al. 2012 and 

2013): Firstly the stationary phase was conditioned with 2 mL of 2 % NH4OH in MeOH, 2 

mL of MeOH and 2 mL of water under vacuum.  

The samples were loaded onto the cartridges, washed with 2 mL of formic acid/H2O 

solution (2 %; v/v) and 2 mL of formic acid/MeOH (50:50; v/v).  
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The analytes were eluted by passing through the cartridges 2 mL of 2 % NH4OH in MeOH. 

The extracts were collected in clean vials, evaporated until dryness and reconstituted in 50 µL 

of MeOH:H2O (50:50; v/v). 

 

 

2.1.3.3 Hair extraction for preparing pool sample (matrix matched calibration standards) 

 

The optimized extraction procedure (followed by dispersive ENVI-Carb) was applied for a 

proportional amount of decontaminated hair (and volume of ethyl acetate) necessary to 

prepare eight matrix matched calibration standards in MeOH/H2O (50:50; v/v). Thus, 245 µL 

of aqueous hair pool extract was added to the same volume of PFAS in methanol and 10 µL 

of IS stock solution. The 8-point matrix matched calibration curves for PFAS ranged from 

0.02 to 25 ng/g. Only one sample collected from the same individual (dark brown mixed with 

gray hair) was used for preparing the standards and to perform the method validation. 

 

 

2.1.4 Final procedure for hair samples analysis 

 

One hundred (100) mg of cut and decontaminated hair collected from each individual, 

were weighted in the extraction vials and spiked with 1.5 ng of IS. Then, 2 mL of ethyl 

acetate was added and the extraction of PFAS was carried out in an ultrasonic bath for 15 min 

at room temperature. Subsequently, a clean-up step with dispersive ENVI Carb (~ 30 mg) was 

performed followed by centrifugation (6 min, 3500 rpm). The supernatant was collected in 

glass tubes and evaporated at 37 °C until dryness under a gentle nitrogen stream. The residue 

was further reconstituted in 50 μL of MeOH:H2O (50:50; v/v) and 10 μL was injected in the 

LC-ESI-MS/MS system. 

 

 

2.1.5 LC-ESI(-)MS/MS analysis 

 

The chromatographic conditions were optimized for PFAS in the LC coupled with a 

tandem mass spectrometer and interfaced with an electrospray ionisation source in negative-

ion mode (LC-(-)ESI-MS/MS) from Waters (UPLC system coupled to a XEVO Triple Quad 

tandem mass spectrometer). The chromatographic separation was performed in a UPLC BEH 

Shield RP18 (1.7 µm, 2.1 x 100 mm, Waters Acquity) column heated at 40 °C. A gradient 

elution program was applied using 2 mM NH4AC in Water:MeOH (95:5; v/v) (solvent A) and 

2 mM in MeOH (solvent B). The flow was set in 0.3 mL/min and the injection volume was 10 

µL. The total run time was 25 min. 

The cone voltage ranged between 14 and 65 V for native compounds and between 14 and 

59 V for the IS. The collision cell energy ranged between 8 and 50 eV and the dwell time 

varied between 75 and 175 ms.  
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Two multiple reaction monitoring (MRM) transitions were monitored for each compound 

(MRM 1 for identification and MRM 2 for quantification), except for PFBA and PFPeA (only 

one transition). The precursor to fragment ion transitions monitored for the quantification of 

the perfluorocarboxylic acids (PFCAs) were PFBA 213>169; PFPeA 263>219; PFHxA 

313>269; PFHpA 363>319; PFOA 413>369; PFNA 463>419 and PFTeDA 713>669 

corresponding to the loss of CO2
-
 (m/z 44). For the identification, other precursor to fragment 

transitions were observed corresponding to the loss of the perfluororinated alkyl chain, i.e.,  

the C2F5
-
 (m/z 119) for the PFHxA, the loss of C3F7

- 
(m/z 169) for PFHpA, PFOA and PFNA 

and the loss of C6F13
-
 (m/z 319)  for PFTeDA.  

The transitions of the precursor to the fragment ions regarding the perfluorosulfonic acids 

(PFSA) are mainly known by those to produce sulfur-containing ions such as SO3
-
 (m/z 80) 

and FSO3
- 

 (m/z 99). The Table 2.1.1 shows the list of studied compounds, MRM1 and 

MRM2 transitions, retention times and internal standards. 

 

 

Table 2.1.1 List of PFAS and IS, MRM transitions and retention time. 

 

Compound MRM1
a 

MRM2
b 

Retention time (min) IS
c
 

PFBA 213>169 - 3.10 
13

C1-PFBA 

PFPeA 263>219 - 6.46 
13

C5-PFPeA 

PFBS 299>80 299>99 7.41 
18

O2-PFHxS 

PFHxA 313>269 313>119 9.70 
13

C2-PFHxA 

PFPeS 349>80 349>99 10.25 
18

O2-PFHxS 

PFHpA 363>319 363>169 12.08 
13

C2-PFHxA 

PFHxS 399>80 399>99 12.38 
18

O2-PFHxS 

PFOA 413>369 413>169 13.86 
13

C4-PFOA 

PFHpS 449>80 449>99 14.03 
18

O2-PFHxS 

PFNA 463>419 463>169 15.28 
13

C5-PFNA 

PFOS 499>80 499>99 15.30 
13

C4-PFOS 

PFNS 549>80 549>99 16.47 
13

C4-PFOS 

PFDS 599>80 599>99 17.39 
13

C4-PFOS 

PFDoS 699>80 699>99 19.09 
13

C4-PFOS 

PFTeDA 713>669 713>319 19.84 
13

C2-PFTeDA 
a
 Multiple reaction monitoring (MRM) used for quantification; 

b
 Multiple reaction monitoring (MRM)  

used for identification; 
c
 Internal Standard 

 

 

2.1.6 Method validation 

 

The method precision was evaluated by the intra- (repeatability; n=6) and inter-day 

(intermediate precision; n=6, 3 consecutive days) variation for two spike levels (low spike 

level (LQ) of 5 ng/g hair and high level (HQ) of 15 ng/g hair. The relative standard deviations 

within and between days (% RSDwithin and % RSDbetween) were determined. Since there is no 

certified reference material available for PFAS analysis in hair, the method accuracy was 

evaluated based on the recoveries (%) calculated for both LQ and HQ spike levels in hair. The 

uncertainty was expressed as the expanded uncertainty U for both spike levels using a 

coverage factor k=2, corresponding to a confidence level of 95 %. 
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The quality control (QC) was ensured by analyzing PFAS levels in procedural blanks that 

were spiked with 5 ng/g IS (3 blanks extracted per day and injected in parallel along the hair 

analyses) and system performance was monitored through analysis of a quality control 

standard (analysis of the variation (RSD %) of the middle concentration in matrix matched 

calibration curve) that was injected every ten samples.  

The instrumental limit of detection (LODi) and instrumental limit of quantification (LOQi) 

were determined based on 3 times signal-to-noise ratio and 10 times signal-to-noise ratio of 

the lowest standard in the calibration curve (0.02 ng/g), respectively. For PFAS quantification 

in hair samples (n=30), the method limit of quantification (LOQm) was defined 2 times the 

standard deviation (SD) of the blanks. For those compounds which were not detected in 

blanks, LOQ was defined as LOQi and the levels in hair were reported based on the LOQi. 

 

 

2.1.7 Results and Discussion 

 

2.1.7.1 Method Development 

2.1.7.1.1 Optimization of extraction-selection of organic solvent  

 

The extraction of PFAS from hair samples was optimized by testing different solvents 

based on boiling point (bp) and polarity index (pi): ethyl acetate (bp 77 °C, pi 4.4), 2-propanol 

(bp 82 °C, pi 3.9) and the mixture of 50/50 % (v/v) of tetrahydrofuran (THF) (bp 65 °C, pi 

4.0) and 2-propanol. The detection of PFAS in hair is very challenging due to matrix effects 

and to their amphiphilic properties, e.g. hydrophobic fluorine chain (tail) and hydrophilic 

functional group (head) (Luque et al. 2010). Additionally, short to long chain PFAS have 

different polarities, i.e., short-chain PFAS are more polar and water soluble than long-chain 

PFAS (Luque et al. 2010). 

In this work, organic solvents with polarities ranging from 3.9 to 4.4 were tested and 

differences in the extraction efficiency (% recoveries) of PFAS (Table 2.1.2) were assessed. 

According to the results, EA was selected as the best extraction solvent (% R from 69 to 141 

%). Although, there are also good recoveries observed for the other two solvents tested, the 

decision criteria for choosing the EA as the most suitable extraction solvent for extracting the 

PFAS from hair took into account: 1) the  higher precision obtained in the triplicate spiking 

experiments for both PFAS (RSD % < 4.4 %) and IS (RSD % < 15 %); 2) the high PFAS 

extraction performance in overall from the hair matrix, which was almost 100% (for more 

than half of the analytes); 3) the low boiling point of the EA that can minimize losses of 

PFAS during the evaporation of the extracts (Ahrens et al. 2010). 
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Table 2.1.2. Extraction recoveries (%) of PFAS from hair samples. 

 

Analytes 
% Recoveries (RSD%, n = 3) 

Ethyl acetate 2-propanol THF:2-propanol (50:50, v/v) 

PFBA 99 (2.3) 67 (0.2) 99 (4.9) 

PFPeA 93(1.8) 93 (0.8) 89 (5.8) 

PFHxA 98 (3.2) 100 (2.7) 98 (5.1) 

PFHpA 141 (3.6) 146 (3.2) 132 (3.3) 

PFOA 99 (1.6) 94 (1.3) 99 (6.7) 

PFNA 105 (3.2) 105 (1.9) 104 (4.2) 

PFTeDA 107 (1.9) 99 (2.8) 96 (2.0) 

PFBS 75 (0.7) 79 (2.9) 81 (9.4) 

PFPeS 94 (2.4) 97 (1.5) 96 (4.9) 

PFHxS 95 (2.4) 95 (1.6) 93 (4.1) 

PFHpS 96 (2.7) 96 (2.8) 94 (5.4) 

PFOS 103 (2.4) 104 (1.3) 99 (3.9) 

PFNS 97 (3.3) 91 (1.1) 93 (5.0) 

PFDS 69 (3.6) 80 (4.5) 81 (3.2) 

PFDoS 96 (4.4) 77 (12.9) 77 (9.3) 

Mean 98 95 95 

 

 

  

2.1.7.1.2 Clean-up   

 

Clean-up is an essential step to remove interferences present in the extracts, which may 

cause matrix effects (ion suppression/enhancement) during LC-MS/MS analysis. Therefore, 

dispersive ENVI-Carb clean-up was compared with SPE Oasis WAX, previously reported by 

Li et al. as efficient to remove interferences from hair (Li et al. 2012 and 2013). In this study, 

the performance of each clean-up was evaluated after extraction with EA by analyzing the 

recoveries (%). 

Oasis WAX is composed by reversed-phase/weak anion-exchange polymer and it is mainly 

used to retain and release strong acids. Although, there is evidence of good clean-up 

performance of Oasis WAX for the detection of short-chain PFAS in environmental (Ahrens 

et al. 2010) and biological samples (Li et al. 2012 and 2013), the same does not happen for the 

long-chain PFAS (C > 6), where a non-polar stationary phase is more suitable (e.g. C18 or 

OASIS HLB) (Kubwabo et al. 2013; Llorca-Casamayor 2012). 

In addition, ENVI-Carb is a nonporous fine graphitized carbon that has a high affinity for 

organic compounds from both polar and non-polar matrices. It is commercially available as 

packed (SPE cartridges) and in powder (dispersive). In this study, dispersive ENVI-Carb 

instead of packed was preferable used mainly to avoid contamination from the PTFE frits 

present in the SPE cartridges. As a result, this technique can be considered more 

environmentally friendly than the conventional SPE, since no washing/elution solvents are 

required for the elution step and therefore no organic solvent is wasted. Moreover, this clean-

up is easy and fast. After dispersion of the extract containing the PFAS, the samples are 

centrifuged for a complete and clean separation between sorbent (at bottom) and organic layer 

(upper phase).  
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The centrifugation promotes also the precipitation of residues or other non-soluble material 

(e.g. hair, lipids). This clean-up is highly convenient for the removal of different types of non-

perfluorinated compounds which have any aromaticity (π electrons) and therefore are suitable 

for interaction with the hexagonal ring structure (π-π interactions) of the ENVI-Carb (Powley 

et al. 2005; Valsecchi et al. 2013). 

Previous studies had reported the high efficiency of dispersive ENVI-Carb for the 

detection of PFAS in environmental matrices such as dust, soil, sediments, sludge 

(D’Hollander et al. 2010; Powley et al. 2005) or in biological matrices like blood, serum, 

plasma or milk (Hanssen et al. 2013; van Leeuwen and de Boer 2007). However, there are no 

reports for applications in non-invasive samples such as hair.  

The results show that OASIS WAX had better recoveries for the short-chain than for the 

long-chain PFAS (poor recoveries of 58, 56 and 35 % were assessed for PFNS, PFDS and 

PFDoS, respectively). Dispersive ENVI-Carb resulted in superior clean-up which recoveries 

were > 87 % for the studied PFAS (Table 2.1.3). Therefore, this clean-up was selected for 

further experiments. 

 

 

Table 2.1.3. Clean-up method comparison between dispersive ENVI-Carb and Oasis WAX. 

 

Analytes 

% Recoveries (RSD %)
a 

Dispersive ENVI-Carb Oasis WAX 

PFBA 101 (7) 96 (1) 

PFPeA 96 (8) 94 (2) 

PFHxA 107 (8) 95 (1) 

PFHpA 136 (7) 87 (1) 

PFOA 102 (6) 92 (3) 

PFNA 142 (38) 92 (1) 

PFTeDA 101 (10) 103 (2) 

PFBS 87 (12) 74 (4) 

PFPeS 106 (8) 93 (5) 

PFHxS 103 (6) 100 (3) 

PFHpS 107 (6) 96 (4) 

PFOS 101 (5) 101 (3) 

PFNS 104 (5) 58 (27) 

PFDS 107 (9) 56 (38) 

PFDoS 103 (8) 35 (16) 
a
 For dispersive ENVI-Carb RSD % n=6; for OasisWAX RSD %, n=3. 

 

 

2.1.7.1.3 Extraction and dispersive ENVI-Carb performance  

 

The sensitivity of PFAS measurement in LC-MS/MS can be affected either by inadequate 

extraction/clean-up and/or due to presence of interferences in hair (matrix effects), which may 

change the MS response.  

Firstly, both extraction and clean-up steps were studied for assessing losses of the PFAS 

during the method development.  
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Therefore, a set of experiments were conducted where the samples were spiked before 

extraction, before clean-up or after clean-up. The first two experiments (before extraction and 

before clean-up) help to clarify if there are main losses occurring from the ultrasound 

extraction, while the steps involving the clean-up (before and after) will help to identify losses 

and contribution of this step for improving the PFAS detection. Thus, the recoveries were 

determined and compared between experiments. The % R were up from 76 %, 65 % and 74 % 

before extraction, before clean-up and after clean-up, respectively. As result, it is suggested 

that minimal losses occurred during extraction or clean-up and that the clean-up helps to 

remove some compounds that might interfere with PFAS detection (Fig 2.1.1), except for 

PFBA where the clean-up seems not be beneficial (ratio before extraction and after clean-up 

is > 1).  

Secondly, the matrix effect which causes difficulties in extraction and/or analysis (ion 

suppression or enhancement) was also assessed for all compounds. The same extraction and 

clean-up procedures were applied to the hair samples, where the spike of IS and PFAS (1.5 

ng) were only added at the end of the extraction and prior to the injection into the LC-MS. 

Here, the matrix effect was assessed based on the ratio between the response of extracted 

samples containing the analytes (A) and the response of a standard injected in the LC at the 

same concentration (B).  

Afterwards, there is a positive matrix effect if A/B × 100 is higher than 100 % (Annesley 

2003; Berg and Strand 2011) and a negative effect if this ratio is below than 50 %. These 

experiments showed that there are matrix effects associated to the hair matrix, namely ion 

enhancement in 5 to 14 % depending on the compound and predominantly observed for 

PFHxA, PFHpA, PFNA, PFHpS, PFOS, PFNS and PFDoS, while for PFBA, PFPeA, PFOA, 

PFTeDA, PFBS, PFPeS, PFHxS and PFDS, the ion suppression is the major observed effect 

(<38 %). 
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Fig 2.1.1. Isolation of extraction and clean-up steps for the evaluation of the PFAS extraction 

from hair. 

 

 

2.1.7.1.4 Influence of hair type  

 

The aim of this part in the study was to bring new insights in the method performance 

using different types of hair, namely to assess if a specific type of hair has any influence on 

PFAS retention or release from hair. Thus, the experiments were conducted for six different 

types of human hair (brown, dark brown mixed with gray, black, blond, ginger (dyed) and 

gray). 

Hair is mainly composed of 65-95 % proteins including keratin, 15-35 % water, 1-9 % 

lipids, residual amounts of minerals and polysaccharides (Kintz 1996 and 2005). The use of 

hair in HBM studies is truly complex due to several intrinsic factors (i.e. type of hair, color, 

amount of melanin and keratin), external factors like dietary or smoking habits (Schramm 

2008) and mechanistic/kinetic factors related to the incorporation of chemicals (e.g. 

passive/active diffusion, pH, lipophilicity, external sources) which play an important role for 

explaining the incorporation route and the levels of the chemicals detected in human hair 

(Król et al. 2013; Pragst and Balikova 2006; Wennig 2000). From our knowledge, there are 

some factors like melanin content (not measured here), which usually play an important role 

in drug’s binding affinities to the hair structure and not neglecting of course, the chemical 

properties of the target compounds (Joseph et al. 1996; Kintz P 2005; Kronstrand et al. 1999; 

Slawson et al. 1998). For instance, brown and black hair have more eumelanin than blond or 

red hair which is more rich in pheomelanin (Ozeki et al. 1996). 
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Still, higher total melanin content (eumelanin and pheomelanin) was found in human black 

hair which contains approximately 99 % of eumelanin and 1 % pheomelanin (Borges et al. 

2001). At the same time, brown and blond hair seems to have identical proportion of 

eumelanin (95 %) and pheomelanin (5 %). However, Ito et al. (2011) concluded that 

eumelanin content is dependent on the color intensity, i.e., black hair has more eumelanin 

than light brown or even blond hair (ranged between 22.2 and 4.7 μg/mg hair). 

Previous studies for incorporation of drugs and their metabolites (e.g. cocaine and 

morphine) in this matrix suggested that higher binding effect occurs in pigmented hair (Rothe 

et al. 1997), while in vitro studies confirm that basic drugs bind more easily to melanin 

structure (Claffey et al. 2001; Pötsch et al. 1997) than the acidic drugs (Pragst and Balikova 

2006). Nevertheless, the total melanin or eumelanin and/or pheomelanin were not determined 

in this study. 

On the one hand, the hair structure itself is a crucial parameter for drug’s or environmental 

pollutants incorporation, on the other hand the pharmacological properties like the 

basicity/acidity and lipophilic properties (Pragst and Balikova 2006) of these substances also 

are relevant for the incorporation process through the blood stream if the internal exposure is 

considered the main pathway. Besides, some studies revealed that PFAS bind to serum 

proteins (Vanden Heuvel et al. 1991; Kannan et al. 2001), these substances are not basic (high 

pKa) and are not lipophilic, like other persistent organic pollutants (POPs) (e.g. 

organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs) or polybrominated 

diphenyl ethers (PBDEs)) (D’Havé et al. 2005; Zhang et al. 2007) for which their detection in 

hair seems much easier. In this sense, polar compounds like PFAS will theoretically migrate 

less from the blood stream into the hair. Moreover, hair is a complex matrix that has multiple 

sites (or body compartments like skin tissues that surround the hair follicle) where drugs can 

enter, via diverse mechanisms (i.e., diffusion from blood to the actively growing follicle, from 

secretions of the apocrine and sebaceous glands (sweat and sebum) or from the external 

environment) during the hair growth cycle (Henderson 1993). For instance, in the case of 

drugs of abuse including amphetamines, cocaine or alcohol, the transfer via sweat and sebum 

(sebaceous and apocrine gland secretions) may be important vehicles for their incorporation 

in hair (Henderson 1993). 

Thus, the determination of how (i.e. the most likely via) and in what extend PFAS can 

interact with hair is yet unknown. The use of this non-invasive matrix in HBM of 

environmental pollutants is considered a new approach, so more investigation about the 

binding mechanisms into hair is highly recommended. 

In this study for  assessing the hair type influence, the results showed that the extraction 

efficiency of PFAS from different types of hair samples (brown, dark brown mixed with gray, 

black, blond, ginger (dyed) and gray) ranged from 56 to 146 % (Fig 2.1.2).  

Accordingly, a similar compound profile was seen in all samples (r=0.057 by ANOVA 

analysis for 95 % confidence level), suggesting that the extraction of PFAS is not dependent 

of the type of hair. However, blond hair had the highest variability among the studied samples 

while the black and black mixed with gray hair displayed the lowest variance.  
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Therefore, these results can lead us to two hypotheses: 1) the binding process of PFAS into 

the hair is not regulated by melanin content (i.e. assuming that there are different melanin 

content per type of hair as already described in the literature (Ito et al. 2011; Ozeki et al. 

1996); 2) if the matrix was not completely destroyed during extraction, hindering the analyte’ 

release from the hair shaft (internal exposure), thus only a certain amount of PFAS deposited 

onto the hair surface was measured (external exposure). It is important to highlight that 

solvent extraction without acid or basic digestion is the most common technique to measure 

PFAS in hair. The use of strong extraction conditions might promote problems in MS 

response, once other components (non-volatile) can be released from the matrix (Li et al. 

2012). 

Although, the PFAS incorporation in hair through deposition (e.g. air, dust) in its surface 

counts for the total exposure assessment, it seems difficult to distinguish the specific 

contribution via endogenous and exogenous sources (Zhang et al. 2007). Also, the external 

contamination from hair probably cannot be removed completely suggesting that the detected 

levels of contaminants in hair translate the contribution from both endogenous and exogenous 

exposure (Li et al. 2013; Zhang et al. 2007), however without clear certainty yet whether the 

PFAS incorporation in hair is mainly due to the endogenous sources (via blood) or by external 

deposition into the hair shaft.  

 

 

 

Fig 2.1.2. Extraction recoveries of PFAS for six types of human hair. 
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2.1.7.1.5 Assessment of inter-individual hair variation 

 

 

Further investigation of extraction efficiency of PFAS from similar type of hair, i.e. 

different brown hair samples (collected from distinct individuals) was conducted in triplicate 

to assess whether the matrix effect for brown hair (the major type of collected hair from the 

population) is higher than the other tested hair types and if there are even significant 

differences between individuals with same type of hair (Fig 2.1.3). 

The PFAS extraction recoveries were evaluated in brown hair for six individuals, 

evidencing high variability among the recoveries for PFNS, PFDS and PFDoS. This was true, 

especially for hair samples 2, 3 and 6 (RSD % between 8.8 and 13 % for PFNS, 12 and 24 % 

for PFDS and 27 and 53 % for PFDoS) and lower recoveries (especially for PFDoS in brown 

hair 2 where recovery was < 10 %). However, after performing an ANOVA test for 95 % 

confidence interval (p<0.05), significant differences (r=0.0093) between these six hair 

samples were found. Sample 2 contributed for the highest variance and sample 4 for the 

lowest variance among the studied PFAS in brown hair. 

Most often, the amount and availability to collect hair from the same individual is limited 

which oblige to mix different types of samples in a pool sample, increasing indubitably the 

uncertainty and reproducibility level of the results depending on the analytes. Nevertheless, 

whenever possible, it is advised to either develop and validate the analytical method using the 

same sample or at least a pool of homogenized samples from same type of hair (e.g. brown) 

which helps to reduce or exclude variability factors inherent to the hair matrix (e.g. gender, 

age, type/color, anatomical region, growth rate, ethnicity) (Wennig 2000). Other authors, also 

suggest that when the desirable amount of head hair is not available, the collection of hair 

from other parts of the body (e.g. pubic, underarm and beard) is still possible, although more 

difficult to perform considering important aspects like the personal privacy and the collection 

integrity (Cooper et al. 2012). 

The aim of both experiments (using different and similar types of hair) was to evaluate the 

PFAS extraction by the inter- and intra-dependency of type of hair for further decision on 

which hair type to use in the method validation.  
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Fig 2.1.3. Extraction efficiency (% R) for six brown hair samples. 

 

 

2.1.7.2 Method validation 

2.1.7.2.1 Precision (intra-day and inter-day) and accuracy 

 

The method precision (% RSD) of the method was evaluated by the intra (repeatability; 

n=6) and inter-day (intermediate precision; n=6, 3 consecutive days) variation for two spiking 

levels (low spike level of 5 ng/g hair and high level of 15 ng/g hair). The % RSDwithin and % 

RSDbetween for intra-day and inter-day, respectively were assessed by ANOVA analysis (Table 

4). The intra-day precision ranged between 3.2 and 19 % and the inter-day precision ranged 

between 0.7 and 6.9 % for the two spiking levels. The uncertainty for the HQ (15 ng/g) was 

26 % (the highest) only for three compounds (PFBA, PFPeA and PFDoS) while for the other 

PFAS the uncertainty for the HQ varied between 7 % and 14 %. The uncertainty associated to 

the measurements for the LQ (5 ng/g) was only 40 % for the PFDoS but for the other analytes 

it was good and below 21 %. 

The accuracy was assessed by the % recoveries of PFAS in hair and was determined for 

the two spiking levels (5 and 15 ng/g). For the lowest spike level recoveries ranged between 

68 % and 114 % and for the highest level ranged between 70 % and 121 % (Table 2.1.4). 
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2.1.7.2.2 Linearity, limits of method quantification (LOQm), instrumental limit of 

detection (LODi) and quantification (LOQi) 

 

Eight concentration levels of PFAS standards were used to perform the matrix-matched 

calibration curves (0.02-25 ng/g). The calibration curve showed a linear fit with a correlation 

(r²) above 0.99 (Table 2.1.4). 

The instrumental limits of quantification (LOQi) and limits of detection (LODi) were 

calculated based on signal-to-noise ratio (10 × S/N and 3 × S/N, respectively) of the lowest 

matrix-matched calibration standard. The compounds that were not quantified in the hair 

samples (non-detects), had their values reported as below LOQm or LOQi (for the PFAS 

which were not detected in procedural blanks, i.e., the PFPeS, PFHpS, PFDS and PFDoS). 

The LOQm ranged between 6 and 301 pg/g, the LOQi ranged between 3 and 13 pg/g  and 

the LODi ranged between 1 and 4 pg/g (Table 2.1.4). 

The matrix effect was further evaluated comparing the slopes of both matrix-matched and 

solvent standard calibrations (Ma et al. 2013a). Differences between the slopes for matrix 

matched and solvent based calibration differed up to 63 %, which confirms the need for using 

matrix matched calibration. Thus, all deviations for PFAS detection in hair are corrected by 

the matrix-matched calibration. 

 

 

2.1.7.2.3 Quality control (QC) 

 

The QC was verified by the injection of matrix-matched standard every ten samples where 

the variation (%) between injections was far below than 5 %. Also, the levels of PFAS in 

procedural blanks (spiked with 5 ng/g of IS) were determined for examination of external 

contamination during sample preparation and/or instrumental analysis. Some PFAS were not 

detected in any of the blanks, including the PFPeS, PFHpS, PFDS and PFDoS. Nevertheless, 

for the other PFAS which were detected in blanks, their levels were equal or even lower than 

the LOQm, except for the PFHxS which had levels in blanks 2 times higher than the LOQm. 

All the PFAS levels measured in the procedural blanks were constant and were subtracted 

from the levels measured in the hair samples. 
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Table 2.1.4. Repeatibility and intermediate precision (% RSD) for hair samples (n=6). 

 

Compound 

Q low (5 ng/g, n=6) Q high (15 ng/g, n=6) 

LOQm
d 

(pg/g) 

LOQi
e
 

(pg/g) 

LODi
f
 

(pg/g) 
R

2 

RSD % 

intra-day
a
 

RSD % 

inter-day
b
 

Recovery 

(%) 
U (%)

c
 

RSD % 

intra-day
a
 

RSD % 

inter-day
b
 

Recovery 

(%) 

U 

(%)
c 

PFBA 9.1 3.4 102 19 

 
12.0 4.4 103 26 19 13 4 0.998 

0.999 

0.998 

0.998 

0.999 

0.998 

0.998 

0.994 

0.993 

0.997 

0.995 

0.996 

0.996 

0.995 

0.991 
 

PFPeA 9.1 3.4 109 19 12.0 4.4 111 26 17 12 4 0.999 

PFHxA 8.9 3.2 116 19 3.9 1.3 117 8 20 11 3 0.998 

PFHpA 8.7 2.4 118 18 4.3 1.6 121 9 17 7 2 0.998 

PFOA 7.8 2.6 107 16 5.4 2.0 110 12 20 5 1 0.999 

PFNA 9.9 3.0 104 21 3.3 2.4 110 8 144 9 3 0.998 

PFTeDA 6.8 4.9 96 17 5.2 2.2 100 11 301 8 2 0.998 

PFBS 8.5 0.9 110 17 4.2 1.6 111 9 6 5 1 0.994 

PFPeS 8.4 0.7 108 17 4.1 0.8 111 8 ND 8 2 0.993 

PFHxS 8.3 1.6 108 17 3.8 1.1 110 8 13 5 1 0.997 

PFHpS 8.3 1.0 104 17 4.4 0.9 108 9 ND 4 1 0.995 

PFOS 8.7 3.2 114 18 4.5 1.7 114 10 97 4 1 0.996 

PFNS 10.0 3.7 109 21 3.2 1.7 111 7 15 5 1 0.996 

PFDS 10.0 3.7 106 21 6.4 2.4 104 14 ND 6 2 0.995 

PFDoS 18.6 6.9 68 40 11.6 3.6 70 24 ND 3 1 0.991 
a 

Relative Standard Deviation (RSD %) within days (intra-day precision calculated by ANOVA, 95 % confidence level); 
b
 Relative Standard Deviation (RSD %) between 3 consecutive 

days (inter-day precision calculated by ANOVA, 95 % confidence level), 
c 
Expanded uncertainty, coverage factor k=2; 

d 
LOQm – Method Limit of Quantification (2 × SD blank); 

e 
LOQi- 

Instrumental Quantification Limit (10 × S/N) of the lowest matrix-matched standard (0.02 ng/g); 
f
 LODi- Instrumental Detection Limit (3 × S/N) of the lowest matrix-matched standard 

(0.02 ng/g); ND-Not determined (non-detects in blanks) 
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2.1.7.3 Applicability to hair samples 

 

In total, PFAS levels were determined in 30 hair samples (blank corrected) collected from 

different individuals and the levels varied between 14 and 1534 pg/g (above LOQm) (Table 

2.1.5). The variability in the detection frequency shows that in general more 

perfluorosulfonates than perfluorocarboxylic acids were detected in hair (17 % against 15 %, 

respectively for the overall studied samples). The most detected PFAS (>LODi) were the 

PFBA, PFPeA, PFHxA, PFOA, PFBS, PFHxS and PFDoS (> 30 %), whilst PFHpA, PFNA, 

PFTeDA, PFPeS, PFHpS, PFOS and PFNS were not detected in any sample. However many 

of the detected compounds were not quantified, as the levels present in hair were below the 

LOQm (e.g. for PFNA and PFOS) for this population. On contrary, PFBA, PFHxA, PFOA, 

PFBS, PFHxS and PFDoS were quantified in more than 60 % of the samples. More, PFBA, 

PFPeA, PFHxA, PFOA, PFBS, PFDS and PFDoS are detected and quantified at the same % 

rate (Table 5), i.e., each individual compound was detected (>LODi) and quantified (>LOQm 

or LOQi) in the same number of samples, showing that is possible, not only to identify but 

also measure these PFAS in human hair (Fig 2.1.4). 

 

 
 

Fig 2.1.4. Chromatograms of PFAS detected and quantified at same (%) rate in human hair. 

 

 

 Still, in this study average values of PFAS in hair are not high, ranging between 30 and 

214  pg/g.  

The present method allows a higher method sensitivity and lower quantification levels 

(pg/g hair) compared to previously published methods (Li et al. 2012 and 2013; Perez et al. 

2012). Also, less variability of detected PFAS among the studied individuals was reported, 

where levels in hair are shown in the same order of magnitude or up to 10 times higher for the 

same compound, except for PFBA in which the minimum and the maximum levels varied 

from 1 to 100 times of magnitude difference (pg/g). 
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Although the levels reported for human hair in the present study are not high compared 

with previous HBM studies (Li et al. 2012 and 2013; Perez et al. 2012), we clearly 

demonstrated that more than half of the analyzed PFAS (8 PFAS in total of 15) can be 

measured in hair (Table 2.1.5). Previous studies have reported the presence of up 8 PFAS in 

hair ( Li et al. 2012 and 2013; Perez et al. 2012).   

Moreover, this study shows that particularly the long-chain PFAS (e.g. PFHxS or PFDoS 

were quantified in more than 60 % of the studied population) can be monitored in hair, which 

is not possible in urine samples, in which they are not easily detected due to the low excretion 

rate (Zhang et al. 2013b). Here, the proposed method demonstrates that both short and long-

chain PFAS are efficiently extracted from hair. 

In the literature, PFAS can be detected in human hair ( Li et al. 2012 and 2013; Perez et al. 

2012), although at extremely high variable concentrations (from < LOQm to approximately 46 

ng/g level, depending on the studied compound). For instance, hair samples collected in the 

general population in China ( Li et al. 2012 and 2013) revealed that most of the PFAS were 

not detected at high levels or in a high detection frequency compared to serum or urine. Only 

PFOS and PFOA showed representatively detection frequency (near or equal to 100 %) within 

the studied population (levels in hair ranged between < LOQ and 6.7 ng/g). Also, in a study 

conducted by Li et al. (2012) it was highlighted that hair, when compared with other non-

invasive samples like nails, this matrix does not reflect so significantly the human exposure to 

the overall studied PFAS, as opposed to another study (Li et al. 2013) where for both matrices 

a high correlation for PFOS and PFOA with serum (r=0.545 and r=0.786) was observed.  

On the other hand, Perez et al. (2012) analyzed a more exposed population in Barcelona, 

where 8 PFAS were studied in 24 hair samples, nevertheless only 20 % of overall detects 

(levels ranged between 0.4 to 45.9 ng/g) were reported. Again, PFOA and PFOS were the 

most detected PFAS, although present in only 8 and 11 hair samples, respectively. 

On the contrary, the least detected was PFDA (1 sample) and PFBS (2 samples), which the 

highest level of this study was reported for PFDA (45.9 ng/g), therefore not representing at all 

the human exposure to these two analytes over hair analysis. 

These studies show that human exposure to PFAS can be assessed through hair, albeit at 

variable levels. Therefore, more studies should be conducted for different general (non-

exposed) and exposed (e.g. ski wax technicians, people working and/or living in highly 

industrialized areas) sub-populations. An evaluation of those sub-populations could help to 

identify more significantly and in what extend is the importance of measuring PFAS in hair. 

 

 

2.1.8 Concluding remarks 

 

In the present study, a new, faster and more environmental friendly extraction method to 

measure PFAS in human hair (100 mg) was developed using ethyl acetate as extraction 

solvent followed by dispersive ENVI-Carb for clean-up. The high sensitivity of the proposed 

method resulted in high accuracy for quantifying PFAS at low levels (pg/g) in human hair.  
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Table 2.1.5. PFAS levels in human hair (n=30). 

Sample PFBA PFPeA PFHxA PFHpA PFOA PFNA PFTeDA PFBS PFPeS PFHxS PFHpS PFOS PFNS PFDS PFDoS 

1 548 <LOQm <LOQm <LOQm 47 <LOQm <LOQm 78 <LOQm 17 <LOQm <LOQm
a
 <LOQm <LOQm <LOQm 

2 <LOQm
a
 80 46 <LOQm 49 <LOQm

a
 <LOQm 62 <LOQm <LOQm

a
 <LOQm <LOQm

a
 <LOQm <LOQm 28 

3 <LOQm <LOQm 33 <LOQm <LOQm <LOQm <LOQm 38 <LOQm <LOQm <LOQm <LOQm
a
 <LOQm <LOQm 37 

4 46 <LOQm 42 <LOQm 46 <LOQm <LOQm 50 <LOQm 23 <LOQm <LOQm
a
 <LOQm <LOQm 87 

5 <LOQm 79 42 <LOQm 39 <LOQm <LOQm 54 <LOQm <LOQm
a
 <LOQm <LOQm

a
 <LOQm <LOQm 21 

6 96 <LOQm 67 <LOQm 53 <LOQm
a
 <LOQm 66 <LOQm 19 <LOQm <LOQm

a
 <LOQm <LOQm 59 

7 57 <LOQm <LOQm <LOQm 42 <LOQm <LOQm 34 <LOQm 178 <LOQm <LOQm
a
 <LOQm <LOQm <LOQm 

8 55 81 44 <LOQm 57 <LOQm
a
 <LOQm 52 <LOQm <LOQm

a
 <LOQm <LOQm

a
 <LOQm <LOQm <LOQm 

9 37 72 42 <LOQm 36 <LOQm <LOQm 60 <LOQm 21 <LOQm <LOQm
a
 <LOQm <LOQm <LOQm 

10 27 <LOQm <LOQm <LOQm 48 <LOQm <LOQm 41 <LOQm 140 <LOQm <LOQm <LOQm <LOQm 91 

11 50 83 51 <LOQm 39 <LOQm <LOQm 74 <LOQm <LOQm <LOQm <LOQm <LOQm <LOQm 25 
12 59 67 43 <LOQm 32 <LOQm <LOQm 47 <LOQm <LOQm

a
 <LOQm <LOQm <LOQm <LOQm 33 

13 <LOQm <LOQm <LOQm <LOQm 43 <LOQm <LOQm 52 <LOQm <LOQm
a
 <LOQm <LOQm

a
 <LOQm 30 57 

14 31 <LOQm <LOQm <LOQm 37 <LOQm <LOQm 44 <LOQm 61 <LOQm <LOQm
a
 <LOQm <LOQm <LOQm 

15 40 70 49 <LOQm 37 <LOQm <LOQm 50 <LOQm 33 <LOQm <LOQm
a
 <LOQm <LOQm <LOQm 

16 41 86 49 <LOQm 48 <LOQm <LOQm 52 <LOQm <LOQm
a
 <LOQm <LOQm

a
 <LOQm <LOQm <LOQm 

17 91 <LOQm 55 <LOQm 41 <LOQm <LOQm 63 <LOQm 14 <LOQm <LOQm
a
 <LOQm <LOQm 35 

18 32 <LOQm 46 <LOQm 74 <LOQm <LOQm 55 <LOQm 34 <LOQm <LOQm
a
 <LOQm <LOQm 69 

19 <LOQm <LOQm <LOQm <LOQm 39 <LOQm <LOQm 51 <LOQm 16 <LOQm <LOQm
a
 <LOQm <LOQm <LOQm 

20 48 <LOQm 60 <LOQm 43 <LOQm
a
 <LOQm 51 <LOQm <LOQm

a
 <LOQm <LOQm

a
 <LOQm <LOQm 25 

21 <LOQm <LOQm 39 <LOQm 25 <LOQm <LOQm 46 <LOQm 20 <LOQm <LOQm <LOQm <LOQm <LOQm 
22 75 <LOQm 54 <LOQm 54 <LOQm <LOQm 44 <LOQm <LOQm <LOQm <LOQm

a
 <LOQm <LOQm <LOQm 

23 72 <LOQm <LOQm <LOQm 69 <LOQm <LOQm 36 <LOQm 20 <LOQm <LOQm
a
 <LOQm <LOQm 88 

24 400 <LOQm <LOQm <LOQm 30 <LOQm <LOQm 43 <LOQm 276 <LOQm <LOQm
a
 <LOQm <LOQm 31 

25 56 81 50 <LOQm 45 <LOQm <LOQm 52 <LOQm <LOQm
a
 <LOQm <LOQm <LOQm <LOQm 22 

26 1323 <LOQm 40 <LOQm 42 <LOQm
a
 <LOQm 65 <LOQm 19 <LOQm <LOQm <LOQm <LOQm 46 

27 <LOQm <LOQm <LOQm <LOQm <LOQm <LOQm <LOQm 42 <LOQm 44 <LOQm <LOQm
a
 <LOQm <LOQm <LOQm 

28 60 <LOQm 42 <LOQm 51 <LOQm <LOQm 120 <LOQm 19 <LOQm <LOQm
a
 <LOQm <LOQm 28 

29 135 <LOQm <LOQm <LOQm 68 <LOQm <LOQm 67 <LOQm <LOQm <LOQm <LOQm
a
 <LOQm <LOQm 49 

30 1534 <LOQm <LOQm <LOQm <LOQm <LOQm <LOQm 74 <LOQm 68 <LOQm <LOQm <LOQm <LOQm 38 

Average 214 77 47 <LOQm 46 <LOQm <LOQm 55 <LOQm 57 <LOQm <LOQm <LOQm 30 46 
Min 27 67 33 0 25 0 0 34 0 14 0 0 0 30 21 

Max 1534 86 67 0 74 0 0 120 0 276 0 0 0 30 91 

% Quantification 77 30 63 0 90 0 0 100 0 60 0 0 0 3 63 

% Detects 77 30 63 ND 90 17 ND 100 ND 87 ND 73 ND 3 63 

ND-Not detected; 
a
 <LOQm-Levels in hair are <LOQm but are detectable (>LOQi)
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3.1 TOWARDS MICROEXTRACTION METHODS 

 

Liquid phase microextraction (LPME) is a popular technique for sample pretreatment 

before the trace determination of the target analytes from complex biological samples such as 

blood, serum, plasma or liver and diverse environmental/food matrices (e.g. soil, waters, 

sewage sludge, alcohol beverages, see food, etc.) (Han and Row 2011). In the past, techniques 

such as liquid-liquid extraction (LLE) or SPE were widely used in order to remove 

interferences and concentrate the analytes in the organic extract. Nevertheless, the LLE is not 

sensitive enough for trace analysis, requires large amounts of toxic solvents and the workflow 

is time-consuming and tedious. Likewise LLE, SPE also required the use of large volume of 

toxic solvents (pre- and post-conditioning and elution steps). With regard to overcome current 

drawbacks associated to the use of non-environmental friendly techniques, solid-phase 

microextraction (SPME) and liquid-phase microextraction (LPME) techniques emerged (Han 

and Row 2011; Pena-Pereira et al. 2010). Among these techniques, LPME is a more attractive 

alternative, possessing many advantages such as simplicity, lower cost, negligible 

consumption of organic solvents, and high enrichment efficiency. After, there was  still a need 

of developing other environmental friendly techniques (derived from the LPME) based on the 

microextraction. So far, innumerous techniques such as single drop microextraction (SDME, 

Jeannot and Cantwell 1996), hollow fiber-LPME based (HF-LPME, Pedersen-Bjergaard and 

Rasmussen 1999), dispersive liquid-liquid microextraction (DLLME, Rezaee et al. 2006), 

directly-suspended droplet microextraction (DSDME, Yangcheng et al. 2006), solidification 

of floating drop microextraction (SFDME, Reza et al. 2007), continuous flow microextraction 

(Liu and Lee 2000) among other, were developed.  

These enrichment methods were successfully explored for extracting diverse chemicals 

(e.g. pesticides, alkylphenols, nitrosamines, pharmaceuticals, metals, etc.) from a wide range 

of matrices including food, water, soil, sediments or industrial, effluents (Asensio-Ramos et 

al. 2011; Han and Row 2011). 

Among all these techniques, DLLME called more attention, therefore its potential for 

extraction some of the target compounds from nails was explored in this work. The main 

feature of this microextraction is based on the formation of a ternary solvent component 

system involving an aqueous phase, a non-polar water immiscible solvent (extracting solvent), 

and a polar water miscible solvent (disperser solvent) (Fig 3.1). Upon mixing, the three 

components in the aqueous phase, a stable cloudy solution containing thousands of very tiny 

drops is formed. The intimate contact of the organic extraction solvent with the dispersion 

solvent (i.e. sample extract) facilitates transfer of the analytes in aqueous phase simply by the 

effect of solvent partitioning (Yan and Wang 2013).  

Mixing the three components ensures equilibration within a few seconds due to the large 

interface between the multiple fine extractor droplets and the aqueous solution. This step is 

crucial once only ternary mixtures that form stable emulsions and that are separable into two 

distinct phases after centrifugation, are a result of a successful DLLME.  
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If no stable cloudy state and no sedimented phase is observed, it means that the triphasic 

phase in DLLME was not successfully reached, therefore the analyte’s transfer from the 

samples to the small organic droplets did not occur. 

In this technique, many factors influence the microextraction efficiency (e.g. extraction 

solvent nature and volume, dispersion solvent nature and volume, extraction time, stirring 

rate, pH and ionic strength of the sample solution), therefore they are optimized during 

method development. 

 

 

 

 
 

Fig 3.1. Dispersive Liquid-Liquid Microextraction (DLLME) scheme. 
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3.2 DEVELOPMENT OF A NEW ULTRASOUND EXTRACTION 

COMBINED WITH DISPERSIVE LIQUID-LIQUID 

MICROEXTRACTION (US-DLLME) FOR BIOMONITORING OF 

PHTHALATE METABOLITES IN NAILS 

 

Based on the following publication:  

 

Alves A, Vanermen G, Covaci A, Voorspoels S. Ultrasound assisted extraction combined 

with dispersive liquid-liquid microextraction (US-DLLME) – a fast new approach to measure 

phthalate metabolites in nails. Anal Bioanal Chem (2016) 408: 6169-6180. 

 
 

3.2.1 Introduction 
 

Since the 1920s, PEs have been used worldwide in several consumer products (e.g. 

personal care products, perfumes, upholstery, food containers, toys, medical devices, insects 

repellents, antifoaming agents, building products, etc.) mainly as plasticizers, additives, 

emollients, humectants or sealants (Adibi et al. 2003; Alves et al. 2014; Barr et al. 2003; 

Braun et al. 2013; Romero-Franco et al. 2011; Wittassek et al. 2011). 

The ubiquitous presence of PEs combined with the unexpected external contamination 

(e.g. for food during processing, handling, packaging or storage) makes the identification of 

the main routes (ingestion, dermal contact, hand-mouth contact) and factors (food, water, 

environment) that contribute for the total human exposure much more difficult to achieve 

(Wittassek et al. 2011). Also, it is known that PEs are constantly released into the 

environment by direct release, migration, evaporation, leaching and abrasion of/from the 

products they are used in. Consequently, they can be detected in different types of 

environmental samples such as indoor dust (Abb et al. 2009; Bornehag et al. 2005) and/or 

(personal) ambient air (Adibi et al. 2003).  

Even though (preventive) regulatory measures for controlling and/or reducing human 

exposure to PEs are in place (EU 2003, 2005, 2006c and 2009a), there is an increased interest 

for HBM of these substances and/or metabolites in certain populations at risk (e.g. 

pregnant/breastfeeding women, children/adolescents, etc.) (Adibi et al. 2003; Frederiksen et 

al. 2010; Huang et al. 2007; Romero-Franco et al. 2011).  

Due to the fast metabolism (short half-life) of PEs in the human body, urine is seen as a 

suitable matrix for assessing PE exposure, where the measurements in this matrix are 

considerable easy and fast (Barr et al. 2003; Braun et al. 2013; Frederiksen et al. 2010; Kato 

et al. 2007; Koch et al. 2013a; Koch et al. 2012; Kondo et al. 2010; Preuss et al. 2005; 

Romero-Franco et al. 2011; Servaes et al. 2013). Nevertheless, the dilution effect of certain 

metabolites even after creatinine-adjustment in urine (e.g. mono (ethyl hexyl) phthalate, 

MEHP) (Alves et al. 2014; Barr et al. 2003) can be seen as a considerable disadvantage (Barr 

et al. 2004).  
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To overcome this gap alternative non-invasive samples like hair (Chang et al. 2013), saliva 

(Hines et al. 2009; Koch et al. 2012) or nails (explored in this study), seem to be promising 

alternatives in HBM studies (Alves et al. 2014), although not yet very much explored due to 

the high frequency of non-detects (due to underperforming methods) or lack of validation to 

translate significant internal exposure (Chang et al. 2013; Hines et al. 2009; Silva et al. 

2005a).  

Such alternative matrices might possess major advantages over the invasive (e.g. blood) 

and urine samples. They can reflect a much broader exposure time window (days, months or 

years) and by the easier, faster sampling and handling, long term storage and high stability 

(Alves et al. 2014). More, the correlation between non-invasive matrices and serum/blood 

makes them a suitable potential surrogate matrix for measuring the bioavailability of PEs in 

humans (Silva et al. 2005a). 

A point of concern however is the lack of novel extraction/analytical methods able to 

detect PE metabolites at trace levels in those non-invasive biological samples. Most of the 

methods presented in the current literature (Chang et al. 2013; Frederiksen et al. 2010; Kato et 

al. 2007; Kondo et al. 2010; Romero-Franco et al. 2011) for assessing PE metabolites either in 

liquid or solid matrices, involve a (rather labor intense) solid phase extraction (SPE) or liquid- 

liquid extraction (LLE) followed by liquid chromatography tandem mass spectrometry (LC-

MS/MS) analysis. 

To our expectation, miniaturization of sample preparation and/or extraction can result in 

the required quantification limits to measure the levels at the ng/g or pg/mL range. One 

possible approach is dispersive liquid-liquid microextraction (DLLME). The main feature of 

DLLME is the miniaturization of the extraction, leading therefore to enormous advantages 

including speed, ease, less waste of organic (and toxic) solvents, handling low solvent 

volumes (µL), combination of ultra-concentration and clean-up, low cost, and simplicity 

(Rezaee et al. 2006). Due to these advantages, DLLME and/or its combination with other 

techniques (solid phase extraction, ultrasonication, solidification of single drop, for example) 

has gained an increased importance in distinct application fields (environmental, food, 

pharmaceutical, inorganic, etc.)  (Albero et al. 2015; Alves et al. 2011, 2011b and 2012; 

Ghani et al. 2004; Han and Row 2011). In particular, DLLME-based techniques have been 

also widely used to determine phthalate esters in water, wine, food, cosmetics, etc (Cinelli et 

al. 2013; Guo and Lee 2013; Pérez-Outeiral et al. 2016; Viñas et al. 2015).  

In contrast, the use of microextraction techniques for assessing PE metabolites is very rare. To 

our knowledge, only one study by Sun et al. (2013) assessed bis-(2-ethylhexyl) phthalate 

(DEHP) metabolites in urine using a DLLME-based approach. 

Thus, in the present study we proposed the use of the DLLME in combination with 

ultrasound for assessing low ng/g levels of seven PE metabolites (including MEHP, mono(2-

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

MEHP), mono-n-butyl phthalate (MnBP), mono-isobutyl phthalate (MiBP), monoethyl 

phthalate (MEP) and mono-benzyl phthalate (MBzP)) in human nails. For the first time, a fast 

and more environmentally friendly US-DLLME approach based on a combinatorial Taguchi 

design is developed and optimized.  
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3.2.2 Experimental section 

3.2.2.1  Chemicals, materials and equipment 

 

The neat phthalate metabolites including MEHP (99.9 %), MiBP (97.8 %), MnBP (97.4 

%), MBzP (99.8 %) and MEP (100 %) were supplied by Accustandard Inc. (Connecticut, 

USA). The neat MEHP oxidative metabolites (5-oxo-MEHP (>95 %) and 5-OH-MEHP 

(>96.5 %)) were provided by BCP instruments (Irigny, France). Mass-labelled internal 

standard solutions for all metabolites (
13

C4-MEHP, 
13

C4-5-oxo-MEHP, 
13

C4-5-OH-MEHP, d4-

MiBP,
 13

C4-MnBP, 
13

C4-MBzP and 
13

C4-MEP) were obtained from Cambridge Isotope 

Laboratories (Andover, USA) (95 % pure). Individual stock standard solutions of PE 

metabolites and IS were prepared on a weight basis in acetonitrile to final concentrations of 

approximately 20 µg/mL. Working standard solutions of both native and IS were prepared 

separately by mixing the individual standards in Ultra Performance Liquid Chromatography 

(UPLC)-grade acetonitrile. The spike solutions (PEs and IS) and the standard used for making 

the standard calibration curves were prepared in ultra-pure water by appropriated dilution of 

the working solutions.  

The organic solvents such as trichloroethylene, chloroform, toluene, nitric acid (65 %) and 

the acetic acid (100 %) were all purchased from Merck (Darmstadt, Germany). Acetone, 

acetonitrile (ACN) and methanol (MeOH) of UPLC-grade were purchased from Fisher 

Scientific (Loughborough, UK). Trifluoroacetic acid (TFA, 99 %) and hydrochloric acid 

(HCl, 37 %) were supplied by Sigma-Aldrich (Steinheim, Germany).  

The ultra-pure water was provided by the Millipore S.A (Advantage A10 system, Overijse, 

Belgium). Before use, all glassware was washed and heated in the oven at 450°C (overnight), 

in order to reduce the environmental contamination deposited on the glass surface. 

Afterwards, the materials were stored and protected with aluminium foil from air and dust. 

The use (and contact) with plastic materials was minimized or eliminated (e.g. septa and caps 

of centrifuge vials were covered with aluminum foil prior use). 

 

 

3.2.2.2 Samples collection and preparation 

 

Nail samples were collected among volunteers in our institute (VITO) during 2014. All 

participants were duly informed about the purpose of this study giving their consent to 

participate (Ethical approval register N° B300201316329). Before extraction, all nails were 

rinsed twice with acetone in order to remove dust particles and some residues of polish 

material. Then the samples were grinded (powdered) and homogenized in a mixer mill (30 

min, 20 Hz) and stored afterwards in a glass vial. For the method development, a pooled 

sample was prepared mixing nails from different individuals, since the amount collected from 

a single participant was not sufficient to perform all necessary development and validation 

experiments. For analysis, 30 mg of powdered nails were weighed into glass vials and spiked 

with IS (5-6 ng).  

Spiking experiments for validation and development were performed using 8 ng of MEP, 9 

ng of 5-oxo-MEHP and MBzP, 10 ng of MEHP and 5-OH-MEHP and 18 ng of MBP isomers. 
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3.2.2.3 UPLC-MS/MS analysis 

 

The instrumental analysis was performed by UPLC coupled to tandem mass spectrometer 

(Quattro Premier XE Micromass) from Waters (Mildford, MA, USA). The chromatographic 

separation was performed on an Acquity UPLC BEH phenyl column (100 mm x 2.1 mm I.D; 

1.7 µm particle size) with a Van Guard Acquity UPLC BEH C18 pre-column (5 mm x 2.1 mm 

I.D; 1.7 µm particle size). The column temperature was kept at 40 °C. 

Optimal separation was obtained using a gradient elution program as follows: water 

(solvent A) and ACN (solvent B), both acidified with 0.1 % acetic acid (v/v). The gradient 

elution program was: 0-0.5 min: 95 % A; 0.5-8 min: 95-10 % A; 8-8.5 min: 10-95 % A 

(return to initial conditions); 8.5-10 min: equilibration of the column. The mobile phase was 

discarded during the first 3 min. The flow rate was set in 0.4 mL/min and the injection volume 

was 10 µL. The total run time was 10.5 min. 

The UPLC system was coupled to the mass spectrometer (MS) interfaced with an 

electrospray ionisation source operating in negative ionization mode (ESI-). The MS 

operation conditions were as follows: the cone voltage was set at 25 V; collision cell energy 

varied between 14 and 20 eV (Table 3.2.1); dwell time varied between 0.05 and 0.25 sec; 

electrospray source block and the desolvation temperature were 120 °C and 350 °C, 

respectively; argon collision gas flow was kept constant at 0.25 mL/min; cone and desolvation 

nitrogen gas flow were set at 50 L/h and 800 L/h, respectively. The characteristic precursor 

and daughter ions that were selected for detection of PE metabolites in multiple reaction 

monitoring mode (MRM) are presented in Table 3.2.1. The daughter ions resulting from the 

transitions were used for quantification. 

 

Table 3.2.1. MRM transitions, collision energy, cone voltage and retention times for the 

target metabolites and respective IS. 

 

Compound MRM transition 
Collision energy 

(eV) 

Cone Voltage 

(V) 

Retention time 

(min) 

MEP 193>77 18 25 3.42 
13

C-MEP 197>79 18 25 3.42 

5-OH-MEHP 293>121 20 25 4.43 
13

C-5-OH MEHP 297>124 20 25 4.42 

Σ(MiBP, MnBP) 221>77 18 25 4.53 
4
d-MiBP

 
225>81 16 25 4.45 

13
C-MnBP 225>79 16 25 4.53 

5-oxo-MEHP 291>121 18 25 4.56 
13

C-5-oxo MEHP 295>124 20 25 4.56 

MBzP 255>183 18 25 4.76 
13

C-MBzP 259>107 14 25 4.76 

MEHP 277>134 16 25 6.02 
13

C-MEHP 281>137 16 25 6.02 
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3.2.3 Method development 

3.2.3.1 Extraction solvent selection  

 

Powdered nails (30 mg) were spiked with IS (5-6 ng) and native PE metabolites (8-18 ng) 

and 2 mL of TFA:MeOH solution (1M) was added. The mixture was placed in an ultrasonic 

bath at 45°C to facilitate extraction. After 2h, the extracts were collected and dispersed 

together with 120 µL of extraction solvent (see below) in 1 mL of ultrapure water in a conical 

screw-cap vial. The following extraction solvents were assessed: trichloroethylene, 

chloroform, tetrachloroethylene, chlorobenzene and toluene. Then, the samples were 

centrifuged (6 min, 2851 RCF) and the settled organic phase was collected. The solvent was 

evaporated to dryness under a gentle nitrogen flow and the residue was redissolved in 100 µL 

H2O:ACN (75:25, v/v). The selection criteria for the suitable extraction condition was based 

on the instrumental response factor (Area analyte × (IS Concentration/IS Area) and on the 

extraction efficiency (% recovery).  

 

 

3.2.3.2 Optimization of the extraction parameters based on the Taguchi design 

 

After the selection of the extraction solvent for the DLLME, other parameters such as the 

extraction time, acid media, vortex time and trichloroethylene volume (µL) were tested based 

on an orthogonal experimental array, namely called Taguchi design (Byrne and Taguchi 1987; 

Taguchi and Yokoyama 1994; Tanabe et al. 2014).  

Thus, a Taguchi design composed by 4 factors and 3 levels summarized in the Table 3.2.2 

was tested (1
st
 and 2

nd
 design). Nine experiments were carried out per design by following the 

L9 orthogonal array. Each experiment was conducted in triplicate and the averages of the peak 

areas were analyzed. Also, the S/N ratio was calculated according with the following equation 

(Byrne and Taguchi 1987; Ghani et al. 2004): 

 

𝑆

𝑁
= −𝑙𝑜𝑔10

1

𝑛
(∑

1

𝑦2
)      ( Equation 1) 

                                                                                                              

Where n is the number of observations and y the data (average of peak area).  

 

During method optimization two sets of combinatorial designs were tested (1
st
 and 2

nd
 

Taguchi design). Where the main goal of the first set of experiments was to find the best 

rough conditions, the 2
nd

 design allows to fine tune the optimal set of extraction conditions. 
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Table 3.2.2. Selected factors and levels in the 1
st
  and 2

nd
 Taguchi design for the US-DLLME. 

 

 Factors (L9 array) Level 1 Level 2 Level 3 

1
st
 Taguchi design 

US 

Extraction time (min) 15 60 120 

Acid media 
TFA:MeOH 

(1M) 

HCl:MeOH 

(1M) 

HNO3:MeOH 

(1M) 

DLLME 

Vortex time (min) 0 1 2 

Trichloroethylene volume 

(µL) 
100 120 140 

2
nd

 Taguchi design 

US Extraction time (min) 120 150 180 

 TFA concentration (M) 0.5 1 2 

DLLME Vortex time (min) 2 3 4 

 
Trichloroethylene volume 

(µL) 
140 160 180 

 

 

3.2.3.3 Optimized US-DLLME procedure for extraction of PE metabolites from human nails 

 

Two mL of TFA:MeOH mixture (2M) and 5-6 ng of IS were added to the reaction vials 

containing the powdered nails (30 mg). The samples were extracted under US for 2h at 45°C. 

After, the methanolic extract (~ 2 mL) was collected to a clean vial and used as dispersion 

solvent in DLLME. The extraction solvent, i.e., trichloroethylene (180 µL) was mixed with 

the dispersion solvent and both were simultaneously transferred at once to the 5 mL screw cap 

conic vials already containing 1 mL of ultra-pure water. A cloudy (triphasic) solution was 

formed by the fine organic droplets dispersed in the aqueous solution. The samples were then 

vortex mixed for 3 min to promote transfer of the analytes into the organic phase. After 

centrifugation (6 min, 2851 RCF), the small µL-sized drop was deposited at the bottom. The 

organic phase was collected using a µL syringe (Hamilton, Bonaduz, Switzerland) into a 300 

µL conical glass insert (Supelco, Bellefonte, USA). Finally, the organic solvent was 

evaporated to dryness under a gentle nitrogen flow, the extracts were redissolved in 100 µL of 

H2O:ACN (75:25, v/v) and 10 µL was injected in the UPLC system (Fig 3.2.1). 
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Fig 3.2.1. US-DLLME scheme for analysis of PE metabolites in human nails. 

 

 

3.2.3.4 US-DLLME method validation and nail samples analyses 

 

The method precision was evaluated by the intra- (repeatability; n=6) and inter-day 

(intermediate precision; n=3 days) variation of two spike levels (low spike level (LQ) of 4-12 

ng and high level (HQ) of 7-23 ng in nails, depending of the compound). The relative 

standard deviations within and between days (% RSDwithin and % RSDbetween) were determined 

by means of ANOVA.  

Since there is no certified reference material available for the analysis of PE metabolites in 

nails, the method accuracy was evaluated based on the recoveries (%) calculated for non-

spiked pool nail sample, LQ and HQ spike levels. The method uncertainty was expressed as 

the expanded uncertainty U using a coverage factor k=2, corresponding to a confidence level 

of 95 %. 

The quality control (QC) was ensured by analyzing the levels of the target analytes in 

procedure blanks (4 blanks extracted per day and injected in parallel with the nail extracts) 

that were spiked with same amount of IS as was used for the actual analyses.  
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The variation of the instrument performance (RSD %) during the injection of individual 

samples was evaluated by the injection a middle range standard in each ten samples 

(instrumental QC). 

The instrumental limit of quantification (LOQi) was defined as the concentration of analyte 

in the lowest calibration standard (0.3-0.7 µg/L) at which the signal-to-noise ratio of the 

quantification ion was bigger than 10. As some of the compounds were present in procedural 

blanks, the average blank levels were subtracted and the method limit of quantification 

(LOQm) was estimated at 3 times the standard deviation (SD) of the analyte’s concentration 

that could be measured in the procedure blanks. If the analytes were not detected in the 

blanks, the LOQ was defined as the LOQi.  

 

 

3.2.4 Results and Discussion 

 

During the US-DLLME method development a set of parameters like the extraction 

solvent, solvent volume, vortex time, as well as acid, its concentration and extraction time 

were optimized. The first parameter that was optimized is the one which has more 

significance on the DLLME step, i.e., the type of extraction solvent. This step is crucial once 

only ternary mixtures that form stable emulsions and are separable into two distinct phases 

after centrifugation are applicable for DLLME. If no stable cloudy state and no sedimented 

phase is observed, it means that the triphasic phase in DLLME was not successfully reached 

and the analyte was not transferred.  

 

 

3.2.4.1 Optimization of the extraction solvent nature in DLLME 

 

 

In DLLME, halogenated and non-halogenated solvents can be used depending on the 

nature of the target analytes (Alves et al. 2011a and 2012; Han and Row 2011; Rezaee et al. 

2006). Before selecting a potential suitable extraction solvent, it is important to consider its 

chemical properties that are compliant with DLLME requirements (Rezaee et al. 2006).  

Based on this criteria, a set of five halogenated organic solvents were selected for the 

DLLME in this study (see Table SI-3.2.1 in the Supporting Information) using the mixture 

TFA:MEOH (1M) as dispersion solvent (see experimental conditions in section 3.2.3.2).  

Stable cloudy solutions were formed immediately after mixing both extraction and 

dispersion solvents (containing the metabolites) in the aqueous phase. Although theoretically 

a good candidate solvent, chloroform had a bad dispersion behavior upon using 120 µL. After 

centrifugation a too small and instable settled phase was formed (8-28 µL). This is explained 

by the fact that chloroform has the highest water solubility among the extraction solvents 

tested, meaning a higher volume was needed for better dispersion and subsequent drop 

formation.  
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It is however not advisable to use a higher solvent volume because: 1) in DLLME the use 

of organic solvent should be minimized as much as possible depending on the overall 

conditions (in µL range); 2) adding more chloroform would result in a lower enrichment of 

the analytes in the final settled extract; 3) during the first optimization step (solvent selection) 

the volume of the extraction solvent was fixed (taking into account the solvent’s solubility 

and the formation of a favorable dispersion).  

The dispersion (cloudy state) using all other solvents was successful and the settled phase 

volume ranged from 80 to 100 µL (except for toluene for which volumes between the 

replicates were more variable and around 62 to 100 µL).  

According to the results (Fig 3.2.2), the highest and the lowest response factors were 

obtained in trichloroethylene and toluene, respectively. Additionally, the recoveries of the 

metabolites were better for trichloroethylene, i.e. the % R ranged between 80 and 108 %. Due 

to the low response factor and non-reproducible replicates for chloroform, this solvent was 

excluded from further method development. Overall, trichloroethylene was considered the 

best extraction solvent for US-DLLME. 

 

 

 

Fig 3.2.2. Optimization of the extraction solvent nature in DLLME. Error bars represent the 

SD of replicates (n=3). 
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3.2.4.2 Outputs of the Taguchi design during method development 

3.2.4.2.1 First Taguchi design 

 

 

Mean peak areas, the S/N ratio (of the design) or the analyses of the variance (ANOVA) 

are the recommended parameters to assess the influence of each factor in the Taguchi model 

(Byrne and Taguchi 1987; Peace 1993; Taguchi and Yokoyama 1994; Tanabe et al. 2014). 

Nevertheless, the conceptual approach of analyzing the output by plotting the factors (and 

levels) and their effect based on the peak area/response, leads to a fast and easy visual 

identification of the most significant factors that influence the extraction.  

In this study the analysis of the results provided by the Taguchi method were firstly based 

on plotting the peak areas of each significant factor (i.e., extraction time, acid type and 

concentration, vortex time and trichloroethylene volume) against each level. Later on, the S/N 

was also evaluated to assess the significance of the differences and to confirm the selected 

optimal conditions.  

Firstly, the results presented in Fig 3.2.3, show that extraction time, acid type and the 

trichloroethylene volume are the most significant factors in the first design. The best peak 

areas were observed when using the following parameters: 2h of extraction, TFA as acid and 

140 µL of trichloroethylene. Not all analytes were affected in the same way. Increasing time 

and solvent volume had a more significant effect on MEHP and MBP isomers, while effects 

were marginal for MEP, 5-oxo-MEHP, 5-OH-MEHP and MBzP. Based on the results it could 

be concluded that the optimal conditions were not yet reached and further optimization was 

necessary. Further improvement seemed possible when playing with extraction time, 

trichloroethylene volume and vortex mixing time, for which no results were conclusive for 

any of the analytes except MEHP.  

In addition, different acids were tested in the 1
st
 Taguchi design. Strong acids such as TFA 

(pKa of -0.25) favor the protonation of the analytes and enhance extraction efficiency. The 

other two acids tested, HCl and HNO3 (pKa -6 and -1.45, respectively) are also considered 

strong acids, albeit less powerful than TFA (Munegumi 2013). Also, some authors have 

already reported that TFA promotes an efficient extraction of PE metabolites from a similar 

matrix, i.e. hair (Chang et al. 2013). Thus, 2h extraction, 140 µL TC volume, 2 min vortex 

and TFA:MeOH (1M) were the starting conditions for further optimization (in the 2
nd

 Taguchi 

design).  
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Fig 3.2.3. Output from 1
st
 and 2

nd
 Taguchi models during method optimization (parameters 

tested: extraction time, acid media and concentration, vortex time, trichloroethylene volume).
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3.2.4.2.2  Second Taguchi design 

 

 

The 2
nd

 Taguchi was performed for fine-tuning the method. Therefore, the best conditions 

extracted from the first model were used as initial optimization conditions. In addition, two 

more levels for each parameter were tested: 2h30 and 3 h for extraction time; 0.5 M and 2 M 

for TFA:MeOH concentration; 3 and 4 min for vortex mixing time; and 160 µL and 180 µL 

for trichloroethylene volume. 

Results of the experiments are summarized in Fig 3.2.3. There was a significant increase 

from the level 1 to the level 3 for acid concentration and solvent volume, while for 

extraction and vortex mixing time the effect leveled off after 2h and 3 min, respectively. 

Increasing the acid concentration resulted in a higher response for all metabolites, except 

MEHP. To our knowledge this metabolite is one of the major (amongst the studied PE 

metabolites) present in nails. Knowing that the optimal concentration lies below 2M, the 

method should be sufficiently robust to extract relatively high amounts of MEHP from this 

matrix. The increase of trichloroethylene to 180 µL promoted further enrichment of the 

analytes in the final extracts (higher areas, except for MBP isomers), hence the optimal 

volume was set at 180 µL. 

 

 

3.2.4.2.3 The S/N evaluation-Taguchi design 

 

S/N ratio evaluation aids in assessing the results obtained from a Taguchi-design. The 

larger the ratio, the more significant the effect of a factor was on the response. Results of the 

S/N ratio (according to Equation 1) are presented in Fig 3.2.4.   

Data show that for the 1
st
 model (section 3.3.4.2.1),  

the level 3 has the highest S/N ratios for the extraction time (120 min), vortex time (3 min) 

and trichloroethylene volume (140 µL), while for the acid level 1 (TFA) shows better S/N (i.e. 

higher value).  

S/N ratios after further optimization through the 2
nd

 Taguchi design (section 3.3.4.2.2) 

confirmed the previously selected parameters. 
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Fig 3.2.4. S/N values for the 1
st
 and 2

nd
 Taguchi designs. 
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3.2.4.3 US-DLLME method validation  

 

The linearity of the calibration was assessed for each compound by injecting seven 

standard solutions in the concentration range of 0.3-490 µg/L. The concentration of the IS was 

constant in all standard solutions, however dependent on the analyte (13-18 µg/L). The 

calibration curves fulfilled the requirements of a linear fit. After confirmation of a linear fit, 

regression coefficients (R
2
) were higher than 0.99 for all calibration curves. 

Since there are no existing certified reference materials (CRM) for the analysis of PEs in 

nails, the accuracy of the method was assessed by spiking experiments at two levels of the 

target compounds (high (HQ) and low (LQ) spike levels). Measured levels were plotted 

against nominal values, linear fit was confirmed and the recovery of each analyte was then 

determined by the slope of each curve consisting of 3 points (non-spiked sample, LQ (4-12 

ng) and HQ (7-23 ng)). Good accuracy was achieved for all compounds (% R ranged between 

79 % and 108 %). The precision (intra and inter-day) was expressed as relative standard 

deviation (RSD %) for both LQ and HQ spike levels. The intra-day variation did not exceeded 

14 % and 9 % for LQ and HQ, respectively. Also, a good inter-day precision was determined 

(RSD % < 17 %). The uncertainty for these experiments were acceptable (ranging from 22 %  

to 37 % (LQ) and between 20 % to 30 % (HQ)), except for MEHP (Table 3.2.3). 

Although, all necessary precautions were taken to eliminate the analyte levels’ from the 

procedure blanks, this was not completely possible and some compounds were still detected. 

Albeit, we are analyzing metabolites and not the phthalate precursor compounds, the 

probability of detecting false positives provided by external contamination is minimized in 

this study. As preventive actions, all glassware was decontaminated in the oven (450 °C) prior 

to use, reducing the amount of PEs that could come from environmental contamination (being 

deposited in glass surface and which by chemical hydrolysis in TFA could form some 

monoesters that are not exclusively enzymatically formed (e.g. MEP). To control for blank 

contamination, procedural blanks were always analyzed with each sample batch. The blank 

contamination was low (0.06 to 0.4 ng/extraction), relatively constant and subtracted from the 

results.  

The LOQm was determined based on the levels in procedure blanks, therefore LOQm varied 

between 2 and 14 ng/g (Table 3.2.3). Also, QC standards (middle point calibration standard) 

and solvent blanks were analyzed for instrumental quality control and assessment of external 

contamination. The RSD % between standard replicates did not exceed 11 % and no drift was 

observed, thus good analytical quality on the measurements was ensured.  
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 Table 3.2.3. Analytical performance of the US-DLLME in nails. 

 

Compound 

LQ   

(4-12 ng, n=6) 

HQ  

(7-23 ng, n=6) 

%  R LOQm 

(ng/g) 

 

LOQi 

(ng/g) 

 
RSD % 

intra-day
a
 

RSD % 

inter-day
b
 

U 

(%)
c
 

RSD % 

intra-day
a
 

RSD % 

inter-day
b
 

U  

(%)
c
 

MEHP 13.9 17.1 44 6.3 12.8 28 96 6 0.06 

5-OH-MEHP 6.5 8.8 22 7.8 10.3 26 104 3 0.08 

5-oxo-MEHP 11.1 15.0 37 6.1 8.2 20 89 2 0.02 

Σ(MnBP, MiBP) 7.9 10.7 27 6.6 8.8 22 97 14 0.92 

MBzP 9.0 12.2 30 9.1 12.2 30 79 4 0.05 

MEP 9.3 12.5 31 8.9 12.0 30 108 7 0.04 
a 

Intra-day Relative Standard Deviation (n=6) calculated based on ANOVA; 
b 

Inter-day Relative Standard 

Deviation (n=6, 3 days) calculated based on ANOVA, 
c
 Expanded Uncertainty; LOQm-Method limit of 

quantification (3× SD blanks); LOQi- Instrumental limit of quantification (10 times S/N of the lowest calibration 

standard); Low spike (LQ): 12 ng MEHP, 4 ng 5-OH-MEHP, 4 ng 5-oxo-MEHP, 11 ng Σ(MnBP, MiBP), 4 ng 

MBzP and 9 ng MEP; High spike (HQ): 23 ng MEHP, 8 ng 5-OH-MEHP, 7 ng 5-oxo-MEHP, 21 ng Σ(MnBP, 

MiBP), 7 ng MBzP and 18 ng MEP 

 

 

3.2.4.4 Method applicability: Nail Analyses 

 

 

The US-DLLME method was used to measure nails of ten Belgian individuals. The median 

levels ranged between <LOQm and 138 ng/g (Table 3.2.4). The major metabolites were the 

MEHP (71-401 ng/g), the MBP isomers (15-1068 ng/g) and the MEP (12-7982 ng/g), which 

all 3 were detected in 100 % of the studied individuals (see the chromatograms in Supporting 

Information). The MEHP oxidative metabolites were detected in few samples (<LOQm to 3.8 

ng/g) and their detection seems not to be relevant in this matrix. In contrast, MEHP itself 

seems to be a better biomarker of exposure to DEHP if nails are analyzed. Although MBzP 

was not among the major metabolites detected, its presence in nails should not be neglected 

(40 % of detection frequency). The data show the importance of nails as relevant matrix in 

HBM field and the applicability of the developed method. 

The comparison of the present method with other extraction methods for nails was not 

possible due to the lack of literature in this field. Thus, the only possible comparison was 

done between methods that determined PE metabolites in matrices that are not usually 

explored (e.g. hair, saliva, serum, plasma). The methods listed in Table 3.2.5 show that in 

most other matrices (than urine), enzymatic (for serum and plasma, for instance) or acidic (for 

hair) hydrolysis (Chang et al. 2013; Frederiksen et al. 2010; Koch et al. 2013a) followed by 

solid phase extraction (SPE) or liquid-liquid extraction (LLE) is used to firstly destroy the 

matrix and release the target metabolites and then to concentrate them (and remove 

interferences) in the final extracts.  
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Nevertheless, we pointed out some disadvantages of those methods such as the extraction 

time which exceeds 2h, the labor intense and time consuming extraction (and clean-up), a 

much higher solvent and acid volume, especially for SPE where a higher volume of waste 

solvents will increase the overall costs.  

The optimized US-DLLME method has a good performance for the determination of PE 

metabolites in nails (high detection in ng/g range for some metabolites). Main advantages are 

the comparable or lower extraction time, low costs associated to the microextraction because 

a lower volume of solvents (extraction) is used (in µL) and consequently less waste. In this 

sense this method can be considered more environmental friendly and a suitable alternative. 

From our perspective, we believe that the proposed method is of high potential relevance for 

HBM for determining and quantifying PE metabolites via nails. 

 

Table 3.2.4. Levels of the 7 PE metabolites in ten individuals. 

 

Individual 
Concentration (ng/ng) 

MEHP 5-OH-MEHP 5-oxo-MEHP Σ(MnBP, MiBP) MBzP MEP 

1 235 <LOQm <LOQm 61.3 <LOQm 668.9 

2 131.4 <LOQm <LOQm 61.8 <LOQm 116.9 

3 199.4 <LOQm <LOQm 1068.2 29.5 159.7 

4 142.4 <LOQm <LOQm 51.6 <LOQm 31.3 

5 71.1 <LOQm <LOQm 14.6 <LOQm 11.9 

6 132.9 <LOQm <LOQm 52.3 7.7 81 

7 109 3.5 <LOQm 86.6 <LOQm 44.8 

8 268.2 <LOQm <LOQm 147 5.5 7981.9 

9 84.3 3.8 <LOQm 224 7.8 47.2 

10 401.3 3.5 3.8 147.7 <LOQm 38 

Detection (%) 100 30 10 100 40 100 

Median
a 

138 ± 1 <LOQm ±0.1 <LOQm ± 0.3 74 ± 2 <LOQm ± 1 64 ± 3 

Min 71.1 <LOQm <LOQm 14.6 <LOQm 11.9 

Max 401.3 3.8 3.8 1068.2 29.5 7981.9 

Levels were determined in nails collected from 10 Belgium individuals (one replicate analysis); 
a
Median ± 

RSD(%) 
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Table 3.2.5. Comparison between the US-DLLME method and other extraction methods for 

determining PE metabolites in non-conventional matrices (nails, hair, serum and seminal 

plasma). 

 

Metabolites Matrix 

Detected 

range levels 

(ng/g
a
; µg/L

b
) 

Extraction 

method 

Extraction solvent 

(volume in µL) 

Extraction 

time (min) 
Reference 

MBP, MBzP, 

MCPP, 5-OH-

MEHP, 5-oxo-

MECPP, MEHP, 

MEP, MMP, MiBP 

Saliva 
b
< LOQm-

2.3 

Enzymatic 

hydrolysis, 

SPE 

NM NM 
(Koch et al. 

2013a) 

MEP, MnBP, MiBP, 

MBzP, MEHP, 5-

OH-MEHP, 5-oxo-

MEHP, MECPP, 

MiNP, MHiNP, 

MOiNP, MCiOP 

Serum 
b
<LOQm-

65 
Enzymatic 

hydrolysis, 

SPE 

Acetonitrile (1500) >90
c (Frederiksen 

et al. 2010) Seminal 

plasma 

b
<LOQm-

12 

MEHP, 5-OH-

MEHP, 5-oxo-

MEHP, 5-Cx-MEPP, 

2-Cx-MMPH 

Hair 
a
<LOQm-

96.2 

MEOH/TFA 

(8.5:1.5, v/v); 

LLE 

Ethyl actetate 

(2000) 
overnight 

(Chang et al. 

2013) 

MEHP, 5-OH-

MEHP, 5-oxo-

MEHP,Σ(MnBP, 

MiBP), MBzP, MEP 

Nails 
a
<LOQm -

7982 
US-DLLME 

Tricholoroethylene, 

(180) 
120 This study 

a
ng/g in solid biological matrices; 

b
µg/L in liquid biological samples; NM-Not mentioned; LLE- Liquid-Liquid 

extraction; SPE-Solid Phase Extraction; US-DLLME UltraSound Extraction coupled to Dispersive Liquid-

Liquid Microextraction; 
c 

Only the deconjugation (β-glucuronidase) reaction time; MCPP-Mono (3-

carboxypropyl) phthalate; MECPP-Mono(2-ethyl-5-carboxypentyl) phthalate; MiNP-Mono-iso-nonyl phthalate; 

MHiNP-Mono(4-methyl-7-hydroxyloctyl) phthalate; MOiNP-Mono (4-methyl-7-oxo-octyl) phthalate; MCiOP- 

Mono (4-methyl-7-carboxy-heptyl) phthalate 

 

 

3.2.5 Conclusions 

 

A fast, easy and more environmentally friendly analysis method was developed, combining 

the US and DLLME for measuring seven PE metabolites in human nails. Taking advantage of 

the well-known miniaturization features in DLLME, less organic solvents were used (µL of 

trichloroethylene), high concentration ratio of the target analytes in the final extract was 

achieved and the extraction efficiency was increased by the vortex association upon the 

cloudy phase formation. The described method can be considered as valid alternative to the 

conventional SPE or LLE. 
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3.2.6 Supporting Information 

 

 

Table SI-3.2.1. Density, solubility in water and polarity index for five halogenated solvents. 

 

 

Solvent Density (g/mL) Water Solubility  (g/L, 20°C) Polarity index 

Trichloroethylene 1.46 1.280 6.4 

Chloroform 1.56 8.09 4.1 

Tetrachloroethylene 1.62 1.5 0 

Chlorobenzene 1.1 0.5 2.7 

Toluene 0.87 0.52 2.4 
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Fig SI-3.2.1. Chromatograms of Σ(MnBP, MiBP), MEHP, MEP and MBzP detected in nails of two participants (participant 8 and 3).  
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3.3  HUMAN EXPOSURE TO PHTHALATE ESTERS: THE 

POTENTIAL USE OF NAILS VERSUS URINE 

 
 

Based on the following publication:  
 

Alves A, Covaci A, Voorspoels S. Are nails a valuable non-invasive alternative for estimating 

human exposure to phthalate esters?. Environ Res (2016) 151: 184-194. 

 
 

3.3.1 Introduction 

 

 

Until now, urine has been the matrix of choice for measuring PE metabolites, due to all 

advantages associated to the ease of sampling, stability, storage, and fast screening of (short 

term) exposure (Barr et al. 2003; Blount et al. 2000; Braun et al. 2013; Frederiksen et al. 

2010; Hines et al. 2009; Koch et al. 2013a; Preuss et al. 2005; Romero-Franco et al. 2011). 

Within 24 h after exposure, most of the metabolized PEs are excreted. For example, 67 % of 

the DEHP (diethyl hexyl phthalate) is eliminated after 24 h via its oxidative metabolites (e.g. 

mono-(2-ethyl-5-carboxypentyl) phthalate (5-cx-MEPP), mono-(2-ethyl-5-hydroxyhexyl) 

phthalate (5-OH-MEHP), and mono-(2-ethyl-5-oxohexyl) phthalate (5-oxo-MEHP). Still, a 

small percentage (3.8 % of DEHP) can be eliminated after 48 h (Preuss et al. 2005; Ventrice 

et al. 2013).  

Nevertheless, there are also disadvantages associated to the use of urine, namely related to 

the creatinine content (e.g. highly dependent on the time collection) (Barr et al. 2004).  

In this sense, is important to explore alternative matrices and more recently few studies 

have shown the potential of other non-invasive matrices (e.g. hair or saliva) (Hines et al. 

2009; Hsu et al. 2015; Silva et al. 2005a) to assess the human exposure to PEs, integrating 

larger detection windows of exposure. Particularly, five major DEHP metabolites were 

determined in human hair by Chang et al. (2013), considering that MEHP is a relevant 

metabolite of internal exposure (levels in hair ranged from 15 to 96 ng/g). Yet, in previous 

HBM studies using urine, MEHP was not considered an important biomarker of human 

internal exposure (Preuss et al. 2005).  

As far as we know, the use of other non-invasive samples, instead of urine, has not been 

widely explored in HBM for internal exposure assessment to PEs, and therefore a lack of 

knowledge in this field still exists.  

Thus, the aim of the present pilot study was to demonstrate the feasibility of nails as an 

alternative matrix for assessing the human exposure on PEs. Measurement of nails has a 

multitude of advantages: ease of sampling in different populations (adults, babies, elderly 

and/or sick people) and without restriction of collection at any time of the day; sampling of 

sufficiently low amounts (few mg per analysis); reproducibility of measurements over time 

and translation of a long exposure period (weeks to months).  
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In the present study, the aim was to determine the levels of seven  PE metabolites, 

including the mono-(2-ethylhexyl) phthalate, mono(2-ethyl-5-oxohexyl) phthalate, mono(2-

ethyl-5-hydroxyhexyl) phthalate, mono-n-butyl phthalate, mono-isobutyl phthalate, 

monoethyl phthalate and mono-benzyl phthalate, in paired nails and urine samples collected 

from twenty Belgian individuals. A new approach for correcting the dilution effects of PE 

metabolites based on the individual and on the average of creatinine levels measured in all 

individuals is proposed.  

Statistical analysis was performed for better understanding of the results in both matrices 

and in order to describe the relative importance of each matrix in human exposure to PEs. 

Participant questionnaires, univariate and multivariate statistical analysis was performed in 

order to discriminate (personal and environmental) variables that could explain the levels in 

nails. The risk assessment was performed by calculating the daily intake (DI) based on the 

urinary levels. 

 
 

3.3.2 Materials and Methods 

3.3.2.1 Standards and chemicals 

 

Seven PE metabolites, including MEHP (99.9 %), MiBP (97.8 %), MnBP (97.4 %), MBzP 

(99.8 %), MEP (100 %) (supplied by Accustandard Inc., Connecticut, USA) and two MEHP 

oxidative metabolites (5-oxo-MEHP (>95 %) and 5-OH-MEHP (>96.5 %) were provided by 

BCP instruments (Irigny, France)) were investigated. Mass-labelled internal standard 

solutions for all metabolites (
13

C4-MEHP, 
13

C4-5-oxo-MEHP, 
13

C4-5-OH-MEHP, d4-MiBP,
 

13
C4-MnBP, 

13
C4-MBzP and 

13
C4-MEP) (95 %) were supplied by Cambridge Isotope 

Laboratories (Andover, USA) All solutions (stock, working and spike solutions) were 

prepared on a weight basis in acetonitrile or in ultra-pure water (i.e. only spike solutions).  

The organic solvents, such as trichloroethylene, nitric acid (65 %) and the acetic acid (100 

%) were obtained from Merck (Darmstadt, Germany). The organic solvents, such as acetone, 

acetonitrile (ACN) and methanol (MeOH) were of UPLC grade (Fisher Scientific, 

Loughborough, UK). Trifluoroacetic acid (TFA, 99 %) was supplied by Sigma-Aldrich 

(Steinheim, Germany). Ammonium acetate buffer (NH4Ac) was prepared by dissolving 1.93 g 

of ammonium acetate (99.99 %, Sigma-Aldrich, Diegem, Belgium) in 100 mL ultra-pure 

water and acidifying the solution drop by drop with acetic acid until reach pH 6.5. The 

enzyme β-glucuronidase (E. coli K12) was supplied by Roche Applied Sciences (Mannheim, 

Germany). The creatinine urinary colorimetric kit was supplied by Sanbio (The Netherlands). 

The 96-well plate spectrophotometer for creatinine measurements was provided by Tecan Bio 

M200 PRO (Mechelen, Belgium). The ultra-pure water was provided by the Advantage A10 

system (Millipore S.A, Overijse, Belgium).  
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3.3.2.2 Nails and urine collection  

 

Finger nail and urine samples were collected among twenty volunteers at our institute 

(VITO). The sampling had a duration of three weeks during the second trimester of 2015.  

All participants were duly informed about the purpose of this study giving their consent to 

participate (Ethical approval register N° B300201316329). 

On the last day of the sampling, the participants filled a short survey recording their 

personal and lifestyle information during the past three weeks. Information included the 

gender, body weight, use of nail polish and hand creams, time spent in transports/car and at 

home, frequency of sport exercise, habits of eating with hands (e.g. snacks, chips or fruits), 

eating pre-packed food, heating/storing food in plastic containers (frequency), habits of 

ventilating the house. At that time, the volunteers also collected a first morning urine sample. 

In the end, in total twenty nails and sixteen urine samples were collected by the participants.  

Before the analysis, all glassware was washed and heated in the oven at 450°C (overnight) 

to remove possible organic contamination. Afterwards, the materials were stored and wrapped 

in aluminum foil. The use (and contact) of plastic materials was minimized (septa and caps of 

vials were covered with aluminum foil prior to use to avoid dust contamination). The 

polypropylene bottles used for urine collection were prior rinsed with HNO3 solution (10 %, 

v/v) followed by methanol.  

Before the extraction, the nails were rinsed twice with acetone in order to remove residues 

of nail polish. Then the samples were grinded and homogenized in a mixer mill (30 min, 20 

Hz).  

 

 

3.3.2.3 PE metabolites extraction from nails and urine 

 

Thirty mg of powdered nails were weighed into glass vials and spiked with IS (typically 5 

ng). Then, the PE metabolites were extracted according to the new microextraction method 

(US-DLLME) (Alves et al. 2016a) described in the previous section. 

The same metabolites were determined also in urine samples following a method 

previously developed and validated in our institute (Servaes et al. 2013). Briefly, the urine 

samples were thawed at room temperature. Then, the urine (1 mL) was spiked with IS 

(typically 5 ng) and 250 µL of NH4Ac buffer containing 5 µL of β-glucuronidase (0.7 U/mL 

urine) was added. The mixture was incubated during 90 min at a controlled temperature of 

37°C. Afterwards, an aliquot of 200 µL was transferred to glass vials (300 µL) and 10 µL was 

injected into the UPLC system.  

Creatinine was measured via the Cayman’s colorimetric assay doing duplicate analysis 

(http://www.sanbio.nl/). The renal clearance of the analytes in urine was afterwards corrected 

by the creatinine adjustment following a new calculation approach (results reported in ng/mL 

in Equation 3).  
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Additionally to ensure the quality control (QC) of the measurements, each analytical batch 

also included a set of procedural blanks (enzymatically treated in case of urine), as well as the 

injection of solvent blanks and calibration standards every ten samples. After extraction, the 

levels detected in the procedural blanks were subtracted from those detected in the samples.  

The method limit of quantification (LOQm) was defined as 3 times the standard deviation 

(SD) of the PE metabolites’s concentration that could be measured in procedural blanks (99 % 

confidence level). If the analytes were not detected in the blanks, thus the LOQ was defined 

as the LOQi (based on 10× S/N of the lowest calibration standard). 

 

 

3.3.2.4 Analytical method 

 

The instrumental analysis was performed by Ultra Performance Liquid Chromatography 

(UPLC) coupled to tandem mass spectrometer (Quattro Premier XE Micromass) from Waters 

(Milford, MA, USA). The optimal chromatographic and MS conditions are those described in 

the previous section 3.2 (UPLC-MS/MS analysis).  

 

 

3.3.2.5 Statistical analysis 

 

All statistical analyses were performed using SPSS (SPSS for Windows, version 22.0, 

SPSS, Chicago, IL). Data on urine (ng/mL) and nails (ng/g) was used for statistical analysis. 

The data was normalized (z-scores) before the correlation analysis (Pearson), linear regression 

(scatter plots) and multiple linear regression analysis. Moreover, before the statistical 

analysis, all values below the LOQm were transformed to LOQm/√2 (Kato et al. 2003). Linear 

regression analysis was conducted to investigate correlations between analytes.  

The non-parametric Mann–Whitney U test was performed to determine if significant 

differences in the (non-log transformed) levels of PE metabolites in nails exist between 

groups/categories (gender, weight, habits of eating with hands, eating pre-packed food, 

storing/heating food in plastic containers, use of hand care products, use of nails polish, time 

spent inside a transport/car, daily ventilation of the house or doing sport activity).  

Afterwards, multiple linear regression analysis was conducted to study the association 

between all predictors and levels of PE metabolites in nails. The unstandardized (b), 

standardized beta (β), 95 % confidence internals (95 % CI), p-values and adjusted R
2
 were 

presented. 

 

 

3.3.2.6 Daily intake calculation 

 

The daily intake of the target phthalates (diesters) was calculated for each volunteer based 

on the phthalate metabolite levels measured in urine. The calculation of the DI was estimated 

according to the model proposed by Koch et al. (2003a):  
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𝐷𝐼 (µ𝑔/𝐾𝑔 𝑏𝑤/𝑑𝑎𝑦) =
(𝑈𝐸 (µ𝑔/𝑔)×𝐶𝐸((𝑚𝑔/𝐾𝑔 𝑏𝑤)/𝑑𝑎𝑦)

𝐹𝑢𝑒 ×1000 (𝑚𝑔/𝑔)
×

𝑀𝑤𝑑

𝑀𝑤𝑚
     (Equation 2) 

  

Where the DI is expressed by µg/Kg body weight (bw)/day; the UE is the urinary excretion 

of the monoester (µg/g creatinine corrected); the CE is the creatinine excretion rate 

normalized by body weight (Kg); the Fue is the molar fraction of the urinary excreted 

monoester related to the intake of the parent diester. The Fue values used were 0.13, 0.23, 

0.15, 0.69, 0.73 and 0.69 for MEHP, 5-OH-MEHP, 5-oxo-MEHP, sum (MnBP, MiBP), 

MBzP and MEP, respectively (Koch et al. 2004; Calafat and McKee 2006; Kohn 2000); the 

Mwd and the Mwm are the molecular weight of the diesters and monoesters (g/mol), 

respectively (see Table SI-3.3.1 in the Supporting Information).  

The estimated DI were compared with the DI obtained for other sub-populations and with 

the tolerable daily intakes (TDI) established by the European Food Safety Authority (EFSA) 

(EFSA 2005a, 2005b and 2006). 

 

 

3.3.3 Results and Discussion 

3.3.3.1 Assessment of human exposure to PE metabolites in nails and urine collected from a 

Belgian sub-population 

 

This study used a Belgian sub-population (i.e., 20 individuals) to provide insight into 

human exposure to phthalate esters though their primary (MEHP, MEP, MBzP, MnBP and 

MiBP) and secondary PE metabolites (5-OH-MEHP and 5-oxo-MEHP). To this extent, paired 

urine and nail samples were used. With regard to improve comparability of the results  

between matrices, the levels in urine were adjusted to the creatinine content (i.e. and to 

compensate dilution of the target analytes among all individuals), using a new correction 

approach (Equation 3): 

 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑛𝑔

𝑚𝐿
) =

𝐶𝑜𝑛𝑐 (
𝑛𝑔
𝑚𝐿)

𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒 𝑙𝑒𝑣𝑒𝑙 (
µ𝑔
𝑔 )

× 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒 (
µ𝑔

𝑔
) 

   

(Equation 3) 

 

This formula allows creatinine normalization while maintaining the results on a volume 

basis, i.e. in ng/mL (Table 3.3.1).  

Individual creatinine normalization is necessary as its content varies widely (creatinine 

ranged between 20 to 285 mg/dL).  One could argue that individuals with too high/low 

creatinine content should be excluded from the analysis (according to established WHO 

guidelines (WHO 1996).  



116 

 

Yet, this is usually done when large population are studied (> 1000 individuals) and there 

is a wide variation between the urinary levels measured, which was not the case in the present 

study (<LOQm-28 ng/mL). Therefore it was decided not to eliminate those data points. 

When measuring more urinary spots/day, intra-individual variability of creatinine content 

is reduced (Alves et al. 2016b), therefore this approximation is not needed and the accuracy 

on reporting the results as µg/g creatinine is much higher.  

At the same time, it is known that the urine density is approximately the same as for water 

(i.e. can vary between 1.002 and 1.030), therefore the results reported as ng of metabolite per 

g or mL of matrix are similar in terms of comparing their units (analytical point of view). 

Since we do not know if the exposure scenarios of these participants are comparable or not 

(i.e. between 24 h and 6 months ago), thus the only way to possibly compare and discuss the 

levels of the target compounds in two different matrices (ng/mL and ng/g), is by extrapolating 

that the exposure occurred at six months ago was constant. 

Thus, the levels of PE metabolites in urine (ng/mL) and in nails (ng/g) are represented in 

Table 3.3.1. 

 In urine, MEHP was the least detected metabolite (detection frequency 56 %) with levels 

not exceeding 0.64 ng/mL. The secondary oxo- and hydroxy-MEHP metabolites were 

abundantly detected (94-100 % detection). This is due to the known fast metabolism of the 

primary metabolites (MEHP) into secondary metabolites (5-OH-MEHP and 5-oxo-MEHP), 

which in turn are quickly excreted through renal clearance. The median levels of secondary 

metabolites of DEHP ranged from 0.39 to 0.46 ng/mL. Apart from the secondary MEHP 

metabolites, the major metabolites present in urine were the sum (MnBP, MiBP) (range from 

2.2 to 28.7 ng/mL) and MEP (range from 0.9-10 ng/mL). 

PE metabolites were detected in nails collected from the same sub-population at 

considerable high ng/g levels (Table 3.3.1). The major metabolites detected in nails were 

MEHP, sum (MnBP, MiBP) and MEP (100 % DF), followed by MBzP (60 % DF), 5-oxo-

MEHP (25 % DF) and 5-OH-MEHP (15 % DF). These results are confirmed by our previous 

study (US-DLLME method validation) where the PE metabolites were measured in ten 

individuals (Alves et al. 2016a). 

To our knowledge, this is one of the first studies reporting the human exposure to PEs 

through their metabolites using nails and urine from the same individuals. Our findings 

suggest that the most relevant metabolites in nails are MEHP (average of 146 ng/g), sum 

(MnBP, MiBP) (averages of 212 ng/g) and MEP (205 ng/g). Also, in a previous study 

involving the determination of PE metabolite in various urinary spots and nails, the authors 

confirmed that the oxidative DEHP metabolites were minor while MEP, MEHP and sum 

(MnBP, MiBP) were the major metabolites found in nails (Alves et al. 2016b).   

Boxplots summarize the distribution of the total PE metabolite levels in nails and urine for 

all individuals (Fig 3.3.1). Some outliers were present, but lower variability is observed in 

nails compared to urine (difference between the minimum values and the outliers was ~ 9 

times versus 25 times in nails and urine, respectively).   
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Table 3.3.1. Concentrations of the PE metabolites in urine (ng/mL) and in nails (ng/g) from 

twenty individuals. 

 

Matrix Analytes GM
a
 

Detection 

Freq (%)
b
 

Min 25th
c
 Median

c
 75th

c
 95th

c
 Max 

Urine (ng/mL)
d 

MEHP 0.19 56 <LOQm <LOQm 0.19 0.24 0.58 0.64 

5-OH-MEHP 0.37 94 <LOQm 0.32 0.46 0.61 0.82 1.14 

5-oxo-MEHP 0.36 100 0.13 0.32 0.39 0.45 0.57 0.74 

Σ(MnBP, MiBP) 6.14 100 2.23 3.34 6.67 8.44 16.50 28.66 

MBzP 0.80 100 0.14 0.48 0.80 1.40 3.76 4.48 

MEP 2.74 100 0.85 1.32 2.99 4.88 9.65 9.99 

Nails (ng/g) 

MEHP 109.3 100 54.6 71.9 87.4 128.4 278.2 858.6 

5-OH-MEHP 2.3 15 <LOQm <LOQm <LOQm <LOQm 12.4 12.9 

5-oxo-MEHP 1.4 25 <LOQm <LOQm <LOQm 1.36 2.2 2.4 

Σ(MnBP, MiBP) 148.7 100 38.6 81.6 136.1 268.1 590.8 813.6 

MBzP 7.0 60 <LOQm <LOQm 5.3 13.4 54.4 55.3 

MEP 135.0 100 14.9 76.2 146.3 271.8 428.8 976.5 
a
Geometric Mean calculated replacing LOQm/sqrt (2) before creatinine adjustement (Equation 2); 

b
Detection 

frequency = values above LOQm; 
c
25th, 50

th
, 75

th
 and 95

th
 percentiles; 

d
Levels in urine corrected based on 

creatinine (Equation 2), ng/mL  

N= 16 (urine); N= 20 (nails); LOQm (or LOQi) in urine: 0.13 ng/mL MEHP; 0.01 ng/mL 5-OH-MEHP; (0.02 

ng/mL 5-oxo-MEHP); 0.05 ng/mL Σ(MnBP, MiBP); 0.06 ng/mL MBzP; 0.03 ng/mL MEP 

LOQm (or LOQi) in nails: 6.2 ng/g MEHP; 2.5 ng/g 5-OH-MEHP; 1.7 ng/g 5-oxo-MEHP; 14.1 ng/g Σ(MnBP, 

MiBP); 4 ng/g MBzP; 7.2 ng/g MEP 

 

 

 

 
Fig 3.3.1. Boxplot distribution of the total levels of the PE metabolites in nails (ng/g) and in 

urine (ng/mL) (Boxplots A and B) for the Belgian individuals. The box hinges represent the 

1
st
 quartile (bottom) and the 3

rd
  quartile (top). The whiskers (top and bottom) extend from the 

hinge to 1.5 times the inter-quartile range. The middle line represents the median. Data 

beyond the end of the whiskers are outliers and are plotted by the individual number.
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3.3.3.2 Levels of PE metabolites in nails: a study comparison 

 

The present study did not intend to be representative for the Belgian population (where 

usually the purpose is to investigate exposures in more than 200 individuals (Dewalque et al. 

2014a; Dewalque et al. 2014b; Geens et al. 2014). In contrast, due to the limited number of 

volunteers this is considered a pilot feasibility study using a novel microextraction method 

(Alves et al. 2016a) and nails as an alternative matrix for assessing exposure to PEs (Alves et 

al. 2016a and 2016b). Since this application is new, there is no published scientific literature 

for direct comparison of the levels in both matrices. Still, it is possible to compared these 

results with our data regarding the assessment of PE metabolites in multiple urine spots and in 

nails (Alves et al. 2016b). We have found that the major metabolites detected in morning 

urine were sum (MnBP, MiBP) and MEP (mean of 3 and 2.3 µg/g creatinine, respectively in 

all individuals) and in nails sum (MnBP, MiBP), MEP and MEHP (mean of 46, 31 and 41 

ng/g, respectively in all individuals), showing that these results have a good agreement with 

those reported in this study. More, the MEHP oxidative metabolites (i.e. 5-OH-MEHP and 5-

oxo-MEHP) were minor present in nails (although the detection frequency was higher than 50 

%) while in urine they were highly detected (100 %). Again, these results are in concordance 

with the findings in the present study.  

 

 

3.3.3.3 Predictors of PE exposure in nails 

 

Although it is impossible to specify the contribution of each source of exposure by the 

metabolite’s levels in nails, we believe that there is a correlation between some particular 

routines that might explain the high bioaccumulation of certain compounds in nails. Despite 

the limited information reported in the questionnaires (number of questions and categories per 

question) and the low number of participants involved in this study, the questionnaires were 

still a useful tool revealing that in general these individuals had common daily routines (e.g. 

60 % did not use hand cream; 90 % ate with hands, 40 % did 1-3h physical exercise/week, 70 

% ventilate their house every day; 55 % spent more than 5h/week in transports/own car), 

suggesting a similar exposure profile.  

Further, statistical analyses based on univariate and multiple linear regression analysis 

were performed in order to evaluate the association of each predictor with the metabolite’s 

levels in nails and to tentatively identify the major (s) sources of intake. 
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3.3.3.4 Univariate model 

 

Taking into account the results provided by the Mann-Whitney non-parametric rank test 

used for testing the association of environmental/personal predictors with the PE metabolites 

in nails, it is possible to observe that in overall there are no significant differences (95 % CI) 

between the groups assigned per predictor, except for gender (p=0.025) where the differences 

between men and women were only observed for the MEHP (Table 3.3.2).  

At the same time, the low statistical significance found in this study for most of the 

predictors can be due to the low number of individuals ranked per group and/or low number 

of categories. Still, some predictors can be highlighted at 80 % CI instead (p< 0.2), including: 

eating with hands (p=0.126) and time spent in a transport/car per day (p=0.075) are associated 

with increasing MEHP levels in nails. In particular, participants who ate less frequently with 

hands (1-2 times/day) and spent less hours in a transport/car (1-5h/day) have higher MEHP 

levels in nails, suggesting that these factors are not the ones that most contributed for 

increasing the MEHP levels. Also, these last predictors together with ‘use of nails polish’ 

(p=0.126) are associated with sum (MnBP, MiBP) levels. On contrary of what we have 

observed for MEHP, the participants who had higher contact with food and spent more time 

in transport/car showed higher MnBP/MiBP median levels. In fact, DnBP and DiBP can be 

associated with food supplements (Koch et al. 2012) and auto interiors (EPA 2000). However 

the association of their metabolites with nail polish use is not understandable since the 

incorporation of the parent diesters in personal care products is not allowed (EU 2009b). 

Also the predictors ‘buy pre-packed food’ (p=0.061) and ‘ventilate the house’ (p=0.121) 

are associated with MBzP levels in nails. Although diet can be considered a source of BBzP, 

this is not seen as the major one. Since BBzP has been mostly incorporated in PVC products  

such as in vinyl floor tile, vinyl foams, and carpet backing (WHO 1999), these are highlighted 

as predominant exposure sources to BBzP. Human are exposure to this PE at home (indoor) 

because BBzP can be leached out from PVC products (flooring and wall materials) for 

instance into dust, which has been considered a good vehicle of the BBzP uptake in humans 

(Bornehag et al. 2005; Langer et al. 2014). Thus, the house ventilation might help to increase 

BBzP levels in the surrounding environment and facilitate the exposure. Yet, the association 

between the external sources (e.g. dust, air) and the BBzP levels in nails is not yet addressed. 

Therefore, further studies need to be conducted in order to understand this association.  

 Finally the only predictor that might indicate any association with MEP levels in nails is 

‘eating with hands’ (p=0.168). This can be due to the contact with specific food/drink 

products that might contain the DEP released from polyvinyl dichloride (PVDC) in food wrap 

film, for example (Jen and Liu 2006). More, its presence in food packaging materials and in 

the contacted food was confirmed by other authors (Page and Lacroix 1989), therefore this 

source of DEP exposure is not unlikely. Nevertheless, the same association was not evidenced 

by the pre-packed food consumption, showing that the MEP levels in nails and its association 

with diverse (or specific) food items and food packaging needs to be more deeply 

investigated. 
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Table 3.3.2 Median levels (25
th

 and 75
th

 percentiles) of PE metabolites measured in nails (ng/g) for twenty individuals distributed according to 

personal and environmental predictors. 

 

Predictors N 
MEHP 5-OH-MEHP 5-oxo-MEHP Σ(MnBP, MiBP) MBzP MEP 

25
th
 50

th
 75

th 
25

th
 50

th
 75

th
 25

th
 50

th
 75

th
 25

th
 50

th
 75

th
 25

th
 50

th
 75

th
 25

th
 50

th
 75

th
 

Gender  
Male 9 86.1 115.4 202.1 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 64.5 83.4 295.9 <LOQ 6.1 34.9 40.3 101.0 300.2 

Female 11 61.2 73.5 110.9 <LOQ <LOQ <LOQ <LOQ <LOQ 2.0 108.0 138.6 267.8 <LOQ 4.8 10.4 91.5 152.3 285.4 
p-value

a
  0.025** 0.855 0.204 0.370 0.630 0.331 

Weight  

 

 

 

 

 

 

 

 

 

 

 

 

50-70 Kg 11 66.4 88.0 141.1 <LOQ <LOQ 4.8 <LOQ <LOQ 2.0 86.6 159.6 322.6 <LOQ 4.4 7.1 76.8 163.6 371.0 
>70 Kg 9 75.0 86.8 140.4 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 64.5 131.7 185.6 <LOQ 10.4 26.9 54.9 101.0 245.8 

p-value
a
 

 
0.941 0.218 0.349 0.230  0.325  0.261 

Use hand care products/week  

 

 

 

 

 

 

 

 

 

 

 

 

No 12 71.1 99.5 148.4 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 71.3 109.1 236.5 <LOQ 5.5 32.5 53.3 120.6 316.7 
Yes 8 68.2 86.0 133.6 <LOQ <LOQ 4.0 <LOQ <LOQ 2.0 114.5 196.1 501.3 <LOQ 5.1 9.6 85.7 168.0 270.1 

p-value
a
 

 
0.624 

 

0.439 

 

0.504 

 

0.238 

 

0.571 

 

0.473 

 Use nail polish/month 
 

No 18 67.0 86.6 145.0 <LOQ <LOQ <LOQ <LOQ <LOQ 1.4 74.5 132.8 268.1 <LOQ 5.3 15.4 70.4 126.3 283.7 

Yes 2 86.8 98.8 - <LOQ 3.3 - <LOQ 1.6 - 232.5 523.0 - 4.6 7.38 - 224.3 254.9 - 
p-value

a
 

 
0.947 

 

0.284 

 

0.842 

 

0.126* 

 

0.805 

 

0.316 

 Eat with hands 
 

1-2 times /day 2 124.2 185.9 - <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 59.3 67.7 - <LOQ <LOQ <LOQ 14.9 57.9 - 
>2 times/day 18 67.0 86.0 121.9 <LOQ <LOQ <LOQ <LOQ <LOQ 1.8 85.8 138.5 282.5 <LOQ 6.0 15.4 76.2 158.0 297.4 

p-value
a
 

 
0.126* 

 

1.000 

 

0.842 

 

0.126* 

 

0.232* 

 

0.168* 

 Hours spent in transport/car 
 

1-5h/day 8 93.7 119.8 217.9 <LOQ <LOQ <LOQ <LOQ <LOQ 1.8 71.3 85.0 130.7 <LOQ 3.6 11.4 40.2 184.1 321.3 
>5h/day 11 66.4 82.7 111.0 <LOQ <LOQ <LOQ <LOQ <LOQ 1.8 131.7 159.6 322.6 <LOQ 6.1 15.5 76.8 140.3 224.3 

p-value
a
 

 
0.075* 

 

0.697 

 

1.000 

 

0.177* 

 

0.516 

 

0.904 

 Buy pre-packed food 
 

No 11 66.4 85.2 115.4 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 86.6 159.6 269.1 <LOQ 6.1 15.5 91.5 183.7 333.2 

Yes 7 73.5 110.9 141.1 <LOQ <LOQ 4.8 <LOQ <LOQ <LOQ 59.3 83.4 579.1 <LOQ <LOQ 4.4 28.8 101.0 285.4 
p-value

a
 

 
0.536 

 

0.434 

 

1.000 

 

0.479 

 

0.061* 

 

 0.328 

 Store/heat food in plastics 
 

No 3 66.4 85.2 - <LOQ <LOQ <LOQ <LOQ <LOQ - 59.3 159.6 - <LOQ <LOQ - 101.0 152.3 - 
Yes 17 70.3 88.0 132.7 <LOQ <LOQ <LOQ <LOQ 1.6 - 79.7 134.0 295.9 2.8 6.1 15.5 66.2 140.3 309.3 

p-value
a 

 

 

 

 

 

 

 

 

 

 

 
1.000 

 

1.000 

 

1.000 

 

 1.000 

 

 0.239 

 

 1.000 

 

 

 

 

Ventilate the house daily 
 

No 6 59.5 97.5 145.1 <LOQ <LOQ 2.5 <LOQ <LOQ 1.4 55.5 112.6 445.4 <LOQ 3.6 5.1 81.6 193.2 378.2 
Yes 14 71.9 87.4 145.0 <LOQ <LOQ <LOQ <LOQ <LOQ 1.8 81.6 136.1 268.1 <LOQ 8.8 21.2 70.4 146.3 235.1 

 

 

p-value
a
 

 
0.602 

 

1.000 

 

0.704 

 

0.904 

 

0.121* 

 

0.547 
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25
th
 , 50

th
  (median)  and 75

th
 percentiles; 

a  
exact p-value (two-tailed) of Mann-Whitney non-parametric test for differences by groups with two categories;  

bold script p-values are ** p<0.05 (dark grey cell); * p-value<0.2 (light grey cell) 

 

 

 

 

 

 

 

Predictors N 
MEHP 5-OH-MEHP 5-oxo-MEHP Σ(MnBP, MiBP) MBzP MEP 

25
th
 50

th
 75

th 
25

th
 50

th
 75

th 
25

th
 50

th
 75

th 
25

th
 50

th
 75

th 
25

th
 50

th
 75

th 
25

th
 50

th
 75

th 

Sport hours/week  
<1-3 hours 14 65.1 87.4 145.0 <LOQ <LOQ <LOQ <LOQ <LOQ 1.8 81.6 132.8 177.8 <LOQ 3.6 11.6 76.2 126.3 297.4 

>3 hours 6 83.8 98.1 301.2 <LOQ <LOQ 4.4 <LOQ <LOQ 1.4 63.3 268.4 363.3 5.1 9.4 25.2 56.4 173.7 300.4 
p-value

a
  0.547 

 

0.840 

 

0.556 

 

0.494 

 

0.201 

 

0.841 
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3.3.3.5 Multivariate regression analysis 

 

Despite no significant differences (95 %, CI) explained by the predictors for each 

dependent variable (i.e. analyte) in the univariate models, the association of all predictors with 

the PE metabolites in nails (except for 5-OH-MEHP and 5-oxo-MEHP due to low % DF) was 

yet tested in a multiple linear regression analysis (Table 3.3.3). Since MEHP, sum (MnBP, 

MiBP) and MEP were the major metabolites in nails, the associations in a multivariate model 

were more significant that in the univariate analysis. 

In the analysis, the independent variables (predictors) were added successively to the 

model (stepwise method), until there were no more significant contributions to the multiple 

regression. This approach was performed for all metabolites. In addition, all independent 

variables were forced to fit into the regression model (for MEP and MBzP), when in the 

stepwise method none of the predictors were significant for the model. In the end, some 

predictors seemed to contribute for explaining the MEP levels in nails, but not for MBzP. 

 In addition, due to the low number of individuals none of the groups (in univariate model) 

were discriminated, instead the global effect of a certain variable was studied. Based on the 

unstandardized and standardized coefficients (B and β, respectively), some predictors could 

be highlighted in each model.  

 

 

3.3.3.5.1 DEHP exposure 

 

The use of hand care products is positively associated with MEHP levels in nails (β =0.49, 

p=0.04), although there is only 19 % of the variance of this predictor which can be explained 

by the MEHP levels in nails, suggesting that this is not a major source of DEHP intake. 

Nevertheless, as reported by Koo t al. (Koo and Lee 2004) DEHP can be incorporated in 

cosmetics and personal care products (e.g. perfume, nail polish, shampoo, etc.), although the 

incorporation of DEHP is no more allowed since 2009 (as well as for DBP and BBzP) (EU 

2009b), once it is considered a substance of very high concern which is classified as 

reproductive toxicant (EU 2008). Yet, more recently the association of personal care products 

(e.g. bar soap) as predictor of DEHP exposure (i.e. though MEHP levels in urine) is still 

evidenced (Cavallari et al. 2015).  

Also, diet can be also a source of DEHP due to the contamination of food/drink during 

processing, storage and transportation (Rudel et al. 2011; Wormuth et al. 2006). Despite, it 

was suggested in the univariate possible associations (although not significant at 95 % CI) 

between MEHP levels and food, nevertheless this association did not persist in the 

multivariate model.  
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3.3.3.5.2 DBP exposure 

 

For sum (MnBP, MiBP), there was a positive significant association with weight in the 

multivariate model (β=0.56, p=0.02). However, only 26 % of the variance on weight is 

explained by the sum (MnBP, MiBP) levels in nails. However in univariate no differences 

were found between groups (i.e. 50-70 Kg and >70 Kg) that could be explained by the gender 

effect (i.e. not significant either in univariate and multivariate analysis).  

Previously, in Dirtu et al. (2013), no associations were established between obesity 

indicators (e.g. weight, BMI, etc.) and PE metabolites in urine. Still, the association of weight 

(and gender) with DnBP/DiBP metabolites needs to be further analyzed considering a larger 

population (where possibly more weight categories or individuals per/weight category are 

included). 

 

 

3.3.3.5.3 DEP exposure 

 

In our study, the only variable associated with personal care products in the multivariate 

model was MEHP (and sum(MnBP, MiBP) in the univariate), while MEP is mostly associated 

with sports activity and not surprisingly with cosmetics (negative association in the 

multivariate statistics). Surprisingly the positive association with ‘sport hours/week’ is the 

highest and with statistical significance at 95 % CI (β=1.28, p=0.02). To our knowledge, sport 

activity may change the release of diverse hormones (e.g. testosterone, cortisol) (Hackney et 

al. 2016). At the same time, most of the PEs are associated to endocrine disrupting effects, 

except DEP which nothing has been proven yet. Therefore, this association with DEP must be 

better understood. 

Similarly, the variables ‘weight’ and ‘hours spent in transport/car’ have relatively high 

standardized coefficients (β=0.75 and β=-0.79, respectively) at statistical significance 

(p>0.05). Nevertheless, a positive association is found for weight while for ‘hours spent in 

transport/car’ is the opposite (i.e. negative). Thus, the results suggested that the participants 

with higher weight (independently of the gender) have high MEP levels in nails. However, in 

Dirtu et al. (2013), levels of MEP were higher (but in urine) in individuals who had follow a 3 

month weight loss program.  

All variables together can explain 45 % of the variance, showing that some of these 

predictors are highly associated with an increase/decrease of MEP levels in nails. 

In overall, it is important to consider that people are exposed daily to many products 

containing more than one diester in its composition (Hubinger 2010), thus apportioning one 

exclusive source of exposure for each metabolite is unrealistic and impossible. More, the 

identification of the major intake route(s) and source(s) is hampered by many intra- and inter-

individual factors, such as the high variability between the analyte levels in the same 

individual or between individuals that were exposed to the same parent PE. Also differences 

in exposures to specific PEs (duration and frequency) via specific lifestyle habits (including 

indoor and outdoor contact) or distinctive excretion rates and metabolism between nails and 

urine play an important role on exposure assessment and its variability. 
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Table 3.3.3 Multiple linear regression analysis of personal/environmental predictors in nails (normalized values). 

 

Analyte Predictor 
Unstandardized coefficient Standarddized coefficient 

p-value Adjusted R
2
 

b β (95 %CI) 

MEHP
a Intercept -1.44 

 
0.06 0.19 

Use of hand care products/week 1.09 0.49 (0.03; 2.14) 0.04 
 

Sum (MnBP, MiBP)
a Intercept -1.73 

 
0.02 0.26 

Weight 1.16 0.56 (0.21; 2.12) 0.02 
 

MEP
b 

Intercept -10.98 
 

0.06 0.45 

Gender 1.94 0.95 (-1.00; 4.89) 0.16  

Weight 1.54 0.75 (0.15; 2.92) 0.04 
 

Use of hand care products/week -0.77 -0.36 (-4.56; 3.03) 0.64 
 

Use nail polish/month -0.62 -0.19 (-3.19; 1.97) 0.58 
 

N° times eat with hands/day 2.48 0.78 (-0.46; 5.42) 0.08 
 

Buy pre-packed food 1.87 0.90 (-0.38; 4.12) 0.09 
 

Store/heat food in plastic containers -1.19 -0.38 (-3.61; 1.23) 0.27 
 

Ventilate the house/day 0.82 0.38 (-0.75; 2.38) 0.25 
 

Sport hours/week 2.86 1.28 (0.57; 5.15) 0.02 
 

Hour spent in transport or car/week -1.64 -0.79 (-3.17; -0.11) 0.04 
 a

-Multiple regression analysis using ‘stepwise’ (successive) fit of each independent variables (predictors) to the model; 
b
- Multiple regression analysis fitting all independent 

variables (predictors) to fit into the model; significant p-values (p<0.05, 95% CI) are marked in bold script 
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3.3.3.6 Correlations between the metabolites in nails and urine 

 

Table 3.3.4 lists the Pearson correlation factors (r) between the levels in nails and urine.  

In nails, MBzP is moderately correlated with MEHP (r=0.57, p<0.01), therefore may 

reflect similar source of exposure, such as their use in food packaging and/or in household 

products (Hauser and Calafat 2005).  

Also, a moderate correlation was observed for the major metabolites detected in nails, i.e. 

MEP and sum (MnBP, MiBP) (r=0.51, p<0.05). Previously in the univariate models, the use 

of nail polish showed a possible association with DBP exposure (even if DnBP and DiBP 

have been already phase out (EU 2009b), while for DEP, the contact with food (eat with 

hands) was the most contributor. Nevertheless, the correlation of their metabolites in nails 

might suggest that in part they were provided by similar sources.  

As far as we know, DnBP can be also used in enteric coatings of medications and food 

supplements and sometimes, DiBP is used as substitute for DnBP (Koch et al. 2012). 

Nevertheless, we do not know in what extend DnBP and/or DiBP are incorporated in various 

food products but based on the lack of association in the multivariate results it seems that: 1) 

they are not widely used or 2) the participants had minor contact with them via food products 

(and their contact materials), otherwise this association could be evidenced. More, since DBP  

incorporation in cosmetics is not allowed, thus the probability of DEP and DBP metabolites 

coming from this source is considered very low. 

A moderate correlation was also found between MEHP and 5-OH-MEHP (r=0.66, p<0.01) 

(see also Figure SI-3.3.1 in Supporting Information). Due to the low detection frequency (15 

%) of 5-OH-MEHP in  nails, this association response is mainly due to the high MEHP 

exposure levels. Here, it is possible to observe that even with high 5-OH-MEHP excretion 

(thought urine, 94 % detection), nails give an indication of a DEHP long-term exposure. 

In urine, statistically significant correlations were observed between MEHP and 5-oxo-

MEHP (r=0.68, p<0.01), 5-oxo-MEHP and 5-OH-MEHP (r=0.81, p<0.01), MBzP and sum 

(MnBP, MiBP) (r=0.76, p<0.01), MEP and sum (MnBP, MiBP) (r=0.60, p<0.01) and finally 

between MEP and MBzP (r=0.67, p<0.01). As expected, the oxidative metabolites correlate 

well among themselves and better than with the MEHP (Dewalque et al. 2014a and 2014b; 

Hines et al. 2009). In urine, sum (MnBP, MiBP) is highly correlated with MBzP, suggesting 

that MnBP that is a metabolite of both DnBP and BBzP. The MBzP that is an exclusive 

metabolite of BBzP, can be a result of similar intake source (e.g. PVC flooring, wall 

coverings, among others) (Larsson et al. 2014).  

The MEP is moderately correlated with MBzP and sum (MnBP, MiBP) (r=0.6-0.67) but 

weakly correlated with the other metabolites (see Figure SI-3.3.2 in Supporting Information). 

These results are in agreement with Dewalque et al. (2014b) suggesting that Belgian 

individuals are exposed to different sorts of phthalates although by similar routes of exposure.  
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On the contrary, these results are contradictory and against those presented by other 

authors (Becker et al. 2009; Frederiksen et al. 2010 and 2011) that stated that correlations 

between MEP and other metabolites were weak, suggesting that the parent compound, i.e. 

DEP, mainly used as solvent or carrier in product formulations, is incorporated in plasticized 

products together with other diesters primarily used as plasticizers.  

Upon the possible sources of human exposure and based on urinary data, several authors 

indicate that for DEHP diet is the major source while for DBP and DEP other sources (e.g. 

cosmetics, medication) might have a higher contribution (Frederiksen et al. 2010; Fromme et 

al. 2007a; Hauser and Calafat 2005; Huang et al. 2007; Koch et al. 2013a). 

Between matrices, significant correlations were present for the sum (MnBP, MiBP) and 5-

oxo-MEHP (r=0.37) and the sum (MnBP, MiBP) with 5-OH-MEHP (r=0.62, p<0.01), 

although there was a low detection frequency of the oxidative DEHP metabolites in nails. 

Also, a good correlation was observed between MEHP in nails and sum (MnBP, MiBP) in 

urine (r=0.73, p<0.01). In fact, both MEHP and DBP metabolites were the major metabolites 

in nails, but not in urine, suggesting that this association between matrices is probably favored 

by their exposure levels in nails.  

 Moderate correlations were observed between urine and nails for MBzP and MEHP 

(r=0.52, p<0.05) and MEP and 5-OH-MEHP (r=0.56, p<0.05). Firstly, there are evidences 

that nails are the major contributor for explaining the MBzP and MEHP association, once a 

high correlation was found in nails and not in urine (r=0.57 vs r=0.02, respectively). 

Secondly, either urine or nails by themselves do not correlate MEP with 5-OH-MEHP levels, 

thus the intake sources are certainly distinct. Once 5-OH-MEHP was only detected in 15 % of 

the nail samples, therefore its association to any studied predictor was not performed. 

The exposure assessment based on nails or urine will however lead to different conclusions 

as the compound profiles (levels, % detection) differs significantly between the two matrices. 

In Fig 3.3.2, the total levels of the metabolites determined in both matrices were compared, 

showing that correlation is lacking (R
2
=0.221). More, this is confirmed by the complete 

absence of correlation between the same measured compound in the two matrices, which is 

highlighted in the scatter plots (Fig 3.3.3). Hence, the major metabolites detected in nails (i.e. 

MEHP, MEP and the sum (MnBP, MiBP) did not correlate among themselves in urine, 

confirming that the exposure response translated by urine and/or nails is unique and not 

interchangeable (and assuming that the exposure to the parent PEs did not change in about 6 

months of exposure).  

Overall, the primary and secondary DEHP metabolites (MEHP, 5-OH-MEHP and 5-oxo-

MEHP) were better correlated among themselves in urine than in nails (except, for the 

correlation between 5-oxo-MEHP and MEHP (r=0.68, p<0.01), which can be explained by 

the higher levels of 5-oxo-MEHP in nails of individual 6, 11 and 19). This can be explained 

by the physico-chemical properties of the chemicals. The more polar oxo- and hydroxyl-

compounds have a significantly shorter circulation time in the body before renal clearance, 

leading to a lower accumulation potential in the nail and relatively high concentrations in 

urine, while less polar metabolites circulate longer, resulting in relatively higher levels in 

nails. As a result, DEHP oxidative metabolites are highly detected and more often in urine 

than in nails (94-100 % detection in urine vs. 15-25 % detection in nails). 
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Table 3.3.4. Pearson correlation coefficients (r) between PE metabolites in nails and urine. 

 

M
a
tr

ic
es

  URINE NAILS 

Metabolites MEHP 5-OH-

MEHP
 

5-oxo-

MeHP 

Σ(MnBP 

MiBP) 

MBzP MEP MEHP 5-OH-

MEHP 

5-oxo-

MEHP 

Σ(MnBP 

MiBP) 

MBzP MEP 

U
R

IN
E

 

MEHP 1 0.41 0.68** 0.12 0.02 0.20 -0.05 0.04 -0.23 -0.08 -0.06 -0.15 

5-OH-MEHP 
 

1 0.81** 0.30 0.26 0.09 0.11 -0.10 -0.01 -0.29 0.03 -0.26 

5-oxo-MEHP 
  

1 0.42 0.42 0.39 0.22 0.28 -0.09 -0.31 0.12 -0.31 

Σ(MnBP, MiBP) 
   

1 0.76** 0.60** 0.73** 0.62** 0.37 0.16 0.35 -0.19 

MBzP 
    

1 0.67** 0.52* 0.44 0.29 0.05 0.43 -0.26 

MEP 
     

1 0.42 0.56* 0.17 0.20 0.34 -0.16 

N
A

IL
S

 

MEHP 
      

1 0.66** 0.38 0.01 0.57** -0.09 

5-OH-MEHP 
       

1 0.22 0.12 0.29 -0.09 

5-oxo-MEHP 
        

1 0.21 0.36 -0.12 

Σ(MnBP, MiBP) 
         

1 0.06 0.51* 

MBzP 
          

1 0.16 

MEP 
           

1 

Pearson correlation was performed after data normalization (Z-scores)   **Significant correlations at the 0.01 level (2-tailed); * Significant correlations at the 0.05 level (2-

tailed); bold p-values describe correlation for the same metabolite in both matrices 
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Fig 3.3.2 Linear correlation between total PE metabolites in urine and in nails (normalized 

values). 
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Fig  3.3.3. Scatter Plot between the metabolites detected in both matrices (nails and urine) for: MEHP (A); 5-OH-MEHP (B); 5-oxo-MEHP (C); 

Σ(MnBP and MiBP) (D); MBzP (E); MEP (F). 
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3.3.4 Estimated daily intake based on urinary levels 

 

In this study, the DI was calculated based on the volumetric (linear two-compartment) 

model (Koch et al. 2003a). Other authors calculate the DI based on the creatinine adjustment, 

instead (Wittassek et al. 2011a). Thus, it is important to highlight that the Fue values used in 

the DI calculations can differ depending on the model used (see Table SI-3.3.1 in Supporting 

Information). In this study, the Fue values used for the DI estimation refer to the ones 

reported in the toxicokinetic studies by Koch, Calafat and Kohn (Calafat and McKee 2006; 

Koch et al. 2004; Kohn 2000).  

Results of the DI calculations are summarized in Table 3.3.5. The daily intakes are higher 

for MnBP and MiBP isomers and for MEP. The high levels for these metabolites in urine 

(Table 3.3.1) suggested that most of the individuals were frequently exposed to the parent 

diesters. The median DI values ranged between 0.01 and 0.19 µg/Kg bw/day depending on 

the metabolite, which in comparison with the DI reported in literature (Ait Bamai et al. 2015; 

Bekö et al. 2013; Dewalque et al. 2014a; Dirtu et al. 2013; Frederiksen et al. 2013b; Koch et 

al. 2003a; Suzuki et al. 2009), these levels were relatively low. So far, a TDI has not been 

established for DiBP, but there are indications that this phthalate has comparable toxicological 

properties to DnBP (Howdeshell et al. 2008), therefore a value of 10 µg/Kg bw/day was 

assumed. Thereby, none of the subjects reported in our study exceed the imposed TDI (10-

800 µg/Kg bw/day) (EFSA 2005a, 2005b and 2006).   

Although the DI median levels reported in previous studies are in general below the 

desirable TDI, some individuals were highly exposed with DI levels far above the tolerable 

limit. Some examples are reported by Koch et al. (2003a), wherein 12 % of the studied 

population (10 subjects out of 85) exceed the TDI for DEHP. Also, in another study with a 

German population, one fifth of the children (> 40 individuals) and 4 adults showed exceded 

the TDI for DnBP and DEHP (Wittassek and Angerer 2008). In contrast, the Belgium 

population seems not exceed the TDI and the DI levels are usually lower than in other 

populations. For example, in the study by Dewalque et al. (2014a) were more than 200 

Belgium individuals including children (n=52) and adults (n=209) were studied, only one 

adult exceed the TDI for DnBP and 5 adults and 2 children for DiBP. In the study by Dirtu et 

al. (2013) study none of the individuals exceeded the TDI and the median DI levels ranged 

from 0.10 to 3.1 µg/Kg bw/day. Based on the present DI data and looking at other sub-

populations spread around the world, it is possible to state that the Belgium population has 

low exposure, i.e. low DI as the Japanese and Danish populations, for instance (Ait Bamai et 

al. 2015; Bekö et al. 2013; Frederiksen et al. 2013b; Suzuki et al. 2009), while other 

populations such as German and American have the highest exposure to PEs (Calafat and 

McKee 2006; Koch et al. 2003a). Also, it seems that the Canadian population has a higher 

exposure to DEP (median DI values between 1.1 to 1.9 µg/Kg bw/day) than the Belgians, 

whose levels are comparably high as the ones reported by CDC for an USA sub-population 

(Calafat and McKee 2006). Among genders, our data suggested that women have slightly 

higher DI than men, especially for MEP (median of 0.14 µg/Kg bw/day), MnBP/MiBP 

(median of 0.3 µg/Kg bw/day) and BBzP (median of 0.05 µg/Kg bw/day). These findings are 

in agreement with the study by Koch et al. (2003a). 
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Table 3.3.5. Estimated daily intake (DI; µg/Kg bw/day) for Belgian individuals and DI (median µg/Kg bw/day) reported in other study 

populations. 

 

  
Daily Intake (µg/Kg bw/day) 

 
Median DI in other studies 

(µg/Kg bw/day) 

Diester Metabolite Min Median 
95

th
 

percentile 
Max 

TDI
a
 

(µg/Kg 

bw/day) 

(Koch et al. 

2003a) 

(Dewalque 

et al. 2014a) 

(Dirtu et al. 

2013)
f 

(Suzuki et 

al. 2009) 

(Ait Bamai 

et al. 2015) 

(Bekö et al. 

2013) 

(Frederiksen 

et al. 2013b)
d 

DEHP MEHP 0.01 0.02 0.08 0.10 50 10.3 3.4 0.1 2.2 ND 4.4 1.6 

DEHP 
5-OH-

MEHP 
0.00 0.03 0.07 0.11 50 13.5 ND 0.4-0.5 1.9 ND ND ND 

DEHP 
5-oxo-

MEHP 
0.01 0.05 0.12 0.13 50 14.2 ND 0.2-0.3 1.1 ND ND ND 

DEHP 
ΣDEHP 

metabolites 
0.00 0.03 0.12 0.13 50 13.8

e 
ND 1.2-1.9 1.7 0.02-0.03 ND ND 

Σ(DnBP, 

DiBP) 

Σ(MnBP, 

MiBP) 
0.02 0.19 0.55 0.80 10 5.22

b 2.4
b 

2.3
c
 

0.9-1.3
b
 1.2-

1.5
c 2.2

b
 

0.1-0.2
b 

0.2-0.3
c 

3.3
b 

2.9
c 

0.5
b
 

1.7
c 

BBzP MBzP 0.00 0.01 0.10 0.11 500 0.6 0.4 0.2-0.3 0.1 0.3-0.4 0.49 0.1 

DEP MEP 0.01 0.03 0.33 0.36 800 2.2 1.5 1.4-1.7 0.3 ND 0.6 0.7 
a 

tolerable daily intakes (TDI) established by the European Food Safety authorities (EFSA) [27-30]; 
b
-DI calculated for DnBP; 

c
-DI calculated for DiBP;  

d
- DI for women 

resident in urban area; 
e
- DI for the secondary metabolites; 

f
-DI for Belgian obese individuals in a weight loss program (0-12 months); ND-Not determined 
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3.3.5 Study limitations 

 

The small number of individuals (n=20) and the collection of only one spot (morning) 

urine per participant imposes limitations to the present pilot study. Thus, we agree that either 

a higher number of volunteers and more nails and urine spots (ideally more than one urine 

spot/day) collected over a longer period (>15 days), would translate a better exposure trend 

and give a better significance of the predictors (environmental or personal contributors) in the 

statistical univariate and/or multivariate analysis.  

Taking into account that six months are necessary for the nail to completely grow out, a 

sequential nail sampling over a longer period of time (e.g. 1 to 6 months) could unravel the 

variation in exposure reflected by different nail segments in each participant. At the same 

time, urine spots (or other matrix representing short-term exposure) could be collected for 

comparison of exposures.  

Since, there are many factors that might influence the nail growth (age, gender, nutritional 

state, climate), its properties (water, lipid, thickness, keratin, etc.) and other factors that might 

affect the partitioning of chemicals between blood (or other tissue) and nail (e.g. lipophilicity 

of the chemicals, pH of the solvent media, keratin-chemical interaction), we consider that the 

evaluation of the exposure based exclusively on nails is not easy and straightforward. More, it 

is difficult at this stage (and considering that an unique nail sample was collected per 

participant) to understand the importance of all influencing factors (personal/environmental), 

once the routines reported in the questionnaires (during the sampling) might have changed. 

Also, there is yet no knowledge in relation to how exactly express a specific exposure (intake) 

based on nails data, likewise it is done for other matrices (e.g. urine and serum). Longitudinal 

(and cross-sectional) studies could help to understand some of these factors and explain 

variations between nail measurements (per participant). In addition, pharmacokinetics 

(metabolism and excretion) of some of these PEs has not been studied, as well as the 

partitioning between blood-nail and the contribution from external sources to the overall 

exposure, which might be an important research gap to overcome in future studies. 

A more detailed questionnaire could unveil the importance of personal care 

products/cosmetics in the DEP and DBP exposure and food predictors in DEHP exposure. For 

assessing the feasibility of this new approach using nails these limitations are acceptable. Still, 

we need to be aware that more investigation is needed in order to consider nails as an 

alternative matrix to urine in HBM. 

 

 

3.3.6 Conclusions  

 

For the first time, a feasibility study was conducted to assess the human exposure to PEs in 

twenty Belgian individuals via nails and urine. A new normalization creatinine-based 

approach for: 1) correcting the dilution of PE metabolites in urine; 2) create a better 

comparison between matrices in terms of expressed units (ng/mL vs. ng/g) was proposed. 
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The first insights show that  certain PEs such as DEHP, DBP (DBnP and/or DIBP) and 

DEP can be measured in nails. This combined with the fact that nails represent a relatively 

long exposure window, makes this matrix a potentially better indicator to assess (long-term) 

exposure to some PEs. Therefore nails can be considered a valuable non-invasive alternative 

for estimating human exposure to phthalate esters.  

 

 

3.3.7 Supporting Information 

 

 

Table SI-3.3.1. Molecular weight (MW in g/mol) and molar fraction urinary excreted (Fue) 

of the phthalates used for estimation of the total phthalates daily intake. 

 

 

Parent phthalate 

(Abbreviation) 
MWd 

Metabolite  

(Abbreviation) 
MWm Fue 

Diethyl phthalate (DEP) 222.23 Mono-ethyl phthalate (MEP) 194.18 0.69 

Di-n-butyl phthalate (DnBP) 278.34 Mono-n-butyl phthalate (MnBP) 222.24 0.69 

Di-isobutyl phthalate 

(DiBP) 
278.34 Mono-iso-butyl phthalate (MiBP) 222.24 0.69 

Butylbenzyl phthalate 

(BBzP) 
312.35 Mono-benzyl phthalate (MBzP) 256.25 0.73 

Di-2-ethylhexyl phthalate 

(DEHP) 
390.56 

Mono-(2-ethylhexyl) phthalate (MEHP) 278.34 0.13 

Mono-(2-ethyl-5-oxohexyl) phthalate (5-

oxo-MEHP) 
292.33 0.15 

Mono-(2-ethyl-5-hydroxyhexyl) phthalate 

(5-OH-MEHP) 
294.34 0.233 
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Fig SI-3.3.1. Scatter Plot between the metabolites detected in nails for: 5-OH-MEHP and MEHP (A); MBzP and MEHP (B); MEP and Σ(MnBP 

and MiBP) (C). 
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Fig SI-3.3.2. Scatter Plot between the metabolites detected in urine for: 5-oxo-MEHP and MEHP (A); 5-oxo-MEHP and 5-OH-MEHP (B); 

MBzP and Σ(MnBP and MiBP) (C);  MEP and Σ(MnBP and MiBP) (D); MEP and MBzP (E). 
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3.4  LONG-TERM EXPOSURE ASSESSMENT TO PHTHALATES: 

HOW DO NAIL ANALYSES COMPARE TO COMMONLY USED 

MEASUREMENTS IN URINE 

 

 

Based on the following publication:  

 
Alves A, Koppen G, Vanermen G, Covaci A, Voorspoels S. Long-term exposure assessment 

to phthalates: How do nail analyses compare to commonly used measurements in urine. J. 

Chromatogr B (2016) 1036: 124-135. 

 

 

3.4.1 Introduction 

 
 

Firstly, a new microextraction method based on DLLME was proposed for extracting PE 

metabolites using whole nails (section 3.2).  

In this study, one of the major goals was to investigate the influence of sample preparation 

and to assess the potential of reducing the sample preparation time, therefore the metabolites 

were measured in both grinded and whole nails using the optimized US-DLLME. 

Secondly, in the previous section, the human exposure to PE was assessed by measuring 

their metabolites in both nails and urine of twenty Belgian individuals. Nevertheless in that 

study, the  metabolites were measured in only one (morning) urine spot, where the levels were 

afterwards correlated with those determined in one nail sample (represented the long-term 

exposure in approximately six months) collected per participant.  

So far, the urinary concentrations can be affected by the urine dilution and by the time 

point of the urine collection. With regard to the dilution, some authors defend that 

normalizing the levels of the metabolites based on creatinine is a suitable approach to 

minimize errors on the measurements, to better quantify excretion and evaluate exposures to 

PEs (Peck et al. 2010b; Preau et al. 2010; Valvi et al. 2015). In contrast, others defend that 

normalization is not relevant because several factors such as sex, age, body mass index 

(BMI), fat-free mass, and even ethnicity can have a significant influence on the renal 

clearance of PEs (Adibi et al. 2008; Frederiksen et al. 2013a). Instead, the urine osmolality or 

the specific gravity determination is suggested as an alternative for correcting the urine 

dilution (Duty et al. 2003a; Frederiksen et al. 2013a; Silva et al. 2003).  

Also the time point or period of urine collection (24 h, spot and morning urine) is another 

important factor that influence the variability of the urine data. For instance, some authors 

have reported that there is a higher variability of the metabolite’s levels (both between and 

within-persons) when 24h urine is measured than for first-morning or spot urine samples 

(Frederiksen et al. 2013a).  
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Hence, some authors consider that it is of considerable importance to collect multiple urine 

spots (Preau et al. 2010; Valvi et al. 2015) in order to accurately classify exposure to PEs.  

Still it is noteworthy that the current literature is limited regarding the time sampling (days 

to two weeks) and the number of spots collected per participant (Frederiksen et al. 2013a; 

Peck et al. 2010; Preau et al. 2010; Valvi et al. 2015).   

Therefore, the determination of the metabolites was performed in multiple (morning) spots 

collected over 15 days by nine volunteers. More, two of them have collected two more spots 

per day (in the afternoon and in the evening) in order to determine the intra- and inter-day 

variability. Additionally, two nail samples were collected 15 days apart (i.e. one in the 

beginning of the sampling and other in the end). 

Tough, the exposure reflected by the urinary levels (short-term) might be different from the 

one represented by nails (long-term), the levels in the two matrices were again correlated. 

Predictors (environmental and personal) of exposure were studied. 

 

3.4.2 Materials & Methods 

 

3.4.2.1 Reagents, standards and equipment 

 

All reagents, equipment, standards for PE metabolites and their preparation (working, 

spike and calibration solutions) are referred in the experimental section of the previous 

section. 

 

3.4.2.2 Nails and urine collection  

 

Nine adults, five males and four females were recruited for this study in the beginning of 

2015 in our institute (VITO NV, Belgium). The participants were duly informed about the 

purpose of the study and gave their consent to participate (Ethical approval register N.° 

B300201316329). All volunteers collected one morning urine sample per day during 15 days 

of sampling period and two nail samples (one at the beginning (day 1) and another at end of 

the campaign (day 15)). During the sampling, the participants did not cut the nails, except at 

the last day of sampling. 

Furthermore, among the volunteers, two individuals have collected three urine voids per 

day, i.e. one morning spot urine sample (spot 1), an afternoon spot urine sample (spot 2) and a 

night/evening spot urine sample (spot 3). At the end of the sampling (day 15), the participants 

filled in a short questionnaire. The volunteers were asked for their personal lifestyle (e.g. use 

of nail polish, hand care products, detergents), daily behavior (e.g. eating with hands, sport 

activities, consumption of prepacked food, and heating/storing food in plastics, etc.) and 

environmental exposure (e.g. time spend outdoor, time in car/public transport).  

The urine samples were collected in 50 mL polypropylene containers initially washed with 

10 % HNO3 (v/v) followed by MeOH and air dried. The urine samples were stored in the dark 

at -24°C until analysis.  
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The nails were collected in polypropylene containers and stored at room temperature. Prior 

analysis, the nails were rinsed (twice) with acetone in order to remove dust particles and 

residues of  nail polish. 

A composite nail sample was made from several participants who had collected an higher 

amount. One part was homogenized, powdered in a mixer mill (30 min, 20 Hz) and further 

used as a pooled sample for method optimization. Another part of these nails was not grinded, 

therefore it was used in the method optimization and validation.  

 

 

3.4.2.3 Extraction of the metabolites from nails (US-DLLME) and urine 

 
The microextraction extraction procedure developed (US-DLLME) (see method in section 

3.2) was performed for both nail types, whole and powdered nails.  

The deglucoronidation of the PE metabolites in urine was done according to Servaes et al. 

(2013). The metabolite’s dilution effect in urine (ng/mL) was corrected by the creatinine 

measurement via a colorimetric assay and the results were expressed as µg metabolite/g 

creatinine. 

 

 

3.4.2.4 US-DLLME method validation for whole nails 

 

The following method parameters were validated: working range (calibration curves were 

constructed with 7-point calibration standards (0.3-490 µg/L)), limits of quantification 

(LOQm), precision and accuracy. The validation was conducted according to the previous US-

DLLME method validation described in section 3.2. 

 

 

3.4.2.5  UPLC-MS/MS analysis 

 

The chromatographic and MS detection conditions for the analytes are described in the 

section 3.2.  

 
 
3.4.2.6 Statistical analysis 

 

 

All statistical analyses were performed using STATISTICA (version 12.0, StatSoft Inc.). 

Samples with levels below the LOQm were transformed to LOQm/√2.  

Analysis of variance (two-way ANOVA) was performed for estimating differences 

between the paired nail samples collected from the nine individuals at the beginning and the 

end of the 15 days of sampling time.  
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T-test was performed in order to evaluate differences between the two groups of nail 

samples collected (initial and final collection) by the nine participants.  

Spearman rank correlation coefficients (rs) were calculated between concentrations 

determined in nails and the average concentration in urine collected during 15 days. 

A repeated measures analysis of variance (ANOVA) was performed to calculate the intra-

class correlation coefficient (ICC) of the ratio of between-individual variance divided by the 

sum of between-individual and within-individual variance. The ICC gives an indication of the 

variability of the repeated measurements within one individual. Firstly, the ICC was 

calculated for the urine spot 1 of all individuals (n=9). Furthermore, the ICC was calculated 

including urine spots 1, 2 and 3 collected by two individuals (1 male and 1 female) during the 

15 days sampling period. ICC values were interpreted as following: < 0.40 weak agreement, 

0.40 - 0.75 fair to good agreement and > 0.75 excellent agreement.  

Univariate single pollutant linear regression analysis was performed to evaluate potential 

sources of exposure (e.g. use hand care products, nail polish, etc.) in relation to the levels of 

each of the metabolites in nails (average of two samples) and urine (averaged over the 15 

days). Only the predictors that were significant in the univariate models (p<0.05) were further 

examined in a multivariate regression model including all predictors as explanatory variables 

and each of the PE metabolite as outcome variable. 

 

 

3.4.3 Results and discussion 

3.4.3.1 Comparison of PE metabolites levels between grinded and whole nails 

 

In our previous studies (Alves et al. 2016a, 2016b), we demonstrated that nails can be good 

biomarkers of exposure to PEs. In those publications, the nails were grinded before extraction 

of the PE metabolites using a new extraction method (US-DLLME) (see section 3.3).  

In the current study we tested for the first time if the levels in grinded and ‘whole’ nails cut 

into pieces, were different (Fig  3.4.1). Reducing the sample preparation time was one of the 

main reasons to compare whole and grinded nail samples, especially if many samples need to 

be analyzed in a limited time. Seeing the limited number of grinding apparatus available in an 

average lab, the procedure has to be carried out in a sequential manner, which makes it a 

laborious and time-consuming procedure Thus, skipping the grinding step in the sample 

preparation, allowed to save on average 30 min per sample. Thus, levels of PE metabolites 

were compared between the two methodologies. 

The major metabolites observed were MEHP, MEP and Σ(MiBP, MnBP) with levels in  

whole nails ranging from 74 to 477 ng/g versus those in grinded ones averaging from 95 to 

455 ng/g (Table 3.4.1). These results are confirmed by our earlier studies (Alves et al., 2016a, 

2016c) and shown in the previous sections. 

Grinded nails showed less variation in the replicated measurements per individual most 

probably due to the higher sample homogeneity. Nevertheless, it is noticed that the levels of 

MEHP, Σ(MnBP, MiBP) and MEP can largely vary among the individuals, independently on 

the sample preparation method which can be due to different exposures.  
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However, no significant differences were observed between the two extraction 

methodologies for paired samples (ANOVA p=0.99).  

Of course, it is always important to consider factors such as: which metabolites, the 

amount of nails that can be collected per individual, number of replicate experiments, 

automation of the sample preparation and its limitations, number of total samples to analyze 

including the timing and purpose of the study (e.g. non-occupational exposure based on one 

collection,  time trend evaluation).  

Due to similar translation of the metabolites’ levels in both nail types, significant time and 

cost reduction in overall process and limited amount of nails collected per participant, whole 

nails were used for further analyses. 

 

 
Fig. 3.4.1. Whole nails (A) and grinded nails’ powder (B). 

 

 

Table 3.4.1 Average levels  (ng/g) of PE metabolites in grinded and whole nails for three 

volunteers. 

 
Average levels (ng/g) ± SD

a
 

Nails Individual MEHP 
5-OH-

MEHP 

5-oxo-

MEHP 

Σ(MnBP, 

MiBP) 
MBzP MEP 

Whole 

1 73±15 <3 1.2±0.9 46±12 <4 32±14 

2 140±25 <3 <2 63±12 4.8* 1319±365 

3 266±171 3.6±1.1 3.8±4.0 114±24 5.1* 79±25 

Average 160 3.6 2.5 74 5.0 477 

Grinded 

1 96±1 <3 1.8±0.5 67±6 <4 46±4 

2 132±8 4.3±0.3 1.4±0.6 78±18 8.1* 1252±236 

3 256±14 <3 2.5±0.6 140±10 <4 65±5 

Average 162 4.3 1.9 95 8.1 455 

        
*detected in only one replicate sample; 

a
SD- Standard deviation of four replicates (n=4); LOQm was calculated 

based on 3 times SD of procedural blanks (6 ng/g for MEHP; 7 ng/g for MEP; 3 ng/g for 5-OH-MEHP; 2 ng/g 

for 5-oxo-MEHP; 14 ng/g for Σ(MnBP, MiBP); 4 ng/g MBzP) 
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3.4.3.2 US-DLLME method validation for whole nails 

 

In our first study (Alves et al., 2016a), the US-DLLME was successfully validated using 

grinded nails  (see section 3.2).  

In the present study, we have demonstrated that using whole nails is a good alternative and 

a huge time saver, especially when the method is especially implemented for routine analyses.  

The US-DLLME protocol using whole nails was validated for the working range, accuracy 

(recovery), intra and inter-day precision and limit of quantification (LOQm) (Table 3.4.2).  

 

Table 3.4.2 Intra and inter-day precision (n=6), % recoveries, LOQm and LOQi for the US-

DLLME using whole nails. 

 

Compound 

LQ 

(4-12 ng, n=6) 

HQ 

(7-23 ng, n=6) 

%  R 

LOQm 

(ng/g) 

 

LOQi 

(ng/g) 

 RSD % 

intra-day
a
 

RSD % 

inter-day
b
 

RSD % 

intra-day
a
 

RSD % 

inter-day
b
 

MEHP 20 16 9 8 95 6 0.06 

5-OH-MEHP 10 5 9 8 106 3 0.08 

5-oxo-MEHP 10 4 7 4 92 2 0.02 

Σ(MnBP, MiBP) 18 35 9 10 103 14 0.92 

MBzP 9 3 10 5 75 4 0.05 

MEP 19 35 14 7 103 7 0.04 
a 
Intra-day Relative Standard Deviation (n=6); 

b 
Inter-day Relative Standard Deviation (n=6); 

LOQm-Method limit of quantification (3× SD blanks (n=10); LOQi- Instrumental limit of 

quantification (10 times S/N of the lowest calibration standard) 

 

The linearity was evaluated by the fit of the calibration curves in the working range 0.3-

490 µg/L. Thus, good fit of the responses versus concentration for each analyte was observed 

for all analytes (R
2
 >0.987).  

So far, no certified reference materials are available for the analytes and matrix of interest, 

thus the recovery from fortified nail samples was measured to assess accuracy. The % R for 

each analyte was determined based on a curve fit, considering the zero point (non-spiked), a 

low spike level (LQ, 4-12 ng) and a high spike level (HQ, 7-23 ng). Native levels of PE 

metabolites in non-spiked nails ranged from 0.03 ng (e.g. 5-oxo-MEHP) to 3 ng (e.g. MEHP 

and Σ(MnBP, MiBP)). 

Recoveries ranged between 75 % and 106 %, demonstrating good accuracy. The precision 

(intra and inter-day) was expressed as relative standard deviation (RSD %) for both LQ and 

HQ spike levels. Thus, inter-day precision ranged between 3 and 35 % for LQ and varied 

between 4 and  10 % for HQ. Also the intra-day precision was also acceptable (% RSD values 

were lower than 20 % for LQ and < 14 % for HQ).  

LOQi were in low ng/g range (0.02 to 0.92 ng/g) and levels in procedural blanks were used 

to calculate the LOQm. During validation the LOQm was estimated between 2 to 14 ng/g, 

depending on the metabolite.  
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Additionally, due to possible contribution of external contamination and hydrolysis of the 

diesters into monoesters during the sample preparation, a set of blanks were prepared and 

analyzed together with the nails, and the levels were subtracted from the ones in the samples. 

Also, for a  more accurate determination of the analytical threshold, the LOQm was calculated 

based on the levels in these blanks. Although, the levels in blanks were relatively low during 

nails analyses, still a fluctuation of the MEHP and sum(MnBP, MiBP) levels was observed 

from the one obtained in the validation, suggesting that external contamination can occur 

during extraction/sample preparation. 

 

 

 

3.4.3.3 Human exposure via nails: analysis of two time points  

 

Two nail samples were collected by each participant (at the start (day 1) and the end of the 

15 day sampling), in order to evaluate the rather long-term variation in the levels of the seven 

metabolites.  

Fingernails grow on average 3.47 mm/month according to a recent study involving twenty-

two American individuals (Yaemsiri et al. 2010) and at a faster rate (30-50 %) than toe nails 

(Barbosa et al. 2005), still fingernails are considered good indicators of past exposure. Based 

on this, an assumption can be made regarding the exposure reflected by nails, i.e., the levels 

measured in the initial nail sample (1
st
 collection) will reflect the exposure to PEs on average 

counting five to six months ago (depending on the nail length), while the final nail sample 

taken (corresponding to a difference in few millimeters, i.e. approximately 2 mm from the 

first sample), will reflect the levels accumulated in nails in a difference of two weeks later 

than  the 1
st
 sampling. Thus, the reasoning how reliable are nails to translate past exposure can 

be done. 

Ideally, a more detailed exposure information could be obtained from the analysis of 

various nails segments (collected weekly for a long period, for instance). However due to 

ethical/personal issues regarding the amount that could be collected per participant (i.e. in 

each time point), also the nail growth and taking into account the sampling duration, 

unfortunately was only possible to request more than two nail samples per participant 

collected apart from 15 days.  

All individuals have collected two nail samples (see a chromatogram of the analytes 

detected in the initial nail sample for one of the participants, Fig SI-3.4.1 in Supporting 

Information), except individual 3 that did not provide the first sample.  

The Fig SI-3.4.2 shows the distribution of the levels among all individuals for the 1
st
  (day 

1) and 2
nd

 nail (day 15) collection. Here, it is visible that the levels are more equitably 

distributed in the 1
st
 collection (range from 57 to 179 ng/g)  than in the 2

nd
 collection (range 

from 54 to 304 ng/g). Yet, median levels were similar for the initial and final sample among 

the participants (97 and 121 ng/g, respectively), as well as the average levels (Table 3.4.3).  
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The  t-test conducted for the paired initial and final samples revealed that there was no 

significant difference (p-values>0.05) between the two samples collected (Table 3.4.4),  

sustaining the hypotheses that there is no significant fluctuation of the metabolites’ 

bioaccumulation in the nail plate in both genders, also reflected by the levels in the two 

samples which represent a six month past exposure (with two weeks of difference).  

Also, there were no significant differences between the paired nail samples grouped per 

individual (ANOVA, p=0.33), although as expected there was a significant difference 

between the analytes’ levels in nails, leading to two hypotheses: 1) that the bioaccumulation 

rate (versus excretion) is not equal to all target analytes; and/or  2) that the participants had 

distinct exposure scenarios to the various PEs. As an example and based on our results, 5-oxo-

MEHP and 5-OH-MEHP do not tend to accumulate in nails (detection frequency 57-76 %), 

due to the fast metabolism of the MEHP into secondary metabolites (and/or conjugation) with 

consequent high excretion in urine (~70 % of the oral dose) (Preuss et al. 2005). Although this 

is true, we observed that the 5-OH-MEHP levels in nails (Table 3.4.3) were considerable high 

for one individual (N.° 7). In fact, in Preuss et al. (2005) study, 5-oxo-MEHP is indicated as a 

metabolite of 5-OH-MEHP and one of the minor DEHP oxidative metabolites excreted in 

urine. Thus, if both metabolites have similar bioaccumulation rate in nails (but assuming that 

there are different levels of these metabolites circulating in blood, where 5-OH-MEHP  

prevails), it is possible to assume that 5-OH-MEHP which was not totally converted into 5-

oxo-MEHP (and did not conjugate with glucuronic acid for fast excretion) can still 

accumulate in nails. Also, other factors such as age, gender diet, state of health, route and 

extend of exposure may influence the metabolism rate of DEHP into primary and secondary 

metabolites, also 5-OH-MEHP into 5-oxo-MEHP  (CDC, 2015). 

In contrary, it is suggested that other PEs and in particular the short-chain such as DEP are 

low excreted in urine in the monoester form (i.e. 24 % of MEP is excreted in 24h, 35 % in 48h 

and 50 % after 7 days) (ATSDR, 1995). Therefore upon metabolism into the monoester their 

bioaccumulation in nails can be rather high as it happens for MEP once still 50 % is 

circulating in our body. Actually, MEP is one of the major metabolites detected in nails which 

is also confirmed in our previous studies (Alves et al.2016a, 2016b).  

From our knowledge, the mechanisms of the PE metabolites’s incorporation (like for many 

other contaminants) in nails was not yet explored. Still, there are some studies which refer that 

keratin has a major mediation and/or melanin into chemical’s incorporation (e.g. drugs) into 

keratinized matrices, such as nails or hair, for instance (Kintz and Villain, 2005). 

Additionally, other authors have referred that factors such as age, gender and season 

(Yaemsiri et al., 2010; Barbosa et al. 2005) can influence the nail growth and therefore may 

provide shorter/longer exposure integration of a certain chemical.  

With regard to our results we assumed that: 1) the exposure to different sorts of PEs is 

continuous but not equal to all PEs; 2) the metabolites (mostly the hydrolytic monoesters) 

which are not prone to oxidation or conjugation for fast elimination, circulate in the blood 

stream and therefore their bioaccumulation via the nail bed into the nail plate is favorable; 3) 

the incorporation of some metabolites in nails seems relatively high and constant over a time 

period of ca. 6 months suggesting stability of the matrix in measuring long-term exposure.  
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With the aim of understanding some of the most pertinent issues, especially to understand 

the metabolism with consequent bioaccumulation of the different PE metabolites in nails (i.e. 

how and to which extend) and investigate which factors most contribute for their non-

excretion in urine, we agree that in a near future more investigation is needed.  

In this sense, the use of multidisciplinary research fields to cover the highlighted issues is 

highly recommended. 

 

Table 3.4.3 Average levels (ng/g) of the seven PE metabolites collected in two nail samples 

for nine Belgian individuals. 

 

Individual Gender MEHP 
5-OH-

MEHP 
5-oxo-MEHP Σ(MnBP, MiBP) MBzP MEP Sum PE 

1 Male 49.2 3.1 0.5 31.1 1.9 12.8 98.5 

2 Male 48.0 1.2 2.5 33.0 1.1 7.0 93.0 

3 Male 28.7 1.2 <LOQm 26.6 0.3 126.7 183.6 

4 Female 44.7 11.8 2.0 69.1 0.7 22.2 150.6 

5 Male 28.2 <LOQm 2.9 13.2 1.5 10.3 56.1 

6 Female 41.3 3.8 0.8 49.5 1.9 4.5 101.9 

7 Female 23.8 29.2 <LOQm 26.6 3.3 32.8 115.7 

8 Female 20.1 3.1 0.7 134.8 1.1 44.4 204.2 

9 Female 80.2 2.4 0.4 31.3 0.6 17.1 132.1 

LOQm was calculated based on 3 times SD of three procedural blanks analyzed together with batch of samples (4 

ng/g for MEHP; 1 ng/g for 5-OH-MEHP; 0.3 ng/g for 5-oxo-MEHP; 7 ng/g for Σ(MnBP, MiBP); 0.1 ng/g 

MBzP; 0.8 ng/g for MEP). 

 

Table 3.4.4 T-test values (p-values) between independent nail sub-samples (initial and final) 

collected among nine volunteers. 

 

Variables 

p-values ( t- test) 

(between independent samples, initial and final nail samples) 

MEHP 5-OH-MeHP 5-oxo-MEHP Σ (MnBP, MiBP) MBzP MEP 

Day 1 and Day 15 0.24 0.89 0.62 0.54 0.32 0.42 

 
 
 
3.4.3.4 Human exposure via spot urine samples 

 

A morning spot urine sample (spot 1) was collected by all participants during 15 days. 

Additionally, two participants collected two more urine samples in the afternoon (spot 2) and 

evening (spot 3). Table 3.4.5 represents the descriptive statistics (mean, geometric mean, 

median, maximum, minimum, 25
th

 and 95
th

 percentiles) for the measured metabolites in 

urinary spot 1 (for all participants), spot 2 and spot 3 (for two participants).  
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Overall, the major metabolites present in urine (97-100 % detection frequency (DF)) were 

Σ(MnBP, MiBP) (range of 0.06-30.5 µg/g creatinine in spot 1; range of 0.53-6.0 µg/g 

creatinine in spot 2; range of 0.69-5.8 µg/g creatinine in spot 3) and MEP (range of 0.12-17.0 

µg/g creatinine in spot 1; range of 0.16-2.1 µg/g creatinine in spot 2; range of  0.21-14.1 µg/g 

creatinine in spot 3) (see boxplot distributions of the metabolites for the three urinary spots in 

Fig SI-3.4.3, Supporting Information). High total levels were observed in morning urine (spot 

1) when comparing the levels with the other two spots (mean of 9.2-9.3 µg/g creatinine) 

(Table 3.4.6) that were collected by the two participants (see also Fig SI-3.4.4 to Fig SI-3.4.6 

in Supporting Information).  

Even considering the overall (low) levels excreted by this population, high median levels 

were shown in spot 1 (morning) for short-chain metabolites such as MEP and MBzP, while 

for long-chain, spots 2 and 3 seem to better represent their excretion. Although, in terms of 

number of individuals who sampled more than one urine spot can be seen as not statistically 

representative, still the same is not valid in terms of individual spots (morning, afternoon and 

evening) collected per participant during the 15 days (i.e. spots per person > 40).  

Yet, for better understanding an evaluation between levels excreted among the three spot 

urine samples was conducted for the two individuals. Since the levels were relatively low but 

still taking into account the two major metabolites (MEP, Σ(MnBP, MiBP)), it was possible to 

evaluate which was the most relevant spot. Significant differences of of Σ(MnBP, MiBP) 

levels between the spots were found in both individuals (p=0.03 and p=0.009), although for 

MEP significant differences were only found for the female participant (p=0.004). In addition, 

median values were higher for morning urine (spot 1) in both individuals either for MEP (1.0 

and 2.0 µg/g creatinine) and Σ(MnBP, MiBP) (4.6 and 5.1 µg/g creatinine), as well as for the 

other minor metabolites. So far, other authors have reported that the collection of multiple 

spots over time can provide a more complete assessment of exposure to various PEs (Preau et 

al. 2010), whereas morning urine seems to meaningfully represent the exposure to PEs 

(Hoppin et al. 2002). 

Although we cannot draw major conclusions about the extent of the exposure (to different 

PEs) for the two individuals, it was however interesting to observe that the male participant 

showed a higher clearance of the total PEs, whereas the female participant showed a higher 

variability in exposure (mainly due to the higher levels of DBP and DEP metabolites 

excreted) (Table 3.4.6). Women may be more exposed than men due to the use of many 

personal care products (Ventrice et al. 2013). Still, the human exposure to PEs via other 

sources (e.g. food, furniture, upholstery or pharmaceuticals (Fromme et al. 2007a; Hauser and 

Calafat 2005; Koch et al. 2013a) can be considered high and not different among genders 

(Fromme et al. 2007b), therefore those sources would most probably not help to differentiate 

exposures among individuals.  
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Table 3.4.5 Results of 15 days repeated measurement of  PE metabolites in urinary spots of nine individuals (of which two also collected an 

afternoon and evening sample each over  15 days). 

 

Descriptive statistics: spot 1 (N=132), spot 2 (N=28), spot 3 (N=28); Spot 1 levels are reported for all individuals (n=9) over 15 days; Spots 2 and 3 were only collected by 

two participants (male and female) over 15 days; GM-Geometric mean; 25
th

 p and 95
th

 p: 25
th

 and 95
th

 percentiles; Min-Minimum; Max-Maximum; Levels below the LOQm 

were represented as LOQm/√2 and adjusted for creatinine level. 

 

 
 

 

 

 

 

 

 

 

 

 Levels in urine for daily sampling over 15 days  (µg/g creatinine) 

 
Spot 1 (morning, 9 individuals) Spot 2 (afternoon, 2 individuals) Spot 3 (evening, 2 individuals) 

Metabolite Mean GM Median Min Max 25
th 

p 95
th

 p Mean GM Median Min Max 25
th 

p 95
th

 p Mean GM Median Min Max 25
th 

p 95
th

 p 

MEHP 0.19 0.14 0.13 <LOQm 1.21 <LOQm 0.64 0.28 0.23 0.21 <LOQm 0.81 0.16 0.78 0.39 0.16 0.16 <LOQm 6.02 <LOQm 0.44 

5-OH-MEHP 0.8 0.55 0.52 0.03 4.23 0.36 2.47 0.99 0.69 0.83 0.04 4.42 0.51 2.04 0.95 0.77 0.8 0.08 3.19 0.54 1.99 

5-oxo-MEHP 0.45 0.36 0.36 0.09 1.96 0.23 0.98 0.57 0.43 0.52 0.06 2.13 0.27 1.05 0.59 0.49 0.5 0.18 1.78 0.31 1.48 

Σ(MnBP, 

MiBP) 
3.02 1.98 2.23 0.06 30.53 1.36 6.97 2.85 2.49 2.79 0.53 5.99 2.18 5.75 3.03 2.67 2.98 0.69 5.81 1.87 4.99 

MBzP 0.19 0.09 0.08 <LOQm 1.49 0.05 0.71 0.09 0.05 0.08 0.01 0.48 0.02 0.27 0.09 0.07 0.06 0.01 0.43 0.05 0.38 

MEP 2.31 1.20 1.05 0.12 16.96 0.46 10.71 0.84 0.72 0.72 0.16 2.11 0.48 1.46 1.14 0.62 0.55 0.21 14.13 0.32 1.58 

Σ (7 

metabolites) 
6.96 4.32 4.37 - - - - 5.62 4.61 5.16 - - - - 6.19 4.78 5.05 - - - - 
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Table 3.4.6 Individual levels of PE metabolites in urinary spots (morning, afternoon and evening) collected by two individuals (1 male and 1 

female). 

 
 

Analytes 

Levels in urine from daily sampling over 15 days (µg/g creatinine) 

Spot 1 (male) Spot 1 (female) Spot 2 (male) Spot 2 (female) Spot 3 (male) Spot 3 (female) 

Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range 

MEHP 0.25 <LOQm-0.68 0.20 <LOQm-0.64 0.30 0.10-0.78 0.26 <LOQm-0.81 0.19 <LOQm-0.44 0.58 <LOQm-6.02 

5-OH-MEHP 1.51 0.52-3.36 0.66 0.07-2.30 1.44 0.66-4.42 0.54 0.04-1.25 1.24 0.52-3.19 0.66 0.08-2.00 

5-oxo-MEHP 0.89 0.39-1.96 0.51 0.20-1.71 0.84 0.38-2.13 0.29 0.06-0.57 0.75 0.25-1.78 0.42 0.18-1.16 

Σ(MnBP, MiBP) 4.60 1.49-6.97 6.52 1.00-30.53 3.40 1.22-5.99 2.30 0.53-4.37 2.71 1.07-4.64 3.34 0.69-5.81 

MBzP 0.26 0.05-0.57 0.11 0.02-0.32 0.17 0.04-0.48 0.03 <LOQm-0.08 0.15 0.04-0.43 0.05 0.01-0.08 

MEP 1.89 0.44-3.24 1.24 0.42-3.31 1.03 0.44-2.11 0.67 0.16-1.26 1.87 0.36-14.13 0.41 0.21-0.88 

Σ (7 metabolites) 9.39 - 9.23 - 7.18 - 4.09 - 6.92 - 5.46 - 

Levels below the LOQm were represented as LOQm/√2 and adjusted for creatinine level. 
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3.4.3.5 Creatinine measurements 

 

 

A discussion remains whether the levels of metabolites in urine should be creatinine 

corrected or not when comparing same sub-populations (e.g. adults, children, pregnant 

women, etc.) (Barr et al. 2004; Preau et al. 2010; Remer et al. 2002; Saravanabhavan et al. 

2013), where aside from affecting the dilution factor of the compounds in urine, also other 

factors such as muscle mass, diet (e.g. red meat consumption), gender and age can influence 

the creatinine levels  (Barr et al. 2004; Remer et al. 2002).  

Previously, some authors (Barr et al. 2004) have stated that morning urine contains higher 

creatinine levels than other spots. Thus, after creatinine correction the creatinine adjusted 

levels of the metabolites in urine become lower compared with that of an individual with a 

similar exposure. In the current study, the morning urine creatinine levels in all participant 

ranged from 77 to 157 mg/dL, which is within the normal range established by WHO (30-300 

mg/dL) (WHO 1996).  

In contrast with a study by Barr et al. (2004), in our study there was an increase in 

creatinine levels from spot 2 (afternoon) to spot 3 (evening) observed for the two participants 

(from 90 to 121 mg/dL and 39 to 94 mg/dL, respectively) that collected more than one 

spot/day. It is possible to verify that there were significant difference in creatinine levels 

between the two individuals for each spot (p-values=0.05; inter-variability), but creatinine 

levels did not fluctuate significantly over the different days for each individual (p-

values=0.10; intra-variability). Apart from the fact that: 1) muscle mass is an important factor 

for increasing the levels in urine and 2) differences in creatinine were observed between the 

two participants (male and female), still the variation of the creatinine can also be due to other 

factors such as diet, physical exercise, gender or age (Barr et al. 2004; Remer et al. 2002). 

Yet, since there were only 2 individuals (not statistical significant), no definitive conclusions 

about the main influential factor can be drawn.  

 

 

3.4.3.6 Evaluation of the PE metabolites in urinary levels from worldwide 

 

 

The urinary levels of PE metabolites in the present study were compared to the levels in 

other Belgian sub-populations (Dewalque et al. 2014b; Dirtu et al. 2013; Geens et al. 2014). 

The exposure range for these metabolites within those populations was nevertheless very wide 

between sub-population (differences in the levels reached up to 100-200, 300 and 500 times 

more for MnBP, MiBP and MEP, respectively) (Dewalque et al. 2014b; Dirtu et al. 2013; 

Geens et al. 2014), which was not observed in our small population, i.e. the variability of the 

levels per analyte is much lower. Despite the low levels reported in our study (either 

expressed in ng/mL or either in µg/g creatinine) compared to other Belgian studies, i.e. 

indicating that these individuals had a relatively low short-term exposure to PEs, is possible to 

observe that the same happened in other populations.  
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For instance, in a study by Irvin et al. (2010) involving pregnant women, it was shown that 

the levels of PE metabolites (including MEP) were very low and especially when data is 

compared with pregnant women from developed countries, for instance.  

Also other studies have noticed that levels of the major excreted metabolites, for instance 

MBP levels can be rather low among Japanese individuals (e.g. children and their mothers), 

sometimes even <LOQ (Ait Bamai et al. 2015) or very high (range 22.8 to 554 µg/g 

creatinine) depending on the study population and even considering the same country (Kondo 

et al. 2010).  

This discrepancy in levels can be related not only to social-economic factors but also it can 

be country dependent and related to lifestyle habits (food, cosmetics, smoking), race/ethnicity 

and commercial purposes of specific consumer products (Dirtu et al. 2013; Geens et al. 2014). 

Yet, we can observed that the major metabolites identified (Σ (MnBP, MiBP) and MEP) 

correspond to the ones identified by most other authors: MnBP (and MiBP) and MEP in urine 

samples of Belgian populations (Dewalque et al. 2014b; Dirtu et al. 2013; Geens et al. 2014); 

MEP (mean of 183 µg/g creatinine) and MBP (mean of 52.7 µg/g creatinine) in American 

women (Hoppin et al. 2002); MEP (median of 246-386 µg/g creatinine) and Σ(DEHP) 

metabolites (median of 80- 87.8 µg/g creatinine) in Spanish pregnant women (Valvi et al. 

2015); MnBP and MiBP in a German (Fromme et al. 2007b) as well as in a Danish population 

(Frederiksen et al. 2013a).  

 

 

3.4.3.7 Variability of PE metabolites in repeatedly sampled urine 

 

 

Intra-class correlation coefficients were used to describe how strongly repeated 

measurements (of each of the PE metabolites) from different individuals (in different days) 

resembled each other in relation to the total variation (Table 3.4.7). The ICCs were all above 

0.70 (ICCs 0.69-0.96) for repeatedly collected spot 1 (morning) urine by the nine participants. 

This means that the reproducibility of the measurements is considered very good for all 

analytes.  

Morning spot urine samples reflected a rather stable continuous exposure to the parent PEs. 

Also, when considering all spot urine samples collected on different time points during the 

day, the ICCs were relatively high for 5-OH-MEHP, 5-oxo-MEHP and MBzP (ICC from 0.77 

to 0.94, i.e., excellent agreement), whereas for MEP and Σ(MnBP, MiBP) they were moderate 

high (ICC from 0.34 to 0.69, i.e., fair to good agreement) and very low for MEHP (ICC from 

0.00 to 0.32, i.e., weak agreement). The low correlation between the levels over the days for 

MEHP can be explained by the very low detected levels (some levels were even < LOQm).  

Σ(MnBP, MiBP) and MEP levels were variable over the day, especially higher in morning 

urine (spot 1) compared to the other time points. This indicates that morning urine does not 

cover all (peak) exposure variation during the previous day.  

Interestingly, Frederiksen et al. (2013a) observed comparable ICCs for morning urine and 

24h urine (collected among Danish individuals) for the major metabolites, i.e. MEP and 

Σ(MnBP, MiBP). However, their ICCs were lower than ours for spot and first morning urine 

samples either in unadjusted (ng/mL) or osmolality adjusted samples (ICCs < 0.68).  
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In fact, morning spot urine is much easier to obtain than 24h (e.g. logistics in sampling, 

storage, etc.), therefore 24h urine was not studied.  

Other previously published ICCs for repeated urinary excretion of PE metabolites showed 

a high difference in reproducibility of the measurements over the days, depending on the 

population and the metabolite. Fromme et al. (2007a) reported high within-subject variability 

and a low reliability of repeated measures over 8 days for ten PEs metabolites measured in 

urine (ICCs ranged between 0.2-0.57). Also in a study by Valvi et al. (2015) involving 

Spanish individuals, a high within- and between-individual variability was reported for a total 

of nine PE metabolites measured in two urine spots; Preau et al. (2010) reported that there 

was a high between-person variability for 5-OH-MEHP levels in morning urine voids 

(ICC=0.25) while for MEP, the between-person variability was very low (ICC=0.91). Hoppin 

et al. (2002) reported a better reproducibility of the measures between two urine spots 

collected among 46 African-American women (ICCs of 0.53 to 0.80) while Peck et al. (2010) 

observed that the reproducibility was rather low between 2 morning urine spots measured for 

10 PE metabolites in 65 individuals (ICCs ranging from 0.13 to 0.64).  

 

Table 3.4.7 Intraclass correlation coefficients (ICCs), between- and within-day variances in 

urinary levels (µg/g creatinine) for spots 1 (morning), spot 2 (afternoon) and  spot 3 (evening) 

collected during 15 days. 

 

 
MEHP 5-OH-MEHP 5-oxo-MEHP Σ(MnBP, MiBP) MBzP MEP 

Spot 1, 15 days, n=9 
      

ICCs (95 % CI) 
0.70 

 (0.66, 0.73) 
0.74  

(0.60, 0.88) 
0.76 

 (0.70, 0.82) 
0.74  

(0.09, 1.39) 
0.96 

 (0.91, 1.01) 
0.93  

(0.37, 1.49) 

between-days σ
2
 0.07 1.96 0.61 56.36 1.21 28.86 

within-days σ
2
 0.03 0.68 0.20 19.62 0.05 2.06 

Spot 1, 15 days, n=2 
      

ICCs  (95 % CI) 
0.23 

(0.17, 0.29) 
0.83  

(0.53, 1.13) 
0.74  

(0.44, 1.04) 
0.34 

(-1.50, 2.18) 
0.83  

(0.78, 0.88) 
0.69 

 (0.37, 1.01) 

between-days σ
2
 0.02 5.36 1.08 27.68 0.17 3.21 

within-days σ
2
 0.06 1.06 0.38 52.55 0.03 1.45 

Spot 2, 12 days
a
, n=2 

      

ICCs  (95 % CI) 
0.00  

(-0.07, 0.07) 
0.85  

(0.53, 1.15) 
0.90  

(0.59, 1.21) 
0.66 

 (0.17, 1.15) 
0.94 

 (0.90, 0.98) 
0.62  

(0.45, 0.79) 

between-days σ
2
 0.00 6.01 1.94 5.39 0.08 0.64 

within-days σ
2
 0.06 1.08 0.22 2.78 0.00 0.40 

Spot 3, 13 days
b
, n=2 

      

ICCs  (95 % CI) 
0.32 

(-0.09, 0.73) 
0.77 

(0.53, 1.01) 
0.75 

 (0.50, 1.00) 
0.43  

-0.09, 0.95) 
0.79  

(0.75, 0.83) 
0.53 

 (-0.42, 1.48) 

between-days σ
2
 1.25 2.50 0.85 2.95 0.85 15.30 

within-days σ
2
 2.66 0.76 0.29 3.93 0.29 13.58 

The ICC is calculated by dividing the between-individual variability by the sum of the between- and within-

person variability. ICC values were interpreted as following: < 0.40 weak agreement, 0.40 - 0.75 fair to good 

agreement and > 0.75 excellent agreement); 
a
 Day 3, 11 and 12 were excluded because there was only one urine 

sample; 
b
 Day 10 and 11 were excluded because there was only one urine sample; spot 1, 9 individuals ; spot 2 

and 3, 2 individuals. 
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3.4.3.8 Phthalate metabolites correlations: urine versus nails 

 

Levels in urine and nails (representing short to long-term exposure to PEs, respectively) 

were compared to assess any correlation. The average of the individuals’ levels measured in 

morning urine over 15 days was checked for correlation with the levels in the two nail 

samples. In general, the data was not normal distributed (data not shown, but tested by the 

Shapiro-Wilk test, p>0.05), therefore, Spearman rank correlation (rs) was used to calculate 

associations between the PE metabolites in urine and nails. 

The levels of Σ(MnBP, MiBP), MBzP and MEP were good correlated among both matrices 

(Spearman rank r=0.77, r=0.75, r=0.73, p<0.05) (Table 3.4.8).  

This was not observed in the previous study (see previous section 3.3; Alves et al., 2016c), 

and it may not be expected as the time frame of exposure they reflect, is quite different. 

Although, the main reason for observing a correlation between the two matrices might be due 

to averaging the levels over a larger number of repeated spot urine samples, representing the 

continuous exposure levels of the individuals. The analysis of repeated (urine and nail) 

samples allows minimizing the intra-person variability of the levels (even if the levels in urine 

were rather low), therefore representing a more accurate result on the total individual 

exposure over a longer sampling period. In our previous study (see previous section 3.3; 

Alves et al., 2016c), we found that the levels in one spot urine (morning) do not correlated 

with the ones in nails (in total of twenty participants), suggesting that each matrix has an 

individual response on PEs exposure assessment in a certain timeframe (i.e. urine mostly 

represents 24-48 h exposure, while nails represent past exposure).  

In fact, Σ(MnBP, MiBP) and MEP were the major detected metabolites, both in urine and 

nails. The good correlation between urine and nails for these analytes may suggest that even if 

the metabolites are excreted in urine in less than 24h, also due to the continuous exposure they 

can also be stored partly in the nails. In fact, DEP is one of the major PEs incorporated in a 

wide range of personal and house cleaning products, including cosmetics, hair spray, body 

lotions, perfumes, detergents, softeners, etc. (Hubinger 2010; Koo and Lee 2004; Viñas et al. 

2015). Besides, the DBP presence in cosmetics is no longer allowed since 2009 (EU 2009b), 

it was still detected after the ban in nail polish products for instance, (Hubinger 2010) and 

likewise DEP, is being incorporated in house care products (Viñas et al. 2015). As a result, 

dermal contact and dermal absorption is highlighted by some authors as the major source of 

exposure to these PEs (Kohn 2000; Silva et al. 2003).  

In urine, DBP metabolites are excreted within 24 h mostly as MnBP. However from BBzP 

metabolism, MnBP can be produced together with MBzP (major metabolite) (Nativelle et al. 

1999). Still, we observed that the MBzP correlation with Σ(MnBP, MiBP) in urine is weak 

(rs=0.13), showing that BBzP probably has a low contribution on Σ(MnBP, MiBP) 

metabolite’s formation. 

The lack of correlation between the urine and nails for 5-OH-MEHP and 5-oxo-MEHP 

indicate that these matrices reflect a different response. Previously, we have seen that the 

bioaccumulation in nails is rather low and that the clearance via urine is higher (100 %  

detection). These results are also in agreement with our previous study (Alves et al., 2016c).  
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Indeed, urinary MEHP was well correlated with the DEHP oxidative metabolites (rs=0.69-

0.76, p<0.05), as was expected (Alves et al., 2016c; Hines et al. 2009; Langer et al. 2013). 

The high urinary clearance, was also reflected by a moderate correlation between the two 

oxidative metabolites (rs=0.60). 

 

Table 3.4.8 Spearman correlation coefficients between the levels of PE metabolites detected 

in nails averaged over the sampling at the beginning and the end of the 15-days period (ng/g) 

and in urine levels averaged over the 15-days period (µg/g creatinine). 

 

 
 Spearman rank correlation coefficients (rs) 

 

 
MEHP 

5-OH-

MEHP 

5-oxo-

MEHP 

Σ(MnBP, 

MiBP) 
MBzP MEP 

Urine  

vs.  

Nails 

MEHP 0.47 -0.02 0.14 0.36 -0.22 -0.12 

5-OH-MEHP 0.3 0.23 -0.3 0.1 -0.02 0.25 

5-oxo-MEHP 0.47 0.57 -0.01 0.38 0.15 -0.17 

Σ(MnBP, MiBP) 0.33 0.45 0.19 0.77 -0.02 -0.07 

MBzP -0.38 0.43 0.07 -0.25 0.75 -0.03 

MEP -0.1 -0.32 -0.45 -0.08 -0.68 0.73 

Values statistical significant at p-value < 0.05 are marked by bold script 

 

 

3.4.3.9 Explaining exposure in nails and urine- Elucidation of personal/environmental 

predictors 

 

 

The influence of exposure sources on the levels measured in urine and nails was estimated 

from questionnaire information collected at the end of the 15 days sampling period. The 

multivariate regression models did not reveal any predictors of significance to the PE levels in 

nails and urine.  

However, in the single regression models some relevant factors could be identified. 

Thereby, an association was observed between Σ(MnBP, MiBP) urinary levels that were 

influenced by the number of hours spend outdoor per day (p=0.04; R
2
=0.46). The same factor, 

and even more significant was observed in nails (p=0.00; R
2
=0.68). Time spend outdoors 

describes human contact with possibly a wide range of products via many sources (air, dust, 

soil, food, etc.), therefore the identification of the main source/pathway without a more 

detailed survey is difficult to achieve.  

In other studies, high levels of MEP in urine were associated with the use of certain 

household products (i.e., bleach, dish liquids and air fresheners, among others) (Valvi et al. 

2015) and with use of sunscreen lotions and cosmetics (Esteban and Castaño 2009). In our 

study, MEP levels in urine, but not in nails, were determined by consumption of prepacked 

food (p=0.03; R
2
=0.49). Also, in our study there are indications that this factor have 

contributed but not significantly, especially to explain the long-term DEP exposure (i.e. via 

nails).  
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Nevertheless as reported by Rudel et al. (2011), diet is not considered the major source of 

DEP, still none of the other predictors seemed to be associated with the levels in urine/nails.  

Despite the reported low levels, 5-oxo-MEHP bioaccumulation in nails (p=0.03; R
2
=0.49) 

were more likely influenced by consumption of prepacked food than for MEP. In fact its 

precursor PE, i.e. DEHP has been considered a ‘substance of very high concern’ (SVHC) 

since 2008 under REACH, thus its incorporation in food contact materials is supposed to not 

happen. Nevertheless, DEHP association with food packaging and food contact materials was 

already highlighted by other authors (Hauser and Calafat 2005; Rudel et al. 2011), thus this 

finding seems quite interesting and this association (translated by a major DEHP metabolite in 

urine) is not totally impossible to occur, especially if we consider that many food products 

and plastic containers/packaging are imported outside EU where legislations aspects are not 

strict.  

Furthermore, the use of hand care products and nails polish were associated with 5-OH-

MEHP levels in nails (p=0.04; R
2
=0.46 and p=0.004; R

2
=0.71, respectively) and surprisingly 

not with MEP levels. Likewise DEP, also DEHP can be incorporated in cosmetics (e.g. 

perfume, nail polish, shampoo, foot cream, body milk) (Koo and Lee 2004; Viñas et al. 2015), 

therefore this predictor can be identified to predict the long-term exposure to DEHP, instead. 

Despite MEHP was one of the major metabolites in nails, none of the predictors could explain 

the high levels.  

Also, a good relationship was found between the use of medical devices and MBzP in nails 

(p=0.02; R
2
=0.55). Despite DEHP is pointed out as the major PE incorporated in PVCs used 

in medical devices, it is also valid that DBP and BBzP used in other PVC products (e.g. vinyl 

flooring, adhesives and sealants, etc.) might contribute to elevate levels of the monoesters in 

urine (Hauser and Calafat 2005; Were et al. 2008). In studies by Geens et al. (2014) and 

Larsson et al. (2014) MnBP and MBzP levels in urine were mostly associated with PVC in 

flooring or wall covering.  

 

 

3.4.4 Study limitations and Future Perspectives 

 
In order to evaluate the tendency of the metabolite’s bioaccumulation in nails (how and in 

what extent) and possibly identify influential factors (age, gender, race, season etc.), we 

suggest that together with a detailed personal survey, more nail (repeated) samples should be 

collected over a longer period (1- 6 months) from individuals who were preferably high 

exposed to PEs under controlled conditions (e.g. labelled PEs). Also due to the complexity of 

this subject, investigation should be conducted: 1) on which are the vehicles/body 

compartments (blood, tissues) responsible for the transportation of the formed (either primary 

and secondary) metabolites into the nail plate; 2) which are the main (intrinsic or external) 

factors involved in differentiating and controlling the bioaccumulation versus excretion (in 

urine) for each metabolite.     

Despite some issues were not yet deeply investigated and/or have a straightforward 

understanding, with regard to our results we believe that once the metabolites are incorporated 

in the nail plate, their levels remain unchanged.  
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Thus, PE metabolites can be detected in nails (with less variability than in urine spots), 

therefore nails can be an alternative matrix in HBM and/or routine analyses on PE’s exposure 

assessment.  

Still, the inter and intra-individual fluctuations in the levels that were seen among the 

participants, could be reflected by intrinsic factors (age, season, etc.) plus different exposure 

scenarios and metabolism rates amongst the individuals.  

 

3.4.5 Conclusions 

 
Levels of seven PE metabolites were determined in nails, either used as whole or grinded 

samples. Due to the need for reducing the sample preparation time and once no statistical 

differences were found between the two types of applied methodologies, whole nails extracts 

were further used in an exposure pilot study involving nine Belgian individuals. Levels in 

finger nails collected 15 days apart were not significant different. Morning urine showed 

higher excretion levels (median and total) than the other spots. The use of multiple samples 

(nails and urine) enabled a better correlation between matrices for the target analytes.  
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3.4.6 Supporting Information 

 

 
Fig SI-3.4.1 Chromatogram of the PE metabolites detected in nails (initial) of individual 9 

(female).
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Fig SI-3.4.2 Boxplot distribution for total concentration of PE metabolites in nails (ng/g) for the initial (A) and final nail sample (B). The box 

hinges represent the 25
th

 percentile and 75
th

 percentile. The median (50
th

 percentile) is represented by the middle line in the box. The whiskers 

extend 1.5 times the inter-quartile range.  
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Fig SI-3.4.3  Boxplot distribution for PE metabolites in urinary spots ((morning (spot 1), N=132), afternoon (spot 2), N=28), evening (spot 3), 

N=28)) collected by the nine individuals. Spots 2 and 3 were collected by only two individuals. The box hinges represent the 25
th

 percentile and 

75
th

 percentile. The median (50
th

 percentile) is represented by the middle dot in the box. The whiskers extend 1.5 times the inter-quartile range. 

The outliers are represented as a point (°) and extremes as a star (*). 
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Fig SI-3.4.4. Boxplot of urinary levels of PE metabolites (creatinine adjusted)  in spot 1 (morning) collected over 15 days for the male and 

female participants. 
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Fig SI-3.4.5 Boxplots of urinary levels of PE metabolites (creatinine adjusted)  in spot 2 (afternoon) over 15 days for the male and female 

participants. 
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Fig SI-3.4.6 Boxplots of urinary levels of PE metabolites (creatinine adjusted) in spot 3 (evening) collected over 15 days for the male and female 

participant.
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3.5  BIOMONITOIRNG EXPOSURE TO PHTHALATE 

PLASTICIZERS AND DINCH IN URINE AND FINGER NAILS FROM 

A NORWEGIAN HUMAN COHORT 

 
 

Based on the following publication:   

 

Giovanoulis G, Alves A, Papadopoulou E, Cousins AP, Schütze A, Koch HM, Haug LS, 

Covaci
 
C, Magnér

 
J, Voorspoels S. Evaluation of exposure to phthalate esters and DINCH in 

urine and nails from a Norwegian study population. Environ Res (2016) 151, 80-90. 

 

*First authorship is shared between Giovanoulis G. and Alves A. 

 

 

3.5.1 Introduction 

 
 

In Chapter 1, low and high molecular PEs were presented and classified. On one hand, low 

molecular weight PEs are used as industrial solvents, lubricants, and as components in 

personal-care products (PCPs) and air fresheners (Dodson et al. 2012a). On the other hand, 

high molecular weight PEs are commonly used as plasticizers, imparting better flexibility and 

durability in everyday consumer products, such as PVC flooring, adhesives, food packaging, 

clothing, toys, etc. (Hauser and Calafat 2005). 

Most of the high molecular PEs are seen as very toxic to humans, thus in this sense there 

was an increasing need to find alternative plasticizers which toxicological characteristics are 

lower than the conventional ones. 

Since 2002, the alternative plasticizer 1,2-cyclohexane dicarboxylic acid diisononyl ester 

(DINCH) which was especially developed for applications with close human contact, replaced 

many of the higher molecular weight PEs in food packaging materials, medical devices, 

children items and toys. This replacement was probably due to the lower toxicity represented 

by the non-aromatic structure of the DINCH (Biedermann-Brem et al. 2008; Crespo et al. 

2007).  

In terms of global production volumes, the production of PEs can reach 10
6
 tons/year 

worldwide (Koch and Calafat 2009), while in the European economic area, DEHP which has 

a production volume up to 10
5
 tons/year and DINCH with more than 10

4
 tons/year, are 

currently the most commonly used plasticizers (ECHA 2016). 
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PEs and DINCH are released from the products by evaporation, migration, abrasion and 

diffusion, and the human exposure to these pollutants occurs mainly via ingestion (e.g. food, 

hand to mouth contact, unintended dust ingestion and toddlers suckling on plastic materials), 

inhalation (e.g. air and respiratory dust fraction) and transdermal contact (e.g. direct contact 

with plastics, personal care products and dust) (Heudorf et al. 2007; Koch et al. 2013a; 

Weschler et al. 2015; Wittassek and Angerer 2008; Wormuth et al. 2006).  

Although these chemicals are rapidly metabolized  and excreted by humans mainly through 

urine (as referred in previous sub-chapters), they also have a pseudo-persistent profile due to 

considerable continuous exposure (Bui et al. 2016; Mackay et al. 2014), which raises concern 

about the endocrine disruption potential and reproductive toxicity to humans (Duty et al. 

2003b; Sharpe 2001; Sharpe and Irvine 2004; Swan et al. 2005). 

Monoesters and oxidative PE metabolites can be excreted in urine unchanged, or they can 

undergo phase II biotransformation to produce glucuronide conjugates which have higher 

water solubility than the phase I primary and secondary metabolites, facilitating excretion 

(Calafat et al. 2006). The ratio between free monoesters and glucuronide conjugates excretion 

varies among different PEs (Hauser and Calafat 2005). Analogously to high molecular weight 

PEs, DINCH secondary oxidative metabolites, cyclohexane-1,2-dicarboxylic mono 

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

(oxo-MINCH) and cyclohexane-1,2-dicarboxylic mono carboxyisooctyl ester (cx-MINCH) 

have been identified as suitable urinary biomarkers for assessing exposure to DINCH (Koch 

et al. 2013b). 

Advantages on using nails as an alternative matrix for assessing the human exposure to 

PEs has been highlighted and explored in the previous sections. Yet, this matrix has not been 

yet explored for translating the internal exposure to DINCH. Also, the risk assessment to PEs 

was evaluated by using various urine spots collected from the A-TEAM cohort study 

(Norway). 

Thus, the aim of the following study is to evaluate the human exposure to PEs and DINCH 

through determination of their metabolites in urine (where metabolism and excretion is well 

understood), and present the metabolite levels in nails. Three urine spot samples (within 24h) 

and fingernails from both hands were collected from a Norwegian study population (N=61). 

We have assessed the correlations of compound concentrations between urine and nails, as 

well as the relationships with different sociodemographic and lifestyle characteristics. Finally, 

based upon the urinary levels, we calculate the daily intake rates (DI) and perform a 

cumulative risk assessment for accounting effects of combined chemical exposures. Overall, 

we aim to provide a comprehensive evaluation of the exposure for the included Norwegian 

population. 
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3.5.2 Materials & Methods 

3.5.2.1 Standards and Chemicals 

 

Neat standards of PE metabolites, including mono(2-ethyl hexyl) phthalate (MEHP, 

99.9%), monoisobutyl phthalate (MiBP, 97.8%), mono-n-butyl phthalate (MnBP, 97.4%), 

monobenzyl phthalate (MBzP, 99.8%) and monoethyl phthalate (MEP, 100%) were supplied 

from Accustandard Inc. (Connecticut, USA). Monomethyl phthalate (MMP, 97%) and 

mono(2-propylpheptyl) phthalate (MPHP) were purchased from Sigma-Aldrich (Steinheim, 

Germany) and Perstrorp (Malmö, Sweden), respectively. Mono(2-ethyl-5-oxohexyl) phthalate 

(5-oxo-MEHP, >95%) and mono(2-ethyl-5-hydroxyhexyl) phthalate (5-OH-MEHP, >96.5%) 

were provided by BCP instruments (Irigny, France).  

Mass-labelled internal standard solutions for all metabolites (
13

C4-MEHP, 
13

C4-5-oxo-

MEHP, 
13

C4-5-OH-MEHP, d4-MiBP, 
13

C4-MnBP, 
13

C4-MBzP and 
13

C4-MEP, >95%) were 

supplied by Cambridge Isotope Laboratories (Andover, USA).  

DINCH metabolites (cx-MINCH and OH-MINCH) and respective deuterated IS (d2-trans-

cx-MINCH and d2-trans-OH-MINCH) were provided by Dr. Koch and Schütze. The 

individual DINCH stock solutions were prepared in MeOH and concentrations varied from 

48.5 ng/µL (cx-MINCH) to 55.5 ng/µL (OH-MINCH) for the native metabolites and from 47 

ng/µL (d2-OH-MINCH) to 53.5 ng/µL (d2-cx-MINCH) for the IS. Individual stock standard 

solutions of the metabolites and IS were prepared on a weight basis in acetonitrile for final 

concentrations approximately of 20 ng/µL. Working as well as spike and calibration standard 

solutions of both native and IS were prepared in UPLC acetonitrile and in ultra-pure water, 

respectively. Trichloroethylene, acetic acid (100%) and nitric acid (65%) were purchased 

from Merck (Darmstadt, Germany). Acetone, acetonitrile (ACN) and methanol (MeOH) were 

of UPLC grade (Fisher Scientific, Loughborough, UK). Trifluoroacetic acid (TFA, 99%) was 

supplied by Sigma-Aldrich (Steinheim, Germany). The ammonium acetate buffer (NH4Ac, 

99.99%) supplied from Sigma-Aldrich (Diegem, Belgium) was prepared as described 

elsewhere (Alves et al. 2016). The enzyme β-glucuronidase (E. coli K12) was supplied by 

Roche Applied Sciences (Mannheim, Germany). The creatinine (urinary) colorimetric kit was 

supplied by (Sanbio, Netherlands). The 96-well plate spectrophotometer Tecan Bio M200 

PRO (Mechelen, Belgium) was used for the creatinine measurements. The ultra-pure water 

was provided by the Millipore S.A (Advantage A10 system, Overijse, Belgium). 

 
 

3.5.2.2 Study population and sample collection 

 

The present study is part of the “A-TEAM” project, where a well-characterized human 

cohort consisted on study population of 61 adults (age: 20-66; gender: 16 males and 45 

females) living in Oslo area (Norway) is used, in order to enhance knowledge for a variety of 

aspects related to internal and external exposure to selected consumer chemicals. The 

sampling campaign was conducted during winter 2013-2014, where indoor environment, 

dietary and biological samples were collected from the participants and their households 

(Papadopoulou et al. 2016). 
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Briefly, all participants were asked not to cut their fingernails for 2-3 weeks prior to the sample 

collection, and they were advised to remove any nail polish, dirt, debris and artificial nails before 

clipping their fingernails. One composite sample (both hands) per participant was collected in a paper 

envelope between the two sampling days. During the 2-day-sampling, 3 urine spot samples 

(afternoon - day 1, morning - day 2 and afternoon - day 2) were collected by each participant 

in 500 mL high-density polyethylene (HDPE) bottles with screw caps and security lids. 

Before sampling, the bottles were rinsed with methanol. All samples were stored inside a 

freezer (-20°C) until analysis. The sampling campaign was approved by the Regional 

Committees for Medical and Health Research Ethics in Norway (case number 2013/1269), 

and all participants completed a written consent form prior to participation. 

 

 

3.5.2.3 Extraction of PE and DINCH metabolites from urine and nails 

 
 

All urine and nail samples were spiked with 5 ng of IS prior the extraction.  

The nails extraction protocol applied in our study was recently developed by Alves et al. 

(Alves et al. 2016a and 2016b) using a low sample amount (≃30 mg) and described in detail 

in section 3.4. The levels of PE and DINCH metabolites were expressed as ng/g nail. 

At the same time, PE and DINCH metabolites were determined in three urinary spots 

(within 24h) collected per participant using direct analysis as it is described by Servaes et al. 

(2013). In summary, the deconjugation of the PE and DINCH glucuronides was performed via 

enzymatic cleavage (E. coli K12), and at the end, an aliquot was taken and injected in LC-

MS/MS. Creatinine content was measured in all urine spots via a creatinine (urinary) 

colorimetric assay kit. The levels were expressed as µg metabolite per g creatinine (µg/gcrea).  

 

 

3.5.2.4 LC-MS conditions 

 

 

The instrumental analysis was performed by Ultra Performance Liquid Chromatography 

(UPLC) coupled to Water Xevo TQ-S tandem mass spectrometer (MS, Waters, Milford, MA, 

USA) operating in negative electrospray ionization (ESI-). Chromatographic separation and 

conditions used were described by Servaes et al. (2013). The MS parameters were as follows: 

cone voltage varied between 4 to 44 V, depending on the analyte. The collision cell energy 

varied between 10 to 28 eV (Table SI-3.5.1). The electrospray source block and the 

desolvation temperature were 120°C and 350°C, respectively. The argon collision gas flow 

was kept constant at 0.25 mL/min. The cone and desolvation nitrogen gas flow were set at 50 

L/h and 800 L/h, respectively. The characteristic precursor and daughter ions that were 

selected for detection of PE and DINCH metabolites in MRM are presented in (Table SI-

3.5.1). The two resulting daughter ions were used for quantification (MRM 1) and 

confirmation (MRM 2). 
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3.5.2.5 Data and statistical analysis 

 

 

All metabolite concentrations in the three urine spots and in nail samples were summarized 

by standard descriptive statistics. DFs were also reported for all measured metabolites. 

Concentrations of urinary phthalate metabolites were adjusted to creatinine content, in order 

to account for the urinary dilution (Blount et al. 2000). Further, statistical analyses were 

limited to metabolites with DF ≥70 %. Values below the LOQm were replaced with LOQm 2⁄ . 

All metabolites failed the Shapiro-Wilk test of normality and therefore the natural logarithm 

of the values was used in subsequent analyses. 

We assessed the correlations between different PE metabolites in urine (average of three 

spots) by Spearman correlation coefficient, for non-normal distributed data. We evaluated the 

within-subject consistency of urinary PE metabolites in the three urine spots by calculating 

the ICCs at 95 % CI using a one-way mixed model with random intercept.  

An ICC value near one indicates low within-subject variation and good reliability 

measurements of metabolites’ concentrations. Spearman correlations between PE metabolites 

in three urine spots and nails were assessed. 

The differences of the crude (non ln-transformed) PE metabolites measured in urine 

(average of three spots) and nails by categories of lifestyle and sociodemographic 

characteristics were reported (in medians; interquartile range-IQR) and evaluated, using the 

non-parametric Mann-Whitney test (for differences by two categories) or the Kruskal-Wallis 

test (for differences by three categories). In addition, the differences in PCPs use and 

consumed foods in plastic packaging by day were assessed by urine spot rather than for the 

average of the 3 urine samples, since relationships can vary according to the time of urine 

collection. The observed relationships were graphically presented in bar charts. 

To explore the associations between all studied socio-demographic and lifestyle 

characteristics, and the individual urinary phthalate metabolites, we applied multivariate 

linear mixed models with a random intercept per participant and a fixed effect on all other 

characteristics. Similarly, multivariate linear regression models were used to study the 

association between different characteristics and concentrations of phthalate metabolites in 

nails. The relative change (and 95% CI) of individual phthalate metabolites per unit increase 

or per category of the different characteristics were calculated as:  (exp β – 1)×100, where β 

is the linear regression coefficient. Significant correlations, differences and associations were 

considered if p<0.05, while for the identification of potential determinants of phthalate 

metabolite concentrations associations with p<0.2 were also reported. 

All statistical analyses were performed using STATA 14 (StataCorp, College Station, TX) 

and SPSS (SPSS for Windows, version 22.0, SPSS, Chicago, IL). 
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3.5.2.6 Daily intake estimates and cumulative risk assessment 

 

The estimated DIs of PEs and DINCH were calculated based on the urinary creatinine 

corrected concentrations for each metabolite, the 24h urinary creatinine excretion (CEsmoothed) 

and the existing 24h human fractionary excretion factors (FUE), which were derived after oral 

doses of the parent compounds (Supporting Information, Table SI-3.5.2). The following two 

equations were used for the calculations: 

 

𝐶𝐸𝑠𝑚𝑜𝑜𝑡ℎ𝑒𝑑(𝑔 𝑑𝑎𝑦⁄ ) = A × [(140 − 𝑎𝑔𝑒(𝑦𝑒𝑎𝑟)] × 𝐵𝑊(𝑘𝑔)1.5 × ℎ𝑒𝑖𝑔ℎ𝑡(𝑐𝑚)0.5 × 10−6 

 

(Mage et al. 2004)( Equation 4) 

 

𝐷𝐼 (
𝜇𝑔

𝑘𝑔𝐵𝑊 × 𝑑𝑎𝑦
) =

𝛴 [
𝑈𝐸𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 𝑐𝑟𝑒𝑎(𝜇𝑔 𝑔𝑐𝑟𝑒𝑎)⁄

𝑀𝑊𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒(𝜇𝑔 µ𝑚𝑜𝑙⁄ )
] × 𝑀𝑊𝑃ℎ𝑡ℎ𝑎𝑙𝑎𝑡𝑒(𝜇𝑔 𝜇𝑚𝑜𝑙⁄ ) × 𝐶𝐸𝑠𝑚𝑜𝑜𝑡ℎ𝑒𝑑(𝑔 𝑑𝑎𝑦⁄ )

𝛴𝐹𝑈𝐸 × 𝐵𝑊(𝑘𝑔)
 

 

(Frederiksen et al. 2013b; Koch et al. 2003a) (Equation 5) 

 

where in Equation 4, 140 and A (1.93 for males and 1.64 for females) are constants 

simplifying for the body surface area; the individual height (cm), body weight (Kg) and age 

for each participant, while in Equation 5, UE is the concentration of the metabolite in urine 

(creatinine adjusted); MWPhthalate is the molar mass of the parent diester; MW metabolite is the 

molar mass of the corresponding metabolite. 

The hazard quotients (HQ) calculated according to Equation 6 allowed us to compare the 

estimated DIs based on urinary PE and DINCH concentrations for the Norwegian study 

population, with acceptable exposure levels in absence of significant risk for human health, 

expressed as TDI and reference doses (RfD) established by the European Food Safety 

Authority (EFSA) or the U.S. Environmental Protection Agency (USEPA). 

 

𝐻𝑄 =
𝐷𝐼

𝑇𝐷𝐼 𝑜𝑟 𝑅𝑓𝐷
                                               (Equation 6) 

 

Moreover, cumulative risk assessment from combined chemical exposure doses was 

performed by using the Hazard-Index (HI), which is expressed by: 

 

       𝐻𝐼 = ∑ 𝐻𝑄𝑖
𝑛
𝑖=1                                               (Equation 7) 

 

where n is the number of substances, and values below 1 are consider safe (Kortenkamp 

and Faust 2010). Only the potential anti-androgenic chemicals, DiBP, DnBP, BBzP and 

DEHP, were included in the HI calculation. 
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3.5.2.7 Potential Predictors of Exposure 

 
 

Information of socio-demographic and lifestyle characteristics that might affect the 

concentrations of PE and DINCH metabolites in adults was collected by the A-TEAM 

questionnaires. Participants were asked to report their gender, age, educational level, and 

smoking status (yes/no) by the time of their participation. In addition, they reported in 

questionnaires whether they are coloring their hair (yes/no), the average weekly frequency of 

washing their hair, the average daily frequency of washing their hands and eating with hands 

(e.g. eating sandwiches or other snacks without using cutlery), whether they are using gloves 

when cleaning their house (yes/no) and other questions regarding the materials on the walls 

and floors of their house. In our study we were particularly focused on the questions regarding 

wall and flooring materials including PVC; hence we formed the variable “PVC in 

walls/floors” as an aggregate of vinyl or flooring in material in walls or floors of different 

rooms in the house. In the end of the 2-days sampling period, participants reported their use 

and frequency of use of a list of PCPs the last 24 hours, including: hand soap, hand cream, 

shower soap or gel, lotion, face moisturizer, deodorant, perfume, nail polish, nail polish 

removal, shampoo, conditioner, hairspray, hair gel/wax, lipstick, foundation, 

mascara/eyeliner. The median number of total used PCPs was 6 (5
th

 percentile: 3 products; 

95
th

 percentile: 10 products).  

The total number of individual PCPs and total times of PCPs applied in hands during the 

last 24 hours were categorized in two groups (≤5 PCPs vs. >5 PCPs and <5 times/day vs. ≥  5 

times/day) and used in further analyses. Additionally, during the 2-days sampling period 

participants were asked to report all the foods and drinks they have been consuming and also 

the packaging, cooking and serving materials (Papadopoulou et al., 2016). The total number 

of foods wrapped/enclosed in plastic packaging the two consecutive days and the average 

number were calculated and used in our analyses (˂10 foods/day vs. ≥10 foods/day). We 

assumed that participants had the same daily routines over a long period of time, which 

allowed the correlation of short term reports (eg. use and frequency of PCPs, food behavior, 

etc.) with urine and nails, even though they represent different exposure periods. 

 

 

3.5.3 Results and Discussion 

 

 

Data on PE and DINCH metabolites in urine spots samples (<24 h) and finger-nails from 

the Norwegian study population are presented in Table 3.5.1. 

Table 3.5.1 Descriptive statistics for PE and DINCH metabolites in three urinary spots 

(creatinine adjusted- μg/g creatinine) and nails (ng/g) of 61 Norwegian adults. 
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3.5.3.1 Urine 

3.5.3.1.1 Exposure Levels 

 

Most of the urinary metabolites were frequently detected (DF >85 %) in almost all urine 

spots, except MEHP (DF of 20-28 %), MMP (DF of 15-30%) and MPHP (DF of 0-3 %). In 

fact, MEHP is usually one of the minor DEHP metabolites detected in urine (Alves et al. 

2016b and 2016c; Dirtu et al. 2013; Langer et al. 2013; Preau et al. 2010; Valvi et al. 2015), 

due to its fast metabolism into secondary oxidative metabolites such as 5-OH-MEHP, 5-oxo-

MEHP or 5-cx-MEPP which are considered more suitable biomarkers of DEHP (Preuss et al. 

2005). Similarly, MPHP is also a minor DPHP metabolite according to Leng et al. (2014) 

(less than 1% is excreted in urine), however the presence of the other DPHP metabolites were 

not investigated. MMP is a metabolite of DMP that was seldom detected in urine of the 

Norwegian study population. This is in accordance with previous studies in Western 

populations where MMP is also one of the minor PE metabolites excreted in urine (Johan et 

al. 2008; Kasper-Sonnenberg et al. 2014). In contrast, studies in China have frequently 

detected MMP in much higher concentrations (Gao et al. 2016; Guo et al. 2011). DINCH 

secondary metabolites were in relatively low concentrations, however the high detection 

frequencies (DF ≥84 %) reflect that these metabolites are most suitable biomarkers of DINCH 

exposure (Koch et al. 2013b). 
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Table 3.5.1 Descriptive statistics for PE and DINCH metabolites in three urinary spots 

(creatinine adjusted- μg/g creatinine) and nails (ng/g) of 61 Norwegian adults. 

 

Metabolites 

Spot 1 Spot 2 Spot 3 

Nails 
*
 (Afternoon urine- 

Day 1) 

(Morning urine- 

Day 2) 

(Afternoon urine- 

Day 2) 

(μg/gcrea) (μg/gcrea) (μg/gcrea) (ng/g) 

DF 

(%) 

GM 

(25
th

; 50
th

; 95
th

) 

DF 

(%) 

GM 

(25
th

; 50
th

; 95
th

) 

DF 

(%) 

GM 

(25
th

; 50
th

; 95
th

) 

DF 

(%) 

GM 

(25
th

; 50
th

; 95
th

) 

MMP 30 
0.05 

(-; -; 5.3) 
15 

0.02 

(-; -; 2.3) 
25 

0.04 

(-; -; 2.9) 
51 

89.7 

(45.7; 149.3; 814.1) 

MEP 100 
24.2 

(5.7; 17.5; 250.5) 
100 

31.3 

(10.6; 33.1; 

309.9) 

100 
23.0 

(7.7; 22.3; 189.3) 
100 

104.8 

(38.9; 81.9; 1873.0) 

MiBP 98 
12.8 

(7.2; 12.6; 50) 
100 

17.0 

(11; 15.3; 49.9) 
100 

13.0 

(7.7; 11.6; 47.4) 
93 

19.9 

(16.9; 17.9; 69.8) 

MnBP 98 
13.4 

(7.2; 11.4; 77.5) 
95 

15.5 

(9.7; 13.3; 93.1) 
80 

9.0 

(4.8; 9.1; 38.8) 
100 

89.3 

(59.4; 56.0; 3272.3) 

MBzP 100 
3.5 

(1.8; 3; 15.5) 
100 

4.2 

(2.1; 4.4; 21.4) 
100 

3.3 

(1.8; 3.3; 26.1) 
92 

2.6 

(1.5; 1.7; 41.5) 

MPHP 0 - 0 - 3 - 37 

49.0 

(<LOQm; 59.8; 

775.9) 

MEHP 20 
- 

(-; -; 14.7) 
23 

- 

(-; -; 11.5) 
28 

- 

(-; -; 17.9) 
100 

129.3 

(62.3; 103.3; 682.5) 

5-OH-

MEHP 
100 

5.2 

(2.8; 4.5; 24.1) 
100 

5.1 

(2.9; 4.8; 20.3) 
100 

5.7 

(3.2; 4.9; 30.6) 
68 

2.6 

(0.65; 1.1; 854.6) 

5-oxo-

MEHP 
100 

5.3 

(2.8; 4.7; 19.1) 
98 

4.5 

(2.8; 5; 22.1) 
100 

5.4 

(3; 4.8; 38) 
29 

0.21 

(<LOQm; 0.72; 1.9) 

OH-

MINCH 
85 

0.32 

(0.19; 0.5; 12) 
90 

0.30 

(0.16; 0.39; 6.9) 
84 

0.20 

(0.08; 0.24; 6.5) 
19 

0.10 

(0.04; 0.25; 0.29) 

cx-MINCH 85 
0.29 

(0.14; 0.43; 13.4) 
85 

0.23 

(0.15; 0.41; 

10.3) 

85 
0.24 

(0.07; 0.43; 7.8) 
25 

0.15 

(<LOQm; 0.84; 2.6) 

DF-detection frequency (%); GM-geometric mean; 25
th

, 50
th
 and 95

th
 percentiles

 

* 
Levels in nail samples for 59 participants. 

- Not calculated, levels were below method’s limit of quantification (<LOQm) before the creatinine adjustment.
 

 
 

3.5.3.1.2 Comparison with data on different population groups worldwide 

 
 

The urinary levels for all PEs in the A-TEAM human cohort were comparable, but in most 

cases lower than in other biomonitoring studies around Europe, North America and Australia 

(Supporting Information, Table SI-3.5.3). Some of the lower molecular weight PE 

metabolites for instance, MEP, MnBP and MiBP were two to three fold lower in our study 

population when compared to other (Gomez Ramos et al. 2016; Larsson et al. 2014; 

Saravanabhavan et al. 2013; Wittassek et al. 2007), except in Belgium (Dewalque et al. 

2014b) and Austria (Hartmann et al. 2015) where the levels were comparable. 

The GM levels for MMP in our study were clearly lower than in Belgian sub-populations 

(e.g. obese individuals) (Dirtu et al. 2013), and pooled urine samples in Australia (Gomez 

Ramos et al. 2016). 
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The high MEP concentrations in U.S.A., Australia and Greece (CDC 2015; Gomez Ramos 

et al. 2016; Myridakis et al. 2015) compared to Norway (our data) might be due to the fact 

that DEP’s presence in PCPs is not regulated.  

Actions to alert populations, such as the Campaign for Safe Cosmetics 

(www.safecosmetics.org) created since 2014, have led to DEP metabolite reduction over the 

last decade (Zota et al. 2014). The absence of DEP regulation in E.U. or U.S.A. is in contrast 

with the accomplished efficient implemented restriction of other PEs (e.g. DnBP, BzBP and 

DEHP) for the incorporation in cosmetics, toys or food contact materials (EU 2005; EU 

2007a; Ventrice et al. 2013). DEHP metabolites among the different population groups have 

been remarkable reduced comparing to >10 years ago (Becker et al. 2004; CDC 2015). 

The levels of OH- and oxo- MINCH metabolites for this Norwegian study population are 

comparable to the data obtained from American and German adults in 2012 (Schütze et al. 

2014; Silva et al. 2013a). In the same year, Fromme et al. (2016) observed the highest 

concentration values in children attending daycare centers,  which indicates that the increasing 

production volumes of DINCH implies increased use in products, and thus it has a direct 

impact on human exposure. This suggests that the overall human exposure to substitute 

plasticizers should be more frequently and in depth investigated, and that studies should not 

only focus on monitoring the “classical” PE additives. 

 
 

3.5.3.1.3 Daily intake estimates and cumulative risk assessment 

 
 

The TDI (μg/kg body weight/day) established by EFSA and the RfDs used by USEPA are 

presented in Table 3.5.2. Additionally, because there is no established TDI for DMP, it was 

determined by the following equation: 

 

   

                                                     TDI =
NOAEL

AFs
                                             (Equation 8) 

                            

considering Non-Observed-Effects-Levels (NOAEL) of 750 mg/kg bw/day (Gray et al., 

2000) and assessment factors (AFs) of 2 for extrapolation from sub-chronic to chronic 

exposure, 4 for rats compared to humans, 2.5 for inter-species variation for remaining 

differences, 10 for intra-species variation for general population, and an additional 10-fold 

factor to protect sensitive human sub-populations (ECHA 2012). The oral reference dose of 

700 μg/kg bw/day for the non-phthalate alternative plasticizer DINCH was derived from Bhat 

et al. (2014) by using a human equivalent in rodents with a total uncertainty factor of 30. 

Also, the TDI for DnBP was used to calculate DI and HQ for DiBP rely on the suggestion that 

both isomeric forms of DBP can contribute to adverse health effects (Borch et al. 2006; 

Frederiksen et al. 2013b). The estimated daily intake rates (μg/kg bw/day) are presented in 

Table 3.5.2. 

All estimated DIs were below the acceptable doses, while large differences between the 

median and 95
th

 percentile for the DIs were observed for DEP and DINCH.  

http://www.safecosmetics.org/
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Yet all the participants had low HQs for all chemicals (Table 3.5.2). The highest 

participant’s HQ was 0.65 regarding the exposure to DnBP, but still it was below the value of 

1 (Fig 3.5.1- 1a). The HImedian of 0.11 based on the TDI and 0.04 based on RfD AA, indicated 

a low anti-androgenic risk potential (Fig 3.5.1), even when we performed the same 

cumulative risk assessment for the worst case scenario by using the max DI (HImax=0.78 < 1). 

 

Table 3.5.2 Daily intake estimates (DIs) and hazard quotients (HQs) for risk assessment using 

a creatinine-based model calculation (values are presented as median; 95
th

 percentile in μg/kg 

bw/day). 

 

Chemical DI HQ 
Established Tolerable 

Value 
Reference 

DMP 0.01; 0.18 1.0E-04; 5.0E-04 375
*
 RfD

*
 

(ECHA 2012; Gray et al. 

2000) 

DEP 0.89; 11.9 1.1E-03; 1.5E-02 800 RfD 
(Brown et al. 1978; USEPA 

1987) 

DiBP 0.52; 2.7 

0.05; 0.27 10 TDI 

(Borch et al. 2006; EFSA 

2005b) 

2.6E-03; 1.4E-02 200 
RfD Anti-

Androgenic 

DnBP 0.39; 2.3 

0.04; 0.23 10 TDI 

3.9E-03; 2.3E-02 100 
RfD Anti-

Androgenic 

BzBP 0.13; 0.56 

3.0E-04; 1.1E-03 500 TDI 

(EFSA 2005a)  
6.0E-04; 2.8E-03 330 

RfD Anti-

Androgenic 

DEHP 0.76; 3.3 

0.02; 0.07 50 TDI 

(EFSA 2005c)  
0.03; 0.11 30 

RfD Anti-

Androgenic 

DINCH 0.23; 4.0 3.0E-04; 5.8E-03 700 RfD (Bhat et al. 2014) 

TDI-tolerable daily intake; RfD-reference dose (μg/kg b.w./day) 
*
Calculated 
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Fig 3.5.1 Hazard index (HI) for the Norwegian human cohort based on TDI (Fig 3.5.1 a) or 

RfD AA (Fig 3.5.1 b) (EFSA, 2005a, 2005b, 2005c) for chemicals with similar adverse health 

effects. 

 

 

The overall estimated exposure for women was twice that for men, 3.13 and 1.67 μg/kg 

b.w./day, respectively. In general, the low estimated DI for Norwegians, especially to more 

restricted chemicals with lower TDIs, such as DnBP, DiBP and DEHP is encouraging. The 

calculated DI in China (Guo et al. 2011) and Greece (Myridakis et al., 2015) were at least 3 

times higher than in Norway (our study). Similar HImedian was found in Austria (i.e. 0.12) and 

USA (i.e. 0.14) (Christensen et al. 2014), while for the Belgian adults (Dewalque et al. 

2014a), it was higher with some individuals exceeding the established limit. However, when 

TDI and RfD values are established, uncertainty factors are added thus meaning that 

exceeding a HI of 1 does not necessarily imply a risk. In principle, a HI<1 means no risk, 

providing that all substances with similar modes of action/end-points are considered. In the 

current cumulative risk assessment, the PEs considered are not the only chemicals with 

potential anti-androgenic or endocrine disruption properties, thus a more accurate HI should 

take into account the additional effects of other suspected chemicals (e.g. bisphenol A, 

parabens, triclosan, polychlorinated biphenyls, etc.), which exhibit similar adverse health 

effects (Kortenkamp and Faust 2010; Maffini et al. 2006; Schug et al. 2011). 

 
 

3.5.3.1.4 Relationship of PE and DINCH metabolites in urine 

 

The concentrations of low molecular weight PEs (MEP, MiBP, MnBP and MBzP) in the 

morning urine spot were higher than in the two afternoon urine spots, though the difference 

was statistically significant only for MnBP and MiBP (p<0.05 for paired-samples by 

Wilcoxon Signed rank test, data not shown). 
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Strong correlations (r=0.86, p<0.001) were observed between DEHP oxidative metabolites 

(Table 3.5.3), which has been supported by several studies (Alves et al. 2016c; Hines et al. 

2009; Dewalque et al. 2014b). Furthermore, the two oxidative DINCH metabolites (OH-

MINCH and cx-MINCH) were strongly correlated (r=0.82, p<0.001), still OH-MINCH 

(ICC=0.47) had lower reproducibility between urinary measurement than cx-MINCH 

(ICC=0.66, Table 3.5.3). 

 
Table 3.5.3 Correlations between mean PE and DINCH metabolites (µg/gcrea) of three urine 

spots and ICCs for creatinine-adjusted metabolites in all urine samples for 61 Norwegian 

adults. 

 

3 urine spots 
5-OH-

MEHP 

5-oxo-

MEHP 
MnBP MBzP MEP MiBP 

OH-

MINCH 
ICC

a 
95%CI 

5-OH-MEHP 
 

      0.14 0.00,0.31 

5-oxo-MEHP 0.86
**

 
      0.14 0.00,0.31 

MnBP 0.52
**

 0.54
**

      0.36 0.20,0.52 

MBzP 0.41
*
 0.49

**
 0.55

**
     0.35 0.19,0.51 

MEP 0.26
*
 0.23 0.42

**
 0.19    0.68 0.56,0.78 

MiBP 0.55
**

 0.54
**

 0.59
**

 0.47
**

 0.30
*
   0.34 0.19,0.51 

OH-MINCH 0.40
*
 0.28

*
 0.27

**
 0.32

*
 0.02 0.27

*
  0.47 0.32,0.62 

cx-MINCH 0.33
*
 0.18 0.29

**
 0.32

*
 -0.09 0.25

*
 0.82

**
 0.66 0.53,0.76 

a
ICCs were calculated by linear mixed effect models using Ln-transformed creatinine-adjusted data. Values range 

from 0 (i.e. no reproducibility of the same measurement within a subject) to 1 (i.e. perfect reproducibility). 

Spearman coefficients are presented in Ln-transformed data. 
*
p-value<0.05 and 

**
p-value<0.001 

 

Moderate to weak significant positive correlations were found between all PE metabolites, 

with MEP having the weakest correlation with other metabolites. On the other hand, MEP had 

the highest ICC among the selected PEs indicating high reproducibility between 

measurements in urine spots. MEP is mainly formed by a specific source of DEP exposure, 

since it is widely used in cosmetics (e.g. perfumes, nail polish, body lotions, etc.), drug 

coatings, air refreshers and insecticides, whereas other PE additives are not so commonly used  

(Duty et al. 2005; Hauser and Calafat 2005; Hubinger and Havery 2006; Koo and Lee 2004). 

This low inter-correlation between MEP and other PEs has been also confirmed in other 

studies (Frederiksen et al. 2011; Frederiksen et al. 2010). Preau et al. (2010) also found low 

ICCs for 5-OH-MEHP (ICC=0.25) showing a high intra-individual variability, while for MEP 

(ICC=0.91) this effect was negligible. 

Low ICCs were found for MnBP, MBzP, MiBP and DEHP metabolites, reflecting high 

within-person variation. Fromme et al. (2007b) also measured the ICCs between the levels of 

ten PE metabolites detected in urine samples collected among 8 consecutive days. The ICCs  

adjusted to age, gender and creatinine content in urine ranged between 0.20 to 0.57 showing 

low reliability (high within-subject variability) of the repeated measurements over time. 

However, similar results were obtained for DEHP oxidative metabolites, still low ICCs (range 

of 0.13-0.22) were measured in 45 American women without finding any influential factor 

responsible for the high intra-individual variability (Peck et al. 2010). 
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3.5.3.1.5 Potential predictors of exposure 

 
 

Participants who were smoking had higher DEHP oxidative metabolites and MBzP than 

non-smokers. In the multivariate models we found that smoking was related to a 72 % and 77 

% increase of 5-oxo-MEHP and 5-OH-MEHP levels in urine respectively, compared to non-

smokers. Smoking was also associated with higher urinary MBzP (i.e. more than two times in 

comparison with the non-smokers (Table 3.5.4), and it was positively though non-

significantly related to urinary MnBP. To our knowledge, no association between smoking 

and concentration of PE metabolites in urine has been reported in other studies (Dewalque et 

al. 2014b; Geens et al. 2014; Huang et al. 2007; Larsson et al. 2014). However, the limited 

number of smokers (N=4) in our study does not allow us to have strong arguments for this 

association. At the same time, other co-factors, such as the hand to mouth contact during 

smoking or the contact with the material of cigarette filters might contribute and enhance this 

association. 

The more frequent use of PCPs per day was positively associated with higher MEP 

concentrations in all urine samples (Supporting  Information, Fig SI-3.5.1), while in the 

multivariate models we found that the more frequent daily use (>5 PCPs/day) was associated 

with an increase of 252 % in urinary MEP (Table 3.5.4). The association of MEP with several 

PCPs (including the use of sunscreen, eye make-up, shampoo, and conditioner) has been 

highlighted by several authors (Cavallari et al. 2015; Larsson et al. 2014; Philippat et al. 

2015), however this association was not always discriminated and significant when increasing 

the number of PCPs used. 

In the univariate statistics, an increase of age was significantly associated (p<0.05) to 

higher average concentrations of MnBP and MEP in urine (Supporting Information, Table SI-

3.5.5). In multivariate analysis, every year increase in age was associated to greater urinary 

MiBP, MnBP and MEP levels with corresponding raises of 1.9, 2.6 and 5%, respectively 

(Table 3.5.4). Cavallari et al. (2015) also reported higher urinary MEP levels for individuals 

between 40 to 60 years old, still no trend was clearly associated to aging. 

By multivariate analysis we observed that middle (13-16 years) and high (≥17 years) 

education were associated with 59 % and 48 % reduction of MBzP urinary concentrations, 

respectively (Table 3.5.4). Low educated participants (≤12 years) had lower 5-oxo-MEHP 

and MEP in urine, although the associations did not reach a statistical significant level. In the 

univariate model, associations (p<0.2) were found for the higher education level and 

decreased OH-MINCH and cx-MINCH levels. Still this association was not further evidenced 

in the multivariate analyses. 

Washing the hands more frequently (>8 times/day) reduced the DEHP and DINCH 

oxidative metabolites compared to less frequent hands washing (<8 times/day, Supporting  

Information, Table SI-3.5.4), and especially for 5-OH-MEHP and OH-MINCH a contraction 

of 29 % and 67 %, respectively was further identified (Table 3.5.4). 

Eating with hands (≥4 times/day), in univariable analysis, was positively though non-

significantly (p<0.2) associated to elevated MnBP and MEP urinary levels (Supporting  

Information, Table SI-3.5.4), and statistically associated (p<0.05) with higher MiBP urinary 

levels.  
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In the multivariate statistics, these associations remained for MEP and MnBP, where the 

increase in urine was 72 % and 33 % respectively (Table 3.5.4), while for MiBP no further 

association was observed. 

Wearing gloves when cleaning the house could increase the levels of DINCH oxidative 

metabolites in urine (Supporting  Information, Table SI-3.5.4), especially for cx-MINCH 

(increase of 250 %, Table 3.5.4) and might decrease the MiBP (i.e. 27 %). 

In addition, participants who consumed ≥10 foods stored in plastic packaging during the 

two sampling days, had elevated levels of DEHP metabolites in the afternoon urine spots 

(Supporting  Information, Fig SI-3.5.2), when comparing to those eating foods that were less 

frequently wrapped in plastic packaging. Nevertheless, none of these differences reached 

statistical significance. In the multivariate statistics, we also observed a trend of higher 5-OH-

MEHP levels in urine due to high consumption of foods in plastics (>10 food/day), though 

this association was not significant (p<0.2, Table 3.5.4). In fact, DEHP has been considered a 

‘substance of very high concern’ (SVHC) since 2008 under REACH, thus its incorporation in 

materials which contact directly with food is forbidden (Ventrice et al. 2013). Still, this 

association is possible to occur and it has been reported by other authors (Hauser and Calafat 

2005; Rudel et al. 2011), especially if plastic containers for food purposes are imported to EU 

from countries with less strict legislations. Therefore, the association with one of the major 

oxidative DEHP metabolites excreted via urine seems reasonable. In addition, in univariate 

and multivariate analysis we observed that consuming more foods in plastic packaging might 

also be associated with an increase of 23 % of MiBP levels in urine (Table 3.5.4). 

Living in a house with PVC in floors/walls was associated with a decrease of 37 % of 5-

oxo-MEHP levels in urine (Table 3.5.4).  

Previously, this unexpected association to 5-oxo-MEHP was not evidenced in the 

univariate model (Supporting Information, Table SI-3.5.4), but with MiBP instead, although 

it was not statistically significant (p<0.2). In other studies, no significant correlation was 

observed between PVC in floors/walls at home and DEHP oxidative metabolites in urine, 

however the findings indicated significantly higher MBzP levels in mother-child couples 

(Larsson et al. 2014) and infants (Carlstedt et al. 2013). 

Finally, higher frequency of washing the hair (≥4 times/week) was associated with 

decreasing MiBP urinary levels in 25 % (Table 3.5.4). Previously in the univariate model, 

this association was better associated with decreasing the OH-MINCH levels, but still this 

was not further confirmed for this metabolite in the multivariate statistics (Table 3.5.4). The 

increased MEP and MiBP levels were associated with coloring the hair, though not 

statistically significant (p<0.2, Supporting Information, Table SI-3.5.4). After in the 

multivariate analysis, coloring the hair was not associated with any of the target metabolites. 
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Table 3.5.4. Multivariate linear regression mixed models of PE and DINCH urinary metabolites by 

lifestyle characteristics. 

 
 

Percentage change (%) in urinary phthalate metabolites (95% CI) 

5-OH-MEHP 

Smoking  

No  Reference  

Yes  77.2 (5.3; 197.7)
** 

Washing hands
 

 

≤8times/day Reference  

>8 times/day -28.9 (-46.5; -5.6)
** 

Consumed foods with plastic packaging 
a 

 

<10 foods/day Reference  

≥10 foods/day 30.1 (-0.7; 70.4)
* 

5-oxo-MEHP 
Education   

≤12 years Reference  

13-16 years -38.9 (-69.7; 23.5)
* 

≥17 years -26.5 (-62; 41.9) 

Smoking
 

  

No  Reference  

Yes  71.9 (-8.3; 222.8)
* 

PVC in walls/floors  

No  Reference  

Yes  -37.0 (-57.9; -5.7)
**

 

MnBP 
Age (per year) 2.6 (0.7; 4.5)

**
 

Smoking
 

  

No  Reference  

Yes  70.2 (-15.9; 244.9)
** 

Eating with hands   

<4 times/day Reference  

≥4 times/day 33.4 (-10.2; 98.4)
*
 

MBzP 
Age (per year) 1.3 (-0.5; 3.2)

*
 

Education  

≤12 years Reference  

13-16 years -58.5 (-80.7; -10.5)
** 

≥17 years -47.5 (-74.4; 7.8)
*
 

Smoking 
 

  

No  Reference  

Yes  203.7 (52.8; 503.8)
**

 

MEP 
Age (per year) 5.0 (2.2; 8.0)

**
 

Education  

≤12 years Reference  

13-16 years -60.6 (-87.9; 28.5)
* 

≥17 years -48.4 (-83; 56.1) 

Eating with hands   

<4 times/day Reference  

≥4 times/day 71.8 (-5.2; 211.4)
*
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Percentage change (%) in urinary phthalate metabolites (95% CI) 

PCP in the last 24 hours  

≤5 PCPs/day Reference  

>5 PCPs/day 251.5 (80.2; 585.5)
**

 

MiBP 
Age (per year) 1.9 (0.6; 3.2)

**
 

Wash hair   

<4 times/week Reference
 

 

≥4 times/week -25.0 (-43.4; -0.7)
**

 

Wearing gloves when house cleaning   

No  Reference  

Yes  -26.5 (-47.1; 2.1)
*
 

Consumed foods with plastic packaging 
a 

 

<10 foods/day Reference  

≥10 foods/day 23.1 (-4.1; 58.1)
* 

OH-MINCH 

Washing hands
   

≤8 times/day Reference  

>8 times/day -67.2 (-89.7; 4.2)
* 

cx-MINCH 
Wearing gloves when house cleaning   

No  Reference  

Yes  253.2 (-34.7; 1810.6)
*
 

a
Average number of consumed foods packaged in plastic during the 2 days. 

*
p-value<0.2 and 

**
p-value<0.05 of Wald test.

 

 
 
 

3.5.3.2 Nails 

3.5.3.2.1 Exposure Levels 

 
 

All selected analytes were detected in nails, with MEHP, MBzP, MiBP, MnBP and MEP 

being the most abundant metabolites (DF >92 %, Table 3.5.1). In particular, the hydrolytic 

DEHP monoester was present in all nail samples at 129.3 ng/g (GM value), while the 

oxidative metabolites 5-OH-MEHP and 5-oxo-MEHP had lower detection frequencies (71 

and 29 %, respectively) and concentrations (GM of 2.6 and 0.21 ng/g, respectively) than the 

precursor monoester.  

Our results agree with previous studies (Alves et al., 2016b; Alves et al., 2016c), 

suggesting that the part of MEHP (ca. 25 %) which is not metabolized into oxidative 

metabolites and excreted in urine within 48h (i.e. approximately 75 % of DEHP is 

transformed and excreted into their metabolites within 48 h) can bioaccumulate in our body 

and be measured in nails (Koch et al. 2005). In blood, for 6 h after the DEHP exposure 

occurs, MEHP is the major metabolite formed with high levels, therefore it is possible to end 

up in nails (Kessler et al. 2012).  
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Furthermore, the hydrolytic monoesters, such as MEHP, are prone to external 

contamination as they can be generated out from the hydrolysis of ubiquitous diesters 

(Wittassek and Angerer 2008). Therefore, it is possible to have hydrolysis of the parent 

compound (i.e. DEHP) directly on the nail plate.  

Nevertheless, more investigation is needed to clarify the mechanisms of 

incorporation/transfer of the metabolites into the nails, to study the potential differences in the 

accumulation rates by metabolite, among other factors that can influence and contribute for 

their (fast/slow) diffusion into the nail plate. 

Similarly to DEHP oxidative metabolites, the presence of OH-MINCH and cx-MINCH in 

nails is low. In addition, Alves et al. (2016c)  determined MEP (ranging from 15 to 977 ng/g), 

MnBP and MiBP (ranging from 39 to 814 ng/g) as the major metabolites in nails from 

Belgian adults, analogously to what was found in this study. 

Although more research is needed, these results  might indicate that there is an equilibrium 

between accumulation of a same metabolite in nails versus its excretion via urine which can 

be dependent of several intrinsic factors (e.g. age, gender, etc.), but also by the diffusion from 

blood (metabolism rate and transfer) to nails, among other. The fast excretion of the 

secondary oxidation metabolites of DEHP in all three urine spots and the higher DF of MEHP 

in nails is an example, suggesting that bioaccumulation versus excretion are accountable in 

different proportions depending on the metabolites formed (primary, oxidative secondary). To 

our knowledge, it is still not clear whether PEs are first transported to the nails and then 

metabolized or metabolized somewhere else in other body reservoirs (e.g. blood) and then 

transported to the nails. Therefore in order to understand how the PE metabolites are partially 

accumulated in nails, future studies on metabolism and exposure assessment in nails (and 

urine) are needed. 

 

 

3.5.3.2.2 Relationship of PE metabolites in urine and nails 

 

We found a strong positive significant correlation between MEP concentrations in nails 

and in all three urine spots (r=0.56-0.68, p<0.001, Supporting Information Table SI-3.5.5). A 

good correlation for MEP measured in fifteen collected urinary spots and in nails (r=0.73, 

p<0.05), was also observed by Alves et al. (2016c), although this correlation was weak when 

only one urine spot was measured (Alves et al., 2016b). There was no correlation for MnBP, 

MiBP and MBzP between urine and nails, as well as no correlation was found for the DEHP 

metabolites between the two matrices. 

Weaker but significant correlations were found between MnBP in nails and MBzP in 

afternoon urine spots (r=0.29 and r=0.31, p<0.05, Supporting Information Table SI-3.5.5).  

The same was observed between MEP afternoon urine spots and MnBP in nails (r=0.26-

0.27, p<0.05). The fact that only MEP was highly and consistently correlated between all 

urine spots and nails can be due to higher and constant human exposure to consumer products, 

where DEP is incorporated without any regulation for its applications as it exists for DnBP 

and BzBP. Furthermore, MEP is a specific metabolite of DEP, while MnBP can be generated 

both from DnBP and to a minor proportion also from BBzP. 
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3.5.3.2.3 Potential predictors of exposure 

 

In multivariate analysis, smoking was significantly associated with MnBP levels in nails 

(increase of 994 %, Table 3.5.5). The results are consistent with those reported for urine 

(besides the low number of smokers in this study), where smoking seems to be an important 

factor on DBP exposure (also depending on age), although this factor is more significant 

when it is associated with the levels in nails instead. 

In univariate analysis (Supporting Information, Table SI-3.5.6), participants who have 

been applying more frequently PCPs on their hands in the last 24h demonstrated higher 

MnBP (p<0.2) and MEP (p<0.05) concentrations in their nails, which is probably indicating 

to external contamination. Female participants who have used more PCPs and/or colored their 

hair (p<0.05) appeared to have higher MEP concentrations in nails (Supporting Information, 

Table SI-3.5.6). Using more than 5 PCPs/day was associated with a distinctly increased MEP 

concentration in nails after adjusting for all the other characteristics (i.e. 186 %, Table 3.5.5). 

This association was also visible for urine, however once nails have a direct contact with the 

PCPs especially if they are applied in the hands, we assume that the PEs (diesters or 

metabolites) can be deposited directly in the nail plate. This makes the quantitative exposure 

assessment and internal dose extrapolation difficult. Moreover, deposition to the nail bed (via 

dermal absorption and/or diffusion from blood) might occur through the metabolic 

transformation of diesters to monoesters (Lorber et al. 2010). Yet, the mechanisms of transfer 

from blood or other body compartments to nails, as well as their incorporation pathways into 

the nails are not yet explored, therefore this matter needs  to be elucidated in order to 

understand how PEs can accumulate in nails. 

Similarly, multivariable statistics disclosed the association (p<0.2) between wearing gloves 

while cleaning the house and increasing MnBP levels in nails (>100%), where again direct 

contact of gloves and nails exists. 

Other observations for nails were the increasing levels of MEHP per year (i.e. 2 %, Table 

3.5.5), and lower MnBP levels for people with lower education, although not significant. 

In contrast to the observed trend of 30 % increase in 5-OH-MEHP urinary levels related to 

higher consumption of foods in plastic packaging (>10 foods/day), in nails this association 

was inverse by 57 % decrease of MEHP concentrations (Tables 3.5.4 and 3.5.5). The 

significance of this finding needs further investigation. Differences between urine and nails 

might be explained by the different exposure windows they reflect, by differences in 

metabolic and kinetic behavior of the DEHP biomarkers in the different matrices, but also by 

possible external contamination influences on the biomarker MEHP. 
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Table 3.5.5 Multivariate linear regression models of PE metabolites in nails by lifestyle 

characteristics. 
 

Percentage change (%) in phthalate metabolites in nails  (95% CI) 

MEHP 

Age (per year) 2.1 (-0.9; 5.2)
* 

Consumed foods with plastic packaging 
a 

 

<10 foods/day Reference  

≥10 foods/day -57.3 (-76.2; -23.3)
** 

MnBP 
Education   

≤12 years Reference  

13-16 years -82.5 (-97.2; 10.1)
* 

≥17 years -43.4 (-89.5; 204.7)
 
 

Smoking 
 

  

No  Reference  

Yes  993.5 (116.6; 5429.6)
**

 

Wearing gloves when house cleaning   

No  Reference  

Yes  121.9 (-27.2; 578.0)
*
 

Consumed foods with plastic packaging 
a 

 

<10 foods/day Reference  

≥10 foods/day -43.3 (-75.9; 33.8)
* 

MEP 

PCP in the last 24 hours 

≤5 PCPs/day Reference  

>5 PCPs/day 186.0 (15.1; 609.9)
**

 
a
Average number of consumed foods packaged in plastic during the 2 days 

*
p-value<0.2 and 

**
p-value<0.05 of Wald test

 

 
 
 

3.5.4 Study limitations and future perspectives 

 
 

A larger human study population (cohort) from different areas could be considered as more 

representative of the Norwegian population. Fingernails, but also toe nails would be relevant 

to analyze, once the levels and exposure are usually distinct. Moreover, fingernails are more 

exposed to external sources than toe nails, which may hamper the identification and 

understanding of internal versus external exposure. The sampling design should have included 

replicate nail samples over a longer period, in order to get a better understanding about the 

stability and reliability of the levels reported in different nail segments, and how nails can be 

considered good biomarkers of past exposure. This might also underline an exposure trend for 

a certain PE or DINCH. 

There is a lack of bioaccessibility experiments in order to check possible hydrolysis which 

might occur directly on the nail plate. Further understanding is required about the metabolism 

in nails or in skin after the nail penetration, and the excretion against the bioaccumulation 

rate, which might be compound specific. 
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Another important point, could be the inclusion of other analytes in our analytical method 

such as DPHP, DiNP and DiDP oxidative metabolites, 5-cx-MEPP (for DEHP) and oxo-

MINCH (for DINCH), since there are all good biomarkers of exposure in urine. 

 

 

3.5.5 Conclusions 

 

In our study, we observed a low exposure to PEs and DINCH for this Norwegian study 

population, based on estimated daily intakes using concentrations of their metabolites in 

urine. The cumulative risk assessment for combined plasticizer exposure, expressed as HQs 

and HI, was below established risk limits, even considering the worst case scenario (i.e. 

maximum values). Our findings suggest that, age, smoking, use of PCPs and many other 

every day habits, such as washing hands or eating food from plastic packages are possible 

contributors to plasticizer exposure, but still no firm conclusion can be drown due to our small 

sample size. 

 

 

3.5.6 Supporting Information 

 

Table SI-3.5.1. Multiple reaction monitoring (MRM) ion transitions used for the 

quantification of PEs and DINCH, and method’s limit of quantification (LOQm). 

 
Retention 

time 

(min) 

Compound 
Product 

ion 

MRM 1
a
 

Cone 

Voltage 

(V) 

Collision 

energy 

(eV) 

Product 

ion 

MRM 2 

Cone 

Voltage 

(V) 

Collision 

energy 

(eV) 

LOQm
 

μg/L 

urine 

ng/g 

nails 
3.55 MMP 179→77 4 18 179→107 4 10 0.01

b
 40 

4.11 MEP 193→77 36 18 193→121 36 10 0.13 0.08 

4.11 
13

C4-MEP 197→79 41 18 n.d. - - - - 

5.18 5-OH-MEHP 293→121 44 18 293→145 44 14 7.9E-4
b
 0.42 

5.18 
13

C4-5-OH 

MEHP 

297→124 38 20 n.d. - - - - 

5.2 MiBP 221→77 38 16 221→134 38 12 2.4 8.6 

5.18 d4-MiBP 225→81 38 16 n.d. 
  

  

5.26 MnBP 221→77 40 14 221→77 40 18 2.2 14.4 

5.26 
13

C4-MnBP 225→79 36 16 n.d. - - - - 

5.31 5-oxo-MEHP 291→121 44 18 291→143 44 14 1.3E-3
b
 0.04 

5.31 
13

C4-5-oxo 

MEHP 

295→124 44 20 n.d. - - - - 

5.51 MBzP 255→77 38 18 255→183 38 12 6.5E-4
b
 2.9 

5.51 
13

C4-MBzP 259→107 41 14 n.d. - - - - 

6.76 MEHP 277→134 44 16 277→127 44 16 4.2 0.03 

7.25 MPHP 305→134 30 16 305→155 30 18 22.4 35.1 

6.76 
13

C4-MEHP 281→137 42 16 n.d. - - - - 

5.71 cx-MINCH 327→173 2 16 327→153 2 22 7.8E-4
b
 0.03 

5.68 d2-cx-MINCH 329→175 8 16 n.d. - - - - 

5.77 OH-MINCH 313→153 12 18 313→109 12 28 8.8E-4
b
 0.03 

5.73 d2-OH-MINCH 317→153 18 18 n.d. - - - - 
a
MRM1 was used for quantification; n.d.- Not defined; LOQm is calculated based on 3 × SD of procedural blanks 

(N=4); 
b
LOQi instrumental is applied (when LOQi >LOQm) 
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Table SI-3.5.2. Names and abbreviations of selected phthalate esters, DINCH and their main 

human urinary biomarkers with renal excretion factors (FUE) after 24 h. 

 

 

Parent compounds 
Primary hydrolytic  & 

secondary oxidation metabolites 

FUE 

[%] 
References 

Dimethyl phthalate (DMP) monomethyl phthalate (MMP) 69* (Koch and Angerer 2012)  

Diethyl phthalate (DEP) monoethyl phthalate (MEP) 69 (Koch and Angerer 2012)  

Diisobutyl phthalate (DiBP) mono-isobutyl phthalate (MiBP) 70 (Koch et al. 2012) 

Di-n-butyl phthalate (DnBP) mono-n-butyl phthalate (MnBP) 84 (Koch et al. 2012) 

Butylbenzyl phthalate (BBzP) mono-benzyl phthalate (MBzP) 73 (Anderson et al. 2001)  

Bis-2-ethylhexyl phthalate (DEHP) 

mono-(2-ethylhexyl) phthalate (MEHP) 5.9 

(Koch et al. 2005)  

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

(5-OH-MEHP) 

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

oxo-MEHP) 

mono-(5-carboxy-2-ethylpentyl) 

phthalate (5-cx-MEPP) 

23.3 

 

 

15 

 

18.5 

Bis-2-propylheptyl phthalate (DPHP) 

monopropylpheptyl phthalate (MPHP) <1 

(Gries et al. 2012; Leng et al. 

2014)  

mono-2-(propyl-6-hydroxy-heptyl)-

phthalate (OH-MPHP) 

mono- 2-(propyl-6-oxo-heptyl)-phthalate 

(oxo-MPHP) 

mono-2-(propyl- 6-carboxy-hexyl)- 

phthalate (cx-MPHxP) 

9.91 

 

12.61 

 

0.42 

1,2-cyclohexane dicarboxylic acid diisononyl 

ester (DINCH) 

mono-isononyl- 

cyclohexane-1,2-dicarboxylate (MINCH) 
0.65 

(Koch et al. 2013b)  

cyclohexane-1,2-dicarboxylic 

mono hydroxyisononyl ester (OH-

MINCH) 

cyclohexane-1, 

2-dicarboxylic mono oxoisononyl ester 

(oxo-MINCH) 

cyclohexane-1,2-diarboxylic mono 

carboxyisononyl ester (cx-MINCH) 

9.55 

 

 

1.85 

 

 

1.67 

* By analogy to DEP 
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Table SI-3.5.3 Summary of Geometric Mean (and ranges) for the urinary concentrations of the PE and DINCH metabolites from selected 

biomonitoring studies. 

 

Country 
Units MMP MEP MiBP MnBP MBzP MEHP 

5-OH-

MEHP 

5-oxo-

MEHP 

OH-

MINCH 

cx-

MINCH 
Reference 

Norway 

µg/L 

0.03 

(<LOQ-

439.0) 

24.4 

(0.73-

1856.4) 

13.3 

(<LOQ-

180.7) 

11.7 

(<LOQ-

187.7) 

3.3 (0.2-

944.2) 

<LOQ 

(<LOQ-

25.0) 

4.9 (0.1-

34.1) 

4.6 (<LOQ-

32.4) 

0.25 

(<LOQ-

46.2) 

0.23 (<LOQ-

23.9) 

This Study; 61 adults 

μg/gcrea 

0.03 

(N/A-

1661.6) 

26.2 

(1.8-

2760.0) 

14.3 (N/A-

209.1) 

12.7 (0.49-

635.5) 

3.7 (0.39-

570.5) 

N/A (N/A-

44.7) 

5.4 (0.39-

71.1) 

5.1 (N/A-

63.2) 

0.27 (N/A-

88.8) 

0.25 (N/A-

45.9) 

Germany µg/L - - 
30.0 (7.0–

151.0) 

51.0 (7–

704) 

25.0 

(0.70–

31.0) 

4.6 

(<LOQ–

63.9) 

13.4 (2.3–

83.2) 

12.2 (2.6–

57.9) 
- - 

(Wittassek et al. 2007); 

year 2003; 60 adults 
μg/gcrea - - 

36.1 (10.8–

115) 

52 (18–

1920) 

6.7 (1.7–

39.3) 

5.5 (N/A–

34.8) 

15.2 (5.4–

33.2) 
12 (4–35.2) - - 

(Schütze et al. 2014); 

year 2012; age: 20-30 

µg/L - - - - - - - - 

0.4 

(<LOQ–

236.0) 

0.18 

(<LOQ–

98.4) 

μg/gcrea - - - - - - - - 
0.62 (N/A–

171.0) 

0.28 (N/A–

71.5) 

(Fromme et al. 2016); 

year 2012; age: 2-7 
µg/L - - - - - - - - 

1.7* (0.14–

34.9) 

1.1* (0.11–

19.1) 

Sweden µg/L - 43.4 - 63.0 12.8 2.3 14.9 8.7 - - 

(Larsson et al. 2014); 98 

mother-child couples 
μg/gcrea - 40.9 - 59.4 12.07 2.22 14.08 8.2 - - 

Belgium µg/L - 

37.6 

(2.23–

1904) 

26.2 (2–608) 
31.3 (2–

235.6) 

5.5 

(<LOD–

126.5) 

2.7 (0.58–

20) 

8.6 (0.31–

113) 

5.8 (0.29–

94.7) 
- - 
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Country 
Units MMP MEP MiBP MnBP MBzP MEHP 

5-OH-

MEHP 

5-oxo-

MEHP 

OH-

MINCH 

cx-

MINCH 
Reference 

(Dewalque et al. 2014b); 

age: 12-85 μg/gcrea - 

33.3 

(2.73–

860.9) 

23.3 (3.09–

473.1) 

27.7 (3.63–

422) 

4.9 (N/A–

102) 

2.4 (0.51–

46.5) 

7.6 (0.96–

263.5) 

5.1 (0.67–

220.7) 
- - 

Austria 

µg/L  

32.0 

(<LOD–

2105.0) 

26.0 (2.5-

152) 

10.0 

(<LOD–

85.0) 

1.3 

(<LOD–

17.0) 

<LOD 

(<LOD–

12.0) 

3.3 (<LOD–

76.0) 

1.6 

(<LOD–

55.0) 

- - 

(Hartmann et al. 2015)  

Greece µg/L - 

133.9 

(2.6–

4103.7) 

- 

36.1 

(<LOD–

94670.7) 

6.0 

(<LOD–

199.4) 

7.6 

(<LOD–

3401.3) 

25.7 

(<LOD–

6267.3) 

17.6 

(<LOD–

3610.6) 

- - 

(Myridakis et al. 2015); 

239 mothers 
μg/gcrea - 

132.6 

(4.8–

3993.8) 

- 
33.2 (N/A–

48799.3) 

7 (N/A–

132.0) 

7.3 (N/A–

2765.3) 

24.4 (N/A–

5095.4) 

15.9 (N/A–

2935.4) 
- - 

Australia 

µg/L 1.7 130.0 21.0 24.7 5.3 6.0 26.4 16.1 0.4 - 
(Gomez Ramos et al. 

2016); age: 0-60 

U.S.A. µg/L 1.0* 37.9 6.0 7.6 4.5 1.4 7.9 5.1 <0.4* - 

(CDC 2015; Silva et al. 

2013a); year 2012; total 

population 

μg/gcrea 1.3* 43.2 6.8 8.7 5.2 1.6 9.0 5.8 N/A - 

Canada µg/L - 56.0 - 23.2 11.5 3.6 23.5 14.2 - - 

 (Saravanabhavan et al. 

2013); age: 6-49 
μg/gcrea - 62.1 - 25.8 12.8 4.0 26.1 15.7 - - 

China µg/L 12* 21.5* 56.7* 61.2* 0.6* 2.1* 11.3* 7.0* - - 

(Guo et al. 2011)  μg/gcrea 11.4* 18.7* 57.6* 63.1* 0.5* 1.8* 10.5* 6.8* - - 

*Median values, N/A- Not applicable. 
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Table SI-3.5.4 Average urinary PE and DINCH metabolites (µg/g creatinine) by lifestyle and socio-demographic characteristics of 61 

Norwegian adults. 

Metabolites  5-OH-MEHP 5-oxo-MEHP MnBP MBzP MEP MiBP OH-MINCH cx-MINCH 

µg/gcrea N  Median  IQR Median  IQR Median  IQR Median  IQR Median  IQR Median  IQR Median  IQR Median  IQR 
Gender 

 
                 

Males  16 6.7 8.9 4.6 6.6 12.3 8.0 3.9 5.0 21.1 25.8 12.0 12.8 0.52 1.2 0.44 0.97 

Females  45 6.4 4.9 5.1 5.2 14.8 20.0 3.9 3.9 35.0 68.8 17.3 12.3 0.50 2.7 0.50 2.6 

p-value
 a
  0.96 0.49 0.52 0.73 0.16

* 
0.11

*
 0.57 0.63 

Education 
                  

≤12 years 4 12.2 20.7 12.0 21.5 20.3 27.9 7.7 8.5 88.1 172.7 23.9 17.4 0.7 3.6 0.8 3.0 

13-16 years 16 5.5 5.7 5.1 4.6 14.7 22.5 2.7 2.7 40.9 70.0 15.1 11.2 1.9 3.8 1.4 3.1 

≥17 years 41 5.4 4.9 5.0 5.7 12.1 10.4 4.4 3.7 21.2 44.1 15.8 12.3 0.35 1.0 0.36 1.2 

p-value
 b

  0.79 0.76 0.53 0.08
*
 0.41 0.48 0.19

*
 0.12

*
 

Age 
 

                 

20-36 years 20 4.9 4.1 4.7 4.5 10.3 7.3 4.2 4.4 11.0 16.1 12.2 8.3 0.34 0.89 0.26 1.3 

36-45 years 20 5.3 4.4 4.9 3.3 11.8 9.3 3.3 3.4 36.6 60.5 13.9 13.3 0.52 2.2 0.63 1.6 

46-66 years 21 7.6 9.5 8.5 8.1 18.1 27.6 4.4 6.9 48.7 81.2 17.5 16.9 0.80 3.8 0.58 3.0 

p-value
 b

  0.26 0.28 0.02 
** 0.55 0.02

**
 0.11

*
 0.74 0.62 

Smoking 
 

                 

No  57 5.4 5.2 5.0 5.7 12.5 12.1 3.5 3.8 25.9 59.3 16.8 12.0 0.51 2.3 0.49 2.1 

Yes  4 13.2 15.3 10.2 9.2 21.7 123.2 8.0 37.2 28.1 508.9 16.5 9.0 0.83 3.1 0.84 8.1 

p-value
 a
  0.17

*
 0.19

*
 0.27 0.10

*
 0.64 0.58 0.79 0.93 

Wash hair 
 

                 

<4times/w 37 5.4 4.6 5.2 4.5 14.8 26.1 3.9 6.5 35.0 75.0 17.3 11.6 0.80 2.3 0.58 2.3 

≥4times/w 24 4.6 9.1 4.8 6.6 11.6 10.1 3.9 3.1 23.3 46.5 12.7 13.1 0.28 2.3 0.28 1.6 

p-value
 a
  0.70 0.45 0.37 0.63 0.39 0.26 0.19

*
 0.22 

Washing hands 
 

                 

≤8times/day 33 7.6 8.6 6.1 6.5 12.8 18.0 4.1 6.7 23.1 59.8 16.9 10.7 0.83 3.9 0.55 3.1 

>8times/day 28 4.9 2.6 4.8 2.3 13.6 8.4 3.8 3.9 34.1 61.2 13.1 12.2 0.28 1.7 0.48 1.2 

p-value
 a
  0.08

*
 0.13

*
 0.89 0.39 0.52 0.86 0.12

*
 0.15

*
 

Eating with hands                  

<4 times/day 25 5.4 5.3 4.9 5.3 11.1 8.2 4.4 3.7 23.1 39.2 11.1 12.0 0.51 1.2 0.48 2.1 

≥4 times/day 36 5.5 7.3 5.2 6.1 15.6 27.5 3.4 4.9 35.2 123.2 17.1 11.5 0.32 2.6 0.49 2.2 

p-value
 a
  0.60 0.84 0.12

*
 0.61 0.08

*
 0.05

**
 0.68 0.97 

Color hair 
 

                 

No  39 5.4 8.5 5.0 6.2 12.1 12.2 4.1 5.2 21.0 53.0 13.4 10.6 0.51 2.1 0.48 2.1 

Yes  22 5.8 6.5 5.1 5.7 15.1 33.0 3.7 3.2 48.6 150.3 18.1 12.3 0.56 2.5 0.49 2.3 

p-value
 a
  0.86 0.93 0.35 0.69 0.11

*
 0.16

*
 1.0 0.85 
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Metabolites  5-OH-MEHP 5-oxo-MEHP MnBP MBzP MEP MiBP OH-MINCH cx-MINCH 

µg/gcrea N  Median  IQR Median  IQR Median  IQR Median  IQR Median  IQR Median  IQR Median  IQR Median  IQR 
Wearing gloves when house cleaning 

 
              

No  49 5.4 4.3 5.0 5.5 13.7 17.3 4.2 5.3 25.7 59.3 17.3 12.3 0.44 1.1 0.39 1.2 

Yes  12 5.2 8.7 5.1 4.8 11.4 10.1 3.0 3.4 38.7 60.7 12.5 9.1 2.9 3.8 2.4 3.0 

p-value
 a
  0.91 0.93 0.96 0.84 0.77 0.45 0.15

*
 0.06

*
 

PVC in walls/floors 
 

                

No  48 5.5 7.4 4.9 6.1 14.3 18.7 3.8 6.6 30.4 67.9 16.9 12.8 0.47 2.4 0.49 2.1 

Yes  13 5.4 3.6 5.2 2.2 12.1 5.0 3.9 3.3 15.6 49.2 14.6 12.3 0.51 1.2 0.49 1.4 

p-value
 a
  0.47 0.56 0.50 0.47 0.59 0.08

*
 0.73 0.96 

a
p-value of Mann-Whitney non-parametric test for differences by groups with two categories.  

b
p-value of Kruskal-Wallis non-parametric test for differences by groups with more than two categories. 

*
p-value<0.2 (grey cells), 

**
p-value<0.05 (white cells).  
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Table SI-3.5.5 Correlations between PE and DINCH metabolites in urine and nail samples of 

59 Norwegian adults. Spearman’s correlation coefficients are presented for Ln-transformed 

creatinine-adjusted urinary metabolites and Ln-transform nail metabolites. 

 

Urine 
Nails 

MEHP MnBP MEP 

Urine spot 1 (Afternoon Day 1) 
5-OH-MEHP -0.02

a 
0.17 0.08 

5-oxo-MEHP 0.05
 a
 0.26

* 0.16 

MnBP 0.19 0.24 0.14 

MBzP 0.11 0.29
*
 0.11 

MEP 0.06 0.26
*
 0.68

**
 

MiBP 0.03 0.22 0.24 

OH-MINCH 0.06 0.11 -0.02 

cx-MINCH 0.07 0.05 0.00 

Urine spot 2 (Morning Day 2) 
5-OH-MEHP 0.22

 a
 -0.15 -0.18 

5-oxo-MEHP 0.07 -0.13 -0.13 

MnBP 0.27
*
 0.09 -0.09 

MBzP 0.21 0.10 -0.10 

MEP 0.03
 a
 0.11 0.56

**
 

MiBP 0.22
 a
 0.10 0.07 

OH-MINCH 0.20 -0.04 -0.17 

cx-MINCH 0.18 -0.10 -0.16 

Urine spot 3 (Afternoon Day 2) 
5-OH-MEHP -0.07 0.16 0.15 

5-oxo-MEHP -0.06 0.16 0.21 

MnBP 0.01 0.16 0.19 

MBzP -0.02 0.31
*
 0.26

*
 

MEP -0.08
 a
 0.27

*
 0.66

**
 

MiBP -0.09 0.13 0.17 

OH-MINCH -0.04 -0.02 0.02 

cx-MINCH 0.04 -0.08 0.01 
a
Presented values are Pearson’s correlations coefficients for 

normally distributed PE metabolites.
 

*
p-value<0.05, 

**
p-value<0.001 
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Table SI-3.5.6 PE metabolites in nails by lifestyle and socio-demographic characteristics of 61 Norwegian adults. 

 
Metabolites  MEHP MnBP MEP 

ng/g N  Median  IQR Median  IQR Median  IQR 
Gender 

 
       

Males  15 196.3 442.3 56.0 65.6 39.3 55.7 

Females  44 96.2 184.5 57.2 157.3 92.3 376.5 

p-value
 a
  0.61 0.44 0.002** 

Education 
        

≤12 years 4 143.2 109.5 44.5 1846.8 114.4 916.6 

13-16 years 15 219.4 420.2 46.9 62.4 44.3 187.3 

≥17 years 40 88.4 211.4 68.2 152.5 79.0 271.6 

p-value
 b

  0.50 0.22 0.43 

Age 
 

       

20-36 years 18 96.2 309.7 52.0 78.3 55.2 253.3 

36-45 years 20 81.0 202.4 49.0 105.1 78.2 374.3 

46-66 years 21 159.4 253.5 76.1 122.0 87.9 116.0 

p-value
 b

  0.17* 0.25 0.55 

Smoking 
 

       

No  55 108.1 242.6 54.4 96.3 82.0 238.0 

Yes  4 72.6 228.6 1575.0 6043.0 369.0 1438.4 

p-value
 a
  0.59 0.14* 0.67 

Wash hair 
 

       

<4 times/week 36 100.8 216.1 55.2 95.8 82.2 241.5 

≥4 times/week 23 127.8 283.3 59.1 105.0 69.2 298.3 

p-value
 a
  0.94 0.85 0.77 

Washing hands 
 

       

≤8times/day 31 127.8 257.5 60.0 93.6 55.9 111.7 

>8 times/day 28 82.6 187.2 47.8 112.9 92.3 309.4 

p-value
 a
  0.23 0.31 0.23 

Eating with hands        

<4 times/day 24 100.8 219.0 54.0 100.5 57.7 57.9 

≥4 times/day 35 108.1 260.6 72.3 93.6 87.8 361.0 

p-value
 a
  0.85 0.24 0.17* 

Color hair 
 

       

No  37 130.0 320.1 50.3 55.8 61.2 92.2 

Yes  22 93.0 87.8 83.6 194.4 194.5 608.9 

p-value
 a
  0.40 0.19* 0.02** 
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Metabolites  MEHP MnBP MEP 

ng/g N  Median  IQR Median  IQR Median  IQR 
Wearing gloves when house cleaning 

 
    

No  47 103.3 243.6 54.4 82.4 76.0 249.1 

Yes  12 101.9 342.5 102.6 205.6 86.63 253.3 

p-value
 a
  0.68 0.26 0.99 

PVC in walls/floors 
 

      

No  46 100.8 227.4 54.0 192.0 87.4 289.9 

Yes  13 113.0 233.5 59.1 41.3 42.6 50.7 

p-value
 a
  0.74 0.72 0.11* 

PCP in the last 24 hours      

≤5 PCPs/day 23 156.5 313.3 49.5 54.4 42.6 65.9 

>5 PCPs/day 36 91.6 187.9 70.1 190.0 96.8 393.4 

p-value
 a
  0.39 0.19* 0.001** 

Times of applying PCP on hands in the last 24 hours     

<5 times/day 36 135.3 292.9 49.1 50.6 58.6 81.6 

≥5 times/day 23 76.0 180.4 109.7 283.8 221.4 647.2 

p-value
 a
  0.18* 0.01** 0.009** 

Consumed foods with plastic packaging Day 1     

<10 foods/day 34 177.8 370.9 57.6 124.2 72.6 250.5 

≥10 foods/day 25 75.5 79.9 53.7 77.9 82.4 233.9 

p-value
 a
  0.01** 0.67 0.44 

Consumed foods with plastic packaging Day 2     

<10 foods/day 47 130.0 319.1 59.1 124.2 82.0 249.1 

≥10 foods/day 12 73.0 42.8 43.7 62.0 73.1 360.0 

p-value
 a
  0.02** 0.28 0.99 

a
p-value of Mann-Whitney non-parametric test for differences by groups with two categories.  

b
p-value of Kruskal-Wallis non-parametric test for differences by groups with more than two categories. 

*
p-value<0.2 (grey cells) and 

** 
p-value<0.05 (white cells).  
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Fig SI-3.5.1 Median urinary MEP (in μg/g creatinine) by three consecutive urine spots and by 

number of personal care products used in the last 24 hours. 
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Fig SI-3.5.2 Median urinary 5-OH-MEHP, 5-oxo-MEHP, MnBP, MBzP, and MiBP (in μg/g 

creatinine) by three consecutive urine spots and by number of consumed foods in plastic 

packaging for a) day 1 and b) day 2. 
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3.6  ANALYSIS OF PHTHALATE AND DINCH METABOLITES IN 

NAILS FROM A BELGIAN POPULATION (FLEHS-III COHORT) 

 

3.6.1 Introduction to the Flemish Environment and Health Study (FLEHS)  
 

Since 2003, FLEHS called Flemish Environment and Health Study (FLEHS) was 

implemented by the Flemish Centre of Expertise for Environment and Health. The aim of this 

cross-sectional survey was to measure selected pollutants (including chlorophenols, cotinine, 

dioxins, fluorocarbons, furans, the herbicide 2, 4-dichlorophenoxyacetic acid (2, 4-D), metals 

(e.g., As, Cd, Cu, Pb, Mn, Hg, and Tl), organochlorine pesticides, organophosphate 

metabolites, PAH metabolites, PBDEs, PCBs, phenols such as Bisphenol A (BPA), phthalate 

metabolites, and pyrethroid metabolites) and certain health effects (e.g. measurements of 8-

hydroxydeoxyguanosine (8-OHdG; a biomarker of oxidative DNA damage)) in humans (via 

detection of biomarkers) living in Flanders region (Schoeters et al. 2012). So far, there were 

three previous editions of this large survey that are finished, i.e. the FLEHS I (2002-2006), the 

FLEHS II (2007- 2009) and the FLEHS III (2012 to 2015) (FLEHS-III; Schoeters et al. 2012). 

In addition, now is ongoing the FLEHS IV (2016-2020), however the results here presented 

only refer to the previous cohort (FLEHS III).  

In these large HBM studies the participants were categorized into groups: mothers and 

newborns, adolescents (aged 14-15 years), adults (aged 20-40 years), and older adults (aged 

50-65 years; also in the FLEHS III elderly people aged 60-75 years are selected). Participants 

were recruited in urban, rural and industrial areas (and living more than ten years in Flanders). 

Recruited participants (and parents if the participants were children or adolescents) are asked 

to fill out extensive questionnaires regarding personal background, lifestyle factors, and food 

intake.  

In the sampling, blood (including cord and maternal blood from mothers and their 

newborns), urine, and hair (only from mothers and adolescents) samples were collected from 

the participants. So far, only in the FLEHS III, nails were also included as biomonitoring 

matrix (FLEHS-III; Schoeters et al. 2012).  

The major goal of the FLEHS III was to improve the risk assessment to diverse organic 

and inorganic pollutants, to set reference values and finally stimulate the dissemination of the 

results to the general population by engaging sociologists and scientists. 

 

 

3.6.2 Results on the human exposure to PEs and DINCH via nails 

 

In this section, the results on PEs and DINCH exposure (through the analysis of their 

metabolites) will be presented.  

The aim was: 1) to test de validity of the new US-DLLME method and the sample 

preparation protocol optimized using whole nails (described in sections 3.2 and 3.4, 

respectively); 2) to verify the use of nails in routine analysis. In total, 157 nail samples were 

analyzed. 
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The quality control (QC) was ensured during analysis according to what is reported in the 

previous sections (procedural blanks, injection of calibration standards, spiked nails). 

The results (% detection frequencies (DF %), descriptive statistics including geometric 

means and percentiles) represented in Table 3.6.1 show that MEP, MBzP, MiBP, MMP and Σ 

DEHP metabolites are the major compounds detected (> 80 DF %), while 5-oxo-MEHP and 

the DINCH metabolites are the minor metabolites. High median levels were observed for 

MPHP (1134 ng/g), followed by the Σ DEHP metabolites (740 ng/g), which was mainly 

influenced by the MEHP levels (707 ng/g).  

 

 

Table 3.6.1 Levels of nine PE and two DINCH metabolites (ng/g) detected in nails (FLEHS 

III cohort). 

 

  
Levels in nails (ng/g) 

 
Metabolites DF (%) Min Max GM 25

th
 50

th
 75

th
 95

th
 

MEHP 66 <LOQm 11845 1356 <LOQm 707 1845 5468 

5-OH-MEHP 53 <LOQm 3173 10 <LOQm 2 5 409 

5-oxo-MEHP 3 <LOQm 10 6 <LOQm <LOQm <LOQm <LOQm 

Σ DEHPmetabolites 80 <LOQm 11850 707 3 740 1912 5569 

MnBP 47 <LOQm 15140 1443 <LOQm <LOQm 1210 3860 

MiBP 87 <LOQm 9615 440 82 340 877 4985 

MBzP 96 <LOQm 1055 30 11 32 68 159 

MEP 97 <LOQm 11882 195 83 145 354 1404 

MMP 92 <LOQm 12452 113 38 75 212 1618 

MPHP 50 <LOQm 16994 1482 587 1134 2676 8697 

cis-OH-MINCH 3 <LOQm 8 5 4 6 7 NC 

cis-cx-MINCH 6 <LOQm 156 50 22 42 125 NC 

GM-Geometric mean; 25
th

, 50
th

 (median), 75
th

 and 95
th

 percentiles are presented; LOQm (ng/g): 349 

(MEHP); 1 (OH-MEHP); 4 (5-oxo-MEHP); 398 (MnBP); 39 (MiBP); 2 (MBzP); 23 (MEP); 21 

(MMP); 433 (MPHP); 3 (cis-OH-MINCH); 19 (cix-cx-MINCH) 

 

 

3.6.3 Human exposure to PEs and DICNH: Belgium cohort versus Norway cohort 

 

Fig. 3.6.1 shows the boxplots representing the dispersion of the levels among the two study 

populations (FLEHS III and A-TEAM cohort). In general higher median and total  levels (and 

dispersion between the minimum and maximum) were obtained for the FLEHS cohort than 

for the A-TEAM population (see also Tables 3.6.1 and Table 3.5.1). This effect is strongly 

evidenced in the FLEHS cohort (N=157 versus N=59), not only due to the high number of 

participants (which cause a wide dispersion in the detected levels), but also most probably due 

to different exposure patterns amongst the two populations (Fig 3.6.1).  
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Since, there is no information regarding the personal and/or environmental characteristics 

for the FLEHS participants, is not possible to investigate which predictors/factors can have a 

significant effect on elevate/decrease the levels of a specific metabolite.  

Yet, in order to investigate if the levels of all metabolites in the two populations were 

significantly different (p<0.05), the non-parametric Mann-Whitney rank test was performed in 

SPSS Inc. software, as described in the previous section. 

Thus, is possible to observe that the only metabolite which differences in the levels are not 

statistical significant at 95 % CI, is the MnBP (p=0.27). Although, there is a visible difference 

between the median levels in the two populations (Table 3.6.2) (where in the FLEHS cohort 

half of the individuals showed levels <LOQm), in this non-parametric test when the mean 

levels for all individuals are ranked per factor (i.e. population), it is possible to observe that 

the differences between them are not statistically different (i.e. 105.7 ng/g for FLEHS and 

115.8 ng/g for the A-TEAM cohort), therefore they are likely to derive from the same 

population.  

In fact, the MnBP levels with regard to the total levels for all metabolites studied in both 

populations present the best correlation coefficients adjusted to each population (R
2
=0.6 for 

FLEHS cohort and R
2
=0.85 for A-TEAM cohort) and also to both populations (N=216, 

R
2
=0.6) (Fig 3.6.2), suggesting that the contribution of this metabolite for the total levels in 

finger nails is relatively significant.  

 

  

 

 



198 
 

 
 

 



199 

 

 
Fig  3.6.1. Boxplot distributions for PEs, DINCH and total level of the metabolites detected in nails for the FLEHS III (Belgium) and A-TEAM 

(Norway) participants. The box hinges represent the 25
th

 percentile and 75
th

 percentile. The median (50
th

 percentile) is represented by the middle 

dot in the box. The whiskers extend 1.5 times the inter-quartile range. The outliers are represented as a point (°) and extremes as a star (*). 
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Table 3.6.2. Non-parametric Mann-Whitney test for the PE and DINCH metabolites detected in nails for the two populations (FLEHS III and A-

TEAM cohort). 

 

 

Population  
MEHP 5-OH-MEHP 5-oxo-MEHP MnBP MBzP MEP MiBP MMP MPHP cis-OH-MINCH cis-cx-MINCH 

Total 

levels 

Median 694.2 1.6 <LOQm <LOQm 32.1 143.6 337.7 73.4 465.1 1.4 9.3 3167.9 

Belgium (FLEHS) IQR 1826.5 4.5 <LOQm 1194.8 56.6 270.5 793.1 167.4 1040.5 <LOQm <LOQm 7132.5 

Norway (A-TEAM) 
Median 103.3 <LOQm 0.7 56.0 1.7 82.0 4.3 46.7 59.8 0.3 0.8 605.8 

IQR 242.6 2.8 1.0 99.8 6.3 249.8 20.5 149.3 183.6 <LOQm 0.8 1388.9 

 
p-value 0.00* 0.05 0.00* 0.27 0.00* 0.00* 0.00* 0.04** 0.00* 0.00* 0.00* 0.00* 

*p-value <0.001; **p-value <0.05; N=157 (FLEHS cohort), N=59 (A-TEAM cohort). 
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Fig 3.6.2 Linear regression between MnBP and sum of PE and DINCH metabolites measured (ng/g) plotted per population. 
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4.1 THE PRESENCE OF PFRS IN HUMANS 

 

Based on the following publication:  

 

Alves A,  Covaci A, Voorspoels S. Method development for assessing the human exposure to 

organophosphate flame retardants in hair and nails. Chemosphere (2017) 168, 692-698. 
 

4.1.1 Introduction 

 
 

Since the ban on the use of PBDEs as FRs in 2009 (EU 2009a), an increasing use of 

alternative substances, such as the organophosphate triesters (OPEs or more commonly 

designated as phosphorous flame retardants (PFRs)) has been observed. In 2006, PFRs were 

already responsible for 20 % of the FR consumption in Europe, against 10 % of the total 

consumption by BFRs (Van der Veen and de Boer 2012). In fact, PFRs have become suitable 

alternatives nowadays, especially after the restriction of BFRs in 2011 in Europe and the U.S. 

(Andrae 2007; BSEF 2007).  

PFRs can be categorized in halogenated and non-halogenated where the halogenated and 

non-halogenated aryl PFRs are incorporated in many products as FRs (e.g. electronics, 

furniture, textiles), while non-halogenated alkyl PFRs are mostly used as plasticizers and 

antifoaming agents (e.g. polymers, paints, varnishes, lacquers and hydraulic fluids) (Andresen 

et al. 2004; Van der Veen and de Boer 2012). Many PFRs are additives, therefore they are not 

chemically bound to the products, which may facilitate their release to the environment. Due 

to their widespread use, PFRs can now be detected in air (Hartmann et al. 2004), dust 

(Abdallah and Covaci 2014; Van den Eede et al. 2011), sediment (García-López et al. 2009), 

water (Andresen et al. 2004), animals and in humans (Van der Veen and de Boer 2012).  

After human uptake, they are quickly metabolized to form dialkyl or diaryl diester 

phosphates, which can be detected in urine (Cequier et al. 2014; Cooper et al. 2011; Dodson 

et al. 2014; Van den Eede et al. 2013 and 2015a; Hoffman et al. 2014; Möller et al. 2004; 

Petropoulou et al. 2015; Reemtsma et al. 2011) or in human milk (Sundkvist et al. 2010). 

Recent studies, conducted by Kucharska et al. (2014, 2015a and 2015b) and Liu et al. (2015) 

have suggested the use of other non-invasive matrices in exploring human exposure to PBDEs 

and PFRs via hair and/or nails, although there is still no information about the suitability of 

these matrices to reflect internal exposure. 

To understand whether it is possible to evaluate the internal exposure to PFRs via hair and 

nails, this study was focused on PFR metabolites. A set of synthetized standards (native and 

labelled internal standards) enabled quantitative determination. A new extraction method was 

optimized using a combinatorial design (Taguchi). Relevant parameters of the developed solid 

phase extraction (SPE)-based method, such as column conditioning, pH and removal of 

background contamination were optimized. The method was validated and applied on scalp 

hair (one sample), and finger and toe nails (multiple samples) collected from two individuals 

(female and male) over a two months period. 
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4.1.2 Materials and Methods 

4.1.2.1 Chemicals and Standards 

 
 

Dialkyl and diaryl phosphate standards including bis(1,3-dichloro-2-propyl)phosphate 

(BDCPP), bis(2-butoxy ethyl) phosphate (BBEP) and the deuterated internal standard (IS) 

solutions (BBEP-d4 and BDCPP-d10) were custom synthesized by Dr. Vladimir Belov (Max 

Planck Institute, Göttingen, Germany). Purity of the standards was higher than 98 % as 

confirmed by MS and NMR techniques (data not shown). Dibutyl phosphate (DBP), diphenyl 

phosphate (DPhP) and the IS DPhP-d10 were supplied by Sigma-Aldrich (Bornem, Belgium). 

Since there is no DBP labelled standard available, IS DPhP-d10 was
 
used as DBP IS. The 

stock and the spiking solutions were prepared in methanol. The stock calibration standard 

solutions were prepared in water. The working calibration standards were prepared by diluting 

an appropriate volume of each individual stock solution (metabolites and IS) in methanol. 

Oasis Wax cartridges (60 mg, 30 µm, 3 mL) and Strata X-AW (60 µm, 3 mL) were 

purchased from Waters (Millford, MA, USA) and Phenomenex Inc (Torrance, CA, USA), 

respectively. Ammonium hydroxide solution (NH4OH, >25 %) and ammonium acetate 

(NH4Ac, 99 %) were obtained from Sigma Aldrich (Diegem, Belgium). Formic acid 

(HCOOH, 99 %), nitric acid (HNO3, 65 %) and sodium hydroxide pellets (NaOH) were 

supplied by Merck (Darmstadt, Germany). The ultra-pure water was obtained from a Milli-Q 

ultrapure water system (Advantage A10 system, Overijse, Belgium). Methanol (MeOH) was 

of analytical grade (Fisher Scientific, Loughborough, UK).  

 

 

4.1.2.2 Hair and Nails sampling 

 

Hair and nail samples were collected from two adult volunteers (male and female) that 

gave their consent to participate in the study (Ethical approval register N.° B300201316329). 

The sampling took place over approximately two months, where the volunteers collected both 

finger (n=9) and toe (n=6) nails. The total weight of finger and toe nails collected from the 

female participant were 0.24 and 0.22 g, respectively. The male participant collected 0.22 and 

0.12 g, respectively. At the end of the sampling period, one hair sample (for each volunteer) 

was collected near the root and only the scalp segment was analyzed (< 5 cm) (Papadopoulou 

et al. 2016). Hair and nails were stored at room temperature until analysis.  

For the method development, pooled nail samples (whole or grinded) were prepared from 

different individuals recruited within our institute, while for hair a large portion was collected 

in distinct periods from one individual with short hair (length < 5 cm), and therefore used as 

pool sample. Prior to extraction, the nail samples were rinsed with acetone to remove residues 

of nails polish. Hair samples were not washed or decontaminated, once according to 

Kucharska et al. (2015b) there is no suitable washing medium able to entirely and exclusively 

remove external contamination from hair surface.   
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4.1.3 Method development 

4.1.3.1 Optimization of SPE clean-up 

 

One hundred mg of hair and thirty mg of nails (powder and whole) were spiked with PFR 

metabolites (15-20 ng) and IS (15 ng). Firstly, an acid digestion was promoted by the nitric 

acid (2 mL, 10 % (m/v)) in ultrasound (30 °C, 30 min), in order to release the compounds 

from the matrices. Afterwards, two SPE extraction procedures (Oasis Wax or Strata X-AW) 

were tested. Before the SPE, the pH of the hair/nail’s extracts was adjusted to pH 6-8 adding 

NaOH (6 N). Prior loading the analytes on the Oasis Wax and Strata X-AW and in order to 

activate the sorbents, the cartridges were conditioned with MeOH (2 mL) and acidified water 

(2 mL of 1 % HCOOH in water (v/v)). Then, the samples were loaded onto the SPE and the 

interferences were washed out using 2 mL of acidified water and 2 mL MeOH (for Oasis Wax 

protocol) or using 2 mL NH4Ac (25 mM) adjusted to pH 6.8 following by drying the cartridge 

(5-10 min) under vacuum (for Strata X-AW protocol) (Phenomenex). The elution of the target 

analytes was achieved using 2 mL of NH4OH solution prepared in MeOH (5 %, m/v). The 

extracts were evaporated under a gentle N2 flow and below 50 °C). The residue was 

resuspended in 100 µL of H2O:MeOH (65:35, v/v). ). In the end, total recoveries (% R) of the 

IS were evaluated for each SPE sorbent. 

 

 

4.1.3.2 The Taguchi design (L9): optimization of the extraction parameters 

 

In order to optimize the extraction conditions of the method, a Taguchi design (Peace 

1993; Taguchi and Yokoyama 1994; Tanabe et al. 2014) using four parameters and three 

levels was used. Thereby, some extraction parameters (e.g. extraction time, extraction 

temperature, nitric acid concentration and SPE conditioning) were optimized (Table 4.1.1). 

Each experiment was conducted in triplicate and the averages of the peak areas were 

analyzed for each experiment. Then, the Taguchi S/N ratio was calculated (Equation 9) based 

on the sum of the peak areas obtained in each experiment for all target metabolites (Ghani et 

al. 2004): 

 

 

𝑆

𝑁
= −𝑙𝑜𝑔10

1

𝑛
(∑ 𝑦2)         ( Equation 9) 

 

Where n is the number of observations and y is the observed data (i.e. sum of the average 

peak areas).  
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Table 4.1.1. Parameters tested for the extraction of PFR metabolites from hair and nails. 

 

Experiment 
Extraction time 

(min) 

HNO3 

concentration  

(%, m/v) 

Extraction 

temperature (°C) 

SPE 

conditioning
a 

1 30 10 30 Method 1 

2 30 5 45 Method 2 

3 30 20 55 Method 3 

4 45 10 45 Method 3 

5 45 5 55 Method 1 

6 45 20 30 Method 2 

7 60 10 55 Method 2 

8 60 5 30 Method 3  

9 60 20 45 Method 1 

a 
before loading the analytes; Method 1: 2 mL MeOH, 2 mL HCOOH (1%, v/v); Method 2: 2 mL H2O, 2 mL 

MeOH (Waters); Method 3: 2 mL NH4OH (5%, m/v)  in MeOH, 2 mL sodium acetate buffer (pH 4.5) (Van Den 

Eede et al. 2011). After pre-wash, the hair and nail extracts were loaded onto the Oasis Wax and the 

interferences were removed with 2 mL HCOOH (1%, v/v) and 2 mL MeOH. The elution of the target analytes 

was done using 2 mL NH4OH (5%, m/v) in MeOH. 

 

4.1.3.3 Addition of NaOH to the digested hair and nail extracts 

 

In this section, the use of NaOH for adjusting the pH (pH 6-8) of the spiked hair and nail 

extracts was tested. Changes in the pH are important to influence the ionization state of the 

exchange ion sites on the Oasis Wax sorbent (pKa 6.5), as well as in the ester moiety in the 

analytes, promoting an ionic exchange together with a hydrophobic interaction.  

Ten drops of NaOH (6N) were added to the digested extracts before the SPE clean-up 

(Oasis Wax). The optimal extraction and clean-up conditions selected were the ones resulted 

from the Taguchi design. The experiments were conducted in triplicate for both matrices. 

 

4.1.3.4 Method validation and QA/QC 

 

The final extraction method was validated for hair and nail samples regarding linearity, 

precision (repeatability and intermediate precision), limit of quantification (LOQm), accuracy 

(recovery %) and matrix effects. Due to ethical and practical issues, validation was conducted 

using 30 mg of hair, instead.  
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An eight-point calibration (0.7-90 ng for DBP; 0.7-93 ng for DPhP; 0.9-112 ng for BDCPP 

and 0.9-114 ng for BBEP) was performed for each analyte by plotting the responses (analyte 

peak area × (IS mass (ng)/IS area) versus the analyte mass (ng). The IS were 12 ng for DPHP-

d10, 13 ng for BBEP-d4a and 12 ng for BDCPP-d10.  

After, the curve fit of the PFR responses versus PFR mass (ng) was evaluated for repeated 

injections (n=2) of each calibration point and the correlation coefficients (R
2
) were 

determined.  

Intra and inter-day precision was evaluated by calculating the relative standard deviation 

(% RSD) of two spike levels, i.e., a low (LQ) and a high (HQ) spike level (n=6 for both 

levels).  

Accuracy (recovery %) was evaluated based on spiked in-house hair and nails samples, 

since there is no certified reference material (CRM) available for the analysis of PFR 

metabolites in hair and/or nails. PFR were determined based on a curve fit of the corrected 

concentrations (difference between detected concentration and theoretical spike in hair/nails) 

considering the following points: zero (non-spiked sample; average levels of four replicates 

for hair and triplicates for nails were performed), LQ (0.4-0.7 µg/g) and HQ (1.3-2.6 µg/g) 

levels (average of six replicates for both matrices; data of intra-day precision in Day 1).  

Due to high levels of DBP in blanks observed during the validation, two washing 

procedures were conducted in spiked hair and nail matrices as follows:  

 

Method A: i) conditioning (2 mL MeOH, 2mL HCOOH (1 %, v/v); ii) DBP elution using 

5 aliquots of 2 mL NH4OH in MeOH (5 %, m/v); iii) activation of the sorbent (2 mL MeOH, 

2mL HCOOH (1 %, v/v); iv) load the other PFR metabolites; wash (2 mL HCOOH (1 %, v/v), 

2 mL MeOH); v) elution of PFR metabolites (2 mL NH4OH in MeOH (5 %, m/v)). 

Method B: The same procedure as method A, with the exception of the sorbent activation 

step after DBP removal. 

The levels in procedural blanks were measured and used to calculate the method limit of 

quantification (LOQm). Thus, the LOQm was defined as 3 times the standard deviation  (SD) 

of the blanks (99 % confidence level). In parallel with the hair and nail analyses, the levels of 

the metabolites were measured in a batch of procedural blanks (n=4). Further, if there was a 

positive detection of the analytes in the procedural blanks, those levels were afterwards 

subtracted from the ones measured in the samples. For analytes not detected in the procedural 

blanks, the quantification limit was set as the instrumental limit of quantification (LOQi), that 

was determined based on 10 times signal-to-noise ratio of the lowest standard in the 

calibration curve. 

Matrix effects were calculated by dividing the levels of the metabolites determined in the 

post-extraction (spiked) extracts (subtracted by a blank matrix) by the levels in the spike 

standard.  
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4.1.4 LC-MS/MS analysis 

 

PFR metabolites were analyzed by ultra-performance liquid chromatography coupled to 

mass spectrometry (UPLC-MS/MS). The chromatographic conditions were optimized on a 

Waters Acquity UPLC System (Waters, Milford, MA, USA) consisting of an Acquity binary 

solvent manager, an Acquity sample manager, and an Acquity column heater.  

Optimal separation conditions were achieved using a Kinetex Biphenyl column (100 mm x 

2.1 mm I.D; 2.6 µm particle size) supplied by Phenomenex Inc. (Torrance, CA, USA) that 

was kept at constant temperature of 40 °C. A binary gradient using a mixture of solvents A 

(10 mM NH4Ac in water) and B (MeOH), was used in the chromatographic separation of the 

analytes as follows: 85 % of A and 15 % of B (initial); 60 % of A and 40 % of B (0-2.5 min); 

5 % of A and 95 % of B (2.5-4.4 min); 100 % of B (4.4-4.5 min); 85 % of A and 15 % of B 

(4.5-7 min). The flow was 0.2 mL/min.  

The UPLC system was coupled to a Waters Quattro Premier XE Micromass tandem mass 

spectrometer that was operated in negative electrospray ionization mode (ESI-). The 

parameters of the mass spectrometer were as follows: electrospray source block and 

desolvation temperature of 120 and 350 °C, respectively; argon collision gas flow of 0.22 

mL/min; and cone and desolvation nitrogen gas flow of 50 and 800 L/h, respectively. A 

capillary voltage of 3200 V was used for all compounds. The cone voltage and collision 

energy were compound-dependent. Parent and daughter ions were selected in the multiple 

reaction monitoring (MRM) mode (Table 4.1.2). 

 

Table 4.1.2 Mass spectrometer features for measuring the target PFR metabolites. 

 

Compound 

Quantifier 

transition 

(MRM1) 

Cone 

voltage 

(V) 

Collision 

energy 

(eV) 

Dwell 

time 

(ms) 

Qualifier 

transition 

(MRM2) 

Cone 

voltage 

(V) 

Collision 

energy 

(eV) 

Dwell 

time 

(ms) 

DBP 209.178.9 31 21 50 209.1152.9 31 14 50 

DPhP 249.193 43 28 50 249.1155 43 20 50 

BBEP 297.179 43 26 50 297.1197.3 39 19 50 

BDCPP 318.935.3 16 13 50 31935.5 15 10 50 

DPhP-d10 259.198 60 30 50 259.1159 60 24 50 

BDCPP-d10 328.935.1 17 8 50 - - - - 

BBEP-d4 301.279 39 26 50 301.2199.1 39 20 50 

 

 

4.1.5 Results and Discussion 

 

4.1.5.1 Method development-SPE sorbent selection 

 

So far, several studies have reported on the detection of dialkyl phosphates (DAPs) in urine 

(Cequier et al. 2014; Cooper et al. 2011; Van den Eede et al. 2013; Hoffman et al. 2014; 

Möller et al. 2004). In general, SPE based on anion exchange interactions, such as Oasis Wax 

(Van den Eede et al. 2013) or Strata X-AW (Cooper et al. 2011; Van den Eede et al. 2015a; 

Hoffman et al. 2014; Petropoulou et al. 2015) are used to extract PFR metabolites from 
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biological matrices. After activation with an acidified solvent, these sorbents contain 

positively charged groups that can interact with the analytes. Afterwards, a base (e.g. NH4OH) 

is used to elute the target compounds. 

Some authors reported on direct analysis of urine samples by LC-MS without using any 

extraction or clean-up procedure (Cequier et al. 2014; Reemtsma et al. 2011). For obvious 

reasons this approach cannot be used for hair and nails as extraction is necessary. 

To our knowledge, there is no literature that elucidates the human exposure to PFRs or 

their metabolites using nails. In addition, this is not yet totally explored for hair, where the 

assessment has been done so far only for the parent PFRs (Kucharska et al. 2014, 2015a and 

2015b). In hair, usually an acid digestion (e.g. HNO3, H2SO4, HCl) or combination with 

hydrogen peroxide (H2O2) precedes the SPE clean-up (Kucharska et al. 2014, 2015a and 

2015b;  Liu et al. 2015), assumed enabling the release the PFRs from the matrix.  

Based on this prior knowledge, the efficiency of two methods used to measure the PFR 

metabolites in both matrices was assessed using an acid digestion followed by SPE using two 

sorbents, i.e., Oasis Wax or Strata X-AW. Experiments with those two SPE approaches were 

performed in triplicate on hair, powdered and whole nails, respectively.  

Using Oasis Wax resulted in higher responses of DBP and DPhP in hair compared to Strata 

X-AW (increase of the signal 92 and 9 times, respectively), while for the other metabolites the 

highest response was obtained using Strata X-AW sorbent (difference < 30 %). For extraction 

from nails, Oasis Wax in general showed the highest responses for all metabolites (increased 

10 to 90 times). The IS % R were comparable between Oasis Wax and Strata X-AW for hair 

(35-73 %), whole (51-104 %) and powder nails (16-73 %). Due the better extraction response 

(Fig 4.1.1) and analytical performance, the Oasis Wax and whole nails were selected for 

further method development by means of an experimental design approach (Taguchi).  

 

Fig 4.1.1 Responses of the extraction (and SD) of the target analytes with SPE Oasis Wax 

versus Strata X-AW sorbents in the three matrices (hair, whole and powder nails). 
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4.1.5.2 Taguchi design 

 

 

The Taguchi design based on nine experiments (L9 model) was used to reduce the number 

of experiments needed (Taguchi and Yokoyama 1994). Based on the design, the called 

Taguchi S/N ratio is calculated (Equation 8). 

Thus, the optimal conditions are selected for each factor (Table 4.1.1), taking into account 

the S/N ratio, which should account for the reduction of variability between measurements 

(Taguchi and Yokoyama 1994).  

Thereby, the optimal conditions selected were as follows: 45 min of extraction time, 5 % 

HNO3 concentration, 55 °C extraction temperature and SPE conditioning using 1 % HCOOH 

followed by MeOH (Fig 4.1.2).  

Previous studies have demonstrated that longer extraction time (e.g. 1 h to 2 h) and higher 

temperature (e.g. 60 °C) help to digest the hair and nails releasing the parent PFRs (triesters) 

(Liu et al. 2015). However in this work, the results showed that the use of a high extraction 

time (> 45 min) and high acid concentration (> 5 % HNO3) was not advantageous, possibly 

due to the hydrolysis of the diesters into monoesters (Shabarova and Bogdanov 1994).  

Using acidified water (1 % HCOOH) instead of neutral water (Waters) or base (NH4OH) 

(Van den Eede et al. 2013b) for SPE conditioning was more efficient to ionize the weak anion 

exchange sites, resulting in better recoveries and cleaner extracts. Optimal conditions were the 

same for both hair and nails, which is not surprising once these matrices are similar in main 

constitution (i.e. rich in keratin (Drug Development Services 2009; Kintz 1996 and 2005).  

To our knowledge, keratinized matrices like hair and mostly nails (made up of 

approximately 25 layers of dead keratinized, flattened cells) (Drug Development Services 

2009) have been firstly explored in forensic toxicology due to their continuous growth and 

good ability in incorporating drugs of abuse, alcohol, medicaments and inorganic compounds 

(Alves et al. 2014). More recently, the use of nails as biomarker in environmental science has 

been explored to biomonitor the external/internal exposure to organic contaminants such as 

PFAS (Alves et al. 2015), PFRs (Kucharska et al. 2014, 2015a and 2015b; Liu et al. 2015) or 

PEs (Chang et al. 2013). In addition, some authors have referred that melanin content may 

play an important role on drug’s binding in hair (Alves et al. 2015; Joseph et al. 1996; Kintz 

2005; Kronstrand et al. 1999), however, in nails it seems irrelevant once they do not contain 

melanin. The investigation of these factors was outside the scope of the present work, still we 

consider this an outstanding issue to address in future studies.  

 

 

4.1.5.3 pH of the extracts 

 

 

After the acid digestion (5 % HNO3), PFR metabolites are expected to be present released 

from the matrices to the extract. As the pKa for these PFR diesters is very low (pKa 1-3) 

(Cooper et al. 2011), we can assume that their ionization state might not be optimal for 

efficient SPE anion-exchange interaction.  
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Accordingly, the Oasis Wax sorbent that is positively charged (upon activation) will 

provide an effective interaction with the anion moiety in the analytes (if ionized), increasing 

the  extraction efficiency.  

Yet, due to the low pH of the extracts (after complete extraction) that was nearly the same 

as the analyte’s pKa range, we can postulate that the metabolites could be neutral (and not 

ionized) and that after pH adjustment to 6-8, they were converted to their anion form. Thus, 

good interaction with the SPE sorbent could be achieved.  

Based on the results, in general high peak areas (PFR metabolites and IS) were obtained 

for hair and nail extracts after pH adjustment. In addition, higher difference in responses were 

observed for DPhP in both matrices (i.e. 16 % and 28 %  in hair and nails, respectively). 

Therefore, in further experiments the pH was adjusted to 6-8 using NaOH (6N). Nevertheless, 

we believe that for improving the SPE interaction in Oasis Wax, the ionization state must be 

studied for each metabolite individually. 
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Fig 4.1.2 Taguchi S/N ratio determined for the extraction parameters (extraction time, nitric acid concentration, extraction temperature and SPE 

conditioning) in hair and nail matrices. 
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4.1.5.4 Method validation 

 

The linearity of the calibration was assessed for each compound using 8 standard solutions 

containing the reference standards and IS. The response was linear in the working range of 

0.7-90 ng for DBP; 0.7-93 ng for DPhP; 0.9-112 ng for BDCPP and 0.9-114 ng for BBEP. 

Correlation coefficients (R
2
) of the calibration curves were higher than 0.98, except for 

BDCPP (R
2
=0.976) (Table 4.1.3). 

Precision was assessed using spiked samples. Repeatability (intra-day precision) did not 

exceed 16 % RSD for hair, whereas for nails it was lower than 23 %. The inter-day 

(intermediate) precision was lower than 18 % and 28 % for hair and nails, respectively (Table 

4.1.3). Lower precision was observed for nails, which could not be explained by the data 

obtained from the experiments.  

Since there are no certified reference materials (CRMs) available for the analysis of PFR 

metabolites in hair and nails, the method trueness was evaluated using recovery experiments. 

Calculated recoveries were higher than 74 % (Table 4.1.3).  

Procedural blank measurements revealed presence of the analytes (at low levels) in the 

extracts, except for DBP. Thus, the method was further modified before application to hair 

and nails and a new washing step (described in section 4.1.3.4) was adopted. After washing 

the SPE cartridges using NH4OH in MeOH (method A), we observed a significant decrease in 

DBP levels (~1 ng) in the blanks (Fig 4.1.3). Therefore, this modification of the protocol to 

reduce the DBP levels in the blanks, was important to ascertain that the SPE cartridges could 

be re-conditioned before loading the actual sample. Hereto a test with and without 

reconditioning were run alongside (method A and B, respectively). These experiments 

indicated that reconditioning was possible and necessary in order to achieve good analyte 

recoveries (Fig 4.1.3).  

Blank levels varied between 0.07 and 1.4 ng/analysis. Therefore, the LOQm was calculated 

using the average of the procedure blanks plus three times the standard deviation. The 

calculated LOQm are given in Table 4.1.3. Some of the metabolites were not further detected 

in the blanks, thus instrumental LOQs were defined (i.e. ranging from 4 pg to 286 pg), 

suggesting a good LC-MS/MS sensitivity on measuring the PFR metabolites.  

Previously, similar observations regarding blanks were also reported in Van den Eede et al. 

(2013), emphasizing the high levels of DBP in blanks, probably due to its presence in the 

Oasis Wax sorbent. Nevertheless, the DBP removal from the Oasis Wax cartridges was only 

attempted using MeOH (Van den Eede et al. 2013b), which was not sufficient to lower the 

LOQm.  

Matrix effect was assessed using a spiked blank material.The analyte signal in the extract 

(post-extraction) was compared against the signal of the spike standard at same concentration. 

Both hair and nails promote an increase of the analyte’s signal, indicating a matrix effect 

(Table 4.1.4). A much more pronounced effect was seen in hair compared to nails. 
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Fig 4.1.3 Levels of PFR metabolites in extraction blanks (before and after washing step) 

(figure A, above) and extraction recoveries (%) with (method A) and without  (method B) 

sorbent activation (figure B, below). 
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Table 4.1.3 Validation parameter for hair and nail analyses by LC-MS/MS. The correlation 

coefficient (R
2
), intra (n=6) and inter-day (n=3 days) precisions, recoveries, limits of 

quantification (LOQm and LOQi) are displayed. 

 

HAIR 

Metabolite R
2
 

LQ  LQ  HQ  HQ  

% R LOQm (ng/g) LOQi (pg) RSD (%) 

 intra-day 

RSD (%)  

inter-day 

RSD (%) 

 intra-day 

RSD (%)  

inter-day 

DBP 0.982 7 15 7 13 102 46.4 8 

DPhP 0.996 10 15 10 11 74 2.8 5 

BDCPP 0.976 10 14 16 18 75 - 286 

BBEP 0.994 12 9 9 7 77 2.2 4 

NAILS 

Metabolite R
2
 

LQ  LQ  HQ  HQ  

% R LOQm (ng/g) LOQi (pg) RSD (%)  

intra-day 

RSD (%) 

 inter-day 

RSD (%)  

intra-day 

RSD (%)  

inter-day 

DBP 0.982 22 26 20 28 87 46.4 8 

DPhP 0.996 23 23 13 17 77 2.8 5 

BDCPP 0.976 16 28 16 20 110 - 286 

BBEP 0.994 4 8 9 8 85 2.2 4 

LQ spike: 0.7 µg/g for DBP; 0.4 µg/g for DPhP and for BDCPP; 0.5 µg/g for BBEP 

HQ spike: 2.6 µg/g for DBP; 1.4 µg/g for DPhP; 1.3 pg/g for BDCPP and 1.8 µg/g for BBEP 

 

 

Table 4.1.4 Matrix effects in hair and nails, expressed as a % of the spike standard response 

in the LC-MS/MS. 

 

Matrix 
% of spike standard response 

DBP DPhP BDCPP BBEP 

Hair 157 128 170 154 

Nails 119 77 93 94 
Hair and nails (30 mg) were spiked post-extraction with PFR metabolites (2.6 µg/g of DBP,  

1.4 µg/g of DPhP, 1.3 µg/g of BDCPP and 1.8 µg/g ng of BBEP) and 0.5 µg/g of IS. 

 

 

 

4.1.6 Method application 

 

 

Two participants collected finger (n= 9) and toe nails (n=6) for a period of 2 months. At 

the end of the sampling period, a scalp hair sample was collected from each individual 

according to established sampling protocols (Papadopoulou et al. 2016).  

Levels in hair were low in comparison to the nails (Table 4.1.5). In hair, only DPhP could 

be measured at 0.23 ng/g for the male and 0.25 ng/g for the female. DBP was not detected in 

any sample (or levels were <LOQm) even after reducing the levels in blanks (and the LOQm), 

indicating that:  
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1) this might not be a relevant biomarker of exposure to the parent triester (TBP) in these 

matrices and/or 2) the current method needs further optimization for the sensitive detection of 

this analyte, where low LOQm values need to be reached.  

In contrast, DPhP levels were surprisingly very high in both finger and toe nails for the 

female (µg/g range), but not for the male (in ng/g). Yet, it is observed that DPhP (average) 

levels in finger nails are four to six times higher than the levels in toe nails. For BDCPP, the 

levels in finger nails were slightly higher than in toe nails. For BBEP, the exposure was low 

and no difference in levels was observed between finger and toe nails in both individuals. 

Individual results of the samples gives insight into the variation of the results over the 

different sampling points (Table 4.1.6). The levels of BDCPP and BBEP in finger and toe 

nails were far below than DPhP levels. Their variation over time in both individuals did not 

show a constant exposure (some samples showed levels < LOQm). However, it is visible that 

BBEP levels in both types of samples are much lower than BCDPP, showing that this might 

not be a relevant PFR metabolite to detect in nails. Additionally, it is not possible to assess 

which matrix better reflects the human exposure to BDCPP in a specific period, due to the 

variability of levels reflected by both toe and finger nail levels. Yet, if considered average 

levels, both finger nails and toe nails are suitable to represent human exposure to the parent 

compound  (TDCPP). 

In finger nails, the exposure to triphenyl phosphate (TPHP) through its metabolite DPhP, is 

relatively high and constant over time for both participants (except in the day 63 for the male 

participant which there was a significant increase in the levels).  

Accordingly, TPhP has been identified as possible FR additive used in textile coatings, 

polymers or as plasticizer/lubricant (Stapleton et al. 2009; Van der Veen and de Boer 2012). 

More recently its presence in nail polishes has been disclosed (Horrocks et al. 2007).  

Once there is no information about the personal and/or environmental exposure aspects 

during the sampling period for these two participants, thus the main source(s) cannot be 

addressed for any of the target compounds. Nevertheless, based on our results exposure 

assessment to TPhP seems more the most relevant and likely represented via finger nails. 

Also, one of the reasons for higher levels in finger nails for the female can be associated to 

use of nail polish, for instance (Horrocks et al. 2007). In addition, in a study by Mendelsohn et 

al. (2016), the authors have analyzed several urine samples after nail polishing, concluding 

that nail polish is an important source of short-term exposure to TPhP. More, they have seen 

that neither washing hands (in frequency) nor nail biting could be associated with significant 

changes in urinary DPhP levels.  

Additionally, new insights on searching other relevant TPhP metabolites by in vitro tests 

conducted in human liver microsomes (Mendelsohn et al. 2016), showed that DPhP might not 

totally represent the exposure to TPhP, showing that other metabolites (e.g. hydroxylated) 

might be also relevant to look at when assessing TPhP exposure. Still, our results show that 

the exposure to TPhP represented by DPhP levels in nails is significant, however we agree 

that further studies on the exposure assessment to the other TPhP metabolites in nails could 

contribute for clarifying the relative importance of each metabolite when nails are a matrix of 

choice.  
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Based on these results it is not possible to fully understand whether the major contribution 

to PFR exposure (and especially to TPhP) comes from, i.e. 1) if mainly comes from external 

deposition of these compounds in the nail surface and they further enzymatic metabolism (i.e. 

keratinase) into the diesters or 2) if they come from both external (deposition in the 

nail/absorption through the skin) and internal contact (i.e. contact with tissues and blood 

circulation).  

From our knowledge, nail matrix and nail bed have a rich blood and lymphatic supply and 

are surrounded by tissues that also have an extensive capillary irrigation system. Thus the 

absorption of chemicals through skin penetration might occur (Van den Eede et al. 2013b). 

On contrary, nail plate is highly permeable to drugs/chemical’s penetration, where several 

factors such as the nature of the chemicals (e.g. molecular size, charge, lipophilicity) and its 

vehicles/formulation properties (e.g. pH of solution), as well as the nail state (diseases, 

hydration, thickness, keratin content) can influence the penetration of chemicals across nail 

plate (Gupchup and Zatz 1999). Therefore, we encourage to perform further studies where 

levels of the PFR metabolites in nails/hair and urine collected from the same individual (and a 

higher number of individuals) can be compared. In this point, the contribution or effect from 

the external deposition into PFR’s exposure assessment could be eliminated, once urine 

accounts exclusively for the internal exposure. 

Another point of interest to explore in near future is the comparability (or not) between 

exposures translated by finger and/or toe nails. 

Previous studies showed that levels of PFAS in finger and toe nails were quite similar in 

the two matrices (Saner et al. 2014). On the contrary, others have shown (Liu et al. 2011a) 

significant differences amongst finger and toe nails, for instance concerning mercury 

exposure.  

To our knowledge, there are however hypotheses that can explain the differences found in 

the two types of nails for the same individual. In fact, finger and toe nails grow at a distinct 

rate, i.e. finger nails grow one-half to one-third faster rate than toe nails (0.1 mm/day versus 

0.03-0.05 mm/day) (Horrocks et al. 2007; Sakamoto et al. 2015). Assuming that the measured 

levels are originated from the compound’s deposition in the nail after (blood) perfusion, one 

can expect higher levels in toe than in finger nails per mass, as they take longer to grow. 

Additionally, other factors, such as e.g. age, gender, pregnancy, climate, diseases, etc. (P 

1997) can play an important role on the deposition of the compounds in the nail and influence 

the levels (inter-individual), besides all the other factors mentioned earlier that might 

contribute (or not) for crossing the nail plate barrier. Even more, toe nails are less prone to 

external contamination compared to finger nails (in those cases were shoes are worn). 

Theoretically toe nails could thus better reflect the internal exposure (Scher and Daniel  1997). 

On the other hand, finger nails can represent the internal plus additionally external exposure 

due to a higher daily interaction and contact with a wide sort of objects. In this sense, we 

believe that each type of nails can represent specific but complementary information about the 

exposure to the PFRs. 
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Table 4.1.5 Average levels (ng/g) of PFR metabolites in finger nails, toe nails and hair. 

 

Gender Matrix 
Average levels (ng/g) ± RSD (%) 

DBP DPhP BDCPP BBEP 

Female 

 

 

Fingernails
a 

ND 40002±106 63.5±52 3.8
c 

Toenails
a 

ND 6815±209 41.9±26 <2.2
d 

Hair
b 

<46.4
d 

0.25 ND ND 

Male 

 

 

Fingernails
a 

ND 80.5±180 54.0±72 <2.2
d 

Toenails
a 

ND 18.5±66 27.9±6 4.1
c 

Hair
b 

<46.4
d 

0.23 ND ND 

ND- Not detected; 
a 

Average levels of the two replicate measurements done for each matrix in each time point 

(i.e. 4 collections done for finger and toe nails (female), 5 collections done for finger nails and 2 for toe nails 

(male);
b
-levels for one hair sample; 

c 
detection level in only one replicate; 

d
 <LOQm 

 

 

Table 4.1.6 Levels of the metabolites (ng/g) detected over 68 and 63 days in the female and 

male individuals. 

 

 
 

Detected levels (ng/g)  

Gender Nails Metabolite Day 1 Day 34 Day 54 Day 68  

Female 

Finger 

DBP ND ND ND ND  

DPhP 107758 19033 22984 10234  

BDCPP 95.9 49.2 27.1* <LOQi  

BBEP <LOQm <LOQm <LOQm 3.8*  

Toe 

DBP ND ND ND ND  

DPhP 6832 20104 299 26  

BDCPP <LOQi 50* <LOQi 34*  

BBEP <LOQm <LOQm <LOQm <LOQm  

Male 

 Metabolite Day 1 Day 21 Day 33 Day 43 Day 63 

Finger DBP ND ND ND ND ND 

 DPhP 28 46 33 22 465.9 

 BDCPP <LOQi 32 39.8* 112.3* <LOQi 

 BBEP <LOQm <LOQm <LOQm <LOQm <LOQm 

Toe DBP ND ND ND ND ND 

 DPhP - 28 - - 9.5 

 BDCPP - 26.9* - - 29.1* 

 BBEP - 4.1* - - <LOQm 

*detected in only one replicate; BDCPP was not detected in procedural blanks, thus the levels <LOQm were 

expressed as <LOQi (9.5 ng/g); LOQm were 46 ng/g for DBP, 2.8 ng/g for DPhP, 2.2 ng/g for BBEP. Toe nails 

were not collected in days 1, 33 and 43 for the male participant. 
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4.1.7 Conclusions 

 

A new method for the measurement of four PFR metabolites (DBP, DPhP, BDCPP and 

BBEP) in hair and nails was optimized and validated. Acid digestion using low nitric acid 

concentration (i.e. 5 %, m/v) followed by SPE Oasis Wax were chosen as a suitable extraction 

conditions. The source of high method blanks was identified and remediated, reducing the 

background levels of DBP ~ 100 times. Due to ethical and practical restraints on hair 

sampling, around 30 mg of hair was considered sufficient for quantifying the PFRs with 

sufficiently reproducible results. Also, through finger and toe nails was possible to have the 

detection of PFRs. Although the developed method has its limitations with respect to 

precision, it is deemed sufficiently powerful to assess PFR (metabolite) exposure either by 

finger or toe nails. 
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CHAPTER 5 
 

 

FIRST INSIGHTS ON IN VITRO 
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5.1  HUMAN METABOLISM OF EMERGING POLLUTANTS  

 

Based on the following publication:  

 

Alves A, Kucharska A, Erratico C, Xu F, Den Hond E, Koppen G, Vanermen G, Covaci A, 

Voorspoels S. Human biomonitoring of emerging pollutants through non-invasive matrices: 

state of art and future potential. Anal Bioanal Chem (2014) 406: 4063-4088. 

 

 

5.1.1 In vitro metabolite formation and the responsible enzymes  

 

Information on in vitro metabolism of the emerging pollutants of interest is presently very 

limited. In the few studies available, no steady-state conditions were applied, authentic 

standards were rarely used to identify the metabolites formed, rates of metabolite formation 

were not quantified, and little attention was paid to investigating the formation of phase II 

metabolites. Therefore, the summary of the literature reported below is to be considered 

strictly qualitative and based on first-insight metabolism studies only. 

A general pathway of phase I metabolism of OPEs in vitro involves cleavage of the ether 

bond (producing the corresponding diester and an aldehyde or a ketone), oxidation of 

unsubstituted carbon atoms, and oxidative dehalogenation of the terminal (ω) carbon atom. 

All these reactions result in the formation of hydroxylated metabolites, some of which can be 

substrates of alcohol and aldehyde dehydrogenases, ultimately forming carboxylic acids. The 

main identified metabolites of tris(1-chloro-2-propyl) phosphate (TCPP), tris(2-chloroethyl) 

phosphate (TCEP), TDCPP, tris(2-butoxyethyl) phosphate (TBOEP), and TPP are candidate 

markers of human exposure to these OPEs (Fig 5.1.1). 

Van den Eede et al. (2013b) have identified the in vitro metabolites of these five substrates 

by incubating with human liver S9 fraction and microsomes (Fig 5.1.1). In total, twelve 

TBOEP metabolites where two major products of O-dealkylation and of hydroxylation were 

identified. TPHP was mainly transformed to its diester metabolite by O-dearylation and to a 

hydroxylated metabolite, while TCEP was poorly metabolized (only 3 metabolites were 

detected). The major metabolite of TCPP was a product of oxidative dehalogenation and 

reduction to a hydroxyl, whereas TDCPP was mainly metabolized into its diester and further 

transformed to the phase II metabolite (glutathione-S-conjugate). Further investigation of the 

TBOEP in vitro metabolism in humans (liver microsomes and human serum) was conducted 

by Van den Eede et al. (2015b). Advanced 1D-NMR and 2D-NMR helped to successfully 

identify the bis(2-butoxyethyl) 3-hydroxyl-2’-butoxyethyl phosphate (3-HO-TBOEP) and to 

assign structures to two other hydroxy TBOEP metabolites that were formed in vitro. Also, 

new insights of in vitro toxicokinetics of TCPP in human tissues (serum and liver) were 

recently presented by Van den Eede et al. (2016), indicating that TCPP does not have a low 

hepatic clearance. With the aim to mimic what happen in vivo, the same group of OPEs were 

further studied in primary human hepatocytes, once according to the authors (Van den Eede 

2015) represents closely what occurs in the in vitro liver system. 
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Fig 5.1.1. Chemical structures of the major identified metabolites of selected 

organophosphate ester flame retardants formed by human liver microsomes or liver S9 

fraction. 
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A general in vitro metabolic pathway has also been elucidated for a limited number of PEs. 

The first step involves cleavage of one ester moiety, producing the corresponding monoester 

and aldehyde metabolites. The monoester primary metabolite can be further metabolized to 

secondary metabolites by oxidation of a carbon atom and cleavage of the second ester moiety 

(producing phthalic acid and an aldehyde metabolite), or it can be conjugated with sulfate or 

glucuronic acid (phase II metabolites). Hydroxylation of the terminal (ω) carbon atom of the 

alkyl chain produces an alcohol that can be further transformed into a ketone and ultimately 

into a carboxylic acid by the alcohol and aldehyde dehydrogenases, respectively. The major 

identified metabolites of DnBP, DEHP, and BBzP are presented in Fig 5.1.2. To the best of 

our knowledge, there is presently no information about in vitro metabolism of DEP and DiBP 

in humans. In general, formation of metabolites produced by cleavage of the ester moiety of 

the PEs (and OPEs) of interest involves microsomal esterases and CYP enzymes (Choi et al. 

2012 and 2013; Hanioka et al. 2012). Only in the studies characterizing the in vitro 

metabolism of DEHP were the individual enzymes responsible for the metabolites formed 

identified (Choi et al. 2012 and 2013).  

Hardly any information on metabolism of PFAS is available in the literature. However, 

there is one study showing that PFOS is formed by preferential metabolism of a few isomers 

composing the N-ethylperfluorooctane sulfonamide commercial mixture by CYP enzymes 

(Benskin et al. 2009). Because the carbon atoms are fully substituted with fluorine, it is 

unlikely than CYPs or other phase I enzymes are able to metabolize PFOA at an appreciable 

rate. Thus, PFOA could be a substrate of phase II enzymes. However, no phase II metabolite 

was detected when PFOA was incubated with human and rat liver, kidney, and intestine 

microsomes (Kemper and Nabb 2005). 

The pathways of metabolism of EFRs have not been elucidated. The major identified 

metabolites of TBB and TBPH are reported in Fig 5.1.3. To the best of our knowledge, there 

is no information on human metabolism of BTBPE, DBDPE, HBB, pentabromotoluene, 

HCDBCO and DP. Few phase I metabolites were detected on incubating TBB or TBPH with 

human liver microsomes and liver S9 fraction. Only a minority of them were structurally 

identified. Therefore, more comprehensive in vitro metabolism studies are needed to identify 

at least the major metabolites of the EFRs of interest using authentic standards. Even less is 

known about the enzyme(s) involved in the formation of metabolites of EFRs. Still advances 

have been done in order to explore new FRs. Thus recently, the in vitro metabolism of a new 

substance called 2-ethylhexyl diphenyl phosphate (EHDPHP) that is simultaneously used as 

flame retardant and plasticizer additive flexible in PVC and in other applications (eg. rubber, 

polyurethanes, photofilms, etc) was investigated in HLM (Ballesteros-Gómez et al. 2015). 

Phase I and phase II (glucorinated and sulfated) metabolites of EHDPHP were studied, where  

mono- and di-hydroxylated, keto, mixed keto and hydroxylated metabolites and DPHP were 

the major phase I metabolites of EHDPHP. Additionally, glucuronides of phase I metabolites 

have been identified. CYP enzymes catalized in a wider extend the formation of those 

metabolites. In addition, the in vitro metabolism of the non-halogenated FR additive, i.e. 

resorcinol bis(diphenylphosphate) (RDP) was studied (Ballesteros-Gómez et al. 2015) where 

DPHP was also one of the major metabolites formed. The lack of specificity in DPHP 

formation (either by EHDPHP or by RDP) and identification of its precursor in short extend 

can be problematic in future biomonitoring of these chemicals (Van den Eede 2015).  
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Fig 5.1.2. Chemical structures of the major identified metabolites of selected phthalate esters formed by human liver microsomes or liver S9 

fraction. 
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Fig 5.1.3. Chemical structures of the major identified metabolites of emerging flame retardants formed by human liver microsomes or liver S9 

fraction. 
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5.1.2 Identification of the in vivo metabolites of emerging pollutants 

 

Limited information is presently available about human in vivo formation and excretion of 

phase I and phase II metabolites of OPEs, PEs, and EFRs.  

For OPEs, only biomonitoring studies focusing on TDCPP and TPP metabolite formation 

are the most explored (Janjua et al. 2008; Meeker et al. 2013; Möller et al. 2004). BDCPP and 

DPP were the only in vitro metabolites of TDCPP and TPP, respectively, that could be 

measured in human urine samples (Carignan et al. 2013; Meeker et al. 2013; Möller et al. 

2004) suggesting that they could be used as biomarkers of exposure for TDCPP and TPP 

(Table 5.1.1). However, no phase I hydroxylated (i.e., monohydroxylated and dihydroxylated 

metabolites, ketone and carboxylic acid) metabolites or phase II metabolites (i.e., glucuronic 

and sulfate conjugates) were monitored. More recently, some studies were conducted for a 

wider range of OPE (or PFR) metabolites of TCEP, TBP, TCPP or TBOEP where the 

investigation of the presence of some new hydroxylated metabolites, i.e. HO-TBOEP, 

BBOEHEP, HO-TPHP, and HO- DPHP was also assessed via urinary analyses (Cequier et al. 

2014 and 2015; Dodson et al. 2014; Van den Eede et al. 2013b and 2015b). 

In vivo metabolism of PEs in humans has received more attention in the last decades. The 

major in vivo PE metabolites detected in human matrices are reported in Table 5.1.1. The 

monoester primary metabolites of DnBP, DiBP, and BBzP were detected in the vast majority 

of the urine samples analyzed, suggesting that the monoester metabolites are readily formed 

in vivo (Frederiksen et al. 2010; Janjua et al. 2008; Koch et al. 2012; Silva et al. 2007; Silva et 

al. 2003). This result is consistent with monoesters being the major DnBP, DiBP, and BBzP 

metabolites in vitro (Hanioka et al. 2012; Picard et al. 2001), suggesting that monoester 

metabolites of DnBP, DiBP, and BBzP, namely, mono-n-butyl phthalate, monoisobutyl 

phthalate, and monobenzyl phthalate, respectively, can be used as markers of exposure. 

However, for DEHP, the secondary in vitro metabolites, that is, 5-OH-MEHP, 5-oxo-MEHP, 

5-carboxy-MEPP, and 2-cx-MMHP, were the most prominent metabolites detected in human 

urine and serum samples (Frederiksen et al. 2010; Koch et al. 2004; Silva et al. 2006b). Also, 

5-carboxy-MEPP and mono-(2-carboxyhexyl) phthalate (MCMHP) were more often detected 

than MEHP in serum samples (Frederiksen et al. 2010). All these findings (and based on other 

than nail analyses) suggest that the secondary metabolites of DEHP are more suitable markers 

of exposure than are the primary metabolites (i.e., MEHP). However, the reliability of 

secondary metabolites as the best markers for exposure to PEs remains to be confirmed for 

PEs other than DEHP. The profile of DEHP secondary metabolites in urine changes with time 

after exposure and with human life stage. 5-OH-MEHP and 5-oxo-MEHP are the major 

urinary metabolites of DEHP during the first 12 h after exposure, whereas 5-carboxy-MEPP 

and MCMHP are the major urinary metabolites of DEHP after 12 h after exposure (Koch et 

al. 2005). In urine samples of neonates, 5-OH-MEHP and MECPH represented 0.6 % and 65 

%, respectively, of the measured DEHP metabolites, whereas these two metabolites amount to 

66 % and 32 %, respectively, of the total metabolites measured in adults (Silva et al. 2006b). 

Therefore, selection of the appropriate DEHP metabolite to monitor largely depends on the 

time elapsed since the last DEHP exposure and on the human life stage. Presently, no 

information is available about human in vivo metabolism of PFAS and EFRs of interest.  
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Table 5.1.1. Chemical structures of the major identified in vivo metabolites of selected OPEs 

and PEs in human urine samples. 

 

Parent compound Metabolite  Parent compound Metabolite  

 

TPP 

 

DPP (Cooper et al. 2011) 

 
 

DEHP 

 

 

MCMHP  

(Frederiksen et al. 2010; 

Koch et al. 2005; Silva et al. 

2006b) 

 

TDCPP 

 

 

BDCPP (Cooper et al. 

2011; Meeker et al. 2013) 

 

 
 

 

 

5-oxo-MEHP 

(Frederiksen et al. 2010; 

Koch et al. 2005; Silva et al. 

2006b) 

 

DnBP 

 
MnBP 

 (Janjua et al. 2008; Koch 

et al. 2012; Silva et al. 

2007) 

  
 

5-carboxy-MEPP 

(Frederiksen et al. 2010; 

Koch et al. 2005; Silva et al. 

2006b) 

 

BBzP 

 

 

MBzP (Hanioka et al. 

2012) 

 

 

 
 

 

 

5-OH-MEHP 

(Frederiksen et al. 2010; 

Koch et al. 2005; Silva et al. 

2006b) 
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5.2  IN VIVO IDENTIFICATION OF NEW BIOMARKERS OF 

EXPOSURE  

 

Based on the following publication: 

 

Alves A, Giovanoulis G, Nilsson
 
U, Erratico

 
C, Lucattini

 
L, Haug LS, Jacobs

 
G, A de Wit C, 

Leonards
 
PEG, Covaci

 
A, Magner J, Voorspoels S. Case study on screening new emerging 

pollutants in urine and nails, Submitted to Environ Sci & Technol (2017) 

 

equal contribution from first authorship between Alves A. and Giovanoulis G. 
 

 

5.2.1 Introduction 

 

Recently, new alternative plasticizers have been introduced on the market to replace  

DEHP, one of the major toxic phthalates used worldwide. DEHP is listed under REACH 

legislation as a ‘substance of very high concern’ (SVHC), with demonstrated carcinogenic 

(Group 2B), reproductive toxicity and endocrine disrupting effects on humans (IARC  2012).
 

Alternative plasticizers have been found to migrate out of polymeric products to a lesser 

extent (Bui et al. 2016). Bui et al. (2016)
 
categorized more than ten different chemical 

families of alternative plasticizers (i.e. adipates, citrates, terephthalates, among other). Many 

of these alternative substances are used in similar applications as phthalates, e.g. in toys, vinyl 

flooring, coated fabrics, gloves, plastic tubing, artificial leather, shoes, sealants, carpet, 

cosmetic products, medical devices, pharmaceutical tablet coatings, food packaging and 

beverage closures (Bui et al. 2016; Radaniel et al. 2014). For instance, the high molecular 

weight phthalate  bis(2-propylheptyl) phthalate (DPHP) is currently used as a major DEHP 

substitute (Leng et al. 2014).
 

Not much information is available on the toxicological aspects of the alternative 

plasticizers with some evidence of lower toxicity than DEHP (e.g. no acute toxicity or 

genotoxicity). Some recent studies have shown endocrine disrupting potential, developmental 

and neurological effects and liver carcinogenicity in rats for some of these new chemicals (i.e. 

for acetyltributyl citrate (ATBC) and bis(2-ethyhexyl) adipate (DEHA)) (Bui et al. 2016; 

Dalgaard et al. 2003; Ghisari and Bonefeld-Jorgensen 2009). In contrast, other studies did not 

show any adverse systemic toxicity
 
(Wirnitzer et al. 2011) or reproductive toxicity in rats

 

(Furr et al. 2014) for some other alternatives (e.g. bis(2-ethylhexyl) terephthalate (DEHTP)). 

Based on the risk assessment underlined by Bui et al. (2016), humans are now more 

exposed to these new chemicals. As an example, they estimated that the risk ratio between the 

daily intake and threshold limit for DPHP is exceeded by infants, raising some concern about 

the use of this plasticizer in childcare products, for example (BfR 2011).  

Another group of chemicals that is of high concern in regard to human exposure is that of 

the FRs. Like phthalates, FRs have been used in a wide range of consumer products (e.g. 

furniture, textiles, electronic devices, plastics, etc.)(ATSDR 2012).  
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As a consequence of their toxicity, PBDEs (e.g. Penta, Octa and Deca) were banned or 

restricted from the market (Dodson et al. 2012b; EU 2006d) leading to demand for new FRs. 

Hence, 2,2-bis(chloromethyl)-propane-1,3-diyltetrakis(2-chloroethyl) bisphosphate (V6) is 

one such alternative FR and is currently commercialized under the trade name of Antiblaze 

V6. According to an EU risk assessment report (EU 2007), V6 is primarily used in flexible 

polyurethane foam and is highly suitable for automotive and furniture applications. Although 

in the EU report, no acute toxicity to fish, algae and other invertebrates has been observed, 

possible neurotoxicity and reproductive toxicity were associated to V6 exposure (EU 2007; 

McGee et al. 2012). In fact, V6 is structurally related to the phased out tris (2-chloroethyl) 

phosphate (TCEP)(EU 2009c; WHO 1998), which is present as an impurity in the commercial 

V6 mixture at levels of  4.5-7.5 % (Fang et al. 2013; Ionas 2016; Stapleton et al. 2011). 

Little is known about V6 toxicity in humans, but studies in dust and air indicate increasing 

concentrations (Fang et al. 2013). Very high concentrations were found in foam used to 

produce baby products (> 24 mg/g) raising concern about human exposure (Fang et al. 2013).  

Regarding human biomonitoring of the target chemicals, recent studies identified the 

presence of a few alternative plasticizers such as DPHP, DEHTP and DEHA through their 

oxidative metabolites in urine (Gimeno et al. 2014; Leng et al. 2014; Lessmann et al. 2016a; 

Schütze et al. 2015; Silva et al. 2013b). To our knowledge, the presence of other alternative 

plasticizers and flame retardants, such as V6, in urine and/or in other non-invasive matrices 

such as finger nails has not yet been explored. Due to sampling advantages and a longer 

exposure window, finger nails were considered as an alternative matrix for human 

biomonitoring (HBM) (Alves et al. 2014 and 2016a; Lessmann et al. 2016a).  

This study is the first where: 1) the link between the metabolites of ATBC, DEHT, DEHA, 

DPHP and V6 (see Table SI-5.2.1) generated by the in vitro assays are screened in vivo in 

two non-invasive matrices; 2) the elucidation of the new metabolites (and fragments) is 

performed by LC/ESI-Orbitrap-MS; 3) the validity of using urine and finger nails as a non-

invasive method to assess human exposure to new pollutants is tested in a Norwegian study 

cohort.  

 

 

5.2.2 Materials and Methods 

5.2.2.1 Reagents and Chemicals 

 

The neat standards for ATBC (98 %), DEHA (99 %), DEHTP (≥ 96 %) were obtained 

from Sigma-Aldrich (Schenelldorf, Germany). High purity standards for V6 and DPHP were 

purchased from AccuStandard (Hattersheim, Germany) and Toronto Research Chemicals 

(Toronto, Canada), respectively. All standard stock solutions were prepared in methanol (1 

mM).  

 

LC/MS-grade methanol and acetonitrile were purchased from Fisher Scientific 

(Loughborough, UK). The ultrapure water was obtained from a Milli-Q ultrapure water 

system (Advantage A10 system, Overijse, Belgium). Trichloroethylene and formic acid (99 

%) were supplied by Merck (Darmstadt, Germany).  
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Trifluoroacetic acid (TFA, 99 %) was supplied by Sigma-Aldrich (Steinheim, Germany). 

Ammonium acetate buffer (NH4Ac) was prepared by dissolving 1.93 g of ammonium acetate 

(99.99% purity, Sigma-Aldrich, Diegem, Belgium) in 100 mL ultra-pure water and acidifying 

the solution dropwise to pH 6.5 by means of acetic acid (glacial). The enzyme β-

glucuronidase (E. coli K12) was supplied by Roche Applied Sciences (Mannheim, Germany). 

Pooled human liver microsomes (HLMs; mix gender, n=200) were purchased from Tebu-bio 

(Boechout, Belgium). NADPH-regenerating system (neat, >99 %) was obtained from Sigma-

Aldrich (Diegem, Belgium).  

 

 

5.2.2.2 In vitro metabolism of ATBC, DEHTP, DEHA, DPHP and V6  

 

The experimental details of the in vitro metabolism assays conducted for V6 and for the 

alternative metabolites are described in the following sub-sections. The enzymatic activity of 

the cytochrome P450 (CYP) and paraoxonase (PON) in the V6 metabolism was studied. In 

addition, the activity of the CYPs and carboxylesterase (CE) enzymes was investigated for the 

formation of the alternative plasticizers’ metabolites. The phase I metabolites resulted from in 

vitro assays conducted in HLM, HLM S9 fractions and human intestinal microsomes (HIM) 

(i.e. test for PONs activity). The samples containing a mixture of the phase I metabolites 

generated from the individual in vitro assays conducted for each substrate (i.e. ATBC, DPHP, 

DEHT, DEHA and V6) in HLM, HLM S9 or in HIM, as well as  the positive and negative 

controls were analyzed in the LC-QTOF-MS/MS (analytical conditions in Supporting 

Information).  

 

 

5.2.2.2.1 CYPs-mediated metabolism 

 

Reaction mixture contained potassium phosphate buffer (pH 7.4), human liver microsomes 

(HLMs; 0.5 mg/mL, final concentration) and individual substrates (10 µM, final 

concentration) on ice (final volume: 950 µL). After 5-min pre-incubation in a shaking water 

bath at 37 °C, the reaction was initiated by addition of 50 µL of NADPH-regenerating 

solution (1 mM, final concentration). The reaction was stopped after 2 h by adding 700 µL of 

an ice-cold acetonitrile solution containing 1 % formic acid (v/v) and 1.0 µg/mL of 

theophylline (used as internal standard). The samples were vortexed for 30 s and centrifuged 

at 8,000 rpm for 3 min. The supernatant (1.1 mL) was transferred into a new vial containing 

230 mg of ammonium acetate (final concentration: 2 M), vortexed for 30 s and centrifuged at 

8,000 rpm for 2 min.  

A 500 µL aliquot of the supernatant was then transferred into a new tube. The liquid-to-

liquid extraction step (using 700 µL of an ice-cold acetonitrile solution) was repeated a 

second and a third  time transferring 700 and 800 µL aliquots, respectively. 
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The three extracts were pooled, blown down under gentle nitrogen flow at room 

temperature and resuspended in 100 µL of water: methanol 70:30 (v/v) solution (only those 

containing V6 metabolites were resuspended in 100 µL of water: methanol 90:10 (v/v) 

solution. 

 

 

5.2.2.2.2 PONS-mediated metabolism 

 

Reaction mixture contained individual substrates (10 µM, final concentration) diluted in 

0.1 M glycine-NaOH buffer (pH 10.0) containing calcium chloride (1 mM) and sodium 

chloride (0.3 M) in a final volume of 950 µL. After 5-min pre-incubation in a shaking water 

bath at 37 °C, the reaction was initiated by addition of 50 µL of HLM (0.5 mg/mL, final 

concentration). Samples were than processed as described in the “CYP-mediated metabolism” 

above section. 

 

 

5.2.2.2.3 CEs-mediated metabolism 

 

Reaction mixture contained individual substrates (10 µM, final concentration) diluted in 

potassium phosphate buffer (pH 7.4) in a final volume of 950 µL. After 5-min pre-incubation 

in a shaking water bath at 37 °C, the reaction was initiated by addition of 50 µL of HLM or 

human intestinal microsomes (HIM; 0.5 mg/mL, final concentration). Samples were then 

processed as described in the “CYP-mediated metabolism” above section. 

 

 

5.2.2.2.4 Positive and negative controls 

 

Positive and negative control samples for each family of enzymes of interest were prepared 

as described below.  

For CYPs-mediated metabolism, negative control samples were prepared replacing HLMs, 

the substrate or NADPH with an equivalent aliquot of buffer, acetonitrile or buffer, 

respectively. For CE-and PON-mediated metabolism, only substrate and HLM  negative 

control samples were prepared.  

To monitor chemical hydrolysis reaction and to determine the impurities eventually present 

in the stock solutions of the substrates used,  individual standards for each substrate (10 µM, 

final concentration) were  diluted with phosphate buffer (pH 7.4) or glycine buffer (pH 10). 

Positive control samples were prepared using tramadol, 4-nitrophenyl acetate and 

chlorpyrifos-oxon as marker substrates for CYPs (Subrahmanyam et al. 2001), CEs (Li et al. 

2005; Wang et al. 2011) and PONs (Davies et al. 1996), respectively. 
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5.2.2.3 Nails and urine sampling from a Norwegian cohort  

 

Details about the sampling are described in Papadopoulou et al. (2016) Finger nail (N=59) 

and urine (morning) samples (N=61) were collected from 61 volunteers living in the greater 

Oslo area (Norway). The sampling was approved by the Regional Committee for Medical 

Research Ethics (REK) in Norway (N.° 2013/1269) and before starting the campaign, all 

participants gave written informed consent to participate. Until analysis all samples were 

stored at -20°C. Before extraction, nails were rinsed with acetone in order to remove external 

contamination (e.g. residues of nail polish).  

Until analysis all samples were stored at -20°C. Before extraction, nails were rinsed with 

acetone in order to remove external contamination (e.g. residues of nail polish).  

 

 

5.2.2.4 Extraction of alternative plasticizers and V6 from nails and urine 

 

Previously optimized methods were used for extraction of the target plasticizers, V6 and 

their metabolites in nails and urine (Alves et al. 2016a and 2016b; Servaes et al. 2013). For 

nails, 30 mg of nails were weighed into glass vials followed by extraction of the target 

analytes according to an ultrasound-assisted dispersive liquid-liquid microextraction (US-

DLLME) method (Alves et al. 2016a). Urine samples were extracted following the phthalate’s 

glucuronide deconjugation according to the previously validated method of Servaes et al. 

(Servaes et al. 2013). Since no internal standards and individual standards of the metabolites 

are available on the market, only qualitative analyses (screening) was possible. Procedural 

blanks (n=2) were run for both extraction methods (Alves et al. 2016a; Servaes et al. 2013). 

and the detected levels found in the blanks were subtracted from those observed in the 

samples.  

 

5.2.2.5 LC/ESI-Orbitrap-MS analysis  

 

For analysis, an LC (ThermoFisher Scientific, Bremen, Germany) equipped with an Accela 

quaternary pump, a photodiode array detector (PDA) and a CTC PAL™ autosampler (CTC 

Analytics, Zwingen, Switzerland) was used. Chromatographic separations was done on a C18 

column (100 × 2.1 mm, 1.7 µm) from Phenomenex Inc. (Torrance, CA, USA) maintained at 

40°C. The mobile phases used for elution of the target analytes were water (A) and MeOH 

(B), both buffered with 0.1 % formic acid, following the elution gradient of B: initially 10 %; 

at 9 min 60 % keeping conditions constant until 13.6 min; 13.6-15 min 80 % keeping 

conditions constant until 15.5 min; 15.5-20.4 min 10 %. The flow was kept at 0.3 mL/min and 

the injection volume was 7 µL. 

For accurate mass measurements, an Orbitrap mass spectrometer (Q-Exactive™; Thermo 

Fisher Scientific, Bremen, Germany) equipped with an ESI source working in polarity 

switching mode was used (one analysis per mode).  
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Operation parameters were as follows: source voltage, 2.5 kV; sheath gas, 53 (arbitrary 

units); auxiliary gas, 14 (arbitrary units); sweep gas, 3 (arbitrary units); and capillary 

temperature, 350°C.  

Both in vitro metabolite extracts and human nail and urine samples were analyzed in 

product ion scan followed by selective ion fragmentation (data dependent MS
2
 or ddMS

2
) in 

positive and negative mode (one analysis per mode) to obtain additional structural 

information.  (resolving power set at 17,500 FWHM, stepped collision energy 10, 30, 50 V, 

isolation window: 1 m/z).  

The data was analyzed using XCalibur software v.2.2 (ThermoFisher Scientific). For 

accurate identification of the analytes a mass tolerance of maximum 5 ppm was defined. 

 

 

5.2.3 Results and Discussion 

 

5.2.3.1 Screening of in vitro metabolites of ATBC, DEHTP, DEHA, DPHP and V6 in nail and 

urine samples 

 

Taking into account the number of metabolites formed in the in vitro experiments (Alves et 

al. papers in preparation) and their sensitive detection in the LC/ESI-Orbitrap-MS, a set of 13 

metabolites was selected for further identification in the urine and nails (metabolites identified 

by LC/ESI-Orbitrap-MS in the in vitro extracts are shown in Table 5.2.1). In addition, most 

of the parent compounds, except for ATBC and V6, were not efficiently ionized by ESI 

(either in positive or negative mode), therefore their presence was not investigated in this 

study. Other methods such as HPLC/UV or GC/MS may be more suitable for the analyses of 

these plasticizers (Gimeno et al. 2014; Radaniel et al. 2014).
 

 Analysis of procedural blanks revealed that low levels of both mono(2-ethylhexyl) 

terephthalate (MEHTP) and mono-2-ethylhexyl adipate (MEHA) were formed as artifacts 

during the cleanup step (chemical hydrolysis). However, the (in vivo) enzymatic formation of 

these metabolites was the predominant pathway with higher peak areas obtained in the 

samples than in the procedural blanks (i.e. 0.6-181 % and 1-89 % peak area of MEHTP 

isomers; 0.5-92 % peak area of MEHA in nails and urine, respectively).  

Table 5.2.2 shows the identified analytes and their detection frequencies (DF %) in finger 

nail and urine samples. ATBC and V6 could be identified in finger nails and several 

metabolites of ATBC, DEHTP and DEHA were identified in both matrices. No metabolites of 

DPHP and V6 were detected in any of the human samples.  

In the following sections, levels of the contaminants detected and of their metabolites  are 

discussed individually.  
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Table 5.2.1 Precursors and generated in vitro metabolites for the alternative plasticizers and V6 identified in the extracts by LC/ESI-Orbitrap-

MS. 

Precursor 

compound 

Tentative 

identification 

(type)
a 

Structure 
Retention 

time (min) 

Chemical 

formula 

Accurate mass 

(m/z), ESI 
+
/ ESI 

-
 

Δ ppm 

ATBC Precursor 

 

16.44 C20H34O8 
403.23224 

 
-1.003 

ATBC 

M1, M3 (primary)  

 

12.79 C16H26O8 
347.16971 

 

-0.963 

 

M2 (primary) 

 

15.28 C18H32O7 
361.22153 

 

-1.522 

 

M1b, M2a 

(secondary) 

 

11.92 C14H24O7 
303.14456 

 

-1.208 

 



240 

 

Precursor 

compound 

Tentative 

identification 

(type)
a 

Structure 
Retention 

time (min) 

Chemical 

formula 

Accurate mass 

(m/z), ESI 
+
/ ESI 

-
 

Δ ppm 

 

M2b (quaternary) 

 

8.95 C18H30O9 
389.18182 

 

0.294 

 

M1e, M2c, M3b 

(tertiary) 
 

9.05 C14H24O8 
319.13965 

 

-0.598 

 

 
M4b

b 

(tertiary) 

 

8.92; 9.31 C20H32O10 
433.20646 

 

-0.839; 

-0.147 

 

DPHP 

MPHP
c 

(primary) 
 

16.54 C18H26O4 
305.17566 

 

-0.565 

 

OH-MPHP 

(secondary) 

 

13.02 C18H2605 
321.17047 

 

-0.863 
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Precursor 

compound 

Tentative 

identification 

(type)
a 

Structure 
Retention 

time (min) 

Chemical 

formula 

Accurate mass 

(m/z), ESI 
+
/ ESI 

-
 

Δ ppm 

DEHTP 

MEHTP (primary) 

 

14.91; 15.11
b 

C16H22O4 
279.15884 

 
-0.88; 

-1.203 

M2 (tertiary) 

 

12.29 C24H36O6 
421.2585 

 

-3.502 

 

OH-MEHTP 

(secondary) 

 

12.44;12.60
 b
 C16H22O5 

293.13931 

 

3.274; 

3.274 

 

DEHA 

MEHA (primary) 

 

14.04 C14H26O4 257.17557 

 

3.244 

 

MEHHA 

(secondary) 
 

10.75 C14H26O5 273.17068 

 

3.769 

 

V6 Precursor 

 

12.68 C13H24Cl6O8P2 
580.91467 

 

-0.625 
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Precursor 

compound 

Tentative 

identification 

(type)
a 

Structure 
Retention 

time (min) 

Chemical 

formula 

Accurate mass 

(m/z), ESI 
+
/ ESI 

-
 

Δ ppm 

V6 M1, M2 (primary) 
 

 

10.10 C11H21Cl5O8P2 
516.9079 

 

-0.488 

 

 M3 (primary) 

 

10.58 C9H17Cl4O5P 
376.9635 

 

-1.452 

 

 
M1b/M2b 

(secondary) 

 

8.72 C11H22Cl4O9P2 
500.95643 

 

-0.324 

 

a 
according to metabolism pathway in the HLM, HLM S9 or HIM the identification of the metabolites is expressed by primary, secondary, tertiary or 

quaternary taking into account the precursor compound (ATBC, DPHP, DEHTP, DEHA or V6); 
b
 two isomers identified; 

c 
Mono (propylheptyl) phthalate; 

positive ionization (ESI
+
): ATBC, ATBC-M1,M3; ATBC-M2; ATBC-M4b; MEHTP; DEHT-M2;V6; V6-M1b,M2b; negative ionization (ESI-): ATBC-M1b, 

M2a; ATBC-M2b; ATBC-M1e, M2c, M3b; V6-M1; V6-M2; V6-M3; MPHP; OH-MPHP; OH-MEHTP; MEHA; MEHHA. 
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Table 5.2.2. Detection frequencies (% DF) of ATBC, DPHP, DEHTP, DEHA, V6 and their 

major in vitro metabolites in finger nail (n=59) and urine (n=61) samples collected from the 

Norwegian participants. 

 

Compound 

Nails 

 

Urine 

 

% DF Δ ppm
c % DF Δ ppm

c 

ATBC 49 -1.623 ND - 

ATBC-M1, M3 46 -2.028 ND - 

ATBC-M2 49 -2.131 ND - 

ATBC-M1b, M2a 95 0.309 3 1.728 

ATBC-M2b ND - NC - 

ATBC-M1e,M2c,M3b ND - ND - 

ATBC-M4b NC - NC - 

MPHP ND - ND - 

OH-MPHP ND - ND - 

MEHTP
a 75; 22 -1.274; -1.489 97; 97 -2.062; -2.277 

DEHTP-M2 ND - ND - 

OH-MEHTP
b 8; 8 1.068; 1.272 ND - 

MEHA 63 1.040 11 0.496 

MEHHA 31 1.731 98 2.463 

V6 12 0.046
 

ND - 

V6-M1, M2 ND - ND - 

V6-M3 ND - ND - 

V6-M1b, M2b ND - ND - 
ND-Not detected; NC-Presence not totally confirmed in finger nails/urine (deviation in 

the retention time and fragmentation profile obtained in ddMS
2
 not identical to the in 

vitro extracts); 
a
 two isomers were identified at 14.9 min and 15.1 min; 

b 
two isomers 

were identified at 12.1 and 12.3 min; 
c 
Deviation from the target accurate mass (in ppm 

units) of the [M+H]
+
 or [M-H]

-
 ion measured in the nails/urine sample which was used 

to confirm the identity of the studied compound. 

 

 

5.2.3.1.1 ATBC 

 

 

ATBC was detected in 49 % of the nail samples, but not in the urine samples analyzed 

(Table 1). Product ion scan of nail samples showed a peak eluting at 16.50 min, with ions 

corresponding to [M+H]
+
 (m/z 403.2318, -1.623 ppm) and [M+Na]

+
 (m/z 425.2136) of ATBC 

(Fig 5.2.1). In the ddMS
2 

profile, the precursor ion [M+H]
+
 was completely fragmented to 

yield the ions m/z 129.0182 (0.115 ppm, C5H5O4), m/z 157.0128 (-1.718 ppm, C6H5O5), m/z 

185.0809 (0.349 ppm, C9H13O4) and m/z 217.03377 (-2.346 ppm, C8H9O7). This fragments 

overlapped with those generated injecting ATBC standard, indicating the presence of ATBC 

in the finger nails samples (Fig 5.2.2).  

Previous studies have reported that ATBC has recently replaced not only DEHP, but also 

di-n-butyl phthalate (DnBP) and butylbenzyl phthalate (BBzP), due to new cosmetics 

regulations (EU 2009b).  
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ATBC is now used in a wide number of applications, for instance as an additive in 

cosmetics (mostly in nail lacquer), but it is also used in food packaging or as a flavoring 

substance in food (Johnson 2002; LCSP 2011; Maag et al. 2010).  

More, it has been suggested by Johnson (2002) that after its absorption, ATBC is mainly 

excreted via urine/feces within less than 48 h (in rats). As we found ATBC present in 49 % of 

the finger nail samples, this implies either that ATBC is retained for a longer time in the body, 

or that there is continuous exposure that maintains a high enough serum level to be 

incorporated into finger nails over longer time periods.  

Two chromatographic peaks were present in nail samples with similar retention times (tR= 

12.79 and 15.33 min, respectively) as the previously identified metabolites ATBC-M1,M3 (46 

% DF) and ATBC-M2 (49 % DF). The shorter retention on the C18 stationary phase for those 

compounds compared with that of ATBC suggests that they are more hydrophilic than ATBC, 

which is consistent with the detection of the ATBC oxidative metabolites. MS spectra and 

suggested structures for the fragments are shown in Supporting Information (Fig 5.2.3 and 

Fig 5.2.4). 

ATBC-M1b,M2a was detected in 95 % of the finger nail samples and in 3 % of urine 

samples. A chromatographic peak was observed in urine (tR = 11.76 min), with a slight 

retention deviation from the in vitro standards, while in nails there was no deviation observed 

(tR = 11.93 min). The same fragments of this peak were identified in finger nails (m/z 

185.0913 and m/z 211.0606), urine (m/z 185.0805 and m/z 211.0602) and in vitro (m/z 

185.0810 and m/z 211.0609; m/z 241.1438 was only identified in vitro), suggesting overlap in 

a large part of the metabolite detected in these three samples. However, the fragments 

intensity varied significantly in urine while in nails the intensity of the fragments were more 

similar to that obtained in in vitro extracts, although the m/z 241 was not detected (Fig 5.2.5). 

In addition, the [M-H]
-
 ion (m/z 302.6829) was detected at high abundance in urine than in 

finger nails and/or in vitro (Fig 5.2.5), suggesting the formation of higher amounts of one of 

these two isomers (i.e. ATBC-M1b or ATBC-M2a) in the urine samples.  

However, taking into account the putative structure of this metabolite (see Table 5.2.1), 

two isomers are possible. The two metabolic pathways from isomer precursors (M1 and M2) 

can favor the in vivo formation of one or the other isomer. Overall, our data suggest that, 

when both isomers are formed in vivo, one may be preferentially excreted in urine while the 

other may be preferentially accumulated (and detected) in nails. Since there are no individual 

standards for each of the isomers (ATBC-M1b and ATBC-M2a), it is difficult to elucidate 

which specific isomer is excreted in urine and/or is deposited in nails.  

Regarding the exposure, based on comparison of both matrices, we have assumed that the 

participants had similar exposure patterns over 6 months prior to sampling (time 

corresponding to complete finger nail growth)(Slotnick and Nriagu 2006). However, as we do 

not have a complete picture of past exposure, it is difficult to make firm statements about this 

issue and elucidate which metabolite is preferably deposited in finger nails.  

Overall, our results indicate that human finger nails may be a suitable non-invasive matrix for 

monitoring the exposure to ATBC, especially by measuring  its primary (M1,M2 and M3) and  

secondary  (ATBC-M1b, M2a) metabolites. 
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Fig 5.2.1 Chromatogram  of ATBC (ESI

+
) detected in nails (A) and mass profile in product 

ion Scan (B). 
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Fig 5.2.2. Mass spectra (ddMS
2
, ESI

+
) and suggested fragments for ATBC detected in nails. 
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Fig 5.2.3 Suggested fragmentation pattern of ATBC-M1,M3 (ESI
+
) metabolite in nails (A) and in vitro (B). 
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Fig 5.2.4 Suggested fragmentation pattern of ATBC-M2 (ESI
+
) metabolite in nails (A) and in vitro (B). 
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Fig 5.2.5 Suggested fragmentation pattern of ATBC-M1b, M2a metabolite (ESI
-
) in nails (A), in urine (B) and in vitro (C). 
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5.2.3.1.2 DPHP 

 

 

No metabolites previously found in in vitro experiments with DPHP, were detected in 

finger nails or urine samples in this study. These results support our previous study where 

human exposure to MPHP (and quantification) together with other phthalates was investigated 

in three urinary samples collected from this population and no metabolites were detected in 

the morning urine spot
 
(Giovanoulis et al. 2016). Also, MPHP was investigated in finger nails 

by Giovanoulis et al. (2016) where it was present in 37 % of the samples.
 
However, in the 

present study we did not get the same result which was due to the low intensity of MPHP 

identified in product ion scan. 

According to a study by Gries et al. (2012), some DPHP metabolites have previously been 

identified in urine, suggesting that the oxidative metabolites, i.e. OH-MPHP and two others 

mono-2-(propyl-6-carboxy-hexyl)-phthalate (cx-MPHxP) and mono-2-(propyl-6-oxo-heptyl)-

phthalate (oxo-MPHP)) are more suitable biomarkers for DPHP exposure. In our study, OH-

MPHP was identified as a DPHP metabolite in the in vitro metabolism assays. However, its 

presence in urine was not confirmed. This is in line with Gries et al. (2012) who found rather 

low detection frequencies of OH-MPHP (<LOQ-1.25 µg/L; 25 % DF) and oxo-MPHP 

(<LOQ-1.22 µg/L; 10 % DF) in human urine. This indicates a low ability to identify DPHP 

exposure from its metabolites. Since cx-MPHP was not identified as a relevant DPHP 

metabolite in the in vitro assays, its presence was not investigated further in the urine samples. 

Another DPHP metabolite of interest is oxo-MPHP, of which a chromatographic peak at 

12.40 min (lower retention time than OH-MPHP) and a precursor ion (m/z 319.1551) were 

observed in the in vitro extracts. However due to its low intensity in the product ion scan 

spectrum, no further fragmentation in ddMS
2
 could be obtained. The presence of this 

metabolite was explored in the urine samples, but it was not detected.  

These results are in agreement with Leng et al. (2014), who suggested that MPHP and OH-

MPHP are the predominant metabolites over cx-MPHP, and they are rapidly excreted in urine 

(< 48 h). Also, Schütze et al. (2015) did not detect cx-MPHP, while OH-MPHP and oxo-

MPHP were present with low detection frequencies (DF 3-22 %) in urinary samples (n=300) 

collected over a period of more than 10 years (1999-2012). These results confirm the low 

detection and usefulness of measuring these metabolites in urine, possibly because of their 

low rates of formation in vivo, as suggested by our in vitro data (Alves et al., papers in 

preparation).  

Thus, similar to the excretion of DEHP oxidative metabolites
 
(Preuss et al. 2005), DPHP 

secondary metabolites are excreted rapidly in urine (although relatively low levels are 

reported). Because of this rapid excretion,  finger nails do not seem to be a suitable matrix for 

DPHP exposure measurements and sensitive (extraction/analytical) tools are needed for 

measuring DPHP oxidative metabolites in urine.  
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5.2.3.1.3 DEHTP 

 

Two DEHTP metabolites, MEHTP and 1-mono-(2-ethyl-hydroxy-hexyl) benzene-1,4-

dicarboxylate (OH-MEHTP), were identified in nails and/or in urine (Table 5.2.2).  

Regarding MEHTP, two isomers were identified in both urine and nails (tR = 14.90 and 

15.10 min, respectively). The detection frequencies for both isomeric forms in urine were 

high (97 % DF for both).  To confirm the presence of MEHTP, the m/z 149.023 (C8H5O3) was 

identified as the major fragment in nails (0.667 ppm for both), urine (0.198 ppm and -0.473 

ppm) and in the in vitro extracts (Fig 5.2.6). As minor fragment, the m/z 167.0304 (C8H6O4) 

was identified in the samples and in vitro, as well.  

Earlier Silva et al. (2015), have conducted the in vitro metabolism of DEHTP in order to 

investigate suitable biomarkers of DEHTP exposure. As a result, terephthalic acid (TPA) and 

several oxidative DETHP metabolites were identified as promising biomarkers in humans. In 

the present study, the presence of oxidative DEHTP metabolites was also investigated in the 

metabolism experiments. OH-MEHTP was only detected in finger nails (8 % DF) where the 

characteristic [M-H]- m/z 293.1898 ion (Lessmann et al. 2016b; Silva et al. 2015) (0.692 to 

1.204 ppm) was the only identified fragment for the two observed isomers (tR = 12.11 and 

12.27 min) (see Table 5.2.1). As up to eight mono-hydroxylated MEHTP can be formed, 

therefore the formation of more metabolites (or different ones) in vivo seems plausible. These 

findings are in agreement with Silva et al. (2015)
 
who found more than one OH-MEHTP 

isomers formed in vitro.  

In addition, the detection of the 1-mono-(2-ethyl-oxo-hexyl) benzene-1,4-dicarboxylate 

(oxo-MEHTP) was investigated. In the in vitro extracts, oxo-MEHTP was detected at 

relatively low amounts suggesting it as a minor DEHTP metabolite. Hence, its presence was 

not investigated further in the urine/nail samples. 

Previously, Lessmann et al. (2016b)
 
suggested suitable DEHTP oxidative metabolites  as 

biomarkers of DEHTP in urine. These included 1-mono-(2-ethyl-5-hydroxy-hexyl) benzene-

1,4-dicarboxylate (5-OH-MEHTP), 1-mono-(2-ethyl- 5-carboxyl-pentyl) benzene-1,4-

dicarboxylate (5-cx-MEPTP), 1-mono-(2-carboxyl-methyl-hexyl) benzene-1,4-dicarboxylate 

(2-cx-MMHTP) and 5-oxo-MEHTP (1-mono-(2-ethyl-5-oxo-hexyl) benzene-1,4-

dicarboxylate) (5-cx-MEPTP and 2-cx-MMHTP metabolites not identified in our metabolism 

study). The 24 h urinary excretion factors found in that study were 1.72 for 5-OH-MEHTP, 

0.95 for 5-oxo-MEHTP, 12.24 for 5-cx-MEPTP and 0.27 for 2-cx-MMHTP (5.18 total of all 

four). These can be used to calculate DEHTP intakes based on metabolite concentrations in 

environmental and occupational studies (Lessmann et al. 2016a). Likewise, in a previous 

DEHP exposure assessment (Preuss et al. 2005), the secondary oxidative metabolites were 

more representative of internal exposure to the parent phthalate due to the fast metabolism of 

MEHTP. However, Lessmann et al. (2016a) found the levels of the secondary metabolites in 

the human urine samples to vary significantly, where some were not detected (<LOQ-38.7 

µg/L). Also, in general the % DF was below 21 %, except for the 5-cx-MEPTP, which was 

the major  metabolite (94 % DF).  

So far, none of DEHTP metabolites have been investigated in finger nails, therefore our 

results can suggest this matrix as a possible alternative. 
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Fig 5.2.6. Fragmentation pattern of MEHTP suggested metabolite detected in ESI
+ 

in nails (A), urine (B) and in vitro (C). 
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5.2.3.1.4 DEHA 

 

All DEHA exposure assessments conducted in humans, so far have been performed by 

measuring the parent compound in urine
 
or breast milk (Fromme et al. 2013; Fromme et al. 

2007a; Palm-Cousins et al. 2007). To our knowledge, this is one of the first studies where 

metabolites of DEHA have been both generated in vitro and further detected in two different 

matrices (i.e. urine and finger nails) (Table 5.2.2). Previously, Silva et al. (2013b)
 
have 

conducted the in vitro metabolism of DEHA in human liver microsomes, in which MEHA 

(primary metabolite) and three secondary metabolites (mono-2-ethylhydroxyhexyl adipate 

(MEHHA), mono-2-ethyloxohexyl adipate (MEOHA) and adipic acid) were further identified 

in urine samples (N=144) from American adults. Yet, the authors
 
(Silva et al. 2013b) did not 

elucidate or provided possible explanation for the fragments obtained for each DEHA 

metabolite. 

 In our study, MEHA was mainly identified (tR = 14.03 min) in finger nails (63 versus 11 

% DF), while MEHHA (oxidative) was mostly present in urine (98 versus 31 % DF) (Table 

5.2.2), suggesting that the results obtained in our in vitro experiments were able to 

qualitatively predict part of the DEHA metabolism in humans. 

For the MEHA identification, neutral losses of H2O (m/z 18) and CO2 (m/z 44) from the 

quasi-molecular ion are suggested, yielding the fragments at m/z 239.1651  (-3.308 ppm and 

3.884 ppm deviation in the samples) and m/z 195.1735 (-3.955 ppm and 3.628 ppm in the 

samples), respectively (Fig 5.2.7).  

The quasi-molecular ion of MEHHA could be identified (m/z 273.1704) at good mass 

accuracy (< 2.4 ppm) in both urine and nails, while the ion ratios for the fragment ions 

differed (Fig 5.2.8). This could be explained by several possible positions of hydroxylation in 

the alkyl chain of MEHHA, forming different isomers in vivo from the major isomer obtained 

in the in vitro experiment. More, MEHHA was detected in finger nails at a significantly lower 

frequency than in urine, suggesting that its accumulation is rather low. Further investigation is 

needed in order to clarify which of the isomeric forms of MEHHA is mainly formed in vivo 

(e.g. urine). 
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Fig 5.2.7. Suggested fragmentation pattern of MEHA metabolite (ESI
-
) detected in nails (A), urine (B) and in vitro (C). 
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Fig 5.2.8 Suggested fragmentation pattern of MEHHA (ESI
-
) detected in nails (A), urine (B) and in vitro (C). 
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5.2.3.1.5 V6 

 

V6 has previously been identified in environmental matrices such as dust,
 
which is 

considered as a relevant pathway of human exposure to both V6 and other flame retardants 

(e.g. PBDEs) (Fang et al. 2013; Johnson et al. 2010; Watkins et al. 2011). 

Up to now, any tentative identification was performed to detect V6 in non-invasive human 

samples. In the present study, V6 was identified in nails, although at a low detection 

frequency (12 % DF) (Table 5.2.2). This indicates that V6 has low ability to accumulate in 

finger nails. Nevertheless, there is: 1) no indication about the variation in exposure during six 

month (time that nails take to grow out) and over the 48 h period (excretion in urine), i.e. 

starting time of exposure and transfer to the nail and urine; 2) lack of knowledge on how V6 

is metabolized in the body and transferred to the nail (pharmacokinetics is unknown).  

Thus, these issues need to be addressed in future research for better understanding of V6 

exposure in humans and use of finger nails for biomonitoring. 

V6 was identified based on the relative retention time between the samples and the 

reference compound, as well as by the quasi-molecular ions [M+H]
+
 and [M+Na]

+
 (Fig 5.2.9). 

Detection of V6 fragments in vivo was not possible due to the low intensities of the precursor 

ions. However, V6’s characteristic fragments (m/z 234.9686 and m/z 296.969) were confirmed 

in ddMS
2 
spectra of in vitro metabolism extracts (Ionas 2016).

 

 

Fig 5.2.9 Product ion Scan (ESI
+
) profile of V6 detected in nails. 
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5.2.4 Conclusions 

 

This is the first study where parent compounds and/or metabolites generated by in vitro 

metabolism of ATBC, DEHTP, DEHA, DPHP and V6 were further investigated in humans 

(in vivo) by analysis of urine and nail samples. 

Although, we know that the exposure assessment for these compounds based on the finger 

nail data is complicated and not a straightforward issue to address, our results show that finger 

nails may represent a valuable matrix for performing biomonitoring studies. Future 

elucidation about the pharmacokinetics of these chemicals and transfer into the nails is highly 

needed. 

 

 

5.2.5 Supporting Information 

 

LC-QTOF-MS/MS for identification of metabolites formed in vitro 

 

The liquid chromatography-quadrupole-time-of-flight mass spectrometry (LC-QTOF-MS) 

system used consisted of a 1290 Infinity LC (Agilent Technologies, Santa Clara, California, 

USA) coupled to a 6530 Accurate-Mass QTOF-MS (Agilent Technologies, Santa Clara, 

California, USA). 

The chromatographic separation of the phase I metabolites was performed in a Xbridge 

C18 column (150 × 2.1 mm, 2.6 µm) from Phenomenex (Torrance, CA, USA) heated at 40°C. 

The elution of the target analytes was carried out using water  (A) and methanol (B) both 

buffered with 0.1 % formic acid. For the separation of V6 and their metabolites the following 

elution gradient was used: 0-2 min 10%B; 2-12 min 10-60%B, 12-27 min 60-90%B; 27-

30min 90% B; 30-31 min 90-10% B; 31-36 min 90% B isocratic. 

For separation of the metabolites of all the other compounds the following elution gradient 

was performed: 0-2 min 3 0% B; 2-15 min 30-70 % B;  15-30 min 70-100 % B;  30-35 min 

100 % B isocratic; 35-36 min 100-30 % B; 36-40 min 30 % B isocratic. 

The flow rate was 0.2 mL/min and the injection volume was 10 µL for both the methods. 

The QTOF-MS was tuned and calibrated (mass accuracy within ± 2 ppm) before each 

analysis using a solution containing reference masses (Agilent Technologies, Santa Clara, 

California, USA) up to 1,700 mass-to-charge ratio (m/z) using the extended dynamic range (2 

GHz). Samples were analyzed using positive electrospray ionization modes (ESI
+
), with gas 

temperature at 300 ºC; gas flow at 10 L/min; nebulizer pressure at 40 psi; sheath gas 

temperature at 250 ºC; sheath gas flow at 11 L/min. Capillary and fragmentor voltages were 

set to 3500 and 90 V, respectively. The QTOF-MS was set to acquire m/z ranging between 50 

and 1,000 amu at a scan rate of 3 spectra per sec (0.33 ms/spectrum). The auto-MS/MS 

feature was used to obtain MS/MS spectra of precursor ions, using three different collision 

energy values (10, 20 and 40 eV). During analysis, the mass accuracy of the QTOF was 

constantly monitored by measuring the reference masses with m/z values of 121.0508 and 

922.0097 for ESI
+ 

mode.  
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Table SI-5.2.1. Chemical name, acronym, structure, CAS and physicochemical properties of ATBC, DEHA, DEHT, DPHP and V6. 

 

 Chemical name Acronym Structure 
CAS 

number 
 

Molecular 

weight 

(g/mol) 

Log 

Kow 

Henry law’s 

constant (Pa 

m
3
/mol) 

Water 

solubility 

(mg/L) 

A
lt

er
n

a
ti

v
e 

p
la

st
ic

iz
er

s 

Acetyl tributyl 

citrate 
ATBC 

 

77-90-7  402.48 4.3 
(1) 

4.43 
(1) 

0.2 
(2) 

Bis(2-ethylhexyl) 

adipate 
DEHA 

 

103-23-1  370.57 
>6.81

(3) 
4.4×10

2  

(3) 
0.78 (22°C) 

(3) 

Bis(2-ethylhexyl) 

terephthalate 
DEHTP 

 

6422-86-2  390.56 
8.39 

(4) 1.21
(4) 4×10

-4 

(22.5°C)
(4) 

Bis(2-

propylheptyl) 

phthalate 

DPHP 

 

53306-54-0  446.66 
10.3 

(2) 3.72
(2) 2.2×10

-6  

(1)
 

F
la

m
e 

re
ta

rd
a

n
t 

2,2-

bis(chloromethyl)- 

propane-1,3-

diyltetrakis(2-

chloroethyl) 

V6 

 

38051-10-4  582.99 
2.83

 

(6) 0.65 
(6) 

2.32 
(6) 

(1) (ECHA 2016), 
(2)

 (EPA, 2014), 
(3)

 (Felder et al. 1986), 
(4)

 (Maag et al. 2010), 
(5)

 (SCENIHR 2007), 
(6) 

(EU 2007b) 
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6.1 GENERAL DISCUSSION AND CONCLUDING REMARKS 

 

Humans are exposed everyday to a wide range of environmental chemicals, therefore 

major concerns can be related to the target compounds studied in this thesis (PFAS, PEs, 

OPEs and FRs), in which many of them present high toxicity (e.g. carcinogenicity, 

neurotoxicity, reproductive toxicity, hepatoxicity, and teratogenicity) and/or promote an 

adverse interaction with endogenous hormones (e.g. endocrine) in humans. Thus, in the last 

two decades EU regulations and restrictions (e.g. Stockholm Convention, REACH) (EU 

2009a; REACH 2009) on use and production of different kind of products, where these 

chemicals are incorporated in, were enacted (or deeply revised). Especial attention was 

oriented for the products on which adults and/or children have high contact/exposure, such as 

personal care products, food packaging/food items or childcare articles. Hence, the main 

objective of those regulations is to protect humans, reduce exposures and to look at eventually 

less harmful alternative substances (e.g. in case of PEs and FRs other new substances were 

recently introduced in the market such as DINCH, ATBC, DPHP, DEHA, DEHT and V6).  

However, after the introduction of alternative chemicals, it was still necessary to evaluate 

their toxicity and bioaccumulation potential, to understand and evaluate trends on how 

humans are (even more or less) exposed to all sorts of environmental pollutants in which 

information is very scarce or is lacking. 

Therefore, several HBM studies have been conducted worldwide since the last decades for 

assessing the human exposure worldwide to diverse substances in different populations (e.g. 

USA, Germany, Sweden, Belgium, Japan) (Becker et al. 2009; Ben et al. 2013; Calafat et al. 

2007; Fromme et al. 2011; Glynn et al. 2012; He et al. 2013; Hoppin et al. 2013; Kato et al. 

2009; Koch et al. 2003b; Ren et al. 2009; Silva et al. 2003; Suzuki et al. 2009) (Cornelis et al. 

2012) (Geens et al. 2014) and in specific/target sub-groups (e.g. children, newborns, 

adolescents, pregnant women, obese people) (Brantsæter et al. 2013; Casas et al. 2011; Dirtu 

et al. 2013; Geens et al. 2014; Huang et al. 2007; Larsson et al. 2014; Liu et al. 2011b).  

So far, these HBM of various chemicals has been mainly focused on the use of invasive 

matrices, like blood, serum, plasma and/or based on the evaluation of the hydrolytic/oxidative 

metabolites of the precursors (in case of phthalates) in urinary spots. Therefore, very little (or 

even nothing) has been further investigated about the potential on use other alternative 

matrices such as nails or hair to assess the human exposure to the target groups of compounds.  

With regard to bring innovation and more knowledge in the field, the focus of this thesis 

was done on use of alternative matrices like hair and nails (instead of invasive) for assessing 

human exposure to diverse classes of environmental pollutants including the PFAS, PEs, 

OPEs, FRs and their new alternatives (eg. DINCH, ATBC, DPHP, DEHTP, DEHA, V6). 

Aspects including the: 1) improvement of the sample preparation (reduce sample intake to 

mg); 2) use of environmental friendly (micro)extraction and/or clean-up methods; 3) 

evaluation of exposures (via precussors of metabolites of the target compounds) in diverse 

individuals (Belgian and Norwegian cohorts) in nails and various spot urine samples; 4) 

assessment of the risks and identification of  personal/environmental contributors of exposure 

and 5) identification of new in vitro metabolites of alternative substances to PEs and FRs were 

studied in the thesis 
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In the first part of the work, a new extraction method based on dispersive ENVI-Carb was 

developed for assessing fifteen PFAS including perfluorocarboxylic acids and 

perfluorosulfonic acids (i.e. PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFTeDA, PFBS, 

PFPeS, PFHxS, PFHpS, PFOS, PFNS, PFDS, and PFDoS) in human hair. Since PFAS are not 

prone to metabolism and do most favorable bind to the proteins present in blood, 

consequently their monitoring has not been widely explored in alternative matrices to 

blood/serum as mentioned before (Chapter 1). Nonetheless up to now, hair was already used 

by few authors (Li et al. 2012 and 2013; Perez et al. 2012) with regard to investigate the long-

term exposure to some PFAS (Chapter 2 and Chapter 1). Besides, some long-chain PFCAs 

and/or PFSAs, fluorotelomer acids (FTAs) and even perfluorooctanesulfonamides (PFOSAs) 

have been even included in those methods, nothing is known about the human exposure to 

some PFAS including PFHpS, PFDS and PFDoS that were investigated in the Chapter 2. 

At the same time, hair is considered an alternative matrix or even a proxy to blood once the 

hair follicle is surrounded by a blood irrigation system, in which endogenous transfer of the 

chemicals from blood to hair can occur. In addition, exogenous (atmospheric) deposition in 

the hair surface should be considered when evaluating exposures. Although in this study, this 

last point was not individually addressed and distinguished from the internal exposure, it is 

still seen as an important factor to consider in future studies. The study of this subject can 

possibly help us to understand how the PFAs associate (bind) to hair and to identify the major 

sources of expose linked to hair (e.g. via dust). Instead in this work, total internal exposure to 

PFAs was considered.  

Results for a non-exposed Belgian population show that the levels were much lower in hair 

(averages from 46 to 214 pg/g) than those usually reported for other common matrices, 

including serum, blood or urine samples. These results might indicate that: 1) the exposure to 

PFAS was low for the selected participants (n=30), which can be also due to the fact that no 

scalp hair was analyzed where levels are usually higher, less variable and less dependent of 

several factors (age, gender) (Chapter 1) or 2) the distribution of the PFAS along the hair 

shaft (and upon exposure and transfer from blood) is not favored for these chemicals, as it is 

favoured for OPEs/PFRs for instance, where distal hair presents higher levels than proximal 

samples (Qiao et al. 2016). In fact, PFAS have special physicochemical characteristics 

(hydrophobic tail and hydrophilic functional group in head), and although long-chain PFAS 

are less polar than the short-chain, PFAS are not lipophilic, therefore their incorporation into 

hair (via sebaceous glands, for example) is not likely promoted. Yet, the investigation of the 

PFAS’s incorporation in hair through blood versus external deposition in the hair surface will 

need further research, mainly to account for the major route of intake. 

Nevertheless, in the present work some PFAS (i.e., PFBA, PFHxA, PFOA, PFBS, PFHxS 

and PFDoS) were quantified in more than half of the studied hair samples, indicating that 

humans were exposed to these substances. Although, the exposure to some analytes (e.g. 

PFOS, PFTeDA, PFNS, PFHpS) was not evidenced in this population due to the low detects 

(<LOQm), yet this study helped to highlight that hair can be a suitable alternative matrix 

among the non-invasive approaches for conducting an exposure assessment study to PFAS. 

This can be performed in selected exposed populations or in target sub-populations where the 

non-invasive sampling is desirable (e.g. babies, children or vulnerable people).  
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More, an alternative extraction was proposed because the use of the SPE cartridges is often 

associated to the high levels of the sample extracts during the extraction procedure, which is 

due to the release of interfererences (evidences were shown in the past for the SPE Oasis 

Wax, Oasis HLB or Sep-Pak C18). Thus, ENVI-Carb can be seen as a safe alternative, where 

in previous studies (D’Hollander et al. 2010; Hanssen et al. 2013; van Leeuwen and de Boer 

2007; Powley et al. 2005) its use was successfully demonstrated in diverse environmental and 

biological matrices (Chapter 2), except for hair. 

Another interesting point explored for the first time (Chapter 2), was the effect of the type 

of hair in the PFAS extraction. Even though several factors like melanin may play an 

important role on certain drug’s hair incorporation, the melanin content was not quantified in 

the hair samples. The results showed that PFAS were released from different types of hair 

(independently of the hair segment collected for analysis which is directly correlated to an 

individual exposure) at similar extension (% recoveries were not statistically significant by 

ANOVA). However, further study of the melanin content in different types of hair and the 

interaction of this factor with PFAS in the same individuals, could be helpful to clarify if this 

factor is or not significant for the PFAS’ exposure assessment in hair.  

Differentiation between external and internal contribution seems difficult and not a 

straightforward issue, since the mechanism of PFAS incorporation in this matrix was not yet 

studied. Therefore, the results of this study can only reflect the total exposure to PFAS.     

 

Further, in Chapter 3 the human exposure to PEs via another non-invasive matrice, i.e. 

nails was studied.  

The development of a new microextraction method (US-DLLME) was performed for the 

first time using this matrix. Work towards the development of a new extraction method was 

one of the objectives of the first part in Chapter 3 (section 3.2). Thus, advantages associated 

to the use of microextraction techniques led to their application for assessing organic and 

inorganic compounds in diverse environmental, food, biological or pharmaceutical matrices 

(Chapter 3). In the past, association between DLLME and other techniques (e.g. US, SPE, 

etc.) brought new insights in the PEs determination, still this combination of techniques was 

never explored for assessing their metabolites and especially for its application in biological 

non-invasive matrices such as nails. In addition, this is the first time that DLLME combined 

with US extraction was optimized following a combinatorial design called Taguchi design 

(Chapter 3, section 3.2). Further in this thesis (Chapter 4), the same approach was used for 

the optimization of relevant parameters of the SPE method (Oasis Wax) (e.g. extraction time, 

temperature, nitric acid concentration and SPE conditioning) and for assessing OPEs in hair, 

finger and toe nails. The Taguchi design (L9 array) enabled simplification of the experimental 

set-up, facilitating significant reduction of time, solvents and sample consumption. 

Previously, this methodology was applied during method development for instance, for testing 

certain metal milling criteria in engineering (Ghani et al. 2004). More recently, it was applied 

to DLLME for the determination of PEs in house cleaning and personal care products (Viñas 

et al. 2015).  
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Optimal conditions were achieved for the US-DLLME using a small amount of nail 

samples (30 mg), which is of critical importance when dealing with ethic issues in HBM 

studies (eg. for children) and when the sample amount is certainly limited (i.e. needed for 

other analyses, low amount, replicates).  

So far, nothing is reported in the literature for assessing PEs (or their metabolites) in nails. 

However, it is known that nails have been successfully used in the past for monitoring the 

presence of other target compounds of interest, for instance the PFAS. In fact, the exposure to 

PFAS in this thesis was only investigated in hair (Chapter 2), being nails also a good 

alternative as reported by some authors (Li et al. 2013; Liu et al. 2011a). Thus, the unique 

literature available for the assessment of PFAS in nails showed that: 1) a high sample intake 

(around 100 mg); 2) an extended sample preparation (and extraction) including several steps 

(pre- and post-extraction); 3) strong acidic/alkaline conditions and long extractions (>2h) 

were needed (Li et al. 2013; Liu et al. 2011b). Although, nails are seen as a valuable 

alternative matrix for assessing PFAS, nevertheless this subjected was not approached in the 

thesis, once it was previously explored by others. Instead, this matrix was used for the 

assessment of PEs which information was lacking. 

Further the US-DLLME validation showed good precision, accuracy and low 

quantification limits (instrumental or method) for the method, bringing new insights on PE’s 

assessment in alternative matrices to urine.  

Improvements in the sample preparation were afterwards performed, in order to make the 

developed method more focused in the routine analysis (Chapter 3, section 3.4). Advantages 

as the reduction on sample preparation time during the gringing process of the nails (>30 

min/per sample) led to an increase of the method’s efficiency, once the nail grinding step was 

skipped. In fact, the PE metabolite’s total levels in whole and powdered nails were compared 

and were not statistically different. Still, it was noticed during method development that 

differences in the levels might occur between the two types of samples,  if replicate 

measurements are considered. In this case, due to better homogeneity powdered nails present 

low variability in the levels (Chapter 3, section 3.4). Yet, it is important to denote that the 

choice of using whole nails in further studies was based on the following criteria: 1) the 

detection of the relevant metabolites in nails (i.e. MEHP, MEP, MnBP, MiBP and MBzP) 

according to the US-DLLME is usually done at high ng/g levels (also at >50 % detection 

frequency) and 2) the amount of nails available for analysis is in majority limited to only one 

replicate. 

Human exposure to short- and long-chain PEs was studied through the determination of the 

hydrolytic (primary) and oxidative (secondary) metabolites in nails and in urine spot samples, 

as well (as comparison matrix). Thus, the study of the levels translated by two matrices that 

represent short (24h) and long-term exposures was conducted in Belgian and Norwegian 

individuals. 

Morning, afternoon and evening urine spot samples were studied (Chapter 3, sections 3.3, 

3.4 and 3.5). Further in Chapter 3 (section 3.3), a new approach for correcting the creatinine 

fluctuation in urine spot samples was proposed. The main objective was to correct the 

metabolite’s levels based on the creatinine variation, which is considered an important 

contributor for the variation of the metabolite’s levels.  
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Based on this correction approach, levels of the target analytes were reported as ng/mL, on 

contrary of µg/g creatinine, that is the conventional way presented in the literature. At the 

same time and from the analytical point of view, levels in urine (ng/mL) and in nails (ng/g) 

could be better comparable. Yet, it is wise do not totally extrapolate the levels in one matrix 

into the other, since the exposure windows that they reflect are different. At this point, is 

important to highlight that the measurement of any target compound (after exposure) cannot 

be immediately done in finger nails (or in toe nails), once they take around 6 months to 

completely grow out (Chapter 1). Thus, what is in fact being measured in nails are the levels 

corresponding to an ‘old’ or past exposure scenario and not what comes from an ‘immediate 

exposure’. Despite it is not possible to assess short-term exposure in nails, it is clear that nails: 

1) present various advantageous practical issues (sampling, stability, storage) and 2) are 

chosen to translate exposures in a large detection window (weeks to months) (Chapter 1 and 

Chapter 3, sections 3.3-3.5). Nevertheless, it is important to bear in mind that there are some 

limitations in the use of nails and its reflected exposure when other matrix is also involved in 

the same study. Hence, the conventional matrix used to assess human exposure to PEs has 

been so far urine. On contrary of nails, urine is an easy matrix to identify exposures to PEs in 

24h-48h (or even less), depending on the number and frequency of the collected spots 

(Chapter 3, sections 3.3-3.5). 

The determination of the levels of the PE metabolites in nail and urine spot samples from 

various individuals and/or populations was successfully demonstrated along the sections 

presented in the Chapter 3. 

Major PE metabolites identified in nails were MEHP, MEP, MnBP, MiBP, MMP and 

MPHP, while in urine were MnBP, MiBP and MEP (Chapter 3, sections 3.3-3.5). Oxidative 

metabolites of DEHP (i.e. 5-OH-MEHP and 5-oxo-MEHP) and DINCH (i.e. OH-MINCH and 

cx-MINCH) were low detected in nails (usually < 50 %) for Belgian sub-populations 

(Chapter 3, sections 3.2-3.4) and also for both Norwegian and FLEHS III cohorts (Chapter 

3, sections 3.5 and 3.6).  

In terms of comparability of the determined levels of exposure in nails and between the 

two cohorts (A-TEAM (Norway) versus FLEHS III (Belgium)), MnBP was the major 

metabolite assessed in nails, while high median (and total) levels of the target metabolites 

were determined in the FLEHS III cohort, most probably due to: 1) the high exposure pattern; 

2) to the high number of nail samples collected, therefore reducing the inter-individual 

variability of the data.  

In urine, oxidative metabolites of DEHP and DINCH were better detected than in nails (% 

detection >80 %) due to their high water solubility, fast metabolism and excretion. Still, 

DINCH metabolites were detected at relatively lower levels in urine than the DEHP 

metabolites (Chapter 3, section 3.5). The determined concentrations of PE metabolites in 

urine were in general lower (and levels showed less variability along the studied individuals) 

than reported in other European studies, while concentrations of DINCH metabolites were 

comparable to reported levels from 2012 (Chapter 3, section 3.5), and higher than those 

reported before 2012. The low exposure to the conventional PEs (evidenced by the urinary 

data) is in line with the generally decreasing of PE exposure due to regulatory restrictions and 

market changes (Göen et al. 2011; Zota et al. 2014).  
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Also, lifestyle and country related behavior can influence exposures. At the same time, 

DINCH is a major substitute of harmful PEs (e.g. DEHP) and that explains the increasing 

exposures to this plasticizer (Schütze et al. 2014) verified in particular in the Norwegian 

cohort (Chapter 3, section 3.5). This development also illustrates the necessity of including 

new alternative plasticizers when developing methods to be used in biomonitoring studies 

(Lioy et al. 2014). 

Morning urine spot samples showed the highest (total and/or median) levels in Belgian 

individuals, reflecting a rather stable continuous exposure to PEs (ICCs > 0.70) during 15 

days of sampling period (Chapter 3, section 3.4). In the Norwegian cohort (Chapter 3, 

section 3.5), MEP was the only metabolite that had high reproducibility amongst urinary 

spots (ICC=0.68), which can be explained by the high exposure and excretion of this 

metabolite in this population. 

Predictors of exposure associated to the levels in nails and/or urine were afterwards 

investigated. In Chapter 3, section 3.3 (i.e. one spot and nail per participant, N=20), the 

results showed that the predictors of PEs exposure in univariate models were not further 

associated with the same metabolite expressed by a multivariate analysis. Instead, when all 

predictors were analyzed together in a multiple regression, only few (and different ones than 

those highlighted in the univariate models) were evidenced as statistically significant in 

increasing exposure to a certain PE, including the use of hand care products (i.e. for DEHP), 

body weight (i.e. for DBP and DEP) and number of hours of sport activity (i.e. for DEP).  

In the further studies, nails and multiple urine spot samples were considered (Chapter 3, 

sections 3.4-3.5) in the statistical analyses (e.g. Mann-Whitney non-parametric rank, 

multivariate linear regression). Despite the collection of two nail samples and on average 15 

urine spot samples collected per volunteer, i.e. more spots that in the first study (Chapter 3, 

sections 3.3 and 3.4), none of the predictors of exposure were highlighted in the multivariate 

regression models. Nevertheless, associations between: 1) the hours spent in outdoor 

environment; 2) the pre-packed food consumption; 3) the use of nail polish and 4) the use of 

medical devices were observed in the univariate models for some metabolites (DnBP and/or 

DiBP, DEP, BBzP, respectively) in both matrices. 

Investigation of the predictors of exposure in the A-TEAM cohort, indicated that the high 

frequency of PCP’s usage promote an increase of 252 % of the MEP levels in urine 

(especially in women), as well as 186 % in nail samples. Aging was associated to an increase 

of MEP levels in urine, which seems logical once in general older people tend to use more 

PCPs than younger. Still,  this factor was not linked to the nails data. Other factors such as 

smoking was associated to a large increase of DEHP oxidative metabolites and MBzP levels 

in urine (Chapter 3, section 3.5). In nails, a massive increase of MnBP levels was associated 

with smoking. Yet, the number of smokers was very low (n=4), therefore these results can 

only be indicative of the relevance of this factor and therefore future studies should be 

conducted in order to evaluate its importance in the PE’s exposure assessment. High 

education was associated to a decrease of BBzP and DINCH exposures, while a high 

frequency of hands washing is correlated to the reduction of DEHP and DINCH exposure. 

Easting with hands was positively associated to an increase in MEP and MnBP levels in urine, 

but it was not confirmed in nails. Other factors such as wearing gloves (during cleaning 

activities at home, for instance) were associated to DINCH exposure.  
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In addition, the urinary results have showed that the exposure to PEs for the Belgian 

individuals was rather low (based on low calculated daily intake (DI) levels) in comparison 

with other populations, therefore no health risk was associated to these individuals (Chapter 

3, section 3.3). Also, the risk assessment to PEs was performed for the A-TEAM cohort 

(according to the median levels in the 3 urine spot samples). The DI values (0.01-0.89 μg/kg 

bw/day) and the HQs (<0.05 μg/kg bw/day) were below the acceptable doses. Still, between 

genders women presented high risk of exposure to PEs than men (DImedian=3.1 versus 1.7 

μg/kg bw/day). Yet, low anti-androgenic risk potential was observed for this population 

(HImedian=0.11), even when considering the worst case scenario in the cumulative risk 

assessment using the maximum DI (i.e. HImax=0.78<1).  

Correlations between the levels of the metabolites in nails and urine spot samples were 

studied. In the first study (Chapter 3, section 3.3), data based on an unique urine spot sample 

(morning) did not correlate well with nails (i.e. one spot vs. one nail collection), 

demonstrating therefore that these matrices have a distinct accumulation and clearance of PEs. 

However, in the second exposure study (Chapter 3, section 3.4), good correlations between 

MEP, MBzP and Σ(MnBP, MiBP) measured in urine and in nails were observed for the first 

time. In addition, good correlation was determined between three urine spot samples and nails 

for the Norwegian cohort for the major metabolite identified, i.e., MEP (Chapter 3, section 

3.5). The fact that multiple samples of both urine and nails were available from each 

individual may reduce significantly the intra-person variability of the results, enabling to find 

a better correlation among matrices.  

Although, it is known that the two matrices reflect different exposure ranges, an 

uncertainty remains if the exposure (and intake of the parent PEs) has changed (or not) over 

six months in the studied populations. However, the results based on the urine spot samples 

(either evaluating one or more spots) and in the nails data, may suggest that even if the 

metabolites are excreted in urine in less than 24h, due to the continuous exposure to PEs, they 

can also be partly stored in the nails. More, it was observed that the compounds that are prone 

to bio accumulate in high extend in nails are the hydrolytic metabolites (less polar). 

Therefore, future concerns should be considered about the permanence of these metabolites in 

the human body, including the investigation of some issues as: 1) if levels in nails remain 

unchanged over time (and for how long) and 2) whether the metabolism of the parent PEs to 

hydrolytic metabolites occurs in the nail plate (or in another tissue) and if further oxidation 

occurs to facilitate excretion via urine.  

 

 

Human exposure to OPEs was performed in both hair and nail matrices, considering finger, 

toe nails and scalp hair (Chapter 4). For the first time, new insights in the development of a 

new SPE method and in the exposure assessment of four OPE metabolites (DBP, DPHP, 

BDCPP and BBEP) in these complex matrices are discussed. Multiple nail samples were 

collected during 2 months from two volunteers and additionally, one scalp hair was collected 

in the end of the sampling for better exposure integration. The development of the SPE 

extraction based on the Taguchi design was performed, as already mentioned. 
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Previous methods suggested by other authors (Cooper et al. 2011; Van den Eede et al. 

2015b; Hoffman et al. 2014; Kucharska et al. 2014, 2015a and 2015b; Liu et al. 2015; 

Petropoulou et al. 2015), pointed out the use of other SPE sorbents than Oasis Wax (e.g. 

Strata X-AW) and an acid sample’s digestion (e.g., for hair) as suitable extraction step. 

Nevertheless, in Chapter 4, better extraction and analytical performances were achieved by 

combining an acidic US extraction with SPE Oasis Wax. The inclusion of additional SPE 

(cartridge) washing steps (before loading and elution of the target compounds) using NH4OH 

(elution solvent) led to a significant reduction of DBP contamination (in about 100 times, i.e. 

to ~1 ng) during the SPE extraction/clean-up.  

As mentioned in Chapter 3 for PEs, also levels of the target OPEs were compared 

between powdered and whole nails, where better recoveries and reproducibility were achieved 

for whole nails.  

The major metabolite detected in hair, finger and toe nails was DPHP, for which levels 

were very high (in µg/g) and relatively constant over two months for the female volunteer. 

Although, there is no survey that can confirm about the routines and personal exposure of this 

volunteer, it is known that DPHP can also be found in urine as cause of frequent use of nail 

polish, as recently reported by Mendelsohn et al. (2016). TPHP as other OPEs can be used as 

FR, but its predominant use is reported as plasticizer or lubricant (Van der Veen and De Boer 

2012). Yet, the high DPHP levels observed in nails cannot be fully linked to the use of nail 

polish.  

In terms of levels in nail matrix, levels in finger nails were in general higher than in toe 

nails for the same metabolite. As theoretically the opposite is expected (Chapter 1), these 

results might suggest that there are both internal and external contributions involved for 

fingernails.  

Although, BDCPP and BBEP were measured in finger and/or toe nails (at low levels than 

DPHP), there was a high variation among the diverse time points collected, therefore being 

difficult to determine whether finger or toe nails are better representative of TDCPP and 

TBEP exposure, respectively.  

Despite the improvement in the DBP monitoring (and low detection limits), this analyte 

was not detected in any of the matrices, indicating that: 1) it might not be a good biomarker of 

exposure in nails and hair; or 2) the exposure to TBP was very low in these volunteers and not 

traceable using the current extraction method.  

This study was a first exploration of finger and toe nails in OPE assessment and the results 

have shown the applicability of the technique. Future (biomonitoring) studies could shed a 

light on the correlation between finger and toe nails and other matrices (e.g. urine) for the 

detection of OPE exposure in larger populations.  

 

Finally, the last chapter of the thesis (Chapter 5) addressed firstly what is present in the 

literature about the study of the in vitro metabolism for all classes of compounds studied (PEs, 

OPEs, PFAS and FRs). Notwithstanding research in this field was still lacking regarding: 1) 

the determination of the most relevant metabolites formed in vitro using human microsomes 

(HLM, HLM S9 fractions or HIM); and 2) for linking the in vitro metabolism of new 

alternatives with their in vivo monitoring.  
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Thus in the last experimental chapter of this thesis (Chapter 5, section 5.2), the in vitro 

metabolism of four new alternative plasticizers (i.e. ATBC, DEHT, DPHP, and DEHA) and 

one FR (i.e. V6) has been investigated. Formation of the in vitro metabolites (conducted for 

the first time) was promoted by either the CYPs activity and/or combined activities by other 

families of enzymes, such as PONs and CEs. 

Overall, 13 major in vitro metabolites formed of the target compounds were selected for 

monitoring in vivo. In general, ATBC was the compound where most metabolites (primary to 

quaternary) were formed (by CYPs, for instance). 

 

 Again urine has been the ‘gold’ matrix for assessing in vivo, the phase I and phase II 

(glucuronic or sulfonate conjugates) in vitro metabolites of PEs and/or FRs, which are so far 

mainly formed by the CYP enzymes (Chapter 5, section 5.1).  

Nevertheless and once more, nails were explored for assessing the human exposure to 

these new chemicals (Chapter 5, section 5.2) being an alternative to urine.  In general, higher 

DF % of the target metabolites were found in finger nails than in urine. Major metabolites in 

nails were those of ATBC and the primary metabolite of DEHA (i.e. MEHA). Also parent 

compounds, such as ATBC and V6, were found in nails, suggesting it as a suitable matrix for 

exposure assessment of both alternative plasticizers and FRs such as V6. 

None of the (hydrolytic/oxidative) DPHP metabolites were detected in nails or urine 

suggesting that: 1) their excretion is rapid and they do not tend to accumulate in nails; 2) the 

in vivo metabolites are not formed in sufficiently high amounts; or 3) exposure to the parent 

compound was low and/or variable over time. 

Although, this study could help to identify relevant in vitro metabolites of the new 

plasticizers and FR in two matrices, more investigation is needed for tracking: 1) the excretion 

of phase II metabolites in urine; 2) excretion (urine) versus accumulation (in nails) of phase I 

metabolites, however considering samples that reflect the same intake moment (again 

exposure reflected by urine and nails was probably not the same).  

Another point that needs more attention is the selective excretion/bioaccumulation, i.e. the 

data suggested that one of the isomers of an ATBC metabolite (ATBC-M1b or ATBC-M2a) 

can be mainly excreted in urine, while the other seems to accumulate in nails. Nevertheless, 

firm conclusions cannot be taken at this point once there are no individual standards for each 

of the compounds that can help to elucidate this aspect (and also taking into account that the 

intake reflected in the two matrices might not be equal). 
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6.2 RESEARCH GAPS AND FUTURE PERSPECTIVES 

 

 

In terms of use new/alternative matrices to blood/serum or breast milk only more recently 

other non-invasive matrices like hair/nails have been explore in HBM of environmental 

pollutants, such as PFAS, OPEs or EFRs.  

Hair has been used for a long time to assess drug consumption and heavy metal exposure, 

whereas for organic pollutants only a few studies have been conducted. The high association 

between contaminant levels found in hair and other matrices (e.g., serum) reported by other 

authors suggests that this non-invasive matrix can be reliably used to estimate human 

exposure to organic pollutants. 

Even less information is available about nails as a biomonitoring matrix for human 

exposure to environmental pollutants. In particular, the ability of nails to accumulate the 

target environmental pollutants (or other) in other sub-population has still to be investigated. 

For saliva and hand wipes (i.e. other plausible alternatives), the available information on 

HBM is scarce, and we suggest that more research is needed for more groups of compounds 

(e.g., polar and lipophilic compounds). Matrices should be compared with serum/urine from a 

representative sub-population. Very little information is presently available on saliva as a non-

invasive matrix to monitor the presence of environmental pollutants, for example. Thus, the 

levels of environmental pollutants and their metabolites detected in saliva samples should be 

validated with those detected in serum and urine samples from the same individuals (matching 

samples). Such an approach will provide evidence of the representativeness and reliability of 

saliva as a biomonitoring matrix in humans.  

To the best of our knowledge, there are only few biomonitoring studies conducted for 

investigating the presence of OPE, PFAS, and EFR metabolites in humans, on contrary of the 

PEs that have been widely investigated in the past years. Reviewing the literature for HBM 

based on non-invasive methods, it suggests that urine is the matrix of choice to monitor the 

human exposure to OPEs, PEs, and FRs and/or their hydrolytic/oxidative metabolites. 

Nevertheless, there are still some points that could be explored and/or clarified in the selected 

matrices regarding the exposure assessment of some chemicals: 1) how much of the parent 

compounds is excreted in urine; 2) if a remaining fraction of the compounds that is not totally 

excreted can accumulate in other organs/tissues for a certain intake; 3) what is the relative rate 

between excretion versus accumulation (in nails/hair, for example) 4) and what is the 

correlation of the excreted compounds in urine with an non-invasive sample from the same 

population at the same initial exposure.  

Most of the available studies identified the native compounds or the metabolites for the 

groups that undergo quick metabolism (e.g. PE and OPEs), but they did not analyze the 

remaining relative proportion of the parent compounds that is not metabolized and that  

remains in our body. The bioaccumulation of the diesters (not totally metabolized such as the 

case of DEHP) in different tissues/organs could help to understand where they are 

preferentially deposited.   
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Another interesting point is that most of the in vivo metabolites of DEHP (and other PEs) 

are formed sequentially, therefore the urinary profile of DEHP metabolites varies with the 

time elapsed from initial exposure (Koch et al. 2004 and 2005). Therefore, the urine sampling 

strategy can be of importance in detecting DEHP and, in general, other metabolites. Still, in 

some cases there is no much available information that can univocally make a matrix as ‘ the 

best matrix of choice’. For instance, in a study for OPEs assessment, rats were treated with 

radiolabeled TCEP or TDCPP and 60–75 % of the radioactivity administered was measured in 

the excreta, mainly in urine (Burka et al. 1990; Lynn R.K., Wong K., Galvie-Gould C. 1981; 

Nomeir A.A., Kato S. 1981). However in the aforementioned study, there was no information 

about the apportionment of the radioactivity between parent compounds and metabolites. 

Though, some authors have suggested urine as a promising matrix to monitor the presence of 

OPE metabolites, still there are other suitable alternatives (e.g. nails and/or hair) to urine. 

Creatinine fluctuations in urine samples can also be affected by several factors (e.g. age, 

gender, physical exercise, diet) and consequently influence the detected levels along the day. 

Normalization of the metabolite’s levels (based on creatinine correction) and sampling of the 

highest concentration spot (usually in the morning) can bring some advantages in the 

assessment of PEs/OPEs and can minimize misclassification errors. The methods are not yet 

harmonized for the urine collection and there are diverging opinions between studies. In a 

recent study (Frederiksen et al. 2013a), significant correlations were determined between the 

concentrations of all phthalate metabolites detected in a 24-h pool, a first-morning urine 

sample, and a spot urine sample (second void of the day), all obtained within the same 24h 

period. This result might support the validity of using first-morning and spot urine samples in 

studies for monitoring PEs, for instance. However, there is growing agreement that a single 

urine sample (either spot urine or 24h urine) gives a high degree of misclassification. 

Therefore, collection of multiple spot samples taken on different days (which may be pooled) 

is being proposed more and more as the preferred sampling strategy for phthalates 

(Frederiksen et al. 2013a; Preau et al. 2010). Also, first-morning urine analysis likely helps to 

reduce the diurnal intra-individual variability of PE exposure due to the accumulation of PE 

metabolites in the urine during overnight. Therefore, use of a first-morning urine sample 

could be the sampling strategy maximizing the possibilities to detect the PE metabolites used 

as markers of human exposure.  

The use of one urine morning spot versus multiple spots collected in 24h, 48h or during 15 

days, including the study of an alternative matrix to urine, namely nails (in the case of PEs 

assessment) and/or hair (for OPEs) were explored in the present thesis. The aim was to 

overcome some existing gaps, yet it is important to highlight that the same approach should 

be conducted for the study of internal exposure to OPEs (PFRs) using urine spot samples and 

correlating them with nails/hair matrices, which unfortunately was not further investigated. 

For better understanding of the bioaccumulation effect of the target chemicals in nails, and 

since this subject is not easy and straightforward to address, it would be interesting to address 

a set of points such as: the pharmacokinetics of the target analytes (still DEHP, DnBP and 

DiBP pharmacokinetics is already known); their partitioning between blood and/or other 

favorable tissue and the nail plate; if there are other factors/mediators (e.g. keratin, nail 

permeability, hydration or diseases, etc.) that might contribute for crossing the nail plate 

barrier, are all untapped and are open to be discovered.  
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The same is valid for hair where information is lacking regarding which factors may 

contribute (or not) for the deposition of substances in hair surface or for their 

diffusion/penetration along the hair shaft. Also the pharmacokinetic mechanisms of 

incorporation of different classes of chemicals (PEs, OPEs, PFAS and EFRs) in the hair 

matrix should be explored in a near future. 

Since, urine and nails (or hair) might not reflect the same initial exposure to these 

pollutants, it would be relevant to find an approach on how to back calculate the fraction of 

the initial intake that is then reflected in nails/hair. In this way, levels being accumulated in 

these matrices could be estimated, likewise it is commonly done nowadays for assessing the 

PE’s excretion in urine. Of course for better understanding of this subject would be very 

interesting to understand the mechanisms of incorporation of the target (groups) compounds 

in the matrix. At the same time, having an urine spot and nail/hair sample that translate the 

same ‘initial exposure’ and knowing how the pharmacokinetics of the compounds in study 

proceeds, this could help to show which fraction of the metabolites that is simultaneously not 

excreted in urine, is being accumulated in those matrices.  

For hair, the external deposition of the compounds in the hair surface is another important 

point that should be accounted when expressing the total exposure. Yet, it will be challenging 

to distinguish between internal and external exposure (e.g. OPEs) (Kucharska et al. 2015b), 

hence up to now it is only possible to conclude that hair reflects an integral exposure, instead. 

Further studies should be conducted for differentiation and elucidation of the more relevant 

route (i.e. internal or external) and if those are compound dependent (i.e. investigate if 

properties such as pH, Kow, lipophilicity, solubility among others have a significant influence 

on the compounds’ transfer/diffusion/deposition into the matrix). 

Collection of hair, nails and urine from (more) exposed sub-populations will lead to better 

clarity in the statistics since significant correlations between matrices (or not) might occur. 

Monitoring metabolites rather than the parent compounds avoids contamination problems 

during sample preparation and storage due to the widespread presence of PEs for example in 

the environment, therefore it can be an alternative in exposure assessment studies even when 

non-invasive matrices are desired. Nonetheless, it is wise to select the best biomarkers of 

exposure of the parent compound in the matrix. In particular, the oxidative metabolites  (e.g. 

for DEHP) are better representative of the exposure than the hydrolytic metabolites in urine 

due to the high renal clearance. However, their detection in nails/hair will be rather low. In 

such cases, urine will be ideally a better matrix for assessing (short-term) exposure to the 

parent compounds than nails/hair. 

 

The compounds covered in the thesis were limited by the availability of non-invasive 

HBM focusing on these target contaminants in the A-TEAM project. Other emerging 

contaminants are also present in our environment and will probably be included in future 

HBM studies. Monitoring their presence in humans will be relevant, as they belong to the 

same chemical class of potential harmful pollutants as the compounds covered in this thesis. 
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The new FRs such tetrabromobisphenol A bis(2,3- dibromopropyl ether), 

pentabromoethylbenzene, octabromo- 1,3,3-trimethyl-1-phenylindan, 2,2′,4,4,5,5′-

hexabromobiphenyl, and Chlordene Plus, which have already been detected in the 

environment and wildlife (Covaci et al. 2011; Houde et al. 2014), are potential relevant target 

compounds on which future HBM can focus. There are other interesting emerging compounds 

which can be explored in biological samples, for example, for OPEs, 2- ethylhexyl diphenyl 

phosphate, and for PEs and their metabolites, there are several new pentyl/isopentyl and hexyl 

phthalate derivatives (e.g., n-pentyl benzyl phthalate, n-butyl isopentyl phthalate, n-butyl n-

pentyl phthalate, 2-ethylhexyl n-octyl phthalate, hexyl 2-ethylhexyl phthalate) which were 

included as candidate substances of very high concern for authorization by the European 

Chemicals Agency (ECHA 2015). 

Within the fluorochemicals class, more compounds regarding PFAS and polyfluoroalkyl 

substances can also be studied, for instance, the fluorotelomer alcohols (and acids), as well as 

the polyfluorinated monoalkyl, dialkyl and trialkyl phosphates which are relevant compounds 

because of their degradation to perfluoroalkyl carboxylic acids under atmospheric conditions 

(Jackson and Mabury 2012; Lehmler 2005; Parsons et al. 2008b). From our knowledge, none 

of these newly emerging contaminants have been studied in non-invasive matrices.  

As currently no standardized methods exist for the emerging contaminants covered in this 

work, most of the available studies are based on customized in-house developed methods that 

sometimes are substantially different. As research progresses, methods will likely converge 

and more harmonized approaches will be available, as happened for the biomonitoring of 

PCBs, PBDEs, etc. However, the current lack of standardized methods of analysis might 

result in high uncertainty and variability of the results obtained in different laboratories. 

The reliability of the generated results might be affected by the lack of appropriate quality 

assurance tools to establish a common basis for accurate measurements of the compounds of 

interest in non-invasive matrices, such as standardized methods of analysis and certified 

reference materials (CRMs). These tools would greatly enhance data quality and consistency. 

The development of standard methods and related CRMs is mainly driven by legislative 

requirements. Nevertheless, some efforts have already been made towards standardization of 

non-invasive methods. Through the Society of Hair Testing and the Society of Toxicological 

and Forensic Chemistry, there are already some accepted guidelines for hair sampling and 

analysis in relation to drug and alcohol testing (EWDTS 2013) and guidelines for 

toxicologists (GTFch). Nonetheless, no validation guidelines (or CRMs) have been 

established for assessing organic environmental pollutants. CRMs for serum (e.g. for trace 

metals) and hair (e.g. for trace metals, p,p’-DDE, PCBs and PBDEs) matrices exist, but these 

materials are not certified for any of the emerging compounds covered in this work. For some 

materials indicative values (which are not certified) are mentioned for perfluorinated 

chemicals in serum (SRM 1957) as an example, and such materials can be successfully used 

for quality control to a certain extent for the determination of PFASs ((Keller et al. 2010; 

Salihovic et al. 2013). To our knowledge, there are currently no CRMs available for non-

invasive matrices such as hair, nails (or even saliva) that are certified for any of the target 

emerging compounds. However, even if CRMs are not certified for the target analytes, they 

can have an added value for quality control. 
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Mainly the homogeneity and assumed stability of the material are important here, as is the 

presence of the compound of interest, albeit at an unknown (uncertified) mass fraction. For 

example, a reference material for trace elements in human hair (BCR 397) was used in a small 

inter-laboratory exercise for the determination of organic pollutants (Gill et al. 2004). 

Further harmonization of methods and increasing use of reference materials (which can be 

recertified for new emerging compounds) will result in higher quality of results and better 

comparability between studies. 

 

Monitoring pollutants and their metabolites in human matrices is currently complicated by 

several aspects, and confounding factors can hamper correct interpretation of results. 

Different aspects have to be optimized to yield maximum results from HBM studies by means 

of non-invasive matrices. 

First, the selection of the most suitable non-invasive matrix is the first hurdle to overcome. 

As highlighted also in this thesis, not all matrices are equally suitable for every compound in 

HBM studies. The amount of (available) samples and the timing of sampling are also crucial 

during this selection. The ideal non-invasive HBM approach, where there is a proper 

assessment of the human exposure to the chemicals of interest using only a small portion of 

sample, would be a great advantage, especially when working with babies, elderly people, etc. 

However, too low sample intakes can also lead to elevated limits of quantification, which 

could be incompatible with the levels to be measured. The timing and frequency of sampling 

are also of importance since the levels of the contaminants present in the sample and their 

detection frequency can affect, as suggested by the large differences observed between spot 

and 24h combined samples for the detection of PEs (Hauser et al. 2004; Hoppin et al. 2002; 

Suzuki et al. 2009). Other factors such as sweating, thirst, and hunger can influence the 

measured levels of contaminants in other non-invasive matrices like saliva (not explore here), 

for instance (Aps and Martens 2005; Neyraud et al. 2012). 

Second, the selection of relevant analytes and/or their metabolites is crucial, which is in 

many cases closely linked to the sampling time. The measured levels can be very low owing 

to complex metabolic pathways leading to many different metabolites, high elimination rates, 

compound accumulation, etc. 

Third, metabolism is a major determinant of the elimination of xenobiotics from the human 

body. Therefore, focusing only on the detection of the native compound(s) that humans are 

exposed to, can be misleading in estimating human exposure to environmental pollutants. As 

a consequence, knowledge of the major metabolites produced from the environmental 

pollutants of interest can be an alternative, but key approach in properly estimating human 

exposure to environmental pollutants. In particular, in vitro metabolism studies are useful and 

rapid screening tools to identify the major metabolites formed from each environmental 

pollutant and, to estimate the rate of metabolite formation, providing useful first insights of in 

vivo metabolism. The major (phase I and phase II) metabolites formed in vitro are valuable 

candidate markers of exposure to their parent compound and may offer a valid analytical 

alternative to monitor human exposure to their parent compounds. This approach is very 

promising for conducting HBM studies of emerging pollutants for which limited (metabolism) 

information is available (e.g., TDCPP, TPP, DnBP, DiBP, BBzP, DEHP).  
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In addition, unravel the in vitro metabolism of the new alternatives (plasticizers, FRs) and 

their in vivo detection together with the study of their toxicity in humans (i.e. parent and 

metabolites), should be of high interest in a near future, since many of those compounds are 

new in the market and very little is known about their risks to humans, environment and 

wildlife. 

Fourth, the formed metabolites and the rates of their formation are often unknown, and 

analytical reference standards for the parent compounds and their metabolites, which are 

essential for their identification and quantification, are unavailable in the vast majority of 

cases (especially for the metabolites of DINCH or for the phthalate substitutes studied in this 

thesis which are not commercially available). 

Finally, quantitative extraction of xenobiotics from biological matrices is often challenging 

because of their different and complex compositions. Moreover, the (extraction and 

instrumental) sensitivity is also relevant to detect these contaminants at extremely low 

detection levels (below ng/g or ng/mL). Nevertheless, the selection of the matrix and the 

analytical sensitivity are somehow interlinked, which demonstrates that the inefficacy of 

extraction/instrumental methods and the lack of sensitivity, reproducibility, and accuracy are 

determinant factors for selecting the most suitable matrix. The miniaturization of sample 

preparation procedures (e.g. dispersive liquid–liquid microextraction, stir bar sorptive 

extraction, ultrasound assisted dispersive liquid–liquid microextraction, ultrasound assisted 

emulsification microextraction, vortex-assisted liquid–liquid microextraction, etc.) can 

enhance the potential of HBM regarding the detection of these (and many other) organic 

contaminants.  

Collectively, these remarks suggest that the sampling strategy (which matrices to sample, 

the number of matrices available, and the timing of sampling), efficient sample preparation, 

and sensitive analytical methods developed using appropriate reference standards are key 

elements for successfully biomonitoring of xenobiotic levels in humans and properly 

estimating human exposure to many environmental chemicals. 
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ANNEX I 

 

Compounds Structure 

Perfluorocarboxylic acids (PFCA) 

 

Perfluorosulfonic acids (PFSA) 

 

Phthalate esters (PEs) 

 

1,2-cyclohexane dicarboxylic acid diisononyl 

ester (DINCH) 

 

cyclohexane-1,2-dicarboxylic mono 

hydroxyisononyl ester (OH-MINCH) 

 

cyclohexane-1,2-dicarboxylic mono 

carboxyisooctyl ester (cx-MINCH) 

 

Bis(1,3-dichloro-2-propyl) phosphate 

(BDCPP) 

 
 

Bis(2-butoxyethyl)phosphate (BBOEP) 

 

  

Di-butyl phosphate (DBP) 
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